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Editorial on the Research Topic 
Cardio-Protection and Heart Repair: New Drugs, Targets and Approaches

Coronary heart disease (CHD) and its complications are the leading cause of death worldwide, even during the COVID-19 pandemic. A number of molecular pathologic pathways, including excessive reactive oxygen species, calcium overload, inflammatory responses, cardiac fibrosis, apoptosis, cell death, and mitochondrial dysfunction, etc., have been identified, which induce cardiovascular risk factors such as ventricles hypertrophy, tissue ischemia, arrhythmias and result in sudden cardiac death (SCD) and heart failure. The current Research Topic was designed to serve as a forum to publish research and review articles on new drugs, targets, and approaches to treating cardiac ischemic/reperfusion (I/R) injuries and preventing unfavorable heart remodelings such as hypertrophy and heart failure. Some of the studies published in this special issue are highlighted here.
The primary treatment of CHD consists of the recovery of coronary and other vessel revascularization, a phenomenon called reperfusion. However, reperfusion itself can generate reperfusion injury, leading to cardiomyocyte death and arrhythmias. The pathophysiological protective mechanism for I/R injury could be new vitamin D protective effects, presented by Lee et al. The investigation of the cells culture and animals with the use of hypoxia/reoxygenation (H/R) in a model study showed that the vitamin may protect mitochondrial structural and functional integrity and reduce mitophagy. More exactly it prevented H/R-induced apoptosis by inhibiting oxidative stress, modulating mitochondrial function, and inhibiting mitochondrial fusion and mitophagy by means of Drp1/Mff and BNIP3/LC3B pathways downregulation. According to the study byXiao et al., SUMOylation-mediate post-transcriptional modification plays a critical role in post-infarction cardiac remodeling. They found that the increased expression of E2 conjugation enzyme ubc9 induces an acceleration of autophagic flux, which can decrease cardiomyocyte apoptosis, reduce myocardial fibrosis and improve cardiac function post-MI. Ubc9 induces SUMOylation of the core proteins Vps34 and Beclin1 in PI3K-III, and then enhances the autophagic flux via augmenting the co-localization of Vps34 with autophagosome marker LC3 or lysosome marker Lamp1.
Cardiomyocyte hypertrophy is a common response of hearts to enhanced blood pressure or other stress. Autophagy has been shown to be involved in the development of myocardial hypertrophy. Zheng et al. further enrich the study of the molecular mechanism by which autophagy regulates cardiovascular diseases by demonstrating that Ang II induces cardiac hypertrophy by promoting excessive autophagy through SOCE/Orai 1. This study revealed the important role of SOCE/Orai1 in initiating hypertrophic growth of cardiomyocytes and extends our understating of the precise mechanisms of this pathologic phenomenon.
It is well known that heart failure with preserved ejection fraction (HFpEF) is responsible for half of heart failure cases. In a recent study, Zhang et al. used a high-salt diet-induced HFpEF rat model to study the potential protective role of Sacubitril/Valsartan Zhang et al. They found that intragastric administration of Sacubitril/Valsartan (68 mg/kg; i.g.) could protect rat hearts undergoing HFpEF. Further biochemical and histochemical studies revealed that TGF-β signaling is involved in Sacubitril/Valsartan mediated protection in HFpEF. This study provided new insights into the development of HFpEF and provides a potentially effective means of treating HFpEF.
More and more studies suggest that metabolic remodeling plays a critical role during the development of heart failure. Thus, targeting metabolic remodeling could serve as a novel therapy to treat heart failure. For this purpose, Li et al. tested the role of trimetazidine in protecting rat heart failure induced by subcutaneous injection of isoproterenol. As one of the most investigated drugs for energy metabolism, trimetazidine delivered orally showed protective effects, as evidenced by improving cardiac pump function, and reducing cardiac fibrosis and apoptosis. This study suggests the importance of energy metabolism during the development of heart failure.
The current special issue showcases several studies for novel targets and therapies to treat cardiac injuries and prevent heart failure. We hope this research will guide more basic, preclinical, and clinical studies, encouraging them to tackle the unmet medical needs of cardiac injuries.
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Background

The combination of antiapoptotic and angiogenic actions may represent a pharmacotherapeutic strategy for the treatment of myocardial infarction. Fibroblast growth factor (FGF) is expressed in various cell types including endothelial and muscle cells and promotes their survival, migration, and proliferation.



Methods and Results

Myocardial microvascular endothelial cells were divided into four treatment groups, the sham, hypoxia, basic FGF (bFGF), and bFGF plus 2-methoxyestradiol groups, and subjected to in vitro apoptotic analysis and Matrigel assays. An in vivo model of myocardial infarction was established by ligaturing the left coronary artery of mice in the four treatment groups. Cardiac performance, myocardial injury, endothelial cell angiogenesis, and myocardial apoptosis were assessed. bFGF administration after myocardial infarction improved cardiac function and cell viability, attenuated myocardial injury and apoptosis, and enhanced angiogenesis. Western blotting of HIF-1α, p-AKT, VEGF, p53, BAX, and Bcl-2 showed that bFGF increased HIF-1α, p-AKT, VEGF, and Bcl-2 and decreased BAX protein levels.



Conclusion

The results of the present study indicated that bFGF attenuates myocardial injury by inhibiting apoptosis and promoting angiogenesis via a novel HIF-1α-mediated mechanism and a potential utility of bFGF in protecting against myocardial infarction.





Keywords: hypoxia-inducible factor-1 alpha, basic fibroblast growth factor (FGF2), ischemic cardiomyopathy, angiogenesis, antiapoptosis



Introduction

Coronary atherosclerosis remains the leading cause of poor clinical outcomes associated with heart disease such as myocardial infarction (MI) and has a high mortality rate in both China and worldwide (Gaziano, 2005; Nabel and Braunwald, 2012; Fordyce et al., 2015; Mozaffarian et al., 2015). A number of different treatment methods have been developed based on the pathogenesis (Gersh, 2008; Bagai et al., 2014), such as ventricular remodeling and reduction of the infarcted area during the later stages of MI using pharmacological agents (Fihn et al., 2012).

The fibroblast growth factor (FGF) family consists of 22 members in humans and mice (Ornitz and Itoh, 2015). Most FGFs play roles via autocrine/paracrine signaling in health, development, and disease in various organs including the heart (Ornitz and Marie, 2015). They have been suggested to play roles in the proliferation, migration, differentiation, and survival of many types of cells, including the endothelial cells (Palmen et al., 2004). Among the members of the FGF family, basic FGF (bFGF or FGF2) has been implicated as an angiogenic factor secreted upon contraction of the myocardium, which shows cardioprotective effects in animal models (House et al., 2003), and has been reported to be beneficial for ischemic injury in some clinical trials (Laham et al., 1999; Simons, 2002). The cardioprotective effect of bFGF in ischemic injury may involve neovascularization (House et al., 2003).

The effects of bFGF are mediated by FGF receptors (FGFR1–4), which are cell-surface receptors of the tyrosine kinase family (Szebenyi et al., 1998). Among the FGFRs, FGFR1 is highly expressed and has a prominent role in adult cardiomyocytes (Jin et al., 1994). Activated FGFRs phosphorylate or recruit downstream signaling molecules that activate several major intracellular signaling pathways, such as the MAPK, PKC, Src-associated, and PI3K/Akt pathways (Detillieux et al., 2003), leading to cell differentiation, proliferation, and survival.

However, how bFGF reduces the injury associated with myocardial infarction has not been clearly understood. It was reported that the cardioprotective effects of bFGF may be related to angiogenesis or antiapoptotsis via the accumulation of HIF-1α in the infarcted area. Activated HIF-1α plays an important role in the adaptive responses of tumor cells to changes in oxygen levels via transcriptional activation of downstream genes that regulate crucial biological processes required for tumor progression and survival, including genes involved in migration, cell proliferation, and angiogenesis (Semenza, 2001; Matsunaga et al., 2009). 2-Methoxyestradiol (2-MeOE2) is the inhibitor of HIF-1α which can block the activation of HIF-1α (Tang et al., 2018).

The present study was performed to investigate protection of the myocardium by bFGF and possible mechanism via promotion of both antiapoptotic effects and endothelial cell angiogenesis.



Materials and Methods


Reagents and Antibodies

All reagents used in the study were obtained from commercial sources. DMEM and FBS were purchased from Invitrogen (Carlsbad, CA, United States) and bFGF from Grost Biotechnology (Zhejiang, China). Anti-HIF-1α and anti-CD31 antibodies were purchased from Abcam (Cambridge, United Kingdom, United States); anti-Bcl-2, anti-BAX, anti-AKT, anti-phospho-AKT, and anti-p53 antibodies from Cell Signaling Technology (Danvers, MA, United States); anti-VEGF (A-20) antibody from Santa Cruz Biotechnology (Santa Cruz, CA, United States); and anti-alpha-actinin-1 antibody from R&D Systems (Minneapolis, MN, United States). 2-Methoxyestradiol (2-MeOE2) was purchased from Selleck (Selleck, Houston, TX, United States). Alexa Fluor 488 and 594 were purchased from Yeasen (Shanghai, China). Matrigel was purchased from BD Biosciences (Bedford, MA, United States).

This study was reviewed and approved by the Ethics Committee for Experimental Animals of Wenzhou Medical University. Healthy adult female and male Sprague–Dawley rats (~8 weeks old; 220–250 g) and male wild-type C57BL/6J mice (6–8 weeks old; 20–30 g) were used in this study. All animals used in this study were purchased from Slac Laboratory Animal Corporation (Shanghai, China) and housed under controlled humidity (50 ± 10%) and temperature (25°C ± 2°C) and a 12/12-h light/dark cycle.



Myocardial Infarction Model

The MI mouse model was established using C57BL/6J mice (20–25 g, 6–8 weeks old). The C57BL/6J mice were anesthetized with isoflurane (3.6 mg/h) by orotracheal intubation connected to a ventilator. The heart was exposed after left thoracotomy between the fourth and fifth intercostal spaces. The left anterior descending artery was ligated with a 6-0 silk suture, and mice were randomly grouped to receive the following treatments intraperitoneally: 1) saline (MI group, n=15); 2) bFGF (5 μg/L bFGF in 200 μl PBS, bFGF group, n=15); or 3) bFGF plus 2-MeOE2 (bFGF + 1 mM/L 2-MeOE2 in 200 μl PBS, n=15), once every 2 days for 28 days. The animals were monitored and tissues were collected at 7, 14, and 28 days. As the sham group, another 10 animals received thoracotomy without left coronary artery ligation.



Culture and Identification of Myocardial Microvascular Endothelial Cells (MMECs)

Sprague–Dawley rats at 8–10 days old were purchased from Slac Laboratory Animal Corporation. The rat hearts were excised in ice-cold PBS, the atrium and right ventricle were removed, and the left ventricular anterior walls were left in place. After washing with PBS to remove blood, the endocardium and epicardium were removed. From the remaining tissue, sections measuring approximately 1 × 1 × 1 mm were cut out and placed in petri dishes pre-wetted with FBS. They were then cultured in an incubator for 6 h. Subsequently, 5 ml complete DMEM supplemented with 10% FBS was added. After 48 h, the tissues were removed, and the culture medium was changed to fresh medium. The cells had a cobblestone mosaic appearance under the microscope. MMECs were identified using the SABC (Strept Avidin-Biotin Complex) method that detects factor VIII; cells with brown coloration of the cytoplasm, indicating a positive reaction, were considered MMECs.



Assessment of Cardiac Function

On days 7 and 28 after MI, all mice were anesthetized by intraperitoneal injection of 10% chloral hydrate for echocardiography. Echocardiographic parameters were obtained using the Siemens Acuson Sequoia 512C system with a 15 MHz probe. Left ventricular (LV) end systolic and diastolic diameters were calculated in M-mode. LV fraction shortening and LV ejection fraction were then calculated.



Evaluation of Infarct Size by Pathological Staining

Mice were sacrificed immediately after obtaining echocardiographic measurements. The hearts were arrested, and sections of the myocardium were obtained and stained with Masson’s trichrome. Light microscopy was performed to evaluate staining and morphological changes at 40× and 100× magnifications. Interstitial collagen deposition was measured by Masson’s trichrome staining as the percentage of blue stained tissue. In each section, five random non-overlapping fields were captured using a camera. IPP 6.0 software was used for quantitative analysis of the area of infarction. Stained areas were padded with blue and transformed for OD calibration.



Matrigel Assay

Prior to Matrigel assays, the MMECs were pretreated with bFGF (100 μM/L) and 2-MeOE2 (1 mM/L) for 12 h. Twelve-well cell culture plates were coated with 500 μl cold Matrigel (4°C) as a base for tube formation. The gels were allowed to set for 30 min in an incubator under 5% CO2 at 37°C, and MMECs (6×104 per well) from the different groups were seeded onto the gels and incubated under 5% CO2 at 37°C. After a 12-h incubation, the extent of tube formation was observed and recorded by microscopy and then analyzed using NIH Image J software.



Apoptosis Analysis

MMECs were pretreated with bFGF (100 μM/L) and 2-MeOE2 (1 mM/L) for 12 h in an incubator under 5% CO2 at 37°C. Then, cells from each group were placed in a hypoxic incubator (37°C, 1% O2, N2, and 5% CO2) for 12 h, digested with trypsin, washed, centrifuged, and mixed in PBS. The rate of apoptosis was determined by flow cytometry.



Evaluation of Apoptosis by TUNEL Staining

The frozen tissue was cut into sections of 6–8 μm thick, and terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assays were performed using commercial kits (Roche, Mannheim, Germany) to analyze myocardial apoptosis in accordance with the manufacturer’s instructions. The TUNEL-positive cells and nuclei were visualized as blue fluorescence under microscopy. The apoptotic index was calculated as the ratio of TUNEL-positive cardiomyocytes to total nuclei.



Immunofluorescence

Frozen tissues were cut into sections of 6–8 μm thick, as described above, and incubated for 2 h with primary anti-CD31 antibody (1:300). An Alexa Fluor 594-conjugated secondary antibody (1:500) was used for visualization, with red fluorescence representing vascular endothelial cells and blue fluorescence the nuclei. Images were acquired at 100× magnification by fluorescence microscopy.



Western Blotting Analysis

For analysis of proteins in vitro and in vivo, the hearts were homogenized in RIPA buffer (150 mM NaCl, 25 mM Tris-HCl, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate, and 1% Nonidet P-40) supplemented with phosphatase and protease inhibitors for 30 min at 4°C. The complexes were then centrifuged at 12000 rpm, 4°C, 30 min, and the supernatant was obtained for protein analysis. The protein concentrations were quantified using a BCA kit (Thermo Fisher Scientific, Rockford, IL, United States). Aliquots containing 60 μg total protein were subjected to gel electrophoresis and then transferred to polyvinylidene difluoride membranes. The membranes were blocked with 8% non-fat milk in TBST for 2 h and incubated with the following primary antibodies for 12 h at 4°C: HIF-1α (1:500), p-AKT (1:1000), VEGF (1:1000), AKT (1:1000), BAX (1:1000), p53 (1:1000), Bcl-2 (1:1000), and GAPDH (1:5000). The membranes were washed with TBST three times and incubated with the secondary antibody (1:10000) for 2 h. Signals were visualized using the ChemiDoc™ XRS +Imaging System (Bio-Rad, Hercules, CA, United States). The intensity of immunoreactivity was quantified using NIH Image J software. All experiments were repeated at least 3 times.



Statistical Analysis

All data are expressed as means ± standard error of the mean of at least three independent experiments. One-way ANOVA analysis of variance was used for multiple comparisons. In all analyses, P<0.05 was taken to indicate statistical significance.




Results


bFGF Decreased Fibrosis and the Infarcted Area and Preserved LV Function

Echocardiography indicated an increased ejection fraction in the bFGF group (64 ± 2.4%) compared with the MI group (47 ± 4.9%) and bFGF + 2-MeOE2 group (45 ± 6.5%) after treatment for 7 and 28 days (Figure 1). Similar results were observed for both FS (Fractional shortening) and LVSD (Left Ventricular End Systolic Diameter). The most remarkable changes were seen in the bFGF group, while there were no differences between the MI and bFGF + 2-MeOE2 group (Figure 1C). Representative images of Masson’s trichrome stained-tissues are shown in Figure 2. Remarkable reductions in fibrosis and the infarcted area were observed in the bFGF group compared with the MI and bFGF + 2-MeOE2 groups.




Figure 1 | bFGF preserved LV function in mice. (A) Effects of bFGF on the infarcted area and LV function. The infarcted areas are echocardiography photos from the sham, MI, bFGF, and bFGF + 2-MeOE2 groups. (B, C) EF, FS, LVSD, and LVPW values were compared among the groups. EF, ejection fraction; FS, fraction shortening; LVSD, left ventricular end-systolic diameter; LVPWs, left ventricular posterior wall thickness at end of systole. *P<0.001 vs. sham group. **P<0.01 vs. MI group. ***P<0.01 vs. bFGF group (n=5).






Figure 2 | Decrease in the infarcted area and fibrosis in the infarcted zone. (A, B) Effects of bFGF on the infarcted area and LV remodeling. Representative images of Masson’s trichrome staining in myocardial sections (5 μm) from the sham, MI, bFGF, and bFGF + 2-MeOE2 groups (40×, 100×). Blue indicates collagen, and red indicates viable myocardium. *P<0.05 vs. sham group. **P<0.05 vs. MI group. ***P<0.05 vs. bFGF group (n=5). (C, D) Effects of bFGF on the infarcted area and infarct size. Paraffin-embedded tissues were stained with Masson’s trichrome, and the ratio of the infarcted area to the left ventricle field was evaluated. *P<0.05 vs. sham group. **P<0.05 vs. MI group. ***P<0.05 vs. bFGF group (n=5).





Apoptotic Resistance Induced by bFGF Is Dependent on HIF-1α

To evaluate the cardioprotective effects of bFGF, TUNEL staining was performed at 7 days post-surgery (Figure 3). The numbers of TUNEL-positive nuclei in the ischemic area at 7 days were higher in the MI group and bFGF + 2-MeOE2 groups compared with the bFGF group and in the bFGF group compared with the sham group; TUNEL-positive cells were barely detected in the non-infarcted area (Figure 3B). Apoptosis of MMECs induced by hypoxia (37°C, 1% O2, N2, and 5% CO2, 12 h) was measured by flow cytometry. The proportion of apoptotic cells was lower in the bFGF group than in MMECs, and treatment with 2-MeOE2 increased the percentage of apoptotic cells (Figure 3A). Thus, bFGF treatment of MMECs induced an antiapoptotic effect mediated by HIF-1α.




Figure 3 | Resistance to apoptosis in infarcted areas and MMECs after treatment with bFGF. (A) Apoptosis was evaluated by flow cytometry. Pretreated cells were collected, stained with Annexin-V and PI, and analyzed by FCM (flow cytometry). (C) Apoptotic index values of the different groups. *P<0.05 vs. NC group; **P<0.05 vs. hypoxia group; ***P<0.05 vs. hypoxia + bFGF group. ;NS, non significance vs. bFGF+2-MeOE2 group. (B) Evaluation of the apoptotic rate by TUNEL staining. Representative images of apoptotic cells are shown. The apoptotic cells were detected by TUNEL staining, and the nuclei were detected by DAPI. Scale bar: 20 μm. (D) Proportions of TUNEL-positive cells (% of total cells). *P<0.05 vs. MI group; **P<0.05 vs. bFGF group; ***P<0.05 vs. bFGF + 2-MeOE2 group (n=3 each group).



We also examined the changes of Bax/Bcl-2 in MMECs and murine hearts. At 14 days after MI and 12 h of hypoxic incubation, the level of Bax and the ratio of Bax/Bcl-2 were downregulated in the bFGF group compared with the MI and hypoxia groups (Figures 5C, H and 6C, H).



Enhancement of Angiogenesis by bFGF

The results of immunohistochemical analyses indicated an increase in the number of cells positive for the endothelial cell marker CD31 after treatment with bFGF (Figure 4B). The capillary density was determined by immunofluorescence staining for CD31, which suggested increased neovascularization in the injury border area in the bFGF group compared with the MI and bFGF + 2-MeOE2 groups. These results indicated that bFGF contributes to MMEC proliferation in infarcted tissue (Figure 4D).




Figure 4 | Enhanced angiogenesis in infarcted areas and MMECs after treatment with bFGF. (A) Effects of bFGF on tube formation of MMECs. Serum-starved MMECs were treated with or without bFGF or 2-MeOE2 for 12 h before seeding onto Matrigel. Tube formation was detected, and photos were taken at 6 h after seeding. The total length of the tubes was measured. There was greater cord formation in bFGF-treated cells (original magnification, ×40), and less cord formation in 2-MeOE2-treated cells, compared with control cells. (C) Tube branch points. *P<0.05 vs. hypoxia group; **P<0.05 vs. hypoxia + 2-MeOE2 group; NS vs. bFGF + 2-MeOE2 group. NS, P>0.05. (B) The left ventricle tissue was frozen, sectioned, and immunostained with anti-CD31 antibody. Violet staining indicates CD31+ immunofluorescent capillary and blood vessels (white arrowheads). (D) Arteriole densities (/mm2). *P<0.05 vs. MI group; **P<0.05 vs. bFGF group; ***P<0.05 vs. bFGF + 2-MeOE2 group (n= 3 each group).



To examine whether bFGF treatment triggers tubulogenesis, we performed in vitro Matrigel assays using MMECs from the normal DMEM, hypoxia, hypoxia + bFGF, normal DMEM + 2-MeOE2, hypoxia + 2-MeOE2, or bFGF + 2-MeOE2 groups to analyze the extent of tube formation. The formation of capillary-like structures was significantly increased in MMECs exposed to bFGF compared with the other conditions examined. In addition, the degree of tube formation was lower in the groups treated with 2-MeOE2 than in the untreated groups. Tube formation was quantified by microscopy and showed more branch points in bFGF-treated cells than in the other treatment groups (Figures 4A, C).



Activation of the p-AKT/HIF-1α/VEGF Pathway in MMECs

We examined the possible involvement of HIF-1α-dependent cell proliferation and antiapoptotic effects in MMECs. AKT was reported to also play a significant role in this mechanism. Phosphorylation of AKT was shown to regulate the expression of VEGF (Schultz et al., 1999) via HIF-1α transactivation (Sullivan et al., 2002) under conditions of ischemia. AKT increased the accumulation of HIF-1α, via stabilization, after hypoxia (Karni et al., 2002). Therefore, HIF-1α may mediate FGFR/PI3K/p-AKT-induced angiogenesis. At 14 days after MI and 12 h of hypoxic incubation, phosphorylation of AKT was upregulated in the bFGF group compared with the MI and hypoxia groups (Figures 5 and 6). The accumulation of HIF-1α was greater in MMECs exposed to hypoxia than in untreated MMECs, and this accumulation was inhibited by 2-MeOE2 (Figure 5B).




Figure 5 | Enhanced AKT/HIF-1α pathway and reduced apoptosis-related protein levels in the MI mouse model after bFGF treatment. (A–C), Effects of bFGF on p-AKT/total-AKT, HIF-1α, VEGF, p53, and Bax/Bcl-2 expression at 12 h after hypoxia. (D–F), Hypoxic MMECs at 12 h after bFGF administration had higher levels of p-AKT, HIF-1α, and VEGF expression, whereas 2-MeOE2 blocked these effects of bFGF. (G, H), MMECs treated with bFGF showed decreased expression of apoptosis-related cytokines (p53, Bax, Bcl-2) (n=5 each group at 14 days). *P<0.05 vs. sham group; **P<0.05 vs. MI group; ***P<0.05 vs. bFGF group; NS, P>0.05.






Figure 6 | Enhanced AKT/HIF-1α pathway and reduced apoptosis-related proteins under conditions of 1% hypoxia with bFGF treatment. (A–C), Effects of bFGF on p-AKT/total-AKT, HIF-1α, VEGF, p53, and Bax/Bcl-2 expression at 14 days after myocardial infarction. (D–F), MI mice with 14 days of bFGF administration showed higher p-AKT, HIF-1α, and VEGF expression, whereas 2-MeOE2 blocked the effect of bFGF. (G, H), MMECs by bFGF treatment decreased the expression of apoptosis-related cytokines (p53, Bax/Bcl-2). 2-MeOE2 treated mice showed increased expression of apoptosis-related cytokines (n=5 each group at 14 days). *P<0.05 vs. sham group; **P<0.05 vs. MI group; ***P<0.05 vs. bFGF group; NS, P>0.05.



We analyzed the phosphorylation levels of AKT, AKT, HIF-1α, and VEGF in the murine heart in the sham, MI, bFGF, and bFGF + 2-MeOE2 groups (Figures 6A, B). In the infarcted area at 14 days post-surgery, the levels of AKT phosphorylation were markedly upregulated in bFGF-treated mice compared with the sham group. In addition, HIF-1α levels were higher in bFGF-treated mice than in the sham group. As 2-MeOE2 inhibited the accumulation of HIF-1α in MMECs, these findings indicate that the AKT/HIF-1α/VEGF pathway is involved in the increased VEGF production as observed (Figures 5 and 6).

Furthermore, we analyzed the levels of p53 in the murine heart in the sham, MI, bFGF, and bFGF + 2-MeOE2 groups (Figures 6C, G). P53 is a significant regulator in the induction of maladaptive hypertrophy, and at the same time, does so by inhibiting the angiogenesis of the cardiac (Sano et al., 2007). In the infarcted area at 14 days post-surgery, the levels of p53 were markedly downregulated in bFGF-treated mice compared with the MI group (Figure 6G).




Discussion

Ischemia has detrimental effects on the function and structure of the myocardium. During the early stages of coronary atherosclerosis, the initial cardiac responses to hypoxia may serve an organ protective effect. Maladaptation or chronic insults will lead to cardiac fibrosis, which may lead to heart failure. This theory prompted us to assess the relationship between bFGF and cardioprotection and whether HIF-1α accumulation can have a role in mediating FGF2 promotion of angiogenesis and antiapoptosis in cardiac endothelial cells.

Mice were treated with constitutively active bFGF, and the results indicated that continuous activation of bFGF enhanced AKT/HIF-1α/VEGF-dependent angiogenesis/survival of MMECs, leading to changes in cardiac function related to mature neovascularization and reduced cardiac remodeling. We found that bFGF was positively related to heart recovery in bFGF-treated models.

We detected two crucial proteins (HIF-1α and VEGF) regulated during cardioprotection at 14 days of treatment with bFGF. At 2 weeks of continuous bFGF treatment, the HIF-1α level was markedly increased in the bFGF group compared with the other groups and the protective effect of bFGF was markedly blocked by HIF-1α inhibitor 2-MeOE2. HIF-1α was induced by bFGF, according to the significant increase in its expression after inhibiting the degradation of this transcription factor. Consequently, the level of VEGF, a crucial downstream growth factor, was significantly increased, which resulted in enhanced angiogenesis. Interestingly, HIF-1α and VEGF were also increased in the MI group. It was suggested that the effects of hypoxia could be reversed to some extent, as HIF-1α degradation increased, thereby returning HIF-1α and downstream VEGF to relatively low levels (Sheikh et al., 2001).

Moreover, no remarkable differences were found between the 2-MeOE2 and MI groups in the expression levels of HIF-1α, indicating that accumulation of HIF-1α is crucial for bFGF to promote angiogenesis and antiapoptosis and to protect injured cardiomyocytes. HIF-1α was reported to be degraded in normoxia because of the ubiquitination of oxygen-dependent degradation (ODD) domain (Xiao et al., 2015). bFGF may be involved in this crucial kinetic pathway of the HIF-1α. At the same time, there is a doubt that the MMEC proliferation of group Hypoxia +2MeOE2 higher than group 2MeOE2 even though the activation of Hif-1a is cancelled by 2MeOE2. We have a guess that including Hif-1a there are other pathways to promote capillary formation when the Hif-1a pathway was blocked. Silent information regulator protein 1 (SIRT1) may be a potential mechanism (Li et al., 2018).

In summary, bFGF treatment resulted in reduced infarct size and changes in cardiac function related to antiapoptotic effects and enhanced mature neovascularization. AKT-dependent survival and migration of MMECs were significantly activated by bFGF, and bFGF treatment increased AKT/HIF1α/VEGF activation and antiapoptotic actions in the myocardium and improved peri-vessel migration of MMECs, leading to enhanced bFGF-mediated cardioprotection. Therefore, our results suggest that the specific cardioprotective action of bFGF may be attributable to the enhanced angiogenic activities by the activated AKT/HIF-1/VEGF pathway.

It was reported that there was no remarkable loss of cardiac function when blood pressure was decreased in FGF2 knockout mice; however, a crucial reduction in cardiac hypertrophy was observed with aortic coarctation (Masoud and Li, 2015). This suggested that FGF2 plays a significant role in cardiac growth in response to hemodynamic load. Meanwhile, targeted disruption of the FGF2 gene had no effect on vascular growth in a hind limb ischemia model (Schultz et al., 1999). In response to ischemia–reperfusion injury in mice, FGF2 overexpression in a cardiac-specific manner resulted in a cardioprotective effect with increased angiogenic and vascular functions affecting the infarct size (Sullivan et al., 2002). Furthermore, FGF2-overexpressing mice showed attenuation of the damage related to ischemic injury by increasing the capillary density in the infarct border area (Karni et al., 2002). These studies have promoted a great deal of interest in the therapeutic strategy of inducing angiogenesis via bFGF (Post et al., 2001). Our results presented here suggest an additional mechanism that the accumulation of HIF-1α promoted by bFGF can also enhance angiogenesis and antiapoptotic effects in cardiac endothelial cells and tissues, thereby protecting the ischemic myocardium. However, further independent investigation in a HIF-1α gene knockout mouse model is required to determine the significance of accumulation of HIF-1α in mediating the FGF-induced angiogenesis and antiapoptotic effects.



Conclusion

We demonstrated that the accumulation of HIF-1α under bFGF treatment can enhance angiogenesis and antiapoptotic effects in cardiac endothelial cells, as well as protect the ischemic myocardium. Our findings suggest that a novel mechanism by which bFGF attenuates the injury induced by myocardial infarction by enhancing the accumulation of HIF-1α.
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Background

Metabolic remodeling plays a vital role in the development of heart failure. The trimetazidine can optimize fatty acid and glucose oxidation via inhibition of long-chain 3-ketoacyl CoA thiolase in the heart. So, trimetazidine commonly used in cardiovascular therapy as a myocardial metabolic drug. This study was conducted to assess the effects and mechanisms of trimetazidine on ketone body metabolism in heart failure rats.



Methods

A rat model of heart failure was established by continuous subcutaneous injection of isoproterenol in 10 mg/kg/d. We examined body weight, heart weight index, and tested B-type natriuretic peptide by kit. We detected the structure and function of the heart. Hematoxylin-eosin staining and Masson’s trichrome staining was performed to assess myocardial tissue morphology. To evaluate apoptosis, we used Tunel staining. Metabolic substrate contents of glucose, free fatty acid, ketone bodies, lactic acid, and pyruvate and ATP levels in myocardial tissues were measured with the corresponding kit. We detected the levels of protein expressions related to myocardial substrate uptake and utilization by Western blot.



Results

Trimetazidine remarkably reduced the heart weight index and B-type natriuretic peptide levels. Besides, trimetazidine increased the level of blood pressure and decreased heart rate. Moreover, trimetazidine inhibited decreases in left ventricular ejection fraction and left ventricular fractional shortening. Further, trimetazidine decreased the levels of collagen volume fraction and promoted ATP production in myocardial tissues. Trimetazidine also reduced the levels of free fatty acid, ketone bodies, lactic acid, and increased glucose and pyruvate levels in myocardial tissues. Furthermore, trimetazidine markedly inhibited apoptosis. More importantly, the protein expression levels related to myocardial substrate uptake and utilization increased dramatically in the trimetazidine group. In particular, the protein expressions related to ketone body utilization were prominent.



Conclusions

Trimetazidine could attenuate metabolic remodeling and improve cardiac function in heart failure rats. The potential mechanism for the cardioprotective effect of trimetazidine may be highly associated with its regulation of adenosine monophosphate-activated protein kinase, and peroxisome proliferator activated receptor α expressions. Along with the regulation, myocardial substrate utilization was improved, especially the utilization of ketone bodies.
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Introduction

Heart failure (HF), with its notable morbidity and mortality, is directly related to significant health and economic burdens worldwide (Benjamin et al., 2017). The current therapies to treat HF primarily address the neurohumoral systems, including the renin-angiotensin-aldosterone system and the β- adrenergic receptor signaling pathway (Ponikowski et al., 2016). Increasing evidence suggests that the development of heart failure accompanied derangements in myocardial energy metabolism (Rosano and Vitale, 2018).

Metabolic failure is considered as a vital role in the HF pathological process. Evidence grows that myocardial energy metabolism in patients with HF shows a confusing picture, leading to the development and deterioration of the disease (Birkenfeld et al., 2011). The heart, a high metabolic rate organ, needs to regulate the substrate supply to satisfy various states (Karwi et al., 2018). Some substrates can be used for energy metabolism in the heart, including free fatty acids (FFA), carbohydrates (glucose and lactate), ketone bodies, and amino acid (Kolwicz et al., 2016). In the mature heart, adenosine triphosphate (ATP) production relies mostly on fatty acid oxidation while carbohydrates and ketone body (KB) provide part of ATP generation. Along with reducing ATP production, the heart is considered to be energy deficient in the progression of heart failure (Chen et al., 2019). The failing heart could improve ATP production by reducing cardiac fatty acids utilization and an increase in glucose use. Cardiomyocytes can use many other substrates, including ketone bodies, lactate, and amino acids, except glucose and fatty acids. More recently, growing evidence indicates that ketone bodies compete with other substrates used for fuel in the failing heart (Bedi et al., 2016). High competition of ketone body leads to an increase in ketone production and cardiac ketone utilization (Nakamura and Sadoshima, 2019). Although the ketone body utilization behaves as a potential benefit, few previous studies have revealed its usage related to the energy metabolism in HF. Therefore, further research should be conducted about ketone body utilization mechanisms in the pathological process of heart failure.

Trimetazidine (TMZ) is the most investigated drug in energy metabolism. TMZ can shift the utilization of metabolic substrate from fatty acid to glucose to satisfy the energy demand (Wang et al., 2016). Recognizing this, TMZ has the potential to be used to treat the metabolic remodeling of HF. Studies proved that TMZ could partially inhibit myocardial fatty acid oxidation. TMZ exerts its functions primarily through inhibition of the long-chain activity of the enzyme acetyl CoA C-acyltransferase, also known as 3-KAT. 3-KAT enzyme catalyzed the terminal reaction of fatty acid beta-oxidation. The reaction uses long-chain 3-ketoacyl CoA as a fuel to generate acetyl CoA (Lopaschuk et al., 2003). Studies show that 3-KAT in the mitochondrial matrix inhibits pyruvate dehydrogenase, while TMZ could eliminate this limitation via inhibiting 3-KAT (Li et al., 2019). TMZ significantly enhances the rate of glucose oxidation, modestly lowering the efficiency of fatty acid oxidation that has been confirmed.

Since ketone bodies can be generated by fatty acid, and TMZ could regulate a fatty acid metabolism, then whether TMZ acts on ketone body metabolism. If it works, how does TMZ affect the production and utilization of ketone body. AMPK, an energy sensor, functions as a vital regulator of metabolic homeostasis. Further, AMPK can protect myocardium from severe injury and alleviate energy exhaustion during heart failure development (Li et al., 2019). PPARα is a vital factor in the metabolic system, where it participates in signaling driven by AMPK (Grabacka et al., 2016). We try to explore TMZ regulating ketone body metabolism via AMPK and PPARα pathway in this study.



Materials and Methods


Reagents and Materials

We purchased isoproterenol (ISO) from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China) and obtained trimetazidine from Servier (Tianjin) Pharmaceutical Co., Ltd. (Tianjin, China) (Batch number: 2014432). We obtained primary antibodies against adenosine monophosphate-activated protein kinase (AMPK), peroxisome proliferator activated receptorα (PPARα), cleaved caspase 3, caspase 3, and cytochrome C from Wanlei bio (Shenyang, China). Also, primary antibodies against lactate dehydrogenase (LDH), β-actin, and glucose transporter 4 (GLUT4) were included. We obtained primary antibody against phospho-acetyl-CoA carboxylase (p-ACC) from Biyuntian Bio-Technology Co., Ltd. (Shanghai, China). The primary antibody against 3-hydroxy-3-methylglutaryl-CoA2 (HMGCS2) was obtained from Wuhan ABclonal Biotechnology Co., Ltd. (Wuhan, China). Primary antibody against monocarboxylate transporter 1 (MCT1), β-hydroxybutyrate dehydrogenase 1 (BDH1), and phospho-AMPK (p-AMPK) were obtained from Beijing Biosynthesis Biotechnology Co., Ltd. (Beijing, China). Primary antibody against carnitine palmitoyltransferase 1 (CPT1) and acetoacetyl-CoA thiolase 1 (ACAT1) were purchased from Abcam (Cambridge, UK). Primary antibody against succinyl-CoA:3-ketoacid-CoA transferase1(OXCT1) was purchased from Proteintech Group, Inc. (Wuhan, China). We bought the horseradish peroxidase (HRP)-tagged secondary antibody from Zsbio Biology (Beijing, China) and primary antibody against Anti-ATP1A1 from Wuhan Boster Biotechnology Co., Ltd. (Wuhan, China).



Animal Model and Treatment Protocols

Our animal experiments were approved by the Animal Care and Use Committee of the Tianjin Union Medical Center. We used 36 male Sprague Dawley rats provided by the Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China) for this study, which were weighted about 300–350 g. Rats were fed for one week in room temperature adaptability conditions, randomly allocated into standard control group (n = 10) and ISO-induced HF group (n = 26). All rats were raised in a standard environment with conventional laboratory food and water. The control group was given an injection of standard saline corresponding to the ISO-induced HF group. Meanwhile, the ISO-induced HF group was given a subcutaneous injection of ISO (Purity 98%) at 10 mg/kg/d. The infusion was consecutive in the preceding two weeks (Zhu et al., 2020). Afterward, the survived rats in the ISO-induced HF group were further randomly divided into ISO (n = 10) and ISO +TMZ group (n =10). Rats in ISO +TMZ group were given TMZ gavage at 10 mg/kg daily. In contrast, those in the ISO and control groups were given normal saline gavage at an identical volume for six consecutive weeks. Rats were euthanized after week eight, and blood samples were obtained. The rats’ hearts were collected and rinsed with precooled normal saline, then dissected and weighed. Meanwhile, we used one part of the tissues for measured protein concentration and subsequent experiments. The experiments included homogenates preparation and measurements of substrate contents. While the other part was fixed using 4% paraformaldehyde and paraffin-embedded for histology.



Heart Weight Index (HWI) Assessment

To assess cardiac function, we excised and washed the rat hearts with precooled normal saline. After that, we carefully removed moisture on the surface of tissues with an absorbent paper for weighing. Afterwards, the heart weight index was calculated as follows: HWI (mg/g) = heart weight/body weight (n =10).



Measurement of Serum B-Type Natriuretic Peptide (BNP) Levels

Fresh blood was collected in tubes and kept at room temperature until measurement within half an hour. Then we centrifuged the blood at 3,000 g for 10 min to separate serum. Then the samples were added in the buffer before permitted to equilibrate at room temperature for 30 min. Afterwards, we conducted all experimental operations according to kit instructions (Tianjin Anoric Biotechnology Co., Ltd, Tianjin, China) (n =6).



Blood Pressure and Heart Rate

The rats were immobilized in the conscious state to ensure proper connectivity and maintained a suitable temperature and sense for operation. Systolic blood pressure, diastolic blood pressure, mean arterial pressure, and heart rate were measured using the tail-cuff method (BP–2010A, Softron Biotechnology Ltd., Beijing, China). All manipulations were replicated three times in a warm, and quiet environment, and calculated mean value (n = 6).



Echocardiography

Before placed in the supine position for echocardiographic measurements, rats were anesthetized using 3% sodium pentobarbital solution (Tianjin Chemical Reagent Company, Tianjin, China) at 10.0 mg/kg. Next, the following indicators were measured: left ventricular end-systolic diameter (LVESD), left ventricular end-diastolic diameter (LVEDD), left ventricular end-diastolic volume (LVEDV) and left ventricular end-systolic volume (LVESV). Also, left ventricular fractional shortening (LVFS) and left ventricular ejection fraction (LVEF) were measured. Using an ultra-high resolution small animal ultrasound scanner Vevo®2100 (VisualSonics, Toronto, ON, Canada), transthoracic two-dimensionally guided M-mode echocardiography was performed (n = 6).



Histopathological Analysis

Myocardial tissues of rats were fixed in 4% paraformaldehyde and dehydrated with segments embedded in paraffin. Then, we cut them into 5-μm thick sections for staining with Masson’s trichrome and hematoxylin-eosin solution. We observed the pathological changes in myocardial tissues using an optical microscope (DS-Ri2, Nikon, Japan) (n =5). Collagen volume fraction (CVF) was analyzed with Image J in multiple random visual fields of each sample, using the formula: CVF= collagen area/total observed area×100%.



Measurement of ATP Contents

We used a certain amount of myocardial tissues for homogenate preparation with boiling double-distilled water (10% w/v). Immediately afterwards, the mixture was treated in a boiling water bath for 10 min, and then the homogenate was centrifuged at 3,500 g for 10 min. Finally, we collected the supernatant for the test. We carried out the specific operation according to the instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) (n =6).



Measurement of Glucose, Free Fatty Acid, Lactic Acid, and Pyruvate Contents

A series of experiments were performed according to kit instructions (Solarbio, Beijing, China). Myocardial tissues were homogenized and centrifuged, and then the supernatant was collected for subsequent assays. A portion of supernatant was used to determine protein content using a bicinchoninic acid assay according to the manufacturer’s protocol (Solarbio, Beijing, China). At the same time, the others were used for absorbance measurement by a microplate reader (Epoch2, BioTek Instruments, Inc, America) (n = 6).



Measurement of Ketone Body Contents

KB quantitative detection was calculated according to the manufacturer’s instructions (Tianjin Anoric Biotechnology Co., Ltd, Tianjin, China). Myocardial tissue was homogenized in lysis buffer containing a protease inhibitor and centrifuged at 3,000 g for 10 min, and then the supernatant was taken for subsequent experiments. Each well was added in samples and biotinylated antibody (1:1), with doubling doses of horseradish peroxidase-labeled antibody. Then the coated microwell plate was covered immediately and incubated at 37°C for 60 min. Next, the liquid mixture was discarded following by washing the plate five times with a washing buffer. After the last wash, the plate was left to air dry. Afterward, chromogenic reagent I and II were added to each well sequentially. Next, the mixture was incubated at room temperature for 20 min and reacted protected from light. Eventually, the termination buffer was added into each well, and the absorbance was read at 450 nm with a microplate reader (n = 6).



TdT-Mediated dUTP Nick-End Labeling (TUNEL) Assays

Tunel staining using the TUNEL Apoptosis Detection Kit (Wanlei bio, Shenyang, China) was performed according to the manufacturer’s instructions. The paraffinized sections were dewaxed to water and rinsed with phosphate buffer saline (PBS) three times. Then, the tissue sections underwent heat-induced epitope retrieval in citrate buffer followed by a cooling-down period. Next, the paraffin sections were rinsed with PBS and added a tunel assay solution and then incubated at 37°C in the dark for 90 min. Sections were then rinsed with PBS and counterstained with 4’,6-diamidino-2-phenylindole (DAPI) for nuclear labeling. Finally, the anti-fluorescence quencher (Solarbio, Beijing, China) was used to seal the sections. The staining results were observed under a fluorescent microscope (DS-U3, Nikon, Japan), in which tunel-positive expression was recognized by green fluorescence, while DAPI-positive was blue. The apoptotic index’s final calculation was reached according to the following formula: apoptotic index=tunel positive cells/DAPI positive cells (n = 5).



Protein Extraction and Western Blotting

Myocardial and hepatic tissue were homogenized in RIPA extraction buffer (Solarbio, Beijing, China) with phenylmethylsulfonyl fluoride, and phosphatase inhibitors (KeyGen Biotech. Inc, Nanjing, China)(100:1:1) in an ice bath. We centrifuged the homogenate at 14,000 g for five min. The obtained supernatant was then used for the detection of protein concentration before added loading buffer (3:1) and heated in a 100°C boiling water bath for 5 min. After cooling to room temperature, samples were centrifuged at 14,000 rpm for five min, and the supernatant was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Solarbio, Beijing, China) and immunoblotting. Membrane and cytosolic proteins were extracted using the Membrane and Cytosol Protein Extraction Kit according to the manufacturer’s instructions. For immunoblotting, proteins were separated by SDS-PAGE and transferred to polyvinylidene difluoride membrane. The membrane was then blocked with a blocking buffer (Shanghai Biyuntian Bio-Technology Co., Ltd., Shanghai, China) 15 min at room temperature. After blocking, the membrane was incubated overnight at 4°C with primary antibodies, diluted by tris buffered saline tween. Next, the membrane was washed with tris buffered saline tween before incubated with HRP-tagged the second antibody and detected with luminol reagent (Engreen Biosystem Co, Ltd. Beijing, China). Finally, we analyzed the bands with Image J software (NIH, Bethesda, MD, USA) (n = 3).



Statistical Analysis

All experimental data were expressed as mean ± standard deviation (SD), and statistical analysis was conducted using SPSS 21.0 statistical software (Lead Technologies, Chicago, USA). The differences between the groups were analyzed using a one-way analysis of variance (ANOVA), followed by Tukey’s multiple comparisons with a significance level of 0.05.




Result


TMZ Improves the General Condition and Cardiac Dysfunction of Rats in the ISO-Induced HF Model

To evaluate the effect and mechanism of TMZ in improving heart function, we established an ISO-induced rat HF model. As shown in Figure 1A, the subcutaneous injection of ISO resulted in decreased bodyweight gain and increased HWI (Figure 1B) in rats. In contrast, TMZ treatment reduced the effect of ISO (Figures 1A, B). Furthermore, BNP levels were significantly elevated in the ISO group, and TMZ works oppositely (Figure 1C). Besides, there were significant changes in blood pressure and heart rate after subcutaneous injection of ISO in rats. The results indicated that TMZ intervention restrained the increase of heart rate and a drop in blood pressure (Figure 1D). We performed echocardiography to gain further insight into an alteration in myocardial morphology and function of rats in each group. The results showed that animals injected with ISO displayed ventricular remodeling at the end of week 8 (Figure 1E). Accompanied by the change, there was a decline in cardiac function, as assessed by increased LVESD, LVEDD, LVEDV, and LVESV. Meanwhile, LVEF and LVFS levels were decreased after week 8 (Figure 1F). However, TMZ attenuated these pathological changes. These results prove that TMZ attenuates the effect of ISO in inducing HF. Besides, TMZ improves the general condition and cardiac dysfunction of rats in the ISO-induced HF model.




Figure 1 | Trimetazidine improves the general condition and cardiac function of rats in the isoproterenol-induced HF model. (A) Bodyweight changes of rats in each group (n = 10). (B) Changes in rat heart weight index for different groups (n = 10). (C) B-type natriuretic peptide levels in sera were detected by enzyme linked immunosorbent assay (n = 6). (D) Heart rate, systolic blood pressure, diastolic blood pressure, mean arterial pressure of rats in each group (n =6). (E) Representative M-mode echocardiograms for different groups. (F) The histogram showed left ventricular end-diastolic volume, left ventricular end-systolic volume, and left ventricular ejection fraction. Left ventricular end-diastolic diameter, left ventricular end-systolic diameter and left ventricular fractional shortening (n = 6) were also shown. Data are represented as mean ± SD, #P < 0.05, ##P < 0.01 compared with ISO group, *P < 0.05, **P < 0.01 compared with control group.





TMZ Ameliorates Pathological Changes in Myocardial Tissues of ISO-Induced Rats

We conducted hematoxylin–eosin staining and Masson’s trichrome staining for pathological assessment to evaluate the histopathology changes in ISO-induced rats’ myocardial tissues. Besides, we measure the content of metabolic substrates. In comparison with the control group, animals treated with ISO displayed myocardial fibers disarray and myocyte hypertrophy. However, these changes were remarkably prevented by TMZ (Figure 2A). Similar results were seen with Masson’s Trichrome Staining that heart tissues demonstrated myocardial cell swelling, and the myocardial fibers were in a disorganized array. While TMZ attenuated these pathological changes (Figure 2B). Besides, ISO caused a marked increase in CVF compared with the control group. Whereas treated with TMZ can remarkably prevent the variation (Figure 2C). As shown in Figure 2D, ISO stimulation resulted in an increased accumulation of free fatty acid, ketone bodies, and lactic acid. However, there was a decrease in levels of ATP, glucose, and pyruvate. In contrast, treated with TMZ can remarkably prevent the accumulation of the acidic metabolite and improve insufficiencies of ATP, glucose, and pyruvate. These results indicate that TMZ attenuated the histopathology alterations and improved the utilization of cardiac metabolism substrate in ISO-induced HF rats.




Figure 2 | Trimetazidine ameliorates pathological changes in myocardial tissues of isoproterenol-induced rats. (A) Histopathological changes in myocardial tissues observed by hematoxylin-eosin staining (×200 magnification) (n = 5). (B) Masson’s Trichrome Staining of cardiac tissues (×200 magnification) (n = 5). (C) The Collagen Volume Fraction of myocardial tissues was calculated as quantification (n= 5). (D) Myocardium was homogenized, and the content of ATP, glucose, free fatty acid, ketone body, lactic acid, and pyruvate were detected following the instructions (n = 6). Data were represented as mean ± SD, ##P < 0.01 compared with ISO group, **P < 0.01 compared with control group.





TMZ Reduces Cell Apoptosis in Myocardial Tissues and Increases the Ketogenesis-Related Protein Expression Level of Hepatic Tissue in ISO-Induced HF Rats

To explore the cell apoptosis in myocardial tissues, we performed Tunel staining and western blot. ISO can induce cell apoptosis in myocardial tissues was proved, whereas the increased ratio of cleaved caspase 3/caspase 3 can be reduced by TMZ intervention. After the TMZ intervention, cytochrome C level was declined, but there was no statistical difference. Furthermore, to determine whether TMZ acts on ketogenesis, we evaluated the protein expression related to ketogenesis in hepatic tissue. As shown in Figures 3E–G, ISO, markedly down-regulated PPARα expressions, and upregulated AMPK, HMGCS2, and MCT1. However, TMZ intervention was further increased the protein expression of AMPK, HMGCS2, and MCT1. More than that, PPARα, BDH1, ACAT1 expression, and the ratio of p-AMPK/AMPK were significantly improved. These results suggest that TMZ can reduce cell apoptosis in myocardial tissues to a certain extent. Besides this, TMZ can promote protein expression related to ketogenesis via the activated AMPK/PPARα signaling pathway.




Figure 3 | Trimetazidine reduces cell apoptosis of myocardial tissues and increases the ketogenesis-related protein expression level of hepatic tissue in heart failure rats. (A) Representative images of DNA fragmentation as tested by tunel assay and DAPI staining (×400 magnification) for different groups. (B) The number of apoptotic cells was calculated by taking five views in each group (n = 5). (C) Western blot was used to detect the expression levels of cleaved caspase 3, caspase 3 and cytochrome C. (D) The density of the immunoreactive bands was analyzed by Image J software. (E) Western blot was used to evaluate ketogenesis-related protein expression. AMPK, p-AMPK, PPARα, HMGCS2, BDH1, MCT1 and ACAT1 were included. (F, G) The histogram indicated the specific relevant quantitative results (n = 3). Data are represented as means ± SD, #P < 0.05, ##P < 0.01 compared with ISO group, **P < 0.01 compared with control group. AMPK, adenosine monophosphate-activated protein kinase; p-AMPK, phospho-AMPK; PPARα, peroxisome proliferator activated receptorα; HMGCS2, 3-hydroxy-3-methylglutaryl-CoA synthase 2; BDH1, β-hydroxybutyrate dehydrogenase 1; MCT1, monocarboxylate transporter 1; ACAT1, acetoacetyl-CoA thiolase 1.





TMZ Promotes the Protein Expression Related to Myocardial Substrate Uptake and Utilization With Activation of the AMPK/PPARα Signaling Pathway in HF Rats

To investigate the mechanism of TMZ effect on energy metabolism of myocardial tissue in ISO-induced HF rat, we evaluated protein expressions using western blot. These protein expressions related to myocardial substrate uptake and utilization and activation of AMPK/PPARα signaling pathway. As shown in Figures 4A, B, TMZ significantly promoted translocation of GLUT4 from cytosolic to membrane. As illustrated in Figures 4C–E, ISO PPARα, CPT1 protein expression were down-regulated, and AMPK, p-ACC, LDH, BDH1, MCT1, ACAT1, and OXCT1 protein expression were upregulated. At the same time, the ratio of p-AMPK/AMPK protein expression was decreased. However, treated with TMZ can remarkably increase the phosphorylation of AMPK, which is characterized by an increase in the ratio of p-AMPK/AMPK protein expression. Besides, TMZ has a reversal of depletion in PPARα, GLUT4, CPT1 protein levels. Furthermore, TMZ intervention further promoted p-ACC, LDH, BDH1, MCT1, ACAT1, and OXCT1 protein expression. These results suggest that TMZ could activate the AMPK/PPARα signaling pathway and promote protein expression related to myocardial substrate uptake and utilization.




Figure 4 | Trimetazidine treatment promotes the protein expression related to myocardial substrate uptake and utilization in myocardial tissues of isoproterenol-induced heart failure rats. (A) Cytosolic protein was extracted and expression levels of cellular localization of GLUT4 were determined using Western blot. β-actin was choice as an internal control. (B) Membrane protein was extracted and expression levels of cellular localization of GLUT4 were determined using Western blot. ATP1A1 was chosen as an internal control. (C) Western blot was used to evaluate metabolism-related protein expression. AMPK, p-AMPK, PPARα, p-ACC, LDH, CPT1, BDH1, MCT1, ACAT1, and OXCT1 were included. (D) Immunoblotting analysis was conducted to detect the ratio of p-AMPK/AMPK protein expression within myocardial tissues (n = 3). (E) The histogram indicated the specific relevant quantitative results (n = 3). Data are represented as means ± SD, #P < 0.05, ##P < 0.01 compared with ISO group, *P < 0.05, **P < 0.01 compared with control group. p-AMPK, phospho-AMPK; AMPK, adenosine monophosphate-activated protein kinase; PPARα, peroxisome proliferator activated receptorα; p-ACC, phospho-acetyl-CoA carboxylase; LDH, lactate dehydrogenase;CPT1, carnitine palmitoyltransferase 1; BDH1,β-hydroxybutyrate dehydrogenase 1; MCT1, monocarboxylate transporter 1; ACAT1, acetoacetyl-CoA thiolase 1; OXCT1(SCOT1), succinyl-CoA:3-ketoacid-CoA transferase1.






Discussion

Along with TMZ preconditioning in a single-dose, the plasma levels of adenosine was increased, as one study showed (Liu et al., 2016). Many studies have concluded that only treated HF with TMZ can partly improve indices of serum (Zhang et al., 2012). Even with the addition of calcium channel blockers, symptoms in patients with stable angina can only be partially improved (Marzilli et al., 2019). Recent analyses have identified that TMZ demonstrates excellent results in HF patients, including decreasing the prevalence and incidence of cardiovascular events (Zhang et al., 2012; Grajek and Michalak, 2015). However, the exact mechanism of how TMZ develops its full potential in improving cardiac energy metabolism in HF is not well understood and needs further study. Therefore, we have investigated the mechanism of trimetazidine in the ISO-induced heart failure rat model. Trimetazidine can prevent or reverse the progression of cardiac dysfunction and metabolic remodeling in our experiments. The remarkable performance of trimetazidine in HF may be closely associated with AMPK and PPARα, whose expression increases obviously in our study.

ISO is a beta-adrenergic receptor agonist that could inhibit both β1 and β2. ISO is usually used to induce pathologic myocardial diseases experimentally (Fan et al., 2019). ISO can bring about myocardial ischemia, further resulting in a particular form of metabolic and ultrastructural variations that induce irreversible injury. The alterations cause different types of cardiomyocyte death, referred to as apoptosis and necrosis. Besides, ISO is adequate to induce myocardial hypertrophy, inflammation, and fibrosis (Benjamin et al., 1989; Zhang et al., 2020). These changes may cause an increase in the ratio of heart weight to body weight (Freund et al., 2005). The same results were found in this study. These changes are shown and ultimately predispose the heart to diastolic and systolic dysfunction with myocardial metabolic remodeling (van Bilsen et al., 2004). The changes in rat associated with ISO-induced HF are similar to the pathological changes of myocardial tissue in the process of human heart failure. Hence ISO-induced HF in rats is an extensively applied model in experimental medical research (Fan et al., 2019). The heart failure model in our study was induced by subcutaneous injection with ISO. In this study, cardiac function parameters measured by echocardiography, including LVEF and LVFS, were significantly reduced in the ISO intervention group. These changes verified the HF model in rats. Besides, heart rate and blood pressure were decreased while the plasma levels of BNP were significantly increased after ISO intervention (Wang et al., 2018; Fan et al., 2019). These results concur with previous studies. Nevertheless, trimetazidine performed well in improving biochemical parameters, blood pressure, and pathological changes. These performances provided strong evidence that trimetazidine has enormous potential in ameliorating cardiac function and slows HF progression. In this study, We verified the benefits of trimetazidine proved in a clinical trial.

Previous research had shown that heart failure results in an increase in AMPK activity in mice and humans (Quan et al., 2017; Zhang et al., 2017). Zhuo et al. indicated that activation of AMPK could inhibit BNP elevation and cardiomyocyte apoptosis in a rat model of heart failure induced by ISO (Zhuo et al., 2013). Available research considered that the inhibition of c-Jun N-terminal kinase and nuclear factor kappa-B is correlated with AMPK activation. The restraint may lead to attenuation in inflammation and a decrease in cell death (Chen et al., 2018; Gu et al., 2020). Besides, some studies showed that the activation state for AMPK often leads to inhibiting extracellular signal-regulated kinase. This effect could improve cardiac fibrosis (Du et al., 2008). It is considered when the myocardial injury occurs, AMPK in hearts will be activated as a compensatory reaction. As the disease progresses, compensatory responses of AMPK activation were not strong enough to satisfy various demands, and then the pathologic changes arise. Fortunately, TMZ could relieve these pathologic changes by further activation of AMPK in this study. Besides, AMPK-mediated transportation of GLUT4 from the cytosol to the membrane increases glucose uptake (Li et al., 2019). This increase often acts as an adaptive and protective response of the heart. AMPK can also increase fatty acid uptake and oxidation by increasing the activity of CPT-1, which was conducted by inhibiting acetyl-CoA carboxylase. These are also confirmed in our study. CPT1 serves as a limiting step for long-chain fatty acid accessing to the mitochondria for β-oxidation, which is vital to ATP production (Dyck and Lopaschuk, 2006). Moreover, AMPK plays a very notable reverse role in regulating the mammalian target of rapamycin 1. The inhibition of mTORC1 is mainly started by AMPK. Further, the inhibition state of mTORC1 is necessary for the activation of ketogenesis in the liver (Grabacka et al., 2016). So we have reason to believe that AMPK is closely related to ketone body’s metabolism. It is worth mentioning that TMZ can partially inhibit fatty acid oxidation, decreasing the nicotinamide adenine dinucleotide reduced/oxidized ratio. The decrease can lead to the enhancement of pyruvate dehydrogenase activity and efficiency increase in glucose and pyruvate oxidation (Li et al., 2019). Studies showed that TMZ could enhance the activity of AMPK through its effects on the ATP level in cardiomyocytes (Liu et al., 2016). In this study, AMPK carries out the function of regulating substrate metabolism by itself phosphorylation. Early in the study, rats treated with iso displayed compensatory changes by activating AMPK, which may have a good effect on myocardial metabolism. As the disease progresses, myocardium showed obvious decompensation, with energy metabolism disorder including reduction of ATP production and acid metabolite accumulation. However, it is worth noting that TMZ can notably activate AMPK and then increase protein expression involved in GLUT4 and CPT1. Along with the activation of AMPK, proteins expression levels of ketone body metabolism raised. Therefore, as mentioned in the present study, we think TMZ treatment can improve the metabolic status and reduce progression to heart failure via shifting substrate metabolism. The function most likely has a close relationship with the AMPK pathway.

KB, considered efficient fuel, is meaningful in heart failure (Aubert et al., 2016; Bedi et al., 2016). Ketone bodies are usually formed as an intermediate product of fatty acid oxidation, including β-hydroxybutyrate, acetoacetate, and acetone (Puchalska and Crawford, 2017). The production of ketone bodies mainly occurs in the mitochondria of hepatocytes, but the liver is the only tissue without the ability of ketolysis. Ketone bodies (β-hydroxybutyrate and acetoacetate) are generally transported by monocarboxylate transporter 1 (MCT1) to tissues other than hepatocytes who express OXCT genes (Halestrap and Wilson, 2012; Puchalska and Crawford, 2017). Ketogenesis and ketolysis are regulated by multiple factors, in which PPARα is a critical aspect. The previous report showed inconsistent expression of PPARα in cardiovascular diseases (Kodde et al., 2007). Studies show that PPARα is necessary for the initiation and transcription of 3-hydroxy-3-methylglutaryl-CoA synthase. At the same time, HMGCS2 acted as a speed-limiting enzyme for the generation of ketone bodies (Grabacka et al., 2016). Research showed that the expression of ketolysis-related proteins, including BDH1 and OXCT1, was increased in patients with heart failure (Bedi et al., 2016). Along with growing ketone body oxidation of myocardial tissue, the pathological process of HF may be delayed. In this study, we observed that the expression of PPARα was increased, secondary to AMPK activation, with TMZ therapy. The protein expressions referred to ketone body production and utilization were upregulated in ISO-induced HF rats. By increasing the ketone body utilization, cardiac function was improved with an enhancement of ATP production.

The failing heart could improve ATP production by reducing cardiac fatty acid utilization and shifting toward a greater reliance on glycolysis and ketone body oxidation (Karwi et al., 2018). In this state, it seems that glucose and pyruvate’s content should be increased following energy demand to increase ATP production, which can be realized by increasing glucose intake. The high expression of GLUT4 is advantageous to glucose intake. Nevertheless, these conditions could not be achieved in the failing heart, promoting the progress of HF. Alike, due to the decreased demand, the failing heart should decrease the uptake to reduce the content of FFA. Although the expression of CPT1 was reduced, the failing heart still showed low utilization of FFA, so the content of FFA was still high, which leads to further development of HF. Besides, the highly expressed MCT1 increased KB intake, but the failing heart was only able to utilize a limited KB. Therefore, the KB content was high, and the failing heart still could not meet the energy demand. Besides, When the oxygen supply is insufficient in the failing heart, lactic acid is produced by anaerobic glycolysis, which transforms pyruvate into lactic acid by the lactate dehydrogenase enzyme. However, excessive lactic acid generation is not able to be fully utilized to meet cardiac energy demand. So, the lactic acid content was increased while the pyruvate content decreased, leading to a further energy imbalance and eventually resulting in the decline of cardiac function. However, following the TMZ intervention, the glucose and pyruvate’s content was increased to provide sufficient metabolic substrate, which may benefit from the highly expressed GLUT4. Meanwhile, the accumulation of lactic acid is improved. The CPT1 was highly expressed, and the FFA content was decreased instead in the group of ISO+TMZ, which is most likely due to increased conversion and utilization of FA. Indeed, the KB, which was derived from fatty acids, was in a hypermetabolic state. So, MCT1 and other KB metabolism-related protein expressions were further increased in the group of ISO+TMZ. This series of changes showed that TMZ could increase uptake of glucose, FFA, and KB and, at the same time, increase the glucose and KB utilization and FA conversion and utilization. Eventually, the overall effectiveness of metabolism was improved to meet the cardiac energy demand, and cardiac function was improved to delay the process of HF.

The limitation of the present study is that metabolomics was not conducted. Energy metabolism in HF rats and the effect of TMZ on myocardial should be further unambiguously confirmed. The confirmation should be based on high-throughput sequencing analysis through metabolomics. Besides, the link between TMZ and AMPK/PPARα has not been verified by in vitro experiments. We will address these limitations in future studies.

Our study results show that myocardial structure damage and cardiac dysfunction in ISO-induced HF rats are related to metabolic remodeling. Myocardial substrate uptake and utilization act as the initiations of energy metabolism. TMZ can promote protein expression related to substrate uptake and utilization via upregulating AMPK and PPARα expression. The regulation is closely related to the metabolism of ketone bodies. Moreover, The regulation ameliorates the reduction of ATP production and a decline in cardiac function. This study provides a reference for further studies.
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Background

An increasing number of studies have shown that sodium glucose cotransporter 2 (SGLT2) inhibitors, initially used as antidiabetic agents, have cardiovascular (CV) benefits. However, few bibliometric analyses have examined this field systematically. Our study aimed to visualize the publications to determine the trends and hotspots in CV research on SGLT2 inhibitors.



Methods

Publications on SGLT2 inhibitors in cardiovascular research were retrieved from the Web of Science Core Collection. Microsoft Excel 2019, VOSviewer, and CiteSpace V were used to analyze and plot the references.



Results

On July 3, 2020, 1509 records of CV research on SGLT2 inhibitors published from 2013 to 2020 were retrieved. Nearly half were authored by American scholars, and most were published in Diabetes Obesity Metabolism, Cardiovascular Diabetology, and Diabetes Therapy. The USA was the leading driving force, with a strong academic reputation in this area. Inzucchi SE published the most related articles, while Neal B was cited the most frequently. All the top 10 co-cited references were in the leading co-cited journal, The New England Journal of Medicine. “Atherosclerotic cardiovascular event” was the leading research hotspot. The keywords “cardiac metabolism,” “heart failure hospitalization,” and “heart failure with preserved ejection fraction” appeared most recently as research frontiers.



Conclusion

Most studies focused on clinical trial outcomes, such as cardiovascular death and heart failure (HF) hospitalization. The mechanisms of SGLT2 inhibitors, especially those related to cardiac metabolism, may soon become hotspots and should be closely monitored.
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Introduction

Sodium glucose cotransporter 2 (SGLT2) inhibitors were initially identified for their glycemic effects in type 2 diabetes mellitus (T2DM). By inhibiting the protein SGLT2, which is expressed in the proximal convoluted tubule, SGLT2 inhibitors lower glucose levels independent of insulin action. Currently, SGLT2 inhibitors are recognized to possess a considerably broader scope of benefits in addition to simply hypoglycemic effects, including the induction of modest weight loss, natriuresis, and diuresis and reducing blood pressure (Zelniker and Braunwald, 2018; Park et al., 2020). Traditional antidiabetic drugs do not always reduce the cardiovascular (CV) complications of diabetes; however, the potential applications of SGLT2 inhibitors in CV disease (Docherty et al., 2020; Heerspink et al., 2020; Slomski, 2020) have attracted increasing intense research interest.

Phlorizin, a naturally occurring nonselective SGLT2 inhibitor, was first extracted from apple tree bark by von Chr. Petersen in 1835. However, not until 1987—when Rossetti et al. (1987) at Yale University unprecedently demonstrated that phlorizin completely normalized insulin sensitivity in diabetic rats without hypoglycemia—was a connection made between SGLT2 inhibitors and the treatment of diabetes. To date, seven types of specific SGLT2 inhibitors have been developed worldwide (canagliflozin, dapagliflozin, empagliflozin, ertugliflozin, ipragliflozin, luseogliflozin, and tofogliflozin), the first four of which are widely approved by the U.S. Food and Drug Administration (FDA) as antihyperglycemics.

Unexpected CV benefits of SGLT2 inhibitors were gradually identified, as initially shown in the landmark EMPA-REG OUTCOME trial (Zinman et al., 2015) and later in the clinical trials CANVAS (Neal et al., 2017) and DECLARE (Wiviott et al., 2019). The results of these clinical trials indicated that SGLT2 inhibitors, including empagliflozin, canagliflozin, and dapagliflozin, lead to a significant reduction in the composite outcomes of myocardial infarction, stroke, and CV death and/or hospitalization for heart failure (HF) in patients with T2DM. Recently, the striking results of the DAPA-HF (Mcmurray et al., 2019) trial indicated that dapagliflozin is equally effective independent of the presence of diabetes in patients with HF and reduced ejection fraction (HFrEF), reducing the risk of worsening HF and CV death by 26% and the rate of all-cause mortality by 17%. Additionally, SGLT2 inhibitors have relatively few side effects and rarely cause symptomatic hypoglycemia, even when given to patients without diabetes (AI-Jobori et al., 2017)). Considering the different phenotypes of HF at baseline, two parallel trials, EMPEROR-Preserved (NCT03057951 and NCT03619213) and EMPEROR-Reduced (NCT03057977), were conducted to clarify whether the benefits of SGLT2 inhibitors extend to each subset of HF. The former trial observed patients with HF and preserved ejection fraction (HFpEF), a syndrome with no conclusively demonstrated therapeutic benefit (Paulus and van Ballegoij, 2010).

Conversely, numerous studies in preclinical models have been conducted to confirm the CV benefits of SGLT2 inhibitors, including reducing infarct size in reperfused ischemic hearts (Andreadou et al., 2020), attenuating cardiac fibrosis (Lee et al., 2019) and coronary microvascular dysfunction (Adingupu et al., 2019), reducing cardiac inflammation (Byrne et al., 2020), ameliorating adverse ventricular remodeling by affecting cardiac metabolism (Santos-Gallego et al., 2019; Yurista et al., 2019), and improving cardiac function. However, the precise molecular mechanisms underlying those processes remain unclear. With the rapid development of SGLT2 inhibitors in CV research, staying abreast of emerging trends and key milestones in the development of relevant knowledge is highly important. However, few systematic analyses of these publications have been performed.

Bibliometric analysis has been widely used to organize the knowledge structure and explore developmental trends in many research fields via quantitative analysis of patterns in the scientific literature (Chen, 2004; Chen et al., 2014). This method enables researchers to understand the range of research topics and predict future directions. To our knowledge, no previous bibliometric analysis of SGLT2 inhibitors in CV research has been performed. We thus aimed to describe the scientific outputs of CV research on SGLT2 inhibitors to determine trends and hotspots to guide investigators’ future work.



Methods


Search Strategies

Data were downloaded from the Science Citation Index-Expanded database of the Web of Science Core Collection (WoSCC) on a single day, July 3, 2020. The search terms used were the following: (“SGLT2 inhibit*” OR “sodium glucose cotransporter 2 inhibit*” OR “sodium glucose transporter 2 inhibit*” OR “gliflozin*” OR “canagliflozin” OR “dapagliflozin” OR “empagliflozin” OR “ertugliflozin” OR “ipragliflozin” OR “luseogliflozin” OR “tofogliflozin”) AND (“heart” OR “*cardi*”). Only original articles and reviews written in English and published between 2013 and 2020 were included. This query resulted in 1509 records, which were obtained for this study.



Data Collection and Analysis

All records retrieved from the WoSCC were downloaded independently by two authors (LC, SM) and included the number of annual publication output; outputs of countries/regions, institutions, journals, and authors; citation frequency; and Hirsch index (H-index). The H-index, which indicates that an academic journal or scholar/country/region published H papers, each of which was cited at least H times, was used to evaluate the scientific impact of an author or a country. Journal Citation Reports (JCR) 2019 was used to obtain the impact factor (IF) and quartile of a journal category. Any disagreements were resolved by consensus. Then, the data were converted to Microsoft Excel 2019 (Redmond, Washington, USA), VOSviewer (Leiden University, Leiden, the Netherlands) and CiteSpace V (Drexel University, Philadelphia, PA, USA) for analysis of basic metrics.

Microsoft Excel (v. 2019) was applied to analyze and plot the annual publication output, H-index, total and mean IF, citations per article, and total number of citations for every country/region and to organize data on the basic characteristics of publications and citations.

VOSviewer (van Eck and Waltman, 2010) was used to create network visualization maps to analyze the collaborative relationships between countries/regions, institutions, and authors of highly cocited references. In addition, VOSviewer can classify keywords with high co-occurrence frequencies into several clusters and simultaneously color them by time course. Co-occurrence analysis identifies research hotspots and trends. We selected “author keywords” as the unit of analysis.

We used CiteSpace V to conduct cocitation analysis of the journals, references, and clusters and further constructed a timeline view of cocited references, by which we could clarify the rise and period of certain clustering fields. Furthermore, CiteSpace can capture keywords with strong citation bursts and construct visualization maps of all items. A citation burst is a key indicator for identifying emerging trends (Chen et al., 2014). We set the “years per slice” and “top N per slice” values as 1 and 50, respectively; thus, the network map was extracted from the top 50 cited papers in one year per slice.




Results


Publication Output and Temporal Trend

A total of 1,509 publications met the inclusion criteria—813 articles and 696 reviews. The annual publication output increased steadily before 2015, increased sharply in the following 4 years and increased to 440 in 2019 to more than five times the annual publication output in 2015(66) (Figure 1A). A total of 251 articles have been published in 2020 to date, but this count does not reflect the number of publications during the whole year. The development trend predicts that the number of studies being carried out on SGLT2 inhibitors in CV will increase to 591.




Figure 1 | Trends in the number of publications and analysis of country/regions in SGLT2 inhibitors in cardiovascular research. (A) The annual worldwide publication output. (B) Growth trends in the publication output from the top 10 countries. (C) H-index, citations per article, and total number of citations for the top 10 country/regions.





Distribution by Country/Region and Institution

All publications were distributed among 76 countries/regions and 2757 institutions (Supplement Tables 1, 2). The USA had the highest production, with 654 (43.34%) documents, followed by England (201, 13.32%), Japan (182, 12.061%), Canada (159, 10.537%), and Germany (149, 9.874%) (Table 1). We further identified the annual national output of the 10 most productive countries/regions (Figure 1B). The USA has ranked first in the number of annual publications since 2013 and had the highest cumulative impact factor (3706.047) from 2013 to 2019. However, the mean IF in the USA was the lowest among the five most productive countries (Supplementary Figure 1A). England and Japan showed a similar trend in the growth rate of the annual publication output, while the annual publication output of Canada grew rapidly from 2017 and has even surpassed that of Japan to date in 2020. Additionally, Canada had the highest mean IF of 11.102 among the top 5 productive countries, although the number of cumulative publications of Canada from 2013 to 2019 was ranked fifth worldwide (127) (Supplementary Figures 1B, C).


Table 1 | Top 10 productive country/regions and institutions related to SGLT2 inhibitors in cardiovascular research.



The overall trend in the annual number of papers published by those countries exhibited a sharp increase beginning in 2016. The USA had 22,233 citations and an H-index of 62, both of which ranked first among all included countries/regions, but its citation/article ratio (34) was far less than that of Australia (82.66) and other listed countries, even the lowest-ranked country. However, Australia had a relatively low H-index (32) and number of citations (9,754) (Figure 1C, Table 1).

To investigate international collaborations, we used VOSviewer to construct a network visualization map for publications on CV research of SGLT2 inhibitors. Figure 2A shows collaborations among country/regions publishing more than 10 documents (38 of the 76). Country/regions with higher cooccurrence are classified as the same color. Country/regions with similar colors, which we identified as country/regions with closer cooperative relationships, formed clusters. The width of the lines represents the magnitude of the collaboration. The USA (792) had the highest total link strength, indicating that it participated in the most collaborations with other countries worldwide (Supplement Table 3). The countries/regions that collaborated the most with the USA were England, Sweden, Canada, Germany, Japan and Australia. The cluster indicated in blue was led by the People’s Republic of China collaborating with India, South Korea, Thailand, Australia, England, and the USA.




Figure 2 | VOSviewer network visualization map of country/regions and institutions involved in SGLT2 inhibitors in cardiovascular research. (A) Collaboration analysis of countries/regions. Of the 76 countries/regions, 38 had at least 10 publications. (B) Collaboration analysis of institutions. Of the 2,757 institutions, 81 had at least 10 publications.



The 10 most productive institutions in relevant research are shown in Table 1. The leading institutions were the University of Toronto (118, 7.82%), Astrazeneca (70, 4.639%), University of Groningen (57, 3.777%), Harvard Medical School (55, 6.645%), and Boehringer Ingelheim Pharma GmbH & Co.KG (52, 3.446%). To reveal potential collaborations among institutions, we used VOSviewer to conduct a co-authorship analysis in terms of institutions (Figure 2B, Supplement Table 4).



Distribution by Journal

The 1,509 publications on SGLT2 inhibitors in CV research were published in 364 academic journals. The 10 most productive and co-cited journals (at least 10 citations) are listed in Table 2 (Supplement Tables 5, 6). Diabetes Obesity Metabolism (112 publications, 7.422%), which had an IF of 5.9 in 2019, published the most studies in this field, followed by Cardiovascular Diabetology (87 publications, 5.765%), Diabetes Therapy (51 publications, 3.38%), Diabetes Care (36 publications, 2.386%), and Circulation (27, 1.789%), which had the highest IF in 2019 (23.603) among the 10 most productive journals. Diabetes Care had the highest H-index (269). More than half of the 10 most productive journals were classified in Q1 (the top 25% of the IF distribution), three were in Q2 (between the 50th percentile and 25th percentile), and only one was in Q3 (between the 75th percentile and 50th percentile). The most frequently co-cited journal in Q1 was The New England Journal of Medicine (8400 citations), with the highest IF in 2019 (74.699) and H-index (352). The next most frequently cocited journals were Diabetes Care (7534 citations), Diabetes Obesity Metabolism (5105 citations), Circulation (3469 citations), and The Lancet (2977 citations). All the aforementioned co-cited journals were in Q1.


Table 2 | Top 10 productive journals and co-cited journals of SGLT2 inhibitors in CV research.





Distribution by Author

A total of 7357 authors contributed to all output in our study (Supplement Table 7). The 10 most productive authors are shown in Table 3. Inzucchi SE published 42 articles, ranking first in the number of publications, followed by Zinman B (34 articles), Scheen AJ (32), and Heerspink HJL (31). Mcguire DK (30), Perkovic V (30), and Verma S (30) shared fifth place. The network visualization map of the cocited authors is shown in Figure 3. The largest nodes are associated with the most frequently co-cited authors, including Neal B (907 citations), Zinman B (882 citations), Ferrannini E (861 citations), Rosenstock J (787 citations), and Scheen AJ (683 citations) (Table 3, Supplement Table 8). Six of the 10 most productive authors (Inzucchi SE, Zinman B, Scheen AJ, Heerspink HJL, Neal B, Wanner C) were also among the most frequently co-cited authors.


Table 3 | Top 11 productive authors and co-cited authors in SGLT2 inhibitors in CV research.






Figure 3 | VOSviewer network visualization map of cocited authors of the articles related to SGLT2 inhibitors in cardiovascular research. Of the 23,266 cocited authors, 99 had at least 100 citations.





Analysis of Co-Cited References

The network map of cocited references consisted of 938 references from the 50 most frequently cited references, with the time slice set as 1 year and the time span set as 2013 to 2020 (Figure 4A, Supplement Table 9). As shown in Table 4, all of the top 10 co-cited references were published by The New England Journal of Medicine (IF 2019, 74.699 and H-index, 352), including the highest-ranked publication, which was authored by Zinman et al. (2015) , with 665 citations and classified into cluster #0.




Figure 4 | Analysis of references to SGLT2 inhibitors in cardiovascular research. (A) Network map of co-cited references. (B) Network map of co-cited clusters.




Table 4 | Top 10 co-cited references in SGLT2 inhibitors in CV research.



We also constructed a network map to visualize the key clusters of cocited references (Figure 4B). The modularity Q score of the clustering map was 0.692, indicating the stable network structure of the map. Although the mean silhouette value of 0.2551 was relatively low, the values of the major clusters were sufficiently high (Table 5, Supplement Table 10). Cluster #0, labeling the “atherosclerotic cardiovascular event,” was the largest cluster, consisting of 91 references with a silhouette value of 0.692, followed by “diabetic cardiomyopathy” (cluster #1), “clinical efficacy” (cluster #2), and “potential treatment” (cluster #3). More than half of the top 10 co-cited references were classified into cluster #0; the rest were in cluster #4.


Table 5 | Top 10 largest clusters of co-cited references in SGLT2 inhibitors in CV research.



Furthermore, we performed a temporal cocitation analysis (Figure 5). Most articles were published after 2013, and the number suddenly increased in 2015, consistent with the results shown in Figure 1A. Clinical efficacy (cluster #2) was a relatively early research hotspot. Cluster #0 (atherosclerotic cardiovascular event), with the warmest color and the largest nodes, contained the most publications, indicating that this clustering issue is currently the primary hotspot and direction in CV research on SGLT2 inhibitors.




Figure 5 | Timeline view of co-cited references related to SGLT2 inhibitors in cardiovascular research.





Analysis of Keyword Co-Occurrence Clusters

We used VOSviewer to create a knowledge map of keyword co-occurrence with 141 terms (defined as terms that occurred more than 5 times) after combining synonyms into 2 clusters (Figure 6A, Supplement Tables 11,12): “mechanism-related research” (green) and “clinical trial-related research” (red). The size of the circles represents the keyword occurrence frequency; the larger a circle is, the more frequently do the keywords occur. Figure 6B shows an overlay visualization of the keywords by time. The purple, blue, green, and yellow colors on the time course correspond to the appearance of keywords over the average time, from early years to recent years. During the early stage of research on “type 2 diabetes mellitus,” “heart failure,” and “SGLT2 inhibitors” were the major topics in this field.




Figure 6 | Analysis of author keywords in publications related to SGLT2 inhibitors in cardiovascular research from 2013 to 2020. (A) VOSviewer network visualization map of co-occurring author keywords. Of the 1,893 keywords, 141 had at least five co-occurrences. (B) VOSviewer overlay visualization of co-occurring author keywords by time.





Analysis of Burst Keywords

We used CiteSpace to detect burst keywords to determine the hotspots and research frontiers over time. Among the top 100 keywords with the strongest citation bursts in this field, we were particularly interested in those keywords that started to burst from 2018 onward (Figure 7), including “severe hypoglycemia” (with a burst strength of 3.0264), “CVD real” (with a burst strength of 2.2555), “death” (with a burst strength of 4.2676), “congestive heart failure” (with a burst strength of 1.8544), “heart failure hospitalization” (with a burst strength of 2.1609), and “preserved ejection fraction” (with a burst strength of 1.8037).




Figure 7 | Keywords with periods of burst from 2018 onward among the top 100 burst keywords in articles related to SGLT2 inhibitors in cardiovascular research.






Discussion


General Information

Given that the SGLT2 inhibitor canagliflozin was first approved by the FDA in 2013 for glycemic control in patients with T2DM, we retrieved data beginning in 2013. The annual publication output increased steadily until 2015, and it then suddenly increased quickly, which was associated with the EMPA-REG OUTCOME (Zinman et al., 2015) clinical trial published in 2015, with the highest citation frequency. This trial was considered the most fundamental and important study and greatly advanced this research field. Then, the CANVAS trials (Neal et al., 2017) authored by Neal B in 2017, with the second highest citation frequency, continued to strongly drive the annual output. Furthermore, the clinical benefits of dapagliflozin in nondiabetic patients with HF were first observed in the DAPA-HF (Slomski, 2020; Vieira and Mehra, 2020) trial, which further promoted the development of this field. Thus, the publication output is expected to increase in 2020.

The earliest developments and research on selective SGLT2 inhibitors were initially conducted by American scholars (Meng et al., 2008; Dhillon, 2019), who focused on related research earlier than researchers from other regions of the world, and SGLT2 inhibitors first went public in the United States. Therefore, the USA was the main driving force and had a high academic reputation in SGLT2 inhibitor research, as evidenced by the following characteristics: number of publications, H-index value, total IF, and total number of citations. Although other countries, namely, England, Japan, Canada, and Germany, had relatively low total research production, the recent increases in their annual output reflect the considerable progress made by these countries in this field, consistent with their strong collaborations with the USA. Surprisingly, the total publications of Canada from 2013 to 2019 was the lowest among the top 5 countries, but it still had the highest mean IF, indicating that Canada performed high quality research and showed a potential important influence on future developments in this field, which merits attention. Furthermore, the University of Toronto in Canada was the most productive institution worldwide and collaborated closely with many other agencies. In addition, active collaborations were observed between American institutions, 3 of which ranked among the 10 most productive institutions, maximizing the regional advantages and further strengthening the academic impact of the USA on CV research of SGLT2 inhibitors.

Among the 10 most active journals, Circulation (23.603) and Diabetes Care (16.019) had IFs higher than 10. The aforementioned two journals were also among the leading co-cited journals, ranking fourth and second, respectively, reflecting that they have been key information resources. The core literature focused mainly on three categories—namely, cardiac & cardiovascular systems; endocrinology & metabolism; medicine, general & internal—indicating that these categories are highly recommended for tracking knowledge about SGLT2 inhibitors in CV disease. Notably, The New England Journal of Medicine, with the highest IF (74.699) and H-index (352), ranked first among co-cited journals, a position related to contributions of landmark clinical trials (Zinman et al., 2015; Neal et al., 2017; Vieira and Mehra, 2020); this journal was thus recognized as a basic research resource and played an important role in this research field.



Author and Cited Reference Analysis

Four of the main members of the EMPA-REG OUTCOME trial group—Inzucchi S E (42), Zinman B (34), Woerle H J (28) and Wanner C (27)—were among the 10 most productive authors, contributing to 8.681% of the total publications in this field. Moreover, three of these prolific authors (Zinman B, Wanner C, and Inzucchi SE) were among the top 10 co-cited authors, suggesting that they considered not only the quality but also the quantity of their articles.

Among the top 10 cocited references, only one article was a comment, while nine were randomized controlled trials of SGLT2 inhibitors, glucagon-like peptide 1-receptor (GLP-1) agonists, and dipeptidyl peptidase 4 (DPP-4) inhibitors; in addition, these studies have been regarded as reliable reference resources for later related research. Notably, the EMPA-REG OUTCOME trial by Zinman B (Zinman et al., 2015) in 2015 was the most influential article, indicating striking reductions in the relative risk for CV mortality (38%), hospitalization for HF (35%), and death from any cause (32%); this trial was recognized as a critical milestone and laid a significant research foundation for the development of this domain. Wanner et al. found that empagliflozin had a good cardiorenal effect (Wanner et al., 2016). In addition, research on other kinds of SGLT2 inhibitors has been conducted: for example, the CANVAS program, conducted by Neal B et al. in 2017, showed the possible benefits of canagliflozin with respect to a lower risk of CV events and progression of albuminuria in patients with T2DM (Neal et al., 2017). In 2019, Wiviott et al. found that treatment of type 2 diabetic patients with dapagliflozin resulted in a lower rate of CV death or hospitalization for HF (Wiviott et al., 2019). However, DPP-4 inhibitors and GLP-1 were observed to be noninferior to placebo for primary composite CV outcomes and hospitalization for HF (Scirica et al., 2013; White et al., 2013; Marso et al., 2016).

As shown in the timeline view of cocited references, most studies were published after 2013 and increased in 2015, consistent with the data shown in Figure 1A. Cluster #0 (atherosclerotic cardiovascular event), with the warmest color and largest nodes scattered on the timeline, contained 7 of the 10 most frequently cited references, namely articles by Zinman B (2015) (Zinman et al., 2015), Sarafidis PA (Sarafidis and Tsapas, 2016), Neal B (2017) (Neal et al., 2017), Wanner C (2016) (Wanner et al., 2016), White WB (White et al., 2013), Pfeffer MA (Pfeffer et al., 2015) and Wiviott SD (2019) (Wiviott et al., 2019), who assessed the effects of SGLT2 inhibitors and GLP-1 on atherosclerotic CV outcomes in patients with T2DM. Cluster #1 (diabetic cardiomyopathy), cluster #3 (potential treatment) and cluster #4 (other antihyperglycemic agent) contained numerous hotspot nodes with red rings, meaning that they were the most recently formed clusters and the most popular research hotspots and directions. Therefore, future research should focus on the potential treatment effect of SGLT2 inhibitors and the application of SGLT2 inhibitors in diabetic cardiomyopathy; in addition, the CV effects of other antihyperglycemic agents have also been assessed, with more high-quality basic research conducted to further clarify the potential related mechanisms.



Keyword Analysis

We used VOSviewer to analyze author keywords and visualized the two clusters, which included terms related to mechanisms and terms related to clinical trials. The potential mechanisms of SGLT2 inhibitors in DM or CV disease have been studied, Combined with the results of the overlay visualization of cooccurring author keywords and the burst keywords, the application of SGLT2 inhibitors on cardiac diastolic dysfunction and, especially, on the HFpEF was the newly evident research direction. SGLT2 inhibitors were shown to significantly improve diastolic function in the human heart, as confirmed in the myocardium of mice with or without DM and further in HFpEF models (Habibi et al., 2017; Pabel et al., 2018; Zhang et al., 2019). Substantial evidence has suggested that SGLT2 inhibitors ameliorate worsening cardiac dysfunction by reducing cardiac inflammation and oxidative stress (Ye et al., 2017; Li et al., 2019; Arow et al., 2020; Byrne et al., 2020). Although an increasing number of studies on HFpEF have been conducted (Anker et al., 2019), more in-depth research on SGLT2 inhibitors in HFpEF is expected to be conducted in the future.

In addition, SGLT2 inhibitors have significant therapeutic effects on hypertension (Park et al., 2020) and atherosclerotic disease (Nasiri-Ansari et al., 2018). Furthermore, recent studies have indicated that SGLT2 inhibitors enhance cardiac systolic function by improving myocardial energy production by directing myocardial fuel metabolism away from glucose synthesis toward ketone body (KB) formation (Ferrannini et al., 2016; Santos-Gallego et al., 2019). As the overlay visualization of co-occurring author keywords demonstrates, “cardiac metabolism” was noted as a new research hotspot and should be closely monitored.

Clinical trials of SGLT2 inhibitors have also been performed. Empagliflozin, canagliflozin, and dapagliflozin are the most extensively studied glucose-lowering drugs in CV clinical trials, becoming an active area of research in 2018. Research hotspots related to these drugs have focused on adverse CV outcomes, mainly including the risk of hypoglycemia, hospitalization for HF and CV death, consistent with the top 10 co-cited references. SGLT2 inhibitors are associated with minimal risk of hypoglycemia, particularly severe hypoglycemia, as a result of its insulin-independent mechanism of action, enabling it to be used as monotherapy or as a component of combination therapy with other antihyperglycemic agents (Frampton, 2018). The CVD-REAL trial found that, compared with therapy using other antihyperglycemic drugs, initiation of an SGLT2 inhibitor was associated with a lower risk of death and HF in patients with and without CV disease (Cavender et al., 2018). The DECLARE–TIMI 58 trial showed that treatment with dapagliflozin results in a lower rate of CV death or hospitalization for HF for patients with diabetes (Wiviott et al., 2019); the subsequent DAPA-HF trial further supplemented that the risk of worsening HF or death from CV causes was lower among patients with HFrEF than those who received dapagliflozin, regardless of the presence or absence of diabetes (McMurray et al., 2019; Slomski, 2020). The clinical evidence provides an important basis for the addition of SGLT2 inhibitors to the guideline-recommended therapies for HF.



Limitations

To our knowledge, this bibliometric analysis is the first to explore the development and trends in CV research on SGLT2 inhibitors. However, this study had some limitations. First, the data in this study were extracted only from the WoSCC database because we consider this database a reliable service for publications and citations, although it may include fewer documents and journals than other databases, such as Google Scholar or Scopus. Second, non-English articles were excluded from the database and analysis, possibly leading to source bias. Additionally, we selectively analyzed the characteristics of the information; thus, some crucial points and details may have been overlooked.




Conclusion

To our knowledge, our study is the first bibliometric analysis of articles focused on SGLT2 inhibitors in CV research. An increasing number of studies have been conducted to confirm the medical value of SGLT2 inhibitors in CV disease, especially since 2015. The USA has made the largest contribution to this field. The University of Toronto was the most productive institution. The most productive journal was Diabetes Obesity Metabolism, and the most productive author was Inzucchi Se. The New England Journal of Medicine was the most co-cited journal. “Atherosclerotic cardiovascular event” may be the most recent research frontier. Most studies have focused on clinical trial outcomes, such as CV death and HF hospitalization. The mechanisms of SGLT2 inhibitors, especially those related to cardiac metabolism, may soon become research hotspots and should be closely monitored.
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Aims

SUMOylation is a post-translational modification that plays a crucial role in the cellular stress response. We aimed to demonstrate whether and how the SUMO E2 conjugation enzyme Ubc9 affects acute myocardial ischemic (MI) injury.



Methods and Results

Adenovirus expressing Ubc9 was administrated by multipoint injection in the border zone of heart immediately after MI in C57BL/6 mice. Neonatal rat cardiomyocytes (NRCMs) were also infected, followed by oxygen and glucose deprivation (OGD). In vivo, Ubc9 adenovirus-injected mice showed decreased cardiomyocyte apoptosis, reduced myocardial fibrosis, and improved cardiac function post-MI. In vitro, overexpression of Ubc9 decreased cardiomyocyte apoptosis, whereas silence of Ubc9 showed the opposite results during OGD. We next found that Ubc9 significantly decreased the accumulation of autophagy marker p62/SQSTM, while the LC3 II level hardly changed. When in the presence of bafilomycin A1 (BAF), the Ubc9 adenovirus plus OGD group presented a higher level of LC3 II and GFP-LC3 puncta than the OGD group. Moreover, the Ubc9 adenovirus group displayed increased numbers of yellow plus red puncta and a rising ratio of red to yellow puncta on the mRFP-GFP-LC3 fluorescence assay, indicating that Ubc9 induces an acceleration of autophagic flux from activation to degradation. Mechanistically, Ubc9 upregulated SUMOylation of the core proteins Vps34 and Beclin1 in the class III phosphatidylinositol 3-kinase (PI3K-III) complexes and boosted the protein assembly of PI3K-III complex I and II under OGD. Moreover, the colocalization of Vps34 with autophagosome marker LC3 or lysosome marker Lamp1 was augmented after Ubc9 overexpression, indicating a positive effect of Ubc9-boosted protein assembly of the PI3K-III complexes on autophagic flux enhancement.



Conclusions

We uncovered a novel role of Ubc9 in protecting cardiomyocytes from ischemic stress via Ubc9-induced SUMOylation, leading to increased PI3K-III complex assembly and autophagy-positioning. These findings may indicate a potential therapeutic target, Ubc9, for treatment of myocardial ischemia.





Keywords: Ubc9, SUMOylation, myocardial ischemia, autophagy, PI3K-Ⅲ complexes



Introduction

Although there has been significant progress made in invasive heart-treatment strategies (i.e., percutaneous coronary intervention and intensive pharmacotherapy treatment), myocardial infarction (MI) and subsequent heart failure remain associated with a high risk of mortality (De et al., 2017). The process of post-infarction cardiac remodeling is rather complicated (Shetelig et al., 2018). Cardiomyocyte necrosis, excessive cardiomyocyte apoptosis, various cytokines, interstitial fibrosis, and dynamics of non-cardiac cells within ischemic tissues are all closely related to cardiac remodeling following MI (Liehn et al., 2011; Hind et al., 2012; Henri et al., 2016).

During myocardial ischemia and subsequent heart failure, protein aggregates and damaged or excess organelles are accumulated, which provokes an adaptive autophagic response to resist acute ischemic cell death. However, most reports demonstrate that basal autophagy is insufficient for aggregate and organelle clearance (Kanamori et al., 2011; Wu et al., 2014; Bravo-San Pedro et al., 2017), and induced autophagy is needed for further clearance and resistance against acute myocardial ischemic injury and cardiac remodeling (Matsui et al., 2007; Qin et al., 2016).

Post-translational modification (PTM) plays a vital role in protein function after biogenesis. SUMOylation, a reversible PTM, is regarded as a crucial process that controls chromatin structure, gene expression, signal transduction, protein stability, and genome maintenance (Li et al., 2004; Vassileva and Matunis, 2004; Hay, 2005; Guarani et al., 2011; Zhao et al., 2014). During SUMOylation, a small ubiquitin-like modifier (SUMO) protein is covalently attached to substrate proteins via an isopeptide bond between its C-terminal glycine and a lysine residue in the substrate protein. The targeted protein is SUMOylated by a cascade of SUMO enzymes E1, E2, and E3. Among these enzymes, E2 conjugation enzyme Ubc9 is known to be the sole E2 enzyme that directly regulates SUMOylation of targeted proteins. Ubc9 is ubiquitously expressed in various cells, governing a pleiotropic cellular pathway. Knockout or downregulation of Ubc9 is detrimental to various organisms, leading to defects in mitosis, chromosome segregation, and other developmental defects (Gupta and Robbins, 2016). Recent studies have reported that overexpression of Ubc9 enzyme activates autophagy, and subsequently improves the cardiac function of desmin-related cardiomyopathy, a proteotoxic disease characterized by the accumulation of protein aggregates and damaged organelles (Gupta et al., 2016).

Therefore, in the present study, we investigated the role of Ubc9 in acute myocardial ischemia. First, we sought to determine whether Ubc9 could be a new target for resisting acute myocardial ischemic injury and ameliorating subsequent myocardial remodeling and cardiac dysfunction. Second, if so, we determined whether autophagy mediated Ubc9’s protective role in acute MI. Third, further determination of the underlying mechanisms, including the details of autophagy regulation and the specific molecules involved, was conducted.



Methods


Animal Study Protocol


Ethics Statement

The animal study was reviewed and approved by the Institutional Animal Ethics Committee of Guangzhou Medical University (Guangzhou, China). All animal experiments conformed to the National Institutes of Health guidelines (guide for the care and use of laboratory animals)



Anesthesia

Adult male C57BL/6 mice were anaesthetized with 1–2% isoflurane and artificially ventilated with a respirator. The efficacy of general anesthesia was assessed by pinching the toe, tail, or ear of the animal. Any reaction from the mouse indicated that the anesthesia was too light and that additional anesthetic agent should be given.



Euthanasia

Adult male C57/B6 mice were intraperitoneal injected with an overdose of sodium pentobarbital (100 mg/kg), followed by cervical dislocation. The hearts were collected on days 1, 3, 5, 7, and 14 after MI.



MI and Animal Grouping

Mice were subjected to myocardial infarction as described in our previous study (Xiao et al., 2012; Xiao et al., 2015). The sham-operated animals contained an untied left anterior descending artery; that is, suture material was in place, but the ligature was not tightened. Immediately after MI, empty vector adenovirus (carrying GFP, called Adv-GFP; not carrying GFP, called Adv-Null) or Ubc9 adenovirus (carrying GFP or not carrying GFP, uniformly called Adv-Ubc9) were multiple injected into the ischemic zone of the mouse hearts. Mice were randomized into three groups: (i) Sham + Adv-GFP group (or Sham + Adv-Null group), which were sham-operated and multiple injected with Adv-GFP (0.5 × 109 pfu per mouse) or Adv-Null (2.0×1010 vp per mouse) (n = 5); (ii) MI + Adv-GFP group (or MI + Adv-Null group), in which MI mice received the same amount of Adv-GFP or Adv-Null (n = 5); and (iii) MI + Adv-Ubc9 group, in which mice were MI-operated and multiple injected with Ubc9 adenovirus carrying GFP (0.5 × 109 pfu per mouse) or Ubc9 adenovirus not carrying GFP (2.0 × 1010 vp per mouse) (n = 5). Mice were kept for 5 or 14 days. The success of Ubc9 adenovirus injection was confirmed by GFP fluorescence in frozen slices (Figure S1A).




Antibodies and Reagents

Details are stated in Supplementary data.



Echocardiography

Procedures are stated in Supplementary data (Xiao et al., 2012; Xiao et al., 2015).



TUNEL Staining

The apoptotic cardiomyocytes were stained with TUNEL dye (Gao et al., 2019). Procedures are described in Supplementary data.



Masson’s Trichrome Staining

Fibrosis and percentage of infarct were determined (Xiao et al., 2012). Procedures are stated in Supplementary data.



Cell Culture and Treatment

Neonatal rat cardiomyocytes were used (Gupta et al., 2016). Procedures are stated in Supplementary data.



Transfer With siRNA

We applied siRNA to silence the expression of Ubc9. Procedures are stated in Supplementary data.



Ubc9 Gene Transfer in Cardiomyocytes

Procedures are stated in Supplementary data.



Western Blot Analysis

Procedures are stated in Supplementary data (Xiao et al., 2015; Wu et al., 2017).



Immunoprecipitation and Immunoblotting

Procedures are stated in Supplementary data (Zhu et al., 2017).



Flow Cytometry

The apoptotic cells were analyzed by the Annexin V-APC/7AAD Apoptosis Detection Kit. Procedures are stated in Supplementary data.



Transfection of Adenovirus HBAD-mRFP-GFP-LC3/GFP-LC3

Cells were plated on a confocal plate and infected with adenovirus HBAD-mRFP-GFP-LC3 with 250 (multiplicity of infection, MOI) (Wu et al., 2017). Procedures are stated in Supplementary data.



p62 and Aggresomes Colocalization Assay

Procedures are stated in Supplementary data.



Statistical Analysis

All data are presented as mean ± standard error of the mean. Differences between two groups were analyzed using a Student’s unpaired t-test for continuous variables, and using one-way ANOVA when multiple groups were compared. Statistical significance in this study was set at *P < 0.05, **P < 0.01, ***P < 0.001. NS means Not Statistically Significant. All statistical analyses were performed using GraphPad Prism 8.0.1.




Results


Ubc9 Improves Cardiac Function and Mitigates Left Ventricular Remodeling After MI

To illustrate the influence of Ubc9 in ischemic heart tissue, we first detected the protein level of Ubc9 after MI. Western blotting showed that Ubc9 expression was significantly elevated from day 3 to day 14 after MI, and the apoptotic marker Cleaved caspase3 was also upregulated not only in the infarct zone but also in the border zone (Figures S2A, B).

We then analyzed the effect of Ubc9 overexpression in ischemic heart tissue. Either Adv-Ubc9 or Adv-GFP (or Adv-Null) was multipoint injected into the ischemic zone of heart immediately after MI. First, cardiac function was detected using echocardiography. Adv-Ubc9 mice presented enhanced fractional shortening (FS) and ejection fraction (EF), as well as reduced left ventricular end-systolic dimension (LVIDs) and LV end-diastolic dimension (LVIDd). In addition, Adv-Ubc9 mice also displayed increased LV anterior wall thickness at systole (LVAWs) and diastole (LVAWd), in spite of no marked differences in the LV posterior wall thickness at systole (LVPWs) and diastole (LVPWd) (Figure 1A). Next, cardiac remodeling status was analyzed at 14 days post-MI. Masson staining showed that infarct size and myocardial fibrosis were significantly diminished in Adv-Ubc9 mice (Figure 1B). Subsequently, the apoptotic changes were assessed at five days post-MI. TUNEL assay showed that Adv-Ubc9 mice had reduced cardiomyocyte apoptosis (Figure 1C). Western blotting analysis showed that Cleaved caspase3 was significantly decreased in the infarct and the border zones of Adv-Ubc9 mice (Figures 1D, E). All data indicated that Ubc9 overexpression improved cardiac function and alleviated left ventricular remodeling after MI.




Figure 1 | Ubc9 improves cardiac function and alleviates left ventricular remodeling after MI  Adv-Ubc9 or Adv-Null was multipoint injected around the ligature of the heart in C57BL/6 mice immediately after MI. (A) Representative M-mode images; quantitative analysis of LVIDs, LVIDd, LVAWs, LVAWd, LVPWs, LVPWd, FS, and EF values are presented at day 14 post-MI, n = 5–8 per group. (B) Representative images and quantitative analysis of Masson trichrome staining at day 14 post-MI, n = 5 per group. (C) Representative images and quantitative analysis of TUNEL-positive cells (red), nuclear cells (DAPI, blue), and cardiomyocytes (α-Actinin, green) at day 5 post-MI; arrows point to apoptotic cells, n = 5 per group. (D, E) Western blotting analysis of Ubc9 and Cleaved caspase3 in the border and the infarct area at day 5 post-MI, n = 5–8 per group. Data were analyzed by one-way ANOVA, followed by a Bonferroni post-hoc test.





Dynamic Changes in Autophagic Flux After Ubc9 Overexpression Post-MI

Numerous studies have shown that autophagic flux is inadequate at the onset of myocardial ischemia, contributing to instant cardiomyocyte apoptosis and subsequent myocardial fibrosis, and eventual cardiac dysfunction. Therefore, we investigated the change in autophagic flux under Adv-Ubc9 stimulation.

First, we detected the autophagic flux under different MI time points. Western blot assay showed that autophagy marker LC3 II in the border zone was increased on day 1 and sustained increase on days 3−14; another autophagy marker, p62, was increased on days 3 and 5 and decreased on days 7 and 14 (Figure 2A). The infarct zone displayed some different results: LC3 II was reduced on days 1 and 3 but recovered to the normal level on day 5 and then remained unchanged on days 7 and 14; p62 showed a similar change to that in the border zone (Figure 2B). These results suggest that autophagic flux is insufficient in ischemic myocardium, especially in the acute stage (on days 0−7) of MI.




Figure 2 | The effects of Ubc9 on autophagic flux in MI (A, B) Western blotting analysis of LC3 Ⅱ and p62 in the border and the infarct areas at different time points post-MI, n = 5–6 per group. (C, D) Adv-Ubc9 or Adv-GFP was multipoint injected around the ligature of the heart in C57BL/6 mice immediately after MI. Western blotting analysis of LC3 Ⅱ and p62 in the border and the infarct areas at day 5 post-MI, n = 5–7 per group. Data were analyzed by one-way ANOVA, followed by a Bonferroni post-hoc test.



Second, we performed multiple injections of Adv-Ubc9 into the myocardial ischemic zone and found that accumulation of p62 was reversed in the infarct and the border areas post-MI. Intriguingly, LC3 II was unchanged in these two areas (Figures 2C, D). These data suggest that Ubc9 overexpression significantly promotes autophagic flux in myocardial ischemia by enhancing p62 clearance.



Ubc9 Enhances Cardiomyocyte Survival During OGD Stress

To better explore the influence of Ubc9 in myocardial ischemia, we investigated the role of Ubc9 in cardiomyocytes in vitro. First, we detected the protein levels of Ubc9, Cleaved caspase3, and autophagy markers LC3 II and p62 after OGD. The western blotting assay showed that Cleaved caspase3 was significantly upregulated 4 and 6 h after OGD, and p62 was upregulated 6 and 12 h after OGD, but LC3 II was downregulated at the onset of OGD and sustained this status during the entire OGD stress period (Figures S3A, B). Then, we transfected Adv-Ubc9 or Ubc9-siRNA in NRCMs before OGD stimulation. Overexpression of Ubc9 significantly decreased the protein level of Cleaved caspase3 under OGD conditions (Figure 3A), and it also decreased cardiomyocyte apoptosis under OGD treatment as evidenced by TUNEL assay (Figure 3B) and flow cytometry (Figure 3C). However, Ubc9-siRNA further increased the level of Cleaved caspase3 under OGD treatment (Figure 3D) and led to more cardiomyocyte apoptosis than negative control siRNA (NC-siRNA) after OGD stimulation, as shown by TUNEL assay (Figure 3E) and flow cytometry analysis (Figure 3F). These results indicate that Ubc9 indeed protects cardiomyocytes from OGD-induced damage.




Figure 3 | Ubc9 overexpression suppresses OGD-induced cardiomyocyte damage, and Ubc9 silencing exacerbates cardiomyocyte apoptosis under OGD treatment NRCMs were treated with Adv-Ubc9 or Adv-GFP for 12 h, and then cultured for another 36 h in fresh DMEM. After that, OGD was applied for 6 h. Alternately, short interfering RNA targeting Ubc9 or negative control siRNA was transfected in NRCMs after 48 h; the cells were in hypoxia status for 6 h. (A, D) Western blotting analysis of Ubc9 and Cleaved caspase3, n = 3–4 per group. (B, E) Representative images and quantitative analysis of TUNEL-positive cells (red) and cell nucleus (DAPI, blue), n = 5 per group. (C, F) Representative images and quantitative analysis of flow cytometry, n = 3–5 per group. Data were analyzed by one-way ANOVA, followed by a Bonferroni post-hoc test, or analyzed by unpaired Student’s t test.





Ubc9 Ameliorates Autophagic Flux Disorder Under OGD Through p62 Clearance Enhancement

To further investigate the action of Ubc9 in autophagic flux under myocardial ischemia, we detected the levels of LC3 II and p62 in cardiomyocytes after treatment with Adv-Ubc9 or Ubc9-siRNA under OGD status. The results showed that the accumulation of p62 was significantly alleviated, but the LC3 II was still unchanged after delivery of Adv-Ubc9, similar to the results of the in vivo experiments (Figure 4A). However, the accumulation level of p62 was increased, and LC3 II was still unchanged after Ubc9-siRNA treatment (Figure 4B), suggesting that Ubc9 improves the impaired autophagic flow in cardiomyocytes undergoing OGD through enhancing the p62 clearance.




Figure 4 | Ubc9 ameliorates the impaired autophagic flux through increasing autophagy formation and autophagy degradation NRCMs were treated with Adv-Ubc9 (or Adv-Null) or Ubc9-siRNA (or NC-siRNA) for 48 h. After that, OGD was applied for 6 h. (A, B) Western blotting analysis of LC3 Ⅱ and p62, n = 3–6 per group.  (C, D) Representative images and quantitative analysis of p62 colocalized with aggresomes. Aggresomes were visualized with an aggresome detection kit (red), and p62 was visualized by immunostaining with antibody (green), n = 4 per group. (E) NRCMs were treated with Adv-Ubc9 or Adv-GFP for 24 h, and then co-treated with MG-132 (1 μM) for another 24 h. After that, OGD was applied for 6 h, co-treating with MG-132 (1 μM). Western blotting analysis of p62, n = 3–6 per group. (F) NRCMs were treated with Adv-Ubc9 or Adv-GFP for 46 h, and then co-treated with BAF (50 nM) for another 2 h. After that, OGD was applied for 6 h, co-treating with BAF (50 nM). Western blotting analysis of LC3 Ⅱ, n = 4 per group. (G) After Adv-Ubc9 or Adv-Null was transfected for 12 h, Adv-GFP-LC3 or Adv-Null was co-transfected for another 34 h. Next, BAF (50 nM) was applied for another 2 h. After that, OGD was applied for 6 h, co-treating with BAF (50 nM). Representative images and number statistics of GFP-LC3 puncta (green) per cell, n = 4 per group. (H) NRCMs were treated with Adv-Ubc9 or Adv-Null for 12 h, and then co-transfected with Adv-mRFP-GFP-LC3 for another 48 h. After that, OGD was applied for 6 h. Representative images and number statistics of GFP dots (green), mRFP dots (red), autophagosomes, and autolysosomes per cell, **P < 0.01, ***P < 0.001 vs. the controls; ###P < 0.001 vs. the OGD 6h+Adv-Null group, n = 4–9 per group. Data were analyzed by one-way ANOVA, followed by a Bonferroni post-hoc test, or analyzed by unpaired Student’s t test.



P62 has two different roles in degradation. It can act as a “cargo” protein that connects LC3 II with the impaired proteins and organelles, which form as aggresomes that are degraded by autolysosome. Therefore, the accumulation of p62 and aggresomes were used to analyze autophagic clearance. Data showed that colocalization of p62 and aggresomes were significantly accumulated during OGD conditions, and Ubc9 delivery reduced this accumulation (Figures 4C, D), suggesting enhanced protein clearance in autophagic flux. However, p62 could also conjugate with ubiquitinated protein and be degraded by the ubiquitin-proteasome system (UPS) (Chondrogianni et al., 2014). The previous study showed that additional Ubc9 level s could help to regulate UPS function (Gupta et al., 2014). Therefore, we inhibited the ubiquitin-proteasomal degradation of NRCMs with MG-132 (1 µM) treatment 24 h before OGD. The western blotting assay showed that the Adv-Ubc9 group still performed a significant reduction in the p62 level compared with the GFP group in the presence of MG-132 (Figure 4E), implying that Ubc9 plays a separate role in the autophagic clearance, independent of ubiquitin-proteasome system degradation under OGD stress.



Activation of Autophagy Formation and Autophagic Degradation Mediates the Benefits Brought by Adv-Ubc9 Under OGD

It is intriguing that LC3 II level was hardly changed after Ubc9 stimulation in our in vivo and in vitro experiments. LC3 II level is related to autophagosome formation and autophagic degradation. Therefore, we applied further experiments to determine the autophagy status augmented by Ubc9.

First, the autophagy inhibitor BAF (50 nM) was delivered for 2 h before OGD. The results showed that Adv-Ubc9 promoted an increase in LC3 II level compared with Adv-GFP in the presence of BAF, which is different the change that occurred in the absence of BAF (Figure 4F). Meanwhile, GFP-LC3 fluorescence assay also confirmed this finding, as indicated by augmented numbers of green puncta in Adv-Ubc9, in the presence of BAF (Figure 4G). These results suggest that autophagosome formation is activated unambiguously by Ubc9.

We then monitored autophagic flux using mRFP-GFP tandemly tagged LC3 (mRFP-GFP-LC3). The GFP signal is quenched inside lysosomes; thus, autophagosomes and their precursors are marked by both GFP and RFP (yellow puncta), whereas autolysosomes are labeled with RFP (red puncta). More specifically, yellow plus red puncta refers to the formation of the whole autophagosome, and the ratio of red to yellow puncta refers to the capability of autophagosome-lysosome fusion or autophagic degradation that is independent of upstream autophagosome numbers (Kimura et al., 2007). Compared with Adv-Null, Adv-Ubc9 largely increased the numbers of yellow plus red puncta as well as the ratio of red to yellow puncta. Moreover, this process occurred more in the form of autolysosomes, as measured by the largely increased red puncta (Figure 4H). These results suggest that Ubc9 enhances autophagy by activating both the autophagosome formation and the autophagic degradation processes under OGD conditions, simultaneously.

To determine if the protective role of Ubc9 was mediated by autophagic flux enhancement under OGD, either the autophagosome formation or the autophagic degradation was inhibited through pretreatment with 5 mM 3-MA (3-Methyladenine) or 20 μM CQ (Chloroquine) for 12 h before OGD, respectively. Compared with the Adv-Ubc9 group, the Adv-Ubc9 plus 3-MA group presented decreased LC3 II and increased p62 (Figure 5A), and the Adv-Ubc9 plus CQ group presented increased LC3 II and reduced p62 under OGD stimulation (Figure 5B). We then detected cardiomyocyte apoptosis under such treatments. Compared with the Adv-Ubc9 group, the Adv-Ubc9 plus 3-MA and CQ groups both showed an enhanced level of Cleaved caspase3 (Figures 5A, B) and numbers of TUNEL-positive cells (Figure 5C). Flow cytometry assay presented similar results to the TUNEL staining (Figure 5D).




Figure 5 | Energetic autophagy flux mediates the protective effects of Ubc9 on cardiomyocytes under OGD Adv-Ubc9 or Adv-GFP was transfected in NRCMs for 36 h, and then co-treated with 3-MA (5 mM) or CQ (20 μM) for another 12 h. After that, OGD was applied for 6 h, co-treating with 3-MA (5 mM) or CQ (20 μM) for 6 h. (A, B) Western blotting analysis of LC3 Ⅱ, p62, and Cleaved caspase3, *P < 0.05, **P < 0.01, ***P < 0.001 versus corresponding group, n = 3–7 per group. (C) Representative images and quantitative analysis of TUNEL-positive cells (red) and cell nucleus (DAPI, blue), n = 4 per group. (D) Representative images and quantitative analysis of flow cytometry, n = 4 per group. Data were analyzed by one-way ANOVA, followed by a Bonferroni post-hoc test.



In addition, OGD-induced cardiomyocytes were treated with 3-MA or CQ, as a control of Adv-Ubc9 plus 3-MA or CQ under OGD status. Data showed that 3-MA and CQ significantly inhibited autophagy during OGD stimulation. Moreover, CQ increased apoptosis while 3-MA presented little effect on apoptosis, as indicated by Cleaved caspase3 level. Owning to the apoptosis induction in this dose of CQ, the result in Adv-Ubc9 plus CQ group may include the proapoptotic performance of CQ itself, which indicates that lower dose of CQ is more suitable (Figure S4A). Moreover, 3-MA has been reported to induce autophagy in some conditions (Wu et al., 2010), and then we applied BAF to prevent autophagosome-lysosome fusion in the 3-MA group to confirm its real role in our present study. Data showed that after BAF impeded the autophagy flux, 3-MA still significantly inhibited autophagy, as indicated by LC3 II level (Figure S4B).

All the above results indicate that both autophagosome formation and autophagic degradation mediate the protection of Ubc9 to OGD-induced cardiomyocytes.



Ubc9 Has No Significant Impact on the Classic Upstream Molecules of Autophagosome Formation

Next, we investigated the autophagy molecular target of Ubc9 under ischemia. We first focused on the classic molecules related to autophagosome formation. The western blotting assay showed that Ubc9 had no significant effect on these proteins (p-AMPK, AMPK, Beclin1, p-mTOR, mTOR, p-ULK555, p-ULK757, and ULK) in vitro (Figures S5A, B), suggesting the non-targeting of Ubc9 to these pathways.



Ubc9 Increases Cardiac SUMOYlated Protein Levels Under Ischemia

Next, we focused on whether the overexpression of Ubc9 affected SUMOylation level of autophagy proteins under ischemia. However, before that, we needed to detect the level of globally SUMO-conjugated proteins under Ubc9 stimulation. Until now, three isoforms of SUMO have been found in mammalian cells: SUMO-1, SUMO-2, and SUMO-3. Because SUMO-2 and SUMO-3 are nearly 97% identical under most contexts, they are jointly regarded as SUMO-2/3. Contrarily, SUMO-1 is only about 47% identical to SUMO-2/3 (Saitoh and Hinchey, 2000). In fact, SUMO-1 and SUMO-2/3 each have a specific pool of targets while sharing some overlay in protein modification, indicating that they may perform differently in cellular processes (Shimizu et al., 2016). The western blotting assay from the present study showed no significant changes of global SUMO-1 and SUMO-2/3 conjugated proteins in vivo (Figures S6A, B) and in vitro (Figures S6E, F) at different time points under stress. After overexpression of Ubc9, the total SUMO-1 and SUMO-2/3 conjugated protein levels were significantly increased in vivo (Figures S6C, D) and in vitro (Figures S6G, H), indicating that Ubc9 increases cardiac SUMOylation level under ischemia.



Ubc9 Boosts PI3K-III Complex Assembly and Autophagy-Positioning

We then detected the autophagy proteins modified by SUMO under Ubc9 stimulation. The SUMOsp 2.0 software was applied to predict SUMO-modified site numbers of the autophagy proteins (Table S1). From the table, we found that PI3K-III complex components Vps34, Vps15, and Beclin1 had relatively more SUMOylation sites than others. Among them, Vps34 and Beclin1 are the core proteins in the PI3K-III complex, which are essential for complex assembly and activity (Backer, 2016). Therefore, we immunoprecipitated Vps34 or Beclin1 from the cell lysates of Ubc9 stimulation, and detected SUMOylation. Data showed that not only Vps34 but also Beclin1 displayed increased SUMO1 and SUMO2/3 after Ubc9 stimulation (Figures 6A, B).




Figure 6 | Ubc9 increases the SUMOylation of Beclin1 under OGD treatment Adv-Ubc9 was transfected in NRCMs for 48 h, then maintained in hypoxic condition for 6 h. (A, B) Endogenous SUMOylation of Vps34 and Beclin1 in NRCMs. Beclin1 or Vps34 was IP, and followed by IB for SUMO-1 or SUMO-2/3.



The PI3K-III complex is essential for autophagic flux, participating in autophagosome formation and autophagosome-lysosome fusion (Backer, 2016). It often exists as two patterns, PI3K-III complex I and II. The recruitment of the Vps15-Vps34-Beclin1-ATG14 complex (also named PI3K-III complex (I) to autophagosome is necessary for autophagosome formation; The recruitment of the Vps15-Vps34-Beclin1-UVRAG complex to autolysosome (also named PI3K-III complex (II) is responsible for autophagic degradation (Backer, 2016; Bento et al., 2016; Cheng et al., 2017).

Therefore, we detected the complex assembly and autophagy orientation after Ubc9 overexpression. Little change was presented in the basal protein levels of Beclin1, Vps34, Vps15, ATG14, and UVRAG by immunoblotting analysis. However, applying Vps34 antibody to pull down Beclin1, Vps15, ATG14, and UVRAG showed that Adv-Ubc9 increased the binding of Vps34-Beclin1, Vps34-Vps15, Vps34-ATG14, and Vps34-UVRAG, indicating the enhancement of PI3K-III complex formation (Figures 7A, B). Our data also showed that Adv-Ubc9 significantly increased the colocalization of Vps34 with LC3 and Vps34 with Lamp1 (Figures 7C, D). All the results above imply that boosting complex assembly and autophagy-orientation through Ubc9 overexpression may participate in Ubc9-induced autophagic flux enhancement, which might be related to Vps34-Beclin1 SUMOylation.




Figure 7 | Ubc9 promotes the formation and the autophagy-positioning of PI3K-III complexes Adv-Ubc9 was transfected in NRCMs for 48 h, then maintained in hypoxic condition for 6 h. (A, B) Endogenous PI3K-III complexes in NRCMs. Vps34 was IP, and followed by IB for Beclin1, Vps15, ATG14, and UVRAG. (C) Fixed cells were immunostained with antibodies of Vps34 (red) and LC3 (green), and confocal microscopy for colocalization to percentage of Vps34 and LC3, n = 4 per group. (D) Fixed cells were immune-stained with antibodies of Vps34 (red) and Lamp1 (green), confocal microscopy for colocalization to percentage of Lamp1 and Vps34. Magnifications of the boxed area are shown in the right; arrows point to colocalization sites of Vps34 with Lamp1, n = 4 per group. Data were analyzed by one-way ANOVA, followed by a Bonferroni post-hoc test.






Discussion

In the present study, we investigated the effects of SUMO E2 conjugating enzyme Ubc9 on cardiac injury after acute MI. Our significant findings in this study were (i) Ubc9 overexpression reduces cardiac damage and preserves cardiac function after acute MI, (ii) enhancement of autophagic flux from activation to degradation mediates the protective role of Ubc9, and (iii) promoting the formation of PI3K-III complexes and autophagy-positioning by Ubc9 overexpression may facilitate this autophagy regulation.


Ubc9, a Potential Target in Myocardial Ischemic Disease

The current standard of care for patients with acute coronary occlusion is reperfusion therapy. Primary percutaneous coronary intervention improves the circulation of epicardial coronary system; however, the endocardium is persistently hypo-perfused in a substantial portion of patients (De et al., 2017). This phenomenon, called no-reflow, results from severe microvascular dysfunction or loss of integrity leading to microvascular obstruction (MVO). MVO, plus other coronary artery diseases, lead to instant myocardial tissue damage, subsequent cardiac remodeling, long-term heart failure, and even mortality. In this series of processes, the fastest emerging and dominant performances are the direct destruction of cardiomyocytes in the ischemic zone and the indirect injury to cardiomyocytes in the border zone. Therefore, the protection of cardiomyocytes is vital for management of acute ischemic heart diseases.

Ubc9 can function as a transcriptional co-regulator as well as a SUMO E2 ligase. In this study, we report that myocardial injection of adenovirus Ubc9 triggers increased Ubc9 expression and SUMOylation levels, which lead to decreased cardiomyocyte apoptosis in the infarct and peri-infarct zones. Importantly, this resistance to apoptosis results in reduced infarct ratio and peri-infarct fibrosis, and subsequently improves cardiac function.

The in vitro experiments in our study further confirm the protective role of Ubc9 for cardiomyocytes. Our data from Ubc9 overexpression and Ubc9 silencing tests indicate that endogenous Ubc9 is beneficial to ischemic cardiomyocytes, and when exogenous Ubc9 is applied, the apoptosis of the hypoxic cardiomyocytes is significantly reversed, which is critical at the beginning of the repair process after acute myocardial infarction.

We are not the first to investigate the role of SUMO-modification in ischemic heart diseases. One previous study about SUMO-1 gene therapy demonstrated that SUMO-1 modification of cardiac SERCA2a increases its activity and improves cardiac contractility in heart failure (Changwon et al., 2012; Tilemann et al., 2013). Similar to this previous study, our results also suggest that SUMO-modification can cause improvements in cardiac function. However, there are fundamental differences in our investigation that set this work apart from previously published studies. First, we established a myocardial infarction model using permanent ligation of coronary arteries, while other studies used 2-h balloon occlusion of the proximal or mid-left anterior descending coronary artery followed by reperfusion to induce myocardial injury. Second, we used SUMO E2 conjugating enzyme Ubc9, but not SUMO-1 itself. Ubc9 regulates the modification related to not only SUMO-1 but also SUMO-2/3. Third, we delivered the adenovirus immediately after the ligation of a coronary artery, rather than one month after MI, which means that we focused on instant protection at the onset of acute cardiomyocyte injury.



Ubc9 and Autophagic Flux Regulation

Autophagy is a conserved intracellular degradation pathway that envelopes substrates, such as bulk cytoplasm, organelles, aggregate-prone proteins, and infectious agents, into double-membrane vesicles, and then transports them to lysosomes to degrade the “trash” and release useful elements (Bento et al., 2016). This process facilitates cell restoration against starvation and related stresses among many diseases and physiological situations (Lavandero et al., 2015; Rubinsztein et al., 2015).

During various pathological conditions of the heart, including pressure overload, ischemia/reperfusion (I/R), and MI, myocardial autophagy can be adaptively activated. This compensatory activation is able to mitigate energy loss and clean damaged mitochondria and protein aggregates (Yan et al., 2005; Hongxin et al., 2007). Taking acute myocardial infarction as an example, most previous studies report that autophagy is activated in the border zone of acute MI (Chiang et al., 2017; Wu et al., 2017); however, the impaired proteins and organelles, formed as aggresomes, and/or the autophagic degradation-related protein p62 are still largely accumulated, suggesting insufficient clearance by autophagy. This is consistent with our finding that autophagy marker LC3 II, together with upstream factors (AMPK, Beclin1, ULK, etc.) of autophagosome formation, is upregulated, but the protein expression of p62 is accumulated in the MI border zone. Our results also suggest that autophagosome formation is downregulated in the infarct zone, as indicated by the decreased LC3 II and the increased p62 proteins, which we also confirmed in vitro, as indicated by the downregulated autophagosome formation that occurred in the neonatal cardiomyocytes under the fierce deprivation of oxygen, glucose, and serum. The expressions of LC3 II and p62 in the infarct zone later returned to an approximately normal level, which might result from the gradual increase of cardiac fibroblasts entering into this ischemic zone. Therefore, enhancement of autophagic flux is indispensable for rescuing the myocardium not only in the border zone but also in the infarct zone of acute MI.

Autophagic flux has two integral parts, including autophagosome formation and autophagic degradation. Autophagosome formation is a process of forming double-membrane organelles enveloping excessive or aberrant organelles and protein aggregates, whereas autophagic degradation delivers the autophagosomes to the lysosomes for clearance and recycling. Multiple studies have stated that the acceleration of autophagic flux is protective under ischemic stress (Matsui et al., 2007; Sciarretta et al., 2018). Among these studies, most of them enhance autophagic flux by boosting autophagosome formation, and few studies promote autophagic flux through increasing autophagic degradation. Our research present that Ubc9 reduces the protein level of p62 and the fluorescence of colocalization for p62 and aggresomes, while the LC3 II protein level is barely changed. After applying BAF to curb autophagosome-lysosome fusion, LC3 II expression in Ubc9 delivery is efficiently elevated. This is consistent with the mRFP-GFP-LC3 fluorescence assay results (i.e., after overexpression of Ubc9), in which the red puncta are increased, and the yellow puncta are nearly still, but the total quantity of red and yellow puncta and the ratio of red to yellow puncta are all increased, indicating that Ubc9 facilitates autophagic flux through simultaneously regulating autophagy formation and autophagic degradation.

Although Ubc9 indeed influences the autophagic flux from formation to degradation, we need to apply autophagy inhibitor to confirm the autophagic role of Ubc9 on cardiomyocytes survival. 3-MA and CQ were used respectively to impede the autophagosome formation and the autolysosome degradation, which effectively reverses the role of Ubc9 on autophagy and significantly counteracts the protection of Ubc9 on cardiomyocytes under OGD.

Indeed, in recent years, there have been increasing numbers of studies unveiling new information on autophagy. Emerging evidence has revealed that autophagy may also promote cell death through excessive autophagosomes formation, which can be obtained from recent papers (Wang et al., 2015; Gao et al., 2018; Gao et al., 2019). These groups demonstrate that inhibition of redundant autophagosomes effectively protects cardiomyocytes from ischemic injury. Therefore, accelerating autophagy formation and autophagic degradation at the same time (e.g., in our present study) is better than manipulating only one of them, and the former can efficiently boost autophagic flux and avoid excessive autophagosomes.

In addition, our results partly differ from those of another investigation (Gupta et al., 2016) that studied the role of Ubc9 in autophagy, focusing exclusively on autophagosome formation. Although the investigation by Manish K. Gupta et al. (Gupta et al., 2016) and ours have the same results for the tandem fluorescent-tagged LC3 (tfLC3) assay, the expression of LC3 II and p62 are different. The discrepancy may be explained as follows. (1) The differences in the background of the animal model. The disease in our research is ischemic heart disease, and the stimulation used in vitro is OGD, whereas their study focuses on proteotoxic disease, and the in vitro experiment employs normal cells and/or starved cells. (2) LC3 II level is determined by autophagosome formation and autophagic degradation, while p62 level is affected by autophagy and ubiquitination; hence, the changing status may lead to changing results.



Ubc9, PI3K-III Complexes, and Autophagy

We then chose autophagy molecules that are rich in SUMO sites through SUMOsp 2.0 software. From these molecules, we detected the upregulation of SUMOylation in Vps34 and Beclin1 by CO-IP, which are critical molecules in PI3K-III complexes. This finding warrants further investigation into the formation of PI3K-III complexes.

PI3K-III complex I includes Vps34, Beclin1 and ATG14, involved in autophagosome formation; PI3K-III complex II contains Vps34, Beclin1 and UVRAG, engaged in autophagosome-autolysosome fusion. From CO-IP assay, we found increased PI3K-III complexes, as indicated by elevated interactions in Vps34-Bbeclin1, Vps34-ATG14, and Vps34-UV RAG, implying increased PI3K-III complex I (Vps34-Beclin1-ATG14) and complex II (Vps34-Beclin1-UVRAG) under Adv-Ubc9 stimulation. We focused on not only the formation of PI3K-III complex I and II but also their status on autophagy. We found that Ubc9 increased colocalization of Vps34 with autophagosome marker LC3 and colocalization of Vps34 with autolysosome marker Lamp1, indicating that increased PI3K-III complexes participate in autophagosome formation and autolysosome degradation.

This is the first investigation to identify Ubc9 as a target that facilitates autophagic flux from autophagosome formation to autophagic degradation through the common molecule PI3K-III complexes.

The above mechanisms also raise several intriguing questions. First, although we have confirmed that PI3K-III complexes are involved in Ubc9-induced autophagy enhancement, the regulation details of Vps34-Beclin1 SUMOylation in this process are still unclear. Second, we have chosen the candidate molecules only using SUMOsp 2.0 software, which may have missed some targets possessing less but effective SUMOylation sites, or other targets that are mistaken as having fewer SUMOylation sites (Flotho and Melchior, 2013). Third, autophagic degradation, which makes up a large proportion of Ubc9-induced autophagic flux enhancement in our present study, should be further investigated.




Conclusion

Our present findings discover that SUMO E2 conjugating enzyme Ubc9 upregulates autophagic flux to resist cardiac injury immediately after ischemic stress in the heart. Notably, the formation of PI3K-III complexes and autophagy-positioning are involved in Ubc9-induced autophagic flux enhancement, which might be related to the SUMOylation of Vps34-Beclin1. Identification of this target will enhance the development of clinical therapies for ischemic heart diseases.
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Galangin Attenuates Isoproterenol-Induced Inflammation and Fibrosis in the Cardiac Tissue of Albino Wistar Rats
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Galangin (GA) is an active flavonoid of the rhizome of Alpinia galanga that belongs to the ginger family. GA exhibit potent anti-inflammatory properties. Therefore, we evaluated the preventive effects of GA against isoproterenol (ISO)-induced inflammation and myocardial fibrosis in male albino Wistar rats. We found that GA (1 mg/kg b.wt.) pretreatment attenuated the ISO-mediated (5 mg/kg b.wt. for 14 consecutive days) elevation of heart rate, activities of aspartate aminotransferase (AST), alanine aminotransferase (ALT), lactate dehydrogenase (LDH), creatine kinase (CK), creatine kinase-MB (CKMB) in the rat serum. We also noticed that GA prevented the ISO-mediated cardiac markers i.e. cardiac troponin T and I (cTnT and cTnI) expression in the serum of rats. Further, GA pretreatment prevented ISO-mediated lipid peroxidation and diminished blood pressure and loss of antioxidants status in the heart tissue of ISO treated rats. In addition, GA treatment modulates ISO-induced alterations the expressions of tissue inhibitor of metalloproteinases-1 (TIMP-1), p-AKT, glycogen synthase kinase-3β (p-GSK-3β) and peroxisome proliferators-activated receptor-γ (PPAR-γ) in the heart tissue. Furthermore, molecular analysis (PCR array and western blot) revealed that GA pretreatment prevented inflammation and fibrosis related gene expression pattern in ISO-induced rats. Taken together, the results indicate the cardioprotective effect of GA against ISO-induced inflammation and fibrosis. The antioxidant and anti-inflammatory potential of GA could be considered for its cardioprotective effect in the ISO-treated rats.
Keywords: galangin, isoproterenol, inflammation, fibrosis, antioxidant, cardiac tissue
INTRODUCTION
Cardiovascular disease (CVD) is a most significant cause of demise worldwide. About 17.9 million deaths were recorded in 2016 due to CVD which represents 31% of all global deaths (World Health Organization, 2017). The CVD occurs due to various pathological conditions resulting in morbidity and mortality at high rates (Pallazola et al., 2019). The CVDs includes atherosclerosis, coronary heart disease (CHD), cardiomyopathy, congestive heart failure (CHF) and myocardial infarction (MI) (Benjamin et al., 2019). The MI has been characterized by biochemical and pathological changes with arterial pressure, altered heart rate and ventricular injury (Anderson and Morrow, 2017). The myocardial fibrosis has been considered as an important part of cardiac remodeling. The myocardial fibrosis and MI leads to heart failure and death. The pathogenesis of MI is complex and yet to be understood completely. Several risk factors that include lifestyle, environmental factors, genetic factors, etc. were identified as major risk factors of MI and studying their biochemical and molecular pathogenesis is important for improving prevention strategies (Zhan et al., 2019).
Myocardial fibrosis results from higher myofibroblast activity and disproportionate accumulation of collagen in the myocardial interstitial tissue (Gyöngyösi et al., 2017). Myocardial fibrosis contributes to left ventricular dysfunction in many disorders and predisposes patients to develop heart failure. Further, during MI there was a deposition of excess fibrous tissue (i.e., collagen types I and III fibers) within the myocardial interstitial tissue (Cowling et al., 2019). Matrix metalloproteinases (MMPs) play a critical role in the heart tissue matrix remodeling (Thenappan et al., 2018). Further, oxidative stress and mitochondrial dysfunction contributes for the pathogenesis of MI. Several authors reported the involvement of mitochondria in the regulation of calcium concentration (Ca2+) in cardiac myocytes. The calcium ions regulate mitochondrial ATP production and contractile activity and thus play a pivotal role in the function of cardiac muscle (Upadhyay, 2018). The L-type Ca2+ channel has been reported to regulate mitochondrial function. The L-type Ca2+ channel kinetics are altered in cTnI-G203S cardiac myocytes and that causes an alteration in mitochondrial membrane potential and metabolic activity of cTnI-G203S cardiac myocytes (Viola and Hool, 2017).
Recently several experimental methods and models were developed to evaluate the preventive effect of pharmaceuticals against MI and heart failure. The isoproterenol hydrochloride (ISO), a ß-adrenergic agonist, induces oxidative stress-mediated myocardial infarction in experimental models. ISO has emerged as a pivotal mediator of collagen fragment synthesis in failing hearts, which is accompanied by increased MMPs expression (Radhiga et al., 2019). Therefore, researchers widely employ ISO-experimental animals for the studies of pharmacological intervention. Several molecular pathways are activated during ISO-induced MI which was considered to be the major targets for the drug discovery aspects. The activation of transforming growth factor-β (TGF-β) causes the proliferation of myocardial fibroblasts that induces the synthesis of extracellular matrix proteins (Yousefi et al., 2020). Further, the TGF-β induces inflammatory signaling through activation of serine/threonine kinase receptors, TGF-β RI and II. These activated receptors, in turn, phosphorylate Smad2 and Smad3 and form a Smad complex with Smad4 which translocate into the nucleus (Hata and Chen, 2016). The a-Smooth muscle actin (α-SMA) caused fibrogenesis and produced scar tissue during MI.
Several intracellular signaling cascade events were activated during MI. There was a significant activation of mitogen activated kinase (MAPK) three subunits-extracellular regulated kinase ½ (ERK1/2), c-Jun-N-terminal kinase (JNK) and p38. Unregulated expression of JNK and p38 activates pro-inflammatory pathways in the heart tissue (Yokota and Wang, 2016). The MAPK signaling elements also interact transcription factors like nuclear factor-κB (NF-κB) which further stimulates the production of tumor necrosis actor-α (TNF-α), interleukin-1β (IL-β), IL-6, IL-10 and IL-18 etc. Various studies have reported that ISO-treatment mimics clinical MI that induces TNF-α and IL-6 activation thus contributing to inflammation in response to myocardial injury (Boarescu et al., 2019).
Over the past decade, several synthetic drugs have been developed for treatment of the cardiovascular disorders. The synthetic drugs including statins and ß-blockers show undesirable adverse effects in the CVD clinics. The cardiovascular drug market is severely impacted by the scarcity of new potential alternative drugs (Shaito et al., 2020). Herbal medicines, in addition to their traditional values, also hold great public and medical interest worldwide as sources of novel lead compounds for cardiovascular drug development (Liperoti et al., 2017). Natural medicinal compounds gain increasing attraction in the treatment of CVDs and in the understanding of disease mechanisms. Several natural compounds have mechanistically been proved as potential agents against cardiac toxicity and MI. Galangin (GA, 3, 5, 7-trihydroxyflavone) is the active flavonoid of the rhizome of Alpinia galanga, a plant belongs to the ginger family (Zingiberaceae). GA is a potent scavenger of free radicals and it shows a strong anti-inflammatory property in several experimental models (Cao et al., 2016; Aladaileh et al., 2019). Yang et al. reported that GA modulates thrombin-induced MMP-9 activation in neuroblastoma cell lines via inhibiting protein kinase-dependent NF-κB activation (Yang et al., 2018). Further, GA protects rheumatoid arthritis fibroblast-like synoviocytes via modulation of NF-κB/NLRP3 signaling pathway (Fu et al., 2018). Chen et al. showed that GA inhibited LPS-induced expression of TNF-α, IL-6, IL-1β, COX-2, and iNOS via phosphorylation of JNK, p38, protein kinase B (AKT), and NF-κB p65 (Chen et al., 2018). Therefore, it is postulated that GA could able to modulate the expression of pro-inflammatory molecules. However, GA ability against ISO-induced inflammation and fibrosis in rat myocardial tissue has not been sufficiently investigated. Hence, we investigated the protective effect of GA against ISO-mediated oxidative stress and subsequent inflammation and fibrosis in the cardiac tissue.
MATERIALS AND METHODS
Chemicals
Isoproterenol hydrochloride (ISO) and galangin (GA) were purchased from Sigma-Aldrich, United States. Nitrocellulose membrane, Western ECL Substrate kit were purchased from Bio-Rad, Germany. TNF-α, NF-κB, IL-6, COX-2, iNOS, MMP-2, MMP-9, TGF-β, Fibronectin, a-SMA, collagen-I and ß-actin antibodies were procured from Santa-Cruz Biotechnology, USA and Goat anti-rabbit, anti-mouse and rabbit anti-goat secondary antibodies were purchased from Sigma-Aldrich, United States. All other fine chemicals and consumables obtained from HiMedia, India.
Experimental Animals
The experiments were conducted in male albino Wistar rats (weighing 160–180 g, aged 5–7 weeks) which were obtained from Biogen Laboratory Animal Facility, Bangalore. The animals were maintained at 25 ± 3°C with a light/dark cycle. Animal handling and experimental procedures were approved by the Institutional Animal Ethics Committee, Annamalai University and animals were cared in accordance with the “Guide for the Care and Use of Laboratory Animals” and “Committee for the Purpose of Control and Supervision on Experimental Animals” (Qadri and Ramachandra, 2018). The study plan and methods were approved by the Institutional Animal Ethics Committee of Rajah Muthiah Medical College and Hospital (Reg No.160/1999/CPCSEA, Proposal number: 1130), Annamalainagar.
Experimental Induction of Myocardial Infarction and Dose Determination Study
Myocardial infarction was experimentally induced by subcutaneous (s.c.) injection of ISO (5 mg/kg b.wt.) for 14 days as described as earlier report Maulik et al., 2012). A preliminary study was carried out to determine the optimum dose of GA by assessing serum enzyme activities in ISO-induced rats. GA was given at different doses (i.e. 0.5, 1 and 2 mg/kg b.wt.) to different groups of animals. GA was dissolved in corn oil and given orally once in a day for 14 days. Among the three doses the 1 mg/kg b.wt. dose was more effective other than two doses. Therefore, 1 mg/kg/b.wt. of GA was used for further study (Figures 1A,B).
[image: Figure 1]FIGURE 1 | Effect of GA on cardiac markers levels such as CK, CK-MB, cTnT and cTnI in the serum of control and ISO-induced rats. (A) Effect of GA on CK and CK-MB in the serum of control and ISO-induced rats. (B) Effect of GA on cTnT and cTnI in the serum of control and ISO-induced rats. Values are given as means ± SD of six experiments in each group. Values not sharing a common superscript (a,b,c..) differ significantly at p ≤ 0.05 (DMRT).
Study Design

Group I The rats were divided into four experimental groups with six rats each (n = 6).
Group II Control rats received standard pellet diet.
Group III Oral administration of GA (1 g/kg b.wt.) for 14 days using an intragastric tube.
Group IV ISO (5 mg/kg b.wt.) by s.c. injection for 14 days.
Group V Oral administration of GA (1 mg/kg b.wt) using an intragastric tube before each ISO (5 mg/kg b.wt.) injection for 14 ays.
After the experimental period, the experimental rats were anesthetized by ketamine hydrochloride (24 mg/kg b.wt.) and sacrificed. Blood samples were collected and serum was separated by centrifugation at 600 g for 10 min. The separated serum was used for the analysis of serum marker enzymes. Blood samples were centrifuged and the plasma was separated by aspiration. The separated plasma was used for the analysis of lipid peroxidative markers and non-enzymatic antioxidants. After separation of plasma the buffy coat white cells was removed and the remaining erythrocytes were washed with saline. The erythrocyte was separated by centrifugation at 800 g for 10 min and the supernatant was used for the estimation of enzymatic antioxidants. The heart tissue was excised immediately after cervical dislocation and used for histological analysis, biochemical estimations and western blot analysis.
Measurement of Blood Pressure by Non-Invasive Method
Systolic and diastolic blood pressure and heart rate were measured initial and final day of the experimental period of the study by tail-cuff method (IITC, model 31, United States). Values reported are the average of sequential blood pressure measurements. All the recordings and data analyses were done using a computerized data acquisition system and software.
Activities of Serum Marker Enzymes
The enzymes like AST, ALT and LDH were analyzed by the method of Reitman and Frankel, (1957), Kim et al, (2008), King and Waind, (1960). The activities of CK and CK-MB was analyzed by a commercial kit manufactured by Agappe Diagnostics Ltd, India. Serum cTn T and I were estimated using enzyme immunoassay commercial kits (Larue et al., 1993).
Measurement of Lipid Peroxidation and Antioxidants Status
Heart tissue (250 mg) was sliced into pieces and homogenized in an appropriate buffer in cold condition (pH 7.0) to give 10% homogenate (w/v). The homogenates were centrifuged at 200 g for 10 min at 0°C in cold centrifuge. The supernatant was used for the estimation of lipid peroxidation and the analysis of antioxidants status. Lipid peroxidation level was analyzed by estimating thiobarbituric acid reactive substances (TBARS) (Zeb and Ullah, 2016). Lipid hydroperoxides (LHP) level was analyzed by estimating butylated hydroxytoluene (BHT)-reactive substance as per the method of Jiang et al. (1992).
Superoxide dismutase (SOD) activity was estimated by the method of Kakkar et al. (1984). Catalase (CAT) activity was assayed by the procedure of Hadwan (2016). The activity of glutathione peroxidase (GPX) was assayed by the method of Chow and Tappel (1974). Reduced glutathione (GSH) was estimated by the method of Ellman (1959) and GSSG (Tietze, 1969). Vitamin C was estimated by the method of Roe and Kuether (1943), Vitamin E was estimated by the method described by Baker et al. (1981).
Inflammatory Signaling and Cardiac Fibrotic Gene Expression by PCR Array
The total RNA content was isolated from control, GA control, ISO and GA + ISO treated tissues using an RNeasy mini kit (Qiagen, India) and used for qRT-PCR arrays. The purity of the isolated RNA was measured by Nanodrop spectrophotometer. The cDNA was reverse transcribed using a First Strand cDNA Synthesis Kit and used for PCR amplification by SYBR green chemistry using the Qiagen kit. The relative expression pattern of inflammatory genes (TNF-α, IL-6 IL-10, IL-18, Interferon gamma (IFNγ), IL-1β, COX-2, NF-κB, inhibitor of kappa B-α (IκB-α), iNOS, signal transducer and activator of transcription-3 (STAT-3), cTnT and cTnI) and fibrotic genes (MMP-2, MMP-9, TGF-β1, Fibronectin, a-SMA, Collagen-I, Collagen-III, Smad-2, Smad-3, TIMP-2, TIMP-1, Angiotension II receptor, Connective tissue growth factor (CTGF), Endothelin-1 (ET-1), Activator protein (AP-1), intercellular cell adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-I), E-selectin, p-AKT, p38, JNK, ERK, Glycogen synthase kinase 3 (p-GSK-3β), ß-catenin, Peroxisome proliferators-activated receptor-γ (PPAR-γ) and myocardin-related transcription factor (MRTF) were analyzed by a PCR array. The fold changes of gene expression were plotted as clustergram. Relative gene expression (RQ) was calculated using 2−ΔΔCt.
Western Blot Analysis for Inflammatory and Cardiac Fibrotic Protein Expression
The heart tissue was homogenized in an ice-cold RIPA buffer containing a protease inhibitor cocktail. The cardiac tissue homogenate was centrifuged at 11,000 g for 10 min at 4°C to remove debris. The supernatant was used to determine the protein concentration by the method of Lowry et al. (1951). Proteins were separated by 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membrane using a Bio-Rad semi-dry western blotting system (Thangaiyan et al., 2018). Membranes were blocked by tris-buffered saline (TBS) containing 5% bovine serum albumin (BSA) for 2 h at room temperature. The membranes were incubated with primary antibodies (TNF-α, NF-κB, IL-6, COX-2, iNOS, MMP-2, MMP-9, TGF-β1, Fibronectin, a-SMA, collagen-I and ß-actin) in the above solution on an orbit shaker at 4°C for 12 h. Membranes were washed with TBS containing 0.1% Tween 20 solution and incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies for 2 h. The nitrocellulose membranes were washed again with TBST solution and the developed bands were detected using a chemiluminescence substrate kit. The images were acquired and analyzed by Image Studio software (LI-COR).
Histopathology of Heart Tissue – Hematoxylin & Eosin Staining
The heart (left ventricle) tissues fixed in 10% formalin after dissection. The sections in the slides were incubated in an oven at 60°C for 30 min then immersed in xylene for 5 min and 4 min; and subsequently immersed in absolute ethanol for 3 and 2 min respectively. The slides were kept in hematoxylin for 7 min, and then water bath for 2–3 min. After dehydration with 70% ethanol for 1min, slides were stained with the working eosin solution for 11 min. The slides were dehydrated with 95% ethanol for 30 s and washed three times with 100% ethanol for 30 s and mounted in a neutral deparaffinated xylene (DPX) medium using standard protocols.
Massion’s Trichrome and Picrosirius Red Staining
The sections in the slides were incubated in an oven at 60°C for 30 min then immersed in xylene for 5 min, 4 min and subsequently in absolute ethanol for 3 min, 2 min respectively. Sections were brought into water and then stained the nuclei with an acid resistant nuclear stain. After washing well with water; the slides were placed into Massion’s trichrome and picrosirius red solution for 90 min. The sections in the slides were differentiated with 0.01M HCl for 2 min. The slides were placed in 70% ethanol for 30 s, 90% ethanol for 30 s and 100% ethanol for 30 s and repeated three changes and then mounted using neutral deparaffinated xylene (DPX). All the slides were assessed using light microscopy by a pathologist and photographed.
Statistical Analysis
All the experimental values of this study were expressed as means ± S.D. The data were analyzed by one-way analysis of variance (ANOVA) for the comparison between the groups and the group means were analyzed by Duncan’s multiple range test (DMRT) using SPSS (Version17.0). Microsoft word and Excel 2010 was used for the manuscript preparation statistical and graphical evaluations. p-value is the ≤0.05 were considered as statistically significant.
RESULTS
Effect of GA on Isoproterenol-Induced Blood Pressure and Heart Rate Measurement
Effect of GA on systolic and diastolic blood pressure and heart rate were shown in Figures 2A,B,C respectively. ISO-induced rats (group III) showed significantly (p < 0.05) increase in heart rate and decreased blood pressure when compared to control rats. Pretreatment with GA and ATV reduced heart rate and normalized the blood pressure in ISO-induced rats.
[image: Figure 2]FIGURE 2 | Effect of GA on blood pressure and heart rate in control and ISO-induced rats. (A) Effect of GA on diastolic blood pressure measurement in control and ISO-induced in rats (B) Effect of GA on systolic blood pressure measurement in control and ISO-induced in rats. (C) Effect of GA on heart rate measurement in control and ISO-induced rats. Values are given as means ± SD of six experiments in each group. Values not sharing a common superscript (a,b,c..) differ significantly at p ≤ 0.05 (DMRT).
Effect of GA on ISO-Induced of Serum Marker Enzymes
ISO-treated rats (Group III) showed a significant (p < 0.05) increase in the activities of serum marker enzymes such as AST, ALT, LDH, CK, CK-MB and the levels of cTnT and cTnI when compared to control rats (Table 1). Pretreatment with GA (Group IV)/ATV (group V) significantly (p < 0.05) prevented ISO-induced activities of AST, ALT, LDH, CK and CK-MB and the levels of cTnT and cTnI in the blood stream.
TABLE 1 | Effect of GA on AST, ALT, LDH, CK, CK-MB, cTnT and cTnI in the serum of control and ISO-induced rats.
[image: Table 1]Effect of GA on ISO-Induced Oxidative Damages
Lipid peroxidation is the major event of ISO-induced cardiotoxicity. In this study, ISO-treatment (Group III) increased the levels of TBARS and LHP in plasma and heart tissue homogenate. Whereas, pretreatment of GA (Group IV)/ATV (group V) considerably prevented ISO-induced lipid peroxidation (Table 2). The enzymatic and non-enzymatic antioxidants protect the heart tissues against oxidative damages. The plasma and heart tissue of non-enzymatic antioxidants like vitamin C, vitamin E, and GSH were found to be significantly (p < 0.05) decreased in ISO-induced rats (Group III) when compared to control rats. However, pretreatment with GA (Group IV)/ATV (group V) significantly (p < 0.05) prevented the level of non-enzymatic antioxidants in the plasma and heart tissues in ISO-induced rats (Table 3).
TABLE 2 | Effect of GA on the levels of TBARS and LHP in the plasma and heart of control and ISO-induced rats.
[image: Table 2]TABLE 3 | Effect of GA on the levels of vitamin C, vitamin E and GSH in the plasma and heart of control and ISO-induced rats.
[image: Table 3]The enzymatic antioxidant recycling mechanism preserves cardiac tissue homeostasis. The activities of major enzymatic antioxidants like SOD, CAT, and GPx were found to be (p < 0.05) decreased in the erythrocytes and cardiac tissue of ISO-treated rats (Group III). Whereas, pretreatment with GA (Group IV)/ATV (group V) significantly (p < 0.05) prevented ISO-induced loss of enzymatic antioxidants status in erythrocytes and heart tissue of rats (Tables 4, 5).
TABLE 4 | Effect of GA on the activities of SOD, CAT and GPx in the erythrocytes of control and ISO-induced rats.
[image: Table 4]TABLE 5 | Effect of GA on the activities of SOD, CAT and GPx in the heart of control and ISO-induced rats.
[image: Table 5]Effect of GA on Isoproterenol-Induced Inflammatory and Fibrotic Gene Expression Profile in Heart Tissue
Generation of inflammatory response is a critical factor in CVDs. The present study showed that the inflammatory genes like TNF-α, IL-6 IL-10, IL-18, IFN-γ, IL-1β, COX-2, NF-κB, IκB-α, iNOS, STAT-3 and cardiac specific genes such as cTnT and cTnI were upregulated in ISO-induced rats (Group III; Figure 3). Pretreatment with GA (Group IV) markedly decreased the levels of both these cytokines and cardiac specific markers.
[image: Figure 3]FIGURE 3 | Effect of GA on ISO-induced inflammatory gene expression in heart tissue. Hierarchical clustergram analysis of PCR array results of GA and ISO-induced rats. Bright red indicates the highest normalized signal values, bright green represents the lowest signal values and black represents median signal values. The total mRNA was isolated from heart tissues and were detected using custom PCR array following the manufacturer’s instructions. The clustergram results of three independent experiments were analyzed using the SA Biosciences online tool. Tumour necrosis factor-α (TNF-α), Interleukin-6, -10, -18, -1β (IL-6 IL-10, IL-18, IL-1β), Interferon-γ (IFN-γ), Cyclooxygenase-2 (COX-2), Nuclear Factor kappa-light-chain-enhancer of activated B (NF-κB), Inhibitor of IκB-α (IκB-α), Inducible nitric oxide synthase (iNOS), Signal transducer and activator of transcription-3 (STAT-3), cardiac troponin T and I (cTnT and cTnI).
Fibrosis is another integral feature of cardiac insults, characterized by the abnormal expression of extracellular matrix and accumulation of collagen. In the present study we observed that the fibrotic genes like MMP-2, MMP-9, TGF-β1, fibronectin, a-SMA, collagen-I, collagen-III, Smad-2, Smad-3, TIMP-2, angiotension II receptor, CTGF, ET-1, AP-1, ICAM-1, VCAM-I, E-selectin, p38, JNK, ERK, ß-catenin, PPAR-γ and MRTF were up regulated expression and TIMP-1, p-AKT, p-GSK-3β and PPAR-γ were downregulated in ISO-treated rats (Group III; Figure 4). Whereas, GA (Group IV) attenuated the fibrosis-linked gene expression in ISO-induced rats.
[image: Figure 4]FIGURE 4 | Effect of GA on ISO-induced fibrotic gene expression profile in heart tissue. Hierarchical clustergram analysis of PCR array results for fibrotic gene expression in GA and ISO-induced rats. Bright red indicates the highest normalized signal values, bright green represents the lowest signal values and black represents median signal values. The total mRNA was isolated from heart tissues and were detected using custom PCR array following the manufacturer’s instructions. The clustergram results of three independent experiments were analyzed using the SA Biosciences online tool. Matrix metalloproteinases MMP-2, -9 (MMP-2, -9), Transforming growth factor-beta1 (TGF-β1), Fibronectin, Alpha-smooth muscle actin (α-SMA), Collagen-I, Collagen-III, Smad-2, Smad-3, Tissue inhibitor of metalloproteinases-2, -1 (TIMP-2, TIMP-1), Angiotension II receptor, Connective tissue growth factor (CTGF), Endothelin-1 (ET-1), Activated protein (AP-1), intercellular cell adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-I), E-selectin, p-AKT, p38, c-Jun-N-terminal kinase (JNK), extracellular regulated kinase (ERK), Glycogen synthase kinase 3 ( p-GSK-3β), ß-catenin, Peroxisome proliferators-activated receptor- ? (PPAR-γ) and myocardin-related transcription factor (MRTF).
Effect of GA on Isoproterenol-Induced Inflammatory Marker Expression in Heart Tissue
The expression of TNF-α, IL-6, NF-ҡB, COX-2, and iNOS was significantly upregulated in ISO-treated rats (Group III). Whereas, GA (Group IV) pretreatment significantly prevented ISO-induced overexpression of TNF-α, IL-6, NF-ҡB, COX-2 and iNOS in rat cardiac tissue (Figure 5A,B).
[image: Figure 5]FIGURE 5 | Effect of GA on TNF-α, IL-6, NF-ҡB, COX-2 and iNOS expression in the heart tissue of control and ISO-treated rats. (A) Western blot was carried out for the analysis of TNF-α, IL-6, NF-ҡB, COX-2 and iNOS expression and images were acquired by LI-COR using chemiluminescence substrate. Lane 1. Control; Lane 2. GA control; Lane 3. ISO Control; Lane 4. GA + ISO. (B) The quantification of protein was performed by densitometric analysis using Image-studio software (LI-COR, United States). The densitometry data represent means ± SD from three immunoblots and are shown as the relative density of protein bands normalized to ß-actin. Values not sharing a common superscript (a, b, C.) and differ significantly at p < 0.05 (DMRT).
Effect of GA on Isoproterenol-Induced Cardiac Fibrotic Marker Expressions in Heart Tissue
The cardiac fibrotic markers like MMP-2, MMP-9, TGF-β1, fibronectin, a-SMA, and collagen I was examined by western blot analysis. ISO-induced rats (Group III) enhanced the expression of MMP-2, MMP-9, TGF-β, fibronectin, a-SMA, and collagen I when compared to control rats. Whereas, GA (Group IV) significantly prevented the expression of MMP-2, MMP-9, TGF-β1, Fibronectin, a-SMA, and collagen-I in ISO-treated rats (Figures 6A,B).
[image: Figure 6]FIGURE 6 | Effect of GA on MMP-2, MMP-9, TGF-β1, fibronectin, a-SMA and Collagen-I protein expression in the heart tissue of control and ISO-treated rats. (A) Western blot was carried out for the analysis of MMP-2, MMP-9, TGF-β1, Fibronectin, a-SMA, and Collagen-I expression and the images were acquired by LI-COR using chemiluminescence substrate. Lane 1. Control; Lane 2. GA control; Lane 3. ISO Control; Lane 4. GA + ISO. (B) The quantification of protein was performed by densitometric analysis using Image-studio software (LI-COR, United States). The densitometry data represent means ± SD from three immunoblots are shown as the relative density of protein bands normalized to ß-actin. Values not sharing a common superscript (a,b,c…differ significantly at p < 0.05 (DMRT).
Effect of GA on ISO-Induced Histopathological Changes in Heart Tissue
Control and GA-alone treated rats showed normal cardiac fibers (Figures 7A,B). ISO-induced rats (Group III) showed degeneration of myocardial fibers, edema and cellular infiltration (Figure 7C). Whereas, GA pretreatment (Group IV) showed the decrease of the degenerated myocardial fibers and cellular infiltrations (Figure 7D). Treatment with ATV (Group V) showed normal architecture of cardiac fibers (Figure 7E).
[image: Figure 7]FIGURE 7 | Histopathology of heart tissue stained with H & E staining (40×). (A) Control rat shows normal cardiac fibers (B). GA alone treated rats show normal cardiac fibers. (C) ISO-induced rat shows degeneration of myocardial fibers, edema, and cellular infiltration. (D) Pretreatment with GA showed the decreased degenerated myocardial fibers and cellular infiltrations. (E) Treatment with ATV showed normal architecture of cardiac fibers. (F) Effect of GA on quantification of inflammatory cells in control and ISO-induced rats by Image J software.
Furthermore, GA prevents the cardiac fibrosis as determined by Masson’s trichrome and Picrosirius red staining. Massion trichrome staining showed a normal distribution of collagen in control and GA alone treated rats (Figures 8A,B). ISO-induced rats (Group III) showed interstitial collagen accumulation in the myocardium (blue colour, Figure 8C). Administration of GA prevented ISO-induced (Group IV) interstitial collagen accumulation (Figure 8D).
[image: Figure 8]FIGURE 8 | Histopathology of heart tissue stained with Masson's trichrome (40×). (A) Control rat shows a normal distribution of collagen. (B) GA alone treated rat shows a normal distribution of collagen. (C) ISO-control rat shows interstitial collagen accumulation (blue colour). (D) Pretreatment with GA showed reduced interstitial collagen accumulation.
Picrosirius red staining showed a normal distribution of collagen in control and GA alone treated myocardium (Figures 9A,B). ISO-treatment (Group III) caused endocardial collagen accumulation (red colour; Figure 9C). Pretreatment of GA prevented ISO-induced (Group IV) endocardial collagen accumulation in the myocardium (Figure 9D).
[image: Figure 9]FIGURE 9 | Histopathology of heart tissue stained with Picrosirius red (40×). (A) Control rat shows the normal distribution of collagen. (B) GA alone treated rat shows the normal distribution of collagen. (C) ISO-control rat shows endocardial collagen accumulation (red colour). (D) Pretreatment with GA showed reduced collagen deposition in the myocardium.
DISCUSSION
Myocardial infarction (MI) has been considered as a major reason for the chronic heart failure. Experimentally, ISO treatment altered the hemodynamics of heart rate. Dietary phytochemicals have recently been proved as innovative method to help maintain hemodynamics of heart rate and to reduce cardiovascular risk factors. In this study, we observed and a prominent decrease in the systolic and diastolic blood pressures and increased in heart rate in the experimental animals. Improved hemodynamics function by GA/ATV pretreatment clearly indicates its favorable effect on heart in course of the ischemic insult caused by ISO. Several reports illustrates the beneficial effect of phytochemicals on cardiac tissue remodeling (Romão et al., 2019; Komici et al., 2020). Indeed, a large number of experimental models report that phytochemicals maintains homodynamic function of heart rate and significantly prevents heart failure (Paulino et al., 2019; Beshel et al., 2019). During the MI development the cardiac membrane becomes damaged which has resulted in the outflow of cardiac tissue enzymes to the blood stream. Measurement of cardiac tissue enzymes have an important role in the early diagnosis of acute ischemia (Mythili and Malathi, 2015). In this study, we observed that there was an elevated activity of AST, ALT, LDH, CK, CK-MB, cTnT and cTnI in the serum of ISO-treated rats. During the ISO treatment, the cells might get injured due to incomplete oxygen and glucose supply which resulted in the elevated serum level of cardiac marker enzymes (Derbali et al., 2015). Further, we noticed that significant levels of cardiac membrane damages as evident by the increased presence of lipid peroxidation products. ISO-mediated ROS generation might be the reason for elevated cardiac markers, oxidative damages and lipid peroxidation (Montezano et al., 2015). Our results clearly illustrates that GA treatment prevented the levels of ISO-induced cardiac markers in the blood stream. This cardioprotection property of GA might be due to its inherent antioxidant property. The GA possesses several structural motifs which are responsible for its antioxidant potential (Sohn et al., 1998). The presence of C-2–C-3 double bond and a C-3 hydroxyl group in GA has been highlighted for its antioxidant potential. Specifically, the hydroxyl group present at the C3 position of GA exhibit higher antioxidant activity than other similar flavonoid apigenin which bears a hydroxyl group at C4 (Gregoris and Stevanato, 2010). Free radicals like superoxide and singlet oxygen have already shown to be scavenged by GA (Aloud et al., 2017). Further, GA has been reported to improve cellular antioxidant status and reduces oxidative stress related damages in diabetic rats (Zeng et al., 2019). There are few redox sensitive pathways are activated during the development of MI. The ISO treatment induced overexpression of inflammatory cytokines and NF-kB p65 transcription factor in the experimental animals which resulted in heart failure (Hamid et al., 2011). The present study revealed that ISO-treated rats showed significantly upregulated expression of NF-κB and subsequent overexpression of pro-inflammatory cytokines in the heart tissue. Interestingly, GA treatment prevented ISO-induced inflammatory responses in the myocardial tissue. The anti-inflammatory role of GA has also been proved in other inflammatory experimental models. For example, GA against lipopolysaccharide-activated macrophages via NF-κB pathway regulation (Wang and Tang, 2017). Choi et al. showed the anti-inflammatory mechanism of GA in LPS-mediated inflammation through PPAR-γ signaling (Choi et al., 2017). GA shows anti-inflammatory effects by affecting gene expression. This could be attributed to the fact that flavones and hydroxyflavones can inhibit the phosphorylation of proteins involved in the signal transduction including regulation of NF-κB (Torre, 2017). It is possible that GA might block the activity of IκK, suppress IκB degradation and prevent the activation of NF-κB thereby regulating the suppression of IL-6 and TNF-α production. GA has been proved to inhibit inflammatory via negative regulation of NF-κB in renal tissue (Lu et al., 2019). The anti-inflammatory effect of GA and similar flavonoids has also been proved in LPS-stimulated RAW 364.7 macrophages and DNCB-mediated dermatitis in experimental models (Lee et al., 2018).
The MMP-2 and MMP-9 are the key players of myocardial fibrosis which have been found elevated during ISO-treatment. Conversely, GA significantly decreased the ISO-mediated expression of MMP-2 and -9 thereby contribute to the attenuation of cardiac fibrosis. The modulatory role of GA on NF-κB signaling could be correlated for its effect on MMPs expression and cardiac fibrosis. Yang et al. showed the inhibitory potential of GA against thrombin-induced MMP-9 expression in SK-N-SH cells via protein kinase-dependent NF-κB phosphorylation (Yang et al., 2018). It has also been reported that GA treatment attenuated the expression TGF-β1/Smad signaling induced pressure overload (Liu et al., 2015).
Cardiac collagen tissue remodeling is an important event in the progression of heart failure. Excessive accumulation of the matrix fibrillar collagens is the major hallmark of myocardial fibrosis. This event has been considered as a key feature of cardiomyopathies which compromises cardiac systolic and diastolic performance (Takawale et al., 2017). Matrix metalloproteinases (MMPs) and their inhibitors, tissue inhibitor of metalloproteinases (TIMPs), directly impact the ECM turnover and homeostasis (Fan et al., 2012). Apart from MMPs, several molecules that include fibronectin, a-SMA, TGF-β1 etc has been involved in the pathogenesis of myocardial fibrosis. Further, tissue inhibitors of metalloproteinases (TIMPs) has also play an important role in the management of cardiac tissue architecture (Li et al., 2000). The abnormal production of tissue inhibitor of matrix metalloproteinases type 2 (TIMP2) might repair myocardial functions which resulted in cardiac hypertrophy (Fan et al., 2019). In this study, we observed that GA pretreatment prevents ISO-induced cardiac fibrosis by attenuating collagen accumulation and by downregulating the expression pattern of MMP-2, MMP-9, TGF-β1, fibronectin, a-SMA, collagen type I, III, Smad-2 and -3. In addition, GA markedly elevated the expression of TIMP-1 and attenuates the TIMP-2 expression in ISO-induced rats.
The cardiac fibroblast is a remarkably versatile cell type that coordinates inflammatory, fibrotic and hypertrophic responses in the heart through a complex array of intracellular and intercellular signaling mechanisms. One important signaling mode that has been identified involves p38 MAPK; a family of kinases activated in response to stress and inflammatory stimuli that modulates multiple aspects of cardiac fibroblast function, including inflammatory responses, myofibroblast differentiation, extracellular matrix turnover and the paracrine induction of cardiomyocyte hypertrophy (Turner and Blythe, 2019). In this study, GA treatment inhibited the activation of JNK, ERK and p38 in ISO-induced rats. Similarly, GA treatment attenuated the expression of p38, ERK and JNK in LPS-induced RAW264.7 cells (Lee et al., 2018). It was also found that PPAR-γ activation has also been blocked by GA pretreatment. Myocardin-related transcription factor (MRTF)/serum regulatory protein (SRF) is also an important transcription regulator involved in myocardial fibrosis. In this study, GA modulates the ISO induced activation of MRTF/SRF and this could be due to regulation of other redox-sensitive transcription factors like NF-κB and MAPK signaling molecules. Liao et al. reported that myocardin expression is induced in cardiac hypertrophy, and its overexpression in neonatal rat cardiomyocytes induces hypertrophy (Liao et al., 2011). GA significantly ameliorated cardiac function and inhibited cardiac hypertrophy and fibrosis by disruption of PI3K–Akt–GSK3β and MEK1/2–ERK1/2– GATA4 signaling and via Ang II stimulation (Wang et al., 2013; Wang et al., 2019). According to the present findings, GA plays an important protective role in regulating cardiac fibrosis. Histological observations showed that GA prevented ISO-induced degeneration of myocardial fibers, edema, and cellular infiltration. Masson’s trichrome staining also illustrates GA prevented ISO-induced interstitial collagen accumulation in the myocardium (blue colour). Picrosirius red staining further substantiates the preventive effect of GA against ISO-induced endocardial collagen accumulation (red colour) in rat myocardium.
CONCLUSION
The present results suggest that GA exhibits strong cardioprotective effects against ISO-induced myocardial infarction in rats. The protective effect of GA was observed by preventing ISO-induced depletion of endogenous antioxidants and cardiac marker enzymes. Additionally, GA prevented ISO-induced inflammatory signaling and fibrotic pathway in the heart tissue. These findings provide a potential application of GA in the prevention and treatment of cardiac fibrosis.
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Cardiac remodeling is a common pathological process in various heart diseases, such as cardiac hypertrophy, diabetes-associated cardiomyopathy and ischemic heart diseases. The inhibition of cardiac remodeling has been suggested to be a potential strategy for preventing heart failure. However, the mechanisms involved in cardiac remodeling are quite complicated. Recent studies have reported a close correlation between autophagy and energy homeostasis in cardiac remodeling associated with various heart diseases. In this review, we summarize the roles of autophagy and energy homeostasis in cardiac remodeling and discuss the relationship between these two processes in different conditions to identify potential targets and strategies for treating cardiac remodeling by regulating autophagy.
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INTRODUCTION


Cardiac remodeling refers to a series of changes in left ventricular function and structure caused by various cardiovascular diseases or pathological risk factors. Cardiac remodeling leads to fibrosis, ventricular dilatation and cardiac hypertrophy, all of which will inevitably impair the cardiac systolic and diastolic function and ultimately progress into heart failure (Wu et al., 2017). Although researchers have focused on illuminating the potential mechanisms of malignant cardiac remodeling and heart failure, some problems related to the mechanisms of cardiac remodeling remained to be clarified, which limits the further development and progress in the identification of new and effective therapies for preventing or even reversing cardiac remodeling (Tham et al., 2015).

The process of cardiac remodeling is often accompanied by the activation of inflammation, enhanced myocardial fibrosis, abnormal autophagy and disordered metabolism. Studies have documented the critical roles of autophagy and energy homeostasis in cardiac remodeling and the close relationship between these processes (Bertero and Maack, 2018). Nutrient deficiency caused by insufficient energy metabolism may initiate autophagy to degrade energy storage substrates, including proteins, fat and glycogen, to meet the energy requirements of cells (Gustafsson and Gottlieb, 2008; Vigetti et al., 2018). In turn, the accumulation of nutrients generated by autolysosomes may activate mammalian target of rapamycin complex 1 (mTORC1) to terminate autophagy (Tan and Miyamoto, 2016). This feedback avoids excess activation of autophagy. Therefore, autophagy plays an important regulatory role in maintaining energy homeostasis. An autophagy disorder will lead to abnormal energy metabolism, while the excess nutrients caused by the energy metabolism disorder will also affect autophagy (Galluzzi et al., 2014). Thus, the autophagy-energy system must be coordinated to maintain the dynamic balance of the physiological state of cells and organisms. An understanding of the accurate mechanisms underlying the association between autophagy and energy homeostasis is very important to prevent or even reverse the progression of pathological cardiac remodeling.




AUTOPHAGY IN CARDIAC REMODELING


Autophagy is a progress of cellular self-cannibalism that degrades damaged organelles, misfolded proteins and other macromolecular substances required for the energy supply by transporting these substrate to lysosomes and forming the autophagosome (Delbridge et al., 2017; Dikic and Elazar, 2018). According to the method in which substances are delivered to lysosomes, autophagy is divided into three categories: macroautophagy, microautophagy, and chaperone-mediated autophagy (Delbridge et al., 2017). Among these categories, the most common and well-studied type of autophagy is macroautophagy. Macroautophagy is usually referred as autophagy. Autophagy has long been thought to be nonspecific. However, recent studies show that autophagy also targets at specific organelles and proteins, which is termed as specific autophagy (Anding and Baehrecke, 2017), and represents an important mechanism to remove damaged mitochondria in cells. Mitophagy is one of the most well-studied forms of specific autophagy and is an indispensable part of organized mitochondrial quality control and cardiac energy homeostasis (Dorn, 2019). Compromised mitophagy may lead to mitochondrial dysfunction and lipid accumulation in individuals with diabetes-associated cardiomyopathy (Tong et al., 2019). The improvement in mitophagy by melatonin administration might protect mitochondrial energy metabolism from myocardial ischemia-reperfusion injury (Zhang et al., 2019). Mitophagy plays a role in autophagy and energy homeostasis during cardiac remodeling.

Autophagy is an important regulator of cardiac homeostasis and function under normal conditions. For example, starvation-induced autophagy maintains left ventricular function by increasing the myocardial ATP and amino acid contents (Takemura et al., 2009; Hariharan et al., 2010), exercise-induced autophagy promotes cardiac glucose metabolism by increasing glucose uptake (He et al., 2012), and aging-associated autophagy prevents aging-related cardiac dysfunction by clearing misfolded proteins and dysfunctional mitochondria (Miyamoto, 2019). Under stress such as starvation and exercise, an ATP deficiency and increased AMP/ATP ratio activate AMP-activated protein kinase (AMPK) in cardiomyocytes (Kemp et al., 1999). Activated AMPK enhances autophagy by inhibiting mammalian target of rapamycin (mTOR) or phosphorylating unc-51 such as kinase-1 (ULK1), which induce ATP production (Matsui et al., 2007; Gustafsson and Gottlieb, 2009; Qi and Young, 2015). Consequently, increased autophagy provides supplemental substrates for energy metabolism, supplies amino acids for protein synthesis, and clears damaged mitochondria, all of which may limit cardiomyocyte death (Sciarretta et al., 2018a).

In contrast, physiological conditions, the role of autophagy in pathological conditions is complicated and varies in specific contexts. In the infarcted mouse heart, microtubule-associated protein light chain 3 (LC3) I, LC3II and sequestosome 1 (p62/SQSTM1) were significantly upregulated both at first and third weeks, respectively, in surviving cardiomyocytes (Wang et al., 2018). Autophagosome biogenesis requires LC3-mediated elongation to form a circular double-layer membrane. LC3 I is distributed in the cytoplasm, while LC3II is located in autophagosomes. Therefore, the transition from LC3 I to LC3II indicates the increased formation of autophagosomes (Florey and Overholtzer, 2012; Hamacher-Brady, 2012). p62 is an autophagy receptor that interacts with phagophores with its LC3 domain and interacting with the ubiquitin-proteasome system via its ubiquitin-associated domain to mediate autophagosome degradation (Johansen and Lamark, 2011). The accumulation of p62 indicates a blockade ofautophagy flux. Thus, p62 and LC3 are both important markers of autophagy and are often used to monitor changes in autophagy. Treatment with autophagy inhibitors significantly aggravates cardiac dysfunction and cardiac remodeling after infarction (Kanamori et al., 2011). Moreover, the activation of autophagy by mTOR inhibitors or other autophagy enhancers may reduce the area of the myocardial infarct and mitigate left ventricular remodeling after myocardial infarction (Buss et al., 2009; Sciarretta et al., 2018b). Therefore, autophagy activation during myocardial infarction is an adaptive response to protect the heart from injury, and inadequate upregulation of autophagy may lead to heart failure after myocardial infarction.

However, autophagy appears to play a completely opposite role in myocardial ischemia-reperfusion. As shown in the study by Ma et al. (2012), myocardial ischemia-reperfusion impaired autophagosome clearance and increased cardiomyocyte death, partially due to the reduced level of lysosome-associated membrane protein-2 but up-regulated Beclin-1 expression induced by reactive oxygen species. Additionally, autosis, a novel form of cell death induced by autophagy, was observed in myocardial ischemia-reperfusion. The suppression of autosis reduced cardiac injury, which further confirmed the adverse effects of autophagy on myocardial ischemia-reperfusion (Nah et al., 2020). Moreover, the inhibition of autophagy by either a histone deacetylase inhibitor or autophagy-related circular RNA (ACR) reduces the infarct area and attenuates myocardial ischemia-reperfusion injury (Xie et al., 2014; Zhou et al., 2019). The opposite effects of autophagy on myocardial infarction and myocardial ischemia-reperfusion may be attributed to the finding that autophagy in the first process is mediated by AMPK but mediated by Beclin1 in the second process (Matsui et al., 2007; Takagi et al., 2007; Shi et al., 2019).

Mice with a cardiac-specific deficiency in autophagy-related 5 showed a disorderly arrangement of the cardiac sarcomere structure, an abnormal mitochondrial structure and obvious cardiac dysfunction after the induction of aortic constriction-induced pressure overload (Nakai et al., 2007). However, overexpression of Beclin1 aggravated the pathological cardiac remodeling under pressure overload (Zhu et al., 2007). Based on these studies, baseline autophagy is necessary for maintaining the cardiac structure and function, but overactivation by beclin1 overexpression might be detrimental. In diabetic mice, the inhibition of AMPK activity reduced cardiac autophagy, which aggravated cardiac dysfunction and increased mortality in diabetic mice (Zou and Xie, 2013). Xie Z et alused metformin to chronically activate AMPK and prevent a deterioration in cardiac function via increasing autophagy activity (Xie et al., 2011a; Xie et al., 2011b). In contrast, Chen et al. (2017) inhibited Beclin1 expression with Mir30c and observed an amelioration of damage to the cardiac structure and function in diabetic mice. Therefore, autophagy plays a dual role in cardiac remodeling. Autophagy is activated to different levels and exerts quite different effects on different animal models, ultimately producing beneficial or harmful effects. In view of the complexity of autophagy, artificial activation or inhibition of a specific target may fail to imitate changes in autophagy flux itself. Moderate autophagy activity will be beneficial for reducing intracellular aging organelles and providing energy metabolism substrates for cells in ischemia, while excessively activated autophagy may selectively degrade some key metabolic enzymes and mitochondria, leading to metabolic disorders that accelerate the process of cardiac decompensation and ultimately result in heart failure. The protective effect of autophagy on the heart is only achieved when autophagy is maintained at the appropriate level.




ENERGY HOMEOSTASIS IN CARDIAC REMODELING


The heart expends a large amount of energy to function normally and pump blood with frequent contractions. The ATP turnover rate in the human heart is 15–20 times its own weight (Kolwicz et al., 2013). Since the heart has little reserve of high-energy phosphate, a sustainable and stabile ATP supply is essential for the maintenance of cardiac systolic function. The energy metabolism of the heart is flexible to ensure an adequate ATP supply in response to different pathophysiological stresses (Bertero and Maack, 2018). Various energy substrates, such as carbohydrates, lipids, amino acids and ketone bodies, can be utilized for the different the biological activities of cardiomyocytes (Stanley et al., 2005). Although many different substrates supply energy to cardiomyocytes, fatty acid oxidation is the main source of the energy supply in the adult heart, accounting for approximately 70–90% of the total energy consumption in the adult heart, and the remaining 10–30% is derived from the oxidation of glucose and lactate (Lopaschuk et al., 2010; Doenst et al., 2013).

Cardiac remodeling is often accompanied by the remodeling of energy metabolism. In pressure overload-induced cardiac remodeling, glycolysis is enhanced and fatty acids oxidation is reduced (Krishnan et al., 2009), which has been observed at 2 weeks after aortic constriction in rats (Doenst et al., 2010). Increased glucose utilization in cardiac hypertrophy promotes aspartate biosynthesis, leading to the increased synthesis of nucleotides, RNA and proteins (Nakamura and Sadoshima, 2018). A deletion of acetyl-CoA-carboxylase2 (ACC2) increases fatty acid oxidation to maintain catabolic metabolism for energy production and avoid anabolic metabolism (Ritterhoff et al., 2020). Indeed, the energy metabolism pattern in cardiac pressure overload-induced cardiac remodeling is similar to the fetal heart, which is characterized by reduced ATP synthesis that leads to inefficient energy metabolism (Sorokina et al., 2007). In contrast to energy metabolism in cardiac hypertrophy, the energy metabolism in diabetes and obesity-induced cardiac remodeling is characterized by increased fatty acid intake and oxidation but decreased glucose oxidation because of impaired insulin signaling (Anderson et al., 2009). As a result, the oxygen consumption of the heart is increased, but the efficiency of energy metabolism is decreased and accompanied by the production of excess oxidative stress, which contributes to the imbalance between an increased substrate supply and decreased oxidative phosphorylation capacity (Boudina et al., 2007; Anderson et al., 2009; Kolwicz et al., 2013). Although energy metabolic remodeling is varies in different cardiac remodeling models, the development of heart failure is accelerated by common factors, including oxidative stress caused by continuous metabolic disorders, increased insulin resistance, lipid accumulation and energy deficiency (Stanley et al., 2005; Ashrafian et al., 2007; Ingwall, 2009; Tuunanen and Knuuti, 2011; Noordali et al., 2018).




INTERACTION BETWEEN AUTOPHAGY AND ENERGY HOMEOSTASIS IN CARDIAC HYPERTROPHY


Cardiac hypertrophy is an adaptation of the heart that increases cardiac contraction and decreases ventricular wall stress in response to hemodynamic overload. Cardiac hypertrophy is divided into physiological hypertrophy and pathological hypertrophy (Shimizu and Minamino, 2016; Nakamura and Sadoshima, 2018). Physiological cardiac hypertrophy is reversible and not accompanied by cardiac dysfunction. During physiological cardiac hypertrophy, autophagy is strictly controlled at the basal level and energy efficiency is improved, while autophagy is up-regulated and metabolism is reprogrammed during pathological cardiac hypertrophy (Rothermel and Hill, 2008; Nakamura and Sadoshima, 2018). As a result, the abnormal metabolism and autophagy caused by pathological signaling pathways will cause cardiac dysfunction and eventually contribute to heart failure. The subsequently occurring cardiac hypertrophy is pathological cardiac hypertrophy.

In endothelin-1-treated cardiomyocytes, prolyl-tRNA synthase inhibitors activate the amino acid response, which mimics amino acid deprivation to enhance autophagy flux, as evidenced by increased LC3II expression and decreased p62 accumulation. Autophagy mediated by the amino acid response maintains the metabolic balance (Qin et al., 2017). When amino acids are abundant, Rag GTPases, which function as amino acid sensors, activate mTORC1 to inhibit autophagy by recruiting mTORC1 onto the lysosomal membrane surface (Jewell et al., 2013; Bar-Peled and Sabatini, 2014). Mice with cardiomyocyte-specific RagA and RagB knockout showed abnormal deposition of autophagosomes and autolysosomes and malignant cardiac remodeling after challenge with pressure overload (Kim et al., 2014). Similarly, knockout of the G protein coupled receptor TAS1R3, another amino acid sensor, also enhanced autophagy in the mouse heart (Wauson et al., 2012). The authors of these studies concluded that amino acids are important regulators of cardiac autophagy. When the energy supply is sufficient, amino acids interact with amino acid sensors to activate mTORC1 and avoid excess autophagy activation (Figure 1). When protein metabolism is blocked, the amino acid response in cardiomyocytes will activate autophagy, which helps the heart response to the stimulation by pro-cardiac hypertrophy factors. In addition, the maintenance of high levels of acetyl-CoA inhibits excess autophagy in cardiac hypertrophy caused by pressure overload (Marino et al., 2014). Because acetyl-CoA is the common pathway through which glucose, lipids and proteins, the three major metabolisms, enter the Krebs cycle, sufficient energy metabolism might be an important prerequisite for limiting excess autophagy in cardiac hypertrophy.
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FIGURE 1 | 
Interaction between autophagy and energy metabolism in cardiac hypertrophy. Autophagy supplies amino acids for protein synthesis in cardiac hypertrophy, while abundant amino acids interact with amino acid sensors to activate mammalian target of rapamycin (mTOR) and avoid excess autophagy activation. Overactivated autophagy leads to a shift in energy metabolism from fatty acid oxidation to glucose oxidation. In turn, the change in the energy substrate can activate mTOR and then inhibit autophagy. And the interaction between them may be one explanation for the observation that cardiac hypertrophy eventually progresses to heart failure. mTOR, mammalian target of rapamycin.



Raptor is an important component of mTORC1. According to Shende et al. (2011), autophagy is significantly enhanced in the mouse heart after raptor knockout. The raptor knockout mice developed acute dilated cardiomyopathy accompanied by reduced palmitate oxidation and increased glucose oxidation after challenge with pressure overload, indicating a shift in energy metabolism from fatty acid oxidation to glucose oxidation. Based on the results of this study, the overactivation of autophagy not only inhibits the overload-induced adaptive hypertrophy of the heart but also increases glucose oxidation, shifting the main substrate of energy metabolism from fatty acids to glucose. Quite a few studies observed this pathological shift in energy metabolism in the decompensated stage of heart failure (Stanley et al., 2005; Bedi et al., 2016; Gibb and Hill, 2018), and this shift was proven to aggravate myocardial lipotoxicity and accelerate cardiac decompensation (Tuunanen et al., 2006; Santos-Gallego et al., 2019). Fatty acids are converted to acyl-CoAs by acyl-CoA synthetases (ACSLs), which are then oxidized in the mitochondria to produce energy. As shown in the study by Grevengoed et al. (2015), temporary knockout of acyl-CoA synthetase 1 (Acsl1T−/−) increased glucose oxidation by eight-fold in the mouse heart to compensate for the compromised fatty acid oxidation. The change in the energy substrate activated mTORC1 and then inhibited autophagy, ultimately resulting in a three-fold increase in the number of structurally abnormal mitochondria in the heart. Rapamycin-induced autophagy activation clears abnormal mitochondria and normalizes mitochondrial function in Acsl1T−/− hearts. Therefore, although the increased glucose utilization rate in the early stage of cardiac hypertrophy might meet the needs of growing cardiomyocytes as an adaptive mechanism, when the fatty acid oxidation is almost completely replaced by glucose oxidation, the inhibition of autophagy will fail to clear damaged mitochondria and ultimately affects the synthesis of ATP, which may be one explanation for the observation that cardiac hypertrophy eventually progresses to heart failure (Figure 1).

Obviously, as a sensor for the change in the energy metabolic substrate and an inhibitor of autophagy in cardiac hypertrophy, mTOR is an important target for treating cardiac hypertrophy. Therapeutic interventions such as resveratrol and metformin effectively attenuate cardiac hypertrophy by activating AMPK and inhibiting the mTOR pathway (Dolinsky et al., 2009; Fu et al., 2011). Therefore, mTOR may be the key to exploring the interaction between autophagy and energy homeostasis, and methods to simultaneously optimize autophagy and energy homeostasis by regulating mTOR in certain contexts may become a challenge in future studies.




INTERACTION BETWEEN AUTOPHAGY AND ENERGY HOMEOSTASIS IN DIABETES-ASSOCIATED CARDIOMYOPATHY


Diabetes-associated cardiomyopathy refers to the structural and functional changes in the heart caused by diabetes in the absence of coronary artery disease, hypertension, valvular heart disease or other cardiovascular diseases (Tan et al., 2020). In mice with type 2 diabetes mellitus (T2DM), increased fatty acid levels downregulate SP1 expression. SP1 is an important transcription factor involved in energy metabolism. SP1 downregulation relieves the inhibition of the downstream Mir30c and results in BECN1 overexpression, which facilitates the formation of autophagosomes in the initial phase of autophagy. Increased autophagy induces cell death and finally exacerbates cardiac remodeling and fibrosis in diabetes-associated cardiomyopathy (Chen et al., 2017). Additionally, in the hearts of high-fat diet-fed mice and palmitate-stimulated H9C2 cardiomyocytes, excess fatty acids impair lysosomal enzyme activity by activating the protein kinase C-β (PKCβ)/NADPH oxidase 2 (NOX2) pathway, which blocks the digestion of autophagosome, resulting in decreased autophagy flux and the accumulation of autophagosomes (Jaishy et al., 2015). According to An et al., a ULK1 deficiency prevented autophagy-mediated lipoprotein lipase (LPL) degradation in the hearts of high-fat diet-fed mice and resulted in the excess deposition of fatty acids in cardiomyocytes, which caused cardiac dysfunction (An et al., 2017). Tong et al. reported that an autophagy-related 7 (ATG7) deletion impaired mitochondrial function and increased lipid deposition in the hearts of mice fed a high-fat diet (Tong et al., 2019). Based on these studies, we concluded that autophagy plays important roles in diabetes-associated cardiomyopathy. Abnormally increased fatty acid levels initiate autophagy, but accumulated fatty acids impair the digestion and degradation of autophagosomes, resulting in autophagosome accumulation. The accumulated autophagosomes may be one explanation for the aggravated cardiac remodeling in individuals with T2DM (Figure 2).
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FIGURE 2 | 
Interaction between autophagy and energy metabolism in diabetes-associated cardiomyopathy. Decreased insulin signal transduction in the heart shifts glucose from glycolytic pathway to branching metabolic pathways by autophagy, which reduces the efficiency of energy metabolism and increases the cardiac the inflexibility of cardiac metabolism. Increased lipid deposition can lead to impaired autophagy, which in turn aggravates the accumulation of lipid in the heart. This vicious circle, combined with the inflexibility of energy metabolism, exacerbates diabetes-associated cardiomyopathy.



Although both type 1 diabetes mellitus (T1DM) and T2DM are characterized by similar metabolic disorders, such as hyperglycemia and dyslipidemia, the characteristics of autophagy in the heart of individuals with T1DM is somewhat different from the heart of individuals with T2DM. Kanamori H et al. (Kanamori et al., 2015) observed an increase in the whole process of autophagy in the hearts of individuals with type 1 diabetes, while the final digestion step of autophagy was suppressed in the hearts of individuals with type 2 diabetes. Zhang et al. (2016) confirmed that fenofibrate, a lipid-lowering drug, prevents fibrosis and inflammation in the hearts of subjects with type 1 diabetes upregulating autophagy mediated by sirtuin1. Wei et al. (2017) also reported that enhancing autophagy by inhibiting mTOR in type 1 diabetic rats restrained the development of diabetes-associated cardiomyopathy. Thus, enhanced autophagy might alleviate T1DM-associated cardiomyopathy. Nevertheless, the exact effect of lipid metabolism on autophagy in T1DM-related cardiomyopathy still requires further studies. Furthermore, since the suppression of the digestion step of autophagy in the hearts of individuals with type 2 diabetes is potentially explained by the effects of lipid metabolism, a fascinating problem that remains to be explored is whether the differences in autophagy characteristics in the hearts of individuals with T2DM and T1DM are explained by the effects of energy metabolism.

Insulin deficiency in individuals with T1DM and insulin resistance in individuals with T2DM may lead to decreased insulin signal transduction in the heart, which facilitates the degradation of phosphofructokinase 2 (PFK-2) by chaperone-mediated autophagy. Meanwhile, phosphofructokinase 1 (PFK-1), the rate-limiting enzyme in the glycolytic pathway, is also inhibited due to the degradation of PFK-2 (Bockus et al., 2017). Then, the excess accumulation of upstream intermediates shifts glucose from the glycolytic pathway to other energy metabolism pathways, such as glycogen synthesis and the pentose phosphate pathway, and this shift will reduce the efficiency of energy metabolism and increase the inflexibility of cardiac metabolism, which is one of the common pathological mechanisms of diabetes-associated cardiomyopathy associated with T1DM and T2DM (Figure 2). In other words, the interaction between autophagy and energy homeostasis amplifies the adverse effects of decreased insulin signal transduction caused by insulin deficiency or resistance in the hearts of individuals with diabetes. The reduced insulin signaling results in increased lipid deposition and less glucose utilization, and autophagy subsequently enhances the aforementioned adverse effects. Further studies of this relationship may facilitate the development of new strategies for the treatment of diabetes-associated cardiomyopathy.




INTERACTION BETWEEN AUTOPHAGY AND ENERGY HOMEOSTASIS IN ISCHEMIC HEART DISEASES


During myocardial infarction, cardiomyocytes are in an energy-deficient status. Accordingly, AMPK-mediated autophagy plays an important role in protecting against cardiomyocyte injuries by supplying energy metabolism substrates. An injection of rapamycin reduces the myocardial infarct area of mice fed a high-fat diet (Sciarretta et al., 2012). Hexokinase- II (HK-II), a key enzyme in the glycolytic pathway, interacts with mTORC1 and inhibits its activity to enhance autophagy. Glucose-6-phosphate, which is produced by the phosphorylation of glucose by HK-II, inhibits the interaction of HK-II and mTORC1. Moreover, a glucose deficiency in cardiomyocytes might enhance HK-II-mediated mTORC1 inhibition, which contributes to increased autophagy for supplying energy to protect cardiomyocytes (Roberts et al., 2014; Roberts and Miyamoto, 2015; Tan and Miyamoto, 2015). Tan et al. (2019) also confirmed that HK-II in mitochondria induces Parkin-mediated mitophagy to protect against myocardial ischemia. Similarly, in glucose-deprived cardiomyocytes, NADPH oxidase 4 (NOX4) produces reactive oxygen species and activates the protein kinase RNA-activated-like ER kinase signaling pathway to enhance autophagy and subsequent increase cardiomyocyte survival (Sciarretta et al., 2013). Taken together, during myocardial infarction, a deficiency in glucose metabolism substrates in cardiomyocytes enhances autophagy, which is an adaptive mechanism of the heart in response to ischemic stress that exerts a protective effectby replenishing energy and clearing damaged mitochondria (Figure 3). In contrast, other studies found that insulin-like growth factor 1 (IGF-1) inhibits autophagy in energy-deprived cardiomyocytes by activating protein kinase B (AKT)/mTOR and reducing AMPK activity, which activates mitochondrial metabolism, decreases cell death, and reduces the damage caused by excessive energy deprivation (Troncoso et al., 2012) (Figure 3). Therefore, we inferred that some potential mechanisms might determine whether autophagy induced by energy deprivation in cardiomyocytes promotes cardiomyocyte survival or increases cardiomyocyte death. High levels of autophagy potentially induce autosis, which directly leads to cardiomyocyte death. A threshold of autophagy flux may distinguish autosis from nonlethal autophagy (Kriel and Loos, 2019). A reasonable hypothesis is that this threshold may be one of the key mechanisms that determines cardiomyocyte death during myocardial infarction, but this hypothesis still requires further verification.
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FIGURE 3 | 
Interaction between autophagy and energy metabolism in ischemic heart diseases. Energy deprivation caused by myocardial infarction enhances autophagy to promote cardiomyocyte survival by replenishing energy, however, excess autophagy can induce autosis, which can lead to cardiomyocyte death. An improvement in energy metabolism melay limit autophagy to an appropriate level.



A shift from fatty acid to glucose metabolism caused by hypoxia has been observed in the hearts of mice with acute myocardial infarction (Doenst et al., 2013; Gu et al., 2018). Compared with the control group, mice that underwent three weeks of swimming training before the myocardial infarction showed a significant reduction in the infarct area. Mechanically, preoperative training improved mitochondrial biosynthesis and abrogated the change in energy metabolism by upregulating the expression of peroxisome proliferator-activated receptor-gamma coactivator-1 (PGC-1γ), which helped attenuate myocardial ischemia-induced autophagy (Tao et al., 2015). Therefore, an improvement in energy metabolism may limit autophagy to an appropriate level, which may represent an effective approach to ameliorating cardiac remodeling after myocardial infarction (Figure 3).

In contrast to the inhibition of mTOR by AMPK during myocardial ischemia, mTOR is activated during myocardial reperfusion through the inhibition of the glycogen synthase kinase-3β (GSK-3β)/tuberous sclerosis complex 2 (TCS2) pathway, resulting in decreased autophagy (Zhai et al., 2011; Sciarretta et al., 2014). Both melatonin and choline limit excess autophagy by activating mTOR, which ultimately reduces the infarct area after myocardial ischemia-reperfusion (Chen et al., 2018; Hang et al., 2018). Therefore, researchers have speculated that changes in energy metabolism due to reperfusion may result in a different effect of mTOR on protecting the heart from ischemia-reperfusion injury. Activated protein C (APC) reduces myocardial ischemia-reperfusion injury by increasing the oxidation of glucose rather than fatty acids as energy substrates and increasing autophagy flux (Costa et al., 2012). However, the systemic blockade of activin 2B receptor ligands protects against myocardial ischemia-reperfusion injury by increasing glucose uptake, increasing glycolysis and reducing autophagy (Magga et al., 2019). According to the aforementioned studies, increase in glucose metabolism appears to be beneficial for cardiac remodeling after ischemia-reperfusion injury. Nevertheless, this protective effect on myocardial ischemia-reperfusion injury was accompanied by different changes in autophagy in different experiments, increasing the difficulty of determining the exact relationship between energy homeostasis and autophagy. Because the degree of ischemia in different experiments may also affect the outcome of reperfusion, the effect of energy homeostasis on autophagy must be to clarified in further studies.




CONCLUSION


In summary, autophagy regulates cardiac energy homeostasis during cardiac remodeling by releasing energy metabolism substrates and degrading key enzymes involved in energy metabolism, functioning as a “double-edged sword.” On the one hand, autophagy reduces oxidative stress and increases the survival of cardiomyocytes by scavenging dysfunctional mitochondria and replenishing the energysupply. On the other hand, autophagy aggravates pathological cardiac remodeling by increasing lipid deposition and reducing the efficiency of energy metabolism (Table 1). However, the mechanisms regulating autophagy and energy metabolism remain to be solved. Although many unsolved problems regarding the mechanism underlying the interaction between autophagy and energy homeostasis persist, the intracellular nutrient sensor mTOR plays a major role in this interaction during cardiac remodeling (Yang and Ming, 2012; Sciarretta et al., 2014; Tan and Miyamoto, 2016). Considering the pivotal functions of autophagy and energy homeostasis in the pathological mechanism of cardiac remodeling and the complex relationship between these processes, studies examining key mechanisms related to the interaction between autophagy and energy homeostasis may contribute to the discovery of new strategies to prevent or treat cardiac remodeling in the future.





TABLE 1 | 
Autophagy and energy homeostasis in cardiovascular diseases.

[image: Table 1]





AUTHOR CONTRIBUTIONS


WD and HF were responsible for assembling and drafting of the manuscript. W-J L was responsible for drawing figures and organizing tables. H-H L and Q-Z T were responsible for designing, conducting and revising this manuscript.




FUNDING


This work was supported by the National Natural Science Foundation of China (No. 8180021781530012), the National Key R&D Program of China (No. 2018YFC1311300), the Development Center for Medical Science and Technology National Health and Family Planning Commission of the People’s Republic of China (The prevention and control project of cardiovascular disease, No. 2016ZX-008-01), the Fundamental Research Funds for the Central Universities (No. 2042018kf1032) and the Science and Technology Planning Projects of Wuhan (No. 2018061005132295).




ACKNOWLEDGMENTS


The authors acknowledge the support received from Renmin Hospital of Wuhan University. We also thank some friends in our lab for their help.




ABBREVIATIONS

mTORC1, mammalian target of rapamycin complex 1; mTOR, mammalian target of rapamycin; ULK1, unc-51 like kinase-1; LC3 I, microtubule-associated protein light chain I; LC3 II, microtubule-associated protein light chain II; p62, sequestosome 1; ACR, autophagy-related circular RNA; Atg5, autophagy-related 5; ACC2, acetyl-CoA-carboxylase 2; ACSLs, acyl-CoA synthetases; T2DM, type 2 diabetes mellitus; PKCβ, protein kinase C-β; NOX2, NADPH oxidase 2; LPL, lipoprotein lipase; ATG7, autophagy-related 7; T1DM, type 1 diabetes mellitus; PFK-2, phosphofructokinase 2; PFK-1, phosphofructokinase 1; HK-II, hexokinase-II; NOX4, NADPH oxidase 4; IGF-1, insulin-like growth factor 1; AKT, protein kinase B; PGC-1γ, peroxisome proliferator-activated receptor-gamma coactivator-1; GSK-3β, glycogen synthase kinase-3β; TCS2, tuberous sclerosis complex 2; APC, activated protein C.



REFERENCES



 An, M., Ryu, D. R., Won Park, J., Ha Choi, J., Park, E. M., Eun Lee, K., et al. (2017). ULK1 prevents cardiac dysfunction in obesity through autophagy-meditated regulation of lipid metabolism. Cardiovasc. Res. 113 (10), 1137–1147. doi:10.1093/cvr/cvx064



 Anderson, E. J., Kypson, A. P., Rodriguez, E., Anderson, C. A., Lehr, E. J., and Neufer, P. D. (2009). Substrate-specific derangements in mitochondrial metabolism and redox balance in the atrium of the type 2 diabetic human heart. J. Am. Coll. Cardiol. 54 (20), 1891–1898. doi:10.1016/j.jacc.2009.07.031



 Anding, A. L., and Baehrecke, E. H. (2017). Cleaning house: selective autophagy of organelles. Dev. Cell 41 (1), 10–22. doi:10.1016/j.devcel.2017.02.016



 Ashrafian, H., Frenneaux, M. P., and Opie, L. H. (2007). Metabolic mechanisms in heart failure. Circulation 116 (4), 434–448. doi:10.1161/CIRCULATIONAHA.107.702795



 Bar-Peled, L., and Sabatini, D. M. (2014). Regulation of mTORC1 by amino acids. Trends Cell Biol. 24 (7), 400–406. doi:10.1016/j.tcb.2014.03.003



 Bedi, K. C., Snyder, N. W., Brandimarto, J., Aziz, M., Mesaros, C., Worth, A. J., et al. (2016). Evidence for intramyocardial disruption of lipid metabolism and increased myocardial ketone utilization in advanced human heart failure. Circulation 133 (8), 706–716. doi:10.1161/CIRCULATIONAHA.115.017545



 Bertero, E., and Maack, C. (2018). Metabolic remodelling in heart failure. Nat. Rev. Cardiol. 15 (8), 457–470. doi:10.1038/s41569-018-0044-6



 Bockus, L. B., Matsuzaki, S., Vadvalkar, S. S., Young, Z. T., Giorgione, J. R., Newhardt, M. F., et al. (2017). Cardiac insulin signaling regulates glycolysis through phosphofructokinase 2 content and activity. J. Am. Heart Assoc. 6 (12). doi:10.1161/JAHA.117.007159



 Boudina, S., Sena, S., Theobald, H., Sheng, X., Wright, J. J., Hu, X. X., et al. (2007). Mitochondrial energetics in the heart in obesity-related diabetes: direct evidence for increased uncoupled respiration and activation of uncoupling proteins. Diabetes 56 (10), 2457–2466. doi:10.2337/db07-0481



 Buss, S. J., Muenz, S., Riffel, J. H., Malekar, P., Hagenmueller, M., Weiss, C. S., et al. (2009). Beneficial effects of Mammalian target of rapamycin inhibition on left ventricular remodeling after myocardial infarction. J. Am. Coll. Cardiol. 54 (25), 2435–2446. doi:10.1016/j.jacc.2009.08.031



 Chen, C., Yang, S., Li, H., Yin, Z., Fan, J., Zhao, Y., et al. (2017). Mir30c is involved in diabetic cardiomyopathy through regulation of cardiac autophagy via BECN1. Mol. Ther. Nucleic Acids 7, 127–139. doi:10.1016/j.omtn.2017.03.005



 Chen, W. R., Liu, H. B., Chen, Y. D., Sha, Y., Ma, Q., Zhu, P. J., et al. (2018). Melatonin attenuates myocardial ischemia/reperfusion injury by inhibiting autophagy via an AMPK/mTOR signaling pathway. Cell. Physiol. Biochem. 47 (5), 2067–2076. doi:10.1159/000491474



 Costa, R., Morrison, A., Wang, J., Manithody, C., Li, J., and Rezaie, A. R. (2012). Activated protein C modulates cardiac metabolism and augments autophagy in the ischemic heart. J. Thromb. Haemost. 10 (9), 1736–1744. doi:10.1111/j.1538-7836.2012.04833.x



 Delbridge, L. M. D., Mellor, K. M., Taylor, D. J., and Gottlieb, R. A. (2017). Myocardial stress and autophagy: mechanisms and potential therapies. Nat. Rev. Cardiol. 14 (7), 412–425. doi:10.1038/nrcardio.2017.35



 Dikic, I., and Elazar, Z. (2018). Mechanism and medical implications of mammalian autophagy. Nat. Rev. Mol. Cell Biol. 19 (6), 349–364. doi:10.1038/s41580-018-0003-4



 Doenst, T., Nguyen, T. D., and Abel, E. D. (2013). Cardiac metabolism in heart failure: implications beyond ATP production. Circ. Res. 113 (6), 709–724. doi:10.1161/CIRCRESAHA.113.300376



 Doenst, T., Pytel, G., Schrepper, A., Amorim, P., Farber, G., Shingu, Y., et al. (2010). Decreased rates of substrate oxidation ex vivo predict the onset of heart failure and contractile dysfunction in rats with pressure overload. Cardiovasc. Res. 86 (3), 461–470. doi:10.1093/cvr/cvp414


 Dolinsky, V. W., Chan, A. Y., Robillard Frayne, I., Light, P. E., Des Rosiers, C., and Dyck, J. R. (2009). Resveratrol prevents the prohypertrophic effects of oxidative stress on LKB1. Circulation 119 (12), 1643–1652. doi:10.1161/CIRCULATIONAHA.108.78744



 Dorn, G. W. (2019). Evolving concepts of mitochondrial dynamics. Annu. Rev. Physiol. 81, 1–17. doi:10.1146/annurev-physiol-020518-114358



 Florey, O., and Overholtzer, M. (2012). Autophagy proteins in macroendocytic engulfment. Trends Cell Biol. 22 (7), 374–380. doi:10.1016/j.tcb.2012.04.005



 Fu, Y. N., Xiao, H., Ma, X. W., Jiang, S. Y., Xu, M., and Zhang, Y. Y. (2011). Metformin attenuates pressure overload-induced cardiac hypertrophy via AMPK activation. Acta Pharmacol. Sin. 32 (7), 879–887. doi:10.1038/aps.2010.229



 Galluzzi, L., Pietrocola, F., Levine, B., and Kroemer, G. (2014). Metabolic control of autophagy. Cell 159 (6), 1263–1276. doi:10.1016/j.cell.2014.11.006



 Gibb, A. A., and Hill, B. G. (2018). Metabolic coordination of physiological and pathological cardiac remodeling. Circ. Res. 123 (1), 107–128. doi:10.1161/CIRCRESAHA.118.312017



 Grevengoed, T. J., Cooper, D. E., Young, P. A., Ellis, J. M., and Coleman, R. A. (2015). Loss of long-chain acyl-CoA synthetase isoform 1 impairs cardiac autophagy and mitochondrial structure through mechanistic target of rapamycin complex 1 activation. FASEB J 29 (11), 4641–4653. doi:10.1096/fj.15-272732



 Gu, C., Li, T., Jiang, S., Yang, Z., Lv, J., Yi, W., et al. (2018). AMP-activated protein kinase sparks the fire of cardioprotection against myocardial ischemia and cardiac ageing. Ageing Res. Rev. 47, 168–175. doi:10.1016/j.arr.2018.08.002



 Gustafsson, A. B., and Gottlieb, R. A. (2008). Recycle or die: the role of autophagy in cardioprotection. J. Mol. Cell. Cardiol. 44 (4), 654–661. doi:10.1016/j.yjmcc.2008.01.010



 Gustafsson, A. B., and Gottlieb, R. A. (2009). Autophagy in ischemic heart disease. Circ. Res. 104 (2), 150–158. doi:10.1161/CIRCRESAHA.108.187427



 Hamacher-Brady, A. (2012). Autophagyregulation and integration with cell signaling. Antioxidants Redox Signal. 17 (5), 756–765. doi:10.1089/ars.2011.4410



 Hang, P., Zhao, J., Su, Z., Sun, H., Chen, T., Zhao, L., et al. (2018). Choline inhibits ischemia-reperfusion-induced cardiomyocyte autophagy in rat myocardium by activating akt/mTOR signaling. Cell. Physiol. Biochem. 45 (5), 2136–2144. doi:10.1159/000488049



 Hariharan, N., Maejima, Y., Nakae, J., Paik, J., Depinho, R. A., and Sadoshima, J. (2010). Deacetylation of FoxO by Sirt1 plays an essential role in mediating starvation-induced autophagy in cardiac myocytes. Circ. Res. 107 (12), 1470–1482. doi:10.1161/CIRCRESAHA.110.227371



 He, C., Bassik, M. C., Moresi, V., Sun, K., Wei, Y., Zou, Z., et al. (2012). Exercise-induced BCL2-regulated autophagy is required for muscle glucose homeostasis. Nature 481 (7382), 511–515. doi:10.1038/nature10758



 Ingwall, J. S. (2009). Energy metabolism in heart failure and remodelling. Cardiovasc. Res. 81 (3), 412–419. doi:10.1093/cvr/cvn301



 Jaishy, B., Zhang, Q., Chung, H. S., Riehle, C., Soto, J., Jenkins, S., et al. (2015). Lipid-induced NOX2 activation inhibits autophagic flux by impairing lysosomal enzyme activity. J. Lipid Res. 56 (3), 546–561. doi:10.1194/jlr.M055152



 Jewell, J. L., Russell, R. C., and Guan, K. L. (2013). Amino acid signalling upstream of mTOR. Nat. Rev. Mol. Cell Biol. 14 (3), 133–139. doi:10.1038/nrm3522



 Johansen, T., and Lamark, T. (2011). Selective autophagy mediated by autophagic adapter proteins. Autophagy 7 (3), 279–296. doi:10.4161/auto.7.3.14487



 Kanamori, H., Takemura, G., Goto, K., Maruyama, R., Tsujimoto, A., Ogino, A., et al. (2011). The role of autophagy emerging in postinfarction cardiac remodelling. Cardiovasc. Res. 91 (2), 330–339. doi:10.1093/cvr/cvr073



 Kanamori, H., Takemura, G., Goto, K., Tsujimoto, A., Mikami, A., Ogino, A., et al. (2015). Autophagic adaptations in diabetic cardiomyopathy differ between type 1 and type 2 diabetes. Autophagy 11 (7), 1146–1160. doi:10.1080/15548627.2015.1051295



 Kemp, B. E., Mitchelhill, K. I., Stapleton, D., Michell, B. J., Chen, Z. P., and Witters, L. A. (1999). Dealing with energy demand: the AMP-activated protein kinase. Trends Biochem. Sci. 24 (1), 22–25. doi:10.1016/s0968-0004(98)01340-1



 Kim, Y. C., Park, H. W., Sciarretta, S., Mo, J. S., Jewell, J. L., Russell, R. C., et al. (2014). Rag GTPases are cardioprotective by regulating lysosomal function. Nat. Commun. 5, 4241. doi:10.1038/ncomms5241



 Kolwicz, S. C., Purohit, S., and Tian, R. (2013). Cardiac metabolism and its interactions with contraction, growth, and survival of cardiomyocytes. Circ. Res. 113 (5), 603–616. doi:10.1161/CIRCRESAHA.113.302095



 Kriel, J., and Loos, B. (2019). The good, the bad and the autophagosome: exploring unanswered questions of autophagy-dependent cell death. Cell Death Differ. 26 (4), 640–652. doi:10.1038/s41418-018-0267-4



 Krishnan, J., Suter, M., Windak, R., Krebs, T., Felley, A., Montessuit, C., et al. (2009). Activation of a HIF1alpha-PPARgamma axis underlies the integration of glycolytic and lipid anabolic pathways in pathologic cardiac hypertrophy. Cell Metabol. 9 (6), 512–524. doi:10.1016/j.cmet.2009.05.005



 Lopaschuk, G. D., Ussher, J. R., Folmes, C. D., Jaswal, J. S., and Stanley, W. C. (2010). Myocardial fatty acid metabolism in health and disease. Physiol. Rev. 90 (1), 207–258. doi:10.1152/physrev.00015.2009



 Ma, X., Liu, H., Foyil, S. R., Godar, R. J., Weinheimer, C. J., Hill, J. A., et al. (2012). Impaired autophagosome clearance contributes to cardiomyocyte death in ischemia/reperfusion injury. Circulation 125 (25)v3170–3181. doi:10.1161/CIRCULATIONAHA.111.041814



 Magga, J., Vainio, L., Kilpio, T., Hulmi, J. J., Taponen, S., Lin, R., et al. (2019). Systemic blockade of ACVR2B ligands protects myocardium from acute ischemia-reperfusion injury. Mol. Ther. 27 (3), 600–610. doi:10.1016/j.ymthe.2019.01.013



 Marino, G., Pietrocola, F., Eisenberg, T., Kong, Y., Malik, S. A., Andryushkova, A., et al. (2014). Regulation of autophagy by cytosolic acetyl-coenzyme A. Mol. Cell 53 (5), 710–725. doi:10.1016/j.molcel.2014.01.016



 Matsui, Y., Takagi, H., Qu, X., Abdellatif, M., Sakoda, H., Asano, T., et al. (2007). Distinct roles of autophagy in the heart during ischemia and reperfusion: roles of AMP-activated protein kinase and Beclin 1 in mediating autophagy. Circ. Res. 100 (6), 914–922. doi:10.1161/01.RES.0000261924.76669.36



 Miyamoto, S. (2019). Autophagy and cardiac aging. Cell Death Differ. 26 (4), 653–664. doi:10.1038/s41418-019-0286-9



 Nah, J., Zhai, P., Huang, C. Y., Fernandez, A. F., Mareedu, S., Levine, B., et al. (2020). Upregulation of Rubicon promotes autosis during myocardial ischemia/reperfusion injury. J. Clin. Invest. 130 (6), 2978–2991. doi:10.1172/JCI132366



 Nakai, A., Yamaguchi, O., Takeda, T., Higuchi, Y., Hikoso, S., Taniike, M., et al. (2007). The role of autophagy in cardiomyocytes in the basal state and in response to hemodynamic stress. Nat. Med. 13 (5), 619–624. doi:10.1038/nm1574



 Nakamura, M., and Sadoshima, J. (2018). Mechanisms of physiological and pathological cardiac hypertrophy. Nat. Rev. Cardiol. 15 (7), 387–407. doi:10.1038/s41569-018-0007-y



 Noordali, H., Loudon, B. L., Frenneaux, M. P., and Madhani, M. (2018). Cardiac metabolism - a promising therapeutic target for heart failure. Pharmacol. Ther. 182, 95–114. doi:10.1016/j.pharmthera.2017.08.001



 Qi, D., and Young, L. H. (2015). AMPK: energy sensor and survival mechanism in the ischemic heart. Trends Endocrinol. Metab. 26 (8), 422–429. doi:10.1016/j.tem.2015.05.010



 Qin, P., Arabacilar, P., Bernard, R. E., Bao, W., Olzinski, A. R., Guo, Y., et al. (2017). Activation of the amino acid response pathway blunts the effects of cardiac stress. J. Am. Heart Assoc. 6 (5). doi:10.1161/JAHA.116.004453



 Ritterhoff, J., Young, S., Villet, O., Shao, D., Neto, F. C., Bettcher, L. F., et al. (2020). Metabolic remodeling promotes cardiac hypertrophy by directing glucose to aspartate biosynthesis. Circ. Res. 126 (2), 182–196. doi:10.1161/CIRCRESAHA.119.315483



 Roberts, D. J., and Miyamoto, S. (2015). Hexokinase II integrates energy metabolism and cellular protection: akting on mitochondria and TORCing to autophagy. Cell Death Differ. 22 (2), 248–257. doi:10.1038/cdd.2014.173



 Roberts, D. J., Tan-Sah, V. P., Smith, J. E., and Miyamoto, S. (2014). Hexokinase-II positively regulates glucose starvation-induced autophagy through TORC1 inhibition. Mol. Cell 53 (4), 521–533. doi:10.1016/j.molcel.2013.12.019



 Rothermel, B. A., and Hill, J. A. (2008). Autophagy in load-induced heart disease. Circ. Res. 103 (12), 1363–1369. doi:10.1161/CIRCRESAHA.108.186551



 Santos-Gallego, C. G., Requena-Ibanez, J. A., San Antonio, R., Ishikawa, K., Watanabe, S., Picatoste, B., et al. (2019). Empagliflozin ameliorates adverse left ventricular remodeling in nondiabetic heart failure by enhancing myocardial energetics. J. Am. Coll. Cardiol. 73 (15), 1931–1944. doi:10.1016/j.jacc.2019.01.056



 Sciarretta, S., Maejima, Y., Zablocki, D., and Sadoshima, J. (2018a). The role of autophagy in the heart. Annu. Rev. Physiol. 80, 1–26. doi:10.1146/annurev-physiol-021317-121427



 Sciarretta, S., Volpe, M., and Sadoshima, J. (2014). Mammalian target of rapamycin signaling in cardiac physiology and disease. Circ. Res. 114 (3), 549–564. doi:10.1161/CIRCRESAHA.114.302022



 Sciarretta, S., Yee, D., Nagarajan, N., Bianchi, F., Saito, T., Valenti, V., et al. (2018b). Trehalose-induced activation of autophagy improves cardiac remodeling after myocardial infarction. J. Am. Coll. Cardiol. 71 (18), 1999–2010. doi:10.1016/j.jacc.2018.02.066



 Sciarretta, S., Zhai, P., Shao, D., Maejima, Y., Robbins, J., Volpe, M., et al. (2012). Rheb is a critical regulator of autophagy during myocardial ischemia: pathophysiological implications in obesity and metabolic syndrome. Circulation 125 (9), 1134–1146. doi:10.1161/CIRCULATIONAHA.111.078212



 Sciarretta, S., Zhai, P., Shao, D., Zablocki, D., Nagarajan, N., Terada, L. S., et al. (2013). Activation of NADPH oxidase 4 in the endoplasmic reticulum promotes cardiomyocyte autophagy and survival during energy stress through the protein kinase RNA-activated-like endoplasmic reticulum kinase/eukaryotic initiation factor 2alpha/activating transcription factor 4 pathway. Circ. Res. 113 (11), 1253–1264. doi:10.1161/CIRCRESAHA.113.301787



 Shende, P., Plaisance, I., Morandi, C., Pellieux, C., Berthonneche, C., Zorzato, F., et al. (2011). Cardiac raptor ablation impairs adaptive hypertrophy, alters metabolic gene expression, and causes heart failure in mice. Circulation 123 (10), 1073–1082. doi:10.1161/CIRCULATIONAHA.110.977066



 Shi, B., Ma, M., Zheng, Y., Pan, Y., and Lin, X. (2019). mTOR and Beclin1: two key autophagy-related molecules and their roles in myocardial ischemia/reperfusion injury. J. Cell. Physiol. 234 (8), 12562–12568. doi:10.1002/jcp.28125



 Shimizu, I., and Minamino, T. (2016). Physiological and pathological cardiac hypertrophy. J. Mol. Cell. Cardiol. 97, 245–262. doi:10.1016/j.yjmcc.2016.06.001



 Sorokina, N., O'Donnell, J. M., McKinney, R. D., Pound, K. M., Woldegiorgis, G., LaNoue, K. F., et al. (2007). Recruitment of compensatory pathways to sustain oxidative flux with reduced carnitine palmitoyltransferase I activity characterizes inefficiency in energy metabolism in hypertrophied hearts. Circulation 115 (15), 2033–2041. doi:10.1161/CIRCULATIONAHA.106.668665



 Stanley, W. C., Recchia, F. A., and Lopaschuk, G. D. (2005). Myocardial substrate metabolism in the normal and failing heart. Physiol. Rev. 85 (3), 1093–1129. doi:10.1152/physrev.00006.2004



 Takagi, H., Matsui, Y., Hirotani, S., Sakoda, H., Asano, T., and Sadoshima, J. (2007). AMPK mediates autophagy during myocardial ischemia in vivo. Autophagy 3 (4), 405–407. doi:10.4161/auto.4281



 Takemura, G., Kanamori, H., Goto, K., Maruyama, R., Tsujimoto, A., Fujiwara, H., et al. (2009). Autophagy maintains cardiac function in the starved adult. Autophagy 5 (7), 1034–1036. doi:10.4161/auto.5.7.9297



 Tan, V. P., and Miyamoto, S. (2015). HK2/hexokinase-II integrates glycolysis and autophagy to confer cellular protection. Autophagy 11 (6), 963–964. doi:10.1080/15548627.2015.1042195



 Tan, V. P., and Miyamoto, S. (2016). Nutrient-sensing mTORC1: integration of metabolic and autophagic signals. J. Mol. Cell. Cardiol. 95, 31–41. doi:10.1016/j.yjmcc.2016.01.005



 Tan, V. P., Smith, J. M., Tu, M., Yu, J. D., Ding, E. Y., and Miyamoto, S. (2019). Dissociation of mitochondrial HK-II elicits mitophagy and confers cardioprotection against ischemia. Cell Death Dis. 10 (10), 730. doi:10.1038/s41419-019-1965-7



 Tan, Y., Zhang, Z., Zheng, C., Wintergerst, K. A., Keller, B. B., and Cai, L. (2020). Mechanisms of diabetic cardiomyopathy and potential therapeutic strategies: preclinical and clinical evidence. Nat. Rev. Cardiol. 17, 585–607. doi:10.1038/s41569-020-0339-2



 Tao, L., Bei, Y., Lin, S., Zhang, H., Zhou, Y., Jiang, J., et al. (2015). Exercise training protects against acute myocardial infarction via improving myocardial energy metabolism and mitochondrial biogenesis. Cell. Physiol. Biochem. 37 (1), 162–175. doi:10.1159/000430342



 Tham, Y. K., Bernardo, B. C., Ooi, J. Y., Weeks, K. L., and McMullen, J. R. (2015). Pathophysiology of cardiac hypertrophy and heart failure: signaling pathways and novel therapeutic targets. Arch. Toxicol. 89 (9), 1401–1438. doi:10.1007/s00204-015-1477-x



 Tong, M., Saito, T., Zhai, P., Oka, S. I., Mizushima, W., Nakamura, M., et al. (2019). Mitophagy is essential for maintaining cardiac function during high fat diet-induced diabetic cardiomyopathy. Circ. Res. 124 (9), 1360–1371. doi:10.1161/CIRCRESAHA.118.314607



 Troncoso, R., Vicencio, J. M., Parra, V., Nemchenko, A., Kawashima, Y., Del Campo, A., et al. (2012). Energy-preserving effects of IGF-1 antagonize starvation-induced cardiac autophagy. Cardiovasc. Res. 93 (2), 320–329. doi:10.1093/cvr/cvr321



 Tuunanen, H., Engblom, E., Naum, A., Nagren, K., Hesse, B., Airaksinen, K. E., et al. (2006). Free fatty acid depletion acutely decreases cardiac work and efficiency in cardiomyopathic heart failure. Circulation 114 (20), 2130–2137. doi:10.1161/CIRCULATIONAHA.106.645184



 Tuunanen, H., and Knuuti, J. (2011). Metabolic remodelling in human heart failure. Cardiovasc. Res. 90 (2), 251–257. doi:10.1093/cvr/cvr052



 Vigetti, D., Caon, I., and Passi, A. (2018). A nutrient sentinel stands guard outside the cell. J. Biol. Chem. 293 (43), 16951–16952. doi:10.1074/jbc.H118.006101



 Wang, X., Guo, Z., Ding, Z., and Mehta, J. L. (2018). Inflammation, autophagy, and apoptosis after myocardial infarction. J. Am. Heart Assoc. 7 (9), e008024. doi:10.1161/JAHA.117.008024



 Wauson, E. M., Zaganjor, E., Lee, A. Y., Guerra, M. L., Ghosh, A. B., Bookout, A. L., et al. (2012). The G protein-coupled taste receptor T1R1/T1R3 regulates mTORC1 and autophagy. Mol. Cell 47 (6), 851–862. doi:10.1016/j.molcel.2012.08.001



 Wei, H., Qu, H., Wang, H., Ji, B., Ding, Y., Liu, D., et al. (2017). 1,25-Dihydroxyvitamin-D3 prevents the development of diabetic cardiomyopathy in type 1 diabetic rats by enhancing autophagy via inhibiting the beta-catenin/TCF4/GSK-3beta/mTOR pathway. J. Steroid Biochem. Mol. Biol. 168, 71–90. doi:10.1016/j.jsbmb.2017.02.007



 Wu, Q. Q., Xiao, Y., Yuan, Y., Ma, Z. G., Liao, H. H., Liu, C., et al. (2017). Mechanisms contributing to cardiac remodelling. Clin. Sci. (Lond.) 131 (18), 2319–2345. doi:10.1042/CS20171167



 Xie, M., Kong, Y., Tan, W., May, H., Battiprolu, P. K., Pedrozo, Z., et al. (2014). Histone deacetylase inhibition blunts ischemia/reperfusion injury by inducing cardiomyocyte autophagy. Circulation 129 (10), 1139–1151. doi:10.1161/CIRCULATIONAHA.113.002416



 Xie, Z., He, C., and Zou, M. H. (2011a). AMP-activated protein kinase modulates cardiac autophagy in diabetic cardiomyopathy. Autophagy 7 (10), 1254–1255. doi:10.4161/auto.7.10.16740



 Xie, Z., Lau, K., Eby, B., Lozano, P., He, C., Pennington, B., et al. (2011b). Improvement of cardiac functions by chronic metformin treatment is associated with enhanced cardiac autophagy in diabetic OVE26 mice. Diabetes 60 (6), 1770–1778. doi:10.2337/db10-0351



 Yang, Z., and Ming, X. F. (2012). mTOR signalling: the molecular interface connecting metabolic stress, aging and cardiovascular diseases. Obes. Rev. 13 (Suppl. 2), 58–68. doi:10.1111/j.1467-789X.2012.01038.x



 Zhai, P., Sciarretta, S., Galeotti, J., Volpe, M., and Sadoshima, J. (2011). Differential roles of GSK-3beta during myocardial ischemia and ischemia/reperfusion. Circ. Res. 109 (5), 502–511. doi:10.1161/CIRCRESAHA.111.249532



 Zhang, J., Cheng, Y., Gu, J., Wang, S., Zhou, S., Wang, Y., et al. (2016). Fenofibrate increases cardiac autophagy via FGF21/SIRT1 and prevents fibrosis and inflammation in the hearts of Type 1 diabetic mice. Clin. Sci. (Lond.) 130 (8), 625–641. doi:10.1042/CS20150623



 Zhang, Y., Wang, Y., Xu, J., Tian, F., Hu, S., Chen, Y., et al. (2019). Melatonin attenuates myocardial ischemia-reperfusion injury via improving mitochondrial fusion/mitophagy and activating the AMPK-OPA1 signaling pathways. J. Pineal Res. 66 (2), e12542. doi:10.1111/jpi.12542



 Zhou, L. Y., Zhai, M., Huang, Y., Xu, S., An, T., Wang, Y. H., et al. (2019). The circular RNA ACR attenuates myocardial ischemia/reperfusion injury by suppressing autophagy via modulation of the Pink1/FAM65B pathway. Cell Death Differ. 26 (7), 1299–1315. doi:10.1038/s41418-018-0206-4



 Zhu, H., Tannous, P., Johnstone, J. L., Kong, Y., Shelton, J. M., Richardson, J. A., et al. (2007). Cardiac autophagy is a maladaptive response to hemodynamic stress. J. Clin. Invest. 117 (7), 1782–1793. doi:10.1172/JCI27523



 Zou, M. H., and Xie, Z. (2013). Regulation of interplay between autophagy and apoptosis in the diabetic heart: new role of AMPK. Autophagy 9 (4), 624–625. doi:10.4161/auto.23577 | 


Conflict of Interest: The authors declared that they have no conflicts of interest to this work.


Copyright © 2020 Ding, Feng, Li, Liao and Tang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.





		ORIGINAL RESEARCH
published: 04 December 2020
doi: 10.3389/fphar.2020.585984


[image: image2]
Grape Seed Proanthocyanidin Extract Ameliorates Cardiac Remodelling After Myocardial Infarction Through PI3K/AKT Pathway in Mice
Yongxue Ruan1, Qike Jin1, Jingjing Zeng1, Fangfang Ren1, Zuoyi Xie1, Kangting Ji1, Lianpin Wu1, Jingguo Wu2,3* and Lei Li1*
1Department of Cardiology, The Second Affiliated Hospital and Yuying Children’s Hospital of Wenzhou Medical University, Wenzhou, Zhejiang, China
2Department of General Internal Medicine, The First Affiliated Hospital of Sun Yat-sen University, Guangzhou, China
3Department of Emergency, The First Affiliated Hospital, Sun Yat-Sen University, Guangzhou, China
Edited by:
Benzhi Cai, Second Affiliated Hospital of Harbin Medical University, China
Reviewed by:
Liang Zhao, Chengde Medical College, China
Tamer M. A. Mohamed, University of Louisville, United States
* Correspondence: Lei Li, lileiii@hotmail.com; Jingguo Wu, wjg114500@163.com
Specialty section: This article was submitted to Cardiovascular and Smooth Muscle Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 22 July 2020
Accepted: 10 November 2020
Published: 04 December 2020
Citation: Ruan Y, Jin Q, Zeng J, Ren F, Xie Z, Ji K, Wu L, Wu J and Li L (2020) Grape Seed Proanthocyanidin Extract Ameliorates Cardiac Remodelling After Myocardial Infarction Through PI3K/AKT Pathway in Mice. Front. Pharmacol. 11:585984. doi: 10.3389/fphar.2020.585984

Myocardial infarction is one of the most serious fatal diseases in the world, which is due to acute occlusion of coronary arteries. Grape seed proanthocyanidin extract (GSPE) is an active compound extracted from grape seeds that has anti-oxidative, anti-inflammatory and anti-tumor pharmacological effects. Natural products are cheap, easy to obtain, widely used and effective. It has been used to treat numerous diseases, such as cancer, brain injury and diabetes complications. However, there are limited studies on its role and associated mechanisms in myocardial infarction in mice. This study showed that GSPE treatment in mice significantly reduced cardiac dysfunction and improved the pathological changes due to MI injury. In vitro, GSPE inhibited the apoptosis of H9C2 cells after hypoxia culture, resulting in the expression of Bax decreased and the expression of Bcl-2 increased. The high expression of p-PI3K and p-AKT was detected in MI model in vivo and in vitro. The use of the specific PI3K/AKT pathway inhibitor LY294002 regressed the cardio-protection of GSPE. Our results showed that GSPE could improve the cardiac dysfunction and remodeling induced by MI and inhibit cardiomyocytes apoptosis in hypoxic conditions through the PI3K/AKT signaling pathway.
Keywords: grape seed proanthocyanidin extract, myocardial infarction, pi3k/akt pathway, cardiac function, myocardial fibrosis, apoptosis
INTRODUCTION
Pathologically, Myocardial infarction (MI) is defined as myocardial cell death caused by long-term ischemia (Jennings and Ganote, 1974). Currently, in medicine, the clinical definition of MI refers to the detection of abnormal cardiac biomarkers in the presence of acute myocardial ischemia (Thygesen et al., 2018). Previous studies have shown that myocardial injury, defined by an elevated cardiac troponin value, is frequently encountered clinically and is associated with an adverse prognosis (Sarkisian et al., 2016; Sarkisian et al., 2016). Acute MI is the most serious manifestation of coronary artery disease, causing >4 million deaths in North Asia and Europe (Nichols et al., 2014), and >1/3 of all deaths in developed countries every year (Yeh et al., 2010). Recent years, evidence-based treatment and lifestyle changes have significantly reduced the mortality of artery atherosclerosis and coronary heart disease. However, MI has a great impact on people’s health all over the world, affecting >7 million people every year (Reed et al., 2017).
Grape seed proanthocyanidin extract (GSPE) is an active compound extracted from grape seeds (Tu et al., 2019). It is the source of flavane-3-ol compounds, including catechin and epicatechin monomers, and their respective oligomers (Bladé et al., 2010). It exhibits variety of effects such as anti-apoptotic, anti-inflammatory and improve cell metabolism effects (Sanna et al., 2019). It has potential therapeutic capacity in the treatment of obesity, metabolic syndrome, cancer, diabetes complications and brain injury (Gonzalez-Abuin et al., 2015; Sherif et al., 2017; Gao et al., 2018; Guo et al., 2018). Furthermore, one study showed that GSPE has a potential preventive effect on human colon dysfunction (González-Quilen et al., 2020). The pharmacological effect of GSPE in the heart is mostly associated with cardiac ischemia-reperfusion disease. Some studies have shown that a low dose of GSPE can reduce myocardial cell injury by scavenging ROS, moderately increasing NO production and not inducing cytotoxicity (Rice-Evans, 2004; Shao et al., 2006). In a model of acute oxidative stress induced by ischemia-reperfusion, acute GSPE could protect myocardial cells from I/R injury by activating AKT and producing NO during reperfusion (Shao et al., 2009). There are limited studies on the pharmacological effect of GSPE on MI. Therefore, the aim of this study was to research the pharmacological effect of GSPE on acute MI and its specific signaling pathway.
The PI3K/AKT signaling pathway is a conservative signaling pathway. It can control the response of cells to external stimuli mediated by receptor tyrosine kinases (Li et al., 2014). It coordinates a variety of intracellular signals, and controls cell survival, proliferation and metabolism (Miki et al., 2007; Song et al., 2009). LY 294002 is an inhibitor of PI3K, which can reduce the phosphorylation of downstream AKT, thus blocking the PI3K/AKT signaling pathway (Mocanu et al., 2002; Breivik et al., 2011). Bcl-2 and Bax proteins are two significant members of the Bcl-2 multigene family. It has been found that Bcl-2 has anti apoptotic effects and Bax has pro-apoptotic effects (Adams and Cory, 1998). Numerous researches have shown that AKT protein is a major regulator involved in the transcriptional regulation of Bcl-2 (Ghosh et al., 2013; Chen et al., 2020; Zhang et al., 2020). AKT activation increases the expression of the Bcl-2 through phosphorylation of cyclic AMP response binding protein (Pugazhenthi et al., 2000).
We studied the effects of GSPE on cardiac function and myocardial pathology in mice with MI, as well as the effects of GSPE on the apoptosis of H9C2 cells in a hypoxic environment. In addition, LY294002 was used to further test and verify the activation of PI3K/AKT signaling pathway in MI mice treated with GSPE.
MATERIALS AND METHODS
Animals
C57BL/6J male mice (aged 6 weeks and weighing 20–25 g) were purchased from Beijing Weitong Lihua Experimental Animal Technology Co., Ltd. All mice were placed in a light cycle (half day light and dark) and a temperature of 25 ± 1°C and a humidity of 55 ± 5%, and were allowed free access to water and food. The animals used in the present study were treated in accordance with the Animal Center Guide for the Care and Use of Laboratory Animals. The experimental protocols were approved by the Animal Ethics Committee of the Laboratory Animal Center of Wenzhou Medical University (approval no. wydw2014-0058).
Drugs and Reagents
GSPE (purity, 95%) was purchased from Tianjin Jianfeng Natural Product R&D Co., Ltd. GAPDH (5174) was purchased from Cell Signaling Technology, Inc. Primary antibodies against phosphorylated PI3K(C73F8), AKT(C67E7), p-AKT (Ser473), Bcl-2 (D17C4), Bax (2772) and a goat anti‐rabbit secondary antibody (4412) were purchased from Cell Signaling Technology, Inc. Primary antibody against p-PI3K (ab182651) and collagen type Ⅲ polyclonal antibody (ab6310) and collagen type Ⅰ antibody (ab34710) were purchased from Abcam (United Kingdom). Anti-α-SMA (13548-1-AP) antibody were purchased from ProteinTech Group, Inc. Cell Counting Kit-8 (CCK-8), SOD and MDA detection kit were purchased from Nanjing Jiancheng Bioengineering Institute. Annexin V-FITC/PI apoptosis detection kit was purchased from Beyotime Institute of Biotechnology.
Mouse Model of Myocardial Infarction
Mice were anesthetized with 1.5% isoflurane. Mice were intubated and connected to a ventilator to maintain normal breathing. Their heart was then exposed through a lateral incision along the upper edge of the third or fourth rib. The coronary artery of LAD was ligated with a 7-0 polypropylene suture, ∼2–3 mm from the lower edge of the left auricle. The chest was sutured with surgical suture. The sham operation method was the same, except for the LAD coronary artery, which was not ligated.
The mice were randomly divided into five groups, including 1) a sham-operated group (daily oral gavage by 0.2 ml 0.9% normal saline); 2) a GSPE group (daily oral gavage by 0.2 ml GSPE (200 mg/kg) from sham operation to 14 days after operation) (Shi et al., 2019); 3) an MI group (daily oral gavage by 0.2 ml 0.9% normal saline from operation to 14 days after operation); 4) an MI + GSPE-treated group (daily oral gavage by 0.2 ml GSPE (200 mg/kg) from operation to 14 days after operation); and 5) an MI + GSPE + LY group (daily oral gavage by 0.2 ml GSPE (200 mg/kg) and LY294002 (0.2 mg/mouse) from operation to 14 days after operation).
Doppler Echocardiography Study
Echocardiography was performed in the laboratory by a single experienced echocardiologist. Mice were anesthetized with 1.5% isoflurane and connected to a ventilator to maintain normal breathing. Then, an M-mode transducer (Acuson Sequoia 512; Sonos) was used to performed the transthoracic echocardiography. At the papillary level, the Simpson method was used to measure several main cardiac function indexes (Johri et al., 2011), including the left ventricular ejection fraction (LVEF), the ejection fraction (FS), the left ventricular end diastolic diameter (LVIDd, mm) and the left ventricular end systolic diameter (LVIDs, mm).
Determination of Myocardial Infarct Size
The 2,3,5-triphenyltetrazolium chloride solution (TTC) staining method was used to determine the myocardial infarct size. 14 days after modeling, euthanasia was done on the mice by intraperitoneal injection of excessive pentobarbital sodium. The hearts of mice were removed quickly and separated from extra connective tissue. The heart was washed with normal saline and frozen at −80°C for 4 h. Five 1–2 mm-thick heart sections were prepared and incubated at 37°C in 2% TTC for 15 min. Next, according to the computer plane measurement, the area of the infarcted tissue was photographed with a digital camera. The infarct area was expressed as the percentage of infarcted area to the risk area x 100%.
Myocardial Histopathology
In order to evaluate the morphological changes and degree of myocardial fibrosis 14 days after MI, the heart tissues of each group were washed with PBS and fixed with 4% paraformaldehyde solution overnight at 4°C. After the heart tissue was paraffin embedded, the heart was sliced to 5 μm-thick sections. After dehydration and dewaxing of slices, HE staining as well as Masson’s trichrome stain was performed according to the staining kit instructions, followed by observation under a fluorescence microscope (Leica Microsystems GmbH).
Immunofluorescence Staining
Frozen tissue sections were placed at room temperature for >30 min. After washing three times with PBS, the antigen was blocked with 2% BSA. The tissues were then incubated with anti-α-SMA antibody (1:200) at 4°C for 24 h. The next day, the tissues were incubated at 37°C for 60 min in the dark with a goat secondary antibody (1,500). After three washes with PBS, the tissues were re-stained with DAPI by incubation in the dark for 5 min. Images were obtained with a fluorescence microscope (Leica Microsystems GmbH) and analyzed with Image Proplus 6.0 software (Media Control Silver Spring).
Oxidative Stress Index
After 14 days of MI, 400 µl blood was collected from the abdominal aorta of mice. The blood was centrifuged at 3,000 rpm at 4°C for 20 min, and then the supernatant was carefully collected. The SOD and MDA test kits pursed from Nanjing Jiancheng Bioengineering Institute were wsed to determine the SOD activity and MDA levels.
Cell Viability
H9C2 cells were cultured in glucose- and serum-free DMEM without penicillin/streptomycin in a hypoxic atmosphere (95% N2, 5% CO2) at 37°C (An et al., 2019). The cells were then inoculated into 96-well plates, at a density of 5,000 cells per well. The activity of the cells under different periods of hypoxia and GSPE concentration were measured. The cell activity was measured with a CCK-8 detection kit.
Apoptosis Detection
H9C2 cells in a 6-well plate (1 × 105 cells/well) were treated as described before and collected with 0.25% trypsin. The H9C2 cells (about 100 μl)) were incubated with 5 μl Annexin V-fluorescein isothiocyanate for 5 min, followed by addition of 3 μl disodium propionate iodide and incubation at room temperature in the dark for 15 min. Finally, the apoptosis rate was measured with a flow cytometer (BD AriaIII; BD Biosciences).
Western Blotting
The animal proteins extracted from the left ventricular myocardium and the proteins in the cells were cleaved and quantified, and then quantified using the Bradford protein assay (Bio-Rad Laboratories). Proteins were separated by SDS-PAGE and transferred to a PVDF membrane. After blocking with 5% fat-free milk at room temperature for 2 h, the membranes were incubated overnight with the corresponding primary antibody at 4°C, including anti-p-PI3K (1, 1,000 dilution), anti-AKT (1, 2,000 dilution), anti-p-AKT (1, 1,000 dilution), anti-Bcl-2 (1, 1,000 dilution), anti-Bax (1, 2,000 dilution), anti-Col-1 (1, 1,000 dilution), anti-Col-3 (1, 1,000 dilution), anti-PI3K (1, 1,000 dilution), anti-α-SMA (1, 3,000 dilution), anti-tubulin (1:5,000 dilution) and anti-GAPDH (1:10,000 dilution). After being washed with TBST, the membranes were incubated with secondary antibodies (1:5,000) for 2 h at room temperature and washed again. ChemiDoc™ XRS + System with Image Lab™ Software purchased from Bio-Rad was used to visualize the signals.
Statistical Analysis
All statistical data were analyzed using GraphPad Prism 5 (GraphPad Software, Inc.). Values were expressed as the mean ± SEM. Differences between two groups were analyzed using Student’s t-test. The significance of the difference between groups were analyzed by one-way analysis of variance (ANOVA) and followed by LSD post hoc least significant difference test. A value of p <0.05 was considered statistically significant difference for all analyses.
RESULTS
Grape Seed Proanthocyanidin Extract Improves the Survival Rate and Cardiac Function of MI Mice
At 14 days post-MI, all mice in the sham group survived, while the survival rate was 61% in the MI group and 74% in the GSPE group (Figure 1A). Compared with that of the MI group, the heart weight/body weight ratio of the GSPE treatment group was significantly lower (Figure 1B). Echocardiography showed that, compared with those in the MI group, the LVEF and FS of the GSPE treatment group were significantly increased, while LVIDd and LVIDs were significantly decreased (Figure 1C).
[image: Figure 1]FIGURE 1 | GSPE improved the survival rate and cardiac function of MI mice. (A) The survival rate of mice in the GEPE-treated group compared with the MI group (log-rank: p < 0.01). (n = 3 per group) (B) The heart/body weight ration of mice in different groups. (C) Representative M-mode echocardiographic images in short axis from each group, the relative indicators included are LVEF(%), FS(%), LVIDd(mm). Data analyzed are mean ± SD. *Significant difference compared with the control group, p < 0.05; significance compared with the MI group, p < 0.05. n = 3 per group.
Grape Seed Proanthocyanidin Extract Improves Fibrosis in Myocardial Tissue and Myocardial Pathological Changes of MI Mice
TTC staining showed that the infarct size of the GSPE group was significantly smaller than that of the MI group (Figure 2A). The MDA level in the MI group increased, while GSPE treatment could significantly reduce the increase in MDA. On the contrary, the serum SOD level in the MI group decreased, and GSPE treatment could significantly increase the SOD value (Figure 2B). Masson’s trichrome stain showed that the collagen deposition area of myocardial fibrosis of the MI group was significantly higher than that of MI + GSPE group (Figure 2C). H&E staining showed that myocardial necrosis, inflammatory infiltration and interstitial edema were decreased in the MI + GSPE group compared with those in the MI group (Figure 2C).
[image: Figure 2]FIGURE 2 | GSPE improved the fibrosis in myocardial tissue and myocardial pathological changes of MI mice. (A) Representative image and analysis of infarct size by TTC staining, normal area is red, infarct area is white. (B) The contents of SOD and MDA the mice serum in different froup. (C) Pathological changes in HE-staining anf Masson staining of cardiac section. The inflammatory cells in HE staining have been marked with arrows. Data analyzed are mean ± SD. *Significant difference compared with the control group, p < 0.05; significant difference compared with the MI group, p < 0.05. n = 3 per group.
Grape Seed Proanthocyanidin Extract Attenuates MI-Induced Apoptosis and Myocardial Fibrosis
The Bcl-2 protein family is associated with the regulation of cell apoptosis. In this family, Bcl-2 plays an anti-apoptotic role, while Bax plays a pro-apoptotic role (Bogner et al., 2020). GSPE significantly increased the expression of Bcl-2 and decreased the expression of Bax in myocardial tissue after MI (Figure 3A). In addition, GSPE reduced the expression of collagen Ⅰ, collagen Ⅲ and a-SMA (Figure 3B). Furthermore, immunofluorescence showed that the integral optical density of a-SMA in the GSPE treatment group was significantly lower than that in the MI group (Figure 3C).
[image: Figure 3]FIGURE 3 | GSPE attenuated MI induced apoptosis and myocardial fibrosis by activating PIK/AKT pathway. (A) Effects of GSPE on the levels of Bax and Bcl-2 evaluated by Western blot analysis. (B) Effects of GSPE on the levels of Col-1, Col-3 and a-SMA evaluated by Western blot analysis. (C) Immunofluorescense staining of a-SMA. (D) Effects of GSPE treatment on cardiac levels of p-PI3K, PI3K, p-AKT and AKT evaluated by Western blot analysis. *Significant difference compared with the control group. p < 0.05; significant difference compared with the MI group, p < 0.05, n = 3 per group.
Grape Seed Proanthocyanidin Extract Exerts a Protective Effect on Mouse Heart by Activating the PI3K/AKT Pathway
The PI3K/AKT pathway is one of the important signaling pathways in cells, which participates in the regulation of multiple signaling molecules (Fajgenbaum et al., 2019). Western blotting revealed that p-PI3K and p-AKT expression increasing was detected in the MI group, and GSPE treatment enhanced this activation (Figure 3D).
Inhibition of the PI3K/AKT Pathway Reverses the Cardiac Protective Effect of GSPE In Vivo
Echocardiography showed that, compared with those in the MI + GSPE group, the LVEF and FS of the LY294002 treatment group were significantly decreased, while LVIDd and LVIDs were significantly increased (Figure 4A). Masson’s trichrome stain also showed that the collagen deposition area of myocardial fibrosis of the MI + GSPE + LY294002 group was significantly higher than that of MI + GSPE group (Figure 4B). H&E staining showed that myocardial necrosis, inflammatory infiltration and interstitial edema were increased in the MI + GSPE + LY294002 group compared with those in the MI + GSPE group (Figure 4B).
[image: Figure 4]FIGURE 4 | Inhibition of the PI3K/AKT pathway reversed the protective effect of GSPE on cardiac function in vivo. (A) Representative M-mode echocardiographic images in short axis from each group, the relative indicatiors included are LVEF(%), FS(%), LVIDd(mm) and LVIDs(mm). (B) Pathological changes in HE-staining and Masson staining of cardiac section. The inflammatory cells in HE staining have been marked with arrows. Data analyzed are mean SD. *Significant difference compared with the MI group, p < 0.05; significant difference compared with the MI + GSPE group, p < 0.05. n = 3 per group.
Inhibition of PI3K/AKT Pathway Reverses the Anti-Apoptosis and Anti-Fibrosis Effects of GSPE
After administration of the PI3K inhibitor LY294002, the p-PI3K and p-AKT levels in the LY294002-treated group were lower than those in the GSPE group after MI (Figure 5A). Compared with those in the GSPE group, LY294002 increased the level of Bax protein, decreased Bcl-2 levels (Figure 5B), and increased collagen Ⅰ, collagen Ⅲ and α-SMA levels (Figure 5C). In other words, LY294002 significantly increased apoptosis and fibrosis compared with the results of the MI + GSPE group. Furthermore, immunofluorescence showed that the integral optical density of α-SMA in the LY294002 treatment group was higher than that of the MI + GSPE group (Figure 5D).
[image: Figure 5]FIGURE 5 | Inhibition of PI3K/AKT pathway can reverse the anti-apoptosis and anti-fibrosis effects of GSPE. (A) Effects of GSPE treatment on cardiac levels of p-PI3K, PI3K, p-AKT evaluated by Western blot analysis. (B) Effects of GSPE on the levels of Bax and Bcl-2 evaluated by Western blot analysis. (C) Effects of GSPE on the levels of Col-1, Col-3 and a-SMA evaluated by Western blot analysis. (D) Immunofluorescence staining of a SMS. *Significant difference comapred with the MI froup, p < 0.05; significant difference compared with the MI + GSPE group, p < 0.05. n = 3 per group.
Grape Seed Proanthocyanidin Extract Reduces Apoptosis in H9C2 Cells Under Oxygen-Glucose Deprivation
The time-cell activity experiment showed that the most suitable hypoxia time for H9C2 cell apoptosis was ∼24 h (Figure 6A). The dose response experiment showed that the optimal concentration of GSPE was 40 μg/ml (Figure 5A). Western blotting showed that the increasing of Bax under hypoxia, and GSPE treatment significantly decreased the level of Bax (Figure 6B). Furthermore, GSPE treatment increased the expression of Bcl-2 (Figure 6B). In addition, flow cytometry also showed that GSPE could reduce the apoptosis of H9C2 cells under glucose and oxygen deprivation (Figure 6C).
[image: Figure 6]FIGURE 6 | GSPE reduced apoptosis in H9C2 cells under oxygen-glucose deprivation through PI3K/AKT pathway. (A) H9C2 cells were culture under hypoxia condition for different time, CCK8 assay was used to assess the cell viability. The appropriate GSPE concentration eas evaluated by CCK8 assay after the cells were cultured under glucose oxygen deptrivation for 24 hours. *Significant difference compared with the DMSO group, P < 0.05. (B) Effects of GSPE on the expression of Bax and Bcl-2 evaluated by Western blot analysis. (C) H9C2 cells in different treatment were stained by Annexin V-FITC/PI staining and then distinguished by flow cytometer. The cell apoptosis rate was quantified. (D) Effects of GSPE treatment on the H9C2 cells of p-PIK, PIK, p-AKT and AKT evaluated by Western blot analysis. Data analyzed are mean ± SD. *Significant difference compared with the DMSO group, p < 0.05; significant difference compared with the OGD group, p < 0.05. n = 3 per group.
GSPE Attenuates Cell Apoptosis in H9C2 Cells Under Glucose and Oxygen Deprivation Through the PI3K/AKT Pathway
In vitro, western blotting showed that the levels of p-PI3K and p-AKT in the MI + GSPE group were higher than those in the hypoxia group, indicating that GSPE can enhance the activation of the PI3K/AKT pathway in H9c2 cells under hypoxia (Figure 6D).
Inhibition of the PI3K/AKT Pathway Reverses the Protective Effect of GSPE on H9C2 Cells
After administration of the PI3K inhibitor LY294002, the p-PI3K and p-AKT levels in the LY294002 treatment group were lower than those in the GSPE group under OGD (Figure 7A). Compared with those in the GSPE treatment group, the level of Bax increased and the level of Bcl-2 decreased in the LY294002 group (Figure 7B). In addition, flow cytometry showed the same results (Figure 7C). This suggests that GSPE plays an anti-apoptotic role via the PI3K/AKT pathway in vitro, which was corroborated by flow cytometry.
[image: Figure 7]FIGURE 7 | Inhibition of PI3K/AKT pathway reversed the protective effect of GSPE on H9C2 cells. (A) Effects of GSPE treatment on the H9C2 cells of p-PI3K, PI3K, p-AKT and AKT evaluated by Western blot analysis. (B) Effects of GSPE on the expression of Bax and Bcl-2 evaluated by Western blot analysis. (C) H9C2 cells in different treatment were stained by Annexin V-FITC/PI staining and then distinguished by flow cytometer. Then cell apoptosis rate was quantified. *Significant difference compared with the OGD group, p < 0.05; significant difference compared with the OGD + GSPE group, p < 0.05. p = 3 per group.
CONCLUSION
The present study demonstrated that GSPE could improve the cardiac dysfunction and remodeling in mice induced by MI and inhibit cardiomyocytes apoptosis in hypoxic conditions through the PI3K/AKT signaling pathway.
DISCUSSION
The objective of this research was to find out the pharmacological effects of GSPE on MI in mice. An in vivo model of AMI was established by ligating the left anterior descending coronary artery (LAD) of the mouse heart for 14 days (Selvaraju et al., 2020). According to pathological sections and TTC staining of ultrasonic memory heart, the model was successful. In the experiment in vitro, the method of glucose and oxygen deprivation was employed to simulate the ischemia and hypoxia of myocardial cells in the infarcted and marginal areas in mice with MI (Abbruzzese et al., 2020). The experimental results showed that intragastric administration of GSPE in mice could reduce heart damage in mice with coronary artery ligation, and the cell experiment produced the same results. Furthermore, the activation of PI3K/AKT signaling pathway was found in the MI mice treated with GSPE. Moreover, by using LY294002, the therapeutic effect of GSPE was reversed, which confirmed the hypothesis. In vivo and in vitro experiments found that GSPE has a protective effect on short-term MI in mice, and this effect is partly mediated through the activation of the p-PI3K and p-AKT levels.
In a previous study, the PI3K/AKT signaling pathway was one of the main ways to prevent myocardial hypertrophy and apoptosis (Cao et al., 2011). Another study on I/R injury and PI3K signaling showed that activation of the PI3K signaling pathway can reduce the size of MI and significantly improve left ventricular function (Nagaoka et al., 2015). The PI3K/AKT signaling pathway can inhibit the expression of endoplasmic reticulum stress-related proteins after myocardial ischemia-reperfusion, thereby reducing cardiomyocyte apoptosis (Shen et al., 2019). In addition, a study showed that the protective effect of the PI3K/AKT signaling pathway may be associated with the upregulation of Cx43 (Bian et al., 2015). AKT regulates the activity of a variety of downstream molecules, including mammalian target of rapamycin, glycogen synthase kinase 3β and p70S6 kinase, and these proteins can regulate cellular metabolism after combined and phosphorylated (Xu et al., 2016). Several studies have shown that AKT phosphorylation at Ser473 in the PI3K/AKT pathway can partially regulate the expression of Nrf-2, and ultimately increase the activity of SOD and decrease the levels of MDA and ROS (Ma et al., 2014; Liu et al., 2019). In another study of rats MI model, silencing Annexin3 gene and activating of PI3K/AKT signaling pathway can promote the repair and healing of myocardial tissue, which indicates that PI3K/ AKT signaling pathway can accelerate the repair of heart injury (Meng et al., 2019). In a previous study, LY294002 was used to study the myocardial protective role of PI3K/AKT signal in septicemia, and it can induce the expression of Bcl-2 and decrease the expression of Bax, suggesting that it has an inhibitory effect on apoptosis (An et al., 2016). These researches indicate that PI3K/ AKT pathway plays an essential role in cardiac injury and affects the changes of many intracellular substances.
Previous studies have shown that GSPs mainly have antioxidant effects, which can act as antioxidants in vivo and directly scavenge ROS, and have been found to have cardioprotective capacity (Sato et al., 1999). One study has shown that GSPE has antioxidant activity in model of myocardial ischemia-reperfusion of mice, and its cardioprotective effect is partly due to its blocking of anti-apoptotic signals by inhibiting JNK-1, c-Jun and other pro-apoptotic transcription factors and genes (Sato et al., 2001). Under the stimulation of GSPE, AKT was activated, and it could activate eNOS and increase the level of NO in primary myocardial cells of chicks in an ischemia/reperfusion model (Shao et al., 2009). These results suggest that the cardioprotective effect of GSPE may be associated with the activation of the PI3K/AKT signaling pathway. The mechanism of GSPE on MI in mice has not been elucidated in previous studies. Therefore, we speculate that the cardio-protective effect of GSPE in MI may be associated with the activation of the PI3K/AKT signaling pathway. In our experiment, the PI3K/AKT signal pathway was activated in MI. GSPE could enhance the activation, and reduce myocardial injury and fibrosis. LY294002, a PI3K inhibitor, partially attenuated the protective effect of GSPE on cardiomyocytes. Therefore, GSPE protects against MI-induced cardiac injury through the PI3K/AKT signal pathway.
There were several limitations in this study. Firstly, whether GSPE could reduce myocardial injury through other signal transduction pathways has not been fully elucidated in this study. We have detected ERK signaling pathway before, and their protein expression has no obvious change before and after GSPE intervention. Secondly, The purity of grape seed cyanidin extract purchased by different pharmaceutical companies is different, and the experimental effect may be varied. Besides, The H9C2 cells are not cardiomyocytes, to validate our findings in vitro, primary cardiomyocytes was need. The morphology of neonatal mouse cardiomyocytes was demonstrated in MP4. As presented in the Supplementary Material, we have done some experiments on neonatal mouse cardiomyocytes. GSPE can inhibit neonatal cardiomyocyte apoptosis and affect the expression of apoptotic proteins in the model of glucose and oxygen deprivation. In the future, we will go further in the pharmacological of GSPE on neonatal Cardiomyocyte. We may explore the cell migration, proliferation and chemotaxis effects of GSPE. We will go further into this research in the future.
For the current clinical situation of MI heart disease that cannot be effectively treated, it is necessary to find new and additional drug targets. This research may provide some new ideas for the treatment of myocardial infarction.
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Myocardial infarction is the leading cause of morbidity and mortality worldwide. Although myocardial reperfusion after ischemia (I/R) is an effective method to save ischemic myocardium, it can cause adverse reactions, including increased oxidative stress and cardiomyocyte apoptosis. Mitochondrial fission and mitophagy are essential factors for mitochondrial quality control, but whether they play key roles in cardiac I/R injury remains unknown. New pharmacological or molecular interventions to alleviate reperfusion injury are currently considered desirable therapies. Vitamin D3 (Vit D3) regulates cardiovascular function, but its physiological role in I/R-exposed hearts, especially its effects on mitochondrial homeostasis, remains unclear. An in vitro hypoxia/reoxygenation (H/R) model was established in H9c2 cells to simulate myocardial I/R injury. H/R treatment significantly reduced H9c2 cell viability, increased apoptosis, and activated caspase 3. In addition, H/R treatment increased mitochondrial fission, as manifested by increased expression of phosphorylated dynein-related protein 1 (p-Drp1) and mitochondrial fission factor (Mff) as well as increased mitochondrial translocation of Drp1. Treatment with the mitochondrial reactive oxygen species scavenger MitoTEMPO increased cell viability and decreased mitochondrial fission. H/R conditions elicited excessive mitophagy, as indicated by increased expression of BCL2-interacting protein 3 (BNIP3) and light chain (LC3BII/I) and increased formation of autolysosomes. In contrast, Vit D3 reversed these effects. In a mouse model of I/R, apoptosis, mitochondrial fission, and mitophagy were induced. Vit D3 treatment mitigated apoptosis, mitochondrial fission, mitophagy, and myocardial ultrastructural abnormalities. The results indicate that Vit D3 exerts cardioprotective effects against I/R cardiac injury by protecting mitochondrial structural and functional integrity and reducing mitophagy.
Keywords: cardiac ischemia/reperfusion, mitochondrial fission, vitamin D3, apoptosis, mitophagy
INTRODUCTION
The World Health Organization (WHO) reports that acute myocardial infarction is the leading cause of morbidity and mortality in many regions of the world (Roth et al., 2017). Timely reperfusion is the most effective approach to save ischemic myocardium. However, reperfusion can induce ischemia-reperfusion (I/R) injury. I/R injury is a multifactorial pathophysiological process that causes cell damage during hypoxia, and the damage becomes more severe when oxygen is re-delivered into the tissue (Rossello et al., 2018). In addition, I/R causes a series of adverse events, such as excessive reactive oxygen species (ROS) production, calcium overload, inflammatory responses, increased apoptosis, and mitochondrial dysfunction, all of which lead to myocardial cell death and accelerate myocardial damage (Yellon and Hausenloy, 2007). Despite the clinical importance of I/R injury, bedside treatments that inhibit I/R are still limited, mainly due to the complex mechanisms that contribute to I/R. New pharmacological or molecular interventions that alleviate reperfusion injury are highly desirable for current reperfusion therapy (Baehr et al., 2019; Yu et al., 2019).
Oxidative stress is a result of increased ROS levels. ROS are produced by mitochondria due to aerobic metabolism during I/R (Chouchani et al., 2014). The cytotoxicity of ROS is associated with the rapid modification of cellular components, including the reduced ability to produce ATP (Navarro and Boveris, 2007). Excessive production of ROS causes toxicity by disrupting the electron transport chain and interfering with mitochondrial permeability transition pores, leading to apoptosis or necrosis (Hausenloy and Yellon, 2013). Although studies have shown that ROS play a key role in heart tissue damage, there is currently no effective treatment. Further research may provide new insights into the clinical treatment of I/R.
Maintaining mitochondrial function and integrity plays a crucial role in normal cell physiology, especially in cardiomyocytes with high energy requirements (Hall et al., 2014). In addition to producing ATP, mitochondria are also the major source of ROS, which can trigger oxidative stress and affect cell fate (Vasquez-Trincado et al., 2016). Therefore, strict quality control mechanisms are required to maintain healthy mitochondria. These quality control mechanisms primarily include mitochondrial dynamics, fission and fusion, and mitophagy. Mitochondrial fission is usually the separation of damaged components from the original mitochondrion, resulting in one functional mitochondrion and another impaired mitochondrion (Westermann, 2010). Mitochondrial fission involves a cytoplasmic protein, dynein-related protein 1 (p-Drp1), that binds to mitochondrial fission factor (Mff) and localizes to the mitochondrial outer membrane, forming a complex that allows mitochondrial fission. However, oxidative stress causes excessive mitochondrial fission, leading to mitochondrial structural changes and dysfunction, as well as cellular damage. In addition to mitochondrial fission, mitophagy, which is a selective form of autophagy, is another specific mechanism by which dysfunctional or impaired mitochondria are degraded and recycled; mitophagy maintains healthy mitochondrial populations and mitochondrial quality (Ni et al., 2015). Mitochondria that are isolated by mitochondrial fission are cleared by mitophagy, and mitophagy plays a crucial role in maintaining mitochondrial homeostasis (Mao and Klionsky, 2013; Zhou et al., 2020). Mitophagy can maintain energy metabolism in the body to a certain extent and reduce damage caused by external stimuli, thereby protecting the human body; under normal conditions, cellular mitophagy is low (Ravikumar et al., 2010). However, excessive mitophagy can lead to cellular injury (Yang et al., 2019). This observation suggests that mitophagy is regulated by receptor-mediated mitophagy (Schiattarella and Hill, 2016; Bravo-San Pedro et al., 2017). BCL2/adenovirus E1B 19-kDa protein-interacting protein 3 (BNIP3) is localized to the mitochondrial outer membrane and is a receptor-related factor required for mitochondrial elimination. BNIP3 interacts with the LC3 protein family through its cytosol-directed LIR motif, thus mediating mitophagy. However, the role of BNIP3 and LC3B and the role of mitophagy during I/R injury are unclear.
Patients suffering from cardiovascular diseases are frequently deficient in vitamin D (Dibaba, 2019). Previous reports have shown that vitamin D3 metabolites [including 25-hydroxyvitamin D3 (25(OH)D3) and 1α,25-dihydroxyvitamin D3 (1α,25(OH)2D3)] affect the uptake of calcium and phosphorus, the growth of cells, and the expression of many genes in skeletal muscle cells and cultured myoblast cell lines (Alfawaz et al., 2014; Tao et al., 2015). Low serum levels of 25(OH)D3 in patients can cause a significantly higher risk of death from heart failure (Liu et al., 2016). Vitamin D is closely associated with cardiac hypertrophy and fibrosis and with atherosclerosis development (Artaza et al., 2009; Gardner et al., 2013). Supplementation with a high dose of vitamin D (25(OH)D3, 4000 IU/day) for 12 months can improve the left ventricular ejection fraction and reverse left ventricular remodeling in patients with heart failure and vitamin D deficiency (25(OH)D3 < 20 ng/ml) (Witte et al., 2016). Although there is evidence that vitamin D is associated with heart disease, little information is available regarding 25-hydroxyvitamin D3 (Vit D) and I/R. In addition, the role of mitophagy during Vit D treatment in preventing I/R injury remains unclear. Using I/R-exposed mice and H/R-treated cells, we will 1) examine the levels of apoptosis and ROS, 2) elucidate the role of Drp-1 and Mff in mitochondrial dynamics, and 3) identify the role of BNIP3 and LC3B in mitophagy during the progression of mitochondrial dysfunction in I/R-exposed mice treated with Vit D.
MATERIALS AND METHODS
Cell Culture and Hypoxia/Reoxygenation Procedure
H9c2 cells, which are rat embryonic ventricular cardiomyocytes, were obtained from American Type Culture Collection (ATCC, VA, USA). The H9c2 cells were cultured in Dulbecco’s modified Eagle’s medium (Gibco, MA, USA) containing 10% fetal bovine serum [Biological Industries (BI), CT, USA] and supplemented with 1% penicillin/streptomycin/amphotericin B and 2 mM L-glutamine (BI). The cells were maintained in a humidified incubator at 37 °C in 5% CO2 and 95% air.
H9c2 cells were pretreated for 4 h with or without 100 nM 25-hydroxyvitamin D3 (Vit D) (Cayman, UM, USA) or 10 nM MitoTEMPO (Santa Cruz, TX, USA). In addition, to evaluate the effect of mitochondrial fission or autophagy on mitophagy, H9c2 cells were pretreated for 4 h with or without the mitochondrial fission inhibitor, Mdivi-1 (10 µM) or the autophagy inhibitor, bafilomycin A1 (10 µM) (Cayman). Hypoxia and reoxygenation (H/R) was carried out based on a previously described method (Yao et al., 2019). In brief, the hypoxic cell culture medium lacked serum. The H9c2 cells were then incubated for 6 h at 37 °C in an anaerobic chamber under hypoxic conditions (1% O2). The cells were then transferred to a conventional incubator for 12 h. The corresponding control cells were incubated under normoxic conditions for the same duration.
Cell Viability Assay
The cytotoxic effects of H/R and Vit D were assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Bionovas, ON, CA). After various treatments, MTT solution was added at a final concentration of 0.5 mg/ml and incubated for 4 h in 5% CO2 at 37 °C. The MTT-containing media were then removed, and the formazan crystals were dissolved by adding dimethyl sulfoxide (DMSO, 150 μL/well), followed by incubation for 15 min with mild shaking at room temperature (RT). The optical density was measured spectrophotometrically at 550 nm using a microplate reader (Biotek, VT, USA). The cell viability was expressed relative to that of the control.
Terminal Deoxynucleotidyl Transferase dUTP Nick-End Labeling (TUNEL) Staining
A TUNEL apoptosis assay was used to detect DNA fragmentation using an in situ cell death detection kit (Roche, CA, USA) according to the manufacturer’s instructions. Briefly, H9c2 cells were fixed in 4% paraformaldehyde for 20 min after H/R stimulation for the indicated time points. The samples were then incubated with the TUNEL reagent in a dark, humidified chamber at 37 °C for 1 h. As a negative control, cells and tissues were treated only with the labeling solution. Nuclear counterstaining with 4′,6-diamidino-2-phenylindole (DAPI) (Southern Biotech, AL, USA) was performed, and the stained cells were examined using a fluorescence microscope (Leica, Wetzlar, Germany). The number of TUNEL-positive nuclei was counted under a high-power field in six different non-overlapping fields from each slide.
Annexin V/Propidium Iodide Assay
Apoptotic and necrotic cells were quantified by annexin V-FITC binding and propidium iodide (PI) uptake (BioLegend, CA, USA) according to the provided protocols. Briefly, after the cells were treated as indicated, the cells were harvested, resuspended in 100 μL binding buffer containing 2.5 μL FITC-annexin V and 5 μL PI solution (100 μg/ml), and incubated for 15 min in the dark at 4 °C. The cellular fluorescence was measured using a FACSCalibur flow cytometer (BD, NJ, USA). The cells that were considered viable were negative for both dyes, while the cells that were in the early phase of apoptosis were annexin V-positive and PI-negative, the cells that were in late phase of apoptosis were annexin V/PI-positive, and the cells that were in necrosis annexin V-negative and PI-positive.
Western Blot Analysis and Co-immunoprecipitation
Western blot was performed as previously described (Pu et al., 2017). Cardiac tissues and cells were homogenized in RIPA lysis buffer [50 mM Tris, pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS)]. Samples with equal amounts of protein (20 μg) were electrophoresed in an SDS-polyacrylamide gel and transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, MA, USA). These membranes were probed overnight at 4 °C with the following primary antibodies: caspase 3, cytochrome c, p-Drp1, Mff, and LC3B, which were purchased from Cell Signaling (MA, USA), HIF-1α and Bax, which were purchased from GeneTex (Hsinchu city, Taiwan), Bcl-2, which was purchase from BD, and BNIP3, which was purchased from Aviva Systems Biology (CA, USA). Then, the membranes were incubated with a horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit IgG secondary antibody (Jackson, PA, USA). The bound antibodies were detected using enhanced chemiluminescence (ECL) (Merck, NJ, USA). The intensity of the bands was quantified using ImageJ software (NIH, MD, USA). β-actin (Abcam, MA, USA) was used as the internal standard.
For co-immunoprecipitation, cells were collected and lyzed with lysis buffer. The supernatant fractions were collected and incubated with 1 μg of the appropriate antibody and precipitated overnight with protein A/G Sepharose beads (G-Bioscience, MO, USA) at 4°C. The beads were washed 3 times with wash buffer by centrifugation at 2,500 g at 4 °C. The precipitated proteins were collected by centrifugation at 2,500 g for 5 min. The immunoprecipitated proteins were separated by SDS-PAGE and subjected to Western blot as described above. The primary antibodies were as follows: Drp1 (Cell Signaling) and LC3B antibodies. The precipitation purity was also evaluated with Mff and BNIP3 antibodies.
Analysis of Mitochondrial Reactive Oxygen Species and Cellular Reactive Oxygen Species Levels
The levels of mitochondrial ROS were detected using the mitochondrial superoxide indicator MitoSox Red (Invitrogen, MA, USA). H9c2 cells were treated with 1 μM MitoSox Red for 15 minat 37 °C. Fluorescent images were captured using a fluorescence microscope. TO-PRO-3 (100 nM, Thermo, MA, USA), a dead cell indicator, was added before MitoSox Red analysis by an LSRFortessa flow cytometer (BD). 2′,7′-Dichlorodihydrofluorescein diacetate (DCFH-DA) (Thermo) and dihydroethidium (DHE) (Invitrogen) were used to detect the levels of intracellular oxidative free radicals and superoxide anions, respectively. Cardiomyocytes on coverslips were treated with or without H/R and then incubated with serum-free medium containing DCFH-DA (10 μM) in the dark at 37 °C for 30 min. After incubation, the conversion of DCFH-DA to the fluorescent product DCF was detected by fluorescence microscopy, and 5 μL PI solution (100 μg/ml) was added before DCFH-DA analysis by flow cytometry. In addition, cardiomyocytes were incubated in serum-free medium containing DHE (5 μM) for 15 min at 37 °C. Superoxide anions oxidize DHE, yielding ethidium, which emits red fluorescence at 535 nm, and images were captured by fluorescence microscopy. DiOC6(3) (90 nM, Thermo), a lipophilic dye that is selective for the mitochondria of live cells, was added before DHE analysis by flow cytometry.
Determination of Mitochondrial Membrane Potential (ΔψM)
5,5′,6,6′-Tetrachloro-1,1′,3,3′-tetraethylbenzimidazolyl-carbocyanine iodide (JC-1, BD) was used to analyze changes in mitochondrial transmembrane potential. After the various treatments, the cells were incubated with JC-1 (2 μM) at 37 °C for 30 min in the dark. JC-1 monomers emit green fluorescence and indicate the dissipation of the ΔψM, whereas JC-1 aggregates emit red and indicate an intact ΔψM. Cell fluorescence was monitored using an LSM 510 confocal microscope (Zeiss, Oberkochen, Germany) and a FACSCalibur flow cytometer.
Adenosine Triphosphate Determination
The levels of cellular ATP were evaluated using an ATP assay kit (Molecular Probe, OR, USA). The cells were lyzed and then centrifuged (12,000 g) for 5 min at 4 °C. Subsequently, the supernatants were collected, and the ATP levels were analyzed. The ATP working reagent was added to the 96-well plate for 5 min, and 20 μL of each sample was also added to each well. The ATP levels were measured using a microplate luminometer (Berthold, Bad Wildbad, Germany) and calculated according to standard ATP curves.
Acridine Orange Staining
Cells were briefly washed with PBS and incubated with 1 μg/ml acridine orange hydrochloride solution (Invitrogen) in PBS for 20 min at RT. Then, the cells were analyzed using confocal microscopy and flow cytometry. The acidic autophagic vacuoles emitted bright red fluorescence, while green fluorescence was observed in the cytoplasm and nucleus.
Double Immunofluorescence Staining
After the indicated treatments, H9c2 cells on sterilized coverslips were washed with PBS, fixed with 4% paraformaldehyde for 15 min at RT, and then permeabilized with 0.1% Triton X-100 for 10 min at RT. After washing with PBS, the cells were blocked with 3% bovine serum albumin (BSA) (Novagen, Darmstadt, Germany) in PBS for 1 h at RT. The cells were incubated with primary anti-Drp1 (Cell Signaling) or anti-LC3B (Cell Signaling) (1:250 dilution in PBS containing 1% BSA) antibodies overnight at 4 °C. After washing three times with PBS, the cells were incubated with anti-rabbit Alexa Fluor® 488 (Invitrogen) (1:250 dilution in PBS containing 1% BSA) for 1 h at RT. After washing three times with PBS, the cells were incubated with COX IV (Thermo) (1:250 dilution in PBS containing 1% BSA) overnight at 4°C. After washing three times with PBS, the cells were incubated with anti-mouse Alexa Fluor® 647 (Invitrogen) antibodies for 1 h at RT. The cells were then counterstained with 1 μg/ml DAPI for 3 min. Analysis and photomicrography were performed using an LSM 510 inverted confocal microscope.
Mitochondria Isolation Assay
A mitochondria isolation kit (Thermo) was used to prepare mitochondrial and cytoplasmic fractions from whole H9c2 cell lysates. The experimental procedures were performed according to the manufacturer’s instructions. The mitochondrial and cytoplasmic fractions were stored at −80 °C for further studies.
Mitochondrial Morphology
Mitochondrial morphology was observed using MitoTracker staining (Invitrogen). After the different treatments, cardiomyocytes were incubated with 400 nM MitoTracker for 1 h at 37 °C in the dark. Visualization was performed using a total internal reflection fluorescence microscope (TIRF, Zeiss) along with DIC optics and epifluorescence illumination, and the length of mitochondria was measured with ImageJ software. The length of more than 50 mitochondria per cell was measured, and measurements were collected from 20 cells. Three replicates were performed for each biological sample.
Animal Model
Adult male C57BL/6 mice (∼25 g) were obtained from National Taiwan University and housed at 25 °C ± 5 °C with 12-h light/dark cycles. All the animal experiments were performed in accordance with the National Institutes of Health guidelines for the use of laboratory animals and approved by the Taiwan University Animal Ethics Committee. The mice were randomly divided into the following groups: sham surgery, I/R, I/R + Vit D, and Vit D. One week before the surgery, Vit D was dissolved in PBS and intraperitoneally administered 3 times at 30 ng/mouse every 2 days. The sham group received PBS injections on the same schedule. The pharmacological dose was selected based on previous reports (Bodyak et al., 2007; Bae et al., 2011). In addition, bafilomycin (2.5 mg/kg) was intraperitoneally administered 1 day before I/R operation to inhibit the occurrence of autophagy. Myocardial I/R injury was performed according to the previously described method (Yang et al., 2017). Briefly, a mouse was anesthetized with 2% isoflurane, and the heart was manually exposed through a small incision without the need for intubation. Ischemia was induced by ligating the left anterior descending coronary artery (LAD) using an 8-0 nylon suture with a section of PE-10 tubing placed over the LAD at a position 1 mm from the tip of the normally positioned left atrium. After occlusion for 30 min, reperfusion was initiated by releasing the ligature and removing the PE-10 tubing. After reperfusion for 3 h, the heart was removed and immediately placed in ice-cold PBS. Hearts exhibiting infarcts involving the anterior and apical regions were rapidly frozen and stored in liquid nitrogen (N2) for Western blot analysis. In some cases, an entire cross-section was fixed with 4% paraformaldehyde solution for haematoxylin and eosin staining and immunohistochemistry.
Electron Microscopy
Cells and hearts from all the groups were imaged by transmission electron microscopy (TEM) to observe mitochondrial ultrastructure and mitophagy. The samples were immediately fixed with 2% glutaraldehyde and 2% paraformaldehyde in 0.1 M PBS at 4 °C overnight. After washing with PBS, the samples were postfixed with 2% osmium tetroxide. The fixed samples were dehydrated in a graded alcohol series and embedded in epoxy resin. Ultrathin sections were double-stained with uranyl acetate and lead citrate and then examined with a Hitachi H700 electron microscope (Hitachi, Tokyo, JP).
Statistical Analysis
The data are presented as the mean ± standard error of the mean (SEM) from at least three independent experiments. One-way analysis of variance (ANOVA) was performed between groups, followed by Dunnett’s post hoc test. p < 0.05 indicated statistical significance.
RESULTS
Vit D Reduces Apoptotic Cell Death After Hypoxia/Reoxygenation Injury in vitro
To evaluate whether Vit D pretreatment improves myocardial cell damage under I/R conditions, H9c2 cells were pretreated with Vit D or PBS and then subjected to H/R in vitro to simulate the physiological stress experienced by cardiomyocytes during ischemic infarct. Various concentrations of Vit D were used to treat H9c2 cells for 24 h, and the cell viability, which was evaluated by MTT assay, was not reduced (data not shown). Then, H9c2 cells were incubated with or without 100 nM Vit D for 4 h, exposed to hypoxic conditions for 6 h and treated with reoxygenation for 12 h under normoxic conditions (H/R). The MTT assay showed that H/R treatment significantly decreased H9c2 cell viability, while Vit D pretreatment reduced this effect (Figure 1A). Apoptotic cells were detected using the TUNEL assay and annexin V-FITC/PI staining assay. As shown by TUNEL analysis, H/R treatment significantly increased apoptosis, whereas Vit D pretreatment significantly decreased apoptosis (Figures 1B,C). H/R increased the annexin V-positive apoptotic cell populations (annexin V positive/PI positive and annexin V positive/PI negative), whereas Vit D pretreatment significantly decreased these cell populations (Figures 1D,E). To further confirm that the effects of Vit D on apoptosis are due to its antioxidant activity, MitoTEMPO, a mitochondrial ROS scavenger, was used, and its effect on H/R-induced apoptosis was evaluated. Similar to Vit D, the flow cytometry results indicated that MitoTEMPO also reduced apoptosis in H/R-treated cardiomyocytes (Figures 1D,E). Cleaved caspase three is considered an indicator of apoptosis. Compared to the control, H/R treatment significantly increased the cleaved caspase three levels, while Vit D decreased the levels of cleaved caspase 3 (Figures 1F,G). The expression balance of the BCL-2 families, including pro-apoptotic proteins (such as Bax) and anti-apoptotic proteins (such as Bcl-2), determines cell fate (Siddiqui et al., 2015). We detected the levels of Bcl-2 and Bax expression using Western blot (Figures 1F,G). H/R treatment significantly increased the level of the Bax/Bcl-2 ratio, while Vit D pretreatment decreased it.
[image: Figure 1]FIGURE 1 | Vitamin D3 (25-OH) reduced apoptotic cell death following H/R injury. H9c2 cells were incubated with or without 100 nM Vit D for 4 h and then exposed to hypoxic conditions for 6 h. The cells were then exposed to normoxic conditions for another 12 h. (A) Cell viability was measured by MTT assay. (n = 3) (B and C) Assessment and calculation of apoptosis by TUNEL assay. The merged images show that apoptotic cells and nuclei appear green and blue, respectively. Scale bar = 25 μm. (n = 4) (D and E) Representative images and flow cytometric analysis of the percentage of apoptotic H9c2 cells in the H/R model with or without pretreatment with Vit D or MitoTEMPO by annexin V/PI staining. (n = 4) (F and G) The levels of cleaved caspase 3, Bax, and Bcl-2 expression were analyzed by Western blot. The ratio of Bax to Bcl-2 reflects the apoptotic activity (n = 3). *p < 0.05 vs. control, †p < 0.05 vs. H/R.
Vit D Inhibits Reactive Oxygen Species Production in Hypoxia/Reoxygenation-Treated Cardiomyocytes
To investigate whether Vit D can affect mitochondrial ROS production in cardiomyocytes under H/R conditions, MitoSox Red was used to detect mitochondrial ROS. The results showed that H/R treatment significantly increased the production of mitochondrial ROS, while Vit D pretreatment decreased this effect (Figure 2A). Similar to pretreatment with Vit D, treatment with MitoTEMPO, a mitochondria-specific ROS scavenger, significantly decreased the mitochondrial ROS production in viable cells (MitoSox Red-positive and TO-PRO-3-negative) after H/R injury (Figures 2B,C). In addition, the cytoplasmic superoxide anion and H2O2 levels were detected using fluorescent protein-based redox probes, namely, DCFH-DA and DHE, respectively. H/R treatment significantly increased the cellular production of cytoplasmic superoxide anions and H2O2, as determined by fluorescence microscopy, while Vit D pretreatment reversed these effects (Figures 2D,G). In addition, H/R treatment increased the production of cytoplasmic superoxide anions in viable cells (PI-negative and DCFH-DA-positive), as shown by flow cytometry, while Vit D significantly decreased it (Figures 2E,F). Interestingly, the Vit D-treated group had lower DCFH-DA levels than the control group, and the H/R + Vit D group also had lower DCFH-DA levels than the control group. Additionally, the DHE overlay showed that H/R increased cytoplasmic H2O2, while Vit D decreased cytoplasmic H2O2 (Figure 2H). H/R increased the cytoplasmic H2O2 in viable cells (DHE-positive and DiOC6(3)-positive), as shown by flow cytometry, whereas Vit D decreased it (Figure 2I). These results indicate that Vit D is an effective antioxidant in cardiomyocytes.
[image: Figure 2]FIGURE 2 | Vit D inhibited ROS production in H/R-treated cardiomyocytes. Cardiomyocytes were incubated with or without 100 nM Vit D for 4 h and then exposed to hypoxia for 6 h. The cells were then exposed to normoxia for another 12 h (A and B, C) MitoSox Red was used to detect mitochondrial ROS by fluorescence microscopy. MitoSox Red/TO-PRO-3 staining was used to distinguish viable cells producing mitochondrial ROS (MitoSox Red-positive/TO-PRO-3-negative) by flow cytometry. (D and E, F) DCFH-DA was used to detect cytoplasmic H2O2 by fluorescence microscopy. DCFH-DA/PI staining was used to examine viable cells with cytoplasmic H2O2 (DCFH-DA-positive/PI-negative) by flow cytometry. (G) DHE was used to detect cellular superoxide anions by fluorescence microscopy. (H) DHE fluorescence displayed by overlay signals using flow cytometry. (I) DHE/DiOC6(3) staining was used to detect viable cells with cellular superoxide anions (DHE-positive/DiOC6(3)-positive) by flow cytometry. Scale bar = 50 μm. (n = 3, *p < 0.05 vs. control, †p < 0.05 vs. H/R).
Vit D Attenuates the Hypoxia/Reoxygenation-Induced Reduction in the Mitochondrial Membrane Potential (ΔΨm) and ATP Levels
The ΔΨm and ATP levels serve as critical parameters for cell apoptosis and mitochondrial function. In most cardiomyocytes, H/R induced marked changes in terms of a shift in fluorescence emission from red to green, as shown by the JC-1 assay; this shift indicated ΔΨm dissipation. The emission of green fluorescence by cardiomyocytes pretreated with Vit D was reduced, and the distribution pattern was similar to that of the control group. In addition, the results of JC-1 analysis by flow cytometry revealed that H/R treatment increased the populations of cells with low ΔΨm (JC-1 green positive and red negative), whereas Vit D reversed this effect (Figures 3A–C). The ATP content was decreased after H/R injury, while Vit D treatment protected cardiomyocytes from this H/R-induced effect (Figure 3D). The ATP concentration of the H/R + Vit D group was higher than that of the control group. The dissipation of ΔΨm can lead to mitochondria-dependent apoptosis. In addition, H/R induced the expression of cytochrome c, a marker of mitochondrial apoptosis, whereas this upregulation of cytochrome c was reduced by Vit D pretreatment (Figures 3E,F). These results indicate that the protective effect of exogenous Vit D on cardiomyocytes occurs via the modulation of mitochondrial function.
[image: Figure 3]FIGURE 3 | Vit D restored the mitochondrial membrane potential and ATP production that were decreased by H/R. Cardiomyocytes were incubated with or without 100 nM Vit D for 4 h and then exposed to hypoxia for 6 h. The cells were then exposed to normoxia for another 12 h. (A) Representative fluorescence images of JC-1 staining show the change in high mitochondrial membrane potential (red) and low mitochondrial membrane potential (green), which is an early event of apoptosis. H/R treatment increased green fluorescence, whereas Vit D decreased green fluorescence. Scale bar = 50 μm. (B and C) Flow cytometric patterns and quantitative analysis of cardiomyocytes stained with JC-1. Cell population with low ΔΨm according to JC-1 staining (green positive and red negative) (n = 4). (D) ATP levels were decreased after H/R injury, but ATP levels were restored by Vit D treatment. (E) The expression of cytochrome c was detected by Western blot. (n = 3). *p < 0.05 vs. control, †p < 0.05 vs. H/R.
Vit D Protects Mitochondria by Reducing Mitochondrial Fission
Mitochondria are highly dynamic organelles that undergo fission and fusion, and these processes are closely related to mitochondria function and ROS production (Westermann, 2010). MitoTracker was used to examine the effects of Vit D on the mitochondrial morphology in H/R-treated cardiomyocytes. The results showed that the length of the mitochondria in H/R-treated cells was significantly shorter than that in control-treated cells, and Vit D reversed this effect (Figures 4A,B). To further investigate how Vit D regulates mitochondrial fission, p-Drp1 and Mff, two regulatory proteins associated with mitochondrial fission, were examined. Our results showed that H/R treatment increased the expression of p-Drp1 and Mff, whereas the expression of these proteins was decreased by Vit D (Figures 4C–E). To further confirm the effects of mitochondrial ROS on mitochondrial fission after H/R injury, we examined the expression of p-Drp1 and Mff in Mito TEMPO and H/R-treated cardiomyocytes. We found that MitoTEMPO reduced the expression of both p-Drp1 and Mff (Figures 4F–H). Next, we investigated whether Drp1 interacts with Mff. We found that Drp1 was co-immunoprecipitated with Mff following H/R treatment, while Vit D decreased the interaction (Figure 4I). Our results suggest that the protective effect of Vit D against H/R-induced mitochondrial fission is attributed to its antioxidant capacity.
[image: Figure 4]FIGURE 4 | Vit D reduced mitochondrial fission in H/R-treated cardiomyocytes. (A and B) The mitochondrial morphology in cardiomyocytes was measured by the MitoTracker assay. Scale bar = 25 or 10 μm, as indicated in the panel. (C–E) Mitochondrial fission-associated regulatory factors p-Drp1 and Mff were detected by Western blot (n = 5). (F–H) Measurement of the effect of MitoTEMPO treatment on the expression of p-Drp1 and Mff by Western blot (n = 3). (I) Measurement of the interaction of Drp1 and Mff by co-immunoprecipitation. The indicated cultured cells were immunoprecipitated with anti-Drp1 antibodies followed by immunoblotting with anti-Mff antibodies. *p < 0.05 vs. control, †p < 0.05 vs. H/R.
Vit D Reduces Mitophagy in Cardiomyocytes
It has been reported that mitophagy plays a regulatory role in apoptosis (Yussman et al., 2002). Acridine orange (AO) staining was used to detect autophagic vacuoles. H/R-treated cells exhibited increased autophagosome formation, which was inhibited when cells were pretreated with Vit D; these results indicated that Vit D reduced the accumulation of autophagosomes (Figure 5A). In addition, the results of AO analysis by flow cytometry suggested that H/R injury significantly increased the population of cells undergoing autophagy (AO green positive and red positive), while Vit D decreased this population. AO green and red fluorescence overlay showed that H/R treatment enhanced AO staining, whereas Vit D reduced AO staining (Figure 5B). To investigate how Vit D affects mitophagy, we analyzed the expression of BNIP3 and the conversion of LC3I to LC3II by Western blot. The results showed that H/R increased BNIP3 expression and the LC3II/LC3I ratio. Nevertheless, Vit D reduced the expression of both BNIP3 and LC3BII (Figures 5C–E). To further confirm the effects of mitochondrial ROS on mitophagy after H/R injury, we examined the expression of BNIP3 and the conversion of LC3I to LC3II in MitoTEMPO and H/R-treated cardiomyocytes. We found that MitoTEMPO reduced the expression of both BNIP3 and LC3BII/LC3BI ratio (Figures 5F–H). Next, we investigated whether BNIP3 interacts with LC3B. Strong interactions between BNIP3 and LC3B were observed in H/R-treated cardiomyocytes, and the addition of Vit D markedly inhibited this interaction (Figure 5I). Taken together, these results indicate that Vit D can attenuate H/R-induced mitophagy by reducing mitochondrial ROS production.
[image: Figure 5]FIGURE 5 | Vit D attenuated H/R-induced mitophagy in cardiomyocytes. (A) Cells were stained with acridine orange (AO) solution and observed under a fluorescence microscope to examine the changes in the acidic compartments of the cells. Scale bar = 50 μm. (B) Cells were stained with AO solution and analyzed by flow cytometry. AO green and red overlay fluorescence showed that H/R enhanced AO staining, whereas Vit D reduced it. The bar graph shows the percentages of cells undergoing autophagy (AO red positive and green positive) (n = 3). (C–E) Expression of BNIP3 and LC3BII/I was examined by Western blot (n = 5). (F–H) Measurement of the effects of MitoTEMPO on the expression of BNIP3 and LC3BII/I by Western blot (n = 5). (I) Measurement of the interaction of BNIP3 and LC3BII/I by co-immunoprecipitation. The indicated cultured cells were immunoprecipitated with anti-BNIP3 antibodies followed by immunoblotting with anti-LC3B antibodies. *p < 0.05 vs. control, †p < 0.05 vs. H/R.
Vit D Reduces Mitochondrial Translocation of Drp1, Mff, BNIP3, and LC3B After Hypoxia/Reoxygenation Treatment
We then further evaluated the mitochondrial translocation of Drp1, Mff, BNIP3, and LC3B in response to H/R treatment. H/R treatment induced a significant increase in Drp1, Mff, BNIP3 and LC3B translocation to the mitochondria. However, Vit D treatment reduced the translocation of these proteins (Figure 6A). Using double immunofluorescence staining, we further investigated changes in the mitochondria undergoing mitophagy. We observed that co-localization of COX IV (a mitochondrial marker) with Drp1 or LC3B was more clearly present in the H/R group than in the control group, while Vit D pretreatment reduced these phenomena (Figures 6B,C). Transmission electron microscopy images showed that Vit D reduced the presence of autophagic vacuoles in H/R-treated cardiomyocytes (Figure 6D). To further evaluate the effect of the mitochondrial fission on H/R-induce mitophagy, we performed the treatment of mitochondrial fission inhibitor (Mdivi-1) on the expression of mitophagy-related proteins in H/R-treated H9c2 cells. Cells with Mdivi-1 treatment significantly reduced the levels of H/R-induced BNIP3 and LC3BII/LC3BI ratio expression (Figure 6E,F). These results indicated that mitochondrial fission was involved in H/R-induced mitophagy. Furthermore, we examined the effects of Vit D on HR-induced cardiomyocyte injury via mitophagy, we performed the effect of bafilomyocin A1, an autophagy inhibitor, on the expression of mitophagy-related proteins. Cells with bafilomyocin A1 treatment significantly reduced H/R-induced BNIP3 and LC3BII/LC3BI expression (Figures 6G,H).
[image: Figure 6]FIGURE 6 | Vit D reduced the translocation of mitochondrial fission-associated proteins (Drp1 and Mff) and mitophagy-associated proteins (BNIP3 and LC3B) in H/R-treated cardiomyocytes. (A) Mitochondrial translocation of Drp1, Mff, BNIP3, and LC3B in response to H/R treatment. H/R treatment induced a significant increase in Drp1, Mff, BNIP3 and LC3B translocation to mitochondria. Vit D treatment reduced this translocation. (B and C) Co-localization of COX IV (a mitochondrial marker) and Drp1 or LC3B was examined by dual immunofluorescence staining. The co-localization was increased in the H/R group compared to the control group, while Vit D treatment reduced this effect. Scale bar = 25 μm. (D) TEM showed that autophagic vacuoles (arrow) were present in the H/R-treated cells, and Vit D reduced the presence of autophagic vacuoles. The right panels are the magnification of the region enclosed in the red box. Scale bar = 500 nm. (E and F) The effect of Mdivi-1 (an inhibitor of mitochondrial fission) on the expression levels of BNIP3 and LC3BII/LC3BI ratio were analyzed by Western blot. LC3BII/LC3BI ratios reflect the autophagy activity (n = 3). (G and H) The effects of bafilomycin A1, an autophagy inhibitor, on the expression levels of BNIP3 and LC3BII/I ratio were analyzed by Western blot (n = 3). *p < 0.05 vs. control, †p < 0.05 vs. H/R.
Vit D Preserves Mitochondrial Membrane Integrity and Ultrastructure in Mouse Hearts After Ischemia/Reperfusion Injury
Compared with sham surgery, I/R induced the infiltration of inflammatory cells into the infarct zone of cardiac tissues, and Vit D ameliorated this inflammatory infiltration (Figure 7A). I/R increased the intracellular levels of superoxide anions, as shown by DHE staining, while Vit D decreased the intercellular levels of superoxide anions in the heart after I/R injury (Figure 7B). Ultrastructure images were examined by TEM. The mice administered Vit D treatment showed complete mitochondrial structures with well-aligned cristae (Figure 7C). I/R treatment significantly increased the number of apoptotic cells, while Vit D pretreatment reduced the effect (Figure 7D). The levels of HIF-1α, Mff, p-Drp 1, BNIP3, LC3B and cleaved caspase three in the I/R-treated mice were significantly elevated compared to those in the control-treated mice. Furthermore, Vit D treatment significantly reduced the levels of these proteins during I/R damage (Figure 7E). Furthermore, we examine the effects of Vit D on I/R-induced mitophagy, we performed the effect of bafilomyocin A1 on the expression of mitophagy-related proteins. Mice with bafilomyocin A1 treatment significantly reduced I/R-induced BNIP3 and LC3BII/I expression (Figure 7F).
[image: Figure 7]FIGURE 7 | Vit D reduced I/R-induced cardiac injury. (A) Transverse sections of cardiac morphology were observed by haematoxylin and eosin staining. I/R induced more inflammatory cell infiltration into cardiac tissue than the control, while Vit D ameliorated this inflammatory infiltration. Scale bar = 600 μm or 100 μm, as indicated in the panel. (B) The production of superoxide anions was assessed by DHE staining. Scale bar = 100 μm. (C) Representative ultrastructural images were observed by TEM. Mitophagy was present in the I/R-treated cardiomyocytes. The control and Vit D treatment groups exhibited intact mitochondrial structures with well-arranged cristae. Scale bar = 500 nm. (D) Myocardial apoptosis was identified and quantified by TUNEL assay (TUNEL: brown; nuclei: blue; scale bar = 100 μm). (E) The protein levels of HIF-1α, Drp1, Mff, BNIP3, LC3B, and cleaved caspase three were determined by Western blot. Vit D treatment significantly reduced the levels of these proteins in the I/R-treated mice. (F) The effect of bafilomyocin A1, an autophagy inhibitor, on the levels of BNIP3 and LC3BII/I expression in I/R-treated mice (n = 3). *p < 0.05 vs. control, †p < 0.05 vs. I/R.
DISCUSSION
The important findings we report are that exogenous Vit D treatment can 1) reduce cardiomyocyte apoptosis and ROS production; 2) increase mitochondrial membrane potential; 3) reduce mitochondrial fission via decreased Drp1 and Mff expression; and 4) reduce mitophagy by reducing the H/R-induced expression of BNIP3 and LC3B. Vit D exerts a protective effect on mitochondrial physiology and morphology and on the expression of key mitochondrial proteins. To the best of our knowledge, this study is one of few studies to show that Drp1/Mff is required for mitochondrial fission and that BNIP3/LC3B is associated with mitophagy; these findings further elucidate the mechanisms of cardiac I/R injury and the effective protection provided by Vit D.
Vit D exerts a wide range of physiological and cytoprotective functions in biological systems. Human skeletal muscle cells treated with 1α,25-dihydroxyvitamin D3 exhibited an increased mitochondrial oxygen consumption rate and mitochondrial volume (Ryan et al., 2016). 25(OH)D3 and 1α,25(OH)2D3 affected calcium and phosphorus absorption, gene expression, proliferation, and differentiation in skeletal muscle cells (Birge and Haddad, 1975; Girgis et al., 2014). Vit D depletion exacerbated hypertension and cardiac damage (Andersen et al., 2015). As reported in the literature, Vit D can alleviate H2O2-mediated endothelial cell stress-mediated injury in a dose- and time-dependent manner by reducing anionic superoxide production and apoptosis (Polidoro et al., 2013). Vit D prevents the inflammatory responses observed in endothelial cells and db/db mice exposed to diabetic conditions (Einbinder et al., 2016). Vit D helps reduce diabetic cardiomyopathy not only by improving blood sucrose and insulin levels but also by downregulating advanced glycation end product formation and hexosamine pathways in heart tissues (Derakhshanian et al., 2019). Activation of the Vit D receptor prevents myocardial reperfusion injury by inhibiting apoptosis and modulating autophagy (Yao et al., 2015). In accordance with these findings, in the present study, Vit D significantly attenuated I/R-induced cardiac apoptosis in vivo and in vitro.
During the pathogenesis of myocardial I/R injury, oxidative stress is increased and contributes to the regulation of cardiomyocyte apoptosis (Chen and Zweier, 2014; Zhou et al., 2015). Vit D, an antioxidant vitamin, is essential in regulating the biochemical pathways that lead to proper heart function (Liu et al., 2018). Consistent with these findings, we demonstrated that H/R treatment increased ROS production. Furthermore, Vit D reduced cytoplasmic and mitochondrial ROS production. Mitochondria are the main source of ROS, and excessive ROS production severely accelerates mitochondrial abnormalities and mitochondrial membrane injury (Bliksoen et al., 2015; Ong et al., 2015). Importantly, we demonstrated that the specific mitochondrial ROS scavenger MitoTEMPO has the same effect on ROS production as Vit D, indicating that in H/R-treated cardiomyocytes, cytoplasmic ROS are mainly derived from mitochondrial ROS. Therefore, we concluded that the antioxidant effects of Vit D may be attributed to the removal of excess mitochondrial ROS. Cardiomyocytes treated with H/R exhibited mitochondrial dysfunction, as evidenced not only by the decrease in both ATP production and mitochondrial membrane potential but also by the increase in ROS production in the present study. These H/R-induced functional and structural defects in mitochondria are associated with mitochondria-dependent apoptotic events, including caspase three activation and chromosomal DNA fragmentation. Importantly, we demonstrated that Vit D prevents H/R-induced cardiac apoptosis by restoring mitochondrial function and regulating intracellular redox status.
Mitochondria are essential for cardiomyocyte survival and death (Yang et al., 2018). Healthy mitochondria produce ATP energy that drives biological processes, while damaged mitochondria produce pathological ROS (Tang et al., 2015). To prevent cell death and maintain mitochondrial function, damaged mitochondria may undergo fission and degradation. Oxidative stress regulates mitochondrial fission events (Kroemer et al., 2007). Mitochondrial fission usually results in the separation of components from an original mitochondrion, producing one healthy mitochondrion and another impaired mitochondrion with reduced membrane potential (Youle and van der Bliek, 2012). However, oxidative stress may lead to excessive mitochondrial fission, resulting in mitochondrial structural changes and dysfunction as well as cellular damage (Reddy, 2014). MitoTracker and transmission electron microscopy revealed mitochondrial rupture or smaller mitochondria in H/R-treated cardiomyocytes, indicating that mitochondrial fission was increased and that Vit D improved this effect. The effect of MitoTEMPO on mitochondrial morphology was identical to that of Vit D, suggesting that the effect of Vit D on mitochondrial fission could be attributed to its antioxidant activity. In addition, mitochondrial fission is regulated by proteins including Drp1 and Mff (Westermann, 2010; Jin et al., 2018; Jin et al., 2020). Drp1 is a cytosolic guanosine triphosphatase that plays an important role in translocation and oligomerization in mitochondrial outer membranes during mitochondrial fission (Hall et al., 2014). Overexpression of a dominant-negative form of Drp1 inhibits cytochrome c release and caspase three activation in H9c2 cells treated with high glucose (Yu et al., 2008). The levels of the Dynamin two and Drp1 proteins were significantly increased when cardiomyocytes were exposed to 30 μM H2O2 (Gao et al., 2016). It is known that the inhibition of Drp1 can reduce the death of cardiomyocytes (Ong et al., 2010). I/R injury increased ROS production and mitochondrial fission in cardiac microvascular endothelial cells (Zhou et al., 2019; Wang et al., 2020). Our study showed that H/R treatment could upregulate the expression of p-Drp1 and Mff, while Vit D could reverse this effect. Furthermore, in this study, when mice were exposed to I/R, apoptosis, caspase three activity, and mitochondrial fission-associated protein levels exhibited the same trends as those observed in vitro. Our data suggested that Vit D can inhibit mitochondrial fission, thereby protecting the heart from I/R injury.
Autophagy is a lysosome-dependent cellular catabolic process that is accompanied by LC3B transformation and BNIP3 expression; autophagy results in the timely clearance of damaged cellular components (Yang and Klionsky, 2010). Maintaining a balance between mitophagy, a selective form of autophagy, and mitochondrial production is critical for maintaining healthy cells (Livingston et al., 2019). Experiments over the years have shown different results, and the effects of mitophagy on diseases associated with organ ischemia is a controversial topic (Andres et al., 2015; Li et al., 2016; Zhou et al., 2018a; Zhou et al., 2018b; Zhang et al., 2018; Wu et al., 2019). Different cell types, animal species, and I/R models can yield to contradictory results. In our study, H/R treatment significantly increased mitophagy by increasing the LC3 -II B/LC3B -I levels and BNIP3 expression compared with the sham operation. In addition, using acridine orange staining and transmission electron microscopy, we observed that H/R significantly induced autophagosome formation. Furthermore, we showed by immunocytochemistry and confocal microscopy analysis that COX IV-labelled mitochondria colocalized with LC3B-labelled autophagosomes, indicating the presence of mitophagy in H/R-treated cardiomyocytes. These features of mitophagy are significantly activated by H/R injury in cardiomyocytes and can be further attenuated by Vit D treatment or MitoTEMPO treatment or Mdivi-1 treatment. H/R damage to cardiomyocytes significantly activates these characteristics of mitochondria, which can be reduced by Vit D treatment or MitoTEMPO treatment or Mdivi-1 treatment. This study describes a new mechanism by which Vit D exerts cardioprotective effects by reducing mitophagy-mediated cell death under I/R conditions. The inhibitory effect of Vit D on ROS production may be due in part to decreased mitophagy. Furthermore, when mice were exposed to I/R, the levels of mitophagy-associated proteins showed the same trends as those observed in vitro. In summary, these results suggested that a decrease in mitophagy is associated with the cardioprotective effects of Vit D during cardiac I/R injury.
Taken together, our current study shows that Vit D prevents H/R-induced apoptosis by inhibiting oxidative stress and regulating mitochondrial function. Vit D inhibits H/R-induced mitochondrial fission and mitophagy by inhibiting Drp1/Mff and BNIP3/LC3B, respectively. After describing the mechanisms of Vit D-mediated protection, this study provides new opportunities for treating H/R-induced cardiac damage.
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Type 2 diabetes mellitus (T2DM) has been recognized as a known risk factor for cardiovascular diseases. Additionally, studies have shown the prevalence of depression among people with diabetes. Thus, the current study aimed to investigate the possible beneficial effects of escitalopram, a selective serotonin reuptake inhibitor, on metabolic changes and cardiac complications in type 2 diabetic rats. Diabetes was induced by feeding the rats high fat-high fructose diet (HFFD) for 8 weeks followed by a subdiabetogenic dose of streptozotocin (STZ) (35 mg/kg, i. p.). Treatment with escitalopram (10 mg/kg/day; p. o.) was then initiated for 4 weeks. At the end of the experiment, electrocardiography was performed and blood samples were collected for determination of glycemic and lipid profiles. Animals were then euthanized and heart samples were collected for biochemical and histopathological examinations. Escitalopram alleviated the HFFD/STZ-induced metabolic and cardiac derangements as evident by improvement of oxidative stress, inflammatory, fibrogenic and apoptotic markers in addition to hypertrophy and impaired conduction. These results could be secondary to its beneficial effects on the glycemic control and hence the reduction of receptor for advanced glycation end products content as revealed in the present study. In conclusion, escitalopram could be considered a favorable antidepressant medication in diabetic patients as it seems to positively impact the glycemic control in diabetes in addition to prevention of its associated cardiovascular complications.
Keywords: cardiomyopathy, depression, diabetes mellitus, escitalopram, metabolic derangements 3
[image: Graphical abstract]GRAPHICAL ABSTRACT | Escitalopram alleviates HFFD/STZ-induced metabolic and cardiac derangements in type 2 diabetic rats. BG: blood glucose, BW: body weight, ECG: electrocardiographic, HFFD: high fat-high fructose diet, HOMA-IR: homeostasis model assessment of insulin resistance, HR: heart rate, MHC: myosin heavy chain, NADPH oxidase: nicotinamide adenine dinucleotide phosphate oxidase, NF-κB: nuclear factor-kappa B, RAGE: receptor for advanced glycation end products, STZ: streptozotocin, TAC: total antioxidant capacity, TC: total cholesterol, TGF-β: transforming growth factor-beta, TGs: triglycerides, TNF-α: tumor necrosis factor-alpha.
INTRODUCTION
Type 2 diabetes mellitus (T2DM) has been recognized as a known risk factor for cardiovascular diseases affecting approximately 32.2% of all persons with T2DM (Einarson et al., 2018). Both clinical and experimental studies have highlighted the existence of a specific diabetic cardiomyopathy (DCM) (Davidoff et al., 2004; De Rosa et al., 2018) which is attributed to structural and functional changes of the myocardium, independent of other coexisting heart conditions (Miki et al., 2013; Gulsin et al., 2019).
The exact pathophysiology of DCM is multifactorial where advanced glycation end products (AGEs) formation and accumulation secondary to chronic hyperglycemia has been established as an important contributor to the development of DCM (Bodiga et al., 2014; Athithan et al., 2019). Stimulation of receptor for advanced glycation end products (RAGE) by AGEs activates nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, enhancing the generation of reactive oxygen species (ROS) which in turn play a pivotal role in the diabetes-induced cardiovascular damage (Jay et al., 2006).
Furthermore, the stimulated RAGE induces the activation and the translocation of the oxidative stress related transcription factor; nuclear factor-kappa B (NF-κB) (Luevano-Contreras and Chapman-Novakofski, 2010). NF-κB is a central coordinator of the pro-inflammatory genes expression, controlling the expression of pro-inflammatory cytokines (tumor necrosis factor-alpha (TNF-α), interleukin (IL)-1β, IL-6) and adhesion molecules (vascular cell adhesion molecule-1). In addition, sustained TNF-α signaling activation induces cardiomyocyte apoptosis through the activation of both intrinsic and extrinsic cell death pathways (Haudek et al., 2007). Pro-inflammatory cytokines can also affect cardiac contractility where they exert negative inotropic effects on the heart, resulting in a rapid contractile dysfunction and interfering with the excitation-contraction coupling (Frati et al., 2017).
Additionally, interstitial fibrosis is a structural hallmark of DCM (Mizamtsidi et al., 2016). Transforming growth factor-beta (TGF-β) induces fibroblasts differentiation to myofibroblasts with production of much collagen (Petrov et al., 2002). Collagen can undergo glycation by AGEs, resulting in cross-linking and impairing its degradation, leading to fibrosis and myocardial stiffness (Wang et al., 2006).
Experimental studies revealed an association between depressive like behaviors and T2DM (Ye et al., 2017; Soliman et al., 2020). Clinically, depression has been found to negatively impact glycemic control and to increase the diabetic complications including cardiovascular diseases (Lin et al., 2010; Oladeji and Gureje, 2013). Growing body of evidence also suggests a bidirectional association between diabetes and depression in patients with each disease increasing the risk of the other (Zhuang et al., 2017). Importantly, there have been concerns about adverse effects of some antidepressants (e.g., tricyclic antidepressants and monoamine oxidase inhibitors) on glucose metabolism, at least in part through inducing significant weight gain and insulin resistance (Goodnick, 2001; Barnard et al., 2013; Gehlawat et al., 2013). The use of some antidepressants also induces serious cardiovascular complications including arrhythmia and sudden cardiac death (Leonard et al., 2011). Hence, the need for an antidepressant with no adverse effects on the metabolic features of diabetes and its cardiac complications is warranted.
Selective serotonin reuptake inhibitors (SSRIs) are commonly prescribed antidepressants due to their favorable safety profile and efficacy (Markowitz et al., 2011). Escitalopram is a SSRI which is used as a first-line option in the management of major depression and anxiety disorders (Kirino, 2012). In addition to its antidepressant effect, escitalopram has demonstrated antioxidant, anti-inflammatory and antihyperlipidemic effects, both experimentally and clinically (Eren et al., 2007; Unis et al., 2014; Arain et al., 2017; Abdo et al., 2019). Moreover, the use of escitalopram in diabetic and depressed patients was associated with a possible beneficial effect on glycemic control without inducing weight gain (Gehlawat et al., 2013). Escitalopram also exhibits distinct advantages in comparison to other SSRIs regarding its cardiovascular safety (Guo et al., 2019).
Therefore, the current study was designed to investigate if escitalopram, a potent and a well-known antidepressant, would have favorable or adverse effects on metabolic changes and cardiac complications associated with T2DM in rats.
MATERIAL AND METHODS
Animals
Adult male Wistar albino rats, weighing 80–120 g, were obtained from the National Research Center Laboratory, Cairo, Egypt. Rats were housed in standard polypropylene cages in the animal house of Faculty of Pharmacy, Cairo University under constant environmental conditions and a 12 h light-dark cycle. Animals were allowed to acclimate for at least 7 days prior to dietary manipulation and were fed normal pellet diet and tap water ad libitum. All experimental procedures were approved by the Ethics Committee, Faculty of Pharmacy, Cairo University (Permit Number: PT 1303) and were conducted in compliance with the Guide for Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 2011).
Drugs and Chemicals
Streptozotocin (STZ) was purchased from Sigma-Aldrich, USA. Fructose was obtained from El-Nasr Pharmaceutical chemicals Company, Egypt and the long-acting insulin (Insulatard) from Novo Nordisk A/S, Denmark. Escitalopram oxalate (Cipralex) was purchased from H. Lundbeck A/S, Denmark. Escitalopram was freshly prepared in saline immediately before use and administered orally. All other chemicals and reagents, unless specified, were obtained from Sigma-Aldrich, United States.
Experimental Design
Fifty rats were divided into two dietary regimen-groups; normal fat diet (NFD, n = 20) and high fat-high fructose diet (HFFD, n = 30) by combining an in-house-prepared HFD with fructose in drinking water (20%) for a period of 8 weeks. HFD provided 5.3 kcal/g and composed of fat (15%:14% saturated animal fat and 1% cholesterol powder), protein (21%), carbohydrate (60%), fibers (3%), vitamins and minerals (1%). During the 8th week, HFFD group received a single daily dose of insulin (0.5 IU/kg, i. p.) to enhance the development of insulin resistance (IR) (Chang et al., 1999) and to guard against the decrease in insulin level following STZ injection (Srinivasan et al., 2005; Schaalan et al., 2009). At the beginning of the 9th week, a single subdiabetogenic dose of STZ (35 mg/kg) freshly prepared in citrate buffer (0.1 M, pH 4.5) was injected i. p. into each rat after an overnight fasting to produce frank hyperglycemia (Schaalan et al., 2009). The NFD rats received an equivalent volume of citrate buffer. In order to protect the HFFD/STZ rats from STZ-induced hypoglycemia, they were given 5% oral glucose solution in drinking water during the first 24 h after STZ administration (Hajduch et al., 1998). HFFD regimen was then stopped and animals were fed normal diet for the rest of the study. 1 week after STZ injection, rats with persistent blood glucose levels between 200 and 350 mg/dL, hyperinsulinemia and dyslipidemia were considered insulin resistant/T2DM and were selected for further pharmacological studies.
Intraperitoneal Glucose Tolerance Test
Intraperitoneal glucose tolerance test (IPGTT) was performed 1 week after STZ administration. Six-hour fasted diabetic and non diabetic rats were administered i. p. dose of glucose (2 g/kg) (Elmazar et al., 2013). Blood droplets were withdrawn from the tail vein at zero time and every 30 min along 2 h to estimate the resulting blood glucose levels and to confirm the IR state. Glucose was measured using Accu-Check Active glucometer (Roche Diagnostics, Germany). Area under the curve (AUC) was calculated according to the following equation (Psyrogiannis et al., 2003):
AUC = 0.25 (fasting value) + 0.5 (1/2 h value) + 0.75 (1 h value) + 0.5 (2 h value).
Main Experimental Groups
Half of NFD fed rats (n = 10) received saline and served as normal group. The other half (n = 10) received escitalopram (10 mg/kg/day, p. o.) (Eren et al., 2007; Unis et al., 2014) and served as escitalopram group. Diabetic rats that fulfilled the aforementioned criteria were randomly assigned into two other groups, each containing 10 rats. One group served as HFFD/STZ diabetic rats and received saline while the last group was orally treated with escitalopram (10 mg/kg/day). Treatment was continued for further 4 weeks till the end of experiment.
Blood and Tissues Sampling
At the end of the experimental period, rats were anesthetized with thiopental (50 mg/kg, i. p.) and kept warmed to prevent the incidence of hypothermia. Subcutaneous peripheral limb electrodes were inserted for electrocardiographic (ECG) recording (HPM 7100, Fukuda Denshi, Tokyo, Japan) to determine heart rate (HR) as well as QT interval and QRS duration (Figure 1). Animals were then weighed and blood samples were collected under anesthesia from the retro-orbital sinus into non-heparinized tubes. Rats were fasted for 12 h before blood sampling in order to minimize feeding-induced variations in glucose and lipid patterns. Separated serum samples were stored at −20°C for estimation of glucose, insulin, fructosamine, triglycerides (TGs) and total cholesterol (TC) levels.
[image: Figure 1]FIGURE 1 | Representative electrocardiographic images for normal group (A), escitalopram group (B), diabetes group (C) and diabetes + escitalopram group (D).
After the collection of blood samples, animals were euthanized by cervical dislocation. The whole ventricles were rapidly excised, washed with ice-cold saline then weighed after blotting with filter paper. For each group, two sets of experiments were conducted; one for electrocardiographic and biochemical measurements (n = 6) and the other (n = 4) for histological examination. For biochemical measurements, the whole ventricle was divided into three transverse parts. One part was homogenized in ice cold saline using a homogenizer (Heidolph Diax 900, Germany) to prepare 10% w/v homogenate and the resultant homogenates were centrifuged at 5000 rpm for 10 min at 4°C using cooling centrifuge (Hettich universal 32A, Germany). The separated supernatants were stored at −80°C till the required measurements where protein contents were estimated as demonstrated by Lowry et al. (1951). The other two parts of ventricles were used for real time-PCR and western blot analyses.
Biochemical Measurements
Determination of Glycemic and Lipid Profiles
Serum glucose, fructosamine and insulin levels were determined using enzymatic colorimetric kit (Biodiagnostic, Egypt, Cat.# GL 13 20), rat fructosamine ELISA kit (Nova lifetech Science, Hong Kong) and rat insulin ELISA kit (Abnova, Taiwan, Cat.# KA3811), respectively. The kits procedures were performed in line with the manufacturer's instructions then expressed as mg/dL, μmol/L and μIU/mL, respectively. Homeostasis model assessment of insulin resistance (HOMA-IR) was calculated according to the equation demonstrated by Matthews et al. (1985). On the other hand, serum TGs and TC levels were determined using enzymatic colorimetric kits (Spinreact, Spain) according to the manufacturer's instructions and the results were expressed as mg/dL.
Determination of Myocardial Receptor for Advanced Glycation End Products and Oxidative Stress Biomarkers
The estimation of myocardial contents of RAGE and NADPH oxidase two was carried out using commercially available rat ELISA kits (RayBiotech Inc., United States, Cat.# ELR-RAGE and Bioassay Technology Laboratory, China, Cat.# E1173Ra, respectively), while total antioxidant capacity (TAC) was estimated using ABTS antioxidant assay kit (ZenBio Inc., USA). The procedures of the used kits were performed along with the manufacturer's instructions, where the results were expressed as ng/mg protein for RAGE and NADPH oxidase two and μM/mg protein for TAC.
Determination of Myocardial Inflammatory and Fibrogenic Biomarkers
The inflammatory (NF-κB p65 and TNF-α) as well as fibrogenic (TGF-β1) markers were estimated using rat ELISA kits from Elabscience (China), Cat.# E-EL-R0674; RayBiotech Inc. (USA), Cat.# ELR-TNFa and Kamiya Biomedical Company (USA), Cat.# KT-30309, respectively and the results were expressed as ng/mg protein for NF-κB p65 and pg/mg protein for the other 2 markers.
Determination of Myocardial Apoptotic Biomarkers
Myocardial contents of caspase-8 (the initiator caspase of the extrinsic apoptotic pathway) as well as P53 (the stimulator of intrinsic apoptotic pathway) were assessed using rat caspase-8 ELISA kit (Cusabio, China, Cat.# CSB-E14912r-24) and p53 pan ELISA kit (Roche Diagnostics, Germany, Cat.# 11 828 789 001) and the results were expressed as ng/mg protein and pg/mg protein, respectively. Furthermore, caspase-3 activity (the key enzyme in the execution of both extrinsic and intrinsic apoptosis) was estimated using caspase-3/CPP32 colorimetric assay kit (Biovision Milpitas, CA, USA, Cat.# K106-100) where the results were expressed as nmol pNA/h/mg protein.
Detection of α-and β-Myosin Heavy Chain Gene Expression
Part of the ventricle was used to assess myocardial α- and β-myosin heavy chain (MHC) gene expression using quantitative real time-PCR technique. In brief, total RNA was extracted from heart tissues using SV total RNA isolation system (Promega, USA), and the purity of the obtained RNA was verified spectrophotometrically at 260/280 nm. The extracted RNA was then reverse transcribed into complementary DNA using Reverse Transcription System (Promega, USA). Quantitative real time-PCR was performed using SYBR Green JumpStart Taq ReadyMix (Sigma-Aldrich, USA) as described by the manufacturer; sequences of the primers used are listed in Table 1. After the quantitative real time-PCR run, the relative expression of target genes was obtained using the 2−∆∆CT formula with beta-actin (β-actin) as a housekeeping gene (Livak and Schmittgen, 2001).
TABLE 1 | Sequences of the primers used.
[image: Table 1]Western Blot Analysis of Connexin-43
Another part of the ventricle was homogenized in lysis buffer and quantified for protein levels using a Bicinchoninic acid protein assay (BCA) kit (Thermo Fisher Scientific Inc., USA). Protein expression was assessed as previously described (Ahmed et al., 2014) using connexin 43/GJA1 primary antibody (R&D Systems Inc., USA, Cat.# PPS045) and horseradish peroxidase (HRP)-conjugated goat anti-mouse secondary antibody (Novus Biologicals, USA, Cat.# HAF007). The amount of protein was assessed by densitometric analysis of the autoradiograms using a scanning laser densitometer (Biomed Instrument Inc., USA). Results were expressed as arbitrary units after normalization for β-actin protein expression.
Histological Assessment of Myocardial Damage
The whole ventricle was rinsed in ice-cold saline, then portions were collected from different areas (the base, middle, and apex) and immediately fixed in 10% formalin for 24 h. The specimens were then washed, dehydrated in ascending grades of ethanol, cleared in xylene and embedded in paraffin wax. Serial sections (5 μm thick) were obtained, stained with haematoxylin and eosin (H&E) and examined microscopically (magnification x200) using an image analyzer (Leica Qwin 550, Germany). Myocardial damage was evaluated as demonstrated by Zhang et al. (2008) using a semi-quantitative grading scale of 0–5 (0, normal myocardial cells; 1, <5% of myocardial cells showing necrosis with one or two apoptotic cells/field; 2, 5–15% of myocardial cells showing necrosis with no more than four apoptotic cells/field; 3, 16–25% of myocardial cells showing necrosis with up to five apoptotic cells/field; 4, 26–35% of myocardial cells showing necrosis in confluent areas with up to six apoptotic cells/field and 5, >35% of myocardial cells showing necrosis in multiple massive or coalescent areas with up to seven or more apoptotic cells/field). Histological changes were evaluated by a pathologist unaware of different groups examined.
Statistical Analysis
Data were expressed as mean ± standard error of mean (SEM). Results were analyzed using one way analysis of variance test (One-way ANOVA) followed by Tukey’s multiple comparisons test except the results of IPGTT which was done using two-way repeated measures ANOVA followed by Bonferroni's multiple comparisons test and its AUC was done using unpaired Student’s t test. Additionally, histological score of damage was done using non-parametric One-Way ANOVA followed by Dunn's multiple comparison test. Statistical analysis was performed using GraphPad Prism software, version 6 (GraphPad Software Inc., United States). For all the statistical tests, the level of significance was fixed at p < 0.05.
RESULTS
Overall, no significant differences were observed between the assessed parameters in normal rats treated with escitalopram compared with those of untreated normal rats.
Changes in Body Weight as Well as Serum Glucose, Triglycerides and Total Cholesterol Levels During Induction of HFFD/STZ Type 2 Diabetes in Rats
Feeding rats with HFFD for 8 weeks accompanied by a single daily dose of insulin (0.5 IU/kg, i. p.) during the 8th week resulted in a significant increase in their body weight (BW) as well as serum glucose, TGs and TC levels by about 165%, 52%, 184% and 79%, respectively compared to their initial values. Moreover, administration of STZ (35 mg/kg, i. p.) at the beginning of the 9th week caused further increase in serum glucose level by about 156% compared to that at the end of the 8th week (Table 2).
TABLE 2 | Changes in body weight as well as serum glucose, triglycerides and total cholesterol levels during induction of HFFD/STZ type 2 diabetes in rats.
[image: Table 2]Intraperitoneal Glucose Tolerance Test and Area Under the Curve in Normal and HFFD/STZ Type 2 Diabetic Rats
One week following STZ injection, the HFFD/STZ model group showed impaired glucose tolerance upon glucose administration (2 g/kg, i. p.), where blood glucose levels in the HFFD/STZ diabetic group were much higher than that in the normal group at 0, 30, 60, 90 and 120 min by about 204, 134, 266, 255, and 227%, respectively. This was also confirmed by the calculated AUC which was significantly higher in the HFFD/STZ diabetic group than the normal group by 206.47% (Table 3).
TABLE 3 | Intraperitoneal glucose tolerance test and area under the curve in normal and HFFD/STZ type 2 diabetic rats.
[image: Table 3]Effect of Escitalopram on Body Weight and Heart Weight Index as Well as Electrocardiographic Changes in HFFD/STZ Type 2 Diabetic Rats
The HFFD/STZ model showed a significant increase in BW and heart weight index (HWI) reaching 135.17 and 115.12%, respectively compared to the normal group. Correspondingly, HFFD/STZ diabetic rats showed significant decrease in HR together with significant prolongation of QTc interval and QRS duration, indicating conduction abnormalities. Although treatment with escitalopram showed no significant decrease in BW, it successfully ameliorated HWI and ECG abnormalities (Table 4).
TABLE 4 | Effect of escitalopram (10 mg/kg/day; p.o., for 4 weeks) on body weight, heart weight index, and electrocardiographic changes in HFFD/STZ type 2 diabetic rats.
[image: Table 4]Effect of Escitalopram on Glycemic Profile in HFFD/STZ Type 2 Diabetic Rats
A significant increase in serum glucose, insulin and fructosamine levels as well as HOMA-IR by about 258, 863, 335, and 3280%, respectively was noticed in HFFD/STZ diabetic group compared to the normal group. On the other hand, HFFD/STZ diabetic rats treated with escitalopram displayed a remarkable improvement in glycemic control where escitalopram effectively reduced serum levels of glucose, insulin and fructosamine along with HOMA-IR by 40.06, 43.44, 28, and 66.86%, respectively compared to HFFD/STZ diabetic group (Figure 2).
[image: Figure 2]FIGURE 2 | Effect of escitalopram (10 mg/kg/day; p. o., for 4 weeks) on glycemic profile (A–D); serum levels of glucose (A), insulin (B), fructosamine (C) and HOMA-IR (D) as well as lipid profile (E, F); serum levels of TG (E) and TC (F) in HFFD/STZ type 2 diabetic rats. Each value represents the mean of six experiments and error bars represent SEM. Statistical analysis was done using One way ANOVA followed by Tukey’s post-hoc test. *p < 0.05 vs. normal, #p < 0.05 vs. diabetes.
Effect of Escitalopram on Lipid Profile in HFFD/STZ Type 2 Diabetic Rats
The HFFD/STZ diabetic model was associated with significant increase in serum TGs and TC levels where their values reached 295.59 and 187.86%, respectively compared to the normal group. Escitalopram treatment successfully normalized TGs level and significantly reduced TC level by 19.93% compared to the HFFD/STZ diabetic group (Figure 2).
Effect of Escitalopram on Myocardial Receptor for Advanced Glycation End Products Content in HFFD/STZ Type 2 Diabetic Rats
The HFFD/STZ diabetic model induced about four fold increase in myocardial RAGE content where this elevation was reversed by escitalopram treatment which significantly reduced RAGE content by 31.93% compared to the HFFD/STZ diabetic group (Figure 3).
[image: Figure 3]FIGURE 3 | Effect of escitalopram (10 mg/kg/day; p. o., for 4 weeks) on myocardial contents of RAGE (A), NADPH oxidase (B) and TAC (C) in HFFD/STZ type 2 diabetic rats. Each value represents the mean of six experiments and error bars represent SEM. Statistical analysis was done using One way ANOVA followed by Tukey’s post-hoc test.*p < 0.05 vs. normal, #p < 0.05 vs. diabetes.
Effect of Escitalopram on Myocardial Oxidative Stress Biomarkers in HFFD/STZ Type 2 Diabetic Rats
The HFFD/STZ diabetic model resulted in a marked increase in the myocardial oxidative stress as indicated by about six fold increase in myocardial NADPH oxidase content along with significant decrease in cardiac TAC to 15.85% compared to the normal group. Escitalopram administration ameliorated the cardiac oxidative stress in HFFD/STZ diabetic rats where it significantly lowered NADPH oxidase content and significantly raised TAC content by 44.04 and 170.23%, respectively compared to the HFFD/STZ diabetic group (Figure 3).
Effect of Escitalopram on Myocardial Inflammatory and Fibrogenic Biomarkers in HFFD/STZ Type 2 Diabetic Rats
The oxidative stress status was associated with a state of cardiac inflammation and fibrosis that was evident by significant elevation of myocardial NF-κB p65, TNF-α and TGF-β1 contents reaching 833.33, 580.9, and 603.72%, respectively compared to the normal group. Treatment with escitalopram attenuated the HFFD/STZ-induced elevation of inflammatory and fibrogenic markers, where HFFD/STZ diabetic rats treated with escitalopram exhibited a remarkable decrease in NF-κB p65, TNF-α and TGF-β1 contents by 54.67%, 52.51% and 54.72%, respectively compared to the HFFD/STZ diabetic group (Figure 4).
[image: Figure 4]FIGURE 4 | Effect of escitalopram (10 mg/kg/day; p. o., for 4 weeks) on myocardial NF-κB p65 (A), TNF-α (B) and TGF-β1 (C) contents in HFFD/STZ type 2 diabetic rats. Each value represents the mean of six experiments and error bars represent SEM. Statistical analysis was done using One way ANOVA followed by Tukey’s post-hoc test.*p < 0.05 vs. normal, #p < 0.05 vs. diabetes.
Effect of Escitalopram on Myocardial Apoptosis in HFFD/STZ Type 2 Diabetic Rats
The HFFD/STZ diabetic model triggered cardiac apoptosis in rats as evident by the noticeably raised myocardial caspase-8 and p53 contents in addition to caspase-3 activity reaching about four, seven and three fold, respectively. Treatment with escitalopram, on the other hand, mitigated these HFFD/STZ-induced changes decreasing significantly caspase-8 and p53 contents as well as caspase-3 activity by 41.87%, 57.39% and 36.80%, respectively compared to the HFFD/STZ diabetic group (Figure 5).
[image: Figure 5]FIGURE 5 | Effect of escitalopram (10 mg/kg/day; p. o., for 4 weeks) on myocardial caspase 8 (A) and p53 (B) contents as well as caspase-3 activity (C) in HFFD/STZ type 2 diabetic rats. Each value represents the mean of six experiments and error bars represent SEM. Statistical analysis was done using One way ANOVA followed by Tukey’s post-hoc test.*p < 0.05 vs. normal, #p < 0.05 vs. diabetes.
Effect of Escitalopram on Myocardial Gene Expression of α-and β-Myosin Heavy Chain as Well as Connexin-43 Protein Expression in HFFD/STZ Type 2 Diabetic Rats
Myocardial gene expression of α-MHC was significantly decreased in the HFFD/STZ diabetic rats by 70% while β-MHC gene expression was significantly increased by 620%, compared to the normal group. Additionally, the HFFD/STZ diabetic rats displayed a massive decline in the myocardial connexin-43 protein expression indicating impairments of myocardial contractility and conduction. These deleterious changes were antagonized by escitalopram treatment which significantly raised α-MHC gene expression and connexin-43 protein expression while significantly reducing β-MHC gene expression by 100, 95.24, and 29.17%, respectively compared to the untreated HFFD/STZ diabetic group (Figure 6).
[image: Figure 6]FIGURE 6 | Effect of escitalopram (10 mg/kg/day; p. o., for 4 weeks) on myocardial gene expression of α-MHC (A) and β-MHC (B) in addition to protein expression of connexin-43 (C) in HFFD/STZ type 2 diabetic rats. Each value represents the mean of six experiments and error bars represent SEM. Statistical analysis was done using One way ANOVA followed by Tukey’s post-hoc test.*p < 0.05 vs. normal, #p < 0.05 vs. diabetes.
Effect of Escitalopram on Myocardial Histopathology in HFFD/STZ Type 2 Diabetic Rats
Normal and escitalopram groups showed regular cardiomyocytes with normal interstitium and no evidence of necrosis, vacuolation, interstitial edema or inflammatory response with myocardial score of 0. Meanwhile, the HFFD/STZ diabetes group showed irregular cardiomyocytes with cytoplasmic vacuolation, loss of cardiomyocytes striations, focal coagulative necrosis and marked interstitial edema with inflammatory cellular response recording a myocardial lesion score of 3. On the other hand, treatment of HFFD/STZ diabetic rats with escitalopram ameliorated the HFFD/STZ-induced myocardial changes, showing relatively regular cardiomyocytes with mild interstitial edema and inflammatory infiltrate with myocardial injury score of 1 (Figure 7).
[image: Figure 7]FIGURE 7 | Effect of escitalopram (10 mg/kg/day; p. o., for 4 weeks) on histological damage in HFFD/STZ type 2 diabetic rats. (A–D) Specimens stained with H&E (magnification x200). Normal (A) and escitalopram (B) groups showed normal histological structure of regular cardiomyocytes with normal interstitium. HFFD/STZ diabetes group (C) showed showed irregular cardiomyocytes with cytoplasmic vacuolation (narrow arrow), loss of cardiomyocytes striations, focal coagulative necrosis (thick arrow) and marked interstitial edema with inflammatory cellular response (dashed arrow). Diabetes + escitalopram group (D) revealed relatively regular cardiomyocytes with mild interstitial edema and inflammatory infiltrate (dashed arrow). Myocardial score of damage expressed as median (interquartile changes) (E). Each value represents the median value [interquartile range]. Statistical analysis was done using non-parametric One-Way ANOVA followed by Dunn's multiple comparison test.*p < 0.05 vs. normal, #p < 0.05 vs. diabetes.
DISCUSSION
The present investigation was directed to explore the potential beneficial effects of escitalopram on metabolic changes and cardiac complications induced in HFFD/STZ type 2 diabetic rats.
In the current study, the HFFD/STZ rats showed an increment in their BW which could be attributed to the consumption of a diet rich in saturated fats, which would deposit in various body fat pads and decrease energy expenditure (Srinivasan et al., 2005). Furthermore, chronic consumption of diets high in fructose may have deleterious long-term effects on the regulation of energy intake and body adiposity which eventually leads to weight gain, hyperinsulinemia, and the associated IR (Elliott et al., 2002; Basciano et al., 2005).
In the same context, the increase in BW was associated with an altered lipid profile depicted by the elevated serum TGs and TC levels in HFFD/STZ rats. Hypercholesterolemia could be explained by the increased dietary cholesterol absorption from the small intestine following the intake of HFD in a diabetic condition (Colca et al., 1991; Srinivasan et al., 2005) and/or alteration of cholesterol metabolism in diabetic state (Schaalan et al., 2009). Furthermore, fructose can up-regulate the lipogenesis pathway and impair TGs clearance by reducing the activity of lipoprotein lipase as depicted by Thirunavukkarasu et al. (2004). Concerning escitalopram treatment, it caused non-significant reduction in BW of the HFFD/STZ diabetic rats despite ameliorating the HFFD/STZ-induced dyslipidemia. Similarly, escitalopram treatment was reported to ameliorate lipid profile parameters (TC, LDL, TGs) in depressed (Arain et al., 2017) as well as depressed diabetic patients (Singh et al., 2013).
Consistently, in the current study, the HFFD/STZ diabetic rats displayed a significant increase in serum glucose, insulin and fructosamine levels as well as HOMA-IR as previously reported (Schaalan et al., 2009; Elmazar et al., 2013; Amin et al., 2014). Diabetic rats suffered from IR as revealed by the impaired response to the IPGTT and the increase in HOMA-IR index along with the reported compensatory hyperinsulinemia. Increased fatty acid oxidation reduces glucose uptake and utilization in skeletal muscle leading to compensatory hyperinsulinemia, a common feature of IR (Srinivasan et al., 2005). In addition, fructose can induce IR either by decreasing insulin receptor numbers in liver and skeletal muscles or disrupting insulin signaling via reduction of insulin-stimulated receptor autophosphorylation, an essential step for insulin action (Ueno et al., 2000; Catena et al., 2003). The increased fructosamine level in the present study reflects a state of hyperglycemia. Fructosamine is an early glycation end product and can thus be used to predict AGEs concentration (Wilson and Islam, 2015). The present investigation revealed a significant increase in RAGE content where AGEs accumulation up-regulates RAGE (Goldin et al., 2006). Meanwhile, the current data show that escitalopram administration significantly improved the glycemic control in HFFD/STZ diabetic rats. These effects could be explained by the study of An et al. (2009), which showed that escitalopram enhanced net hepatic glucose uptake and hepatic glycogen deposition under hyperinsulinemic hyperglycemic conditions. Furthermore, several studies have highlighted that SSRIs, which increase the level of endogenous serotonin, can improve glucose tolerance and insulin sensitivity in diabetes both experimentally and clinically (Maheux et al., 1997; Gomez et al., 2001).
Dyslipidemia and hyperglycemia induced by HFFD/STZ were accompanied by a state of cardiac oxidative stress as manifested by the elevated myocardial NADPH oxidase content along with the decreased TAC content. AGEs-RAGE interaction generates oxidative stress via the activation of NADPH oxidase (Wautier et al., 2001; Huynh et al., 2014). Excessive production of ROS in diabetes serves to decrease the antioxidant capacity of the diabetic heart, contributing significantly to the resultant myocardial injury (Wold et al., 2005). Hyperglycemia can also impair the endogenous antioxidant defense system (Huynh et al., 2014; Kayama et al., 2015). On the other hand, escitalopram significantly reduced cardiac RAGE content compared to the HFFD/STZ diabetic rats which could be attributed to its beneficial effects on blood glucose and fructosamine levels as well as cardiac oxidative stress biomarkers estimated herein. In the present work, escitalopram conveyed its antioxidant potentials by reducing the NADPH oxidase content and enhancing the TAC in cardiac tissues. The reduced myocardial RAGE content with the expected subsequent decrease in AGEs-RAGE interaction could be responsible for the suppressed NADPH oxidase content as revealed in the current study. The increment in TAC could also be attributed to the decreased consumption of cardiac antioxidant defenses as a result of lowered NADPH oxidase activity and subsequently ROS production.
In addition to oxidative stress, HFFD/STZ diabetic model induced a state of inflammation that was evident by the significant elevation of cardiac NF-κB p65 and TNF-α contents. Cardiac inflammation was also manifested by the marked interstitial edema with inflammatory cellular response observed in the histopathological examination. The activation of NADPH oxidase results in the up-regulation of the oxidative stress-related transcription factor NF-κB and its target genes including pro-inflammatory cytokines such as TNF-α and RAGE itself, thus, creating a positive feedback cycle (Goldin et al., 2006; Lorenzo et al., 2011; Steven et al., 2019) as demonstrated in the present study. Thus, a strong link exists between hyperglycemic-induced oxidative stress, inflammation and the progression of T2DM-induced cardiac complications (Oguntibeju, 2019). TNF-α also contributes to myocardial apoptosis and fibrosis leading to cardiac remodeling and dysfunction (Sun et al., 2007; Frati et al., 2017) and exerting negative inotropic effect on the heart (Frati et al., 2017).
In the present investigation, the pro-oxidant and pro-inflammatory environment in the diabetic heart was associated with marked cardiac fibrosis as well as the activation of both extrinsic and intrinsic apoptotic pathways. The activated NF-κB pathway reported herein has previously been demonstrated to up-regulate the expression of several pro-fibrotic genes such as TGF-β1 and fibronectin, thus promoting the increased extracellular matrix production in diabetic hearts (Aragno et al., 2008; Lorenzo et al., 2011). Indeed, various factors including hyperglycemia, hyperlipidemia, oxidative stress, inflammation and fibrosis have been implicated in inducing myocardial apoptosis in diabetes (Cai and Kang, 2003; Bugger and Abel, 2014). TNF-α is known to induce the extrinsic apoptotic pathway through binding to its receptor resulting in caspase-8 activation, the key initiator caspase of the extrinsic pathway, which in turn activates downstream caspase-3 ultimately leading to cell death (Cai and Kang, 2003). Additionally, p53, a key stimulator of the intrinsic apoptotic pathway, can be activated by hyperglycemia and the excessive oxidative DNA damage in diabetic conditions initiating cardiac cell death (Cai and Kang, 2003; Liu et al., 2009).
Besides its antioxidant effect, escitalopram attenuated HFFD/STZ-induced cardiac inflammation and fibrosis where it significantly reduced NF-κB p65, TNF-α and TGF-β1 contents in cardiac tissues of HFFD/STZ diabetic rats. The present results confirm the anti-inflammatory and anti-fibrotic actions of escitalopram that have been documented in both experimental and clinical studies (Bah et al., 2011; Chavda et al., 2011; van Noort et al., 2014; Ibrahim et al., 2019). The aforementioned antioxidant activity of escitalopram, observed herein, might contribute to the inhibition of NF-κB p65 with the subsequent reduction of TNF-α and TGF-β1 contents.
In the present investigation, the pro-oxidant and pro-inflammatory environment in the diabetic heart was associated with marked cardiac fibrosis as well as the activation of both extrinsic and intrinsic apoptotic pathways. The activated NF-κB pathway reported herein has previously been demonstrated to up-regulate the expression of several pro-fibrotic genes such as TGF-β1 and fibronectin, thus promoting the increased extracellular matrix production in diabetic hearts (Aragno et al., 2008; Lorenzo et al., 2011). Indeed, various factors including hyperglycemia, hyperlipidemia, oxidative stress, inflammation and fibrosis have been implicated in inducing myocardial apoptosis in diabetes (Cai and Kang, 2003; Bugger and Abel, 2014). TNF-α is known to induce the extrinsic apoptotic pathway through binding to its receptor resulting in caspase-8 activation, the key initiator caspase of the extrinsic pathway, which in turn activates downstream caspase-3 ultimately leading to cell death (Cai and Kang, 2003). Additionally, p53, a key stimulator of the intrinsic apoptotic pathway, can be activated by hyperglycemia and the excessive oxidative DNA damage in diabetic conditions initiating cardiac cell death (Cai and Kang, 2003; Liu et al., 2009).Expectedly, escitalopram treatment managed to ameliorate diabetes-induced cardiac apoptosis as evidenced by decreased cardiac caspase-8 and p53 contents as well as caspase-3 activity. The reduced caspase-8 content could stem from the decline in TNF-α which upon binding to its receptor causes caspase-8 activation (Cai and Kang, 2003). While, the reported anti-hyperglycemic and antioxidant effects of escitalopram, in the present study, could be responsible for the decreased p53 content as hyperglycemia-induced oxidative DNA damage is a known stimulator for p53 upregulation (Cai and Kang, 2003; Liu et al., 2009).
The previously mentioned biochemical alterations in HFFD/STZ diabetic rats were correlated with significant increase in HWI along with a switch from α-to β-MHC gene expression and reduced connexin-43 protein expression indicating hypertrophy and conduction impairments in the present study. This was confirmed by electrocardiographic alterations as revealed by significant decrease in HR together with significant prolongation of QTc interval and QRS duration. The remarkable cardiac hypertrophy along with the shift from α-to β-MHC gene expression have been reported in fructose fed type 2 diabetic rats (Bagul et al., 2015) which could be partially responsible for the reduced contractile function in diabetic hearts (Shao et al., 2010). Moreover, connexin-43 is vital for normal cardiac excitation and contraction, and the decrease in its expression may account for impaired impulse propagation and conduction abnormalities in diabetic hearts (Lin et al., 2006; Grisanti, 2018) as reported herein. Notably, the present data reveal that escitalopram improved the HFFD/STZ-induced cardiac hypertrophy as well as contraction and conduction impairments as evidenced by the normalization of HWI, HR, QTc interval and QRS duration in addition to significant amelioration of α- and β-MHC genes expression and connexin-43 protein expression. The modulatory effects of escitalopram on RAGE content and the consequent reduction of oxidative stress, inflammatory and fibrogenic markers might be responsible for preventing the observed disruption of the aforementioned parameters. Further studies are required to clarify in detail the exact mechanism involved in the beneficial effect of escitalopram on diabetic cardiomyopathy.
In summary, the current study demonstrated that escitalopram alleviated the HFFD/STZ-induced metabolic derangements as revealed by improvement of both lipid and glycemic profiles. Furthermore, escitalopram treatment showed beneficial effects towards reducing the HFFD/STZ-induced cardiac oxidative stress, inflammation, fibrosis as well as conduction and contraction impairments which could be related to its observed beneficial effects on glycemic control and RAGE content. Thus, escitalopram could be considered a favorable antidepressant medication in diabetic patients as it seems to positively impact the glycemic control in diabetes in addition to prevention of its associated cardiovascular complications.
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Rationale: Cardiac fibrosis is observed in nearly every form of myocardial disease. Long non-coding RNAs (lncRNAs) have been shown to play an important role in cardiac fibrosis, but the detailed molecular mechanism remains unknown.
Object: We aimed at characterizing lncRNA 554 expression in murine cardiac fibroblasts (CFs) after myocardial infarction (MI) to identify CF-enriched lncRNA and investigate its function and contribution to cardiac fibrosis and function.
Methods and Results: In this study, we identified lncRNA NONMMUT022554 (lncRNA 554) as a regulator of MI-induced cardiac fibrosis. We found that lncRNA 554 was significantly up-regulated in the mouse hearts following MI. Further study showed that lncRNA 554 was predominantly expressed in cardiac fibroblasts, indicating a potential role of lncRNA 554 in cardiac fibrosis. In vitro knockdown of lncRNA 554 by siRNA suppressed fibroblasts migration and expression of extracellular matrix (ECM); while overexpression of lncRNA 554 promoted expression of ECM genes. Consistently, lentivirus mediated in vivo knockdown of lncRNA 554 could inhibit cardiac fibrosis and improve cardiac function in mouse model of MI. More importantly, TGF-β1 inhibitor (TEW-7197) could reverse the pro-fibrotic function of lncRNA 554 in CFs. This suggests that the effects of lncRNA 554 on cardiac fibrosis is TGF-β1 dependent.
Conclusion: Collectively, our study illustrated the role of lncRNA 554 in cardiac fibrosis, suggested that lncRNA 554 might be a novel target for cardiac fibrosis.
Keywords: cardiac fibrosis, lncRNA 554, TGF-β1, myocardial infarction, fibroblast
INTRODUCTION
Cardiovascular diseases are the leading cause of death in the world (Gourdie et al., 2016). Cardiac fibrosis is associated with nearly every form of myocardial diseases (Travers et al., 2016). Upon myocardial infarction (MI), cardiac fibroblasts (CFs) begin to activate and remodel myocardium by secreting excessive extracellular matrix (ECM), leading to the stiffness and reduced compliance of heart. Excessive ECM deposition is a main contributor in the progression of heart failure and other forms of cardiac disease (Kong et al., 2014; Travers et al., 2016). Numerous studies have shown that TGF-β1 pathway is the master pathway in cardiac fibrosis. TGF-β1 exerts its effects by binding to TGF-β receptors type I and II (TβRI and TβRII) and in turn activates Smad 2 and Smad 3. Activated Smad 2 and Smad 3 can bind to Smad 4, and these heterometric complexes then translocate to nucleus and function as transcription factors that trigger pro-fibrotic gene transcription (Ma et al., 2018; Frangogiannis, 2019). TGF-β1 is a central regulator of ECM deposition in injury-induced fibrosis in heart. TGF-β1-mediated ECM synthesis is essential for wound repair, but excess ECM deposition leads to fibrosis (Walton et al., 2017; Xie et al., 2019; Yin et al., 2019). Although the mechanism of cardiac fibrosis has been partly explored, the effective therapies that target fibrosis remain limited. Thus, a further characterization of the cellular and molecular mechanisms of cardiac fibrosis is needed to identify specific regulatory molecules and targets.
Non-coding RNAs, including miRNA, lncRNA, and circRNA, are reported to play a pivotal role in cardiovascular diseases (Liu et al., 2015; Tang et al., 2017; Sun et al., 2019). Recently, long non-coding RNAs (lncRNAs) have been regarded as regulators in cardiac fibrosis (Creemers and van Rooij, 2016; Sun et al., 2019; Zhuang et al., 2019). LncRNAs are defined as transcripts with more than 200 nucleotides in length and do not code protein (Xie et al., 2014; Lucas et al., 2018). The differential expression of lncRNAs has been shown to participate in cardiac pathologies. A current study indicated that lncRNA Meg3 was downregulated in a pressure overload murine model and inhibition of Meg3 could inhibit MMP-2 in murine hearts after cardiac stress, leading to reduced cardiac fibrosis and improved diastolic function (Piccoli et al., 2017). However, the understanding of the molecular mechanisms of lncRNAs in cardiac fibrosis remains unsatisfactory.
A research showed that lncRNA NONMMUT022554, which we named as lncRNA 554 in current study, was highly up-regulated in a mouse model of cardiac fibrosis induced by MI (Qu et al., 2016). In the other study, Jiang et al. reported that lncRNA 554 was up-regulated in pulmonary fibroblasts and promoted lung fibrosis by interacting with miR-26a (Jiang et al., 2018). However, the molecular mechanism of lncRNA 554 in the process of cardiac fibrosis remain largely unknown.
The role of TGF-β1/Smad3 signaling pathway in fibrosis has been clearly identified. Although Smad3 has been considered to be a key transcription factor activated in response to many fibrogenic mediators, knockout of Smad3 can cause autoimmune disease (Roberts et al., 2006). To date, no specific treatment is available to mitigate cardiac fibrosis. Therefore, alternative approaches to inhibit the TGF-β1/Smad3 pathway could be significant in suppressing fibrosis. Recently, some novel lncRNAs, such as Erbb4-IR, LRNA9884 and H19, have been found to be involved in TGF-β1/Smad3 signal pathway (Zhang et al., 1939; Sun et al., 2018; Wang et al., 2019). However, there is still limited understanding of how lncRNAs regulate the TGF-β1/Smad3 signaling pathway in cardiac fibrosis. Therefore, in the present work, we aim to study the potential role of lncRNA 554 on TGF-β1/Smad3 signaling pathway in cardiac fibrosis.
MATERIALS AND METHODS
Animals
Male C57BL/6 mice (8–10 weeks old, 20–30 g) were purchased from the Experimental Animal Center of Guangzhou University of Chinese Medicine. Mice freely accessed food and water. All experimental procedures were reviewed and approved by the Experimental Animal Ethics Committee of Guangzhou Medical University.
Isolation and Culture of Cardiac Fibroblasts and Cardiomyocytes From Neonatal Mice
Neonatal mice cardiac fibroblasts (CFs) and cardiomyocytes (CMs) were isolated as described previously (Liang et al., 2018). In brief, hearts from 1–3 days-old C57BL/6 mice were completely minced and placed together in 0.25% trypsin. Cell suspensions were centrifuged and then resuspended in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin and 100 μg/ml streptomycin. Cardiac fibroblasts and cardiomyocytes were isolated and cultured at 37°C with 5% CO2. Passage 2–3 CFs were used for experiment.
Small Interfering RNA Transfection
siRNA probe against lncRNA 554 was designed and produced by RiboBio (Guangzhou, China). And the nucleotide sequences of lncRNA 554 siRNA were 5′-GCA​GAU​UCU​UGC​CCU​ACU​UTT-3′, 5′-AAG​UAG​GGC​AAG​AAU​CUG​CTT-3’. Before transfection, cardiac fibroblasts were seeded in six well plate at 1.5 × 10 ^5 cells/well concentration and then cultured 24 h. And the fusion degree of cells reached 50% when transfected with siRNA. The scrambled control siRNA (NC) and lncRNA 554 siRNA (si-Lnc554) (20 nM) were transfected into cardiac fibroblasts respectively by using RiboFECT CP Transfection Kit. 48 h after transfection, the cells were used for the following experiments.
Lentivirus Transfection
The Lentivirus overexpression lncRNA 554 was synthesized by Genechem (Shanghai, China). Isolated CFs were seeded at 40% confluence. And the transduction was performed 72 h after seeding. For Lentivirus transfection, Lentivirus-lncRNA 554 (Len-Lnc 554) or Lentivirus-negative control (Len-NC) was added to the cells with a multiplicity of infection of 100 MOI. After 72 h of transfection, the cells were collected.
Cell Scratch Assay
According to the best transfection conditions of siRNA, NC and si-Lnc554 were used to transfect cardiac fibroblasts for 48 h. The cells were trypsinized and seeded in six well plate at 5 × 10 ^5 cells/well concentration and then cultured 12 h. Subsequently, a 1 ml pipette tip was employed to draw 3 parallel lines in each hole. The cells were washed with PBS for three times and then serum free medium was added to each well. The medium should be changed every 2 h for 3 times. The cells were cultured at 37°C with 5% CO2. The images were taken in 0, 12, 24 h after culture.
Fluorescence in situ Hybridization
Fluorescence in situ hybridization was performed as described previously (Guo et al., 2018). CFs were rinsed in 1 x PBS and then fixed in 4% paraformaldehyde for 10 min at room temperature. Cells were rinsed in 1 x PBS at 4°C. 200 ml of Pre-hybridization Buffer was added at 37°C for 30 min. Hybridization was carried out with a FISH probe (RiboTM lncRNA 554 FISH Probe Mix (Red)) at 37°C in the dark overnight using RiboTM Fluorescent In Situ Hybridization Kit (C10910, RiboBio). The cells were washed with Wash Buffer I, II, and III at 42°C in the dark. The cells were stained with DAPI in dark and then washed with 1 x PBS three times. All images were obtained with a fluorescence or confocal microscope (LSM880; Zeiss, Jena, Germany).
RNA Isolation, cDNA Generation and Quantitative Real-Time PCR
Total RNA was extracted from neonatal mouse CFs or left ventricular infarct border zone of heart using Trizol reagent (Takara, Japan). For each sample, 1 μg of the total RNA was converted to cDNA according to the manufacture’s instructions using the cDNA Reverse Transcription Kit (Takara, Japan). RNA levels of lncRNA 554, collagen I (Col 1), collagen III (Col 3), CTGF and fibronectin 1 (Fn 1) were detected using SYBR Green method (Takara, Japan) on the ABI Stepone Plus Fast Real-time PCR system. After circle reaction, the threshold cycle (Ct) was determined and the relative quantitative expression of lncRNA 554 and ECM mRNAs was calculated using method 2−ΔΔCt and normalized to GAPDH as an internal control. The sequences of primers were synthesized by Sangon Biotech Co. Ltd (Shanhai, China). The sequences of lncRNA 554 primers were forward: 5′-CAT​GGA​TGC​AGG​CAG​TGA​TT-3’; reverse: 5′- GCC​TAG​AGT​TGG​CTT​GCT​TCT​T-3’. The sequences of Col 1 primers were forward: 5′-CAA​TGG​CAC​GGC​TGT​GTG​CG-3’; reverse: 5′-CAC​TCG​CCC​TCC​CGT​CTT​T GG-3’. The sequences of Col 3 primers were forward: 5′-TGGCACAGCAGTC CAACGTA-3’; reverse: 5′-AAG​GAC​AGA​TCC​TGA​GTC​ACA​GAC​A-3’. The sequences of Fn 1 primers were forward: 5′-ATG​TGG​ACC​CCT​CCT​GAT​AGT-3’; reverse: 5′- GCC​CAG​TGA​TTT​CAG​CAA​AGG-3’. The sequences of GAPDH primers were forward: 5′- AGG​TCG​GTG​TGA​ACG​GAT​TTG-3’; reverse: 5′-GGGGTCGTT GATGGCAACA-3’. The sequences of CTGF primers were forward: 5′-CTCCTA CTA​CGA​GCT​GAA​CCA​G-3’; reverse: 5′-CCA​GAA​AGC​TCA​AAC​TTG​ACA​GGC-3’.
Mouse Model of Myocardial Infarction and in vivo Infection of Lentivirus
Mice were anesthetized with pentobarbital (40 mg/kg, i. v.) and were randomly divided into a sham-operated group, an MI group, a lentivirus group (Len-sh-lnc554) and a lentivirus control (Len-scramble) group. Their chests were opened to expose the hearts. The left descending coronary artery (LAD) was ligated with a 7/0 nylon suture to induce myocardial infarction. Myocardial ischemia was confirmed by markedly S-T segment elevation with electrocardiographic measurements. The sham-operated mice underwent the same process as the MI group but without ligation of LAD. After MI surgery, the mice were injected with lentivirus. The procedure was performed as described previously (Wang et al., 2018). A total of 30 μL of lentivirus (1 × 10^9 TU/mL for each mouse) including lentivirus vector and lentivirus-negative control (Genechem, Shanghai, China) were injected near the ligation line at four sites. The shRNA sequences of lncRNA 554 were: 5′-GCA​GAT​TCT​TGC​CCT​ACT​T-3′, 5′-AAGTAGGGC AAGAATCTG-3’. The sequences were inserted into GV248 lentiviral vector (Genechem). At 0, 3, 7, 14, and 28 days after the operation, the mice in the MI group were sacrificed to detect the expression of lncRNA 554, and the remaining mice were fed and monitored daily until the second week for further study.
Masson Trichrome Staining and Hematoxylin and Eosin Staining
Masson's trichrome staining and hematoxylin and eosin (H&E) staining were performed to estimate collagen deposition in the hearts. Two weeks after MI surgery, the hearts were dissected out and fixed with 4% paraformaldehyde, embedded in paraffin, and cut into a 5 µm thick cross section. The sections were stained with Masson's trichrome staining kit (Sigma-Aldrich LLC, United States) and hematoxylin and eosin kit (Solarbio, Beijing), and collagen deposition was examined using Ortho Microscope (Nikon, Japan). The area of fibrosis in each group was calculated by ImageJ software.
Echocardiography
Transthoracic echocardiography was performed at 14 days after MI surgery using a Vevo®2,100 High-Resolution Imaging system (Visual Sonics) to monitor changes in left ventricular function. The mice were anesthetized with isoflurane, two-dimensional ultrasound and M-mode ultrasound measurements were performed. The short axis at the level of the parasternal papillary muscle of each mouse was measured. And some parameters such as left ventricular fractional shortening (LVFS), left ventricular anterior wall end diastolic thickness (LVAWd), left ventricular anterior wall end systolic thickness (LVAWs), left ventricular internal diastolic diameter (LVIDd), left ventricular internal systolic diameter (LVIDs), and left ventricular ejection fraction (LVEF) were measured.
Statistical Analysis
The experimental data were analyzed by SPSS 16.0 and GraphPad Prism5.0 software, and the results were expressed as mean ± standard deviation (x ± s). The comparison between the two groups was analyzed by t-test, and one-way AVOVA was used for multiple comparisons. The results were considered statistically significant when p < 0.05.
RESULTS
LncRNA 554 Is Upregulated After Myocardial Infarction and Is Enriched in Cardiac Fibroblasts
To determine the potential role of lncRNA 554 in cardiac injury and repair, mouse MI model was used. Fourteen days after MI, HE staining and Masson’s trichrome staining were used to determine cardiac fibrosis. The ventricular wall became thinner and the interstitial fibrotic area was significantly increased in MI hearts as compared with that in SHAM control hearts (Figure 1A). As shown in Figure 1B, the level of lncRNA 554 in border zone was elevated after MI and peaked on 14 days post-MI. To determine the distribution of lncRNA 554 in heart, qRT-PCR was conducted in fibroblasts and cardiomyocytes respectively. Our results showed that lncRNA 554 was enriched in CFs compared to cardiomyocytes (CMs) (Figure 1C), suggesting lncRNA 554 might be an important regulator in cardiac fibrosis. Next, we detected the subcellular distribution of lncRNA 554 in CFs by using fluorescence in situ hybridization to label lncRNA 554. The results showed that lncRNA 554 was expressed in both cytoplasm and nucleus of cardiac fibroblasts (Figures 1D,E).
[image: Figure 1]FIGURE 1 | LncRNA 554 is upregulated after myocardial infarction and is enriched in cardiac fibroblasts. Two weeks after MI, the hearts of mice were stained by hematoxylin-eosin staining and Masson’s trichrome staining (A). Scale bars, 100 μm n = 8 mice in each group; (B) qRT-PCR were conducted to detect the expression of lncRNA 554 in the border zone of mice at different time (0, 3, 7, 14, 28 days) after MI. **p < 0.01 vs 0 day, n = 8; (C) qRT-PCR were conducted to detect lncRNA 554 levels in CMs and CFs. *p < 0.05 vs CMs, n = 5. Representative fluorescent in situ hybridization images; (D) and corresponding statistical chart; (E) showing the expression abundance and cellular localization of lncRNA 554 in CFs. Scale bars, 50 μm n = 10.
Knockdown of LncRNA 554 Attenuates the Function of Cardiac Fibroblasts and Reduces the Expression of TGF-β1 and Its Downstream
To explore the functions of lncRNA 554 in cardiac fibroblasts, we used siRNA to down-regulate the expression of lncRNA 554. We screened four potential siRNAs sequences, and found that the first siRNA (Si1) had the highest silencing efficiency (Figure 2A), and could significantly down-regulate the expression of lncRNA 554 48 h after transfection (Figure 2B). Knockdown of lncRNA 554 (si-Lnc554) could remarkably reduce α-SMA, collagen and fibronectin production, but had no effect on connective tissue growth factor (CTGF). In contrast, control siRNA, NC, did not show influence on collagen production (Figure 2C). This suggests that lncRNA 554 may promote the activation of myofibroblasts and the synthesis of extracellular matrix to induce cardiac fibrosis. Upon injury, cardiac fibroblasts are activated and migrate to the injury area to repair. We used cell scratch assay to identify the migration of CFs, and our findings showed that silencing of lncRNA 554 could significantly inhibit CFs migration as compared to control group (Figures 2D,E). As it is well known, TGF-β1 pathway plays an important role in fibrotic remodeling by promoting synthesis and secretion of ECM proteins in cardiac fibroblasts. Since we have found that lncRNA 554 was capable to regulate the process of fibrosis and was enriched in fibroblasts, we next tested whether lncRNA 554 could regulate cardiac fibrosis via TGF-β1 pathway. We found that knockdown of lncRNA 554 could significantly down-regulate the expression of TGF-β1 and Smad 3, but had no significant effect on Smad 2 (Figure 2F). This suggests that lncRNA 554 may play a role in promoting fibrosis through TGF-β1 signal pathway.
[image: Figure 2]FIGURE 2 | Knockdown of lncRNA 554 attenuates the function of cardiac fibroblasts and reduces the expression of TGF-β1 and its downstream (A) qRT-PCR was used to detect the expression of lncRNA 554 in CFs after siRNA transfection. Control, untreated group; NC, scrambled control siRNA transfection group; Si1-4, siRNA transfection group. **p < 0.01 vs NC, n = 5; (B) The CFs was transfected with si1 with different time (24 h, 48 h), and then qRT-PCR was conducted to detect the level of lncRNA 554. **p < 0.01 vs NC, n = 5; (C) After silencing of lncRNA 554, the level of ECM mRNAs (α-SMA, Col 1, Col 3, Fn 1, CTGF) were analyzed by qRT-PCR. **p < 0.01 vs NC, n = 5; (D) and (E) The efficiency of healing in lncRNA 554 silencing group and NC group was analyzed by wounding healing assay at different time (0, 12 and 24 h). **p < 0.01 vs NC, n = 5. Scale bars, 250 μm; (F) After silencing of lncRNA 554, qRT-PCR was conducted to detect the level of TGF-β1 pathway (TGF-β1, Smad 2, Smad 3). **p < 0.01 vs NC, n = 5.
LncRNA 554 Regulates Cardiac Fibrosis via TGF-β1 Signal Pathway
As knockdown of lncRNA 554 led to reduction of collagen, we tested whether upregulation of lncRNA554 could increase the expression of collagen-related genes. First of all, in order to screen the best infection conditions, we set up three groups of lentivirus with different concentrations (MOI = 10, 50, 100) to infect fibroblasts. The results showed that the efficiency of lentivirus infection was the highest when MOI = 100 was used (Figure 3A). Next, we detected the expression of lncRNA 554 in MOI = 100, and the results showed that the expression of lncRNA 554 in overexpression group was significantly higher than that in empty virus group (Figure 3B). And we found that the expression of collagen I, collagen III and fibronectin was significantly increased after overexpression of lncRNA 554 (Figure 3D). Next, to further verify that lncRNA 554 may be involved in cardiac fibrosis through the TGF-β1 signal pathway, we applied TGF-β1 inhibitor (TEW-7197) to treat fibroblasts with overexpression of lncRNA 554. Firstly, we set the concentration according to the study of Zhao et al., to determine the best concentrations of TEW-7197 to inhibit the effect of TGF-β1 on fibrosis (Zhao et al., 2018). And we found that 10 μM TEW-7197 administration had the best efficiency to inhibit fibrotic factors (Figure 3C), so this concentration was applied in the following experiments. Interestingly, TGF-β1 inhibitor (TEW-7197) treatment significantly reversed the fibrosis induced by lncRNA554 overexpression (Figure 3D). Based on these, we believed that lncRNA 554 regulated the process of fibrosis, at least partially, through TGF-β1 pathway.
[image: Figure 3]FIGURE 3 | LncRNA 554 regulates cardiac fibrosis via TGF-β1 signal pathway in vitro(A) Representative images of GFP fluorescence intensity of different MOI (10, 50 and 100) show the infection efficiency of lentivirus. n = 5. Scale bars, 250 μm; (B) The level of lncRNA 554 overexpression by lentivirus was analyzed by qRT-PCR. *p < 0.05 vs NC, n = 5; (C) The level of ECM mRNA in CFs treated with different concentration TGF-β1 inhibitor (TEW-7197) (0 , 1, 5 and 10 μM). *p < 0.05 vs 0 μM, n = 5; (D) The CFs were treated with lentivirus-NC, lentivirus-lncRNA554 and (or) TEW-7197. qRT-PCR was conducted to detect ECM levels (Col 1, Col 3, Fn 1). **p < 0.01 vs NC, ##p < 0.01 vs Len-Lnc 554, n = 5. NC or Len-NC, empty lentivirus group; Len-Lnc554, lncRNA 554 overexpression group.
Knockdown of LncRNA 554 Mitigates Cardiac Fibrosis of Infarcted Hearts
Having proved that down-regulation of lncRNA 554 significantly reduced the expression of fibrosis-related genes in vitro, we went ahead to explore what would happen following lncRNA 554 silencing in vivo. The hearts were injected with lentivirus containing control or lncRNA 554 shRNA after MI. As shown in Figure 4A, the expression of lncRNA 554 was remarkably down-regulated. The main proteins in ECM, collagen I, collagen III and Fn 1, were largely decreased at mRNA levels by lncRNA 554 knockdown, whereas control shRNA had no such effect (Figures 4B–D). To estimate the degree of fibrosis after MI surgery, the hearts were stained with Masson’s trichrome staining. We found that lncRNA 554 down-regulation markedly reduced the blue staining, which represents reduced fibrotic region as compared to that in control group (Figures 4E,F). Taken together, our study suggests that lncRNA 554 plays an important role in MI-induced cardiac fibrosis.
[image: Figure 4]FIGURE 4 | Knockdown of lncRNA 554 mitigates cardiac fibrosis of infarcted hearts. To knockdown lncRNA 554, the hearts were injected with lentivirus containing control or lncRNA 554 shRNA and subjected to qRT-PCR and Masson’s trichrome staining in 14 days after MI (A) The expression of lncRNA 554 was detected by qRT-PCR in post-MI hearts. **p < 0.01 vs SHAM, ##p < 0.01 vs MI + Len-scramble, n = 8. The expression of Col 1; (B), Col 3; (C) and; Fn 1 (D) mRNA in peri-infarct area. **p < 0.01 vs SHAM, ##p < 0.01 vs MI + Len-scramble, n = 8; (E) and (F) Representative images of Masson’s trichrome staining and a quantification of Masson’s trichrome staining show the degree of fibrosis. ****p < 0.0001 vs SHAM, ##p < 0.01 vs MI + Len-scramble, n = 8.
Knockdown of LncRNA 554 Improves Cardiac Function of Infarcted Hearts
To identify whether knockdown of lncRNA 554 influences cardiac function of infarcted hearts, echocardiography was performed. MI greatly compromised the function of hearts, reflected by decreases in LVAWd (Figure 5A) and LVAWs (Figure 5B) and increases in LVIDd (Figure 5C) and LVIDs (Figure 5D). Consistent with above deteriorations, MI dramatically reduced EF (Figure 5E) and FS (Figure 5F). Inhibiting lncRNA 554 by lentivirus mitigated MI-induced deleterious changes (Figures 5A–D) and improved cardiac functions (Figures 5E,F). These data suggest that lncRNA 554 plays a critical role in MI-induced structural remodeling and dysfunction, which is due to its capacity of regulating fibrosis process.
[image: Figure 5]FIGURE 5 | Knockdown of lncRNA 554 improves cardiac function of infarcted hearts. The hearts were injected with lentivirus containing control or lncRNA 554 shRNA after MI. Two weeks after MI, ventricular parameters were measured and analyzed by echocardiography, including LVAWd; (A), LVAWs; (B), LVIDd; (C), LVIDs; (D), left ventricular EF; (E), and FS; (F). Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 vs SHAM group; #p < 0.05, ##p < 0.01 vs MI + Len-Scramble group, n = 8. EF: ejection fraction; FS: fractional shortening; LVAWd: left ventricular anterior wall end diastolic thickness; LVAWs: left ventricular anterior wall end systolic thickness; LVIDd: left ventricular internal diastolic diameter; LVIDs: left ventricular internal systolic diameter.
DISCUSSION
In the present study, we revealed a novel function and molecular mechanism of lncRNA 554 in MI-induced cardiac fibrosis. We first observed upregulation of lncRNA 554 on day 3 post MI, and it reached peak on day 14 and stayed high till day 28 post MI. Furthermore, we found that expression of lncRNA 554 was highly enriched in CFs compared to that in cardiomyocytes. Consistently, down-regulation of lncRNA 554 remarkably reduced CFs migration and ECM genes level in vitro and we found that silence of lncRNA 554 mitigated cardiac fibrosis and protected cardiac functions of MI mice. More importantly, TGF-β1 inhibitor could evidently inhibit the function of lncRNA 554, indicating that pro-fibrotic function of lncRNA 554 was at least partly owing to TGF-β1 signal pathway.
LncRNAs have recently been reported to regulate a variety of pathophysiological processes of cardiac diseases, including cardiac fibrosis (Wang et al., 2015; Jiang and Zhang, 2017; Greco et al., 2018). A recent study from Micheletti et al. has shown that lncRNA Wisper (Wisp2 super-enhancer–associated RNA) in CFs regulates cardiac fibrosis after myocardial infarction (Micheletti et al., 2017). In another study, lncRNA H19 was significantly upregulated in the infarct area in mouse model and acted to antagonize Y-box-binding protein (YB)-1 through direct interaction, resulting in cardiac fibrosis (Choong et al., 2019). Another study showed that knockdown of lncRNA MIAT reduced cardiac fibrogenesis by increasing the expression of miR-24, which targeted Furin, a component of the TGF-β1 signal pathway (Qu et al., 2017). Our findings showed that overexpression lncRNA 554 could increase ECM genes level and TGF-β1 inhibitor could reverse this function. In other word, lncRNA 554 promoted cardiac fibrosis at least partly via TGF-β1 signal pathway.
As our FISH experiment found that the subcellular localization of lncRNA 554 was in both cytosol and nucleus, our future studies will focus on determining the potential cytosolic and nuclear factors of TGF-β1 pathway that can be regulated by lncRNA 554. Recently, lncRNAs have been reported to act as miRNA sponges in regulating the biological activities of cardiac fibroblasts (Uchida and Dimmeler, 2015; Huang, 2018). Liang et al. found that lncRNA PFL promoted fibroblast-myofibroblast transition by competitively binding let-7 days, which inhibited the expression of platelet-activating factor receptor (PTAFR) (Liang et al., 2018). In addition, a previous study illustrated that lncRNA MIAT could absorb miR-24 through its sponge-like action, leading to down-regulation of miR-24 and contribute to cardiac fibrosis (Qu et al., 2017). Moreover, Jiang et al. reported that lncRNA 554 was up-regulated in pulmonary fibroblasts and promoted lung fibrosis by interacting with miR-26a (Jiang et al., 2018). Thus, we hypothesize that lncRNA 554 may act as sponge of miRNA, and this results in cardiac fibrosis. In our future work, we will investigate the effect of lncRNA 554 on the regulation of miRNA during cardiac remodeling.
However, there are still some limitations of the present study. Firstly, the detailed mechanism of myocardial fibrosis mediated by lncRNA 554 through TGF-β1 signaling pathway, especially which downstream target genes are directly or indirectly affected, needs to be further validated in future studies. In addition, we need to detect the level of lncRNA 554 in patients with MI in the future, and evaluate its clinical value. Besides, since there are many mechanisms and factors leading to cardiac fibrosis, whether lncRNA 554 promotes cardiac fibrosis through other mechanisms, such as inflammation, still needs to be further verified.
In summary, our results revealed lncRNA 554 as a critical pro-fibrotic lncRNA that promoted collagen synthesis, and myocardial fibrosis, and the mechanism may involve the activation of TGF-β1 signal pathway. Knockdown of lncRNA 554 represents a promising strategy for the intervention of cardiac fibrosis.
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Aims: C1q/tumor necrosis factor (TNF)-related protein 5 (CTRP5) belongs to the C1q/TNF-α related protein family and regulates glucose, lipid metabolism, and inflammation production. However, the roles of CTRP5 in ischemia/reperfusion (I/R) associated with cardiac injuries and heart failure (HF) needs to be elaborated. This study aimed to investigate the roles of CTRP5 in I/R associated cardiac injuries and heart failure.
Materials and Methods: Adeno-associated virus serum type 9 （AAV9）vectors were established for CTRP5 overexpression in a mouse heart (AAV9-CTRP5 mouse). AAV9-CTRP5, AMPKα2 global knock out （AMPKα2−/−）and AAV9-CTRP5+ AMPKα2−/− mice were used to establish cardiac I/R or infarction associated HF models to investigate the roles and mechanisms of CTRP5 in vivo. Isolated neonatal rat cardiomyocytes (NRCMS) transfected with or without CTRP5 adenovirus were used to establish a hypoxia/reoxygenation (H/O) model to study the roles and mechanisms of CTRP5 in vitro.
Key Findings: CTRP5 was up-regulated after MI but was quickly down-regulated. CTRP5 overexpression significantly decreased I/R induced IA/AAR and cardiomyocyte apoptosis, and attenuated infarction area, and improved cardiac functions. Mechanistically, CTRP5 overexpression markedly increased AMPKα2 and ACC phosphorylation and PGC1-α expression but inhibited mTORC1 phosphorylation. In in vitro experiments, CTRP5 overexpression could also enhance AMPKα2 and ACC phosphorylation and protect against H/O induced cardiomyocytes apoptosis. Finally, we showed that CTPR5 overexpression could not protect against I/R associated cardiac injuries and HF in AMPKα2−/− mice.
Significance: CTRP5 overexpression protected against I/R induced mouse cardiac injuries and attenuated myocardial infarction induced cardiac dysfunction by activating the AMPKαsignaling pathway.
Keywords: CTPR5, heart, ischemia/reperfusion, myocardial infarction, heart failure
INTRODUCTION
Myocardial infarction (MI) is one of the most life-threatening diseases worldwide (Reed et al., 2017). Although myocardial reperfusion is effective and beneficial in deQcreasing mortality and improving the survival rate of patients with MI (Reed et al., 2017), reperfusion could also lead to cardiac injuries by causing cardiomyocyte death with complex mechanisms (Hausenloy and Yellon, 2016). It is very important to clarify the precise mechanisms and to explore new strategies for preventing I/R and MI associated heart failure.
AMP-activated protein kinase (AMPK), the most important kinase for regulating glucose and fatty acid oxidation for producing ATP, is a critical regulator of the adaptive response to cardiomyocyte stress occurring in myocardial I/R and MI (Qi and Young, 2015; Daskalopoulos et al., 2016). Activated AMPK maintains ionic gradients for electrical excitability and myofibrillar contractile by supplying ATP. AMPK also reduces endoplasmic reticulum stress, prevents oxygen species generation, and inhibits mitochondria permeability transition pore opening for preventing cardiomyocyte apoptosis (Qi and Young, 2015; Daskalopoulos et al., 2016). Investigations have demonstrated that AMPK was transiently up-regulated after ischemia and rapidly fallen to baseline or even below the baseline (Qi and Young, 2015; Daskalopoulos et al., 2016). AMPK inhibition or deletion has been demonstrated to exacerbate pathological stress induced cardiomyocyte apoptosis, which finally results in cardiac dysfunction (Wang et al., 2012). AMPK activation by metformin, melatonin, and Tanshinone IIA could improve ischemia-induced cardiac dysfunction by inhibiting cardiomyocyte apoptosis and blocking the expression of key apoptotic proteins, including B cell lymphoma-2 associated X (BAX) and cleaved caspase-3 (c-caspase 3) (Nesti and Natali, 2017; Yu et al., 2017; Zhang et al., 2019). Therefore, activating AMPK could be a potential strategy for ameliorating I/R and MI injury.
C1q/TNF-related proteins (CTRPs) family, have been recognized as a paralog of adiponectin and might possess similar biological functions as adiponectin since they have similar modular organizational structures (Si et al., 2020). Adiponectin has shown benefits for metabolic regulation as it modulates glucose production and fatty acid oxidation (Wang and Scherer, 2016). Adiponectin could also protect against cell apoptosis and reduce inflammation through receptor-mediated AMPK signaling regulation (Wang and Scherer, 2016). Adiponectin administration diminished I/R induced infarct size and cardiomyocyte apoptosis via an AMPK dependent pathway (Shibata et al., 2005). Some previous studies have demonstrated that CTRP family members, including CTPR3, CTRP8, and CTPR9, regulate pathological cardiac remodeling with a similar biological mechanism compared with adiponectin. CTRP3 attenuates streptozotocin induced diabetic cardiomyopathy by activating AMPKα via the cAMP/mitogen-activated protein kinase pathway (Ma et al., 2017). CTRP9 administration reduced I/R associated cardiomyocyte apoptosis and infarct size by increasing AMPK phosphorylation (Kambara et al., 2012).
CTRP5, another member of the CTRP family, also participates in metabolism regulation and regulates the development and progression of coronary artery disease (Si et al., 2020). Furthermore, Park et al. (2009) demonstrated that CTRP5 might be a potential biomarker of mitochondrial dysfunction and a potent regulator for glucose uptake and fatty acid oxidation via regulating AMPK activity. However, to date, the role and mechanisms of CTR5 in regulating ischemia associated cardiac remodeling and heart failure have not been explored. This study investigated the role of CTRP5 in I/R and explored whether CTRP5 overexpression could alleviate ischemia associated heart failure in vivo and in vitro.
MATERIALS AND METHODS
Animal Experiments
All animal care and experimental protocols were performed according to the Guidelines for the Care and Use of Laboratory Animals of Zhengzhou University and were approved by the Ethics Committee of Zhengzhou University. All animal-based experimental procedures complied with the Care and Laboratory animal guidelines published by the United States National Institutes of Health (NIH publication, revised 2011).
Generation of Transgenic Mice for CTRP5 Overexpressing
AAV Generation and Injection
An open reading frame of mouse CTRP5 (NM_001278431) was cloned into the pZac2.1 vector (under control of an α-MHC promotor) and was subsequently used for AAV generation. AAVs were generated by the AAV Vectors. Adeno-associated virus vector expressing human CTRP5 (AAV-CTRP5) or green fluorescent protein (AAV-GFP) were injected into mice via the jugular vein with 1 × 1012 viral genome particles per mouse (Shin et al., 2011). After AAV-CTRP5 or AAV-GFP injection for 3 weeks, mice were used for the following experiments.
Mouse Model of Ischemia-Reperfusion Injury
An ischemia-reperfusion injury mouse model was established according to the published protocol (Kataoka et al., 2014). Briefly, mice were first anesthetized and intubated. Then, the left anterior descending coronary artery (LAD) was isolated for ligation with a suture and a snare occluder. After 60 min of ischemia, the snare occluder was loosened for reperfusion. The LAD was retied after 24 h of reperfusion. Evans blue was systemically injected into mice for examining the non-ischemic tissue. Mice hearts were excised and incubated with 2,3,5-triphenyltetrazolium chloride to show the infarction area. The left ventricular area (LV), the area at risk (AAR), and the infarct area (IA) were quantified with Image Pro 6 software.
Mouse Model of Myocardial Infarction
To induce myocardial infarction, the LAD was ligated for 4 weeks without loosening. Echocardiography was performed to evaluate mouse cardiac function before sacrifice.
Echocardiographic Analysis
Transthoracic echocardiography (VeVo 2100 Imaging System equipped with 15-MHz probe) was performed to assess cardiac structure and function after 4 weeks of myocardial infarction. Mice were anesthetized by inhaling 1% isoflurane before cardiac function assessment. A short axis view at the papillary muscle level with M mode was obtained for measurements. Left ventricular internal diameter at diastole (LVID; d), LV end internal diameter at systole (LVID; s), ejection fraction (EF), and fractional shortening (FS) were detected and calculated for at least five cardiac cycles consecutively in 2D M-mode mode tracing. The calculation package was, as follows: %EF (M-Mode) = 100*[(LV Vol; d- LV Vol; s)/LV Vol; d]; %FS (M-Mode) = 100*[(LVID; d- LVID; s)/LVID; d]. LV Vol; d (M-Mode) = [7/(2.4 + LVID; d)] LVID; d3; LV Vol; s (M-Mode) = [7/(2.4 + LVID; s)] LVID; s3.
Neonatal Rat Cardiomyocyte Isolation
Neonatal rat cardiomyocytes (NRCMSs) were isolated according to published protocols (Tao et al., 2018) and were cultured in DMEM supplemented with 10% fetal calf serum. Briefly, Neonatal rats (0–3 days, Sprague-Dawley rats) were first anesthetized with carbon dioxide and sacrificed by cervical dislocation. The ventricular tissues were removed and then minced into 1 mm3 pieces. Minced ventricular tissues were located in a 200 ml glass bottle and digested into single cell suspension by adding trypsin collagenase 2. The cell suspension was collected and fetal calf serum was added to eliminate the enzyme activity. After being filtered and centrifuged, the resuspended cell suspension was layered on the top of the percoll solution for standard protocols of acceleration and deceleration speed 0. NRCMSs was isolated from the newly formed layer between the percoll solutions. NCRMs were cultured on gelatin-coated six-well plates with a density of 2 × 105/ml and placed in a humidified incubator at 37°C and 5% CO2.
NRCMSs were transfected with adenovirus vector encoding CTRP5 (Ad-CTRP5) or Ad-GFP (as a control) at a multiplicity of infection of 20 for 24 h. The Anaero Pack System (Mitsubishi GAS Chemical Co., Inc.) was used to establish the hypoxia/reoxygenation cellular model. Briefly, NRCMs were cultured in Dulbecco’s modified Eagle’s medium (DMEM), added with 10% fetal bovine serum (FBS) at 37°C with 95% air and 5% CO2 for adenovirus infection or compound C (10 μM) treatment. The prepared NRCMs were then exposed to an anaerobic medium (serum and glucose free) in Anaero Pack System (providing an anoxic mixture gas: 95% N2 and 5% CO2) for 2, 4 or 6 h at 37°C. After the hypoxia incubation, the NRCMs were allowed for reoxygenation for 6 or 12 h in a fresh culture medium at 37°C with 95% air and 5% CO2.
Caspase 3 Activity Examination
Ac-DEVD-AFC Caspase-3 Fluorogenic substrate kit (BD Pharmingen) was used for testing the caspase-3 activity according to the manufacture’s instructions. Briefly, heat tissue or cardiomyocytes were lysed on ice for collecting the supernatant. After protein quantification, 50 µg proteins were added into the assay buffer containing 10 mM dithiothreitol (DTT). The 7-amno-4-trifluoromethylcoumarin (AFC) could be monitored in a microplate spectrophotometer (Molecular Devices) at an excitation wavelength of 400 nm and an emission wave length of 520 nm.
Western-Blots Analysis
Mouse left ventricle tissue or NRCMS were collected and lysed. BCA Protein Assay kit (Thermo Fisher Scientific) was used for quantifying protein concentrations. Fifty micrograms protein of each sample was separated by electrophoresis and transferred to polyvinylidene fluoride membranes. The bots were blocked with 5% nonfat milk dissolved in TBST buffer for 1 h and then were incubated with primary antibodies overnight at 4°C. The next day, blots were washed with TBST buffer and then were incubated with appropriate secondary antibodies (1:2,000) at room temperature for 60 min. Blots were examined by Bio-Rad Imaging System (Bio-rad), and the results were normalized to β-actin for relative quantitative analysis.
Real-Time Quantitative Polymerase Chain Reaction (RT-PCR) Analysis
Total RNA was prepared using TRIZOL reagent (Invitrogen, CA, United States). The cDNA was prepared from 2 μg of total RNA using the first strand complementary DNA synthesis kit (Invitrogen, CA, United States) according to the manufacturer’s instruction. A 20 μl reaction system (containing 1 μl cDNA, 1 μl primers, 10 μl SYBR green dye, and 8 μl H2O). A LightCycler 2.0 system (Roche, Basel, Switzerland) was used to detect the PCR amplification of the prepared reaction system. The primers used in this study are shown in Supplementary Table S1.
TUNEL Staining for Apoptosis Determination
Terminal deoxynucleotidyl-transferase-mediated dUTP nick end labeling (TUNEL) staining was performed to determine cellular apoptosis by using a TUNEL detection kit (Roche) according to the manufacture’s instruction. Briefly, paraffin sections of mouse heart were dewaxed, hydrated, and then incubated with Proteinase K for 20 min at room temperature. Fifty microliters TUNEL reaction mixture (100 μl TdT + 900 μl fluorescein-labeled dUTP) was prepared and added on top of each specimen. The negative control group was only managed with 50 μl fluorescein-labeled dUTP, and the positive control group with another 100 μl DNase 1 before adding 50 μl TUNEL reaction mixture. After incubation with reaction mixture at 37°C for 1 h, specimens were incubated with 50 μl converter-POD for 30 min at 37°C and then incubated with 50 μl IDAB substrate for 10 min at room temperature respectively. Finally, hematoxylin was used to label the nucleus. Image Pro 6.0 was used to analyze pictures.
LDH Examination
NRCMSs were seeded in six-well plates and were transfected with Ad-CTRP5 or Ad-GFP (as a control) at a 20 MOI for 24 h or were treated with compound (10 μM) for inhibiting AMPK activity. NRCMSs were incubated in H/R conditions as previously mentioned. The LDH leakage was calculated by testing the release of LDH from NRCMSs using an LDH detection Kit (Beyotime, Jiansu, China) according to the manufacturer’s instructions.
ATP Content Measurement in Heart Tissue
Heart tissue ATP content was measured using the Enhanced ATP Assay Kit (Beyotime, Jiansu, China) according to the manufacturer’s instructions. Briefly, 20 mg heart tissue was added with 200 μl of ATP lysate buffer and then was fully homogenized to ensure that the heart tissue was completely cracked. The heart tissue lysate was centrifuged at 4°C with 12,000g for 5 min to collect the supernatant for subsequent ATP content determination according to the manufacturer’s instructions.
Statistical Analysis
Where applicable, the collection and analysis of data were blinded for in vivo and in vitro experiments. All data were exhibited as the means ± SEM. Student’s t test for unpaired data was used for comparison between the two groups. One-way ANOVA followed by post hoc test was performed to compare the significance among multiple groups. If the variance was uniform, S-N-K (Student-Newman-Keuls) was used for test comparison among different groups. If the variance had a significant difference, Dunnett’s T3 was used for test comparison among different groups. Data analysis was performed with SPSS 19.0. p < 0.05 was defined as statistically significant.
RESULTS
Ischemia or Hypoxia-Reoxygenation Associated CTRP5 Expression In Vivo and In Vitro
CTRP5 was up-regulated in mouse serum after MI, but it was down-regulated after 1 day of MI and even lower compared with the control group 7 days after MI (Figure 1). CTRP5 expression at mRNA level was significantly up-regulated at both the MI area and remote area 1 day after MI and then declined (Figure 1). Similarly, the protein expression of CTRP5 was increased both at MI and remote area 1 day after MI and was significantly down-regulated as time went on (Figure 1). In isolated NRCMS, hypoxia-reoxygenation induced CTRP5 down-regulation (Figure 1). These results implied that CTRP5 might involve in regulating ischemia associated heart injuries.
[image: Figure 1]FIGURE 1 | C1q/TNF-related protein 5 (CTRP5) expression in mouse heart and eonatal rat cardiomyocytes (NRCMSs) under pathophysiological condition (A) plasma CTRP5 level after myocardial infarction (MI) or sham surgery at different time points, which was quantified by Elisa analysis (N = 7–10); (B) mRNA expression of CTRP5 in mouse heart after MI or sham surgery at different time points (N = 6); (C,D) protein expression of CTRP5 in mouse heart after MI or sham surgery different time points (N = 6); (E,F) protein expression of CTRP5 in NRCMSs after hypoxia for 2, 4 or 6 h firstly and then reoxygenation for 6 and 12 h. Relative protein level of CTRP5 was calculated by ImageJ. Data are shown as mean ± SEM. *p < 0.05 represented the difference between the two groups connected by line was statistically significant.
CTRP5 Overexpression Attenuated Ischemia-Reperfusion Induced Mouse Heart Injuries
CTRP5 were overexpressed successfully in mouse heart after 3 weeks of AAV9 vein injection (Figure 2). Mice with or without CTRP5 overexpression were subjected to 60 min of myocardial ischemia and 24 h of reperfusion. As shown in Figure 2B, CTRP 5 significantly reduced the mean infarct area/left ventricle area (IA/LV), area at risk/LV (AAR/LV) and (IA+AAR)/LV ratios compared to control group (AAV-GFP), no significance of these three ratios was tested between WT and AAV-GFP group. The apoptosis of cardiomyocytes aggravated after I/R management, and CTRP5 overexpression markedly attenuated I/R induced cardiomyocytes apoptosis (Figure 2). I/R induced the enhancement of caspase 3 activity, which could be significantly inhibited by CTPR5 overexpression (Figure 2). Furthermore, we also presented that Bax, a pro-apoptosis protein, was significantly up-regulated, but Bcl2, an anti-apoptosis protein, was down-regulated after I/R, however, CTRP5 overexpression successfully inhibited Bax expression but promoted Bcl2 expression (Figures 2F,G). We also analyzed the ATP production in different pathophysiological conditions. I/R induced a significant reduction of ATP in the WT or WT+AAV-GFP group, however, CTRP5 overexpression increased the ATP production compared to the WT+AAV-GFP group (Supplementary Table S2).
[image: Figure 2]FIGURE 2 | Adeno-associated virus serum type 9 (AAV9) mediated CTRP5 overexpression attenuated ischemia/reperfusion (I/R) associated injuries in mouse heart. (A) CTRP5 overexpression reduced I/R induced infarction size. C57B6/L mice were systemically administrated with an AAV vector to express GFP (AAV-GFP, 4.0 × 107 PFU) or human CTRP5 (AAV-CTRP5, 4.0 × 107 PFU) for 3 weeks and then were subjected to I/R surgery. Heart sections were stained with Evans blue and 2,3,5-triphenyltetrazolium chloride (TTC) after I/R. (B) Quantitative analysis of infarct area (IA, white)/left ventricle area (IA/LV), area at risk (AAR, red)/LV and (IA+AAR)/LV ratios (N = 7–10). (C,D) Representative pictures of TUNEL staining and quantitative analysis for apoptotic nuclei at 24 h after I/R (N = 7–10). (E) Caspase 3 activity analysis (N = 6). (F–H) Blots and relative quantitative analysis of Bax and Bcl2 expression (N = 6, normalized to β-actin). Data are shown as mean ± SEM. *p < 0.05 represented the difference between the two groups connected by line was statistically significant.
CTRP5 Overexpression Attenuated MI Associated Heart Failure
Mice with or without CTRP5 overexpression were subjected to left anterior descending artery ligation to establish an MI associated heart failure model. CTRP5 was continuously overexpressed by AAV9 after 4 weeks of MI (Figure 3). We found that CTRP5 overexpression significantly attenuated MI areas (Figure 3). Figure 3 represented the M mode images of echocardiography and showed a significantly enlarged left ventricular cavity after MI, which could be improved after CTRP5 overexpression. The left ventricular dimensions (LVID; D and LVID’s) were significantly enlarged after MI compared to the control group (Figure 3), which could be significantly decreased after CTRP5 overexpression (Figure 3). The left ejection fraction (LVEF) and shortening fraction (FS) were significantly decreased after MI (Figure 3), but CTRP 5 overexpression significantly improved cardiac functions shown by increased LVEF and FS (Figure 3).
[image: Figure 3]FIGURE 3 | Adeno-associated virus serum type 9 (AAV9) mediated CTRP5 overexpression improved MI-induced cardiac dysfunction and heart failure. (A,B) Representative pictures of PSR staining and quantitative analysis of infarction area showed that CTRP5 overexpression reduced infarction area after 21 days of MI surgery (N = 6). (C) Representative pictures of M-mode echocardiography for assessing cardiac function after at 21st day after MI surgery (n = 7–10). Echocardiographic analysis presented that CTRP5 overexpression decreased (D) LVIDd and (E) LVIDs and increased (F) LVEF and (G) FS. Data are shown as mean ± SEM. *p < 0.05 represented the difference between the two groups connected by line was statistically significant.
CTRP5 Overexpression Activated AMP-Activated Protein Kinase Signaling Pathway
AMP-activated protein kinase (AMPK) has been demonstrated to protect against ischemia associated injuries and cellular apoptosis. We examined the activity of AMPK at Thr-172 phosphorylation site in the mouse hearts with or without I/R operation. I/R induced an increase of AMPK phosphorylation (Figure 4), but CTRP5 overexpression enhanced the AMPK phosphorylation both at I/R and sham groups (Figure 4). We also assessed the changes of downstream targets of AMPK in the mouse hearts, including acetyl-CoA carboxylase (ACC), PGC1α, and mTORC1. This study exhibited that CTRP5 overexpression enhanced p-ACC and PGC1α expression, but significantly inhibited mTORC1 phosphorylation (Figures 4A–F).
[image: Figure 4]FIGURE 4 | C1q/TNF-related protein 5 (CTRP5) overexpression enhanced AMPK signaling in mouse heart after I/R Mice were administrated with AAV-GFP or AAV-CTRP5 for 3 weeks and then were subjected to sham or I/R surgery. Hearts were harvested for determining the protein levels of (A) CTRP5, phosphorylated AMP-activated protein kinase alpha 2 (p-AMPKα2), AMPKα2, phosphorylated acetyl-CoA carboxylase (p-ACC), ACC, p-mTORC1, mTORC1, and PGC1α. Relative quantification of (B) CTRP3, (C) p-AMPKα2, (D) p-ACC, (E) p-mTORC1, and (F) PGC1α. The relative expression of CTRP3 and PGC1α (normalized to β-actin). The relative expression of p-AMPKα2, p-ACC, and p-mTORC1 was normalized to its corresponding total protein and β-actin respectively. Data are shown as mean ± SEM. *p < 0.05 represented the difference between the two groups connected by line was statistically significant.
CTRP5 Overexpression Attenuated Hypoxia-Reoxygenation Associated Injury in NRCMS
In isolated NRCMS, CTRP5 overexpression activated p-AMPKα2 and p-ACC at baseline (Figures 5A–D). Hypoxia-Reoxygenation (H/R) induced the down-regulation of p-AMPKα2 and p-ACC and this regulation was blocked by CTRP5 overexpression (Figures 5A–D). We presented that H/R promoted BAX expression and enhanced caspase 3 activity, both of which were demonstrated to contribute to cardiomyocyte apoptosis, but down-regulated the expression of pro-survival protein Bcl2 (Figures 5E–H). We also detected the lactate dehydrogenase (LDH) leakage in NRCMs. H/R significantly induced LDH release compared to none in the treatment group, however, CTRP5 overexpression prevented LHD release in H/R treated NRCMs (Figure 5I). Compound C was used to inhibit the AMPK activity in vitro experiment. H/R treatment significantly exaggerated the LDH release compared to none in the compound C treated group (Figure 5J). CTRP5 overexpression no longer prevented H/R induced LDH release after compound C mediated AMPK activity inhibition (Figure 5J).
[image: Figure 5]FIGURE 5 | C1q/TNF-related protein 5 (CTRP5) overexpression protected against NRCMs apoptosis Isolated NRCMs were transfected with Ad-GFP or Ad-CTRP5 for 24 h, followed by hypoxia for 24 h firstly and then reoxygenation for 12 h. (A) Western-blot was performed for determining protein expression of CTRP5, p-AMPKα2, AMPKα2, p-ACC, ACC, and β-actin. Relative quantification of (B) CTRP5, (C) p-AMPKα2, and (D) p-ACC. (E–G) Blots and relative quantification of the apoptosis associated proteins of BCL2 and BAX. (H) Caspase 3 activity analysis kit was used to determine cleaved caspase 3 activity. (I,J) Lactate dehydrogenase (LDH) Assay Kit was used to detect the LDH leakage, and compound C (Comp C, 10 mm) was used to inhibit AMPK activity. The relative expression of CTRP5, BCL2, and BAX were normalized to β-actin. The relative expression of p-AMPKα2 and p-ACC were normalized to its corresponding total protein and β-actin respectively. Data are shown as mean ± SEM. *p < 0.05 represented the difference between the two groups connected by line was statistically significant.
CTRP5 Overexpression Failed to Protect Against Ischemia/Reperfusion or Myocardial Infarction Associated Heart Injuries After AMPKα2 Knockout
AMPKα2 knockout (AMPKα−/−) mice were infected with AAV-CTRP5 or AAV-GFP. After 3 weeks of infection, we examined the overexpression of CTRP5 in AMPKα−/− mouse heart, and AMPKα and p-AMPKα were successfully deleted in AMPKα−/− mouse heart (Figures 6A–C). p-AAC was significantly down-regulated and was unable to be activated by CTRP5-overexpression in AMPKα−/− mouse heart (Figure 6). AMPKα−/− mice with or without CTRP5 overexpression were subjected to 60 min of myocardial ischemia and 24 h of reperfusion. As shown in Figures 6E,F, AMPKα2 knock out enlarged the IA/LV, AAR/LV and (IA+AAR)/LV compared to WT subjected to I/R surgery, however, CTRP 5 overexpression showed no effects on IA/LV, AAR/LV and (IA+AAR)/LV in AMPKα−/− mice. The TUNEL staining indicated that I/R induced cardiomyocytes apoptosis, however, CTRP5 overexpression failed to attenuate I/R induced cardiomyocyte apoptosis with AMPKα2 knockout (Figures 6G,H). Furthermore, CTRP5 could no longer recover the ATP production after AMPK α2 knockout (Supplementary Table S3).
[image: Figure 6]FIGURE 6 | Adeno-associated virus serum type 9 (AAV9) mediated CTRP5 overexpression could not attenuate ischemia/reperfusion associated injuries in AMPKα2-knock out (AMPKα2-KO) mice. (A) AMPKα2-KO mice were administrated with an AAV vector to express GFP (AAV-GFP, 4.0 × 107 PFU) or human CTRP5 (AAV-CTRP5, 4.0 × 107 PFU) for 3 weeks and then were subjected to I/R surgery. (A) Western-blot was performed for determining protein expression levels of CTRP5, p-AMPKα2, AMPKα2, p-ACC, ACC, and β-actin. Relative quantification of (B) CTRP5, (C) p-AMPKα2, and (D) p-ACC in AMPKα2-KO mouse heart tissue. (E) Heart sections were stained with Evans blue and 2,3,5-triphenyltetrazolium chloride (TTC) after I/R and the results indicated that CTRP5 overexpression could not attenuate I/R associated mouse heart injury. (F) Quantitative analysis of the infarct area (IA, white)/left ventricle area (IA/LV), area at risk (AAR, red)/LV (AAR/LV) and (IA+AAR)/LV (N = 10). (G,H) Representative pictures of TUNEL staining and quantitative analysis for apoptotic nuclei (N = 10). The relative expression of CTRP5 was normalized to β-actin. The relative expression of p-AMPKα2 and p-ACC were normalized to its corresponding total protein and β-actin respectively. Data are shown as mean ± SEM. *p < 0.05 represented the difference between the two groups connected by line was statistically significant.
Figure 7 represented the M mode images of echocardiography and the results showed that MI induced the enlargement of the left ventricular dimensions, which could not be improved by CTRP5 overexpression in AMPKα−/− mouse. In detail, MI induced a significant increase of the LVEDd and LVEDs (Figure 7) and decrease of LVEF and FS (Figure 7) and CTRP5 overexpression showed no significant effects on these parameters in AMPKα−/− mouse.
[image: Figure 7]FIGURE 7 | Adeno-associated virus serum type 9 (AAV9) mediated CTRP5 overexpression could not attenuate MI-induced cardiac dysfunction in AMPKα2-KO mice. (A) Representative pictures of M-mode echocardiography for assessing cardiac function at the 21st day after MI surgery (n = 7–10). Echocardiographic analysis presented that CTRP5 overexpression showed no protective effects on cardiac function, as evidenced by (B) LVEDs, (C) LVIDd, (D) EF, and (E) FS values. Data are shown as mean ± SEM. NS indicated no significant difference *p < 0.05 represented the difference between the two groups connected by line was statistically significant.
DISCUSSION
In this study, we found that cardiomyocytes-specific CTRP5 overexpression protected against I/R and MI associated cardiomyocyte apoptosis and cardiac dysfunction. CTRP5 is a secreted protein and is recognized as a paralog of Adiponectin, but its biological function in heart disease remains unreported. Adiponectin is secreted from adipose tissue and participates in regulating energy metabolism via regulating the AMPK signaling pathway. We tested whether CTRP5 possesses a similar biological function as Adiponectin in regulating ischemia associated heart diseases. This study exhibited that CTRP5 was abundantly secreted in mouse serum as reported by other studies, but we first demonstrated that CTRP5 was also expressed in cardiomyocytes. CTRP5 overexpression could ameliorate ischemia or hypoxia induced cardiomyocyte apoptosis, decrease myocardial infarct size, and improve cardiac function after MI or I/R. However, we observed no obvious differences between CTRP5 overexpression and control groups after I/R or MI operation in AMPKα2−/− mouse. This study demonstrated that CTRP5 could protect mouse hearts from ischemia or hypoxia induced injuries in vivo and in vitro via the AMPKα2 signaling pathway.
Cardiomyocyte apoptosis and its unrenewable characteristic are the main causes for the occurrence and development of cardiac dysfunction and heart failure induced by ischemia (Del Re et al., 2019). In this study, CTRP5 overexpression significantly alleviated cardiomyocyte apoptosis in an I/R murine model, and also attenuated hypoxia-reoxygenation induced NRCMS apoptosis in vitro. Similarly, Yang and Lee (2014) and Yang et al. (2015) reported that treatment with the globular domain of CTRP5 significantly suppressed palmitate induced myocyte apoptosis and reduced the caspase-3 activation. Thus, the ability of CTRP5 to reduce myocardial infarct size after I/R and improve heart failure after MI was partly via reducing cellular apoptosis in the heart.
CTRP5 possesses a homologous domain structure with Adiponectin, which has been demonstrated to protect cardiomyocytes from ischemia induced apoptosis via directly activating the AMPK signaling pathway (Shibata et al., 2005). Transduction with dominant negative AMPK completely blocked the anti-apoptotic effects of Adiponectin in cardiomyocytes challenging serum deprivation and hypoxia-reoxygenation (Shibata et al., 2005). CTRP5 and CTRP9 belong to the same family. Kambara et al. found that circulating CTRP9 overproduction before ischemia could markedly decrease the myocardial infarct size (Kambara et al., 2012). Mechanistically, CTRP9 could promote AMPK phosphorylation at the threonine residue 172 (Kambara et al., 2012), and thus attenuate cellular apoptosis. The silencing of AMPK signaling could completely offset the protective effects of CTRP9 (Kambara et al., 2012). Park (Park et al., 2009) reported that CTRP5 is drastically induced following mitochondrial dysfunction. And it could increase glucose uptake and metabolism for improving mitochondrial function and energy supplement via promoting AMPK phosphorylation (Park et al., 2009). Consistent with previous findings, this study exhibited that CTRP5 overexpression promoted AMPK phosphorylation at threonine residue 172 in ischemic mouse heart tissue and isolated NRCMS exposed to hypoxia-reoxygenation. Moreover, AMPKα2 deficiency completely neutralized the protective effects of CTRP5 overexpression in I/R and MI murine models.
Besides its pro-survival activity, AMPK is also an important energy sensor for modulating glucose and fatty acid metabolism during ischemia-reperfusion and myocardial infarction (Qi and Young, 2015). AMPK phosphorylation could drive glucose uptake by promoting intracellular GLUT4 to the sarcolemma membrane, increase glycolysis by phosphorylating 6-phoshpofructo -2-kinase (PFK2), and inhibit glycogen synthesis by depressing the glycogen synthase activity, which finally resulted in more ATP production (Ma and Li, 2015; Del Re et al., 2019). AMPK activity is also critical to both fatty acid uptake and oxidation. Fatty acid metabolism provides the majority of ATP supplementary in adult cardiomyocytes in normal aerobic condition (Ma and Li, 2015; Del Re et al., 2019). AMPK could decrease the intracellular malonyl-CoA via phosphorylating acetylcoenzyme A carboxylase (ACC) and thus reduce carnitine palmitoyltransferase 1 (CPT-1) inhibition, which could import fatty acyl CoA into the mitochondria and accelerate fatty acid oxidation (Ma and Li, 2015). I/R injury is closely associated with reduced mitochondrial turnover and biogenesis (Qi and Wang, 2020). AMPK mediated peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC1α) expression could restore mitochondrial turnover and biogenesis, which contributes to reduced mitochondrial oxidative stress and apoptosis (Qi and Wang, 2020). Previous studies have indicated that AMPK phosphorylation was significantly up-regulated after 2 min of ischemia and reached its peak after 10 min, and then quickly fell back to basal level at the begin of reperfusion (Ma and Li, 2015). Therefore, AMPK phosphorylation has been demonstrated to prevent I/R or MI associated cardiac dysfunction. In this study, we showed direct and precise evidence that CTRP5 could promote AMPK phosphorylation and PGC1α production. Taken together, our study revealed that CTRP5 protected against ischemia associated cardiomyocyte apoptosis and improved mouse cardiac function after I/R or MI through activating AMPK dependent pro-survival pathway.
Some limitations need to be addressed in future investigations. Firstly, the exact mechanism of CTRP5 activating the AMPK phosphorylation has not been shown in this study. However, it owns a homologous domain structure to adiponectin and CTRP9, the regulation of CTRP5 on AMPK phosphorylation was not through AdipoR1 and AipoR2 as adiponectin and CTRP9 (Park et al., 2009; Liu et al., 2019). Secondly, the regulatory mechanism for CTRP5 expression change in ischemic heart disease remains unclear and needs further investigation. Thirdly, clinical observations will be required to clarify the relationships of circulating CTRP5 levels and examining clinical outcomes in patients with ischemic heart diseases.
CONCLUSION
In conclusion, CTRP5 overexpression in cardiomyocytes protected against I/R injury and MI associated cardiac dysfunction by activating the AMPKα2 signaling pathway and inhibiting mTORC1 phosphorylation and cardiomyocyte apoptosis. This study furthers understanding of the role and mechanisms of CTRP5 in regulating ischemia associated heart diseases and suggests the potential strategy of targeting CTRP5 in the treatment and prevention of ischemia diseases and related complications.
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Background: Triptolide (TP), a naturally derived compound from Tripterygium wilfordii, has been proven effective in protecting against cardiovascular system, but the molecular mechanisms underlying its protective effects are poorly understood. In the current study, we sought to test the potential protective role of TP in the regulation of vascular calcification in a rat model and explore whether TP attenuates medial vascular calcification by upregulating miRNA-204.
Methods: Vitamin D3 plus nicotine (VDN) was used to induce a vascular calcification (VC) model of rat aorta. Von Kossa and Hematoxylin-Eosin staining were applied to assess the degree of calcification of rat aortas. Calcium content and alkaline phosphatase activity were measured. Quantitative reverse-transcription polymerase chain reaction (qRT-PCR) was applied to quantify miRNA-204 expression. The localization of runt-related transcription factor-2 (RUNX2) and bone morphogenetic protein-2 (BMP2) expressions were detected by immunohistochemistry and western blotting.
Results: Administration of TP greatly reduced vascular calcification in a dose-dependent manner compared with VC controls. The increase in ALP activity and calcium content was ameliorated by TP. Moreover, protein expression levels of BMP2 and RUNX2 were significantly reduced in calcified aortas. MiRNA-204 expression was increased in the TP-treated groups compared with VC controls and the effects of TP were reversed by the intravenous injection of miRNA-204-interfering lentivirus. However, the miRNA-204-overexpressing lentivirus had no additional effects on ALP activity, calcium content, BMP2 and RUNX2 expressions compared with those from TP group.
Conclusion: TP inhibited BMP2 and RUNX2 expression and attenuated vascular calcification via upregulating the level of miRNA-204. TP appears to be a potential new therapeutic option for treating vascular calcification.
Keywords: vascular calcification, smooth muscle cell, miRNA-204, triptolide, Morphogenetic protein-2
INTRODUCTION
Vascular calcification (VC) is recognized a common complication of chronic kidney disease (CKD), diabetes mellitus and aging (Elliott and McGrath, 1994; Vattikuti and Towler, 2004; Shanahan et al., 2011; Schlieper et al., 2016). It is also associated with a varirty of other pathological conditions, such as hypertension, atherosclerosis, osteoporosis and rheumatoid arthritis (Demer and Tintut, 2008; Lanzer et al., 2014). The pathological deposition of calcium and phosphate is the most common form of medial vascular calcification in layer of the arteries. It is considered as a major risk factor for cardiovascular events and linked to increased cardiovascular morbidity and mortality (Johnson et al., 2006). MicroRNAs (miRNAs) are involved in the regulation of a range of different intracellular pathways controlling the osteo-/chondrogenic phenotypic switch of vascular smooth muscle cells (VSMCs) including the WNT/β-catenin pathway and TGFβ1/Smad signaling (Song et al., 2017; Zhang et al., 2018). Evidence suggests that miRNA-204 can downregulate RUNX2 expression and inhibit the transformation of VSMCs to an osteogenic phenotype, thereby negatively regulating the occurrence of vascular calcification (Cui et al., 2012).
Triptolide (TP), a bioactive product of epoxidation of two terpene lactone compounds from Tripterygium wilfordii, exhibits effective immunomodulatory and anti-inflammatory activities (Qiu and Kao, 2003; Liu, 2011; Chen et al., 2018). Our preceding studies also demonstrate that TP inhibits neointimal hyperplasia and exerts anti-inflammatory effects (Ge et al., 2011). Animal studies have also shown that TP can reduce arterial medial calcification in CKD mice fed a high-phosphorus diet (Yoshida et al., 2017). Although previous studies have revealed some important roles of TP, the possible pharmacological mechanism behind these effects is still limited (Hou et al., 2019; Noel et al., 2019). In recent years, studies have shown that TP may play a pharmacological role by regulating miRNAs (Li et al., 2018; Xue et al., 2018). It was suggested that the expression of miRNA-142–3 could be induced to regulate heat shock protein 70 by TP (MacKenzie et al., 2013). Another study reveals that TP could induce spontaneous programmed death (apoptosis) of T-cell lymphocytic leukemia cells probably through downregulating miRNA-16–1 (Jiang et al., 2015).
Based on these discoveries, we evaluated the vascular calcification model rats induced by administration of VDN to examine the effects of pharmacological intervention with TP. Besides, the current study investigated protective mechanisms of TP using miRNA-204-overexpressing lentivirus and miRNA-204-interfering lentivirus.
MATERIAL AND METHODS
Drug and Reagents
TP (purity >99%) was from National Institute of Biological Products and Materia Medica. VDN was bought from Sigma Chemical Co. (St. Louis, MO, USA). Anti-BMP2, RUNX2 antibodies, anti-GAPDH antibody and HRP-conjugated anti-rabbit or mouse IgG secondary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Trizol reagent and enhanced chemiluminescent (ECL) detection kits were provided by Beijing Applygen Technologies (Beijing, China). Protein gel electrophoresis and membrane transfer system (Bio-Rad, USA), and calcium detection kit and alkaline phosphatase (ALP) assay kits (Nanjing Jiancheng Bioengineering Research Institute) were also used. All other reagents were of analytical grade. qRT-PCR kits were purchased from BIO-LAB (Tianjin, China). The PCR primers were also provided by BIO-LAB (Jerusalem, Israel). The forward and reverse PCR primers (rat) for miRNA-204 were 5′-TGG​TTC​CCT​TTG​TCA​TCC​T-3′ and 5′- GTC​GTA​TCC​AGT​GCA​GGG​TCC​GAG​GTA​TTC​GCA​CTG​GAT​ACG​ACA​GGC​AT-3′, respectively.
Administration of miRNA-204-shRNA and miRNA-204-Overexpression by Lentiviral Delivery
The miRNA-204-shRNA (CGT​TCC​CTT​TGT​CAT​CCT​ATG​CCT​TCA​AGA​GAG​GCA​TAG​GAT​GAC​AAA​GGG​AAT​TTT​TT) and gene encoding miRNA-204 (Gene ID: 406,987) were inserted into the pLKO.1-EGFP-Puro vectors. Lentiviral vectors plenty 6.3-LTR-RRE-U6-CMV EYFP-WRE-SV40 BSD-LTR were generated. The miRNA-204-interfering lentivirus (1.4×107 TU/ml/day) and miRNA-204-overexpression lentivirus (2.8×107 TU/ml/day) were given by intravenous injection for three days, and the empty lentiviral vectors (2.3×107 TU/ml/day) were used as control.
Animal Model and Experimental Design
Male SD (Sprague Dawley, 150–180 g) rats were from Animal Center of Beijing Anzhen Hospital, Capital Medical University and Beijing Institute of Heart Lung And Blood Vessel Diseases. All experiments were approved by the Committee for Experimental Animal Management of Beijing Anzhen Hospital, Capital Medical University. The ambient temperature and relative humidity for raising animals were 22 ± 3°C and 50% ± 10%, respectively.
As previously reported (Huang et al., 2003), a rat model of VC induced by VDN was established. After 1 week of adaptive feeding, 80 rats were used for treatment with VC + TP or a vehicle control. Rats were administrated vitamin D3 (300,000 IU/kg in arachis oil, intramuscularly) as well as nicotine (25 mg/kg in 5 ml peanut oil, intragastrically) at 09:00 on the first day, and nicotine was re-administered at 7:00 pm on the same day. Then 30 randomly chosen VC model rats which were grouped as TP-L, M and H groups were given an intragastrically administration of TP (10, 20 and 40 mg/kg) for 4 weeks, respectively. After that, 20 VC model rats and 20 VC + TP (TP-H) rats were treated with miRNA-204-interfering lentivirus and miRNA-204- overexpression-lentivirus for three days by intravenous injection, respectively. The remaining VC rats were regarded as the calcification controls. The other ten rats were given corresponding solvents as a vehicle control.
After four weeks, rats were anesthetized by 1% sodium perborate and blood samples were withdrawn from the abdominal aorta by heparinized syringes. The supernatants after centrifugation were transferred into tubes preparing to measure ALP activity and calcium content. Then, all of the rats were sacrificed by bloodletting while the aortas were quickly removed.
Von Kossa and Hematoxylin-Eosin Staining
Approximately 1 cm of tissue was taken from the descending thoracic aorta under the arcus aortae, from which adipose tissue was discarded. The sample was then fixed with 10% triformol and embedded in paraffin, followed by sectioning of the tissue and staining. Areas with calcium deposition appeared black, while other tissues exhibited counterstaining. The slides were washed with 1% acidic alcohol after hematoxylin nuclear staining, followed by staining the slides using eosin. Afterward, the slides were washed and dehydrated. Finally, the aortic slides were treated with xylene and evaluated using the Image Pro Plus 6.0 system (MediaCybernetics, Inc, SilverSpring.MD).
Determination of Calcium Content
The calcium content in aortic tissue was measured using a calcium assay kit in accordance with the manufacturer’s instructions. Briefly, rat homogenates from the aortas were collected and centrifuged for 4 min at 3,000×g. The resulting supernatants were spun at 10, 000×g for 30 min. Protein content was determined with BSA as a standard according to Bradford (Bradford, 1976). Supernatants were diluted to a protein concentration of 0.5 mg/ml for determination. Then, nitric acid was used to nitrify the dried tissue. The calcium was dissolved in solution containing 27 nM KCl and 27 μM LaCl3 after removing the nitric acid by heating. Eventually, the calcium content of the aorta was measured and the results were normalized to the total protein concentration.
Detecting Alkaline Phosphatase Activity
ALP activity in aortic tissue was determined in accordance with the instructions of ALP assay kit. Briefly, the aortic tissue homogenate was mixed with a reaction mixture consisting of stock substation solution and alkaline buffer at a ratio of 1:1. Then, the mixture was incubated for 15 min at 37°C following the addition of 1.5 ml of developer solution. The absorbance of each well was measured using a microplate reader at 520 nm. The values of ALP in specimens were calculated in conformity to the established standard curve.
Quantitative Real-Time PCR Analysis
Trizol reagent was utilized to extract the RNA from the aortas, and the quantification was conducted depending on an ultramicro spectrophotometer (Biophotometer, Nanodrop 2000, USA). For each sample, 2 µg of total RNA was reverse transcribed to cDNA with reverse transcriptase and oligo (dT) 15 primer. The PCR reaction was performed in a total volume of 20 μL. For miRNA-204 expression analysis, reverse transcription and qRT-PCR were carried out using BIO-LAB miRNA qPCR Primer Set for mouse miRNA-204 and U6 snRNA in accordance with the manufacturer’s instructions. Primer sequences for mouse miRNA2 and U6 snRNA are put forward. The 2−ΔΔCT method was used to determine the expression of miRNA-204 relative to U6.
Immunohistochemical Staining of Bone Morphogenetic Protein-2 and Runt-Related Transcription Factor-2
The rat aortic samples were fixed by 4% formaldehyde in phosphate-buffered saline, and embedded in paraffin. Specimens were cut into 6 mm sections and then subjected to immunohistochemical staining. The processed sections from rats were incubated overnight in the primary antibody at 4°C. After washes, the secondary antibodies were added to the sections for 1 h incubation. Negative controls were established by omitting the primary antibody and including only the secondary antibody. In all cases, staining for negative control indicated insignificant. Immunostaining data were quantified by individuals blinded to the treatment groups.
Western Blotting
Protein extracts from the aortas were resuspended in sample buffer containing 2% SDS, 2% mercaptoethanol, 50 mmol/L Tris-HCl (pH 6.8), 10% glycerol and 0.05% bromophenol blue. Goat anti-rat BMP2 primary antibody and goat anti-rat RUNX2 primary antibody were diluted at ratio of 1:1,000 in TBS-T and applied to the membrane, and incubated at 4°C overnight with agitation. The secondary antibody at 1:2000 dilution in TBS-T was added to the membrane, and incubated at room temperature for 1 h with agitation. After the addition of an enhanced chemiluminescence substrate, the membrane was immediately visualized on a phosphor imager.
Statistical Analyses
All statistical data were analyzed using Statistical Product and Service Solutions (SPSS) software (Version 22.0, SPSS Inc, US). The results were shown as means ± standard deviation (SD). Statistical analysis was performed by a one-way analysis of variance (ANOVA) followed by Tukey’s test for multiple comparisons. A non-parametric test was applied for comparing the band density values between groups. The values of p < 0.05 was considered statistically significant.
RESULTS
Triptolide Protected Rat Aorta From Vitamin D3 plus Nicotine-Induced Vascular Calcification
The effect of VDN on the aortas of rats was analyzed by HE and von Kossa staining. The results of HE staining showed thickened vessel walls, disordered elastic fibers and widespread calcification. Increased calcium deposition was revealed by von Kossa staining (Figures 1A,B). Results for ALP activity and calcium content revealed that vitamin D3 and nicotine elevated the levels of ALP activity in rat aortic VSMCs and led to greatly increased calcium content and calcium area (Figure 1C). The rat aortic vascular calcification model could thus be successfully induced by VDN. Examination of HE and von Kossa staining showed that treatment with TP (20 and 40 mg/kg) significantly decreased VDN-induced vascular calcification. Furthermore, treatment with TP significantly inhibited ALP activity (p < 0.01), a marker of osteoblast differentiation, as well as calcium content in aortic tissues was decreased in TP-M and TP-H groups comparing with model group (p < 0.01) (Figure 1).
[image: Figure 1]FIGURE 1 | TP attenuates vascular calcification induced by VDN (A) HE staining shows thickened vessel walls, disordered elastic fibers and widespread calcification in aortas of rats (B) Left: von Kossa staining shows increased calcium deposition in aortas of rats; right: bar graphs show quantitative evaluation of the von Kossa calcium area (n = 10) (C) Bar graphs show quantitative evaluation of ALP and calcium content (n = 10). **p < 0.01 compared with model group, &&p < 0.01 compared with model + TP-L group.
Triptolide Inhibited the Bone Morphogenetic Protein-2 and Runt-Related Transcription Factor-2 Expressions
BMP2 is a powerful stimulator of VSMC osteoinduction. Its calcification-promoting effects in VSMCs involve the upregulation of SMAD signaling. They also increase the secretion of RUNX2, a core transcription factor involved in the differentiation of osteoblasts and chondrocytes, which accelerates the process of vascular smooth muscle cell differentiation into osteoblasts. To further explore the effects of TP on SMAD signaling pathway, BMP2 and RUNX2 expressions were detected. The results of western blot analysis and immunohistochemistry showed increased BMP2 and RUNX2 expression in model group to the control group (p < 0.05), while TP (20 and 40 mg/kg) inhibted the BMP2 and RUNX2 expression increased by VDN (p < 0.05) (Figure 2).
[image: Figure 2]FIGURE 2 | TP suppresses BMP2 and RUNX2 expression induced by vascular calicification to the aortas (A) Immunohistochemical staining of BMP2 (B) Immunohistochemical staining of RUNX2 (C) Western blot analysis of BMP2 and RUNX2 (lane 1: Control, lane 2: Model, lane 3: Model + TP-L, lane 4: Model + TP-M, lane 5: Model + TP-H. Upper: representative images of BMP2 and RUNX2 expression, an antibody for DAPDH was used to show equal protein loading; under: bar graphs show quantitative evaluation of BMP2 and RUNX2 expression (n = 3). Data are reported as mean ± S.D, *p < 0.05 compared with model group.
Effect of miRNA-204 on Rat Aorta
To investigate the effect of miRNA-204 on rat aorta, we constructed miRNA-204-overexpressing lentivirus and miRNA-204-interfering lentivirus. RT-PCR results demonstrated miRNA-204 levels were obviously increased in the aortas of rat transfected with miRNA-204-overexpressing lentivirus and decreased in the aortas of rat transfected with miRNA-204-interfering lentivirus (Figure 3A). In the miRNA-204-overexpressing group, von Kossa staining showed reduced calcium deposition of vasorum in the tunica media, and the calcium deposition in the interference group was expressively increased compared with that in the VC model group (Figure 3B). The consequence demonstrated that the expression of miRNA-204 was dramatically decreased during vascular calcification. In addition, by increasing the expression level of miRNA-204, vascular calcification was significantly inhibited.
[image: Figure 3]FIGURE 3 | miRNA-204 disturbs vascular calcification induced by VDN (A) Real time PCR showed the expression of the miRNA-204 in the different groups (n = 10). **p < 0.01 compared with model, &p < 0.05 compared with model + TP-L (B) Left: von Kossa staining shows calcium deposition in aortas of rats, right: bar graphs show quantitative evaluation of the vonkossa calcium area (n = 10). **p < 0.01 compared with model group (C) Bar graphs show quantitative evaluation of the ALP activity and calcium content. *p < 0.05, **p < 0.01 compared with model (D) Western blot analysis of BMP2 and RUNX2. Left: representative images of BMP2 and RUNX2 expression, an antibody for DAPDH was used to show equal protein loading (lane 1: Control, lane 2: Model, lane 3: Model + miRNA-204-interfering, lane 4: Model + miRNA-204-overexpression); Right: bar graphs show quantitative evaluation of BMP2 and RUNX2 expression (n = 3). Data are reported as the mean ± S.D, *p < 0.05 compared with model group.
Furthermore, examination of serial aortic tissues showed that the expressions of BMP2, RUNX2, ALP activity and calcium content were markedly increased by miRNA-204- interfering lentivirus and were decreased by miRNA-204-overexpressing lentivirus (Figures 3C,D). Additional studies indicated that the miRNA-204 level in the TP group was upregulated compared with that in the model group. These results revealed that TP may regulate miRNA-204 levels in a dose-dependent manner. Then, the high dosage of TP (40 mg/kg) was chosen in the next experiments.
Triptolide Reduced Vascular Calcification and Inhibited Bone Morphogenetic Protein-2 and Runt-Related Transcription Factor-2 Expression by Upregulating Expression of miRNA-204
To further explore the phenomenon that TP plays roles by way of miRNA-204, miRNA-204-overexpressing lentivirus and miRNA-204-interfering lentivirus, respectively, were utilized to TP-group. The control and VDN model group were given corresponding lentiviral control vectors. Von Kossa staining, analyses of ALP activity and calcium content were performed to confirm that treatments of miRNA-204-interfering lentivirus can sufficiently block TP effects. The calcium deposition area was increased in rats co-treated with miRNA-204-interfering lentivirus and TP (Figures 4A,B).
[image: Figure 4]FIGURE 4 | TP protects against vascular calcification induced by VDN in a miRNA-204 increasing manner (A) Left: von Kossa staining shows calcium deposition in aortas of rats; right: bar graphs show quantitative evaluation of the vonkossa calcium area (n = 10). **p < 0.01 compared with model group, &&p < 0.01 compared with model + TP group (B &C) Bar graphs show quantitative evaluation of the ALP activity and calcium content, respectively (n = 10). *p < 0.05, **p < 0.01 compared with model group, &&p < 0.01 compared with model + TP group.
Furthermore, results of western blot analysis and immunohistochemistry showed that the inhibitory effects of TP (40 mg/kg) on the expressions of BMP2 and RUNX2 were significantly blocked by miRNA-204-interfering lentivirus (Figure 5). However, the miRNA-204-overexpressing lentivirus had no additional effects on ALP activity, calcium content and BMP2 and RUNX2 expressions compared with those from TP-H group. The results indicated that miRNA-204 plays a negative role in vascular calcification through downregulating BMP2 and RUNX2 protein levels, and TP may reduce vascular calcification and inhibited BMP2 and RUNX2 expression by upregulating expression of miRNA-204.
[image: Figure 5]FIGURE 5 | TP reduces BMP2 and RNUX2 expression in a miRNA-204 increasing manner (A) Immunohistochemical staining of BMP2 (B) Immunohistochemical staining of RUNX2 (C) Western blot analysis of BMP2 and RUNX2 (lane 1: Control, lane 2: Model, lane 3: Model + TP, lane 4: Model + TP + miRNA-204-interfering, lane 5: Model + TP + miRNA-204-overexpression). Upper and left: representative images of BMP2 and RUNX2 expression, an antibody for DAPDH was used to show equal protein loading; under and right: bar graphs show quantitative evaluation of BMP2 and RUNX2 expression (n = 3). Data are reported as the mean ± S.D. *p < 0.05 compared with model group; &p < 0.05 compared with model + TP group.
DISCUSSION
In this study, we observed that administration of VDN can be used to establish a classic rat aortic calcification model with the presence of dispersed and calcified nodules among the elastic fibers. These results are consistent with those of previous reports (Zhang et al., 2016). We identified that TP treatment attenuated this calcification in a dose-dependent manner and prevented the acquisition of an osteogenic phenotype, as indicated by the decreased expression of RUNX2 and BMP2 in rat aortas. Even though this research provides extensive evidence for downregulated RUNX2 and BMP2 expressions being the main mechanisms leading to TP induced aortas protection and recovery, its influence on other mechanisms remain poorly understood. A recent study suggested that the key determinants for vascular calcification in CK were dysregulation of mineral homeostasis and elevated phosphate levels. (Giachelli, 2003). Hyperphosphatemia is associated with an increased risk of not only cardiovascular events and death, but also vascular calcification (Abramowitz et al., 2010; Lanzer et al., 2014). In response to high extracellular phosphate levels, VSMCs can change their phenotype into osteo/chondroblast-like cells actively promoting vascular mineralization (Voelkl et al., 2019). Researchers have also shown that the transdifferentiation of VSMCs into osteoblasts is an important mechanism of vascular calcification (Liberman et al., 2013; Shroff et al., 2013). These transdifferentiated VSMCs lose their contractile phenotype supporting a more mesenchymal one and earn properties similar to those of osteoblasts and chondroblasts (Demer and Tintut, 2008). RUNX2, belonging to osteogenic transcription factors, exert a crucial role in vascular calcification (Schlieper et al., 2016). Vascular osteo-/chondrogenic transdifferentiation and calcification are prevented due to the deficiency of RUNX2 in VSMCs (Speer et al., 2010). The expression of osteogenic- and chondrogenic-specific proteins in VSMCs such as bone morphogenetic protein-2 (BMP2) or ALP could be further induced by osteo-/chondrogenic transcription factors (Lanzer et al., 2014). Similar to the case in bone, ALP degrades inorganic pyrophosphate to allow unrestrained tissue mineralization (Johnson et al., 2006). Furthermore, increased expression of BMP2 is a well-known promoter of VSMC calcification. Therefore, the emerging evidence supports the existence of a direct relationship between the abnormal expression of BMP2/RUNX2 and vascular calcification.
In addition, miRNA-204 also acts as a negative regulator of VSMC calcification that potentially functions through repressing BMP2 and RNUX2 expression. MiRNAs, a cluster of small noncoding RNA molecules, play a vital role in a diversity of physiological and pathological processes in humans (Huntzinger and Izaurralde, 2011). A study identified that the downregulation of miRNA-204 may conduce to β-glycerophosphate-induced VSMCs calcification through modulating RNUX2 expression (Sluijter, 2013). MiRNA-204 is proposed as a significant new regulator of VSMC calcification (Cui et al., 2012). Thus, miRNA-204 represents a potential therapeutic target in medial artery calcification Since miRNA-204 has been found to restrain vascular calcification in vitro and vivo, TP may present a certain regulatory effect on vascular calcification via regulating miRNA-204. Our experiments revealed that overexpression of miRNA-204 decreased RNUX2 and BMP2 protein levels and relieved the medial artery calcification caused by VDN. The findings illustrate that miRNA-204 inhibits medial artery calcification by downregulating BMP2 and RNUX2 protein expression in vivo. Therefore, we further explored the relationship between TP and miRNA-204 in calcified aortas, and finally revealed that TP may attenuate vascular calcification via upregulating miRNA-204 level. RT-PCR analysis indicated that the expression of miRNA-204 is reduced in the aortas of VC model rats and TP increased the miRNA-204 expression. Furthermore, inhibitory effects of TP on the expressions of BMP2 and RNUX2 were significantly blocked by miRNA-204-interfering lentivirus, indicating that TP treatment downregulated the expression of BMP2 and RUNX2 by increased the miRNA-204 expression. Therefore, our research indicated that the pathological mechanism of vascular calcification might be associated with the abnormal expression of miRNA-204, which would lead to downregulated expression level of osteogenic-specific proteins, thereby affecting VSMC function.
CONCLUSION
To conclude, TP has been demonstrated to attenuate vascular calcification by regulating the expression of miRNA-204 and modulating BMP2 and RNUX2 dependent on VSMC osteoinduction. Lastly, these findings imply that miRNA-204 could be developed as a promising therapeutic target modulating vascular calcification and as a target for probing the possibility of TP as a therapeutic agent.
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Previous studies have confirmed the clinical efficacy of sacubitril/valsartan (Sac/Val) for the treatment of heart failure with reduced ejection fraction (HFrEF). However, the role of Sac/Val in heart failure with preserved ejection fraction (HFpEF) remains unclear. Sac/Val is a combination therapeutic medicine comprising sacubitril and valsartan that acts as a first angiotensin receptor blocker and neprilysin inhibitor (angiotensin-receptor neprilysin inhibitor (ARNI)). Here, we investigated the role of Sac/Val in high-salt diet-induced HFpEF coupled with vascular injury as well as the underlying mechanism. Rats were fed with high-salt feed, followed by intragastric administration of Sac/Val (68 mg/kg; i.g.). The results of functional tests revealed that a high-salt diet caused pathological injuries in the heart and vascular endothelium, which were significantly reversed by treatment with Sac/Val. Moreover, Sac/Val significantly decreased the levels of fibrotic factors, including type I collagen and type Ⅲ collagen, thus, reducing the ratio of MMP2/TIMP2 while increasing Smad7 levels. Further investigation suggested that Sac/Val probably reversed the effects of high-salt diet-induced HFpEF by inhibiting the activation of the TGF-β1/Smad3 signaling pathway. Thus, treatment with Sac/Val effectively alleviated the symptoms of high-salt diet-induced HFpEF, probably by inhibiting fibrosis via the TGF-β1/Smad3 signaling pathway, supporting the therapeutic potential of Sac/Val for the treatment of HFpEF.
Keywords: heart failure with preserved ejection fraction, vascular injury, sacubitril/valsartan, fibrosis, high-salt diet
INTRODUCTION
Heart failure (HF) with preserved ejection fraction (HFpEF) is a peculiar clinical phenotype of HF, which involves the typical signs/symptoms of HF coupled with an EF of >50% (Hogg et al., 2004). The pathophysiological changes related to this disease include increased left ventricular (LV) filling pressures, increased vascular injury, and weeny defects of systolic function despite relatively preserved EF (Tan et al., 2009; Borlaug and Paulus, 2011; Franssen et al., 2016). The development of HFpEF is mainly attributed to reactive fibrosis in the myocardium (Mohammed et al., 2015). Approximately half of the patients with HF have HFpEF that is associated with substantial morbidity and mortality, thus resulting in poor outcomes similar to those with HF with reduced ejection fraction (HFrEF) (Tsuchihashi-Makaya et al., 2009). Several existing treatments for HFrEF have shown promising outcomes; however, there are no effective therapies for HFpEF (Aurigemma and Gaasch, 2004; Bolam et al., 2018). Thus, it is necessary to find potential therapeutic targets that selectively inhibit reactive fibrosis for treating HFpEF.
Sacubitril/valsartan (Sac/Val), also known as LCZ696, is the first type of angiotensin-receptor neprilysin inhibitor (ARNI) used for the treatment of HFrEF (Almuflfleh et al., 2017). The global PARADIGM-HF (Prospective Comparison of ARNI With Angiotensin-Converting Enzyme Inhibitor to Determine Impact on Global Mortality and Morbidity in Heart Failure) study compared Sac/Val with enalapril in patients with HFrEF and found significant clinical benefits of Sac/Val for the treatment of HFrEF (McMurray et al., 2013). Sac/Val decreased the rate of mortality or hospitalization in HF by approximately 20% as well as increased survival by approximately 2 years in HFrEF patients (McMurray et al., 2014; Claggett et al., 2015). Therefore, the American College of Cardiology/American Heart Association/Heart Failure Society of America renewed their medical guidelines to recommend (Class I) the use of Sac/Val to reduce the associated morbidity and mortality in patients with HFrEF (Kusaka et al., 2015). A study found that Sac/Val exerted its functions mainly by decreasing the pathological fibrosis and myocardial hypertrophy (Vaskova et al., 2020). One clinical study reported that Sac/Val did not significantly lower the total rate of hospitalizations and death due to HF in patients with HFpEF (Solomon et al., 2019). On the contrary, the PARALLAX trial recently concluded that Sac/Val showed some improvement in patients with HFpEF (Shah et al., 2019).
Previous studies have shown that HFpEF and HFrEF share some pathophysiological characteristics, such as fibrosis (Hahn et al., 2020). Thus, Sac/Val could serve as a novel therapeutic agent for the treatment of HFpEF as well. Here, we investigated the therapeutic potential and the underlying mechanism of Sac/Val in the treatment of HFpEF coupled with vascular injury.
MATERIALS AND METHODS
Materials
Male Dahl/salt-sensitive (Dahl/SS) and SS-13BN rats (6 weeks old, 200–250 g) were procured from Beijing Charles River Laboratory Animal Co., Ltd. (Beijing, China). Powdered Sac/Val and valsartan were purchased from Novartis Pharma AG Co., Ltd. (Beijing, China). Low-salt feed (0.3% NaCl) and high-salt feed (8% NaCl) were acquired from Beijing Keao Xieli Feed Co., Ltd. (Beijing, China). The following antibodies were used: anti-Collagen type I (Cat# 14695-1-AP), anti-Collagen type Ⅲ (Cat# 22734-1-AP), anti-TGF-β1 (Cat# 21898-1-AP), anti-Smad3 (Cat# CST-5678S), anti-Smad7 (Cat# 25840-1-AP), anti-MMP2 (Cat# ab97779), anti-TIMP2 (Cat# ab180630), and anti-GAPDH (Cat# 60004-1-Ig). The enzyme-linked immunosorbent assay (ELISA) kits were purchased from MultiSciences Biotech Co., Ltd. (Wuhan, China) and were used to detect the levels of BNP, NT-ProBNP, and NO in serum samples of rats.
Animal Model
This study included 40 male rats (30 Dahl/SS rats and 10 SS-13BN rats) who were housed at 22 ± 3°C at a relative humidity of 55 ± 5%, exposed to a 12-h light/dark cycle, and had free access to water and food. The rats were fed low-salt feed (0.3% NaCl) for one week to adapt to the housing conditions before study initiation. All experimental treatments complied with the guidelines of the Animal Care and Use Committee of the Second Affiliated Hospital of Nanchang University, China.
After the adaptation period, the Dahl/SS rats were fed with high-salt feed (8% NaCl) until they were 19 weeks old, thus constructing an animal model of HFpEF. Then, these 30 male Dahl/SS rats were randomly divided into three groups: 1) high-salt group (Saline, n = 10): this group was continuously fed with high-salt feed (8% NaCl) and received no further treatment; 2) Sac/Val group (n = 10): this group received high-salt feed (8% NaCl) and Sac/Val at 8 a.m. everyday intragastrically (68 mg/kg, i.g.); 3) valsartan group (Val, n = 10): this group received high-salt feed (8% NaCl) and Val at 8 a.m. everyday intragastrically (31 mg/kg, i.g.). On the contrary, the SS-13BN rats were fed with low-salt feed (0.3% NaCl) throughout the experimental period until they were sacrificed and were classified as the control group (Control, n = 10) (Wang et al., 2016). Body weight (BW), blood pressure, echocardiography, and other parameters were recorded at different time points. We also observed the living conditions of the rats and comprehensively judged whether the animal model of HFpEF was successfully constructed.
Echocardiography and Detection of Blood Pressure
Echocardiography was performed to evaluate the cardiac function of all rats using a Vevo770 (VisualSonics, Toronto, Canada) equipped with a 30 Hz transducer. First, the rats were anesthetized by injecting 2% isoflurane. Next, they were fixed on a heating mat in the supine position, and their chest hair was shaved using a razor. Then, we used the short-axis view following M-mode ultrasound to detect left ventricle (LV) internal dimensions at the end of diastole (LVIDd). We also detected interventricular septum thickness at the end of diastole (IVSd), left ventricular posterior wall thickness at the end of diastole (LVPWd), left atrial internal dimensions (LA), left ventricular ejection fraction (LVEF), and left ventricular fractional shortening (LVFS). Furthermore, we switched the device to the color Doppler ultrasound mode to measure maximum peak blood flow velocity at the early phase of diastole (E) and maximum peak blood flow velocity at the end of diastole (A) in the mitral orifice via the four-chamber view. Finally, we detected the E′ peak and the A′ peak in the mitral orifice using tissue Doppler ultrasound. All measurements were recorded at 7, 13, 19, and 23 weeks, and the final value was an average of six repeated measurements.
After fixing the rats, a BP-2010E noninvasive rat tail sphygmomanometer (Softron, Japan) was used to detect their blood pressure by attaching the transducer to 3 cm of rats’ tail root. The operating principle of the device involved the detection of the pulse in the tail artery of the rat to observe the corresponding waveform. We recorded both systolic and diastolic blood pressures, and the device automatically calculated the average arterial pressures. The final values were derived from the mean of six repeated measurements.
Measurement of Hemodynamics
A multichannel biological recorder (Chengdu Instrument Company, Sichuan, China) was connected with the arterial cannula and blood pressure transducer for carotid artery intubation. The process of carotid artery intubation was as follows: First, the rats were anesthetized by injecting 20% urethane intraperitoneally and fixed on a heating pad that could maintain the body temperature of the rats. Then, the right carotid artery was isolated, the distal end was ligated, and the proximal end was clipped. A V-shaped incision was made in the middle of carotid artery occlusion. After the arterial cannula was inserted into the right carotid artery, the clamp was released and the arterial cannula was reversed. We observed and collected the waveform in the device during the insertion of the arterial cannula. When the arterial cannula was inserted into the left ventricle and the lowest point of the waveform dropped to 0 mmHg, the procedure was terminated. Finally, the datum was used to compute hemodynamics, such as left ventricular end-diastolic pressure (LVEDP), left ventricular relaxation time constant (Tau), and maximum left ventricular pressure decreasing rate (−dp/dtmax). After the operation, rats were immediately sacrificed and the tissues were collected for further experiments.
Measurement of Endothelium-Dependent Vasorelaxation
We used DMT620 (Softron, Japan) and the Krebs–Henseleit solution to detect endothelium-dependent vasorelaxation. The carotid artery, isolated from rats, was strung on the wire of DMT620, filled with Krebs–Henseleit solution, followed by data collection. Next, we used acetylcholine (Ach) and sodium nitroprusside (SNP) to measure endothelium-dependent and endothelium-independent vasodilation of the carotid artery, respectively.
ELISA
The serum levels of BNP, NT-ProBNP, and NO were measured using BNP (Cat# CSB-E07972r, Wuhan, China), NT-ProBNP (Cat# ER0309, Wuhan, China), and NO ELISA kits (Cat# A013-2-1, Nanjing, China) following the manufacturer’s guidelines.
Histopathological Assessment of Heart and Vascular Endothelium Tissues
After excising the heart and the vascular endothelium tissues of the rats, they were washed thrice with ice-cold saline. The tissues were fixed in 4% formaldehyde solution for 1 h, followed by hematoxylin and eosin (H&E) staining, Masson’s trichrome (Masson) staining, and immunohistochemical (IHC) analyses. The remaining tissue specimens were stored at −80°C for further investigation of the molecular mechanisms.
RNA Extraction and Quantitative Real-Time- (qRT-) PCR
TRIzol reagent (Cat# DP424, Tiangen Biotech, China) was used to extract total RNA from the heart tissue specimens, followed by quantification using NanoDrop 2000c Spectrophotometer (Thermo Fisher Scientific, Inc.). Then, the cDNA transcription was completed using the first-strand cDNA synthesis kit (Cat# KR116-02, Tiangen Biotech, China). Next, a PCR thermocycler (ABI 7900TH, United States) was used to perform qRT-PCR using SYBR green as the fluorescence dye (Cat# FP205-02, Tiangen Biotech, China) with a reaction volume of 20 μL following the manufacturer’s instructions. GAPDH was used as the internal reference. The data collected from the device were used to calculate the relative gene expression using the 2−△△CT method. Table 1 lists the primers of the target genes used in this study, which were designed and synthesized by Shanghai Sangon Biotech Engineering Co., Ltd., Shanghai, China.
TABLE 1 | Primer sequences used in qRT-PCR experiment in this study.
[image: Table 1]Western Blot Analysis
A protein extraction kit (Cat# P0013B, Beyotime Biotechnology, Jiangsu, China) was used to extract total proteins from the tissue specimens of the rats’ heart, followed by quantification using the BCA protein assay kit (Cat# P0012, Beyotime Biotechnology, Jiangsu, China). Next, 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to separate the proteins, which were then transferred to PVDF membranes (Millipore, Bedford, United States). Then, the membranes were incubated at 4°C with specific primary antibodies for more than 12 h, followed by incubation with appropriate secondary antibodies, including goat anti-rabbit IgG or goat anti-mouse IgG (ZSGB-Bio, Peking, China, 1:5,000). The primary antibodies used in the present study were as follows: anti-Collagen type I (1:1,000), anti-Collagen type Ⅲ (1:1,000), anti-TGF-β1 (1:1,000), anti-Smad3 (1:1,000), anti-Smad7 (1:1,000), anti-MMP2 (1:1,000), anti-TIMP2 (1:1,000), and anti-GAPDH (1:1,000). Finally, we used the enhanced chemiluminescence (ECL) detection kit to detect protein bands using an ECL scanner (Thermo Fisher Scientific). Western blotting was repeated at least thrice, and the Image Lab 4.0.1 software was used for final analysis.
Statistical Analysis
Statistical analysis was performed using GraphPad Prism 7.0 software (GraphPad Software Inc., CA, United States). Student’s t-test was used to compare two groups, while the one-way ANOVA was used to compare multiple groups. Data were presented as mean ± standard deviation (SD), and p value < 0.05 was considered statistically significant.
RESULTS
High-Salt Diet Induced the Occurrence of HFpEF
After 19 weeks, the rats in the HS groups exhibited typical HF signs/symptoms, such as bradykinesia, dull hair that shed easily, shortness of breath, and occasional coughing of frothy pink sputum compared with the Control group. Additionally, there was a significant increase in systolic blood pressure (SBP), IVSd, LVPWd, LA, and corrected LV mass (p < 0.05) in the HS groups than the Control group. Moreover, there was a significant decrease in BW in the HS groups (p < 0.05) than in the Control group. However, there was an insignificant change in the levels of LVEF, LVFS, LVIDd, and heart rate (HR) (p > 0.05) in the HS groups compared with the Control group (Figures 1A–K). These parameters indicated the successful construction of the animal model of HFpEF. Next, we evaluated the ratios of E/A and E/E′ as well as the changes in blood flow in the mitral orifice using the color Doppler ultrasound in 7-, 13-, and 19-week-old rats and found elevated ratios of E/A and E/E′ (p < 0.05) in the HS groups than in the Control group (Figures 1L–O), demonstrating that the high-salt diet induced HFpEF in rats.
[image: Figure 1]FIGURE 1 | The animal model of HFpEF was successfully constructed after feeding the rats with high-salt feed (8% NaCl) until 19 weeks. (A) Body weight was measured to evaluate general condition of rats (n = 10 in each group). (E) Echocardiographic analysis was performed to assess the cardiac function of rats in different weeks. (B–D, F–K) Different parameters such as HR, LVIDd, EF%, FS%, SBP, IVSd, LVPWd, LA, and LV mass corrected were obtained via many measurements (echocardiography and detection of blood pressure). (L–O) The ratios of E/A and E/E′ were collected through color Doppler ultrasound. *p < 0.05 means statistic significance; NS means no statistic significance. All these data represent the mean ± SD of at least three times of the experiment. HR, heart rate; LVIDd, left ventricle internal dimensions at the end of diastole; EF, left ventricular ejection fraction; FS, left ventricular fractional shortening; SBP, systolic blood pressure; IVSd, interventricular septum thickness at the end of diastole; LVPWd, left ventricular posterior wall thickness at the end of diastole; LA, left atrial internal dimensions; E, maximum peak blood flow velocity at early phase of diastole; A, maximum peak blood flow velocity at the end of diastole.
Treatment With Sac/Val Attenuated Cardiac Dysfunction Associated With High-Salt Diet-Induced HFpEF
After 4 weeks of treatment in respective groups, we found a significant reduction in BW in the Saline, Sac/Val, and Val groups (p < 0.05), compared with the Control group; however, there was an insignificant difference (p > 0.05) in BW among the three groups (Saline, Sac/Val, and Val groups) (Figure 2A). Additionally, there was no significant difference (p > 0.05) in the HR between all four groups (Figure 2B). Nevertheless, the rats in the Saline group exhibited elevated levels of SBP, LV/BW, (Wet lung-Dry lung)/BW, and LA/BW (p < 0.05) compared with the Control group, and treatment with Sac/Val and Val substantially decreased these indices (p < 0.05) with Sac/Val being more efficient than Val (Figures 2C–F). These observations indicated that treatment with Sac/Val could significantly attenuate the symptoms of high-salt diet-induced HFpEF in rats and its protective effects were better than Val alone.
[image: Figure 2]FIGURE 2 | Treatment of Sac/Val in rats accompanied with HFpEF shows an obvious improvement of cardiac function of the rats in 23 weeks. (I, K) Measurements of cardiac function of rats were conducted by M-mode ultrasound and color Doppler ultrasound of the echocardiography (n = 10 in each group). (Q, R) ELISA analysis of BNP and NT-ProBNP levels in serum of rats. (A–H, J, L, M–P, S, T, V) The parameters (body weight, HR, SBP, LV/BW, (Wet lung-Dry lung)/BW, LA/BW, IVSd, LVPWd, LA, LV mass corrected, EF%, FS%, E/A, E/E′, Tau, −dp/dtmax, and LVEDP) were collected to evaluate the treatment of Sac/Val in rats of HFpEF. (U) H&E and Masson’s trichrome staining of heart tissues. (W) Assessment of cardiac fibrosis by Masson’s trichrome staining. Quantification of fibrotic areas: *p < 0.05 means statistic significance; NS means no statistic significance. All these data represent the mean ± SD of at least three times of the experiment. Tau, left ventricular relaxation time constant; −dp/dtmax, maximum left ventricular pressure decreasing rate; LVEDP, left ventricular end-diastolic pressure.
The results of echocardiography reiterated the better protective effects of Sac/Val over Val alone for the treatment of high-salt diet-induced HFpEF. Compared with the Control group, the Saline group exhibited cardiac dysfunction related to cardiac hypertrophy or diastolic dysfunction, based on an increase in several indices, such as IVSd, LVPWd, LA, corrected LV mass, E/A and E/E′. There was a significant improvement in these parameters after treatment with Sac/Val and Val (p < 0.05), with Sac/Val showing a stronger therapeutic effect than Val, although there was only a minor change in EF and FS between these groups (Figures 2G–P). Compared with the Control group, there was a significant increase in the serum levels of BNP and NT-ProBNP (p < 0.05) in the Saline group. By treatment with Sac/Val, the serum level of BNP maintained a close level to the Saline group while NT-ProBNP was reduced significantly (p < 0.05) (Figures 2Q,R). The rats in the Saline group had a minimal left ventricular diastolic function, as measured by the carotid artery surgery, based on indices, such as LVEDP, Tau, and −dp/dtmax; however, treatment with Sac/Val reversed this dysfunction (Figures 2S,T,V). Similarly, H&E staining of the tissue specimens from the Saline group showed apparent edema and disordered arrangement of myofilaments, and Masson’s trichrome staining exhibited increased fibrosis compared with the Control group. These pathological changes were markedly improved (p < 0.05) by treatment with Sac/Val (Figures 2U,W). These observations suggested that Sac/Val could significantly alleviate the symptoms associated with high-salt diet-induced HFpEF and Sac/Val could serve as a novel therapeutic agent for the treatment of HFpEF.
Treatment With Sac/Val Alleviated Vascular Injury Related to High-Salt Diet-Induced HFpEF
Previous studies have shown that vascular injury is a pathological change associated with the development of HFpEF (Franssen et al., 2016). Thus, healing of the vascular injury would imply an improvement in the symptoms of high-salt diet-induced HFpEF. The carotid artery isolated from rats was used to evaluate the vascular endothelium diastolic function. Figure 3A summarizes the relevant primary procedures. The measurement of Ach-induced endothelium-dependent vasodilation function revealed that the high-salt diet in the Saline group significantly impaired (p < 0.05) the vascular endothelium diastolic function compared with the Control group, and this effect was markedly inhibited (p < 0.05) by treatment with Sac/Val and Val. As expected, Sac/Val showed a stronger inhibition than Val (Figure 3B). However, there was no significant difference among the four groups related to SNP-induced endothelium-independent vasodilation function (p > 0.05) (Figure 3C). We observed a significant increase in the serum levels of NO in rats with HFpEF treated with Sac/Val, which revealed a better protective effect than Val (Figure 3D). H&E and Masson’s trichrome staining were performed to assess the histological changes in the vascular endothelium of these rats. The result of H&E staining showed that the vascular endothelium was seriously damaged in the Saline group than in the Control group, and this effect was significantly reversed in the Sac/Val group (Figure 3E). Masson’s trichrome staining revealed that the treatment with Sac/Val significantly decreased (p < 0.05) the level of fibrosis in vascular endothelium induced by the high-salt diet and was better than treatment with Val (Figures 3E,G). Similarly, the IHC analysis of type I collagen and type III collagen further confirmed that treatment with Sac/Val significantly inhibited (p < 0.05) the high-salt diet-induced fibrosis in the vascular endothelium of the rats (Figures 3F,H,I). Thus, Sac/Val protected the tissues against vascular injury associated with high-salt diet-induced HFpEF via inhibiting the fibrotic reaction and was potent than Val.
[image: Figure 3]FIGURE 3 | Treatment of Sac/Val in rats accompanied with HFpEF significantly alleviated the vascular injury of HFpEF induced by high-salt diet. (A) The primary procedures of evaluating the vascular endothelium diastolic function (n = 10 in each group). (B, C) Acetylcholine (Ach) is used to measure endothelium-dependent vasodilation and sodium nitroprusside (SNP) to measure endothelium-independent vasodilation. (D) The levels of NO in serum of rats were detected to evaluate the vascular injury. (E) H&E and Masson’s trichrome staining were used to assess the pathological changes of blood vessel. (G) Assessment of vascular fibrosis by Masson’s trichrome staining; quantification of fibrotic areas. (F, H, I) Immunohistochemical staining of Collagen 1 and Collagen 3 in blood vessel. Quantification of Collagen 1 and Collagen 3 areas: *p < 0.05 means statistic significance; NS means no statistic significance. All these data represent the mean ± SD of at least three times of the experiment.
Treatment With Sac/Val Inhibited High-Salt Diet-Induced Cardiac Fibrosis
Next, we evaluated the expression of fibrotic genes in all four groups to elucidate the effects of Sac/Val on high-salt diet-induced cardiac fibrosis. The results showed a significant increase in the protein and mRNA expression of both type I collagen and type III collagen (p < 0.05) in heart tissue specimens of rats fed with high-salt feed compared with the Control group rats, while the effects were significantly inhibited (p < 0.05) by treatment with Sac/Val and Val, with the former being more potent than the latter (Figures 4A,B,C,H,I). Moreover, IHC analysis of type I collagen and type III collagen further confirmed that treatment with Sac/Val significantly inhibited high-salt diet-induced cardiac fibrosis in the heart tissue specimens (Figure 4K). We also studied the protein expression of MMP2 and TIMP2 and found a significant decrease in the ratio of MMP2/TIMP2 (p < 0.05) in the Sac/Val group than in the Saline group and the Val group (Figures 4A,D–F). Therefore, Sac/Val exerted an antifibrotic role that protected against high-salt diet-induced cardiac fibrosis.
[image: Figure 4]FIGURE 4 | Treatment of Sac/Val can inhibit cardiac fibrosis via TGF-β1/Smad3 signaling pathway potentially. (A, L) Western blot analysis of protein expression levels in rats heart tissues (n = 10 in each group). The proteins include Collagen 1, Collagen 3, MMP2, TIMP2, Smad 7, TGF-β1, and Smad3. (B–E, G) Statistic analysis of protein expression levels of Collagen 1, Collagen 3, MMP2, TIMP2, and Smad 7. (F) The ratio of MMP2/TIMP2 was calculated. (H–J) qRT-PCR analysis of Collagen 1, Collagen 3, and Smad 7 mRNA expression levels in heart tissues. (K) Immunohistochemical staining of Collagen 1 and Collagen 3 in heart tissues. (M, N) Statistic analysis of protein expression levels of TGF-β1 and Smad3. (O) qRT-PCR analysis of TGF-β1 mRNA expression level in heart tissues. *p < 0.05 means statistic significance; NS means no statistic significance. All these data represent the mean ± SD of at least three times of the experiment.
The TGF-β/Smad signaling pathway plays an important role in cardiac fibrosis. Thus, Western blot and qRT-PCR were performed to evaluate the effects of treatment with Sac/Val on the expression of components of TGF-β/Smad. The high-salt diet resulted in upregulated expressions of TGF-β1 and Smad3, while these effects were inhibited by treatment with Sac/Val except for Smad7 (Figures 4A,G,J,L–O), suggesting that the TGF-β1/Smad3 signaling pathway was probably involved in the protective effects exhibited by Sac/Val on high-salt diet-induced cardiac fibrosis.
DISCUSSION
Here, we successfully constructed an animal model of HFpEF by feeding Dahl/SS rats with high-salt feed until 19 weeks (Doi et al., 2000). The results showed that treatment with Sac/Val exerted a protective effect on high-salt diet-induced HFpEF coupled with vascular injury, and this effect was more potent than Val, implicating that Sac/Val could serve as a novel therapeutic agent for the treatment of HFpEF.
Sac/Val is a combination therapeutic agent containing sacubitril and valsartan (1:1), which is the first ARNI. This combination was created to benefit from neprilysin inhibitor (NEPI) and angiotensin receptor blockers (ARB) by decreasing the risk of angioedema induced by angiotensin-converting enzyme inhibitors (ACEI) (Akbar et al., 2020). Several studies have reported the therapeutic efficiency of Sac/Val, also known as LCZ696, in the treatment of HFrEF (Giallauria et al., 2020). The global PARADIGM-HF randomized trial concluded that Sac/Val markedly reduced the rates of mortality and HF-related hospitalization in HFrEF by approximately 20% and the all-cause mortality rate by approximately 16% (McMurray et al., 2014). Treatment with Sac/Val showed clinical efficacy in patients with HFrEF having mild to moderate symptoms. However, Douglas et al. found that in the global PARADIGM-HF randomized trial, less than 1% of patients with advanced HF that were treated with Sac/Val experienced limited benefits. Thus, a novel study, called LIFE (LCZ696 In Hospitalized Advanced Heart Failure) trial, was designed to confirm the results of PARADIGM-HF (Mann et al., 2020). Moreover, Evgeniya et al. discovered that Sac/Val improved cardiac function and decreased cardiac fibrosis by downregulating the exosomal miR-181a in rats with HF caused by myocardial infarction (MI) (Vaskova et al., 2020). Due to these significant therapeutic effects of Sac/Val in patients with HFrEF, several important international medical institutions, such as European Medicines Agency (EMA), Food and Drug Administration (FDA), American Heart Association (AHA), and New York Heart Association (NYHA), have approved Sac/Val as a replacement of ACE inhibitors for treating HFrEF patients (Fala, 2015; Yancy et al., 2017). HFpEF and HFrEF are known to share some pathophysiological characteristics, such as cardiac fibrosis (Hahn et al., 2020). Thus, we conducted this study to investigate whether Sac/Val could relieve symptoms of HFpEF. These results showed that Sac/Val had a positive effect on high-salt diet-induced HFpEF coupled with vascular injury.
First, we performed several functional tests using echocardiography, a BP-2010E noninvasive rat tail sphygmomanometer, a multichannel biological recorder, and DMT620 to evaluate the functioning of the heart and vascular endothelium. Sac/Val significantly alleviated the dysfunction of the heart and vascular endothelium and was more potent than Val (Kusaka et al., 2015; Trivedi et al., 2018). In recent years, serum BNP concentration has been increasingly used as a marker in patients with heart failure, which displays a protective function in heart failure (Ozhan et al., 2007). Jonathan W et al. recently found that NT-ProBNP acted as a strong predictive factor of HF events in patients with HFpEF and Sac/Val could significantly reduce the levels of NT-ProBNP in patients with HFpEF (Cunningham et al., 2020). NO acts as an important marker of endothelial injury and exerts a protective function by regulating the tension in vascular endothelium (Verleden et al., 1999). Consistent with these findings, we discovered a significant decrease in the serum levels of NT-ProBNP in the animal model of HFpEF despite no statistically significant changes in the serum levels of BNP, while an increase in the serum levels of NO was observed after treatment with Sac/Val, based on the results of ELISA. Next, H&E staining, Masson’s trichrome staining, and IHC were used to analyze the pathological changes in the tissue specimens of the heart and vascular endothelium, both of which showed a better therapeutic effect after treatment with Sac/Val. Thus, these data indicated that Sac/Val served as a novel therapeutic agent for the treatment of HFpEF coupled with vascular injury. We further performed Western blot and qRT-PCR to analyze the molecular mechanism of Sac/Val and found that the mRNA and protein expressions of type I collagen and type Ⅲ collagen in the heart tissue specimens were significantly inhibited after treatment with Sac/Val, indicating that Sac/Val protected against HFpEF by inhibiting cardiac fibrosis. The TIMP2 protein is a specific inhibitor of MMP2, a pro-fibrotic protein, and a high ratio of MMP2/TIMP2 represents aggravated fibrosis (Ding et al., 2014). Our findings confirmed the protective role of Sac/Val, evidenced by the lower ratio of MMP2/TIMP2. The TGF-β/Smad signaling pathway is known to play an important role in the development of cardiac fibrosis (Hu et al., 2020). Therefore, we speculated that the TGF-β/Smad signaling pathway might be involved in the antifibrotic role of Sac/Val in high-salt diet-induced cardiac fibrosis. Our findings showed that Sac/Val markedly suppressed the activation of the TGF-β1/Smad3 signaling pathway during the progression of the high-salt diet-induced cardiac fibrosis. The expression of Smad7, which is a feedback inhibitor of TGF-β, was increased by treatment with Sac/Val (Cho et al., 2020), suggesting that this pathway was probably involved in the cardioprotective effects of Sac/Val.
However, this study had several limitations. First, the study only determined the effects of a high-salt diet and Sac/Val on the TGF-β/Smad signaling pathway at the molecular level but did not determine the agonists or antagonists involved in this signaling pathway to confirm the results. Thus, further research is required to identify the role of this signaling pathway in high-salt diet-induced HFpEF. Additionally, in vitro experiments are also required for the comprehensive verification of these results.
Thus, this study suggested that Sac/Val had a positive role in alleviating the symptoms of HFpEF coupled with vascular injury, which was more effective than Val. The protective abilities were probably derived from the inhibition of cardiac fibrosis by suppressing the TGF-β1/Smad3 signaling pathway. Thus, our findings implied that Sac/Val could serve as a more promising therapeutic agent for treating HFpEF.
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Kanglexin protects against cardiac fibrosis and dysfunction in mice by TGF-β1/ERK1/2 noncanonical pathway
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Cardiac fibrosis is a common pathological manifestation accompanied by various heart diseases, and antifibrotic therapy is an effective strategy to prevent diverse pathological processes of the cardiovascular system. We currently report the pharmacological evaluation of a novel anthraquinone compound (1,8-dihydroxy-6-methyl-9,10-anthraquinone-3-oxy ethyl succinate) named Kanglexin (KLX), as a potent cardioprotective agent with antifibrosis activity. Our results demonstrated that the administration of KLX by intragastric gavage alleviated cardiac dysfunction, hypertrophy, and fibrosis induced by transverse aortic constriction (TAC) surgical operation. Meanwhile, KLX administration relieved endothelial to mesenchymal transition of TAC mice. In TGF β1-treated primary cultured adult mouse cardiac fibroblasts (CFs) and human umbilical vein endothelial cells (HUVECs), KLX inhibited cell proliferation and collagen secretion. Also, KLX suppressed the transformation of fibroblasts to myofibroblasts in CFs. Further studies revealed that KLX-mediated cardiac protection was due to the inhibitory role of TGF-β1/ERK1/2 noncanonical pathway. In summary, our study indicates that KLX attenuated cardiac fibrosis and dysfunction of TAC mice, providing a potentially effective therapeutic strategy for heart pathological remodeling.
Keywords: cardiac fibrosis, anthraquinone, Kanglexin, Extracellular Regulated Kinase 1/2 (ERK1/2), Transforming Growth Factor β1 (TGF β1)
INTRODUCTION
Cardiovascular disease remains one of the leading causes of morbidity and mortality, which threaten human health and life throughout the world (GBD 2015 Mortality and Causes of Death Collaborators, 2016). Cardiac fibrosis is a common pathological change accompanied by various heart diseases, which is characterized by excessive synthesis and deposition of extracellular matrix (ECM) protein including collagen Ι and collagen Ш in the cardiac interstitium, resulting in mechanical sensing change and ventricular cirrhosis (Maya and Villarreal, 2010). Many kinds of cardiac diseases including hypertension, myocardial ischemia, and arrhythmia can produce cardiac fibrosis, which leads to both systolic and diastolic dysfunction and induces a variety of adverse heart events (Janicki and Brower, 2002; Berk et al., 2007). Doctors and researchers have recognized that antifibrotic therapies can improve cardiac dysfunction of patients with heart diseases (Diez et al., 2002; Fang et al., 2017; Park et al., 2019).
Anthraquinone-containing plants, such as Rhubarb, Aloe, and Semen Cassiae, have been used as traditional herbs for thousands of years. Anthraquinones are an important class of chemical compounds with extensive pharmacological activities including antibacterial (Fosso et al., 2012), anticancer (Huang et al., 2007; Su et al., 2020), antihyperglycemia (Zhang et al., 2018), cardiovascular protective (Xiao et al., 2019; Yuan et al., 2019), and neuroprotective effects (Jackson et al., 2013). In the past decade, more and more scientists are devoted to researching and developing new anthraquinone derivatives with different biological activities (Hussain et al., 2015). Accumulating evidence has revealed that anthraquinone compounds show a beneficial effect on the therapy of tissue fibrosis. Dou et al. (2019) demonstrated that aloe emodin, a natural anthraquinone derivative, alleviated renal fibrosis by regulating PI3K/Akt/mTOR signaling pathway. Recent studies have identified that emodin, a plant-derived anthraquinone, displayed strong antifibrosis properties for pulmonary (Tian et al., 2018), liver (Liu et al., 2018), renal (Ma et al., 2018), and cardiac fibrosis (Xiao et al., 2019). Lian et al. (2017) reported that chrysophanol inhibited cardiac fibrosis and injury in high-fat diet mice by regulating the Nrf2-mediated oxidant effect. Diacerein, a semisynthetic anthraquinone derivative, ameliorated cardiac fibrosis and dysfunction by inhibiting inflammation after myocardial infarction (Torina et al., 2015).
Kanglexin (KLX) is a novel anthraquinone derivative designed and synthesized by Department of Medicinal Chemistry and Natural Medicine Chemistry of Harbin Medical University. Its chemical structure is 1,8-dihydroxy-6-methyl-9,10-anthraquinone-3-oxy ethyl succinate. The introduction of monoethyl succinate substitution was beneficial to its druggability. The cardiovascular protective effects of KLX, such as antihypertension and myocardial ischemia-related cardiomyocyte pyroptosis suppression, have been recently proved (Zhao et al., 2019; Bian et al., 2020). This study aims to explore whether KLX can alleviate cardiac fibrosis and improve cardiac dysfunction of transverse aortic constriction (TAC) mice and to elucidate the underlying mechanisms.
MATERIALS AND METHODS
Synthesis and Identification of KLX
1,8-dihydroxy-6-methyl-9,10-anthraquinone-3-oxy ethyl succinate named Kanglexin (abbreviated as KLX) (Figure 1) was designed and synthesized by Department of Medicinal Chemistry and Natural Medicine Chemistry of Harbin Medical University. The synthesis and identification of KLX were performed as previously described (Li et al., 2020). The purity of KLX was over 98%, which was determined by Shimadzu LC-20A, photodiode array detector (DAD), using COSMOSIL C18 column (250 mm × 4.6 mm, 5 μm), column temperature was 40 °C, CH3OH/H2O [0.1% phosphoric acid was added in CH3OH = 88/12 (v/v)] at 1.0 mL/min, and calculating the peak areas at 254 nm. The content of KLX was preliminarily determined by HPLC area normalization method (Supplementary Figure S1).
[image: Figure 1]FIGURE 1 | The chemical structure of KLX.
Animals and Animal Models
The Guideline for the Care and Use of Laboratory Animals (NIH Publication No. 82-23) was used to guide animal experiments. The Animal Ethical Committee of Harbin Medical University approved our experiment. C57BL/6J mice (aged approximately 28 weeks) were purchased from Changsheng Biotechnology Company (China). According to animals’ weight, we divided mice into 5 groups: control, TAC + vehicle, and TAC + KLX (20, 10, and 5 mg/kg/d, 0.1 ml/10 g, i.g.) groups. Animals were anesthetized with avertin (Sigma-Aldrich Corporation, United States, 0.2 g/kg, i.p.). Then, we surgically created TAC operation in mice as previously described (Yasuno et al., 2013). The sham operation was performed by open chest without aorta operation, and mice suffered to sham operation was used as the control. KLX was administered to animals for eight consecutive weeks, and other groups received an equivalent volume of solvent.
Echocardiographic Measurements
After drug administration, mice were anesthetized with avertin (Sigma-Aldrich Corporation, United States, 0.2 g/kg, i.p.) according to their weight. After anesthesia, cardiac echocardiography was recorded by an ultrasound machine (VisualSonics Veno 2100, Canada). LVEF and LVFS were measured from M-mode recordings.
Histological Analysis
After echocardiographic recording, 4% paraformaldehyde was used to fix heart tissues, and paraffin was used to embed the tissue and then cut the tissues into 6 μm thick slices. HE and Masson’s trichrome staining were used for the evaluation of myocardial pathological changes and collagen deposition, respectively. The tissue sections were viewed with a microscope. The cell surface area of cardiomyocytes and cardiac collagen volume fraction were measured and calculated by the Image J software.
Measurement of Myocardial Hydroxyproline Content
For the measurement of cardiac hydroxyproline content, samples of the heart were weighted and homogenized for further detection. And then according to the instructions, a commercial hydroxyproline detection kit (Jiancheng Biotechnique Institute, China) was used to test hydroxyproline content in tissue homogenate.
Cell Culture
Male adult C57BL/6J mice were used to isolate and culture cardiac fibroblasts (CFs). Briefly, the atrium and large blood vessels were removed from the heart. Next, we cut the ventricles into 1 mm3 pieces for digestion at 37°C using a digestion medium, containing 100% (w/v) trypsin and 50% (w/v) collagenase type Ⅱ for 10 min. The digestion was stopped by adding DMEM medium containing 10% FBS. The above digestion step was repeated until the tissues disappeared completely. Cells were collected by centrifuging all digestive fluid at 1,500 rpm for 5 min. Finally, we resuspended the cell pellet with a DMEM medium containing 10% FBS and cultured in a cell incubator. Cells at passage 1 were used for further experiments. After 16 h serum-free starvation, cells were stimulated by recombinant TGF-β1 (R&D Systems, United States) at the concentration of 10 ng/ml, with different concentrations of KLX (0.1, 1, and 10 μmol/L) or vehicle (0.1% dimethyl sulfoxide) for another 24 h.
Human umbilical vein endothelial cells (HUVECs) were seeded and cultured in a DMEM medium containing 10% FBS. The cells at passages 3–5 were used for subsequent study. After 12 h serum-free starvation, the cells were stimulated by recombinant TGF-β1 (R&D Systems, United States) at the concentration of 10 ng/ml, with different concentration of KLX (0.1, 1, and 10 μmol/L) or vehicle (0.1% dimethyl sulfoxide) for another 24 h.
Methylthiazolyldiphenyl-tetrazolium bromide(MTT) Assay
Cell viability was assessed by MTT assay to measure mitochondrial succinate dehydrogenase activity in living cells. Cells were seeded in the 96-well plate and then treated with different concentrations of KLX according to the above in vitro methods. After drug administration, cells were incubated with MTT (0.5 mg/ml) for 4 h. After removing the media, DMSO were added to wells to dissolve formazan. The absorbance was measured at 570 nm by using a microplate spectrophotometer (Tecan, Austria).
Cell Proliferation Assay
CFs or HUVECs were cultured in the 96-well plates and then we treated cells with different drug administration according to the above in vitro methods. Cell proliferation was assessed by a commercially available BrdU cell proliferation assay kit (Cell Signaling, United States) following protocols.
Quantification of Collagen Content
CFs or HUVECs were seeded in 12-well plates. After drug administration, total soluble collagen content from the cell culture medium was quantitatively analyzed by using a commercially available soluble collagen assay kit (SircolTM Soluble Collagen Assay, Biocolor, United Kingdom).
Immunofluorescence
Immunofluorescence staining was performed to detect the expression of CD31 and vimentin in HUVECs. Briefly, the cells were cultured on confocal dishes and received the above in vitro treatment. After 24 h treatment, cells were fixed with 4% paraformaldehyde for 10 min and then treated with 0.4% Triton x-100 for 1 h and 1% BSA for another 1 h at the room temperature. The cells were incubated with anti-CD31 and anti-vimentin primary antibodies at 4°C overnight. After 3-time washes with PBS, the secondary antibodies conjugated with Alexa Fluor 488 and Alexa Fluor 594 were used to incubate cells for 1 h at the room temperature. Finally, the cells were incubated with Dapi staining for 3 min. The cells were viewed with a fluorescence microscope.
Real-Time Quantitative Reverse Transcription Polymerase Chain Reaction
We cut the heart tissue into small pieces and homogenized these pieces in Trizol reagent (Invitrogen, United States) and extracted and purified the total tissue RNA from the mouse heart. SYBR Green real-time PCR was performed to quantify the gene expression of each sample. Gapdh was used for data normalization. Primers in our study were shown in Table 1.
TABLE 1 | Real-time qRT-PCR primer sequences
[image: Table 1]Enzyme-Linked Immunosorbent Assay and Western Blot
Cardiac TGF-β1 protein expression was quantitatively analyzed by using a commercial ELISA kit (Mouse TGF-β1 ELISA Kit, Cusabio, China) following the manufacturer’s protocol. Total protein of cell or tissue was extracted by using RIPA lysis buffer for subsequent Western blot assay. Nuclear extracts from hearts were collected by using a commercial Nuclear Protein Extraction Kit (Solarbio, Beijing). The concentration of protein from each sample was tested by BCA detection kit (Beyotime, China). Protein was separated by electrophoresis and transferred onto PVDF membranes. After blocking with 5% dry milk in TTBS for 1 h, we incubated the membranes with the primary antibodies against CD31, VE-cadherin, vimentin, α-SMA, phosphorylated Smad2/3 (P-Samd2/3), total Smad2/3 (t-Smad2/3), Smad-4, phosphorylated ERK1/2 (P-ERK1/2), total ERK1/2 (t-ERK1/2), gapdh, β-actin, and Histone H3 and then incubated the membranes with a fluorescence-conjugated IgG secondary antibody. Primary antibodies were purchased from BBI Life Sciences (China), Abcam (United Kingdom), Boster (China), and Cell Signaling (United States). Secondary antibodies were purchased from LI-COR Bioscience (United States). Protein expression was quantitatively analyzed by evaluating the gray-value of each protein band and the gray-value was calculated by Image J software. Gapdh, β-actin, or Histone H3 was used for data normalization.
Statistical Analysis
Student’s t-test and one-way ANOVA were used for statistical comparisons for two groups and multiple groups, respectively. Kaplan-Meier’s analysis with log-rank testing was used for survival analysis. Values were expressed as mean ± SEM and p < 0.05 was considered significant.
RESULTS
Kanglexin Improves Cardiac Function in Transverse Aortic Constriction-Operated Mice
We used the mouse TAC model to investigate the role of this novel anthraquinone derivative (KLX) on the improvement of left ventricular dysfunction after pressure overload. The M-mode of echocardiography was performed at 8 weeks after KLX administration before scarification. Compared with the control group, mice after TAC surgery had impaired cardiac function characterized by reduced LVEF% from 69.96 ± 1.84% to 50.24 ± 5.54% and LVFS% from 33.27 ± 1.50% to 22.86 ± 3.67% (Figures 2A,B). These changes were dose-dependently alleviated by KLX at 20, 10, and 5 mg/kg/d, indicated by increased LVEF% and LVFS% compared with those of the vehicle-treated mice. LVEF% increased from 50.24 ± 5.54% to 68.16 ± 2.22%, 59.63 ± 3.61%, and 53.64 ± 5.42%, respectively (Figure 2A). LVFS% increased from 22.86 ± 3.67% to 32.88 ± 1.62%, 27.54 ± 2.15%, and 24.02 ± 3.00%, respectively (Figure 2B). Statistical analysis indicated that 20 mg/kg/d KLX treatment showed the best therapeutic effects. Thus, 20 mg/kg/d KLX was chosen to evaluate whether KLX increased the survival rate of mice after pressure overload. As illustrated in Figure 2C, the mortality rate of animals in the control group was 0%. The survival rate of mice in the TAC + vehicle group was 63.41%. However, treatment with KLX at a dose of 20 mg/kg/d showed no preventive effect on pressure overload-induced mortality and maintained the survival rate at 68.42%. These data showed that KLX improves cardiac function in TAC-operated mice, but that does not eliminate pressure overload-induced animal mortality.
[image: Figure 2]FIGURE 2 | KLX alleviates cardiac dysfunction in mice of TAC. Cardiac function including LVEF% (A) and LVFS% (B) was investigated by echocardiographic analysis (n = 5 in each group). (C) Cumulative mouse mortality data of control (n = 35), vehicle (n = 41), or KLX administration at dose of 20 mg/kg/d (n = 38) were recorded at each time point after TAC operation. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with control group and #p < 0.05 compared with TAC + vehicle group.
Kanglexin Prevents Cardiac Hypertrophy of Transverse Aortic Constriction Mice
To verify whether the protective role of KLX on cardiac dysfunction was related to the inhibition of cardiac hypertrophy, the hearts were harvested, after eight-week different concentration administration. As illustrated in Figure 3A, the hearts of TAC mice were larger than those from controls, while KLX dose-dependently abolished this change. We also examined the heart weight/body weight (HW/BW) ratio of mice as a cardiac index of change in cardiac hypertrophy. The results showed that the ratio of HW/BW of TAC mice was obviously increased, indicating increased heart weight after pressure overload. In contrast, the administration of KLX prevented the increase of this hypertrophic parameter in a dose-dependent manner. HW/BW ratio increased from 6.02 ± 1.05 mg/g for vehicle cohort to 5.16 ± 0.33 mg/g, 5.11 ± 0.39 mg/g, and 5.58 ± 0.42 mg/g, respectively, at 20, 10, and 5 mg/kg/d KLX administration (Figure 3C). Additionally, we also examined the ratio of HW/BW in angiotensin Ⅱ (Ang Ⅱ) infusion mice. As expected, KLX administration mice showed dose-dependent suppression of cardiac index increase induced by Ang Ⅱ infusion (Supplementary Figure S2). Morphological analysis with HE staining confirmed that the cell surface area (CSA) of cardiomyocytes of TAC mice obviously enlarged, which was dose-dependently suppressed by KLX intragastric administration (Figures 3B,D). Furthermore, HE staining revealed that KLX prevented pathological changes in the myocardium of TAC mice, including myocardial structure disorganization, cardiomyocyte necrosis, and myofibrillar rupture (Figure 3B). At the molecular level, treatment with KLX at a dose of 20 mg/kg/d downregulated the transcription levels of hypertrophic markers of TAC mice, including ANP, BNP, and β-MHC (Figure 3E). These data indicate that KLX exerts a preventive effect on cardiac hypertrophy.
[image: Figure 3]FIGURE 3 | Role of KLX on TAC-induced cardiac hypertrophy. (A) Hearts from control, TAC + vehicle, and TAC + KLX (20, 10, and 5 mg/kg/d) groups are shown. (B) Heart tissues stained with HE, magnification, ×200 and scale bar = 100 µm. The black arrows point to hypertrophic cardiomyocytes. (C) The ratio of HW/BW revealed that KLX ameliorates cardiac index changes in TAC-operated mice (n = 9 in each group). (D) Quantitative data revealed that long-term administration of KLX dose-dependently decreased the cell surface area (CSA) during pressure overload (n = 5 in each group). (E) Pressure overload increased the transcription of ANP, BNP, and β-MHC compared with controls, which was dramatically suppressed by long-term administration of KLX (n = 5 in each group). *p < 0.05, **p < 0.01, and ***p < 0.001 compared with control group and #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with TAC + vehicle group.
Kanglexin Alleviates Cardiac Fibrosis of Transverse Aortic Constriction Mice
To verify the possible role of KLX in modulating cardiac fibrosis, we performed Masson’s trichrome staining to test collagen production and deposition in the myocardium. Our results showed that collagen synthesis and deposition increased markedly in TAC-operated groups compared with controls in both the perivascular area and the intramyocardial area (Figures 4A,B). KLX administration at a dose of 20 mg/kg/d strongly prevented collagen accumulation (Figures 4A,B). Additionally, the antifibrotic effect of KLX on the heart of TAC mice was also confirmed by dose-dependent suppression of the increased collagen Ⅰ and collagen Ⅲ transcription (Figure 4C). Consistent with the above results, the left ventricular hydroxyproline content in the TAC + vehicle group was upregulated as compared with controls, whereas the hydroxyproline content was dose-dependently downregulated by KLX intragastric administration (Figure 4D). We also examined the left ventricular hydroxyproline content in Ang Ⅱ infusion mice. As expected, the hearts in the KLX treatment group showed dose-dependent suppression of the upregulation of hydroxyproline content induced by Ang Ⅱ (Supplementary Figure S3). The above data demonstrate that KLX affects cardiac fibrosis.
[image: Figure 4]FIGURE 4 | Role of KLX on cardiac fibrosis. (A) Heart tissues stained with Masson’s trichrome. Blue areas indicate collagen deposition, magnification, ×200 and scale bar = 100 µm. (B) Quantitative data showed that collagen synthesis and deposition increased markedly in TAC-operated groups compared with controls in both perivascular area and intramyocardial area; KLX administration at dose of 20 mg/kg/d strongly prevented collagen accumulation (n = 5 in each group). Pressure overload significantly upregulated collagen Ⅰ and collagen Ⅲ transcription (C; n = 5 in each group) and cardiac hydroxyproline content compared with controls (D; n = 9 in each group), which was significantly suppressed by long-term administration of KLX in a dose-dependent manner. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with control group and #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with TAC + vehicle group.
Kanglexin Relieves Fibroblast Activation and Function Induced by TGF-β1 in Primary Cultured Adult Mouse Cardiac Fibroblasts
The activation of CFs and subsequent collagen secretion are the key procedure to drive the fibrogenesis response in case of cardiac stress. In the current study, primary cultured adult mouse CFs were used to explore the regulatory role of KLX on fibrogenesis response in vitro. We first examined the basic cell viability of CFs in response to different concentrations of KLX (0.01, 0.1, 1, and 10 μmol/L). After 24 h treatment, the cell viability was not apparently changed in CFs (Figure 5A). It means that KLX cannot alter the basic cell viability of CFs. TGF-β1 is an important cytokine, which has been shown to stimulate fibroblast activation (Ruiz-Ortega et al., 2007). To explore whether KLX directly affected CFs to protect the heart against fibrosis, CFs were stimulated by TGF-β1 at the concentration of 10 ng/ml for 24 h with or without a different concentration of KLX (0.1, 1, and 10 μmol/L). Because the process of fibroblasts to myofibroblasts activation, characterized by overexpression of α-SMA, plays a key role in cardiac fibrosis, we then examined the expression of α-SMA in TGF-β1-stimulated CFs with or without KLX. As expected, the expression of α-SMA in TGF-β1-stimulated CFs was significantly increased, which were concentration-dependently abolished by cotreatment with KLX (Figure 5B). However, of note is that significant effects of KLX on CFs activation were observed only at the concentration of 1 and 10 μmol/L, even though the similar change was also observed with the lowest concentration. In response to injurious stimuli, fibroblasts proliferate rapidly in the injured myocardium. We performed BrdU cell proliferation assay to demonstrate the role of KLX on TGF-β1-induced cell proliferation. Our results showed that TGF-β1 treatment stimulated fibroblast proliferation; KLX cotreatment eliminated TGF-β1-induced proliferative response in CFs (Figure 5C). The deposition of collagen leads to the remodeling of ECM in fibrous myocardium. The key role of activated fibroblasts in the pathological remodeling ECM is to secrete collagen. We detected collagen content in culture medium to examine whether KLX played a regulatory role in collagen production and secretion of CFs. Our data revealed that TGF-β1 induced a remarkable increase of collagen content in culture medium, but only higher concentration (1 and 10 μmol/L) of KLX decreased these changes (Figure 5D).
[image: Figure 5]FIGURE 5 | KLX relieves fibroblast activation and function induced by TGF-β1 in primary cultured adult mouse CFs. (A) KLX showed no significant effect on cell viability of CFs. TGF-β1 significantly upregulated α-SMA expression (B), proliferation (C), and collagen secretion (D) in adult mouse CFs compared with untreated cells, which was concentration-dependently suppressed by KLX cotreatment (n = 3–4 in independent experiments). **p < 0.01 and ***p < 0.001 compared with control group and #p < 0.05 and ##p < 0.01 compared with TAC + vehicle group.
Kanglexin Attenuates the Endothelial to Mesenchymal Transition
Endothelial cells are one of the main sources of myofibroblasts, which have been demonstrated and involved in cardiac fibrosis through EndMT (Sanchez-Duffhues et al., 2018). Therefore, we investigated the potential regulation of KLX on EndMT in TAC mice. Our experiments showed that KLX markedly prevented the upregulation of mesenchymal-specific markers (α-SMA and vimentin) and the downregulation of endothelial-specific markers (VE-cadherin and CD31) of the TAC mice (Figures 6A–E). These results suggest that KLX attenuates TAC-induced EndMT.
[image: Figure 6]FIGURE 6 | KLX alleviates EndMT in TAC-pressured heart. (A) Western blot analysis of CD31, VE-cadherin, vimentin, and α-SMA in mouse hearts. The relative protein levels of CD31 (B), VE-cadherin (C), vimentin (D), and α-SMA (E) in mouse hearts (n = 4 in each group). *p < 0.05, **p < 0.01, and ***p < 0.001 compared with control group and #p < 0.05 and ###p < 0.001 compared with TAC + vehicle group.
To confirm the direct influence of KLX on endothelial cells, HUVECs were applied for our following in vitro experiments. We first examined the basic cell viability of HUVECs in response to different concentrations of KLX (0.01, 0.1, 1, and 10 μmol/L). KLX did not affect the cell viability of HUVECs after 24 h treatment (Figure 7B). It means that KLX cannot alter the basic cell viability of HUVECs. After heart injury, endothelial cells proliferation promotes EndMT and induces cardiac fibrosis. Therefore, we then evaluated the role of KLX on TGF-β1-induced HUVECs proliferative response. HUVECs were cultured and stimulated by TGF-β1 at the concentration of 10 ng/ml for 24 h with or without different concentration of KLX (0.1, 1, and 10 μmol/L). As shown in Figure 7C, we found a proliferative response following treatment with TGF-β1, while KLX concentration-dependently reduced the proliferation of HUVECs stimulated by TGF-β1. Collagen secretion from endothelial cells reveals evidence of EndMT. We next examined whether KLX played a role in the regulation of collagen synthesis and secretion in HUVECs. Our results revealed that TGF-β1 induced a significant increase of collagen content in culture medium, but KLX concentration-dependently reversed these changes. Of note, the statistical difference was only found in the high concentration group (10 μmol/L) (Figure 7D). Additionally, the results from double immunofluorescence staining of CD 31 and vimentin confirmed that endothelial cells with KLX pretreatment inhibited TGFβ1-induced EndMT with an increase for the staining of CD31 and decrease for the staining of vimentin (Figure 7A). These data indicate that KLX target endothelial cells to protect the heart against fibrosis.
[image: Figure 7]FIGURE 7 | KLX suppresses EndMT stimulated by TGF-β1 in HUVECs. (A) Representative immunofluorescence images showing staining of endothelial marker CD31 and mesenchymal marker vimentin in different treatment of HUVECs, magnification, ×200 and scale bar = 100 µm. (B) KLX showed no significant effect on cell viability of HUVECs. TGF-β1 significantly increased cell proliferation (C) and collagen secretion (D) in HUVECs compared with untreated cells, which was concentration-dependently suppressed by KLX cotreatment (n = 3–4 in independent experiments). *p < 0.05 and ***p < 0.001 compared with control group and #p < 0.05 and ##p < 0.01 compared with TAC + vehicle group.
The Effect of Kanglexin on Canonical and Noncanonical Pathways of TGF-β1 Signaling
In order to explore the molecular mechanisms through which KLX regulate cardiac fibrosis, the associated signaling pathways at the protein level were screened. TGF-β1 is a key cytokine that induces fibrogenesis response in a stress heart. Our data showed that TGF-β1 expression in the left ventricle was increased in long-term pressure overload heart compared with controls, which was reduced by KLX intragastric administration (Figure 8A). We then examined the effects of KLX on TGF-β1/Smads canonical pathway. Interestingly, TAC-operated hearts exhibited no significant phosphorylated expression level of Smad2/3 (P-Smad2/3) and nuclear expression levels of Smad4, suggesting that the heart during pressure overload had a blunted response to TGF-β1/Smads pathway (Figure 8B). In contrast, TGF-β1-stimulated HUVECs, as a positive control, showed a highlighted protein band of p-Samd2/3, indicating activation of TGF-β1/Smads pathway. In addition to the Smads pathway, TGF-β1 also induce several noncanonical pathways of TGF-β1 signaling, among which mitogen-activated protein kinase, ERK, has been proved to be involved in TGF-β1-induced fibrogenic response (Xu et al., 2017). In this study, we verified whether KLX inhibited cardiac fibrosis by modulating ERK1/2 activation. Our data showed that phosphorylated ERK1/2 (p-ERK1/2) was upregulated in TAC-operated hearts compared with controls. KLX was able to inhibit the upregulation of p-ERK1/2 expression significantly in mouse hearts after TAC operation (Figure 8C).
[image: Figure 8]FIGURE 8 | The effect of KLX on canonical and noncanonical pathways of TGF-β1 signaling. (A) ELISA results showed that cardiac TGF-β1 protein expression was upregulated in long-term pressure overload heart compared with the control cohort, which was reversed by KLX administration (n = 7 in each group). (B) The expression levels of p-Smad2/3, t-Smad2/3, and Smad4 in mouse hearts were measured by Western blot. TAC-operated hearts showed no significant P-Smad2/3 protein expression in total, cytoplasmic, and nuclear fractions. TAC-operated hearts exhibited no significant nuclear expression of Smad4. TGF-β1-stimulated HUVECs, as a positive control, showed a highlighted protein band of p-Samd2/3, indicating activation of Smad2/3. (C) The relative expression levels of p-ERK1/2 and t-ERK1/2 in mouse hearts were measured by Western blot. TAC operation significantly increased ERK phosphorylation compared with controls, which was suppressed by KLX administration (n = 5 in each group). **p < 0.01 and ***p < 0.001 compared with control group and ##p < 0.01 compared with TAC + vehicle group.
DISCUSSION
Anthraquinone compounds exhibit a series of biological activities, but their application as new drug candidates are limited by their physical and chemical properties. The druggability related parameters, including Gibbs free energy, topological Polar Surface Area (tPSA) and logP of the anthraquinone derivative (KLX) were evaluated according to ChemDraw professional software. Gibbs-free energy of KLX was reduced from −357.13 kJ/mol of the original anthraquinone compound to −782.36 kJ/mol, which will increase the binding with its target theoretically. Chemicals usually have favorable intestinal absorption, if their tPSA are lower than 140.2 (Ertl et al., 2000; Stenberg et al., 2000). By ChemDraw professional software, tPSA of KLX is 127.2, which means it has high success rate as drug candidate. The logP of KLX is also appropriately increased to 1.98. Therefore, compared with nature anthraquinone compounds, the chemical structure of KLX was beneficial to its druggability.
Cardiac fibrosis is a common pathological change accompanied by a variety of heart diseases, which increases the incidence and mortality of many cardiovascular diseases (Massare et al., 2010). It has been recognized that antifibrotic therapies are useful in improving cardiac dysfunction of patients with heart diseases (Diez et al., 2002; Fang et al., 2017; Park et al., 2019). In the present study, we focused on investigating the therapeutic effect on cardiac dysfunction and cardiac fibrosis in long-term pressure overload mouse hearts. Our results demonstrated that long-term administration of KLX improved the cardiac dysfunction of TAC mice, including decreasing heart index, the degree of cardiac hypertrophy, and reducing collagen deposition in the interstitial and perivascular space. We also found that KLX treatment downregulated the increased heart index and cardiac hydroxyproline content of experiment mice to chronic Ang Ⅱ stimulation. It suggests that KLX can alleviate cardiac structural remodeling of hypertensive mice induced by long-term persistent Ang Ⅱ stimulation (Supplementary Figures S2,S3). In addition to the present study, our previous research revealed that KLX reduced the infarct size and attenuates cardiac dysfunction of myocardial infarction mice (Bian et al., 2020). Therefore, KLX can improve cardiac structural and functional remodeling in different types of heart disease.
We next verified the regulatory role of KLX (a novel anthraquinone derivative) on fibrogenic responses in cultured CFs. Herein, we found that KLX at the concentration of 1 and 10 μmol/L prevented cardiac fibrogenesis via directly inhibiting the transformation of fibroblasts to myofibroblasts, cell proliferation, and collagen secretion induced by TGF-β1. Furthermore, more and more pieces of evidence support that endothelial cells are the main source of myofibroblasts during cardiac fibrosis (Sanchez-Duffhues et al., 2018). A landmark study published in 2007 confirmed that EndMT is involved in cardiac fibrosis of the adult heart (Zeisberg et al., 2007). Many studies demonstrated that the inhibition of EndMT might be a useful strategy in the therapy of cardiac fibrosis (Song et al., 2019; Tsai et al., 2019). In this study, we demonstrated the potential regulation of KLX on EndMT in TAC mice. Our experiments showed that KLX markedly prevented the upregulation of mesenchymal markers (vimentin and α-SMA) and the downregulation of endothelial-specific markers (CD31 and VE-cadherin) of the TAC mice, which indicates that KLX attenuates TAC-induced EndMT. Meanwhile, we found that the inhibitory role of KLX on cell proliferation and collagen secretion in TGF-β1-treated HUVECs demonstrated its direct regulatory effect on endothelial cells.
Although there are many factors and regulators affecting cardiac fibrosis, TGF-β1 is an important cytokine involved in the process of cardiac fibrosis (Ruiz-Ortega et al., 2007). Our results showed that cardiac TGF-β1 expression was dramatically downregulated in KLX administration mice than vehicle cohort in response to long-term pressure overload. Corresponding to our phenotypic verification findings of in vivo and in vitro study, the results of cardiac TGF-β1 expression in TAC mice with or without KLX administration further implicated that KLX could effectively attenuate cardiac fibrosis. As an upstream regulator, TGF-β1 activates downstream canonical and noncanonical signaling cascades. In TGF-β1 canonical pathway, activated TGF-β1 binds to the transmembrane TGF-βR II, which results in the recruitment of TGF-βR Ⅰ. TGF-β1/TGF-βR II/TGF-βR Ⅰ complex subsequently triggers the phosphorylation of Smad2/3 and then phosphorylated Smad2/3 recruits Smad4. The complex of Smad2/3/4 migrates into the nucleus and regulates ECM-associated gene transcription and then stimulates fibroblast activation and collagen production (Shi and Massague, 2003; Bujak and Frangogiannis, 2007). It is reported that TGF-β1/Smads signaling pathway is apparently downregulated in mouse CFs from the elder in comparison with CFs from the young (Bujak et al., 2008). That means the sensitivity of TGF-β1/Samds canonical signaling pathway is related to age. The TAC mice in our study were approximately 36 weeks old, when sacrificed for further investigation, so the response of TGF-β1/Smads signaling of hearts was inclined to the elder animal. The blunted TGF-β1/Smads response of the hearts to long-term pressure overload stimulation was consistent with their age in our present study. In addition to the Smads pathway, TGF-β1 also induce several noncanonical pathways of TGF-β1 signaling, among which mitogen-activated protein kinase, ERK, has attracted the attention of many researchers. TGF-β1 activates TGF-βR Ⅰ and then directly phosphorylates ShcA to induce the recruitments of Grb2 and Sos complex and finally induces the ERK1/2 activation (Lee et al., 2007). Importantly, various drugs protect the heart against pathological remodeling by regulating the ERK1/2 signaling pathway (Zhang et al., 2016; Tang et al., 2018; Wang et al., 2018). Our data showed that KLX was able to inhibit the upregulation of phosphorylated ERK1/2 expression significantly in mouse hearts after TAC operation, which indicated that TGF-β1/ERK1/2 noncanonical but not TGF-β1/Smads canonical pathway was involved in the antifibrosis effect of KLX on hearts of pressure overload mice (Figure 9). These findings do not exclude the possibility of other signaling pathways by which KLX exerts a regulatory role in cardiac fibrosis, and this notion needs further investigation.
[image: Figure 9]FIGURE 9 | Schematic diagram of the underlying mechanisms by which KLX exerts a regulatory role in cardiac fibrosis.
CONCLUSION
Our study provides evidence that KLX (1,8-dihydroxy-6-methyl-9,10-anthraquinone-3-oxy ethyl succinate) alleviates cardiac dysfunction and fibrosis after pressure overload. Furthermore, TGF-β1/ERK1/2 noncanonical pathway attributes to the beneficial effect of KLX on cardiac fibrosis. In order to develop KLX as a cardioprotective candidate agent, pharmacokinetic studies will be carried out in the future.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
This study was carried out in accordance with the recommendations of US National Institutes of Health (NIH) guidelines for the care and use experimental animals. The protocol was approved by Ethics Committee of Harbin Medical University.
AUTHOR CONTRIBUTIONS
YZ and BfY participated in research design; NC and YnZ contributed to project administration and supervision; XL and WnH contributed to original draft preparation; NA, LlD, XlC, TtW, and SY conducted the pharmacological experiments; XZ and JxZ performed the data ananlysis; AR prepared the required compound; JH and JW designed the compound; LhS, CC, and KxW conducted supplementary experiments. All authors approved the submitted version of manuscript.
FUNDING
This study was supported by the NSFC-FRQS project (2019-2021), National Natural Science Foundation of China (81730012/81870259/81700220), Heilongjiang Province Science Fund for Returnees (LC2017033), Heilongjiang Postdoctoral Fund (LBH-Z18183), and National Science and Technology Major Project of the Ministry of Science and Technology of China (2018ZX09735005).
ACKNOWLEDGMENTS
We appreciate the science and technology park of Harbin Medical University for providing us with required laboratories and instruments. We are also thankful for the other support from the Department of Pharmacology of Harbin Medical University.
Supplementary Material
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2020.572637/full#supplementary-material.
REFERENCES
 Berk, B. C., Fujiwara, K., and Lehoux, S. (2007). ECM remodeling in hypertensive heart disease. J. Clin. Invest. 117, 568–575. doi:10.1172/jci31044
 Bian, Y., Li, X., Pang, P., Hu, X.-l., Yu, S.-t., Liu, Y.-n., et al. (2020). Kanglexin, a novel anthraquinone compound, protects against myocardial ischemic injury in mice by suppressing NLRP3 and pyroptosis. Acta Pharmacol. Sin. 41, 319–326. doi:10.1038/s41401-019-0307-8
 Bujak, M., and Frangogiannis, N. (2007). The role of TGF-β signaling in myocardial infarction and cardiac remodeling. Cardiovasc. Res. 74, 184–195. doi:10.1016/j.cardiores.2006.10.002
 Bujak, M., Kweon, H. J., Chatila, K., Li, N., Taffet, G., and Frangogiannis, N. G. (2008). Aging-related defects are associated with adverse cardiac remodeling in a mouse model of reperfused myocardial infarction. J. Am. Coll. Cardiol. 51, 1384–1392. doi:10.1016/j.jacc.2008.01.011
 Díez, J., Querejeta, R., López, B., González, A., Larman, M., and Martínez Ubago, J. L. (2002). Losartan-dependent regression of myocardial fibrosis is associated with reduction of left ventricular chamber stiffness in hypertensive patients. Circulation 105, 2512–7. doi:10.1161/01.cir.0000017264.66561.3d
 Dou, F., Liu, Y., Liu, L., Wang, J., Sun, T., Mu, F., et al. (2019). Aloe-emodin ameliorates renal fibrosis via inhibiting PI3K/Akt/mTOR signaling pathway in vivo and in vitro. Rejuvenation Res. 22, 218–229. doi:10.1089/rej.2018.2104
 Ertl, P., Rohde, B., and Selzer, P. (2000). Fast calculation of molecular polar surface area as a sum of fragment-based contributions and its application to the prediction of drug transport properties. J. Med. Chem. 43, 3714–3717. doi:10.1021/jm000942e
 Fang, L., Murphy, A. J., and Dart, A. M. (2017). A clinical perspective of anti-fibrotic therapies for cardiovascular disease. Front. Pharmacol. 8, 186. doi:10.3389/fphar.2017.00186
 Fosso, M. Y., Chan, K. Y., Gregory, R., and Chang, C.-W. T. (2012). Library synthesis and antibacterial investigation of cationic anthraquinone analogs. ACS Comb. Sci. 14, 231–235. doi:10.1021/co2002075
 Huang, Q., Lu, G., Shen, H.-M., Chung, M. C. M., and Ong, C. N. (2007). Anti-cancer properties of anthraquinones from rhubarb. Med. Res. Rev. 27, 609–630. doi:10.1002/med.20094
 Hussain, H., Al-Harrasi, A., Al-Rawahi, A., Green, I. R., Csuk, R., Ahmed, I., et al. (2015). A fruitful decade from 2005 to 2014 for anthraquinone patents. Expert Opin. Ther. Pat. 25, 1053–1064. doi:10.1517/13543776.2015.1050793
 GBD 2015 Mortality and Causes of Death Collaborators (2016). Global, regional, and national life expectancy, all-cause mortality, and cause-specific mortality for 249 causes of death, 1980-2015: a systematic analysis for the Global Burden of Disease Study 2015.Lancet 388, 1459–1544. doi:10.1016/S0140-6736(16)31012-1
 Jackson, T. C., Verrier, J. D., and Kochanek, P. M. (2013). Anthraquinone-2-sulfonic acid (AQ2S) is a novel neurotherapeutic agent. Cell Death Dis. 4, e451. doi:10.1038/cddis.2012.187
 Janicki, J. S., and Brower, G. L. (2002). The role of myocardial fibrillar collagen in ventricular remodeling and function. J. Card. Fail. 8, S319–S325. doi:10.1054/jcaf.2002.129260
 Lee, M. K., Pardoux, C., Hall, M. C., Lee, P. S., Warburton, D., Qing, J., et al. (2007). TGF-β activates Erk MAP kinase signalling through direct phosphorylation of ShcA. EMBO J. 26, 3957–3967. doi:10.1038/sj.emboj.7601818
 Li, X., Hu, X., Pan, T., Dong, L., Ding, L., Wang, Z., Song, R., Wang, X., Wang, N., Zhang, Y., et al. (2020). Kanglexin, a new anthraquinone compound, attenuates lipid accumulation by activating the AMPK/SREBP-2/PCSK9/LDLR signalling pathway. Biomed Pharmacother 133, 110802.
 Lian, Y., Xia, X., Zhao, H., and Zhu, Y. (2017). The potential of chrysophanol in protecting against high fat-induced cardiac injury through Nrf2-regulated anti-inflammation, anti-oxidant and anti-fibrosis in Nrf2 knockout mice. Biomed. Pharmacother. 93, 1175–1189. doi:10.1016/j.biopha.2017.05.148
 Liu, F., Zhang, J., Qian, J., Wu, G., and Ma, Z. (2018). Emodin alleviates CCl4‑induced liver fibrosis by suppressing epithelial‑mesenchymal transition and transforming growth factor‑β1 in rats. Mol. Med. Rep. 18, 3262–3270. doi:10.3892/mmr.2018.9324
 Ma, L., Li, H., Zhang, S., Xiong, X., Chen, K., Jiang, P., et al. (2018). Emodin ameliorates renal fibrosis in rats via TGF-β1/Smad signaling pathway and function study of Smurf 2. Int. Urol. Nephrol. 50, 373–382. doi:10.1007/s11255-017-1757-x
 Massare, J., Berry, J. M., Luo, X., Rob, F., Johnstone, J. L., Shelton, J. M., et al. (2010). Diminished cardiac fibrosis in heart failure is associated with altered ventricular arrhythmia phenotype. J. Cardiovasc. Electrophysiol. 21, 1031–1037. doi:10.1111/j.1540-8167.2010.01736.x
 Maya, L., and Villarreal, F. J. (2010). Diagnostic approaches for diabetic cardiomyopathy and myocardial fibrosis. J. Mol. Cell. Cardiol. 48, 524–529. doi:10.1016/j.yjmcc.2009.06.021
 Park, S., Nguyen, N. B., Pezhouman, A., and Ardehali, R. (2019). Cardiac fibrosis: potential therapeutic targets. Transl. Res. 209, 121–137. doi:10.1016/j.trsl.2019.03.001
 Ruizortega, M., Rodriguezvita, J., Sanchezlopez, E., Carvajal, G., and Egido, J. (2007). TGF-β signaling in vascular fibrosis. Cardiovasc. Res. 74, 196–206. doi:10.1016/j.cardiores.2007.02.008
 Sánchez-Duffhues, G., García de Vinuesa, A., and Ten Dijke, P. (2018). Endothelial-to-mesenchymal transition in cardiovascular diseases: developmental signaling pathways gone awry. Dev. Dyn. 247, 492–508. doi:10.1002/dvdy.24589
 Shi, Y., and Massagué, J. (2003). Mechanisms of TGF-β signaling from cell membrane to the nucleus. Cell 113, 685–700. doi:10.1016/s0092-8674(03)00432-x
 Song, S., Liu, L., Yu, Y., Zhang, R., Li, Y., Cao, W., et al. (2019). Inhibition of BRD4 attenuates transverse aortic constriction- and TGF-β-induced endothelial-mesenchymal transition and cardiac fibrosis. J. Mol. Cell. Cardiol. 127, 83–96. doi:10.1016/j.yjmcc.2018.12.002
 Stenberg, P., Luthman, K., and Artursson, P. (2000). Virtual screening of intestinal drug permeability. J. Control. Release 65, 231–243. doi:10.1016/s0168-3659(99)00239-4
 Su, S., Wu, J., Gao, Y., Luo, Y., Yang, D., and Wang, P. (2020). The pharmacological properties of chrysophanol, the recent advances. Biomed. Pharmacother. 125, 110002. doi:10.1016/j.biopha.2020.110002
 Tang, S.-G., Liu, X.-Y., Ye, J.-M., Hu, T.-T., Yang, Y.-Y., Han, T., et al. (2018). Isosteviol ameliorates diabetic cardiomyopathy in rats by inhibiting ERK and NF-κB signaling pathways. J. Endocrinol. 238, 47–60. doi:10.1530/joe-17-0681
 Tian, S.-L., Yang, Y., Liu, X.-L., and Xu, Q.-B. (2018). Emodin attenuates bleomycin-induced pulmonary fibrosis via anti-inflammatory and anti-oxidative activities in rats. Med. Sci. Monit. 24, 1–10. doi:10.12659/msm.905496
 Torina, A. G., Reichert, K., Lima, F., de Souza Vilarinho, K. A., de Oliveira, P. P., do Carmo, H. R., et al. (2015). Diacerein improves left ventricular remodeling and cardiac function by reducing the inflammatory response after myocardial infarction. PLoS One 10, e0121842. doi:10.1371/journal.pone.0121842
 Tsai, T. H., Lin, C. J., Hang, C. L., and Chen, W. Y. (2019). Calcitriol attenuates doxorubicin-induced cardiac dysfunction and inhibits endothelial-to-mesenchymal transition in mice. Cells 8 (8), 865. doi:10.3390/cells8080865
 Wang, L., Xue, Y., Ma, H., Shi, H., Wang, L., and Cui, X. (2018). Prazosin protects myocardial cells against anoxia-reoxygenation injury via the extracellular signal‑regulated kinase signaling pathway. Mol. Med. Rep. 17, 2145–2152. doi:10.3892/mmr.2017.8175
 Xiao, D., Zhang, Y., Wang, R., Fu, Y., Zhou, T., Diao, H., et al. (2019). Emodin alleviates cardiac fibrosis by suppressing activation of cardiac fibroblasts via upregulating metastasis associated protein 3. Acta Pharmaceutica Sinica. B 9, 724–733. doi:10.1016/j.apsb.2019.04.003
 Xu, Y., Xiao, H., Luo, H., Chen, Y., Zhang, Y., Tao, L., et al. (2017). Inhibitory effects of oxymatrine on TGF-β1-induced proliferation and abnormal differentiation in rat cardiac fibroblasts via the p38MAPK and ERK1/2 signaling pathways. Mol. Med. Rep. 16, 5354–5362. doi:10.3892/mmr.2017.7277
 Yasuno, S., Kuwahara, K., Kinoshita, H., Yamada, C., Nakagawa, Y., Usami, S., et al. (2013). Angiotensin II type 1a receptor signalling directly contributes to the increased arrhythmogenicity in cardiac hypertrophy. Br. J. Pharmacol. 170, 1384–1395. doi:10.1111/bph.12328
 Yuan, J., Hong, H., Zhang, Y., Lu, J., Yu, Y., Bi, X., et al. (2019). Chrysophanol attenuated isoproterenol‐induced cardiac hypertrophy by inhibiting Janus kinase 2/signal transducer and activator of transcription 3 signaling pathway. Cell Biol. Int. 43, 695–705. doi:10.1002/cbin.11146
 Zeisberg, E. M., Tarnavski, O., Zeisberg, M., Dorfman, A. L., McMullen, J. R., Gustafsson, E., et al. (2007). Endothelial-to-mesenchymal transition contributes to cardiac fibrosis. Nat Med 13, 952–961. doi:10.1038/nm1613
 Zhang, L., Ding, W. Y., Wang, Z. H., Tang, M. X., Wang, F., Li, Y., et al. (2016). Early administration of trimetazidine attenuates diabetic cardiomyopathy in rats by alleviating fibrosis, reducing apoptosis and enhancing autophagy. J. Transl. Med. 14, 109. doi:10.1186/s12967-016-1068-5
 Zhang, M., Li, X., Liang, H., Cai, H., Hu, X., Bian, Y., et al. (2018). Semen Cassiae extract improves glucose metabolism by promoting GlUT4 translocation in the skeletal muscle of diabetic rats. Front. Pharmacol. 9, 235. doi:10.3389/fphar.2018.00235
 Zhao, Y., Zhu, J., Liang, H., Yang, S., Zhang, Y., Han, W., et al. (2019). Kang le xin reduces blood pressure through inducing endothelial-dependent vasodilation by activating the AMPK-eNOS pathway. Front. Pharmacol. 10, 1548. doi:10.3389/fphar.2019.01548
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Liu, Han, An, Cao, Wu, Yang, Ding, Chen, Chen, Aruhan, Zhang, Wang, Suo, Huang, Wang, Zhao, Zhu, Zhang and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		REVIEW
published: 26 January 2021
doi: 10.3389/fphar.2020.627838


[image: image2]
Role of Cardiac A2A Receptors Under Normal and Pathophysiological Conditions
P. Boknik1, J. Eskandar1, B. Hofmann2, N. Zimmermann3, J. Neumann4* and U. Gergs4*
1Institut für Pharmakologie und Toxikologie, Medizinische Fakultät, Westfälische Wilhelms-Universität, Münster, Germany
2Cardiac Surgery, Medizinische Fakultät, Martin-Luther-Universität Halle-Wittenberg, Halle, Germany
3Bundesinstitut für Arzneimittel und Medizinprodukte, Bonn, Germany
4Institut für Pharmakologie und Toxikologie, Medizinische Fakultät, Martin-Luther-Universität Halle-Wittenberg, Halle, Germany
Edited by:
Naufal Zagidullin, Bashkir State Medical University, Russia
Reviewed by:
Claudia Martini, University of Pisa, Italy
Fabrizio Vincenzi, University of Ferrara, Italy
* Correspondence: J. Neumann, joachim.neumann@medizin.uni-halle.de; U. Gergs, ulrich.gergs@medizin.uni-halle.de
Specialty section: This article was submitted to Cardiovascular and Smooth Muscle Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 10 November 2020
Accepted: 15 December 2020
Published: 26 January 2021
Citation: Boknik P, Eskandar J, Hofmann B, Zimmermann N, Neumann J and Gergs U (2021) Role of Cardiac A2A Receptors Under Normal and Pathophysiological Conditions. Front. Pharmacol. 11:627838. doi: 10.3389/fphar.2020.627838

This review presents an overview of cardiac A2A-adenosine receptors The localization of A2A-AR in the various cell types that encompass the heart and the role they play in force regulation in various mammalian species are depicted. The putative signal transduction systems of A2A-AR in cells in the living heart, as well as the known interactions of A2A-AR with membrane-bound receptors, will be addressed. The possible role that the receptors play in some relevant cardiac pathologies, such as persistent or transient ischemia, hypoxia, sepsis, hypertension, cardiac hypertrophy, and arrhythmias, will be reviewed. Moreover, the cardiac utility of A2A-AR as therapeutic targets for agonistic and antagonistic drugs will be discussed. Gaps in our knowledge about the cardiac function of A2A-AR and future research needs will be identified and formulated.
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INTRODUCTION
There have been many reviews on adenosine receptors (AR), specifically A2A-AR (Fredholm et al., 2001; Haskó and Pacher 2008; Fredholmet al., 2011; McIntosh and Lasley, 2012; Chen et al., 2013; Headrick et al., 2013; Burnstock and Boeynaems, 2014; Burnstock, 2015; Boros et al., 2016). However, there are few reviews on cardiac A2A-AR. The present work attempts to close this gap in the literature.
In their pioneering work on the pharmacology of adenosine in the heart, Drury and Szent-Györgyi (1929) showed that it can reduce the force of contraction and induce arrhythmias, namely bradycardia. Adenosine alone has a negative chronotropic effect on the sinus node, a negative dromotropic effect on the atrioventricular (AV) node, and a negative inotropic effect on atrial tissue; after β-adrenergic stimulation, adenosine has a negative inotropic effect on the ventricular tissue of most mammalian hearts (Shryock and Belardinelli, 1997). Receptors that are activated by adenosine are called P1 receptors and are differentiated from P2 receptors, which are preferentially activated by adenosine triphosphate (ATP); this agonist selectivity can be lost if high concentrations of ATP or adenosine are used.
The focus of the present review is the P1 receptors. There are four different receptors: A1, A2A, A2B, and A3. In general, A1-AR and A3-AR inhibit adenylyl cyclase, while A2A-AR and A2B-AR stimulate adenylyl cyclase activities in the heart (Olsson and Pearson, 1990).
Receptor Structure
The A2A-AR gene was first cloned from mice and rats (Libert et al., 1989; Chern et al., 1992). Researchers have generated and studied at least three strains of knockout (KO) mice and two lines of mice with a constitutive cardiac overexpression of A2A-AR, as well as one line of mice with an inducible cardiac overexpression of A2A-AR (Ledent et al., 1997; Chen et al., 1999; Xiao et al., 2006; Boknik et al., 2018, Boknik et al., 2019; see Table 1). The A2A-AR gene contains two exons (Fredholm et al., 2000) and is located on human chromosome 22 (MacCollin et al., 1994). The gene can be alternatively spliced, which could explain the different responses to adenosine exhibited by patients (Haskó and Pacher 2008; Soma et al., 1998). The A2A-AR belong to the class of G protein-coupled heptahelical receptors (Figure 1; Fredholm et al., 2001, Fredholm et al., 2011). Mutations to dissect the ligand binding sites and the sequences involved in the signal transduction of the receptor have been extensively studied and reviewed (Fredholm et al., 2001, Fredholm et al., 2011). Polymorphism are known (Deckert et al., 1996; Zhai et al., 2015; Nardin et al., 2018). The human receptor contains 410 amino acids, while the mouse receptor has 409 amino acids; the apparent molecular weight is 45–55 kDa on gel electrophoresis (Fredholm et al., 2001; McIntosh and Lasley 2012). The homology of mouse and human A2A-AR is about 90% (Fredholm et al., 2001).
TABLE 1 | A2A-adenosine receptor knock out (KO) and cardiac overexpression mice.
[image: Table 1][image: Figure 1]FIGURE 1 | Scheme: Putative mechanism(s) of signal transduction of cardiac A2A-adenosine receptors (A2a-ARs). A2a-ARs via stimulatory G-proteins (Gs) can activate adenylyl cyclase (AC) which would enhance the 3′-5′cyclic adenosine-phosphate (cAMP)-levels in compartments of the cardiomyocyte and activate cAMP-dependent protein kinases (PKA) which would increase the phosphorylation state and thereby the activity of various regulatory proteins in the cell. Moreover, phosphorylation state and thus the activity of ERK1/2, JNK, p38 and CREB could be enhanced by pathways via arrestins. PKA-stimulated phosphorylation might also increase the current through the L-type Ca2+ channel (LTCC) and/or release of Ca2+ from the sarcoplasmic reticulum (SR) via the cardiac ryanodine receptor (RYR2); both processes would increase force of contraction by increasing the Ca2+ acting on myofilaments. In diastole, Ca2+ is pumped via the SR-Ca2+ ATPase (SERCA) from the cytosol into the SR. Activity of SERCA is increased by phosphorylation of phospholamban (PLB). The latter effect might also follow from inhibition of PP2A (a serine/threonine phosphatase: PP) activity by MAP kinases and subsequent increased phosphorylation state and thus activation of I-1 (a specific inhibitory protein of PP1) which will lead to decreased activity of PP1. Reduced activity of PP2A (and/or PP1) can increase phosphorylation of additional proteins and might thus increase the Ca2+ -sensitivity of myofilaments by dephosphorylation of the myosin light chains in the myofilaments which would increase force of contraction. Thus, A2A-ARs might increase the Ca2+ -sensitivity of myofilaments. In addition, cardiac A2A-ARs might act via the non-canonical pathway of β-arrestin, via α-actinin, via the Arf nucleotide site opener/cytohesin-2, ubiquitin-specific processing protease, translin-associated protein-X and neuronal calcium-binding protein 2.
The three-dimensional structure of A2A-AR has been studied using crystallization. The X-ray structures of mutated human A2A-AR bound to the following agonists have been reported: adenosine or NECA (see Table 2; Lebon et al., 2012), CGS21680 (Lebon et al., 2015), UK-432097 (Xu et al., 2011), an A2A-AR agonist and a G protein mimetic (Carpenter et al., 2016), and A2A-AR antagonists (Table 3; Jaakola et al., 2008; Doré et al., 2011). The often used agonist CGS21680 (Table 2) binds to transmembrane regions 2 and 7 (Lebon et al., 2015). Nuclear magnetic resonance spectroscopy was used to understand the coupling of A2A-AR to G protein signal transduction. This has been addressed with a special focus on the linking role of Asp522.50 (Massink et al., 2015; Eddy et al., 2018). Several human promoters of the A2A-AR gene have been characterized (Haskó and Pacher 2008; St Hilaire et al., 2009). In part, these promoters are thought to explain the upregulation and downregulation of the receptors under stressful conditions, such as ischemia.
TABLE 2 | Agonists at A2A-adenosine receptors.
[image: Table 2]TABLE 3 | A2A-adenosine receptor antagonists.
[image: Table 3]Signal Transduction
In general, signal transduction (Figure 1; Table 4 of the A2A-AR involves binding to stimulatory guanosine triphosphate-binding proteins (Gs) in peripheral tissues (Kull et al., 2000; Fenton and Dobson 2007), phosphatidylinositol 3-kinase (Schulte and Fredholm 2000; Boucher et al., 2004), and an increase in the amplitude of Ca2+ transients (Woodiwiss et al., 1999) or the action on actinin (Burgueño et al., 2003). However, the positive inotropic effect of A2A-AR activation is not solely dependent on increases of Ca2+ in the cytosol of cardiomyocytes. In rat ventricular cardiomyocytes, activation has also been found to depend on Ca2+ independent mechanisms (i.e., an increased Ca2+ sensitivity of the myofilaments) (Woodiwiss et al., 1999). Due to the various physiological functions performed by different regions of the heart, it can be hypothesized that the expression and the signal transduction mechanisms of A2A-AR could differ between cardiomyocytes in several regions. However, this hypothesis should be tested. Researchers have found that the stimulation of A2A-AR increased cyclic-3′-5′-adenosine-monophophate (cAMP) levels, stimulated cAMP-dependent protein kinase (PKA) and phosphorylated cAMP response element-binding protein (CREB) (Németh et al., 2003), and activated non-canonical protein kinase B (AKT), extracellular signal-regulated kinases (ERK), protein kinase C (PKC) (De Ponti et al., 2007; Fredholm et al., 2007), and p38 signaling in skin cells (Perez-Aso et al., 2014).
TABLE 4 | A2A-adenosine receptor: Signal transduction.
[image: Table 4]Interestingly, A2A-AR can also exert inhibitory effects in signal transduction; for example, it can inhibit thrombin-induced ERK1/2 phosphorylation (Hirano et al., 1996). It is thought that the receptor probably increases the levels of phosphorylated ERK1/2, p38 mitogen-activated protein kinase (MAPK), and c-Jun N-terminal kinases (JNK) in mouse hearts; higher levels of these proteins have been found in the hearts of wild-type (WT) mice than in the hearts of A2A-AR KO mice (Ribé et al., 2008). This finding was thought to explain why the production of free radicals was lower in the hearts of WT mice than in the hearts of A2A-AR KO mice (Ribé et al., 2008). The stimulation of the A2A receptor increased the cAMP levels, Ca2+ transients, and phospholamban and troponin I phosphorylation states in transgenic (TG) mice with a cardiac overexpression of A2A-AR, but not in WT mice (Boknik et al., 2018, Boknik et al., 2019). From these data, we can assume that more Ca2+ can be released from the sarcoplasmic reticulum (SR) because activation of the A2A-AR via PKA increases the phosphorylation state of the cardiac ryanodine receptor (RYR2), which opens the RYR2 (Figure 1; Llach et al., 2011).
Activation of the A2A-AR can also activate protein phosphatases, namely PP1, and can lead to the translocation of the PP1 activity from the soluble fraction to the particulate fraction (Revan et al., 1996). This would lead to the dephosphorylation of target proteins. Researchers also found that the activation of A2A-AR in mouse hearts inhibits the activity of PP2A in the myocardial particulate fraction, although this effect was not present in preparations from A2A-AR KO mice (Tikh et al., 2008). Interestingly, the researchers found that the stimulation of the A1-AR increased PP2A activity to a higher extent than the stimulation of the A2A-AR in WT mice (Tikh et al., 2008).
Interactions of the A2A-AR With Other Proteins
Studies have reported an interaction between A2A-AR and A1-AR (Chan et al., 2008, Table 5). In brief, the cardioprotective effect from the stimulation of the A1-AR was absent in the isolated hearts from A2A-AR KO mice after reperfusion following 30 min of global ischemia (Zhan et al., 2011). Another study found that the A2A-AR in SH-SY5Y neuroblastoma cells formed heterodimers with cannabinoid CB1 receptors (Carriba et al., 2007). A2A-AR can also interact with the Arf nucleotide site opener/cytohesin-2, ubiquitin-specific processing protease, translin-associated protein-X, and neuronal calcium-binding protein 2 (Ciruela et al., 2010). The A2A-AR can form homodimers, homomultimers, and heterodimers with A1-AR, dopamine D2 receptors, and A2A-AR (Moriyama and Sitkovsky, 2010; Ferré et al., 2014; Bonaventura et al., 2015; Navarro et al., 2016). Moreover, homodimers or homomultimers of A2A-AR can also be formed (Canals et al., 2004). Interestingly, the dimeric form and not the monomeric form of the A2A-AR is thought to be the functional form (Burgueño et al., 2003). The A2A-AR can also form dimers and multimers with metabotropic glutamate receptor 5, N-Methyl-D-Aspartate (NMDA) receptors and cannabinoid receptors (Headrick et al., 2013; Table 5; Figure 2). Functionally, the A1-AR, and possibly the A3-AR, can inhibit the relaxation in mouse aortic rings mediated by A2A-AR (Talukder et al., 2002; Tawfik et al., 2005). The A2A-AR can also form complexes with D2 dopamine receptors (Borroto-Escuela et al., 2011).
TABLE 5 | A2A-adenosine receptor interactions.
[image: Table 5][image: Figure 2]FIGURE 2 | Scheme: Putative pathophysiological role(s) of cardiac A2A-ARs. A2A-ARs can enhance LPS via receptors in the sarcolemmal alters nuclear gene transcription and putative detrimental proteins are made that impair cardiac contractility. Hypoxia and ischemia impair respiration and thus ATP formation in mitochondria or activate directly hypoxia dependent transcription factors. The mitochondrial process is attenuated by compounds like 5-hydroxy-deanoate (5-HD). Adriamycin impairs mitochondrial function. Hypertension can lead to hypertrophy which alters cardiac gene expression in detrimental ways leading to arrhythmias and heart failure. Altered expression of sarcolemmal ion channels and stimulation of A2A-ARs can lead to supraventricular or ventricular arrhythmias by alteration of Ca2+ homeostasis.
An interaction between the A1-AR and the A2A-AR occurs on a functional level in the heart. Stimulation of the A1-AR reduces the positive inotropic effect (i.e., an increase in the force of contraction) of isoproterenol, which is a β-adrenoceptor agonist. This well-known effect was attenuated in perfused rat hearts through the additional stimulation of the A2A-AR (Norton et al., 1999), as well as in the perfused hearts from WT mice; however, the effect was absent in the hearts of A2A-AR KO mice (Tikh et al., 2006). Similarly, isoproterenol increased Ca2+ transients in electrically stimulated rat ventricular cardiomyocytes; this effect was attenuated through the activation of A1-AR and the addition of A2A-AR antagonists (Norton et al., 1999). The constitutive overexpression of the A1-AR in the heart led to cardiac dilatation in mice, which was not seen in mice coexpressing A2A and A1 receptors; this might suggest there is a beneficial interaction between these receptors that is determined by the different effects of expression of the sarcoplasmic reticulum Ca2+ ATPase (SERCA) (Chan et al., 2008).
Expression
There are several types of cardiomyocytes in the heart: atrial cardiomyocytes form the main bulk of atrial muscle; ventricular cardiomyocytes; cardiomyocytes that form the path of the system that propagates depolarization from the sinus node, specialized cells in the atrium (Bachmann bundles), the sinus node (SA) node, Tawara branches, and Purkinje bundles (Figure 3). Alterations in this pathway are expected to be of clinical relevance because they can lead to various cardiac arrhythmias. Alterations in the expression of A2A-AR might be relevant for both primary arrhythmias due to inborn errors and secondary arrhythmias from ischemia, hypertrophy, drug treatment, or aging. However, more work on this topic needs to be undertaken.
[image: Figure 3]FIGURE 3 | Schematic cardiac conducting system and regional adenosine receptor expression in the heart (modified from Stein et al., 1998). The anatomical localization of the sinus node (SA), the AV node (AV) the bundle of His (His). The Purkinje fibers (Purkinje) and the work generating muscle cells in the atrium and the ventricle are depicted. In these structures A2A-ARs were functionally and/or biochemically detected. Their stimulation can explain the functional consequence listed in the adjoining table.
In terms of the expression and cellular heterogeneity of A2A-AR in the heart, these receptors are known to be present and functional in blood cells that are continuously transported to and from the heart by the circulatory system (Table 6). A2A-AR comprise various types of leukocytes, macrophages, mast cells (Marquardt et al., 1994), neutrophils (Fredholm et al., 1996), thrombocytes, and erythrocytes. In histological studies, such as RNA detection using single cell polymerase chain reaction (PCR) or in situ hybridization, it is sometimes possible to clearly identify the receptor in different cell types; in studies using antibodies, the specificity can be poor. However, when using cardiac homogenates, the A2A-AR can be measured in all cell types and one might assume that the signal mainly arises from the cardiomyocytes but the signal might arise also from other cell types in the heart. For example, in one study, all P1 receptors, including A2A-AR, were detectable in the heart using reverse transcription and PCR (see Table 6). Adult rat ventricular cardiomyocytes, as well as adult mouse and porcine ventricular cardiomyocytes, contained A2A-AR mRNA and protein (Xu et al., 1996; Marala and Mustafa 1998; Kilpatrick et al., 2002; Chandrasekera et al., 2010). Moreover, A2A-AR mRNA and protein were detected in human atrial preparations using Western blotting (Hove-Madsen et al., 2006; Llach et al., 2011); according to its histochemistry, A2A-AR were located with the cytoskeletal-associated protein α-actinin at the Z-line of the sarcomere in the atrial specimens (Hove-Madsen et al., 2006). A2A-AR have also been detected on endothelial cardiac cells (Hein et al., 1999) and vascular smooth muscle cells (Teng et al., 2008).
TABLE 6 | A2A-adenosine receptor: Tissue Distribution in heart and blood.
[image: Table 6]Altered A2A-AR Levels
The level of A2A-AR in tissues can be altered by various stimuli. Changes in these levels may have relevance to cardiac diseases. For example, carbon monoxide increases the expression of A2A-AR in macrophages (Haschemi et al., 2007). Similarly, when lipopolysaccharide (LPS) was used to induce inflammation, the expression of A2A-AR increased in murine and human macrophages and epithelium cells via the (nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathway (Murphree et al., 2005; Morello et al., 2006; Haskó and Pacher 2008). Hypoxia via hypoxia-inducible factor like HIF2α also increased the expression of A2A-AR in pulmonary endothelial cells (Ahmad et al., 2009). Pharmacological treatment can also increase A2A-AR: caffeine increas the A2A-AR density in for instance platelets (Varani et al., 1999). Likewise, diazepam treatment can increase the function of A2A-AR stimulation in rat pulmonary arteries (Ujfalusi et al., 1999). D2-dopamine receptor stimulation could increase the function (cAMP production) in neuroblastoma cells (Vortherms and Watt, 2004).
The expression of A2A-AR can also be diminished. For instance, increased cAMP levels reduced the expression of A2A-AR in cell cultures (Headrick et al., 2013). A2A-AR agonists can lead to desensitization (see Table 7), as seen with many other G protein-coupled receptors, possibly through binding the receptor to α-actinin and receptor internalization (Chern et al., 1993; Svenningsson et al., 1995, Svenningsson et al., 1999); this effect does not occur with antagonists (Halldner et al., 2000). In DDT1 MF-2 and PC12 cells, short-term (less than 30 min) treatment with an agonist reduced the subsequent induced increases in cAMP levels without any loss of A2A-AR on the cell surface (Ramkumar et al., 1991; Chern et al., 1993; Klaasse et al., 2008). Another study reported a functional desensitization after 2 h of treatment with NECA, which reduced the vasorelaxation of porcine coronary arteries after a second exposure of NECA (Conti et al., 1997). In cell cultures mutational analysis revealed there were different phosphorylation sites on the A2A-AR (Palmer and Stiles, 1997). In human monocytoid THP-1 cells, tumor necrosis factor alpha (TnF-α) inhibited the agonist-induced desensitization of A2A-AR by preventing the translocation of G-protein-coupled receptor kinase 2 (GRK2 to the plasma membranes (Khoa et al., 2006). The desensitization of A2A-AR seems to involve arrestin 2 and 3 (Burgueño et al., 2003). It is thought that the internalization of A2A-AR involves its C-terminus and its interaction with α-actinin (Burgueño et al., 2003).
TABLE 7 | A2A-adenosine receptor sensitization and desensitization.
[image: Table 7]Role of A2A-AR in Cardiac Disease
Arrhythmia
In TG mice, the genetic overexpression of A2A-AR (Figures 2, 3; Table 1) in the heart makes them much more susceptible than WT mice to negative inotropic effects and to the arrhythmogenic effects of intraperitoneally injected adriamycin (Hamad et al., 2010). This suggests that A2A-AR have a detrimental reaction to stressors, such as adriamycin; adriamycin is an anti-cancer drug that can cause heart failure and arrhythmias in some patients in a dose- and time-dependent manner. Compared with WT mice, the A2A-AR in TG mice might be more susceptible to adriamycin-induced arrhythmias because they express less connexin 43, which is a protein that is important for myocardial conduction (Hamad et al., 2010). Interestingly, when A2A-AR overexpression was induced after treatment with adriamycin, the mortality of the TG mice was lower than that of the WT mice (Hamad et al., 2010). One study reported that mice with a constitutive cardiac specific overexpression of A2A-AR had an increased basal heart rate (Chan et al., 2008). In patients with atrial fibrillation, the expression of A2A-AR was increased (Csóka et al., 2010). Stimulation of the A2A-AR in isolated human cardiomyocytes increases Ca2+ sparks by increasing the Ca2+ current through the sodium–calcium exchanger (INaCa), which can lead to cellular depolarization, initiate afterdepolarizations, and cause cardiac arrhythmias (Figure 2; Llach et al., 2011). A2A-AR have also been expressed in human atrial preparations, which may lead to alterations in the frequency of spontaneous Ca2+ release (Hove-Madsen et al., 2006). Alternatively, the action of adenosine can induce bradycardia and subsequently lead to atrial fibrillation (Isa-Param et al., 2006). Ischemia can also induce increases in adenosine, which can lead to arrhythmias (Bertolet et al., 1997).
Interestingly, one study found that atrial dilation and atrial fibrillation were accompanied by an increase in A2A-AR mRNA and protein levels, which was conceivably due to an increase in RyR2 phosphorylation (Llach et al., 2011). This may alter the flow of Ca2+ through the sarcolemmal sodium–calcium ion exchanger (NCX) and lead to arrhythmias (Figure 2; Llach et al., 2011). The study found that the stimulation of the A2A-AR induced altered Ca2+ sparks in isolated human atrial myocytes (Llach et al., 2011). Moreover, CGS21680 enhanced currents through the NCX in isolated atrial cardiomyocytes from patients with atrial fibrillation, but not in samples from patients in sinus rhythm (Llach et al., 2011). Interestingly, endogenous adenosine is able to stimulate NCX in atrial cardiomyocytes from patients with atrial fibrillation (Llach et al., 2011).
It has been suggested that the stimulation of A2A-AR may increase the Ca2+ content of the SR and the stimulation of the NCX might increase Ca2+ inflow in cells. The increased levels of Ca2+ in the SR may result in an increased release of Ca2+ from the SR, which can lead to delayed afterdepolarization and, thus, to atrial arrhythmias, such as atrial fibrillation (Figure 2). There is evidence that the stimulation of A2A-AR mediates vasodilation, which may lead to tachycardia by reducing blood pressure. The decrease in blood pressure leads to reflective tachycardia through the stimulation of the baroreceptor, which stimulates the sympathomimetic outflow from the central nervous system. In living rats, the stimulation of the A2A-AR leads to tachycardia by the direct activation of the sympathetic tone and by the release of noradrenaline, which stimulates the β-adrenoceptors on the sinus node (Dhalla et al., 2006). Using telemetric electrocardiograms, we confirmed the positive chronotropic effect of A2A-AR expression alone and its stimulation by a selective A2A-AR agonist in living animals (Boknik et al., 2019). It is relevant that we could detect an enhanced incidence of arrhythmias in living animals after stimulation of the A2A-AR because it may indicate that the proarrhythmic effect of A2A-AR expression is so strong that vagal or other neural compensatory mechanisms cannot overcome it (Boknik et al., 2019). We predict that the same might apply in humans. There is experimental evidence that the positive chronotropic effect of A2A-AR stimulation by regadenoson was caused by the direct stimulation of the sympathetic nervous system in rats (Woodiwiss et al., 1999). Another study showed that the stimulation of A2A-AR in isolated human atrial myocytes promoted irregularities in Ca2+ transients, such as spontaneous calcium ion waves (Csóka et al., 2010). Spontaneous Ca2+ release has been reported to initiate atrial fibrillation in human atrial myocytes (Monahan et al., 2000; Jiang et al., 2011; Llach et al., 2011). Future studies should determine whether the increase in A2a-AR is the cause or the result of atrial fibrillation in humans.
Ischemia and Hypoxia
In general, A2A-AR exert a protective role in the heart. For instance, the A2A-AR can protect the brain against ischemia (Jiang et al., 2011; Fronz et al., 2014; Melani et al., 2014). However, contradictory results have been reported. For instance, one study found that the stimulation of A2A-AR produced detrimental effects in the brain of A2A-AR KO mice, while an antagonist was associated with beneficial effects in the brain in theses mice (Phillis, 1995; Chen et al., 1999; Chen et al., 2007). Similar effects were noted in the kidney, which could be partly explained by the fact that A2A-AR mediate vasodilation and anti-inflammatory effects by reducing the production of cytokine and chemokine in leukocytes, including macrophages, lymphocytes, and neutrophils, in the kidney (Rabadi and Lee, 2015). The mechanism may involve cAMP-dependent phosphorylation of CREB and subsequent alterations in gene transcription (Rabadi and Lee, 2015). The activation of A2A-AR in regulatory T lymphocytes (Koshiba et al., 1999) also plays a part in renal protection (review: Rabadi and Lee, 2015; Lasley, 2018). However, the stimulation of the A2A-AR in mice with cecal ligation had detrimental effects, as seen in that model of chronic inflammation and sepsis (Haskó and Pacher, 2008). Thus, depending on the method of disease generation, as well as the acute or chronic nature of inflammation, A2A-AR play two contrasting roles in the heart. As previously mentioned, reperfusion leads to cardiac dysfunction if ischemia is prolonged, which is partially due to non-cardiomyocytes, such as neutrophils. The activation of A2A-AR diminished neutrophil adherence to endothelial cells and decreased the production of superoxide anions; this might partly mediate reperfusion injury in the mammalian heart (Jordan et al., 1997). However, in rabbits, the stimulation of A2A-AR could reduce cardiac ischemia-induced arrhythmia (Schreieck and Richardt, 1999).
In the present context, A2A-AR could protect the myocardium of adult rats with an coronary occlusion (Lozza et al., 1997; Ke et al., 2015). A2A-AR agonists also protect the heart function against septic injury (Thiel et al., 1998; Tofovic et al., 2001; Braun-Dullaeus et al., 2003; Reutershan et al., 2007). However, what is the role of endogenous adenosine in sepsis? In A2A-AR KO mice, sepsis was more pronounced than in WT mice (Reichelt et al., 2013; Ashton et al., 2017) or unaltered (Reutershan et al., 2007). Therefore, the role of A2A-AR in sepsis might be quite subtle; age and gender might also be a factor, as older male KO mice exhibited a poor prognosis (Ashton et al., 2017). A2A-AR also protect against postconditioning (Dhalla et al., 2006; Morrison et al., 2007; review; McIntosh and Lasley 2012) and preconditioning (Button et al., 2005; Yang et al., 2005) and ischemia and reperfusion in vivo rats (Kis et al., 2003; Ke et al., 2015). However, some studies of preconditioning showed that the stimulation of A2A-AR prior to ischemia did not provide any protection against a decrease in force (reviewed in McIntosh and Lasley, 2012). Activation of A2A-AR in postconditioning might be of special therapeutic utility for patients with coronary heart disease. Reperfusion of coronary arteries in patients by balloon dilation can sometimes lead to arrhythmias or a reduction in the force of contraction to levels lower than those before occlusion. These detrimental complications of reperfusion could be attenuated in the clinic by giving an A2A-AR-agonist intravenously before reopening the occluded artery. For instance, rats in an in vivo ischemia model were given A2A-AR agonists, such as CGS21680, which was beneficial in preventing biochemical signs of autophagy (Ke et al., 2015). Cardiac specific overexpression of A2A-AR in mice, increased the sustaining of pressure after reperfusion, possibly by altering the electrical properties of cardiomyocytes and these beneficial effects were absent when A2A-AR antagonists were used supporting the studies on a beneficial effect of A2A-AR stimulation prior to ischemia and reperfusion. This beneficial effect translates to a longer time to contracture during ischemia in these hearts. The beneficial effect might be due effects on the mitochondria Boknik et al., 2018.
A lack of beneficial effects from the activation of A2A-AR on cardiac preconditioning has also been reported (Lasley and Mentzer, 1992; Thornton et al., 1992; Yao and Gross, 1993; Lasley et al., 2007). This result might be due to the use of different species or methods, such as the type and dose of agonist used, and the timing of the agonist application.
It is possible that more than one type of cell is involved in the mechanism of cardioprotection. Lymphocytes, neutrophils, mast cells, basophils, dendritic cells, monocytes, epithelial cells, endothelial cells, and macrophages contain A2A-AR (Revan et al., 1996; Jordan et al., 1997; Germack and Dickenson, 2005; Rork et al., 2008; Csóka et al., 2012; Burnstock and Boeynaems, 2014). A2A-AR are also present on platelets; activation of these receptors inhibits platelet aggregation (review: Burnstock 2015). It has been suggested that the A2A-AR contribute to the functional cardioprotective action of the A1-AR (Methner et al., 2010; Urmaliya et al., 2010; Zhan et al., 2011). A beneficial interaction between the A2A-AR and the A2B-AR has been described in the heart (Xi et al., 2009). The protective mechanism of the A2A-AR seems to involve actions on the mitochondria of the heart in rats (Ke et al., 2015). In pulmonary endothelial cells, hypoxia via HIF2α not only increases the density of the A2A-AR mRNA and protein, but also generates more adenosine through the induction of adenosine-producing enzymes (Ahmad et al., 2009). Moreover, the overexpression of A2A-AR in human lung microvascular endothelial cells led to an increase in cell proliferation and promoted increased angiogenesis (Ahmad et al., 2009). An increased expression of A2A-AR in tumors was noted in patients with lung cancer compared with healthy lung regions from the same patients (Ahmad et al., 2009). In hypoxia, the uptake of adenosine into cells is diminished, which leads to high extracellular concentrations of adenosine that activate the A2A-AR (Eltzschig et al., 2005; Löffler et al., 2007; Morote-Garcia et al., 2009). Low concentrations of adenosine are expected to bind to and activate the high-affinity A1-AR; in a pathophysiological context, further increases in adenosine activate the A2A-AR because of their low affinity for adenosine. However, in functional cAMP production in cells, A1-AR and A2-ARbshow the same affinity for adenosine (Fredholm, 2014). Under basal physiological conditions, adenosine concentrations range between 30 and 200 nM, which are sufficient to activate both A1-AR and A2A-AR (Fredholm, 2014). Very high levels of adenosine (1 µM adenosine) were reported after platelet aggregation (Fredholm, 2014), ischemia, and necrotic cell death (Fredholm, 2014). The A2A-AR can lead to the dilation of coronary arteries and might be deleterious in patients with Morbus Parkinson (Fredholm, 2014). Clinically, adenosine and its precursor ATP are useful for stopping supraventricular arrhythmias. Therefore, the actions of adenosine in mammalian hearts are of clinical relevance and merit further investigation.
Whereas A1-AR and A3-AR protect the heart when activated before ischemia, stimulation of A2A-AR can protect a rat heart at the beginning of a reperfusion injury (Jordan et al., 1997; Cargnoni et al., 1999; Yang et al., 2006; Kuno et al., 2008; Headrick and Lasley, 2009; Xi et al., 2009; Methner et al., 2010). Overexpression of A2A-AR protects against cardiac damage because the enzymatic activity of AST, which is a marker for the inability of the sarcolemma to contain ingredients within the cell, only increased in the WT mice and not in the TG mice (Boknik et al., 2018). In all probability, this protection was mediated by the A2A-AR because the protective effect in the TG mice was abolished by applying the A2A-AR antagonist ZM 241385 (Boknik et al., 2018). The protective effect may involve the mitochondria, as the phosphorylation state of pAKT was increased to a higher extent during reperfusion in the TG mice than in the WT mice (Boknik et al., 2018, 2019).
It might be speculated that if A2A-AR are beneficial in reperfusion, one might try to increase the levels of A2A-AR in the heart by injection of adenovirus containing the cDNA for the A2A-AR intravenously or even in the coronary arteries. In this way it may be possible to increase the A2A-AR in leukocytes but also in coronary endothelial cells. The amount of the adenovirus should probably not be so elevated as also the increase A2A-AR in cardiomyocytes: though this might improve cardioprotection (Boknik et al., 2018), there is the danger to induce sinus tachycardia or other arrhythmias (Boknik et al., 2019), known for all cAMP-increasing agents.
Heart Failure
There is a debate about whether A2A-AR are functional (i.e., increase cAMP and contractility) in the mammalian heart; the effect of A2A-AR may also be species- or method-dependent. Studies have reported a lack of effect in the rat (Shryock et al., 1993), guinea pig (Behnke et al., 1990; Boknik et al., 1997), and rabbit (Kilpatrick et al., 2002). However, other studies have reported a functional response in mice (Morrison et al., 2006) and rats (Monahan et al., 2000). It is important to note that A2A-AR protein levels have been detected in human hearts (Marala and Mustafa, 1998). Work on isolated and perfused A2A-AR KO (i.e., constitutive deletion) mouse hearts clearly established that the A2A-AR agonist CGS21680 was selective; <1 µM CGS21680 increased contractility in WT mouse hearts, but not in hearts from A2A-AR KO mice (Morrison et al., 2002). Furthermore, we noted a functional role of A2A-AR stimulation in isolated paced right atrial preparations from diseased human hearts (Boknik et al., 2018). However, under basal conditions in which no CGS21680 was given, there was no difference in the contractility of WT and KO mouse hearts (Ashton et al., 2017; Morrison et al., 2002). The stimulation of the A2A-AR produced a positive inotropic effect (Table 8; Woodiwiss et al., 1999; Monahan et al., 2000; Chan et al., 2008; Dobson et al., 2008; Tikh et al., 2008), which increased in the presence of additional A1-AR blockade DPCPX (Fredholm et al., 2011 for selectivity of DPCPX). One study noted that the stimulation of A2A-AR had no positive inotropic effect (Kilpatrick et al., 2002). Some studies reported that the A2A-AR increased in patients with heart failure (Stein et al., 1998), while one study found that A2A-AR mRNA level decreased in Japanese patients with heart failure (Asakura et al., 2007). The plasma adenosine concentration increases in human heart failure (Funaya et al., 1997). In neutrophils and T cells, the expression of A2A-AR is regulated by miR-214, miR15, and miR 16 (Heyn et al., 2012). Other studies have reported on a constitutive cardiac specific overexpression (Chan et al., 2008) or an inducible overexpression (Hamad et al., 2010) of human A2A-AR in a mouse heart. One group used their model to study the in vivo functional interaction of A1-coexpression with A2A-AR (Chan et al., 2008). A2A-AR have a protective role in pressure overload from aortic banding (Hamad et al., 2012) and against cardiomyopathy from chronic adriamycin treatment (Hamad et al., 2010).
TABLE 8 | Species- and region-dependent cardiac effects of stimulation of cardiac A2A-adenosine receptors.
[image: Table 8]It might be speculated that physiological alterations of the A2A-AR occur in myocardial ischemia; for instance, changes could happen during infarction and stenting of a vessel. Therefore, the receptors may present a target for the pharmacological treatment of cardiac arrhythmias. However, more detailed studies are needed.
Following ischemia in the brain, there was an increased expression of A2A-AR (Trincavelli et al., 2008). The beneficial effects of A2A-AR activation have been reported in autoimmune diseases, such as colitis, rheumatoid arthritis, and hepatitis, as well as after mechanical trauma to the nervous system (Choukèr et al., 2008; Di Paola et al., 2010; Mazzon et al., 2011; Paterniti et al., 2011). Polymorphisms of the A2A-AR have been correlated with human chronic heart failure (Zhai et al., 2015).
It is questionable to stimulate endogenous (or by application of an adenovirus containing the cDNA for the A2A-AR), as the A2A-AR will increase cAMP and cAMP increase can lead to arrhythmias. Another caveat is in order: to the best of our knowledge, it has not been reported that A2A-AR agonist can increase force of contraction in the human ventricle, though this is usually taken for granted (Table 8).
Clinical Relevance of A2A-AR Agonists and Antagonists
A2A-AR activation is used in clinics to assess the vasodilatory functions of coronary arteries during nuclear magnetic studies. Adenosine is also used to treat supraventricular arrhythmias. Some of the adverse effects of adenosine include flushing and hypotension; these effects have been attributed to the action of vasodilatory A2A-AR (review: Headrick et al., 2013). The A2A-AR antagonists istradefylline and tozadenant are new compounds that have been used to treat patients with Morbus Parkinson (review: Chen et al., 2013) or sickle cell disease (Chen et al., 2013).
Many people drink coffee or tea that contains caffeine and theophylline at levels that can block A1-, A2A-, A2B- and A3-AR (Fredholm et al., 1999; Chen et al., 2013). Thus, caffeine might interfere with agonists, but might potentiate antagonists. Clinical studies have found that caffeine was beneficial in patients with Morbus Parkinson (Chen et al., 2013).
A2A-AR agonists and antibodies have also been clinically applied (Table 9; Cargnoni et al., 1999; Cerqueira et al., 2008; Palani et al., 2011; Molina et al., 2016). For instance, the A2A-AR agonists ATL 146e and MRE-0094 have been investigated to promote wound healing in patients with chronic neuropathic diabetic foot ulcers; they have also been used to treat arthopathies; lung diseases, such as COPD; hepatic ischemic diseases; renal ischemic diseases; inflammatory bowel disease; and ischemic brain diseases (Haskó and Pacher, 2008). One possible drawback to using these agonists is that they stimulate the A2A-AR on vascular smooth muscle cells, which would lead to vasodilation and a subsequent decrease in blood pressure (Hein et al., 1999; Haskó et al., 2006). Thus, these agonists may be used as antihypertensive agents, but should not be used to treat foot ulcers. After chronic stimulation of A2A-AR, the downregulation of a homologous receptor might occur for many G protein-coupled receptors, such as the 5-HT4-serotonin receptor (Gergs et al., 2017). If the stimulation of an immune receptor is intended, then an A2A-AR antagonist for cardiac disease might be tried. For instance, A2A-AR antagonists have been used at the clinic for the treatment of patients with Morbus Parkinson. Moreover, theophylline, which is used to increase mucociliary clearance in patients with COPD, and dipyridamole, which inhibits adenosine transporters on cell surfaces, increase adenosine levels near A2A-AR. Adenosine and its metabolite inosine can be transported through cell membranes by bidirectional and concentrative transporters (Podgorska et al., 2005). One of the side effects associated with the use of adenosine to stop paroxysmal supraventricular arrhythmias involves bronchoconstriction by the stimulation of the bronchostrictory A2A-AR (Chen et al., 2013). A2A-AR agonists, such as regadenoson, are clinically used to detect latent ischemia in patients (Cerqueira et al., 2008). Other experimental agonists include CGS21680, UK-432097, and BVT115959 (Jacobson and Müller, 2016). Therefore, activation of A2A-AR could lead to arrhythmias in patients that have high expression levels of A2A-AR in the heart.
TABLE 9 | Diseases suggested to involve A2A-adenosine receptors (review: Burnstock, 2017).
[image: Table 9]Ongoing Clinical Studies
There is an ongoing study using oral AB928, a novel dual A2aR/A2bR antagonist (Seitz et al., 2019) to treat prostate cancer by inhibiting AR mediated cell proliferation (University of California, United States: clinical trials.gov identifier: NCT04381832). There is another trial on prevention of injury of ischemia and reperfusion using regadenoson which is an A2AR agonist: in this case the ischemic injury in the lung blood vessels in lung transplantation will be tried to treat using intravenously applied regadenoson (University of Maryland, United States: clinical trials.gov NCT04521569). A similar trial is ongoing in Toronto, Canada (clinical trials.gov identifier: NCT04521569) Another trial is mainly intended to used expression levels of A2A-AR as a prognostic factor in cardiovascular disease. More specifically this study is evaluating the discriminating capacities of A2A adenosine receptors expression on the surface of circulating lymphocytes for the detection of coronary artery disease in patients hospitalized for surgery of the aorta and/or arteries of the lower limbs (Marseille, France: clinical trials.gov identifier NCT04640844).
Open Questions
The roles of various canonical and non-canonical pathways of A2A-R signal transduction merit further investigation. Biased agonists might offer new therapeutic options. The exact roles of A2A-AR in chronic heart failure, ischemia, and reperfusion, as well as in cardiac protection against myocardial infarction and arrhythmias need to be more carefully studied and translated into clinical settings. It remains unclear whether A2A-AR agonists or antagonists might be useful. It is conceivable that interactions with other receptors are important in therapeutic drug development. It is unknown whether an upregulation or downregulation by receptor ligands, adenoviral approaches, or antisense RNA approaches would be clinically useful. Many of these questions will be answered in the near future and this progress will be observed with great interest. It is hoped that developments will be used to benefit patients.
SUMMARY
Over the years a consent has emerged that A2A-AR are present and functional in the mammalian heart, more importantly in the human heart. Evidence has accumulated that
The A2A-AR is important for coronary flow, which is relevant under clinical conditions and used in to assess e.g. the coronary reserve in patients with coronary heart disease. A2A-AR might be relevant for force generation in the human heart and for the genesis of arrhythmias. Hence, A2A-AR agonist and antagonists are clinically used. A2A-AR agonist mainly for diagnostic purposes (assessment of coronary reserve) and might be used in the future as positive inotropic agents. A2A-AR antagonist might become useful as novel options in some subtypes of heart failure.
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Ischemia-reperfusion (I/R) could cause heart irreversible damage, which is tightly combined with glucose metabolism disorder. It is demonstrated that GLUT4 (glucose transporter 4) translocation is critical for glucose metabolism in the cardiomyocytes under I/R injury. Moreover, DRD4 (dopamine receptor D4) modulate glucose metabolism, and protect neurocytes from anoxia/reoxygenation (A/R) injury. Thus, DRD4 might regulate myocardial I/R injury in association with GLUT4-mediated glucose metabolism. However, the effects and mechanisms are largely unknown. In the present study, the effect of DRD4 in heart I/R injury were studied ex vivo and in vitro. For I/R injury ex vivo, DRD4 agonist (PD168077) was perfused by Langendorff system in the isolated rat heart. DRD4 activated by PD168077 improved cardiac function in the I/R-injured heart as determined by the left ventricular developed pressure (LVDP), +dp/dt, and left ventricular end diastolic pressure (LVEDP), and reduced heart damage evidenced by infarct size, the release of troponin T (TNT) and lactate dehydrogenase (LDH). DRD4 activation diminished I/R injury induced apoptosis and enhanced cell viability impaired by I/R injury in cardiomyocyte, showed by TUNEL staining, flow cytometer and CCK8 assay. Furthermore, DRD4 activation did not change total GULT4 protein expression level but increased the membrane GULT4 localization determined by western blot. In terms of mechanism, DRD4 activation increased pPI3K/p-AKT but not the total PI3K/AKT during anoxia/reoxygenation (A/R) injury in vitro. Interestingly, PI3K inhibitor, Wortmannin, blocked PI3K/AKT pathway and depleted the membrane GULT4, and further promoted apoptosis showed by TUNEL staining, flow cytometer, western blot of cleaved caspase 3, BAX and BCL2 expression. Thus, DRD4 activation exerted a protective effect against I/R injury by promoting GLUT4 translocation depended on PI3K/AKT pathway, which enhanced the ability of glucose uptake, and ultimately reduced the apoptosis in cardiomyocytes.
Keywords: dopamine receptor D4, ischemia/reperfusion injury (heart), glucose transporter 4, PI3K/Akt pathway, apoptosis
INTRODUCTION
Ischemia-reperfusion (I/R) injury is a major problem after coronary revascularization by the percutaneous coronary intervention (PCI) (Fröhlich et al., 2013). Cardiomyocytes suffer severe damage attributed to energy metabolism disorder. In order to optimize cardiac energy metabolism and oxygen consumption, glycolysis becomes the main mechanism by using glucose as fuel instead of fatty acids (Ussher and Lopaschuk, 2008). In this process, limited ATPs production by glycolysis does not maintain the normal cardiac function and induces cells death (Depre et al., 1999; Harmancey et al., 2013). Mounting of evidences suggest that improvement of glucose metabolism in cardiomyocytes could increase the heart’s tolerance to I/R injury (Gandhi et al., 2008; Lucchinetti et al., 2011; Zhang et al., 2015), improve cardiac function recovery (Rowe et al., 2010), and promote cardiomyocytes survival (Apstein, 1998). Thus, glucose metabolism plays a critical role in cardiomyocytes survival during I/R injury. However, how to treat heart I/R injury by regulating glucose metabolism is incompletely elucidated.
Glucose intake depends on glucose transporters on the membrane of cardiomyocytes, mainly including glucose transporters 1 (GLUT1) and glucose transporters 4 (GLUT4) (Manchester et al., 1994). GLUT1 widely and stably expresses on the cell membrane and regulates basal glucose intake during fetal and early postnatal life (Montessuit and Lerch, 2013). However, GLUT4, the most abundant transporter in cardiomyocytes, could translocate from intracellular vesicles to the plasma membrane in response to the ischemia and hypoxia, which could increase glucose uptake (Slot et al., 1991; Sun et al., 1994; Young et al., 1997; Li et al., 2016). It is reported that GLUT4-deficiency depresses glucose utilization during ischemia and develops irreversible cardiac dysfunction associated with limited ATP production during I/R injury (Tian and Abel, 2001). It is suggested that increasing GLUT4 on the membrane could improve the ability to resist I/R injury in cardiomyocytes.
As we know, dopamine receptors are classified into the D1-like (DRD1, DRD5) and D2-like (DRD2, DRD3, DRD4) subtypes according to their structures and pharmacology (Beaulieu et al., 2015). It is reported that DRD4 mRNA is found in the human heart (Cavallotti et al., 2010), but its function is largely unknown. It has been proved that DRD4 is associated with glucose metabolism. DRD4 deficient mice has lower glucose metabolism in the prefrontal cortex compared with WT mice at baseline, while activation of DRD4 could augment glucose uptake in vivo (Michaelides et al., 2010). Meanwhile, the DRD4 antagonist could effectively inhibit glucose transport in PC12 cells (Dwyer et al., 1999). Moreover, activation of DRD4 protects against A/R-induced cell death, while inhibition of DRD4 represents the opposite effect, but the mechanism is still unknown (Shimada et al., 2010). Thus, the regulation of DRD4 activity may be a reasonable pattern to regulate glucose metabolism and treat heart I/R injury. However, the mechanisms need further study.
Together, we hypothesize that activation of DRD4 might improve glucose metabolism by promoting GLUT4 translocation under I/R injury in heart. In the present study, both animal and cell trials were conducted, and the cardiac function and glucose metabolism were analyzed, which would provide new insight into the therapeutic target for I/R injury.
MATERIALS AND METHODS
Animals and Cells Trail
Adult SD rats (250–300 g) were perfused by Langendorff system ex vivo. Details of the experiments were described previously (Gonon et al., 1998). Briefly, rats were anesthetized by pentobarbital (60 mg/kg). The heart was excised and perfused by a Langendorff apparatus at a constant pressure of 55 mmHg. The phosphate free Krebs-Henseleit buffer (Tian and Abel, 2001) was continuously gassed with 95% O2/5% CO2 (pH 7.4) and warmed by a heating bath. The heart temperature was continuously monitored and maintained at 37 ± 0.5°C. Ischemia was induced by the cessation of perfusion for 45 min then followed by reperfusion 60 min with PD168077 (TOCRIS, United States) or not, then LVEDP, LVDP, +dp/dt were harvested. The procedures for care and use of animals were approved by the Ethics Committee and Animal Care and Use Committee of Third Military Medical University. All applicable institutional and governmental regulations concerning the ethical use of animals were followed.
Adult mice cardiomyocytes (AMCs) and neonatal rat ventricular myocytes (NRVMs) were obtained as our previous work (Wang et al., 2010; Wang et al., 2017). For A/R model, NRVMs were obtained from neonatal rat hearts (<3 days) and grown in DMEM containing 10% FBS at 37°C in a humidified incubator with 95% atmosphere and 5% CO2. After starvation for 12 h, cells were transferred into a hypoxic incubator containing 95% N2, 5% CO2 for 4 h; for reoxygenation, cells were rapidly transferred into a normoxic incubator containing 95% O2 and 5% CO2 for gradient time-point reoxygenation after anoxia with fresh DMEM and fetal bovine serum (Supplementary Figure S1A), then 8 h was chosen for A/R model.
Immunofluorescence
Frozen section of heart tissue and slides containing NRVMs or AMCs were rinsed with PBS, then blocked with 10% normal goat serum. Next, the sections were incubated with DRD4 primary antibody (Sigma, Germany, 1:100 dilution) or GLUT4 primary antibody (Abcam, United Kingdom, 1:100 dilution) for 12 h at 4°C, then incubated with appropriate secondary antibody (Thermo, United States) for 2 h at 37°C, next, the DAPI and (or) DiO perchlorate (Solarbio, China, 5 × 10−6 M) were added for 10 s at room temperature and (or) for 15 min at 37°C. The immunofluorescence staining was visualized using Olympus confocal microscope at DAPI, DiO, 488 and 546 nm emission.
TTC Staining
To measure the infarct size, perfused rat hearts were frozen at −20°C for 30 min and cut into slices (5–6 slices/heart), then incubated in a sodium phosphate buffer containing 1% 2,3,5-triphenyl-tetrazolium chloride (Sigma, Germany) for 15 min to visualize the unstained infarct region. The infarct areas and whole ventricle areas were determined by planimetry with ImageJ. The infarct size was calculated as infarct area divided by ventricle area.
Western Blot
For total protein, heart tissues and NRVMs were lyzed in radio immunoprecipitation assay (RIPA) buffer supplemented with protease inhibitor cocktail tablet and phosphatase inhibitor tablet (Roche, Germany). Protein content was measured according to the Pierce BCA protein assay kit (Sangon Biotech, China). For membranous protein, membrane protein in heart tissues and NRVMs were separated by the Mem-PER™ Plus Membrane Protein Extraction Kit (Thermo Fisher, United States) following the manufacturer’s protocol (Phuchareon et al., 2015). Then equal protein lysates were resolved electrophoretically on denaturing SDS-polyacrylamide gels, and transferred to 0.22 μm nitrocellulose membranes. After blocking in 5% milk in TBST, membranes were probed with the following primary antibodies: DRD4 (Sigma, Germany), cleaved caspase 3 (CST, United States), PMCA (CST, United States), GLUT4 (CST, United States), p-PI3K (CST, United States), PI3K (CST, United States), p-AKT (CST, United States), AKT (CST, United States), ATP1A1 (CST, United States) and GAPDH (Abcam, United Kingdom). The appropriate secondary antibody (LI-COR, United States) was used. The ATPase alpha-1 (ATP1A1) and plasma membrane-type Ca2+-ATPases (PMCA) as the loading control of membrane protein, while GAPDH as loading control of the total protein. The results were tested by Odyssey system and quantified by ImageJ.
Enzyme Linked Immunosorbent Assay
The LDH ELISA kit (Abcam, United Kingdom) and TNT ELISA kit (Thermo, United States) were used for measuring the LDH and TNT in perfusion liquid according to the manufacturers’ instructions.
TUNEL Staining
TUNEL staining was performed by a in situ cell death detection kit (Roche, Germany) as described previously (Khan et al., 2013). Paraffin section (4 µm) were mounted on slides or slides containing NRVMs were conducted following manufacturer’s instructions. TUNEL positive cells were detected by Olympus confocal microscope.
Flow Cytometry
NRVMs exposed to DRD4 agonist (PD168077, 10−5 M) during A/R injury were examined by PE Annexin V Apoptosis Detection Kit I (BD, United States) described previously (Schwartzenberg et al., 2007). According to manufacturer’s instructions, cells were stained with PE Annexin V and 7-amino-actinomycin (7-AAD) to detect early apoptotic cells (PE Annexin V+/7-AAD-events) and late apoptotic cells (PE Annexin V+/7-AAD + events), which were determined by flow cytometry (BD, United States).
Cell Viability Assessment
After A/R or not, NRVMs were exposed to PD168077 (10−5 M) or (and) Wortmannin (10−8 M) for another 24 h in fresh DMEM. Next, 10 μl CCK8 (Dojindo, Japan) solution was added to each well and the plate was incubated for additional 2 h. Absorbance readings at 450 nm were obtained using a spectrophotometer (Thermo, United States). 10−8 M Wortmannin was chosen because cell viability was insusceptible when the Wortmannin dose was below 10–7 independently (Supplementary Figure S1B).
Glucose Transport Assay
The study was carried out according to the method described previously (Kaliman et al., 1995). Briefly, after A/R or not, NRVMs were incubated with PD168077 or (and) Wortmannin for 30 min, then glucose-free incubation was performed for 45 min in Krebs-Ringer phosphate buffer (Asano et al., 1992), next 100 μM 2-deoxy-D-[3H] glucose (0.5 ìCi/ml) was added. Transport was stopped 20 min later and measured by a liquid scintillation counter (Microbeta Trilux, Finland).
Statistics
The data were expressed as mean ± SEM. Two-tailed Student t test for normally distributed data and Mann-Whitney nonparametric test for skewed data that deviate from normality were used to compare two conditions. One-way analysis of variance with Bonferroni post hoc test for normally distributed data and Kruskal-Wallis nonparametric test for skewed data were used to compare ≥3 means. Repeated measures ANOVA was used for repeated measures data. Differences with p < 0.05 were considered statistically significant.
RESULTS
The Expression of DRD4 in Cardiomyocytes
Our previous works found DRD4 was expressed on kidney renal proximal tubule (RPT) cells (Chen et al., 2015; Zhang et al., 2016), so it was used as a positive control. As shown by immunofluorescence data (Figure 1A), the DRD4 was detectable in the RPT cells, NRVMs, AMCs and heart tissue. Meanwhile, this result was confirmed by western blot, which was observed that the DRD4 was expressed in RPT cells and WT rat heart but not the negative control, DRD4−/− mice (Figure 1B). These results indicated that DRD4 was expressed on rat and mice cardiomyocytes.
[image: Figure 1]FIGURE 1 | The expression of DRD4 in cardiomyocytes. (A) Immunofluorescence staining analysis DRD4 protein in renal proximal tubule (RPT) cells, neonatal rat ventricular myocytes (NRVMs), AMCs (adult mice cardiomyocytes, 8 weeks) and rat heart (8 weeks), Scale bar = 50 μm. (B) Western blot analysis of DRD4 protein in RPT cells, DRD4−/− mice and NRVMs.
DRD4 Activation Protects Heart From I/R Injury Ex Vivo
To analyze the role of DRD4 on cardiomyocytes during I/R injury, the isolated rat heart was perfused by Langendorff system. After that, the TTC staining was performed. Compared with the I/R group, DRD4 activation by PD168077 markedly decreased myocardial infarction size (Figures 2A,B), profoundly improved cardiac function, evidenced by the lower LVEDP (Figure 2C), higher +dp/dt (%) and LVDP (Figures 2D,E). Moreover, under PD168077 administration, the damage in cardiomyocytes was alleviated by decreased LDH and TNT in perfusion fluid compared with I/R group (Figures 2F,G). These results demonstrated that DRD4 activation improved cardiac function and decreased the damage in cardiomyocytes during I/R injury.
[image: Figure 2]FIGURE 2 | DRD4 activation protected the heart from I/R injury ex vivo. (A) TTC staining of rat heart after perfused by Langendorff system. (B) Quantitation of infraction size by ImageJ (n = 7, **p < 0.01 vs. Sham, ##p < 0.01 vs. I/R). (C–E) The LVEDP, +dp/dt (%), and LVDP were measured by Langendorff system (n = 7, *p < 0.05, I/R vs. I/R + PD168077). (F,G) ELISA analysis of LDH and TNT in the fluid after perfusion (n = 7, **p < 0.01 vs. Sham, ##p < 0.01 vs. I/R).
DRD4 Activation Inhibit Apoptosis Ex Vivo and In Vitro
Cardiomyocytes are the main basis of cardiac function. Loss of them significantly worsen cardiac function. The TUNEL staining result showed that the apoptosis was enhanced under I/R injury, while this effect was diminished in DRD4 activation group (Figures 3A,B). Similarly, the expression of cleaved caspase 3, an apoptosis biomarker, was increased under I/R injury while reduced when DRD4 was activated by PD168077 (Figures 3C,D). Next, the effect of DRD4 on NRVMs was further determined. After A/R, the cell viability was blocked, while this effect was impaired by activation of DRD4 (PD168077, 10−5 to 10−7 M) (Figure 3E). Furthermore, the apoptosis cell was dramatically increased during A/R. However, this effect was mitigated after DRD4 activation (PD168077, 10−5 M) showed by flow cytometry (Figures 3F,H) and TUNEL staining (Figures 3G–I). These observations demonstrated that activation of DRD4 exert cardioprotection depended on decreasing apoptosis.
[image: Figure 3]FIGURE 3 | DRD4 activation decreased cardiomyocyte apoptosis and promoted cell viability. (A,B) TUNEL positive cardiomyocyte and quantification in heart section (n = 5, **p < 0.01 vs. Sham, ##p < 0.01 vs. I/R, Scale bar = 50 μm). (C,D) Western blot analysis of cleaved caspase 3 protein in the heart (n = 3, **p < 0.01 vs. Sham, ##p < 0.01 vs. I/R). (E) CCK8 assay of cell viability in different doses of PD168077 in NRVMs (n = 5, **p < 0.01 vs. Control, ##p < 0.01 vs. A/R). (F–I) Flow cytometry and TUNEL staining of apoptosis, respectively, quantitated by flowjo and ImageJ, respectively. NRVMs were anoxic for 4 h, then reoxygenation for 8 h (n = 5, **p < 0.01 vs. Control, ##p < 0.01 vs. A/R).
DRD4 Activation Promote GLU4 Translocation Ex Vivo and In Vitro
Since glycolysis becomes the main energy source under I/R injury, glucose uptake becomes more critical, insufficient glucose supply induces apoptosis in cardiomyocytes. As we known, GULT4 is more prone to translocation due to the I/R injury. It was observed that the membrane GLUT4 was dramatically increased during the I/R injury, and this effect was enhanced after DRD4 activation in heart (Figures 4A,B), the similar results are also found in NRVMs after A/R (Figures 4C,D). Next, GLUT4 translocation promoted by PD168077 was confirmed in NRVMs by immunofluorescence staining, which was co-localized with the membrane-specific DiO (Figure 4E). Furthermore, increased GLUT4 could effectively promote glucose transport monitored by [3H]-2-deoxy-D-glucose uptake analysis in vitro (Figure 4F). These results suggested that activation of DRD4 reduced apoptosis through promoting GLUT4 translocation.
[image: Figure 4]FIGURE 4 | DRD4 activation promoted GLUT4 translocation from cytosol to membrane. (A,B) Western blot and quantitation of membrane GLUT4 protein in rat heart (n = 5, **p < 0.01 vs. Sham, ##p < 0.01 vs. I/R). (C,D) Western blot and quantitation of membrane GLUT4 protein in NRVMs (n = 5, **p < 0.01 vs. Control, ##p < 0.01 vs. A/R). (E) Immunofluorescence staining of GLUT4 translocation promoted by PD168077 in NRVMs, scale bar = 50 μm. (F) [3H]-2-deoxy-D-glucose uptake analysis in NRVMs. Data were collected as [3H]-2-deoxy-D-glucose uptake per microgram of protein, and results were expressed as fold change of the control (n = 5, **p < 0.01 vs. Control, ##p < 0.01 vs. A/R).
Activation of DRD4 Reduces Apoptosis Through PI3K/AKT Mediated GLU4 Translocation In Vitro
As we know, GLUT4 translocation via the PI3K/AKT pathway was involved in I/R injury in cardiomyocytes (Matsui et al., 2001; Okumura et al., 2004; Cao et al., 2010; Ji et al., 2013; Chen et al., 2017). The current study found that p-PI3K and its downstream p-AKT were augmented during A/R injury, and this effect was enhanced by DRD4 activation but not the total PI3K or AKT (Figures 5A–D). Next, the PI3K inhibitor, Wortmannin, a covalent inhibitor of PI3Ks, was used to analyze the PI3K/AKT pathway does regulate the DRD4-induced GULT4 translocation. The p-AKT increase caused by activated DRD4 was weakened under wortmannin (10−8 M) treatment during A/R (Figures 5E,F), so did the GLUT4 on the membrane (Figures 5G,H). Moreover, increased GULT4 could effectively promoted glucose transport, while this effect was depleted by wortmannin, which was monitored by [3H]-2-deoxy-D-glucose uptake analysis (Figures 5I). These results demonstrated that activation of DRD4 induced GLUT4 translocation through the PI3K/AKT pathway.
[image: Figure 5]FIGURE 5 | DRD4 activation promoted GLUT4 translocation via the PI3K/AKT pathway. (A,B) Western blot analysis of p-PI3K protein in NRVMs and quantitation. (C,D) Western blot analysis of p-AKT protein in NRVM and quantitation. (E,F) Western blot of p-AKT protein in NRVMs and quantitation. (G,H) Western blot of GLUT4 protein in NRVMs and quantitation. (I) [3H]-2-deoxy-D-glucose uptake analysis in NRVMs [(A–I)n = 5, **p < 0.01 vs. A/R, ##p < 0.01 vs. A/R + PD168077].
Whether blocking the PI3K/AKT pathway blocked the activated DRD4 mediated apoptosis in cardiomyocyte. Firstly, Wortmannin counteracted the increased cell viability which is enhanced by DRD4 activation (Figure 6A). Next, the role of Wortmannin about apoptosis was determined by Flow cytometry (Figures 6B,C) and TUNEL staining (Figures 6D,E), both results showed that DRD4 activation decreased apoptosis under A/R injury. However, this effect was offset by Wortmannin. Meanwhile, the effect of wortmannin on DRD4 mediated apoptosis was verified by the apoptosis marker, including cleaved caspase-3, BAX, and BCL2. Activation of DRD4 decreased cleaved caspse-3 and BAX, while increased BCL2 during A/R injury, however, this protective effect was offset by Wortmannin (Figures 6F–I). These data indicated that DRD4 activation reduced apoptosis through PI3K/AKT mediated GLU4 translocation in vitro.
[image: Figure 6]FIGURE 6 | Inhibition of the PI3K/AKT pathway blocked the activated DRD4 mediated apoptosis in cardiomyocytes. (A) CCK8 assay of cell viability in NRVMs. (B,C) Flow cytometry and (D,E) TUNEL staining of apoptosis in NRVMs and quantitation, respectively [(A–E)n = 5–6, **p < 0.01 vs. A/R, ##p < 0.01 vs. A/R + PD168077, Scale bar = 50 μm]. (F–I) Western blot of cleaved caspase 3, BCL2 and BAX protein in NRVMs after A/R injury and quantitation (n = 3, *p < 0.05 vs. A/R, #p < 0.05 vs. A/R + PD168077) PD, PD168077; Wor, wortmannin.
DISCUSSION
The current study, for the first time, demonstrated that activation of DRD4 could improve the cardiac function, and reduce the apoptotic cardiomyocytes in I/R. Interestingly, DRD4 activation significantly improved glucose absorption by promoting GLUT4 translocation from cytoplasm to the cardiomyocyte membrane but not changing the total GLUT4 expression. Furthermore, activation of DRD4 activated a classic glucose metabolism pathway-PI3K/AKT pathway ex vivo and in vitro, showed by the higher p-PI3K and p-AKT protein expression levels (not the total- PI3K and total-AKT). On the contrary, inhibition of PI3K/AKT could reduce the GLUT4 translocation and enhance apoptosis under A/R in vitro. Therefore, DRD4 possessed the potential to mitigate myocardial I/R injury, which was associated with the PI3K/AKT pathway related GULT4 translocation.
DRD4 is one of D2-like dopamine receptors (Klein et al., 2019). It is reported that pre-treatment with DRD4 agonist greatly improves endothelial cell viability and decrease apoptosis (Wang et al., 2019). DRD4 agonist protects nerve cells from glutamate-induced apoptosis, while antagonist reverse this effect (Ishige et al., 2001). Moreover, the activated DRD4 could protect HT22 cells against the A/R injury, evidenced by decreased LDH, TNT, and apoptosis (Shimada et al., 2010). In the current study, we verified that the activation of DRD4 improved cardiac function ex vivo. Firstly, the expression of DRD4 in the cardiomyocytes was confirmed. Next, PD168077 was added when reperfusion by Langendorff system. DRD4 activation improved left ventricular systolic function and decreased infarction size during I/R injury. As we know, cardiomyocytes are the basis of cardiac function, and loss of them significantly impair cardiac function. Next move, we were wondering whether DRD4 activation improved cardiac function and relieved myocardial injury by reducing apoptosis. Apoptosis, a process of programmed cell death, is exacerbated during I/R injury, which could be determined by some indicators, such as TUNEL staining and cleaved caspase 3. Results showed that I/R injury aggravated cardiomyocytes apoptosis, however, this effect was abolished by DRD4 activation. Moreover, in vitro, apoptosis was augmented after A/R injury, and this effect was depleted by DRD4 activation in the insolated cardiomyocyte. These observations implied that DRD4 protected the heart against I/R injury might through inhibiting apoptosis.
We know that fatty acid metabolism is the primary energy source of cardiomyocytes under normal conditions. However, glycolysis becomes the main energy source under I/R injury, and the requirement of glucose for cardiac function becomes readily apparent for maintain contractile activity and survival of cardiomyocytes (Montessuit and Lerch, 2013). Cardiac function and survival of cardiomyocytes are improved by augmenting glucose metabolism during I/R (Jeremy et al., 1993; Cardaci et al., 2010; Huang et al., 2011). GLUT4, a kind of glucose transporter, is found in the heart (Govers, 2014), can translocate from the cytosol to the membrane under I/R injury, which enhance glucose uptake in cardiomyocytes (Liang et al., 2008). It is reported that an increase of glucose uptake by enhancing GLUT four transplant to the membrane could improve the ability for resisting I/R injury in cardiomyocyte (Huang et al., 2009; Lucchinetti et al., 2011). Besides, it is suggested that DRD4 is involved in brain glucose metabolism (Volkow et al., 2013). DRD4 deficient mice show lower glucose metabolism compared with WT mice, while activated DRD4 could augment glucose uptake (Dwyer et al., 1999; Michaelides et al., 2010). In the present study, GLUT4, transplanting to the membrane was increased during I/R injury ex vivo and in vitro, which consisted with the previous study. However, this effect became more after DRD4 activation. Besides, the function of the GLU4 transplanted to the membrane was valid evidenced by increased isotopic labeled glucose. These results demonstrated that DRD4 might increase glucose uptake by regulating GLUT4 localization, thereby increasing energy metabolism and protecting cardiomyocytes from apoptosis.
In terms of mechanism, PI3K/AKT pathway is the key position, which regulates GLU4 translocation under I/R injury (Okumura et al., 2004; Cao et al., 2010). Activated PI3K/AKT pathway enhance GLUT4 translocation in cardiomyocytes thereby improve cardiac function under I/R injury (Matsui et al., 2001; Chen et al., 2017). Besides, the PI3K inhibitor significantly reduces GLUT4 translocation, thus depresses ischemic preconditioning-induced cardioprotection (Ji et al., 2013). PEDF (pigment epithelium derived factor)-mediated GLUT4 translocation and glucose uptake increase in hypoxic cardiomyocytes are prevented by PI3K/AKT inhibitor (Yuan et al., 2019). Strikingly, activation of DRD4 also triggers this pathway, inhibition of DRD4 block PI3K/AKT expression in amphetamine-treated rats, revealing that DRD4 might regulate PI3K/AKT pathway (Hsieh et al., 2014). In the present study, the ratio of p-AKT/AKT and p-PI3K/PI3K were more remarkably by activated DRD4 during A/R injury than the A/R group in vitro, accompanying with enhanced GULT4 translocation, cell viability and decreased apoptosis. To verify that GULT4 translocation was dependent on the PI3K/AKT pathway. Wortmannin, a PI3K inhibitor, was used. Wortmannin depleted p-AKT, the downstream of PI3K, and offset active DRD4 induced GULT4 translocation. Moreover, wortmannin treatment also offset the protective effect of DRD4 on apoptosis and cell viability. These observations indicated that DRD4 activation reduced apoptosis in association with GLUT4 translocation through the PI3K/AKT pathway.
In summary, the DRD4 activation exerted a protective effect against I/R injury through promoting GLUT4 translocate in the membrane via PI3K/AKT signal pathway, thereby enhanced the ability of the cell glucose uptake, ultimately reduced the apoptosis. The findings might provide a novel evidence for the prevention and treatment of I/R injury by using DRD4 agonist.
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Despite considerable improvements in the treatment of myocardial infarction, it is still a highly prevalent disease worldwide. Novel therapeutic strategies to limit infarct size are required to protect myocardial function and thus, avoid heart failure progression. Cardioprotection is a research topic with significant achievements in the context of basic science. However, translation of the beneficial effects of protective approaches from bench to bedside has proven difficult. Therefore, there is still an unmet need to study new avenues leading to protecting the myocardium against infarction. In line with this, the endothelium is an essential component of the cardiovascular system with multiple therapeutic targets with cardioprotective potential. Endothelial cells are the most abundant non-myocyte cell type in the heart and are key players in cardiovascular physiology and pathophysiology. These cells can regulate vascular tone, angiogenesis, hemostasis, and inflammation. Accordingly, endothelial dysfunction plays a fundamental role in cardiovascular diseases, which may ultimately lead to myocardial infarction. The endothelium is of paramount importance to protect the myocardium from ischemia/reperfusion injury via conditioning strategies or cardioprotective drugs. This review will provide updated information on the most promising therapeutic agents and protective approaches targeting endothelial cells in the context of myocardial infarction.
Keywords: cardioprotection, endothelium, ischemia/reperfusion, endothelial cells, myocardial infarction, small extracellular vesicles
INTRODUCTION
Myocardial infarction (MI) is the leading cause of death worldwide (Jayaraj et al., 2018). The primary clinical treatment consists of the recovery of blood flow to the heart and a phenomenon called reperfusion. However, reperfusion itself can generate more damage, leading to cardiomyocyte death. This damage varies between patients but usually leads to some degree of heart failure (Kemp and Conte, 2012). As a result of significant improvements over the last decades, the current treatment of MI has certainly reduced mortality. Nevertheless, to attenuate the severity of post-MI heart failure, adequate protection of the myocardium is still warranted to reduce infarct size and improve ventricular function recovery after ischemia/reperfusion (I/R) injury. Several strategies have been studied to activate mechanisms within cardiac cells to minimize I/R injury. This is the core of the concept called cardioprotection, that can be understood as “all measures and interventions to prevent, attenuate and repair myocardial injury” (Heusch, 2020), of which different approaches have been discovered (Garrido et al., 2017; Grilo et al., 2017; Lefer and Marbán, 2017; Caricati-Neto et al., 2019). Among these, the protection of the myocardium via endothelial cells (ECs) is an attractive line of action.
The endothelium is a monolayer of cells that covers the interior of every major and minor vessel and is the first line of contact between the lumen and other tissues. It is involved in the control of vascular permeability, transport logistics, regulation of the vascular tone, mediators of the immune response, angiogenesis, hemostasis control, and endocrine and paracrine communication (Bracamonte-baran and Daniela, 2017). A healthy endothelium is important for myocardial contraction, as it improves contractility by increasing the sensitivity of myofilaments to calcium (Shen et al., 2013). Moreover, ECs are a crucial target for cardioprotection, given their paramount importance in preserving the microvasculature after I/R injury (Bell and Yellon, 2012). Also, the endothelium has been shown to exert a critical role in conditioning phenomena, given its capacity to release protective factors and express receptors for pro-survival molecules (Hernández-Reséndiza et al., 2018). Since cardioprotective therapies usually focus on the cardiomyocyte, other cell types are often left in the dark. It is essential to understand the heart as a community of different cell types. The sole focus of new therapies in one might explain the differences in the results of clinical and preclinical studies (Bell and Yellon, 2012). In this review, we provide an update on new strategies that aim for the endothelium as a cardioprotective target.
Cardioprotection: The Long Hard Road to Translation
Before discussing novel approaches targeting ECs to limit reperfusion injury, it is important to address the current state of the cardioprotection field. The study of cardioprotective strategies in preclinical research has been very successful. Indeed, protection of the myocardium against I/R injury may be achieved by a wide variety of drugs and peptides, as well as conditioning maneuvers (Heusch, 2020). However, the translation of these findings into a clinical setting has been challenging and highly disappointing. For example, the CONDI2/ERIC-PPCI randomized trial showed that remote ischemic conditioning (RIC) was unable to reduce the infarct size in ST-elevation myocardial infarction (STEMI) patients who underwent primary percutaneous coronary intervention (PPCI) (Hausenloy et al., 2019b). The neutral results reported in this study, which evaluated more than 5,000 patients, have shaken the hopes of translating cardioprotection from animal models to clinical conditions. In this regard, Heusch (Heusch and Gersh, 2020) has provided an interesting analysis addressing this trial, indicating that besides the presence of comorbidities and comedications, there are other important variables to consider in order to understand the results of this study. The mortality of MI has been significantly reduced throughout the years as a consequence of effective reperfusion therapy, as well as the use of cardioprotective pharmacotherapy that can reduce myocardial remodeling after infarction (Heusch and Gersh, 2020). Moreover, most of the patients in this trial had no clinical signs of heart failure at randomization (more than 95% were classified as Killip class 1), cardiac mortality after 1 year was 2.7% and hospitalization for heart failure in 1 year was 7.1%. This low incidence of events may explain why additional protection from RIC was challenging to observe (Heusch and Gersh, 2020). However, the RIC-STEMI trial showed in 2018 that RIPC significantly reduced cardiac mortality and hospitalization for heart failure after follow-up, despite classifying more than 80% of patients in Killip class 1 at admission, but this trial had far fewer patients (less than 600) (Gaspar et al., 2018). Recently, the FIRST study has reported that RIPC did not reduce major adverse cardiovascular events as compared with standard care after 90 days follow-up (Cheskes et al., 2020). While this study had a follow-up of only 3 months, it evaluated 1,667 patients, which is a larger amount than RIC-STEMI (Cheskes et al., 2020). In light of these inconsistencies, there are several hypotheses attempting to explain the disconnection between bench and bedside.
Animal Models Versus the Clinical Context
Preclinical studies provide a somewhat reductionist approach to MI, given the use of young and healthy animals. Still, these studies can reveal key mechanistic findings into how cardioprotection elicited by various compounds or strategies works. Animal models that can address comorbidities may have more translational value but less mechanistic assessment (Rossello and Yellon, 2016). Furthermore, animal models and methodologies to assess cardioprotective therapies have not been thoroughly standardized, leading to variable results and low translational value. In order to address this issue, Bøtker et al. elaborated thorough and extensive practical guidelines to achieve rigorours and reproducible results in cardioprotection studies (Bøtker et al., 2018). These guidelines suggest careful study design, randomization, blinding and selection of the right statistical anaylsis. Moreover, it also addressed infarct size assessment in preclinical and clinical settings, clear establishment of exclusion criteria for Langendorff perfused hearts, standardized protocols for isolation of adult rat and mouse ventricular cardiomyocytes, among others (Bøtker et al., 2018).
Regarding problems with translation, Heusch has previously highlighted the importance of addressing issues such as: 1) lack of clarity of how long is the window for protection by reperfusion is extended by ischemic preconditioning, or what is the maximum time of ischemia so that postconditioning can still confer cardioprotection, 2) evaluation of other end points beyond infarct size, such as assessment of myocardial remodeling and mortality, 3) problems in the design and conduction of clinical trials, 4) robustness and reproducibility of data, 4) inadequate dosing and timing of phase II trials and 5) selection of cardioprotective strategies with comprehensive preclinical data to perform clinical trials (Heusch, 2017).
Another problem that needs to be accounted for is that preclinical models only test the effects of protective treatments against MI in the short term, which impairs our ability to predict long-term effects (Heusch, 2018). On the other hand, small trials may provide a promising proof-of-concept with little mechanistic evidence. In contrast, large randomized clinical trials have great translational value but relatively little mechanistic evaluation (Rossello and Yellon, 2016). Clinical trials also have limitations. For instance, infarct size is often evaluated by released biomarkers (such as troponin T) instead of more accurate imaging methods (Heusch, 2020). Nonetheless, suitably designed trials can provide a more precise long-term assessment of clinical outcomes.
To narrow the gap between these two settings, it has been proposed that preclinical cardioprotection studies should be performed in large animals, such as pigs since they more closely resemble human cardiovascular physiology and pathophysiology. Moreover, these studies should be extended for a 1 year follow-up to determine the long-term effect of cardioprotective strategies (Heusch, 2018), but it’s important to consider that this may be extremely expensive and not routinely feasible for all laboratories. Interestingly, a recent study showed that rats treated with heparin, a platelet inhibitor and an opioid agonist -mimicking background treatment of patients-reduced the infarct size, but RIC did not confer further protection. Nevertheless, treatment with a caspase inhibitor -which acts via an independent protective pathway-elicited further infarct size reduction (He et al., 2020). This study provides an important proof-of-concept of new models to improve the translational value of preclinical studies.
Comorbidities and Risk Factors
Obesity, sex, diabetes, aging, and smoking may impair cardioprotective therapies' effectiveness (Kleinbongard et al., 2019). MI patients may often suffer from more than one of these diseases and risk factors. Thus, it stands to reason to hypothesize this as a significant reason for the disconnection between preclinical and clinical studies. Moreover, this obstacle may be challenging to overcome, given that animal models often address one comorbidity, instead of a more elaborate setting of multiple diseases and risk factors.
Comedications
Comorbidities can impair cardioprotection, and by the same token, the administration of drugs to treat these conditions can also mask or abrogate cardioprotection generated by novel compounds or conditioning phenomena (Kleinbongard et al., 2019). Moreover, as Heusch has suggested, clinical trials often assess cardiovascular mortality after one year, as well as heart failure progression, which may be significantly influenced by the use of drugs, such as beta-blockers, angiotensin II receptor antagonists, and angiotensin-converting enzyme inhibitors, which are drugs known to be protective (Heusch, 2020). Moreover, anesthetics, such as propofol, can impair the beneficial effect of RIC, and other drugs, such as P2Y12 inhibitors, may actually induce cardioprotection themselves, which can mask any added protection conferred by RIPC (Kleinbongard et al., 2019). The current problems interfering with translation of cardioprotection to clinical settings and the potential strategies to enable adequate clinical protection are summarized in Figure 1. In addition to these considerations, redundant cell death mechanisms during I/R injury may warrant the use of a multi-target approach instead of only addressing one at a time (Davidson et al., 2019). This may involve not only different therapeutic targets within the cardiomyocyte but also addressing the complex interplay between cardiomyocytes and other cardiac cells. While fibroblasts are key cells in many cardioprotective strategies (Bell and Yellon, 2012), this review will focus on the targeting of the endothelium to protect the myocardium from reperfusion-induced cell death.
[image: Figure 1]FIGURE 1 | The current status of cardioprotection: Barriers and opportunities. The road to cardioprotection, while successful in preclinical settings, has been paved with obstacles and pitfalls that impede adequate clinical protection against myocardial infarction. Thus, the state of cardioprotection research can be likened to a funnel, whereby the transit of therapeutic strategies -such as remote ischemic conditioning and protective drugs-towards cardioprotection is slowed down by the use of reductionist models that lack thorough standardization, the presence of comorbidities and comedications that can impair protective therapies and preclinical models that tend to evaluate only short-term effects. The narrow part of this funnel may be enlarged by performing long-term studies in large animal models that more closely resemble the infarcted human heart. The use of multi-target approaches, as well as the targeting of other cell types (not just cardiomyocytes) has also been proposed as potentially effective strategies aimed at improving the translation of cardioprotection effectiveness in clinical contexts.
The Endothelium: A Key Player in Cardioprotection
ECs are a critical component of multiple therapeutic approaches to confer protection against I/R injury. This central role is partly related to their ability to maintain vascular homeostasis. The endothelium regulates vascular tone by different mechanisms, but its mechanisms can be simplified by an equilibrium between vasodilative and vasoconstrictive stimuli. The endothelium can mediate both kinds of stimuli and produce contraction or relaxation in vascular smooth muscle cells (VSMC), therefore controlling vascular tone. On the one hand, the endothelium is capable of secreting vasodilator molecules, such as nitric oxide (NO), carbon monoxide (CO), prostacyclin (PGI2), bradykinin, and adenosine.
ECs can induce vasoconstriction via the release of endothelin-1, angiotensin II, thromboxane A2, and reactive oxygen species (ROS) (Krüger-Genge et al., 2019). An imbalance between vasoconstriction and vasodilatation is related to endothelial dysfunction. In a dysfunctional state, there is a reduction in the bioavailability of NO, a lesser response to vasodilators in the vascular smooth muscle, more sensitivity to vasoconstrictors substances and a pro-inflammatory state (Steyers and Miller, 2014; Konukoglu and Uzun, 2016; Engin, 2017). A dysfunctional state of the endothelium may be triggered by an inflammatory stimulus. This stimulus can be both an innate immune response and an accumulation of ROS. The innate immune response triggers the production of TNF-alpha, a master pro-inflammatory cytokine that can activate the nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB) pathway in ECs. This activation leads to the expression of adhesion molecules such as ICAM-1 or VCAM-1 (Madge and Pober, 2001). Moreover, it has been reported that TNF-alpha can potentiate the vasoconstrictive effect of serotonin in the coronary artery after stenting (Kleinbongard et al., 2011). Also, activation of the TNF-alpha receptor 1 (TNFR1) can inhibit the endothelial nitric oxide synthase (eNOS) (Pober, 2002). Importantly, NO also promotes an anti-thrombotic state, inhibiting platelet aggregation (Gries et al., 1998; Sylman et al., 2013), and thus, reduced NO bioavailability is associated with a pro-thrombotic state. The combined effect of these pro-inflammatory and thrombogenic states and the exacerbated ROS production ultimately leads to endothelial dysfunction, which is a key feature of atherosclerosis and the consequent MI.
Considering that blood-borne factors need to diffuse through the endothelium to reach the myocardium, ECs are a critical variable to consider in multiple protective strategies, such as those that aim at conditioning cardiac tissue (Bell and Yellon, 2012). In this context, to generate remote ischemic preconditioning-induced protection, a pro-survival signal needs to be produced and transported through the nervous and circulatory systems to the heart. Consequently, signaling pathways are activated in cardiomyocytes, conferring protection against I/R injury (Hernández-Reséndiza et al., 2018). Endothelial-derived NO is a powerful gaseous second messenger that can limit I/R damage. NO decreases myocardial oxygen consumption, which is a common pharmacologic effect of organic nitrates used to treat angina to prevent MI (Münzel et al., 2013). Besides, NO can also attenuate reperfusion-induced cardiomyocyte death by activating cyclic GMP-dependent kinase or by directly nitrosylating proteins (Cohen et al., 2010; Inserte and Garcia-Dorado, 2015).
Regarding cardiac ischemic conditioning, it has been recently observed in a prospective, randomized clinical trial that the endothelium may contribute to the protective effects of RIC (Corcoran et al., 2018). This study was carried out in 60 patients with stable coronary artery disease, and its findings show that RIC reduced vasoconstriction induced by increasing intracoronary acetylcholine doses as compared with sham group. There were no differences in endothelial function parameters between groups, suggesting that questions about the mechanisms mediating this effect remain unanswered (Corcoran et al., 2018). Nonetheless, previous studies have addressed potential pathways by which RIPC may induce vasodilation. For instance, the gap junction protein connexin 43 (Cx43) is a highly relevant connexin in cardiomyocytes, and studies suggest that ECs express this protein and contributes to endothelial-derived hyperpolarizing factor-induced vasodilation (Karagiannis et al., 2004). RIPC restores Cx43 expression and phosphorylation (Brandenburger et al., 2014), but whether Cx43 is essential for the reduction of infarct size elicited by RIPC remains to be elucidated.
Regarding the mechanisms mediating RIPC-induced cardioprotection, there is currently an understanding that humoral and neuronal pathways are involved in this complex response (Heusch, 2020). Considering multiple evidence, NO has been argued to be essential for early and late phase RIPC (Aggarwal et al., 2016), highlighting a potentially relevant role for the endothelium. In line with this, it has been shown that RIPC in mice promotes the eNOS-dependent production of NO, which is then oxidized to nitrites. Then, circulating nitrites diffuse into the myocardium, are subsequently reduced to NO and limit the infarct size after in vivo I/R (Rassaf et al., 2014). Also, it has been shown that the reduction of infarct size conferred by RIC and glyceryl trinitrate in isolated rat hearts subjected to I/R injury is diminished upon co-administration with NO or ROS scavengers (Hauerslev et al., 2018). Furthermore, the individual cardioprotective effect of these therapies is lost when they are co-administered. This observation was further confirmed by measuring endothelial function in humans, obtaining the same results, thereby suggesting an interaction between these two therapeutic strategies that may involve the participation of nitric oxide (Hauerslev et al., 2018).
Overall, evidence suggests conditioning maneuvers may not require the endothelium to directly protect cardiomyocytes (X. Li et al., 2004; Skyschally et al., 2018) In contrast, the endothelium plays a critical role in the protection of the coronary circulation (Hausenloy et al., 2019a; Heusch, 2016, 2019) and as discussed above, ECs interact with cardiomyocytes to provide protective signals, thereby indirectly contributing to the effectiveness of ischemic conditioning strategies. For a more comprehensive discussion addressing the participation of ECs in ischemic conditioning phenomena, we encourage the readers to consult these articles: (Bell and Yellon, 2012), (Hernández-Reséndiza et al., 2018), (Aggarwal et al., 2016). A general summary of the classical role of the endothelium in cardioprotection is presented in Figure 2.
[image: Figure 2]FIGURE 2 | Role of the endothelium in cardioprotection. Ischemia/reperfusion injury is associated with increased reactive oxygen species production and Ca2+ overload, which ultimately leads to cell death (blue diagram). The endothelium has been described to both precipitate and limit ischemia/reperfusion injury, depending on the physiological state of endothelial cells and/or external stimuli. On the one hand, a healthy endothelium regulates vascular homeostasis, and the production of nitric oxide has been shown to be a key component of remote ischemic preconditioning, as well as to directly reduce ischemia/reperfusion injury by nitrosylating proteins or activating cGMP dependent kinase (green diagram). On the other hand, a dysfunctional endothelium is associated with impaired nitric oxide production, increased vasoconstriction, and reactive oxygen species production, as well as the development of a pro-inflammatory and thrombogenic state, thus favoring the onset of ischemia/reperfusion injury (red diagram). ROS: reactive oxygen species, NO: nitric oxide, RIPC: remote ischemia preconditioning.
NEW INSIGHTS OF ENDOTHELIAL-MEDIATED PROTECTION AGAINST ISCHEMIA-REPERFUSION INJURY
Endothelial Cell Subpopulations and Their Role in Cardioprotection
The endothelium is characterized by a prominent heterogenicity, showing considerable variations in structure, function, and mechanisms of ECs located in arteries, veins, and capillaries, as well as their presence in organs such as the brain, heart, and kidney (Aird, 2007, 2012). Furthermore, single-cell analysis has gained relevance in the last few years since it has proven to be a powerful tool to identify new cell populations and subpopulations. This technique enables the transcriptomic analysis of individual cells (Chaudhry et al., 2019). Recently, different sub-populations of ECs in various tissues have been described. Transcriptome heterogenicity of ECs from other non-cardiac tissues has been previously reported and reviewed (Kalucka et al., 2020). In regards to endothelial progenitor cells (EPC), sub-populations have also been identified, and their presence appears to vary in the context of coronary artery disease (Shaik et al., 2018), which may shed light on the current problems associated with the translational value of EPC therapy to treat MI.
A novel study found three different sub-populations of ECs in the aorta (Kalluri et al., 2019). These ECs had different localization, functionality, and expression of molecular markers. One group of ECs expressed genes associated with extracellular matrix production and cellular adhesion. The second group expressed genes related to lipoprotein management and angiogenesis, and the third group expressed marker associated with lymphatic endothelium (Kalluri et al., 2019). This suggests the provocative idea of targeting specific subpopulations of ECs to treat different diseases. In line with this, the endothelium is required for the revascularization of damaged tissue by I/R (Miquerol et al., 2015). Still, more recently, it has been observed that different types of ECs participate in angiogenesis, such as migratory tip cells and proliferative stalk cells (Dumas et al., 2020). From a preventive perspective, quiescent endothelial cells may be a more appropriate target, due to the fact that this cells regulates tone and vascular function and dysfunction of this cells can lead to several cardiovascular diseases such as atherosclerosis, stroke, MI and others (Kalucka et al., 2018). Interestingly, these three types of ECs have different metabolic signatures, which means that these cells can change their metabolism gene expression depending on the current physiological need (Dumas et al., 2020; Rohlenova et al., 2020). Therefore, the interventions that target the metabolism of different types of ECs may provide therapeutic advantages in pathological contexts, such as reducing myocardial damage after infarction.
Single-cell analysis in the cardiovascular system has not been limited only to physiological settings. The study by Li et al. performed a transcriptomic analysis of cardiac ECs from mice subjected to in vivo I/R injury. Their findings determined that resident ECs elicited neovascularization after infarction, with no apparent participation from endothelial-to-mesenchymal(Z. Li et al., 2019b). This study also found ten different ECs sub-populations in the mice heart, with different gene expressions between them. Additionally, the authors also report that the expression of plasmalemma vesicle-associated protein (PLVAP) was higher in ECs located in the infarct border zone in the hearts of both mice and humans (Z. Li et al., 2019b). While this study showed that Plvap is crucial for in vitro proliferation of ECs, in vivo studies are needed to confirm this observation and highlight this protein as a promising therapeutic target to boost neovascularization after MI.
Despite the encouraging results from single-cell analyses, which may open the gates to a new research field targeting specific sub-populations of ECs to protect the heart from I/R injury, these discoveries are still in infant stages. The number and type of sub-population of ECs may vary between studies, and therefore, multiple factors need to be considered, such as species, sex, age, comorbidities, among others. Thus, additional research is warranted to confirm the true potential of endothelial subpopulation-targeted therapies to exert cardioprotection.
Cellular Therapy for Cardioprotection: Endothelial Progenitor Cells
Endothelial Progenitor Cells (EPC) contribute to vascular homeostasis and neovascularization. They are the primary endogenous vascular repair system, and their dysfunction and low levels are associated with the progression of CVD (Haider et al., 2017). Circulating EPC level rise in post-MI patients (Shintani et al., 2001), and this is associated with their vascular reparative role and, therefore, its cardioprotective role (Berezin, 2019). Stem/progenitor cell-based therapy has been extensively studied for angio-myogenic repair of the ischemic heart. Given their inherent ability to differentiate to mature ECs and release pro-angiogenic factors, EPC-based therapy is considered one of the most appropriate for vasculogenesis in the ischemic myocardium (Haider et al., 2017). Many cardioprotective treatments involving EPC have been developed. The main and most studied ones are transplantation or injection of autologous EPC, pharmacologic mobilization and potentiation of EPC, and EPC sequestration in stents (Bianconi et al., 2018). The limitations and advantages of these therapies are thoroughly discussed by Bianconi et al., 2018.
From a translational perspective, clinical trials of EPC injection have shown neutral results, having no beneficial effects in ventricular function or other clinical outcomes (Gyöngyösi et al., 2016). The potential problems accounting for the failure in the translation of cardioprotective effects have been previously discussed. Autologous EPC expansion is complex and can lead to the formation of a heterogeneous cell population that may have reduced angiogenic potential. Pharmacological EPC mobilization would solve these problems and potentially help treat inaccessible sites. Still, its therapeutic role is difficult to study as EPC could not be the only cell type producing the clinical effect observed in several clinical trials, such as the ones reviewed by Bianconi et al. (2018). In the case of EPC sequestration, this therapy is based on placing a stent on the region of cardiac injury, the stent contains immobilized antibodies that will capture circulating EPCs to promote their action there. This is an invasive therapy and is still in need of more studies. A more profound comprehension of EPC biology is required in order to improve stent design and consequently enhance their efficiency (Bianconi et al., 2018).
Recently, studies have aimed to recover the loss of EPC function observed in pathological conditions, such as coronary artery disease (Morrone et al., 2018) or diabetes (Fadini et al., 2006), where numbers of circulating EPC are lower than in healthy states. Consequently, their reparative capacity after infarction is reduced. Treatment of EPC with different molecules such as thymosin beta-4 (Poh et al., 2020) and the overexpression of Sonic hedgehog (Q. Xiao et al., 2019) recover the reparative properties of EPC after MI in the context of diabetes by inducing their mobilization (restoring their circulating levels) or promoting angiogenesis. Shexiang Baoxing pills -a traditional Chinese medicine for ischemic heart disease- causes this same effect of EPC mobilization and promotion of angiogenesis when there are no other co-morbidities, but its capacity to mobilize EPC post-MI in a diabetic context has not been studied yet (Huang et al., 2017). One of the most recent attempts to boost the cardioprotective function of EPC is the use of Danshensu, a soluble compound from a Chinese traditional medicinal herb called Dashen (Yin et al., 2017). Danshensu promotes neovascularization in post-MI rats by improving EPC survival under hypoxic conditions and accelerating their pro-angiogenic functions (Yin et al., 2017). The reduction in cell death may be partly mediated by Akt, whereas the improved angiogenic effect depends on the stromal-derived factor-1α (SDF-1α)/CXCR4 pathway (Yin et al., 2017). Additionally, extracts from the antlers of deers (Velvet antler) trigger EPC mobilization, thereby eliciting angiogenesis, as well as endothelial repair after MI in rats (Y. Li et al., 2019a). Nonetheless, while this study provided evidence hinting at a potential involvement of the Notch pathway, more research is needed to determine which are the bioactive cardioprotective molecules from Velvet antlers that generate this protective effect and the precise mechanism mediating them.
In order to simplify the evidence presented, we have chosen to use the concept of EPC, but it’s important to consider that at the moment, the definition of EPC is general, ambiguous and has been recently challenged (Medina et al., 2017). This research field evolves rapidly and current paradigms are tested continuously. An example of this is recent study that showed that unlike previously thought, intraembryonic endothelial cells are not originated from erythro-myeloid progenitors (Feng et al., 2020). Therefore, it’s necessary to have a better understanding and consensus of what specifically is an EPC and what subtypes of these are the ones being studied, especially in the contex of cellular therapy, as has been previously suggested (Medina et al., 2017). Accordingly, some studies aim to the utilization of specific subpopulations of EPC to generate cardioprotection. A recent study showed that treatment with human endothelial colony-forming cells (huECFC) limited the infarct size, reduced cardiac remodeling, and increase left ventricle functional recovery after MI in mice with severe combined immunodeficiency (Deutsch et al., 2020). Interestingly, whether huECFC proceeded from diabetic or non-diabetic patients did not impair their protective effect, suggesting a therapeutic application for diabetic patients. Still, this possibility needs to be confirmed experimentally.
To boost EPC stability and pharmacological delivery, new avenues have been explored. The magnetization of EPC with nanoparticle enables the direction of these cells using an external magnetic field to circumscribe their effects, reflected in a decrease in infarct size and improvement of left ventricular function after MI in rats (B. fang Zhang et al., 2019). Other alternatives to increase EPC retention may involve the use of hydrogels, given that administration of EPC carried by shear-thinning hyaluronic acid hydrogels was evidenced to increase retention of these cells in the myocardium as to reduce myocardial remodeling and improve functional recovery after infarction in rats (Gaffey et al., 2019). Taken together, the current evidence shows that endothelial cellular therapy has provided promising results in the preclinical arena. However, its translation from bench to bedside still needs fine-tuning before it can be a reality.
Preconditioning by Exercise: Role of the Endothelium
Exercise is one of the primary means of protection against I/R injury and heart diseases and is related with reduction of several associated risk factors (Shephard and Balady, 1999). Throughout weeks and years, exercise can make structural and functional changes in the physiology of the heart and vasculature that can ultimately improve tolerance to cardiovascular events (Thijssen et al., 2018). This beneficial effect may occur due to the fact that exercise elicits similar cardioprotective effects to those observed in ischemic preconditioning (Penna et al., 2020). Thus, exercise is a multifactorial source of protection that activates multiple cellular pathways that can reduce cardiomyocyte death produced by I/R injury (Chowdhury et al., 2019; Penna et al., 2020). The vasculature is one of the main structures that can benefit from exercise, and the lack of exercise is correlated to a less functional endothelium that can lead to heart disease due to a rise in ROS (Durand and Gutterman, 2014). Exercise can exert a beneficial effect in endothelial function by improving skin microcirculation in patients with ischemic heart disease, highlighting its cardioprotective role as a non-pharmacological approach (Szyguła et al., 2020). Exercise improves vascular function in adolescent (Naylor et al., 2016) and adult (Qiu et al., 2018) patients with type 2 diabetes and reduce blood pressure in patients with essential hypertension by a mechanism that involves DNA methylation (Ferrari et al., 2019). Moreover, another study revealed that aged sedentary rats developed diastolic dysfunction, impaired endothelial-dependent vasodilation of coronary arterioles, and increased aortic stiffness compared to their young counterparts (Hotta et al., 2017). Still, these parameters were significantly improved after ten weeks of exercise (Hotta et al., 2017). Furthermore, the microvascular endothelial function has been shown to be impaired in obese patients. This effect is mediated by increased ROS production by NADPH oxidase in skeletal muscle and eight weeks of aerobic exercise attenuated these effects (La Favor et al., 2016). These findings suggest the provocative idea that exercise may restore the effectiveness of cardioprotective strategies in the context of aging and comorbidities by an endothelial-dependent mechanism. Thus, this possibility merits further research.
Interestingly, exercise has also been shown to be protective of the endothelium against I/R injury (Thijssen et al., 2019). A recent study was performed on 20 heart failure patients who underwent 12 weeks of either continuous or high-intensity interval training. Endothelial function was measured in the brachial artery before and after exercise-induced ischemia for 5 min, followed by 15 min reperfusion. Both types of exercise reduced endothelial I/R injury (Thijssen et al., 2019). Although this study lacks mechanistic insights, it suggests that exercise preconditioning may preserve endothelial function, potentially making the coronary endothelium susceptible to effective therapeutic targeting and thus, generating protection against I/R-induced myocardial damage.
One of the main benefits of exercise for ECs is the rise in NO by inducing shear stress in the vasculature (Rainer et al., 2000). The mechanisms involved in exercise-induced NO production by the endothelium have been previously reviewed (Adams et al., 2017). These mechanisms converge in multiple kinase cascades that stimulates eNOS activity and increase generation of NO by shear stress, due to increased blood flow as a product of exercise (Adams et al., 2017). In addition, exercise can reduce the myocardial infarct size after in vivo I/R injury by increasing eNOS activity and coupling, which in turn is mediated by a β3-adrenergic receptor/AMP-activated protein kinase signaling pathway (Barr et al., 2017). However, another study showed that exercise protects the myocardium from MI in obese and diabetic mice, but while this effect was associated with reduced inducible nitric oxide synthase (iNOS), it was independent of β3-adrenergic receptor (Kleindienst et al., 2016), suggesting that exercise-induced cardioprotection is a complex phenomenon and much research needs to be performed to altogether remove the veil covering pro-survival pathways in different physiological or pathophysiological contexts.
In line with this, the study by Farah et al. was aimed to elucidate whether eNOS-induced protection against I/R injury elicited by exercise originated from cardiomyocytes or coronary ECs, given that both cell types express this enzyme (Farah et al., 2017). Their work showed that inactivation of coronary ECs abrogated exercise-induced reduction of infarct size and left ventricle functional recovery (Farah et al., 2017).
Interestingly, the role of eNOS in exercise-mediated cardioprotection does not appear to be limited to ECs. In this context, shear stress generated by exercise also affects other cell types like red blood cells, which can also produce and carry NO (Kleinbongard et al., 2006) (Erkens et al., 2017), since these cells also have a functional eNOS (Cortese-Krott et al., 2012). Red blood cells sense shear stress and lead the entry of calcium through the Piezo-1 calcium channel, which activates eNOS in red blood cells and leads to a rise in the NO levels (Suvorava and Cortese-Krott, 2018).
NO is not the only product that can be produced by exercise, the term “exerkine” has been used since 2016 to address several peptides and nucleic acids that can be released by many tissues during exercise and wield the potential to treat metabolic (Safdar et al., 2016) or cardiovascular diseases (CVD) (Yu et al., 2017). Exerkines may be released by cardiomyocytes, fibroblasts, and ECs and include micro RNAs (miRNAs), long non-coding RNAs (lncRNAs), Brain-derived neurotrophic factor (BDNF), neuregulin (NRG), among others (Guo et al., 2020). For instance, Hou et al. reported that four weeks of swim exercise-induced the release of exosomal miR-342-5p, which attenuated myocardial I/R injury in rats (Hou et al., 2019). While this study does not confirm the mechanism, it does show that this exerkine may reduce I/R-induced apoptosis and enhance the activation of pro-survival kinase Akt and that exercise or laminar shear stress increases the synthesis of miR-342-5p in ECs (Hou et al., 2019). Further investigations are needed to fully identify, understand, and manipulate exerkines to harness their full power to achieve cardioprotection.
Sex Differences in Endothelial-Mediated Cardioprotection
Males and females may express different levels of specific signaling mechanisms and thus should be thoroughly reported. Unfortunately, while this vital variable has gained more visibility in the scientific community in recent years, there is still under-reporting of sex in cellular studies. A recent meta-analysis assessed 228 studies made in cultured cells from several models including human and different animal species, published in 16 peer-reviewed cardiovascular journals, and sex was reported in 38.6% of these articles (Vallabhajosyula et al., 2020). Moreover, 54.5% of the studies used cells from only males, whereas 32.9% used male and female animals (Vallabhajosyula et al., 2020).
It has been observed since the 1980s that the incidence of CVD is markedly different between males and females. Early studies show that, on average, males are more affected by CVD than females (Bassuk and Manson, 2010). These differences are associated with sex hormones since this sex discrepancy is abrogated when post-menopausal females are compared with males of the same age (Regitz-Zagrosek and Kararigas, 2017). This suggested two important caveats to consider in cardioprotection studies focused on sex differences: age and sex hormones. There are notable differences in the aged heart and its cardioprotective response, which have been reviewed by Boengler et al (Boengler et al., 2009). Females animals have a known resistance to ischemic damage, even though preclinical studies were initially focused on the use of only male individuals to elude hormonal influence in the observed results (Hundscheid et al., 2018). Estrogens have been considered a concrete source of cardioprotection in post-menopausal females (Naftolin et al., 2019). Menopausal hormone therapy is used to treat symptoms elicited by the cessation of ovulation and the associated hormonal changes. It is essential to consider that the cardioprotective effects of the menopausal hormone therapy depend on the timing of administration of such treatment (Naftolin et al., 2019).
The vasculature is profoundly influenced by factors related to sex. Receptors for sexual hormones are expressed in vascular tissue, and it is usually assumed that estrogens and progesterone are cardioprotective, whereas androgens are not (Stanhewicz et al., 2018). Nonetheless, extensive research in this field has revealed in the past decades a more complex landscape than initially thought (Stanhewicz et al., 2018).
Estrogens can signal via three different receptors: Erα, ERβ, and G protein-coupled estrogen receptor (GPER). The first two are considered to act through a slow genomic response, whereas GPER exerts a rapid, non-genomic response. Studies show that the use of 17-β-estradiol induces vasodilation (Mügge et al., 1993; Stanhewicz et al., 2018). In this context, estrogens trigger an increase in the mRNA of eNOS and induce its activation (Hishikawa et al., 1995; MacRitchie et al., 1997). Accordingly, estradiol induces endothelial-dependent vasodilation and increases the sensitivity of the endothelium to other vasodilators, such as acetylcholine and prostaglandins (Miller and Mulvagh, 2007; Usselman et al., 2016). Mechanistically, it has been observed that estradiol reduces the expression and release of ET-1 in ECs, explaining at least in part, the protective effects of estrogens in the vasculature (Bilsel et al., 2000). Also, estrogens may counter-regulate the harmful effects of the renin-angiotensin system (RAS), thereby reducing blood pressure (Roesch et al., 2010; Xue et al., 2018). Evidence in humans is not as strong as in preclinical models, and there is conflicting evidence in the effects of angiotensin II (Ang II) in males and females. Toering et al. showed that male humans have more sensitivity to Ang II than females (Toering et al., 2015). These results contradict Bowyer et al., which showed no differences in response to Ang II infusions (Ovize et al., 2001). This discrepancy can be attributed to the different doses of Ang II used in both studies. In preclinical models, it has been shown that angiotensin receptor type 2 (AT2R) is downregulated in male rats vs. female rats (Mishra et al., 2016). This is related to studies that suggest that testosterone amplifies the RAS increasing the Ang II levels (Y. F. Chen et al., 1992; Ellison et al., 1989). Extensive reviews have been written about the relationship between sex and RAS (Fischer et al., 2002; Sullivan, 2008), and there is a lack of evidence that can relate the role of the endothelium, sex differences, and the RAS in humans.
Androgens, mainly testosterone, act via androgen receptors, which are expressed in ECs (Torres-Estay et al., 2015). The administration of testosterone has been reported to improve endothelial-mediated vasodilation of rat thoracic aortas (Montaño et al., 2008). Testosterone regulates the endothelial function of the coronary circulation in hypertensive rats by a bradykinin/NO-dependent pathway (Arapa-Diaz et al., 2020). However, the effects of testosterone in the endothelium are still a matter of debate. Hypogonadal men treated with androgens have shown reduced NO bioavailability (Bernini et al., 2006). Furthermore, treatment of transgender men with testosterone was associated with endothelial dysfunction (Gulanski et al., 2020), which is a significant risk factor for MI. Therefore, further research is needed to establish the role of androgens in endothelial function, and additional mechanistic insights may help to develop therapies that can counter these potentially deleterious effects and thus avoid the impairment of other cardioprotective strategies.
Current knowledge about the cardioprotective potential of progesterone is less abundant as compared to estrogens, but there is evidence suggesting that progesterone may present relevant effects in the vasculature. For instance, progesterone increases vasodilation mediated by augmenting eNOS activity (Selles et al., 2001). However, in contrast to progesterone, the use of synthetic progesterone appears to be unable to induce NO production in ECs (Simoncini et al., 2004). Therefore, our understanding of the role of progesterone in endothelial-mediated cardioprotection is still in the early stages and requires more research, especially in I/R settings.
Recently, the group of Lieder et al. found that in Lewis rats, sex is not determinant in the cardioprotection achieved by ischemic preconditioning and remote ischemic preconditioning, challenging the role of sex in conditioning therapies (Lieder et al., 2019). It is important to note that other studies showed a better resistance to I/R damage in female hearts and that this resistance can be improved by preconditioning strategies (Ferdinandy et al., 2014). Taken together, the mentioned studies highlight the crucial role of sex differences in MI. Thus, thorough reporting of animal sex in all preclinical research is of utmost importance to accurately assess the real cardioprotective effects of different therapies. Moreover, the relationship between sex hormones and endothelial function is straightforward. A thorough understanding of this complex regulation may also enable or even boost other protective approaches to exert their beneficial effects on the damaged myocardium after infarction. To address this, it has been suggested that no only sex needs to be accounted for, but also comorbidities, as well as their treatments, thereby integrating preclinical, translational and clinical research (Perrino et al., 2020). A thorough analysis and recommendations to improve translational research associated to sex-specific comorbidities in cardioprotection has been reviewed by Perrino et al. (Perrino et al., 2020). Nonetheless, despite the increasing interest in sex differences in cardioprotection, there is still an important gap that needs to be addressed in terms of the influence of sex in endothelial-mediated cardioprotection and future research should focus in this particular aspect to harness the full therapeutic potential of ECs.
Effect of Circadian Rhythm in Cardioprotection Mediated by the Endothelium
Circadian rhythms are 24 h oscillations in the behavior of organisms, in which their biological functions are coordinated with cycles of day and night. In mammals, this circadian rhythm is controlled by the circadian clock, which is divided into a master and peripheral circadian clock. The master clock is in the suprachiasmatic nucleus, whereas the peripheral clock is in almost every tissue that can respond to a specific stimulus (Du Pré et al., 2014; R.; Zhang et al., 2014). The light enters through the retina where it’s received by photosensors, converting light into information via the retinohypothalamic tract to the master clock, which in turn communicates with the peripheral clock by neurohumoral pathways (Du Pré et al., 2014; Crnko et al., 2019). This allows the body to regulate molecular pathways via transcriptional-translational loops that can reprogram cellular functions by expressing or inhibiting several genes (Wiesner et al., 2012). Circadian clocks can regulate the cardiovascular system, modifying the function of cardiomyocytes, fibroblasts, and ECs, thereby controlling blood pressure and heart rate, among other functions (Crnko et al., 2019). Besides, any disturbance in the 24 h circadian rhythms by environmental factors, such as pollution, ambient noise, tobacco, diet, physical activity, or endogenous factors such as anxiety, stress, and depression can lead to impaired vascular and cardiac function, inducing CVD such as heart failure, MI and arrhythmias (Crnko et al., 2018, 2019). Interestingly, circadian rhythms may affect the tolerance to myocardial infarction (Durgan et al., 2010). Moreover, cardioprotection may be achieved by treating intense light, and the endothelium seems to be an essential component in this therapy.
Period 2 (PER2) is a light-regulated circadian core protein (Oyama et al., 2017) that regulates endothelial function (Viswambharan et al., 2007). PER2 regulates miR-21 (Oyama et al., 2017), a microRNA that can bind to several proteins, decreasing cardiomyocyte apoptosis (J. Xiao et al., 2016) inflammation (Oyama et al., 2017), and increasing phosphofructokinase activity, leading to a higher glycolytic function that can limit the infarct size (Bartman et al., 2017).
A recent study elegantly showed that intense light generates PER2 amplitude enhancement, conferring protection against in vivo I/R injury in mice (Oyama et al., 2019). Furthermore, the authors showed that intense light-mediated cardioprotection is exerted by an adenosine and hypoxia-inducible factor 1⍺ (HIF1A) dependent mechanism. Also, tissue-specific studies with transgenic mice revealed that endothelial PER2 is responsible for reducing infarct size induced by intense light. This study also showed that intense light-induced increase in PER2 levels promotes transcriptional reprogramming of the endothelium and endothelial PER2 plays a crucial role in metabolism and barrier function. While the authors confirmed part of their findings by showing that intense light increases PER2-dependent metabolism, the real impact of this cardioprotective therapy in humans remains to be demonstrated. However, this work wields high translational value, and its implications are potentially groundbreaking (Oyama et al., 2019).
Overall, circadian rhythms can regulate endothelial function, and therefore, therapies such as light therapy, sleep therapy, or pharmacological chronotherapy targeting the regulation of clock genes expression may be a powerful cardioprotective strategy (Crnko et al., 2018) and thus, future randomized controlled clinical trials should confirm these promising findings.
Mitochondrial Transplantation: A Role in Endothelial Cells?
In recent years, the transplant of organelles as a treatment for multiple diseases, including cancer (Elliott et al., 2012), Parkinson (Chang et al., 2016), and MI (Masuzawa et al., 2013; Kaza et al., 2017) has been gaining relevance. This interesting therapeutic approach was confirmed in humans by McCully et al., which have developed a novel procedure to transplant autologous mitochondria to human damaged myocardium. This protective strategy has shown no auto-immune response and improved left ventricular function in pediatric patients with cardiac I/R injury (Emani et al., 2017). The protocol to isolate mitochondria is rapid, simple, and can be performed in less than 30 min (Preble et al., 2014). Mitochondria can then be directly injected in the damaged area of the myocardium or through vascular delivery via coronary arteries (McCully et al., 2017). Interestingly, mitochondria injected by vascular delivery accumulates in cardiomyocytes and blood vessels, but the exact mechanisms by which this occurs and how does mitochondria uptake takes place remains to be studied (Cowan et al., 2016; McCully et al., 2017). This therapeutic strategy opens the gates to a large number of possibilities and new questions. For instance, is it possible to transplant other organelles to other tissues and organs? Can we modify organelles in the laboratory to enhance their function and then transplant it into a patient? From an endothelial perspective, there are currently no studies showing mitochondrial transplantation. Would this therapy restore endothelial metabolism and, thereby, its function in I/R injury?
Nevertheless, mitochondrial transplantation is currently the subject of active debate, given it’s still unclear how mitochondria can survive to the initial overload of calcium in the extracellular environment, how extracellular mitochondria can supply ATP for myofilament contraction and how mitochondria enters the cardiomyocyte (Bertero et al., 2018). In a rabbit and a pig model, only a few mitochondria entered cardiomyocytes (Cowan et al., 2016; Kaza et al., 2017), and thus, it is thought that it may be unlikely that this few mitochondria make a significative effect to contribute to the total ATP-production in the heart. A recent study challenged the mitochondrial transplantation showing that mitochondrial cannot survive the ionic environment of blood or extracellular space (Bertero et al., 2020). As Bertero et al. suggests, perhaps its is not the mitochondria itself that provides the beneficial effect, but the content of permeabilized mitochondria may be the one that does (Bertero et al., 2020). Therefore, thorough functional and mechanistic preclinical studies are required to explore the full potential and safety of mitochondrial transplantation.
Endothelial Small Extracellular Vesicles as a Potential Cardioprotective Therapy
Small extracellular vesicles (sEV) are released by most cell types and have emerged as critical mediators of intercellular communication and exert multiple therapeutic effects on damaged hearts (Davidson and Yellon, 2018). Cardiac cells can release sEV that may regulate different cell functions by delivering signals, such as proteins or non-coding RNAs, to other cells (Barile et al., 2017). In line with this, it has been reported that endothelial cells produce functional sEV (Riquelme et al., 2020).
The cardioprotective potential of sEV has gained increasing attention as they may be an alternative to cellular therapy that may exert the same or even more beneficial effects. In this context, sEV isolated from rat plasma may protect from I/R injury in different experimental models (Vicencio et al., 2015). Interestingly, the concentration of these plasma sEV was increased after RIC in both rats and humans (Vicencio et al., 2015), which has been recently confirmed in another independent study with patients (Frey et al., 2019). Frey et al., showed that RIC not only increases sEV, but also changes their miRNA profile, which included an increased expression of miR-21 -a cardioprotective miRNA-thus suggesting that sEV may contribute to the protective effects of RIC (Frey et al., 2019).
Regarding the endothelium as a source of protective sEV, Davidson et al. showed that endothelial sEV might attenuate adult rat cardiomyocyte damage after hypoxia/reoxygenation. Moreover, this study also reported that high concentrations of glucose seem to impair this effect, highlighting the potential role of comorbidities as key factors that can abolish the protective effects of endothelial sEV in I/R injury (Davidson et al., 2018). However, these observations need to be confirmed using robust myocardial infarction models.
While the protective effects of endothelial sEV are starting to be explored, the possibility that sEV derived from other cell types may also generate a beneficial impact on the endothelium has also been addressed. In line with this, sEV isolated from cells, such as EPC, mesenchymal stem cells (MSC), cardiac progenitor cells (CPC), and vascular progenitor cells (VPC), maybe cardioprotective by targeting the endothelium. An interesting study showed that EPC-derived extracellular vesicles loaded in a shear-thinning gel that triggers angiogenesis, as well as a marked recovery of hemodynamic parameters after in vivo I/R injury in rats. These vesicles were shown to be uptaken by ECs, thereby generating an angiogenic response, suggesting that using shear-thinning gel as a vehicle for sEV may provide better delivery and localization of these nanosized vesicles, therefore improving the efficacy and efficiency of their protective effects (C. W. Chen et al., 2018). In addition, studies have aimed to enhance the cardioprotective effects of sEV by increasing the concentrations of specific miRNAs within these vesicles to target other cells. Accordingly, sEV isolated from EPC were loaded with miR-210, which is involved in modulating the endothelial response to hypoxic conditions. Treatment with these extracellular vesicles reduced cell death, and improved angiogenesis of ECs subjected to hypoxia-reoxygenation, and these effects may be at least partly mediated by improving mitochondrial function (Ma et al., 2018). Additionally, sEV isolated from CPC promote angiogenesis in the mouse infarcted heart when loaded with miR-322 (Youn et al., 2019) by a Nox2-dependent mechanism (Ma et al., 2018). Furthermore, sEV isolated from MSC overexpressing SDF-1 reduced cell death and increased production of ECs post-MI in mice (Gong et al., 2019). Interestingly, sEV derived from human amniotic fluid mesenchymal stromal cells reduced the infarct size in acute MI in mice but could not mitigate cell death of adult rat cardiomyocytes after hypoxia/reoxygenation or high concentrations of H2O2 (Takov et al., 2020). Moreover, these vesicles did not trigger angiogenesis, but induced marked migration of EC, suggesting a partial effect in endothelial regeneration (Takov et al., 2020).
The use of endothelial sEV (or other sEV that act in the endothelium) may be a powerful cardioprotective approach. However, multiple methodological pitfalls need to be accounted for, such as the need for more pure populations of sEV, greater yields, increased stability, or directed targeting and delivery to the heart or a specific cell type in this organ.
Pharmacological Targeting of the Endothelium
Pharmacological cardioprotection has also been described to require the endothelium to exert its beneficial effects in MI. Isoflurane can protect against cardiac ischemia/reperfusion. Interestingly, Leucker et al. showed that isoflurane reduced HL-1 cell death after hypoxia/reoxygenation. Still, the co-culture of these cells with human EC provided a further reduction of cell death by a NO-mediated mechanism (Leucker et al., 2011). Moreover, dexmedetomidine, an α2 adrenergic receptor agonist, is used as a sedative in the perioperative context exerts protection after ischemia/reperfusion in liver, brain, kidney, and heart. This drug can activate the reperfusion injury salvage kinase (RISK) pathway in whole isolated rat hearts (Ibacache et al., 2012). Interestingly, dexmedetomidine protects the myocardium through an eNOS-NO-PKG dependent pathway (Riquelme et al., 2016). These findings also showed that this drug was unable to reduce cell death of adult rat cardiomyocytes subjected to hypoxia-reoxygenation. Still, stimulation of human umbilical vein endothelial cells (HUVEC) with dexmedetomidine and subsequent co-culture with cardiomyocytes protected them from hypoxia/reoxygenation, highlighting a pivotal role for the endothelium in pharmacological cardioprotection (Riquelme et al., 2016). Additionally, the chemokine SDF-1α confers cardioprotection (Davidson et al., 2013), but recently, a study revealed more insights about its mechanisms. SDF-1α exerts its effects through the CXCR4 receptor, and this study showed that this chemokine was unable to reduce the infarct size in endothelial-specific CXCR4-knock out mice (Bromage et al., 2019). Moreover, the authors propose that SDF-1α may protect from I/R injury by activating the risk pathway in the endothelium, but this was only tested in HUVEC (Bromage et al., 2019). Therefore, cause-effect experiments using these transgenic mice are required to confirm this possibility.
Overall, while drug-mediated protection against MI has often been disappointing (Heusch, 2020), pharmacological targeting of the endothelium may be a new and potent coadjutant treatment to boost other cardioprotective therapies, which is in accordance to the previously suggested multi-target approach to protect the heart from I/R injury (Davidson et al., 2019). Thus, new agents (or old ones with new purposes) should be at the center of cardioprotection research.
CONCLUSIONS AND FUTURE PERSPECTIVES
Over the last decades, significant advances have been made in the field of cardioprotection. However, the fact that many promising therapies have not been able to cross from bench to bedside has prompted the scientific community towards new horizons that may usher a new era of effective and potent cardioprotection. While many cardioprotective strategies have been focused on cardiomyocytes, the paradigm has shifted in the last few years. Other cardiac cells, such as ECs have been in the spotlight as potential therapeutic targets.
The endothelium has gained significant importance in the cardioprotection field in the last few years, given its crucial role in cardiovascular physiology. Endothelial dysfunction may impact cardiomyocyte and fibroblast function. Thus, impaired endothelial integrity is linked to the development of multiple CVD, and this may partly account for the loss of cardioprotection in the presence of comorbidities. A better and more thorough understanding of the metabolism, intercellular communication, impact of sex differences, and heterogenicity of the EC populations has been achieved. Therefore, a broad range of studies has developed multiple approaches to regulate and improve endothelial function in the context of MI. Moreover, new insights in the transcriptomic and circadian regulation of ECs have shed light on new therapeutic targets, or how to adapt old ones, opening a new branch in the cardioprotection field. Thus, novel therapies, such as treatment with sEV, exercise, drugs or EPC have arisen as viable and potentially powerful cardioprotective approaches (Figure 3). The challenge today is to push this scientific evidence forward towards the clinical context. To achieve this, methodological issues and standardization of protocols still need to be addressed. For example, the safety of mitochondrial transplantation needs to be confirmed, as well as its relevance in endothelial I/R injury. The purification methods of endothelial-derived sEV need to be perfected in order to accurately attribute them the potential protective effects observed so far. A precise protocol to establish effective endothelial-dependent cardioprotection using circadian regulation in patiens is also an important future task. In addition, reproducibility in long-term large animal models must be demonstrated before many of the protective strategies addressed in this review can be translated from bench to bedside. Despite these current barriers, the endothelium is a heavyweight player in cardioprotection, and its targeting may provide potent and effective protection of the myocardium from I/R injury.
[image: Figure 3]FIGURE 3 | New strategies targeting the endothelium to achieve cardioprotection. Sex differences must be considered when it comes to research associated with endothelium targeting to protect against myocardial infarction. Evidence suggests the need to start acknowledging the endothelium as a differential component of both sexes by observing that sex hormones can influence endothelial function. While its role in cardioprotection is still underexplored, sex differences may be an important variable to take into account in order to harness the protective effects of endothelial cells. Mitochondria transplant to endothelial cell injury may be a promising therapy to improve the endothelial function in the context of ischemia/reperfusion context. While compelling evidence has been produced in preclinical models, the endothelium's role in this protective approach still needs to be established. Exercise is an effective therapy to improve the endothelial function, protecting against ischemia/reperfusion injury by nitric oxide-dependent mechanisms. More recently, the exerkines, molecules that are released during exercise, have shown beneficial effects against reperfusion-induced cardiac damage. Circadian rhythms can regulate endothelial function, and therefore, therapies that target the molecular machinery of the circadian rhythms can be a potent cardioprotective strategy. Recent studies show protection against cardiac ischemia/reperfusion injury by light-induced endothelial PER2 protein, highlighting the endothelium's role in circadian cardioprotection. Endothelial small extracellular vesicles (sEV) can limit cardiomyocytes cell death induced by ischemia/reperfusion. However, these findings need to be confirmed using in vivo models of myocardial infarction. Moreover, there are many methodological difficulties in the study of sEV that need to be accounted for, such as improvement in the purity of isolation methods, as well as to identify specific functions of different extracellular vesicles. Endothelial cell subtypes have been recently identified in the aorta by single-cell analysis. This finding suggests the interesting possibility that targeting specific subpopulations of endothelial cells may improve revascularization after myocardial ischemia/reperfusion injury, given there are subpopulations of endothelial cells more prone to angiogenesis than others. Thus, this hypothesis merits further research to explore a potential role for specific targeting of different endothelial cells. New or old drugs have been shown to protect the myocardium from ischemia/reperfusion injury by targeting the endothelium. While pharmacological cardioprotection has been less effective than other therapeutic approaches, it may be a powerful addition to other therapeutic agents targeting cardiomyocytes and/or fibroblasts.
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Background: α-CGRP (alpha-calcitonin gene related peptide) is a cardioprotective neuropeptide. Our recent study demonstrated that the administration of native α-CGRP, using osmotic mini-pumps, protected against transverse aortic constriction (TAC) pressure-induced heart failure in mice. However, the short half-life of peptides and the non-applicability of osmotic pumps in humans limits the use of α-CGRP as a therapeutic agent for heart failure (HF). Here, we sought to comprehensively study a novel α-CGRP delivery system using alginate microcapsules to determine its bioavailability in vivo and to test for cardioprotective effects in HF mice.
Methods: Native α-CGRP filled alginate microcapsules (200 µm diameter) were prepared using an electrospray method. The prepared alginate-α-CGRP microcapsules were incubated with rat cardiac H9c2 cells, mouse cardiac HL-1 cells, and human umbilical vein endothelial cells (HUVECs), and the cytotoxicity of the alginate-α-CGRP microcapsules was measured by a trypan-blue cell viability assay and a calcium dye fluorescent based assay. The efficacy of the alginate-α-CGRP microcapsules was tested in a TAC-pressure overload mouse model of heart failure. Male C57BL6 mice were divided into four groups: sham, sham-alginate-α-CGRP, TAC-only, and TAC-alginate-α-CGRP, and the TAC procedure was performed in the TAC-only and TAC-alginate-α-CGRP groups of mice to induce pressure-overload heart failure. After 2 or 15 days post-TAC, alginate-α-CGRP microcapsules (containing an α-CGRP dose of 6 mg/kg/mouse) were administered subcutaneously on alternate days, for 28 days, and echocardiography was performed weekly. After 28 days of peptide delivery, the mice were sacrificed and their hearts were collected for histological and biochemical analyses.
Results: Our in vitro cell culture assays showed that alginate-α-CGRP microcapsules did not affect the viability of the cell lines tested. The alginate-α-CGRP microcapsules released their peptides for an extended period of time. Our echocardiography, biochemical, and histology data from HF mice demonstrated that the administration of alginate-α-CGRP microcapsules significantly improved all cardiac parameters examined in TAC-mice. When compared to sham mice, TAC significantly decreased cardiac functions (as determined by fraction shortening and ejection fraction) and markedly increased heart and lung weight, left ventricle (LV) cardiac cell size, cardiac apoptosis, and oxidative stress. In contrast, the administration of alginate-α-CGRP microcapsules significantly attenuated the increased heart and lung weight, LV cardiac cell size, apoptosis, and oxidative stress in TAC mice.
Conclusion: Our results demonstrate that the encapsulation of α-CGRP in an alginate polymer is an effective strategy to improve peptide bioavailability in plasma and increase the duration of the therapeutic effect of the peptide throughout the treatment period. Furthermore, alginate mediates α-CGRP delivery, either prior to the onset or after the initiation of the symptom progression of pressure-overload, improves cardiac function, and protects hearts against pressure-induced HF.
Keywords: alginate microcapsules, calcitonin gene-related peptide, cardiovascular diseases, congestive heart failure, drug delivery system, neuropeptide, pressure-overload heart failure, transverse aortic constriction
INTRODUCTION
Alpha-calcitonin gene related peptide (α-CGRP), a 37 amino acid neuropeptide, is considered the most potent vasodilator discovered to date, and possesses positive chronotropic and inotropic effects (Brain et al., 1985; Supowit et al., 1995; Al-Rubaiee et al., 2013). Extensive studies from our laboratory and others have established a protective function for α-CGRP in a variety of cardiovascular diseases, including heart failure, myocardial infarction, and experimental hypertension (Gangula et al., 1997; Katki et al., 2001; Supowit et al., 2005; Chai et al., 2006; Huang et al., 2008; Li et al., 2013; Russell et al., 2014; Kumar et al., 2019a). In addition, α-CGRP delivery lowers blood pressure (BP) in normal as well as hypertensive animals and humans (DiPette et al., 1987; DiPette et al., 1989; Dubois-Rande et al., 1992; Supowit et al., 1993). Using α-CGRP knock-out (KO) mice, our laboratory showed that, in comparison with wild-type mice, KO mice exhibited greater cardiac hypertrophy, cardiac dilation and dysfunction, cardiac fibrosis, and mortality when subjected to transverse aortic constriction (TAC) pressure-overload induced heart failure (Li et al., 2013). Our recent study demonstrated that long-term exogenous delivery of native α-CGRP using osmotic mini-pumps attenuated the adverse effects of TAC pressure-overload induced heart failure in wild-type mice (Kumar et al., 2019b). the application of native α-CGRP for 28 days preserved cardiac function, and reduced apoptotic cell death, fibrosis, and oxidative stress in TAC left ventricles (LVs), thus confirming the cardioprotective function of α-CGRP in congestive heart failure. Similarly, two other studies confirmed that an infusion of either native α-CGRP (Skaria et al., 2019) or an α-CGRP-agonist analog (an acylated form of α-CGRP with a half-life of t1/2 = ∼7 h) (Aubdool et al., 2017) significantly improved cardiac function in rodent models of hypertension and heart failure. These lines of evidence further confirm that α-CGRP, either native or its derivative, is a promising drug candidate to treat hypertension, heart failure, or other cardiovascular diseases. However, the short half-life of α-CGRP (t1/2 = ∼5.5 min in human plasma) (Maassen Van Den Brink et al., 2016) and the non-applicability of implanted osmotic pumps in humans limits the use of α-CGRP as a therapeutic agent for long-term treatment. Therefore, novel delivery systems that could increase the bioavailability of the peptide in the serum are needed.
Alginate polymers have garnered favor recently as an FDA approved novel drug carrier. There are ongoing clinical trials on alginate-based drug delivery formulations (Lee and Mooney, 2012). Alginate is a water-soluble linear polysaccharide isolated from brown algae. Structurally, it is an unbranched polyanionic polysaccharides of 1–4 linked α-L-guluronic acid and β-D-mannuronic acid. As the alginate polymer is stable at a wide range of temperatures (0–100°C), non-toxic, and biocompatible, a variety of substrates including peptides, DNA, antibodies, proteins, and cells have been used for encapsulation (Gu et al., 2004; Zhang et al., 2011; Moore et al., 2013a). Our laboratory routinely uses alginate-based drug delivery technology to encapsulate various proteins, inhibitors, and cells (Moore et al., 2013a; Moore et al., 2013b; Annamalai et al., 2018) to treat both corneal wounds in diabetic rats and macular degeneration in mouse models (Moore et al., 2014; Belhaj et al., 2020).
The aim of the present study was to develop a novel alginate-based drug delivery system applicable for the long-term sustained release of α-CGRP in humans. We used an electrospray method to encapsulate α-CGRP in alginate microcapsules and tested the efficacy of the microcapsules in the prevention and treatment of TAC pressure-overload induced heart failure. Our results show that subcutaneous administration of alginate-α-CGRP microcapsules immediately after TAC surgery and prior to the onset of symptoms significantly protects hearts at the physiological and cellular level. Thus, our state-of-the-art technology to encapsulate α-CGRP and its delivery through alginate microcapsules offers new options to benefit people suffering from cardiovascular diseases.
MATERIALS AND METHODS
Preparation of Alginate-α-CGRP Microcapsules
An electrospray method was used to prepare α-CGRP encapsulated alginate microcapsules of 200 µm diameter (Moore et al., 2013a). Briefly, a 2% alginic acid solution (high mannuronic acid content and low viscosity; Millipore Sigma, St. Louis, MO) was prepared in sterile triple-distilled water and filtered through a 0.2 μm syringe filter. A stock solution of 2 mg/ml of mouse native α-CGRP (GenScript United States Inc, Piscataway, NJ) was prepared in a sterile 0.9% NaCl saline solution and further sterilized through a 0.2 µm syringe filter. Five hundred micrograms of prepared α-CGRP was mixed with 1 ml of 2% alginic acid and passed through a positively charged syringe at a constant rate under a high voltage current into the 150 mM CaCl2 gelling solution to make calcium-coated alginate-α-CGRP microcapsules. Alginate-only microcapsules were prepared under similar conditions. The prepared microcapsules were washed 4–5 times with sterile triple-distilled water for 5 min each to remove excess CaCl2, then the α-CGRP filled microcapsules were finally suspended in 500 µl of sterile triple-distilled water. The release of the peptide from the alginate-α-CGRP microcapsules was confirmed by an in vitro α-CGRP release assay. Briefly, 250 μl of the supernatant from the prepared microcapsules was collected at various time points and stored at 4 °C, and the volume was made up each time with sterile water. Peptide concentration in the collected supernatant was quantitated with a MicroBCA protein assay kit (Pierce/ThermoScientific, Waltham, MA) using mouse α-CGRP as the standard. The supernatant collected from alginate-only microcapsules was used as the control. The final absorbance was measured at 450 nm using a Spectramax Plus-384 microplate reader (Molecular Devices, Sunnyvale, CA) and plotted.
Pressure-Overload Heart Failure Mouse Model
Eight-week-old male C57/BL6 mice (Charles River Laboratories, Wilmington, MA) were maintained on a 12 h light/12 h dark cycle with free access to standard food and water. Mice were allowed to acclimate for one week after shipment. Animal protocols were approved by the University of South Carolina-Institutional Animal Care and Use Committee following the National Institutes of Health, United States guidelines.
Pressure-overload heart failure in mice was induced by a transverse aortic constriction (TAC) procedure (Li et al., 2013; Kumar et al., 2019b). Briefly, the chests of anesthetized mice (under 1–1.5% isoflurane) were opened through the suprasternal notch, and a 7-0 suture (Ethicon prolene polypropylene blue) was passed under the aortic arch between the left common carotid and innominate arteries. The suture was tied around both the aorta and a 27-gauge needle. After placing a knot, the needle was removed. This procedure yielded 70–80% aortic constriction. The chest was closed using a 6-0 silk suture and mice were allowed to recover. Sham-operated mice underwent an identical procedure except for the aortic constriction. Two days post-surgery, the mice were divided into four groups: sham (n = 8), sham-alginate-CGRP (n = 7), TAC-only (n = 7), and TAC-alginate-CGRP (n = 8). In the sham-alginate-CGRP and TAC-alginate-CGRP groups of mice, α-CGRP-encapsulated alginate microcapsules (containing an α-CGRP dose of 6 mg/kg/mouse) were injected subcutaneously into the flank region of mice on alternate days, for 28 days. At the end of the experiment (day 28 of α-CGRP delivery), mice from all the groups were weighed and euthanized. The wet weight of hearts and lungs were measured and photographed. The basal portion of the hearts was fixed in 4% paraformaldehyde/PBS (pH 7.4) for histochemistry, while an apical portion was snap frozen in liquid N2 and stored at −80°C for biochemical analyses.
Another set of animal studies (CGRP-treatment study) were conducted in which alginate-α-CGRP microcapsule delivery was started 15 days post-TAC. The mice were divided into four groups: sham (n = 5), sham-alginate-CGRP (n = 4), TAC-only (n = 4), and TAC-alginate-CGRP (n = 4), and the TAC procedure was performed in the TAC-only and TAC-alginate-CGRP groups of mice. Fifteen days post-TAC, alginate-α-CGRP microcapsules (containing an α-CGRP dose of 6 mg/kg/mouse) were injected subcutaneously into the flank region of mice on alternate days, for 28 days. The treatment regime for both studies is found in the supplementary material (Supplementary Figure S2; Scheme 1 for 2-day post-TAC alginate-α-CGRP microcapsules delivery, and Scheme 2 for 15 days post-TAC alginate-α-CGRP microcapsules delivery). At the conclusion of the study (day 28), the mice were euthanized, and tissues were collected as discussed before. The clinical criteria needed to remove an animal from the study were a >15% weight loss, reduced physical activity, guarding, ruffled fur, and abnormal sensitivity. Mice who died during the TAC procedure and within 24 h after TAC (due to surgery complications) were not counted in the study. Two days after the TAC procedure, mice who underwent aortic constriction were randomized into the TAC-only and TAC-alginate-αCGRP groups, while sham-operated mice were randomized into the sham-only and sham-alginate-αCGRP groups. After starting alginate-α-CGRP microcapsule administration, mice from all the groups survived until the end of the study, and we did not observe any adverse effects in the mice.
Transthoracic Echocardiography
A Vevo 3100 High-Resolution Imaging System (VisualSonics Inc, Toronto, Canada) was used to perform the echocardiography in the mice (Kumar et al., 2019b). Mice were sedated under 2% isoflurane and their heart rate was maintained at 450 ± 20 beats per minute. Short axis B- and M-mode 2D echocardiograms were recorded through the anterior and posterior LV walls at the level of the papillary muscle. Fractional shortening (FS) and ejection fraction (EF) were calculated by the VisualSonics Measurement Software.
Blood Pressure Measurement
The blood pressure (BP) of sham and treatment mice was recorded by a non-invasive tail-cuff method using the MC4000 BP Analysis System (Hatteras Instruments, Cary, NC). To reduce stress-induced changes, mice were trained at least three consecutive days prior to the baseline BP recording. On the day of the BP measurement, mice were normalized in the recording room for at least 1 h and kept on the instrument platform for 5 min to bring animal body temperature to the instrument temperature. After measuring the baseline BP (designated as 0 h), alginate microcapsules (with or without α-CGRP) were administered subcutaneously into the flank region of the mice and BP was again recorded.
Western Blotting
Total protein from the LVs was extracted using a RIPA cell lysis buffer (Cell Signaling Technology, Danvers, MA), and protein concentration was measured by a BCA protein assay kit (Pierce) (Kumar et al., 2011). An equal amount of the protein samples (40 μg) were mixed with 5× Laemmli sample buffer, heated at 95°C for 10 min, and separated on SDS-polyacrylamide gel followed by the transfer to the PVDF membrane at 100 V for 3 h in a cold room. The membrane was blocked with 10% non-fat dry milk prepared in TBST (20 mM Tris-Cl, pH 7.4; 150 mM NaCl with 0.1% Tween-20) for 4 h at room temperature and further incubated in primary antibodies overnight at 4°C. Protein signals were detected by adding HRP-conjugated secondary antibodies (Bio-Rad Laboratories, Hercules, CA) for 2 h at room temperature and using a Clarity Western Detection Kit (Bio-Rad). The primary antibodies used were cleaved caspase-3 and β-actin (Cell Signaling Technology).
Immunohistochemistry
Paraformaldehyde-fixed paraffin-embedded LV sections (5 μm) were deparaffinized and rehydrated with xylene and graded ethanol (100, 95, and 70%), respectively, and boiled in 10 mM sodium citrate buffer (pH 6.0) for 30 min for antigen retrieval (Kumar et al., 2014). After permeabilization with 0.2% Triton X-100/PBS for 10 min, the LV sections were blocked with 10% IgG-free-BSA/PBS (Jackson ImmunoResearch Laboratories, West Grove, PA) and incubated with primary antibodies overnight at 4°C. Alexafluor-488 or Alexafluor-546 conjugated secondary antibodies (Invitrogen, Carlsbad, CA) were added to detect protein signals. After mounting with antifade-mounting media (Vector Laboratories, Burlingame, CA), the tissue sections were examined under a Nikon-E600 fluorescence microscope (Nikon, Japan). The primary antibodies used were: cleaved caspase-3 (Cell Signaling) and anti-4-hydroxy-2-nonenal (4-HNE; Abcam Inc, Cambridge, MA). DAPI (4′, 6-diamidino-2-phenylindole; Sigma) was used to stain the nuclei.
Hematoxylin and eosin (H&E) staining, Texas Red-X conjugated wheat germ agglutinin staining (WGA staining; Invitrogen), and Masson’s trichrome-collagen staining (PolyScientific, Bay Shore, NY) were performed using the vendors’ protocols to measure LV cardiac cell size, cardiomyocyte cross-sectional area, and fibrosis, respectively, and quantitated using the NIH-ImageJ software (NIH, United States).
Cell Lines and In Vitro Toxicity Assays
Trypan-Blue Cell Viability Assay
The rat cardiac H9C2 cells were grown at 37°C in a humidified incubator with 5% CO2 in a complete culture medium (containing DMEM supplemented with 10% fetal bovine serum, FBS, 4.5 gm/liter D-glucose, and 1x penicillin/streptomycin). Human umbilical vein endothelial cells (HUVECs) were maintained in an F-12K medium containing 10% FBS, 0.1 mg/ml heparin, 30 mg/l endothelial cell growth supplement (Sigma), and 1x penicillin/streptomycin at 37°C in a humidified incubator with 5% CO2. The viability of the H9C2 cells and HUVECs in the presence of alginate-α-CGRP microcapsules was determined by a trypan-blue assay (Sigma). Briefly, stock solution of rat/mouse α-CGRP (1 mg/ml) was prepared in sterile 0.9% NaCl solution and filter sterilized through a 0.2 µm syringe filter. H9C2 cells and HUVECs, grown in complete culture medium, were treated with alginate-only, α-CGRP, or alginate-α-CGRP microcapsules. Following treatments, the cells were photographed under a phase-contrast microscope to examine the cell morphology. After seven days of treatment, the cells were trypsinized and counted by a hemocytometer using the trypan-blue exclusion method.
Calcium Dye Fluorescent Based Assay
The mouse cardiac muscle cell line, HL-1 cells, were grown on gelatin and fibronectin-coated cell culture flasks in Claycomb Basal Medium (Sigma) supplemented with 10% FBS, 0.1 mM norepinephrine in ascorbic acid, 2 mMl-glutamine, and 1× penicillin/streptomycin soln. HL-1 cells were maintained at 37°C in a humidified incubator with 5% CO2, and the cell culture media was exchanged every day.
A cell permeant calcium dye fluorescent based assay was performed in gelatin and a fibronectin-coated 24-well culture plate to observe the viability (beating phenotype) of the HL-1 cells. Briefly, at 100% cell confluency, 500 μl of 5 μM cell permeable calcium indicator dye Fluo-4AM (Invitrogen) in HEPES-buffered Hanks’ solution was added in each well followed by incubation at 37°C for 1 h in a humidified incubator. After incubation, the cells were washed in Hanks’ solution and 500 μl Hanks’ solution was added. Cells were immediately viewed using the EVOS FL auto2 microscope (Invitrogen). Using the 10× objective setting, spontaneous contraction of the HL-1 cells was video recorded (considered as 0 h). A volume of 500 μl Hanks’ solution containing 10 μM alginate-α-CGRP microcapsules was added and further video recorded.
Enzymatic Activity Assay
A GSH-Glo Glutathione assay kit (Promega) was used to measure the total glutathione (GSH) content in the LVs following the vendor’s instructions. Briefly, 10 mg of LV heart tissue was homogenized in 1× PBS containing 2 mM EDTA, centrifuged at 12,000 rpm for 15 min at 4°C, and the supernatant was collected. A total of 50 μl of GSH-Glo Reagent was mixed with 50 μl of tissue extract (10 μg) and incubated for 30 min at RT. Next, 100 μl of luciferin detection reagent was added and incubated for an additional 15 min at RT. The signal was measured using a Turner 20/20 luminometer (Promega).
Statistical Analysis
Comparisons were made among the groups using a Student t-test and one-way ANOVA followed by a Tukey-Kramer ad hoc test (GraphPad software, La Jolla, CA). A p value <0.05 was considered significant.
RESULTS
Encapsulation of α-CGRP and Release From Alginate Microcapsules
α-CGRP was encapsulated using an electrospray method with the following experimental conditions to prepare alginate-α-CGRP microcapsules of 200 μm diameter size. α-CGRP (500 μg from a stock 2 mg/ml soln) was mixed with 1 ml of 2% alginic acid solution and loaded to a 3 ml syringe attached to a high-voltage generator. A beaker filled with 30 ml of ionic gelling bath solution containing 150 mM CaCl2 was placed below the syringe pump and the distance between the syringe needle to the CaCl2 gelling bath solution was kept at 7 mm. The alginate-α-CGRP mixture was passed through the positively charged syringe needle at a constant rate (flow rate: 60 mm/h) under a high voltage current (6 KV) into the negatively charged CaCl2 gelling bath, creating spherical Ca+2-coated alginate-α-CGRP microcapsules of 200 µm diameter. We also prepared alginate-only microcapsules of similar size. The prepared microcapsules were photographed and the size of the microcapsules was measured. The calculated average size of the alginate-only and alginate-α-CGRP microcapsules was 198.84 ± 11.34 and 194.23 ± 10.08 μm, respectively (Figures 1A–C). The release of α-CGRP from the prepared alginate-α-CGRP microcapsules was determined by an in vitro α-CGRP release assay. Figure 1D shows that presence of α-CGRP was detected in the supernatant for up to 6 days indicating that alginate-α-CGRP microcapsules released peptides over an extended period of time.
[image: Figure 1]FIGURE 1 | Preparation of the alginate-α-CGRP microcapsules. (A–C) An electrospray method was used to encapsulate α-CGRP in an alginate polymer. The prepared alginate-only and alginate-α-CGRP microcapsules were photographed (B) and their size was measured and plotted (C). (D) An in vitro α-CGRP release assay showing the amount of α-CGRP released in the supernatant from alginate-α-CGRP microcapsules. (E) Bar diagram showing the number of live H9C2 cells, as measured by trypan-blue cell viability assay, after 7 days incubation with different concentrations of α-CGRP-alone, empty-alginate microcapsules, and alginate-α-CGRP microcapsules. ns, not significant compared to control. (F) The viability of mouse HL-1 cardiac cells in the presence of alginate-α-CGRP microcapsules (10 µM) was determined by an in vitro calcium flux fluorescence assay as discussed in the methods section. HL-1 cells stained with Fluo-4AM dye were imaged using EVOS auto-F2 microscope at 0 and 60 min after the addition of alginate-α-CGRP microcapsules (10 µM).
Alginate-α-CGRP Microcapsules Exhibit No Cytotoxicity
It is crucial in determining the effect of the release of α-CGRP on the heart to show that cardiac muscle cells are not altered by the addition of the capsules. To that end we used two different cardiac cell lines: rat H9C2 cells and mouse HL-1 cells, and two different cell viability assays: a trypan-blue exclusion assay and a calcium dye fluorescent based assay, to determine the cytotoxicity of the prepared alginate-α-CGRP microcapsules. H9C2 cells were grown in complete culture medium in the presence of alginate-α-CGRP microcapsules (1 or 5 μM). After seven days of incubation with the capsules, a trypan-blue exclusion assay was carried out. Results from the assay demonstrated that the viability of the H9C2 cells was similar among the treatment groups when compared to control-untreated cells (ns = non-significant compared to control, Figure 1E).
The viability of the mouse HL-1 cardiac cells in the presence of the alginate-α-CGRP microcapsules was determined using an in vitro calcium flux fluorescence assay. HL-1 cells stained with Fluo-4AM dye were video recorded to monitor both the beating phenotype and calcium fluxes inside the cell and imaged using an EVOS auto-F2 microscope. After taking images at the basal time point (0 min), the alginate-α-CGRP microcapsules (containing 10 µM α-CGRP) were added and were further video recorded. Images (Figure 1F) and videos (Supplementary Figure S1) taken at time points 0 and 60 min after the addition of alginate-α-CGRP microcapsules demonstrated that the alginate-α-CGRP microcapsules (10 µM) did not affect the myocyte contraction of the HL-1 cells. These data support our statement that alginate-α-CGRP microcapsules do not exhibit cytotoxicity against the cardiac cell lines tested. In addition, the incubation of alginate-α-CGRP microcapsules for 7 days did not affect the growth of HUVE cells and the number of live cells among the treated and untreated control remained same (ns = non-significant compared to control, Supplementary Figure S3).
Alginate-α-CGRP Microcapsules Reduce Blood Pressure in Mice
α-CGRP is well-known to reduce BP (Kee et al., 2018), thus we set out to confirm the biological activity of released α-CGRP from alginate-α-CGRP microcapsules by measuring changes in BP. Three different doses of alginate microcapsules were injected subcutaneously in mice (2 mice/dose) and systolic pressure was monitored at various time points. Data shown in Figure 2 demonstrate that alginate-α-CGRP microcapsules containing α-CGRP doses (mg/kg/mouse) of 6 mg/kg and 10 mg/kg lowered the systolic pressure for up to 18 h and 3 days, respectively, after which time the BP returned to basal level. Subcutaneous administration of alginate-α-CGRP microcapsules containing α-CGRP doses of 20 mg/kg/mouse drastically reduced the BP for the first 6 h so much so that it could not be recognized by the instrument but by 10 h it registered as low and remained below basal levels over the next 7 days. However, subcutaneous administration of an equal amount of alginate-only microcapsules had no effect on the BP in mice (data not shown). These data confirm that α-CGRP is being released from the alginate microcapsules under in vivo conditions and that the released α-CGRP remains biologically active for an extended period of time.
[image: Figure 2]FIGURE 2 | Effect of alginate-α-CGRP microcapsules on blood pressure in wild-type mice. Graph showing the systolic pressure, as measured by tail-cuff blood pressure method, after subcutaneous injection of various concentrations of alginate-α-CGRP microcapsules in mice.
Alginate-α-CGRP Microcapsule Delivery Improves Cardiac Functions in TAC Mice
Our previous studies demonstrated that continual α-CGRP administration following TAC surgery showed a cardioprotective capability (Kumar et al., 2019b). Therefore to determine if the alginate-α-CGRP microcapsules also had a cardioprotective effect, B- and M-mode 2D electrocardiography was performed on every 7th day, up to day 28, following subcutaneous administration of alginate-α-CGRP microcapsules containing an α-CGRP dose of 6 mg/kg/mouse (Figures 3A–C). Over the course of the experiment, LV systolic function was assessed by measuring both the % fraction shortening (FS; Figure 3B) and ejection fraction (EF; Figure 3C). Both measures were significantly decreased as expected in the TAC mice when compared to the sham mice. However, repeated administration of the alginate-α-CGRP microcapsules starting 2 days after TAC surgery showed significant preservation of both cardiac parameters in treated TAC mice.
[image: Figure 3]FIGURE 3 | Alginate-α-CGRP microcapsules delivery in two-day post-TAC mice improves cardiac functions. (A) Representative echocardiograms showing short axis B- and M-mode 2D echocardiography performed after 28 days of delivery of alginate-α-CGRP microcapsules in sham and TAC mice. Percentage fractional shortening (FS) and ejection fraction (EF) was calculated at various time points and plotted (B,C). *p < 0.05, TAC vs sham at the same time point; #p < 0.05, TAC-alginate-α-CGRP vs sham at the same time point; $p < 0.05, TAC vs TAC-alginate-α-CGRP at the same time point. @p < 0.05, TAC day 7 vs TAC day-2; and &p < 0.05, TAC-alginate-α-CGRP on day 7 vs TAC-alginate-α-CGRP on day-2.
α-CGRP Administration Attenuates Cardiac Hypertrophy and Fibrosis in TAC Mice
In order to determine if the cardiac cellular damage was also attenuated by alginate-α-CGRP microcapsule treatment, gross and histological measurements were taken of hearts from all of the groups. At the conclusion of the experiment, all groups, treated and sham, were sacrificed. The hearts and lungs were isolated, photographed, and the ratio of wet heart weight to tibia length and wet lung weight to tibia length were measured as indices of LV hypertrophy and dilation and pulmonary congestion (Figures 4A–C). The representative photographs and bar diagrams in Figures 4A,B show that hearts from TAC mice were larger than hearts from the sham mice (*p < 0.05, TAC-only vs sham). Additionally, hearts from mice treated with alginate-α-CGRP microcapsules was significantly smaller than TAC (**p < 0.05, TAC-alginate-α-CGRP vs TAC) and comparable to sham hearts (#p > 0.05, TAC-alginate-α-CGRP vs sham-only; Figures 4A,B). Similarly, the calculated mean lung weight/tibia length was significantly greater in TAC mice compared to sham mice (*p < 0.05, TAC vs sham) while the increase in lung weight/tibia length after TAC was significantly reduced by α-CGRP administration (**p < 0.05, TAC-alginate-α-CGRP vs TAC-only; Figure 4C). The lung weight between the TAC-alginate-α-CGRP and sham groups of mice was not significantly different (#p > 0.05, TAC-alginate-α-CGRP vs sham). The heart size and the ratios of heart weight/tibia length and lung weight/tibia length among the sham-alginate-α-CGRP mice and sham-only mice appeared nearly identical (ns, sham-alginate-α-CGRP vs sham-only; Figures 4A–C).
[image: Figure 4]FIGURE 4 | Alginate-α-CGRP microcapsules delivery in two-day post-TAC mice reduces TAC-induced cardiac hypertrophy and fibrosis. (A) Representative images showing the size of the hearts after 28 days of delivery of alginate-α-CGRP microcapsules. (B,C) Bar diagrams showing the ratio of wet heart weight/tibia length, and wet lung weight/tibia length. (D) The paraffin-embedded LV sections were stained with H&E, WGA stain, and trichrome-collagen stain. Scale bar, 100 μm. WGA stained sections were used to measure cardiomyocyte size in LVs by the NIH-ImageJ software and plotted (E). LV collagen content, an indicator of fibrosis, was quantitated by the NIH-ImageJ software and plotted (F). Values were expressed as the mean ± SEM. *p < 0.05, TAC vs sham; **p < 0.05, TAC-alginate-α-CGRP vs TAC; #p > 0.05, TAC-alginate-α-CGRP vs sham; ns, non-significant compared to sham.
To determine the effect of alginate-α-CGRP microcapsule treatment on cardiac myocyte size, H&E staining and wheat germ agglutinin (WGA) staining was performed (Figure 4D). As expected, the TAC procedure markedly increased myocyte size in the LVs (*p < 0.05, TAC vs sham, Figure 4E). However, LV myocyte size in the TAC-alginate-α-CGRP group was significantly decreased compared to TAC-only mice and was almost identical to sham-only mice (**p < 0.05, TAC-alginate-α-CGRP vs TAC-only; and #p > 0.05, TAC-alginate-α-CGRP vs sham). Treatment with alginate-α-CGRP microcapsules did not affect LV cardiomyocyte size in sham-alginate-α-CGRP mice when compared to sham LV (ns = nonsignificant vs sham). Likewise, when compared to sham, TAC surgery significantly increased LV fibrosis which was decreased with α-CGRP administration in TAC mice (*p < 0.05, TAC vs sham; **p < 0.05, TAC-alginate-α-CGRP vs TAC; #p < 0.05, TAC-alginate-α-CGRP vs sham; Figures 4D,F).
α-CGRP Administration Reduces Apoptosis and Oxidative Stress in TAC LVs
Our previous studies showed that following TAC, there is an increase in cell death and an elevation in oxidative stress markers (Li et al., 2013; Kumar et al., 2019b). We therefore set out to determine if α-CGRP administration could mitigate these responses. Western blot analysis for the presence of apoptosis markers demonstrated that cleaved caspsase-3 (a marker of apoptotic cell death) was significantly higher in TAC LVs compared to sham LVs, and alginate-α-CGRP microcapsules administration significantly reduced cleaved caspsase-3 levels to those observed in sham LVs (Figure 5A). Similarly, the number of cleaved caspase-3 positive cells (green) were higher in TAC LVs when compared to the sham LVs (*p < 0.05, TAC vs sham; Figures 5B,C). Similarly, when we analyzed the number of cleaved caspase-3 positive cells, we determined that it was significantly lower in the TAC-alginate-α-CGRP LVs to TAC LVs and comparable to that of sham LVs (**p < 0.05, TAC-alginate-α-CGRP vs TAC; #p < 0.05, TAC-alginate-α-CGRP vs sham; Figures 5B,C).
[image: Figure 5]FIGURE 5 | Alginate-α-CGRP microcapsules delivery in two-day post-TAC mice attenuates increased LV apoptosis and oxidative stress in TAC mice. (A) Western blot showing the level of cleaved caspase-3 protein in LVs from sham, sham-alginate-α-CGRP, TAC, and TAC-alginate-α-CGRP. β-actin was used as control. The density of the protein bands were quantitated by NIH-ImageJ and cleaved caspase-3/β-actin band density ratio was reported. (B) Representative fluorescence images showing cleaved caspase-3 staining (green) to detect apoptosis in the LV sections. Scale = 100 μm. Cleaved caspase-3 positive cells (green) were counted and plotted as the mean ± SEM (C). (D,E) Fluorescence images showing 4-HNE staining (a marker of lipid peroxidation) in the paraffin-embedded LV sections. DAPI was used to stain nuclei. Scale = 100 μm. The fluorescence intensity of 4-HNE (red) was quantitated by the NIH-ImageJ software and plotted as the mean ± SEM. I.D. = integrated density. (F) Bar diagrams showing glutathione (GSH) level in the LVs. Values were expressed as the mean ± SEM and p < 0.05 was considered significant. *p < 0.05, TAC vs sham; **p < 0.05, TAC-alginate-α-CGRP vs TAC; #p > 0.05, TAC-alginate-α-CGRP vs sham; ns = not-significant compared to sham.
We also examined the hearts for 4-HNE, a marker of oxidative stress-induced lipid-peroxidation. Sections of LVs were imaged and its immunofluorescence quantitated. We observed that TAC induced pressure-overload markedly increased the formation of HNE-adduct in the TAC LV (*p < 0.05, TAC vs sham; Figures 5D,E), and α-CGRP administration significantly reduced the intensity of the signal of 4-HNE in the TAC LV and was comparable to their sham counterpart (**p < 0.05, TAC-alginate-α-CGRP vs TAC; #p < 0.05, TAC-alginate-α-CGRP vs sham). Figure 5F showed that the total glutathione level was significantly reduced in the TAC LVs (*p < 0.05, TAC vs sham) while significantly restored by treatment of alginate-α-CGRP microcapsules (**p < 0.05, TAC-alginate-α-CGRP vs TAC; #p < 0.05, TAC-alginate-α-CGRP vs sham). All of the oxidative stress parameters in the sham-alginate-α-CGRP LVs were comparable with sham LVs (ns = non-significant compared to sham; Figures 5D–F). These results suggest that α-CGRP delivery through alginate microcapsules protected cardiac cells from pressure-overload induced apoptosis and oxidative stress.
Alginate-α-CGRP Microcapsule Administration Improves Cardiac Function in 15 days Post-TAC Mice
Our results from these experiments demonstrated that α-CGRP microcapsule delivery, beginning 2 days post-TAC, protected mice against adverse pressure-induced cardiac effects. We next wanted to determine if our alginate-α-CGRP microcapsules could ameliorate these effects after the progression of heart failure had already begun. This would move our studies from a preventive approach to an actual treatment approach. To address this, we again performed TAC surgery in mice, and then 15 days after TAC, alginate-α-CGRP microcapsules (containing an α-CGRP dose of 6 mg/kg/mouse) were administered s.c. on alternate days for an additional 28 days. Day 15 was chosen as the time point when all deleterious measures of heart failure would be present in mice following TAC surgery. Echocardiogram data showed the usual result that TAC significantly reduced cardiac fraction shortening (FS) (*p < 0.05, TAC vs sham). What was exciting was that alginate-α-CGRP microcapsules administration attenuated the reduction in FS following 28 days of treatment. The FS in TAC-alginate-α-CGRP mice was significantly improved compared to TAC mice and was comparable with that of sham mice ($p < 0.05, TAC vs TAC-alginate-α-CGRP at the same time point) (Figure 6A). When compared to TAC mice, the wet heart wt and lung wt in TAC-alginate-α-CGRP mice was significantly lower indicating that α-CGRP delivery significantly inhibited cardiac hypertrophy and pulmonary edema in TAC mice (Figures 6B–D). During the length of the experiment, the TAC group of mice gained only 2% body wt. while sham, sham-alginate-α-CGRP, and TAC-alginate-α-CGRP group of mice gained (in %) 11, 10, and seven body wt, respectively, indicating that α-CGRP improved body gain in TAC mice (Figure 6E). Moreover, the administration of alginate-α-CGRP microcapsules starting at day 15, significantly attenuated the increased size of cardiomyocytes (Figures 6F,G) and fibrosis (as determined by collagen content after Masson’s trichrome collagen staining; Figures 6F,H) in TAC LVs after 28 days of treatment. Although α-CGRP concentration used in the present study significantly inhibited fibrosis in TAC LVs, it did not reduce the level to that observed in sham LVs (Figure 6H). Our CGRP-treatment study demonstrated, for the first time, that α-CGRP alginate microcapsule administration beginning 15 days post-TAC protected hearts both at the physiological and pathological levels and reversed the deleterious effects of pressure overload in the heart.
[image: Figure 6]FIGURE 6 | Alginate-α-CGRP microcapsule administration in 15-days post-TAC mice improves cardiac functions. (A) Graph showing % FS in sham, sham-alginate-α-CGRP, TAC-only, and TAC-alginate-α-CGRP groups of mice. After 15 days of TAC, alginate-α-CGRP microcapsules containing α-CGRP doses of 6 mg/kg/mouse were injected on alternate days, until day 28. Echocardiography was performed at different time points and % FS was plotted as mean ± SEM. *p < 0.05, TAC vs sham at the same time point; #p < 0.05, TAC-alginate-α-CGRP vs sham at the same time point; $p < 0.05, TAC vs TAC-alginate-α-CGRP at the same time point. (B) Representative images showing the size of hearts after 28 days of delivery of alginate-α-CGRP microcapsules. Ratio of wet heart weight/tibia length was plotted as mean ± SEM (C). (D) Bar diagram showing ratio of wet lung weight/tibia length as mean ± SEM. (E) Bar diagram showing mice weight gain (in percentage) during the course of the experiment as mean ± SEM. p < 0.05 was considered significant. *p < 0.05, TAC vs sham; **p < 0.05, TAC-alginate-α-CGRP vs TAC; #p > 0.05, TAC-alginate-α-CGRP vs sham; @p < 0.05, TAC-alginate-α-CGRP vs sham; ns, not-significant compared to sham. (F) Representative histology images showing the size of cardiomyocytes (WGA staining) and level of fibrosis (trichrome-collagen staining) in the LVs from different groups of mice. Cardiomyocyte size (G) and % fibrosis (H) in LVs were quantitated using the NIH-ImageJ software and plotted as mean ± SEM. p value <0.05 was considered significant. *p < 0.05, TAC vs sham; **p < 0.05, TAC-alginate-α-CGRP vs TAC; #p > 0.05, TAC-alginate-α-CGRP vs sham; @p < 0.05, TAC-alginate-α-CGRP vs sham; ns = not-significant compared to sham.
DISCUSSION
Studies from our laboratory and other research groups established that α-CGRP deletion makes the heart more vulnerable to heart failure, hypertension, myocardial infarction, and cardiac and cerebral ischemia (Bowers et al., 2005; Supowit et al., 2005; Li et al., 2013; Schebesch et al., 2013; Kumar et al., 2019a). Moreover, exogenous delivery of α-CGRP peptides show benefits against cardiac diseases. In patients with stable angina pectoris, intracoronary infusion of α-CGRP delayed the onset of myocardial ischemia (Mair et al., 1990). Also, in patients with congestive heart failure, an acute intravenous infusion of α-CGRP improved myocardial contractility and thus improved cardiac functions (Gennari et al., 1990). Similarly, an infusion of α-CGRP in patients with heart failure decreased systemic arterial pressure (Dubois-Rande et al., 1992). Our previous rodent study confirmed that long-term administration of α-CGRP, through osmotic mini-pumps, significantly preserved the heart at the functional and anatomical levels in TAC pressure-overload mice (Kumar et al., 2019b). A similar study using α-CGRP KO mice presented data that support our findings on the cardioprotective role of α-CGRP in cardiac diseases and showed that α-CGRP delivery through osmotic mini-pumps corrected the adverse effects of hypertension in these KO mice (Skaria et al., 2019). However, the low bioavailability of the native peptide in human plasma (t1/2 = ∼5.5 min) makes it difficult to use α-CGRP as a therapeutic agent in a long-term treatment regime. Moreover, the applicability of an osmotic mini-pump as a peptide delivery system is also not feasible in humans.
The present study demonstrated that using an alginate polymer as a drug carrier for α-CGRP was effective in ameliorating pressure-overload induced heart failure. Moreover, cell apoptosis and oxidative stress that accompany worsening heart failure was reduced by the treatment with alginate-α-CGRP microcapsules. Another important finding of the study is that alginate-α-CGRP microcapsules subcutaneously administered every other day in pressure-overload heart failure mice, improved myocardial function by restoring both FS and EF, hallmarks of increasing heart failure and moreover, attenuated increased apoptotic cell death and oxidative stress in TAC LVs.
Previously, it has been shown that intravenous injections of α-CGRP significantly decreases mean arterial pressure (MAP) in a dose-dependent fashion in both normal and spontaneously hypertensive rats, however, MAP returns to a normal baseline after 20 min of injection in both groups of rats (Ando et al., 1990). Our findings demonstrated that subcutaneous administration of alginate-α-CGRP microcapsules containing α-CGRP doses of 6 mg/kg/mouse and 10 mg/kg/mouse lowered the systolic pressure for 18 h and 3 days, respectively. Moreover, our results indicate that the addition of alginate-α-CGRP microcapsules extends the release of peptides, and the released α-CGRP remains biologically active for extended periods of time.
Another novel and exciting finding of the present study is that when alginate microcapsules were administered starting at 15-days post-TAC mice there was an immediate reversal of symptoms. This was similar to the ability of α-CGRP filled alginate microcapsules to significantly protect hearts when administered immediately after surgery. Also similar to early administration, treatment started at 15 days post-TAC was able to reverse all of the parameters of heart failure examined including, cardiac hypertrophy, apoptosis, cardiac function, and fibrosis. This is the first demonstration that the addition of α-CGRP just prior to the onset of symptoms could quickly reverse the damage that is observed with TAC-induced heart failure. The encapsulated peptides remained biologically active in vivo as released α-CGRP from subcutaneously administered alginate-α-CGRP microcapsules lowered the BP, an inherent property of α-CGRP, in mice (Figure 2). Moreover, alginate-α-CGRP microcapsule formulation is non-toxic to cardiac cells and HUVE cells (Figures 1E,F, and Supplementary Figure S3).
Furthermore, alginate microcapsules are very stable at room temperature and remain intact even after 15 months in media (data not shown). Our laboratory has also established that alginate microcapsules can undergo freeze-thaw cycles as well as can be lyophilized without compromising the integrity of the microcapsules (data not shown). The lyophilized form of alginate microcapsules immediately swell and regain their shape when rehydrated in distilled water. Consequently, alginate-α-CGRP microcapsules show promise as a flexible and diverse system to use to deliver α-CGRP in the future.
In summary, the present study demonstrated that an alginate microcapsule-based delivery system was an effective strategy to improve α-CGRP bioavailability in heart failure, and thus, increase the duration of the therapeutic effect of the peptide throughout the treatment period. In addition, the observed cardioprotective effects of alginate-α-CGRP microcapsules were present either administering prior to symptom onset (i.e., CGRP-prevention study) or at 15 days post-TAC when symptoms are just beginning (i.e., CGRP-treatment study). Thus, the developed alginate-α-CGRP microcapsule administration can be effective in the prevention and represents a new treatment option for pressure-induced heart failure. The success of this novel drug delivery technology will have the potential to dramatically change conventional drug therapies presently used to treat the failing heart.
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The increase of blood pressure is accompanied by the changes in the morphology and function of vascular endothelial cells. Vascular endothelial injury and hypertension actually interact as both cause and effect. A large number of studies have proved that inflammation plays a significant role in the occurrence and development of hypertension, but the potential mechanism between inflammation and hypertensive endothelial injury is still ambiguous. The purpose of this study was to explore the association between the activation of NLRP3 inflammasome and hypertensive endothelial damage, and to demonstrate the protective effect of sinapine thiocyanate (ST) on endothelia in hypertension. The expression of NLRP3 gene was silenced by tail vein injection of adeno-associated virus (AAVs) in spontaneously hypertensive rats (SHRs), indicating that activation of NLRP3 inflammasome accelerated hypertensive endothelial injury. ST not only protected vascular endothelial function in SHRs by inhibiting the activation of NLRP3 inflammasome and the expression of related inflammatory mediators, but also improved AngII-induced huvec injury. In summary, our results show that alleviative NLRP3 inflammasome activation attenuates hypertensive endothelial damage and ST ameliorates vascular endothelial dysfunction in hypertension via inhibiting activation of the NLRP3 inflammasome.
Keywords: vascular endothelial dysfunction, hypertension, NLRP3 inflammasome, inflammation, sinapine thiocyanate
INTRODUCTION
Hypertension is a multifactorial cardiovascular syndrome with progressive functional or organic impairment, and it is one of the most common chronic diseases worldwide (Doyle, 1991; Elliott, 2007; Scheltens et al., 2010). Hypertension affects approximately 300 million people in China, and with increasing prevalence, this disease has become a burden on our families and society (Wang et al., 2017). Increasing research on the pathogenesis of hypertension has revealed that hyperactivity of the sympathetic nervous system and renin-angiotensin aldosterone system (RAAS), water-sodium retention caused by the kidney, insulin resistance, and cell membrane permeability changes are involved in the occurrence and development of hypertension (Zhang et al., 2019). Additionally, the vascular endothelia, which is the largest endocrine and paracrine organ in the human body with a variety of physiological functions, contributes to the process of hypertension when it becomes damaged or dysfunctional (Konukoglu and Uzun, 2017). Studies have shown that the occurrence and development of hypertension is accompanied by the involvement of inflammatory factors, among which the nucleotide-binding leucine-rich repeat receptor pyrin domain-containing-3 (NLRP3) inflammasome is intricately involved in the pathogenesis of hypertension.
The NOD-like receptor (NLR) is a pattern recognition receptor (PRR) family member, and these receptors are found in the cytosol and are able to identify pathogen-associated molecular patterns (PAMPs) and damage associated molecular patterns (DAMPS) (Adachi and Tsuda, 2019). NLRP3 is the most studied member in the NLR family, and it is expressed in granulocytes, monocytes, dendritic cells, T cells, and epithelial cells (Eren and Özören, 2019). The NLPR3 inflammasome consists of the NLRP3 receptor, the adaptor apoptosis-associated speck-like protein containing a CARD (ASC), and the effector cysteinyl aspartate specific proteinase (caspase-1). NLRP3 is a tripartite protein that includes carboxy-terminal leucine-rich repeats (LRRs), a nucleotide-binding oligomerization domain (NOD, also NACHT domain), and an amino-terminal pyrin domain (PYD) (Liu et al., 2019). Through PYD-PYD interaction, the ASC is recruited, and then its configuration change subsequently promotes the recruitment of pro-caspase-1 via CARD-CARD interaction, which results in the production of activated caspase-1 (Zheng et al., 2013), which can cleave pro-interleukin-1 beta (pro-IL-1β) and pro-interleukin-18 (pro-IL-18) to secrete mature inflammatory cytokines IL-1β and IL-18 (Satoh et al., 2014). Dalekos et al. found that the serum IL-1β level in patients with essential hypertension was significantly increased, suggesting a certain correlation between inflammatory mediator IL-1β and hypertension (Dalekos et al., 1996). It has been reported that high-salt-induced hypertension activates the sympathetic nervous system through nuclear factor-κB (NF-κB) and increased NLRP3 and IL-1β. Inhibiting NF-κB activity reduced NLRP3 and IL-1β levels, thereby reducing hypertension (Qi et al., 2016). These studies suggest that the NLRP3 inflammasome is related to the occurrence and development of hypertension. Krishnan et al. noted that MCC950, an inhibitor of the NLRP3 inflammasome, was effective at reducing blood pressure (BP) and limiting renal inflammation, fibrosis, and dysfunction in mice with established hypertension. Their study provides a proof-of-concept that the pharmacological inhibition of the NLRP3 inflammasome is a viable anti-hypertensive strategy (Krishnan et al., 2019).
The vascular endothelia is composed of single flat cells lining the surface of the vascular lumen, which regulates vascular tension and maintains vascular structural stability (Zhong et al., 2018). Endothelial dysfunction and/or structural damage may lead to increased systemic vascular resistance, which results in hypertension (Perticone et al., 2010). Derived from endothelial nitric oxide synthase (eNOS), nitric oxide (NO) released from endothelial cells causes smooth muscle relaxation and subsequent vasodilation (ALrefai et al., 2016; Santos-Parker et al., 2017). Inhibition of NO is associated with hypertension, and this imbalance between vasoconstriction and vasodilation caused by endothelial damage is one of the important pathophysiological mechanisms of hypertension (Schlaich et al., 2004). Inflammatory mediators and inflammasomes alter the rate of synthesis and degradation of vasoconstrictors and vasodilators, especially NO, which regulates the vascular endothelial function and changes the BP. Jiabao Li et al. demonstrated that the application of exogenous sodium hydrosulfide (NaHS) can significantly reduce the systolic blood pressure and improve the function of damaged vascular endothelia. Hydrogen sulfide (H2S) repaired damaged vascular endothelia and significantly reduced systolic blood pressure by suppressing the activation of the NLRP3 inflammasome in spontaneously hypertensive rats (SHRs). In human umbilical vein endothelial cells (HUVECs), H2S also significantly ameliorated angiotensin II (AngII)-induced endothelial injury by reducing the NLRP3 inflammasome activity (Li et al., 2019a). A promising treatment for hypertension involves inhibiting the activity of the NLRP3 inflammasome and stopping the vicious cycle of inflammation and endothelial injury.
Sinapine is a quaternary amine alkaloid that is widely found in cruciferous plants and has a broad range of pharmacological effects (Guo et al., 2016). Sinapine often combines with glycosides, organic acids, esters, amides, and thiocyanates (Bhinu et al., 2009). It was reported that Uncaria rhynchophylla total alkaloids and Semen Raphani soluble alkaloid were combined and used to treat the vascular endothelial cells in N′-nitro-l-arginine-induced hypertensive rats, and it satisfactorily reduced blood pressure with endothelial protection. Sinapine thiocyanate (ST) is the main active component of sinapine in Semen Raphani. Studies have confirmed that ST has an exact effect on lowering blood pressure, and its mechanism is related to inhibiting the secretion of adhesion factors by vascular endothelial cells and suppressing inflammation (Li et al., 2015). ST was able to downregulate the expression of coagulation-related factors in dysfunctional vascular endothelial cells, thereby suppressing the prothrombotic state caused by inflammatory injury to the vascular endothelia (Li et al., 2017). In addition, previous studies have revealed that sinapine is a natural antioxidant that can scavenge free radicals and has anti-aging (Qun and Ruiqi, 1999) and anti-inflammation effects (Zhang and Shen, 1996).
The current study focused on the relationship between the NLRP3 inflammasome and hypertensive endothelial dysfunction, and explored whether the natural drug ST could normalize the function of the vascular endothelia by reducing NLRP3 inflammasome activation. Through inhibiting the activation of the NLRP3 inflammasome, ST may be a promising natural medicine for protection against hypertensive organ damage.
MATERIALS AND METHODS
Cell Culture and Intervention
HUVECs were isolated from the vein of a normal human umbilical cord and cultured in endothelial cell medium (ECM) (ScienCell, USA). The cells were seeded and grown in cell culture flasks at concentrations of 7 × 104 cells/ml under humidified 5% CO2 conditions. For initial experiments, the HUVECs were randomly divided into different groups, and AngII (5 × 10−6 mol/L) was used to simulate the damage of vascular endothelial cells in patients with hypertension. The 3-(4,5-dimethylazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to obtain the optimal intervention concentration of ST, and the intervention concentration of ST was 50 mg/L.
Animals
Forty male (females were excluded because of the effect of the menstrual cycle on blood pressure), eight-week-old SHRs were provided by Beijing Vital River Laboratory Animal Technology Co., Ltd. (Animal Qualification License No. SCXK (Beijing) 2016–0006). After the animals arrived, the outer surfaces of the boxes were disinfected by ultraviolet light, and then, five rats were placed into each cage. SHRs were divided into different groups that each contained eight rats: model group (SHR group): received an equal amount of distilled water by gavage and tail vein injection every day; drug intervention group (SHR + ST group): each rat was treated with 8.54 mg/kgd ST by gavage for eight weeks; SHR + NLRP3-adeno-associated virus (AAV) group (SHR + NLRP3-AAV group): each rat received a single tail vein injection of NLRP3-AAV (approximately 1 × 1011 transducing units in 1 ml of saline solution); SHR + Control-AAV group: each rat received a single tail vein injection of control-AAV (approximately 1 × 1011 transducing units in 1 ml of saline solution). Sixteen male, 8-week-old WKY rats (Beijing Vital River Laboratory Animal Technology Co., Ltd.) were selected and used as the control group (WKY group). These rats received an equal amount of distilled water by gavage and tail vein injection every day. The tail artery systolic blood pressure (SBP) and diastolic blood pressure (DBP) (unit: mmHg) of rats were measured regularly every week during the period of mold making and during the period of drug delivery respectively. Before measuring blood pressure, the rats were placed on the operating table and heated for 10 min, to increase body temperature and vasodilation. A tail-cuff sphygmomanometer with an automated system photoelectric sensor (ALC-Non-Invasive Blood Pressure System, Shanghai Alcott Biotech Co., Ltd., Shanghai, China) was used to measure the blood pressure, and the action should be gentle in order to avoid rats irritation. All rats were measured 3 times in parallel, and data was collected as a mean.
Enzyme-Linked Immunosorbent Assay (ELISA)
The levels of mature-IL-1β, mature-IL-18 and ET-1 protein in the rat serum or culture supernatant were determined using commercially available ELISA IL-1β, IL-18 and ET-1 kits (Elabscience, Wuhan, China) according to the manufacturer’s protocols. IL-1β, IL-18 and ET-1 levels were determined by comparing the samples to the standard curve generated by the kit.
NO Assay
NO levels in the culture supernatant and rat serum were determined using an NO detection kit (Nanjing Jiancheng Bioengineering Institute) according to the instructions. The samples and reagents 1 (R1) and R2 were mixed, and then incubated for 60 min at 37 °C. R3 and R4 were then added, the solution was mixed for 30 s, incubated at room temperature for 40 min, and then centrifuged for 10 min at 3,500 rpm. Next, 0.5 ml supernatant was removed, mixed with a chromogenic agent, and incubated for 10 min at room temperature. The colorimetric result was obtained at a wavelength of 550 nm and optical diameter of 0.5 cm. The optical density was measured, and the NO content was calculated.
Protein Extraction and Western Blot
Both the levels of NLRP3, pro-caspase-1, eNOS (total), eNOS (phospho Ser1177) (p-eNOS) and NF-κB (p65) in rats and NLRP3, pro-caspase-1, eNOS, p-eNOS, NF-κB (p65) and tumor necrosis factor-α (TNF-α) in cells were detected by western blot. Tissue homogenates were prepared in 1 nM phenylmethanesulfonyl fluoride (PMSF) lysis buffer (Beyotime, Shanghai, China). The collected cell pellet was also lyzed with PMSF to extract the protein. The protein concentrations in the cell lysates and tissue homogenate were determined with a bicinchoninic acid (BCA) kit (Beyotime, Shanghai, China). Proteins were denatured, and equal amounts of proteins were electrophoresed in 8% or 10% bis-Tris/polyacrylamide gels (Beyotime, Shanghai, China) and then transferred to polyvinylidene fluoride (PVDF) membranes (Millipore Co., Ltd.). The membranes were blocked for 1 h in blocking solution (TBST containing 5% skim milk powder and 0.1% Tween-20) and incubated overnight at 4 °C with anti-NLRP3, anti-caspase-1 antibody (Abcam, Cambridge, United Kingdom) and anti-NF-κB (p65), anti-TNF-α antibody (CST, United Kingdom), anti-eNOS (phospho Ser1177) antibody (GeneTex, United States) at 1:1,000 and anti-eNOS antibody (CST, United States) at 1:2000 in primary antibody diluent (Meilunbio, China). After that, incubation with horseradish peroxidase-conjugated secondary antibody (1:10,000 dilution in TBST containing 0.1% Tween-20) was performed at room temperature for 1 h, and immunoreactivity was detected by using enhanced chemiluminescence (Millipore Co., Ltd.). Blots were scanned and analyzed for measurement of the band intensities using UN-SCAN-IT version 5.1 software. Band intensity was calculated as follows: band intensity = sum of all pixel values in the segment selected–background pixel value in that segment.
RNA Extraction and Quantitative Real-Time PCR Analysis
The mRNA levels of NLRP3 and caspase-1 were analyzed by RT-PCR. According to the instructions, total RNA was isolated from HUVECs and rat tissue using an RNA extraction kit (Omega, United States). This procedure was performed under RNase-free conditions. The total RNA (15 µg) was reverse transcribed to cDNA using a PrimeScript™ RT reagent kit with gDNA Eraser (TaKaRa, Kusatsu, Japan) according to the instruction manual. The specific transcripts were quantified by quantitative RT-PCR using SYBR® PreMix Ex Taq™ II (TliRNaseH Plus) and analyzed with the LightCycler 480 system. Gene-specific primers were synthesized by SparkJade (Shandong, China), and the forward (F) and reverse (R) primers are listed in Table 1. The mRNA levels were normalized to the β-actin mRNA level.
TABLE 1 | Primer sequences.
[image: Table 1]Migration Assay
The cell migration rate was determined using a transwell chamber (Corning, USA). After HUVECs were diluted to 1 × 105/ml with ECM, 0.5 ml ECM was added to the lower compartment, and 0.2 ml cell suspension was added to the upper compartment. After incubating for 6 h at 37 °C, the culture medium was removed by aspiration, and the remaining cells on the filter membrane of the upper side were gently wiped with a dry cotton swab. The cells were fixed with 4% paraformaldehyde for 30 min and stained with hematoxylin and eosin for 30 and 10 min, respectively. The number of HUVECs that migrated from the upper compartment to the lower compartment was counted.
Adhesion Assay
Fibronectin was diluted with Dulbecco’s modified Eagle’s medium (DMEM)·F12 (at a ratio of 1:9), and tiled in a 24-well plate for 12 h at 4 °C. HUVECs that underwent different treatments were inoculated on the 24-well plate, and then cultivated for 1 h at 37 °C. Unattached HUVECs were removed with phosphate-buffered saline rinses. The cells were fixed with 4% paraformaldehyde for 10 min, and then stained with hematoxylin staining solution and eosin staining solution for 30 and 10 min, respectively. The number of adherent cells was counted under the microscope.
In vitro Tube Formation Assay
Network formation capacity was detected using a tube formation assay kit (Sigma-Aldrich, USA). First, 0.05 ml basement membrane extract (BME)/per well was added to a 96-well plate, which was then incubated for 1 h at 37 °C. HUVECs were diluted to 1 × 105/ml with ECM, and 0.1 ml cell suspension was added to the 96-well plate. After 6 h, the number of tubular structures was counted.
Preparation of Thoracic Aortic Rings and Detection of Tension in Isolated Thoracic Aortic Rings
The thoracic aorta was removed and transferred to a Petri dish filled with cold oxygenated modified Krebs solution. Then, the surrounding fat and connective tissue were removed from the aorta under a dissecting microscope, and the isolated aorta was transversely cut into 4 mm-length rings. The prepared aorta rings were horizontally suspended on a tension transducer so that one end of the aorta ring was located on the fixed hook and the other end was connected with the tension transducer. The aorta rings were immersed into organ bath chambers filled with modified Krebs solution. The solution was continuously gassed with 95% O2/5% CO2 and maintained at 37 °C. The tension change was recorded by the LabChart multi-channel signal analysis system. The resting tension was adjusted to 1 g. Arteries were exposed to 10–6 mol/L phenylephrine (Phe) to induce contraction. After the tension baseline became stable, the maximum contractile force D0 was recorded, and then, 10−9–10–5 mol/L acetylcholine (Ach) was administered. The changes in vasodilation under cumulative concentration were observed, and the maximum vasodilation intensity D1 of each concentration gradient was recorded.
The rings were rinsed 3 times, for 10 min each time with fresh Krebs reagent. Then, the tension of the vascular ring was balanced to the initial state again, and 10–6 mol/L Phe reagent was provided again to stimulate vasoconstriction. After the contractile tension was stable, the maximum contraction value D2 was recorded. Then, 10−9–10–5 mol/L sodium nitroprusside (SNP) was intermittently administered. The vasodilation activity was observed under the cumulative concentration. After stabilization, the maximum relaxation value D3 of each concentration was recorded. Aortic vasodilation capacity is expressed as a percentage of vasodilation tension in contraction induced by Phe stimulation, that is, Ach relaxation is calculated as (D0-D1)/D0 relaxation * 100%, and SNP relaxation is calculated as (D2-D3)/D2 relaxation * 100%.
HE Staining
After deparaffinization and rehydration, 5 μm longitudinal sections were stained with hematoxylin solution for 5 min and then dipped in 1% acid ethanol (1% HCl in 70% ethanol) 5 times. After that, the sections were rinsed in distilled water. Then, the sections were stained with eosin solution for 3 min, followed by dehydration with graded alcohol and clearing in xylene. The mounted slides were then examined and photographed using a fluorescence microscope. The staining intensity was analyzed by Image-Pro Plus 6.0 software and expressed as the iod value.
Masson Trichrome Staining
Masson trichrome staining was conducted using a ready-to-use kit (Trichrome Stain (Masson) Kit, HT15, Sigma-Aldrich). Briefly, tissue sections (5-μm thickness) were cut and placed on standard microscopy slides. After deparaffinisation and rehydration, the slides were immersed in Bouin’s solution (HT 10132, Sigma-Aldrich) at 56 °C for 15 min. Then, the slides were washed with tap water for 5 min. The sections were stained in Weigert’s hematoxylin for 5 min, and then washed again with tap water for 5 min and rinsed in distilled water. The slides were stained in Biebrich scarlet-acid fuchsin for 5 min, rinsed in distilled water, incubated in phosphotungstic-phosphomolybdic acid for 5 min, dyed with aniline blue for 5 min, and fixed in 1% acetic acid for 2 min. Finally, the slides were rinsed in distilled water, dehydrated, and mounted.
Statistical Analysis
The data are expressed as the mean ± SD of triplicate experiments and were analyzed with SPSS version 17.0 software (SPSS Inc., Chicago, IL, United States). Statistically significant values were determined using analysis of variance (ANOVA) and Dunnett’s post hoc test, and p-values of less than 0.05 were considered statistically significant.
RESULTS
The Activation of the NLRP3 Inflammasome Played a Crucial Role in Endothelial Dysfunction in SHRs
Endothelial dysfunction contributes to hypertension, and previous studies have found that elevated blood pressure was accompanied by increased levels of the NLRP3 inflammasome (Wang et al., 2018a). Therefore, we questioned whether there was a link between the NLRP3 inflammasome and vascular endothelial damage in hypertension. On this basis, we first studied the changes in the vascular endothelia during hypertension. The results of the vascular endothelial function test showed that the level of NO (Figure 1D) was decreased in SHRs, but the level of endothelin-1 (ET-1) (Figure 1E) was increased. Evidently, there was an imbalance between vasoconstrictors and vasodilators released by the endothelia, which indicated that hypertension is characterized by excessive vasoconstriction induced by vascular endothelial dysfunction.
[image: Figure 1]FIGURE 1 | The activation of NLRP3 inflammasome played a crucial role in endothelial dysfunction in SHRs (n = 8). (A) Western blot analysis of the expression of NLRP3 and pro-caspase-1 in WKY, SHR, SHR + NLRP3-AAV and SHR + Control-AAV groups. The data were presented in fold of control. (B) PCR analysis of the expression of NLRP3 and caspase-1 in above four groups. (C) ELISA analysis of the levels of IL-1β and IL-18 in above four groups. (D) ELISA analysis of the level of NO in above four groups. (E) ELISA analysis of the level of ET-1 in above four groups. All data were shown as mean ± standard deviation (SD) (error bars) from eight independent biological repeats experiments, each of which included three technical repeats. *p < 0.05; **p < 0.01.
We then observed changes in the NLRP3 inflammasome in SHRs. Western blot and PCR results showed a boost in NLRP3 and caspase-1 (Figures 1A,B) at the same time that endothelial injury occurred, and ELISA showed increased levels of inflammatory factors IL-1β and IL-18 (Figure 1C), which were induced by the NLRP3 inflammasome. In addition, in order to confirm the causal association between NLRP3 inflammasome activation and endothelial dysfunction, we injected NLRP3-AAV to inhibit the expression of NLRP3. Measurement of the level of NO indicated that it increased (Figure 1D), and ET-1 (Figure 1E) decreased, suggesting that activation of the NLRP3 inflammasome could result in vascular endothelial damage. The above results suggested that the NLRP3 inflammasome can be targeted to reduce vascular endothelial injury in hypertension.
ST Improved the Endothelial Function in SHRs
The formula of ST is [C16H24NO5]+(SCN)-, and its chemical structure is shown in Figure 2A (Li et al., 2019b). The most important sign of hypertension is elevation of blood pressure, including SBP and DBP, mainly due to the damage of endothelial cells and continuous constriction of blood vessels (Figure 2B). The vascular endothelia maintain constant vascular tension by synthesizing and secreting vasoconstrictors and vasodilators. Therefore, we investigated the effect of ST on vascular endothelial function. Compared with the WKY group, the SHRs exhibited a significant decrease in endothelia-dependent vasodilation activity induced by Ach stimulation. After eight weeks of ST treatment, compared with the SHR group, the SHRs with ST intervention experienced restoration of sensitivity to Ach stimulation, and the endothelia-dependent vasodilation function was significantly improved.
[image: Figure 2]FIGURE 2 | ST improved endothelial function in SHRs (n = 8). (A) The chemical structure of ST. (B) Effect of ST treatment on blood pressure during eight weeks. *p < 0.05, SHR group compared with WKY group at SBP; △p < 0.05, SHR + ST group compared with SHR group at SBP; ∇p < 0.05, SHR group compared with WKY group and SHR + ST group compared with SHR group at DBP. (C) Detection of tension results of isolated thoracic aortic rings in above three groups. ∇p < 0.05, SHR group compared with WKY group and SHR + ST group compared with SHR group; △p > 0.05, among above three groups in every concentration of SNP. (D) Histopathological changes of aorta were observed by light microscopy after HE staining (200×) and Masson staining (200×). (E) Western blot analysis of the expression of eNOS and phospho-eNOS (p-eNOS) in WKY, SHR and SHR + ST groups. The data were presented in fold of control. (F) ELISA analysis of the level of NO in above three groups. (G) ELISA analysis of the level of ET-1 in above three groups. All data were shown as mean ± standard deviation (SD) (error bars) from eight independent biological repeats experiments, each of which included three technical repeats. *p < 0.05; **p < 0.01.
During the non-endothelia-dependent vasodilation function trial, it was found that the aorta of the rats in each group responded well to the vasodilation activity generated by SNP stimulation at various concentrations, and the vasodilation function level of rats in each group was the same to some extent. The results indicated that the non-endothelial-dependent vasodilation function did not significantly change under the condition of hypertension, and the regulating effect of ST on the non-endothelial-dependent vasodilation function was not obvious (Figure 2C).
The HE staining indicated that the media of the aorta in the SHRs was distinctly thickened as compared with that of the WKY rats. However, medial thickening of the aorta in the SHRs was significantly ameliorated by administration of ST. In addition, Masson staining showed a large number of collagen fibers proliferating in the vascular wall of the SHRs, which proved that the occurrence of hypertension was accompanied by obvious vascular remodeling, while the intervention of ST reduced the amount of collagen fibers, and the vascular wall began to revert to a normal structure (Figure 2D). The results of western blot, NO assay, and ELISA showed that the levels of eNOS and p-eNOS both of which reduced evidently in SHRs (Figure 2E) as well as NO levels (Figure 2F) increased, and ET-1 level (Figure 2G) decreased in SHRs with ST intervention. These results suggested that ST improved vascular endothelial function in hypertension, which confirmed again the feasibility of protecting the vascular endothelial cells against damage from hypertension.
ST Inhibited the Activation of the NLRP3 Inflammasome and Attenuated Inflammation in SHRs
Our previous studies confirmed the protective effect of ST on vascular endothelial cells in SHRs. Therefore, in order to further study the effect of ST on the NLRP3 inflammasome, we administered ST to SHRs and observed the subsequent process. The results showed that ST alleviated the inflammation in hypertension, which manifested as reduced NLRP3 and caspase-1 levels (Figures 3A,B), and demonstrated that ST had an inhibitory effect on the activation of the NLRP3 inflammasome. In addition, the ELISA results showed a decrease in IL-1β and IL-18 levels (Figure 3C). As shown in Figure 3D, the levels of NF-κB (p65) decreased after ST intervention, suggesting that the NLRP3 inflammasome-induced inflammatory pathway was the effective target of ST. These data and images suggested that although NLRP3 inflammasome activity and inflammation were hyperactive in the SHRs, ST alleviated inflammatory damage in hypertension by inhibiting the activation of the NLRP3 inflammasome.
[image: Figure 3]FIGURE 3 | ST inhibited the activation of NLRP3 inflammasome and attenuated inflammation in SHRs (n = 8). (A) Western blot analysis of NLRP3 and pro-caspase-1 in WKY, SHR, SHR + ST groups. The data were presented in fold of control. (B) PCR analysis of the expression of NLRP3 and caspase-1 in above three groups. (C) ELISA analysis of the levels of IL-1β and IL-18 in above three groups. (D) Western blot analysis of NF-κB (p65) in above three groups. The data were presented in fold of control. All data were shown as mean ± standard deviation (SD) (error bars) from eight independent biological repeats experiments, each of which included three technical repeats. *p < 0.05; **p < 0.01.
ST Attenuated AngII-Induced HUVECs Dysfunction
Endothelial function is closely related to the proliferation, migration, adhesion, and angiogenesis of vascular endothelial cells, and therefore, we investigated the effects of ST on these functions. The results showed that the number of migrating cells (Figure 4A), adhesion cells (Figure 4B), and tubular structure (Figure 4C) all decreased in AngII-induced HUVECs. However, ST increased DNA replication activity, increased migration and adhesion, and promoted the formation of tubular structures. Additionally, the levels of eNOS, p-eNOS (Figure 4D) and NO (Figure 4E) decreased, and ET-1 levels (Figure 4F) were elevated in AngII-induced HUVECs. After ST intervention, however, the levels of eNOS, p-eNOS and NO were ameliorated evidently as well as decreased ET-1, which is consistent with the results of previous experiments with animals. These results suggested that ST restored the function in vascular endothelial cells damaged by AngII.
[image: Figure 4]FIGURE 4 | ST attenuated AngⅡ-induced HUVECs dysfunction. (A) Representative images and quantitative analysis of migration assay (HE stain, 100×). (B) Representative images and quantitative analysis of adhesion assay (HE stain, 100×). (C) Representative images and quantitative analysis of tube formation assay in vitro (200×). The number of tubular structures in the field represented the angiogenesis capacity of vascular endothelia. (D) Western blot analysis of eNOS and p-eNOS expression in control, AngⅡ and AngⅡ+ST groups. The data were presented in fold of control. (E) ELISA analysis of the level of NO in above three groups. (F) ELISA analysis of the level of ET-1 in above three groups. All data except ELISA analysis were shown as mean ± SD (error bars) from three independent biological repeats experiments, each of which included three technical repeats. *p < 0.05; **p < 0.01.
ST Inhibited AngII-Induced NLRP3 Inflammasome Activation in HUVECs
We confirmed the protective effect of ST on AngII-induced vascular endothelial dysfunction. In consideration of the previous experiment, we suspected that the protective effect of ST on endothelia was related to fact that the activation of the NLRP3 inflammasome was restrained, and therefore, we added ST to vascular endothelial cells induced by AngII. The results showed that ST definitely suppressed activation of the NLRP3 inflammasome in the process of AngII-induced hypertensive damage. Western blot and PCR results suggested that AngII increased NLRP3 and caspase-1 levels, but after the intervention of ST, both levels dropped, which effectively illustrated that ST had an inhibitory effect on the activation of the NLRP3 inflammasome (Figures 5A,B). In addition, levels of NF-κB (p65) and TNF-α both rose in AngII-induced HUVECs, but subsequently decreased after ST intervention (Figures 5C,D), which strongly verified once more that the NLRP3 inflammasome is the pharmacological target of ST. These results suggested that AngII mediated NLRP3 inflammasome activity and inflammation, but ST was capable of inhibiting AngII-induced NLRP3 inflammasome activation.
[image: Figure 5]FIGURE 5 | ST inhibited AngII-induced NLRP3 inflammasome activation in HUVECs. (A) PCR analysis of the expression of NLRP3 and caspase-1 in control, AngⅡ and AngⅡ+ST groups. (B) Western blot analysis of NLRP3 and pro-caspase-1 in above three groups. The data were presented in fold of control. (C) Western blot analysis of NF-κB (p65) in above three groups. The data were presented in fold of control. (D) Western blot analysis of TNF-α in above three groups. The data were presented in fold of control. All data were shown as mean ± SD (error bars) from three independent biological repeats experiments, each of which included three technical repeats. *p < 0.05; **p < 0.01.
DISCUSSION
Basic and clinical studies have proved that hypertension is a heterogeneous disease with multiple factors, links, stages, and differences between individuals (Asgary et al., 2016). Vascular endothelial dysfunction is not only the cause but the consequence of hypertension, which is an important mechanism of hypertension (Sueta et al., 2017). This study focused on the association between the NLRP3 inflammasome and hypertensive vascular endothelial injury, revealing the fact that the NLRP3 inflammasome greatly contributed to hypertensive endothelial damage. In addition, research showed that due to the anti-inflammatory effects of ST on the activation of the NLRP3 inflammasome, not only did ST reduce blood pressure and decrease the damage to endothelial cells in the SHRs, but it also ameliorated AngII-induced huvec damage. This study proved that ST has evident anti-inflammatory and protective effects on the endothelial function in hypertension, and that the NLRP3 inflammasome is also a pharmacological target of ST that can be used for effective hypertension treatment.
The vascular endothelia lines the inner surface of the vascular lumen and pervades the vascular system throughout the body. It is not only a semi-permeable barrier, but also a homeostatic organ that maintains its structure and regulates vascular tension. The vascular endothelia has a complex enzyme system and is an important metabolic and endocrine organ of the body. It can synthesize and secrete a variety of vasoactive substances, maintain vascular tension, participate in inflammation, adjust vascular growth, and regulate platelet function (Hobson et al., 2018). Under physiological conditions, the vasoactive substances released by the vascular endothelia locally maintain a certain concentration ratio to achieve a balance between vasoconstriction and vasodilation. Disruption of the balance between the two systems is an important pathophysiological mechanism for the occurrence of hypertension (He et al., 2014). Various cardiovascular system risk factors can change the function and structure of endothelial cells, resulting in loss of normal endothelial function, known as endothelial dysfunction, which is mainly characterized by repressed activation of eNOS and reduced production of NO. If the vascular tension regulation is disordered, the endothelia-dependent vasodilation function is decreased, and vasoconstriction function is increased (Widlansky et al., 2003). When the vascular wall structure microscopically changes, the organ system structure and function are damaged. The increasingly elevated blood pressure is superficial, but human health is severely threatened (Kho et al., 2018). Endothelial dysfunction is the mutual cause and effect of hypertension, which can further damage the vascular endothelia structure and aggravate endothelial dysfunction. This cyclical process greatly increases the difficulty in successfully treating hypertension.
Some researchers have proposed that hypertension is essentially the existence of chronic low-grade inflammation, and this provides new direction for the development of agents that can be used for the treatment of hypertension (David et al., 2009). Vascular endothelial injury is the result of multi-molecule and multi-pathway interaction, and studies have found that such injury is often accompanied by the involvement of various inflammatory mediators, among which the NLRP3 inflammasome is essential. Avolio et al. compared the expression of the NLRP3 inflammasome in the blood pressure-regulating regions of SHR and Wistar rats, and found that mRNA levels of NLRP3, caspase-1, and IL-1β in the amygdala, hypothalamus, and brainstem of SHR were significantly increased (Avolio et al., 2018). Qi found that the IL-1β expression in the paraventricular nucleus of high-salt diet rats significantly increased compared with normal-salt diet rats. At the same time, the mean arterial pressure, heart rate, and serum norepinephrine levels in high-salt diet rats were also remarkably elevated. In addition, when gevokizumab (IL-1β inhibitor) was injected into the paraventricular nucleus of high-salt rats, the mean arterial pressure, heart rate, and norepinephrine in the serum were successfully decreased. Furthermore, Qi investigated the effect of inhibiting NF-κB in the activation pathway of the NLRP3 inflammasome on RAAS in salt-sensitive hypertensive rats, and then found that NF-κB inhibitor significantly reduced the mean arterial pressure and norepinephrine in salt-sensitive hypertensive rats, producing similar effects as those obtained by the inhibition of IL-1β (Qi et al., 2016).
The above series of studies have shown that the occurrence of hypertension is closely related to inflammation. In the state of hypertension, there is excessive activation of the NLRP3 inflammasome in the cardiovascular regulatory center, while intervention in the activation of the NLRP3 inflammasome in the cardiovascular center to reduce the downstream inflammatory mediators and halt the inflammation damage can effectively alleviate the severity of hypertension (Shirasuna et al., 2015). In this study, the aortic vascular endothelia of Wistar rats and SHRs was selected for trial, and the results showed that the levels of NLRP3 and caspase-1 in SHRs were significantly increased, and when the NLRP3 inflammasome was clearly activated in hypertension, the downstream inflammatory factors such as IL-1β and IL-18 were also augmented. At the same time, the endothelial function of the SHRs was inhibited, with decreased endothelia-derived vasodilation factors such as eNOS and NO and increased endothelia-derived vasoconstriction factors such as ET-1.
Based on the correlation between the NLRP3 inflammasome and hypertensive endothelial dysfunction, we injected the SHRs with AAVs to inhibit the assembly of the NLRP3 inflammasome. This offset the effect of the NLRP3 inflammasome, and we found that the vasodilation factors in the SHRs were higher. It was shown that the activation of the NLRP3 inflammasome accelerated endothelial injury in hypertension and promoted an increase in blood pressure. Our data reveal the vital role of the NLRP3 inflammasome in vascular endothelial injury in SHRs, and also provide a new direction for a follow-up study on the antihypertensive effect of ST.
Previous studies proved that ST has a satisfactory antihypertensive effect (Huang et al., 2011; Boulghobra et al., 2020), and we also found that ST reduced inflammatory injury to a certain extent (Li et al., 2017). We chose the aorta from WKY rats and SHRs to extract vascular endothelial cells for subsequent experiments, and after ST intervention in SHRs, the expression of NLRP3 and caspase-1 decreased with the suppression of NLRP3 inflammasome activity. Additionally, inflammatory factors such as NF-κB (p65), TNF-α, IL–1β, and IL-18 became inactive. It can be concluded that ST has a certain inhibitory effect on the activation of the NLRP3 inflammasome and the subsequent inflammation that develops.
Previous research found that activation of the NLRP3 inflammasome results in endothelial injury in hypertension, while ST inhibits the expression of NLRP3 and caspase-1, restraining the activity of the NLRP3 inflammasome. Endothelia-dependent vasodilation function, as the main criterion to evaluate the status of endothelial function, has been internationally recognized. At present, we have a variety of methods to detect the relaxation of the endothelia. Detection of in vitro thoracic aortic ring tension was used to compare the vasodilation function differences in the vascular ring after Ach and SNP stimulation. The results indicated that the decrease in endothelia-dependent relaxation was the main manifestation in hypertension, which ST reversed, and this proved that ST protects against endothelial injury caused by hypertension. In our study, it was found that after ST intervention, eNOS and NO levels increased, ET-1 levels decreased, and the relative balance between vasoconstriction and relaxation was restored, which indicated that vascular endothelial function was improved due to the administration of ST.
During the process of hypertension, the vascular endothelia of the SHRs was damaged and shed to different degrees, the structure of the intima was discontinuous, the smooth muscle cells in the middle membrane were significantly proliferated, the fibers were thickened, bent, and fused, inflammatory cell infiltration was observed, and the vascular wall was significantly thickened. After ST intervention, the vascular endothelial structure was restored to intactness, the smooth muscle cells in the vascular wall did not significantly proliferate, and there was decreased inflammatory damage with increased vascular remodeling.
The regulation of blood pressure includes neuroregulation (mainly the sympathetic nervous system) (Daniels et al., 2017) and humoral regulation (mainly the RAAS) (Blanchard et al., 2006), while the NLRP3 inflammasome plays an important role in the neurohumoral regulation of hypertension. In pathological conditions, especially when cardiovascular risk factors are present, AngII is one of the important substances in the RAAS. As a strong vasoconstrictor, it induces vascular endothelial injury and endothelial dysfunction, and also gives rise to further inflammation of the cardiovascular system (Endtmann et al., 2011). Therefore, inhibition of NLRP3 inflammasome-mediated vascular endothelial injury is of great significance for the control of blood pressure and the protection of target organs. Because AngII is indispensable in endothelial cell injury in patients with hypertension (Arnold et al., 2013), we administered AngII to HUVECs, and then studied the protective effect of ST on endothelial cell function. We found that ST increased the proliferation, migration, and adhesion ability of HUVECs, promoted the formation of a tubular structure, and reduced AngII-induced endothelial dysfunction.
Endothelial dysfunction is defined as vasodilation dysfunction caused by an imbalance between vasoconstriction and vasodilation, which continuously contributes to the increase in blood pressure (Zahid et al., 2019). Our results showed that ST restored the balance between them, with increased eNOS and NO levels and decreased ET-1 level, indicating that the endothelial protection of ST was related to the promotion of the balance between vasoactive substances. The NLRP3 inflammasome can affect the production of NO, leading to endothelial dysfunction (Wang et al., 2018b). Our study found that the expression of inflammatory factors such as IL-1β and IL-18 produced and released by AngII-induced HUVECs increased, and the expression of NLRP3 and caspase-1 was also elevated. Studies have shown that IL-18 can directly promote the proliferation of vascular smooth muscle cells, eventually leading to an increase in blood pressure. After the addition of ST, a series of huvec inflammatory indicators were reduced, and the activation of the NLRP3 inflammasome was also significantly inhibited. Our experiments have shown that ST improves vascular endothelial function by inhibiting the activation of the NLRP3 inflammasome, thus protecting against the endothelial injury of hypertension.
The pathophysiological mechanism of hypertension is complex, and we focused on the endothelial injury associated with hypertension. Studies have found that the activation of the NLRP3 inflammasome can aggravate the vascular endothelial dysfunction, and ST can ameliorate the endothelial injury caused by hypertension by inhibiting the activation of the NLRP3 inflammasome, with a satisfactory antihypertensive effect. However, the antihypertensive mechanism of ST is intricate, and the current study considered the NLRP3 inflammasome only as an entry point for study. Only through subsequent multi-target and multi-pathway research on hypertensive endothelial injury can the key to the antihypertensive effect of ST be found, which can then effectively guide clinical practice and be applied as a treatment for hypertension as early as possible.
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Myocarditis is a type of inflammatory cardiomyopathy that has no specific treatment. Accumulating evidence suggests that Th17 cells play a prominent role in the pathogenesis of myocarditis. Interleukin-(IL)-6-mediated signal transducer and activation of transcription 3 (STAT3) signaling is essential for Th17 cell differentiation and secretion of inflammatory cytokines. Bazedoxifene inhibits IL-6/STAT3 signaling in cancer cells, but its effect on the Th17 immune response induced by myocarditis remains unknown. Here we explore the effect of Bazedoxifene on Th17 immune response and cardiac inflammation in a mouse model of experimental autoimmune myocarditis, which has been used to mimic human inflammatory heart disease. After eliciting an immune response, we found Bazedoxifene ameliorated cardiac inflammatory injury and dysfunction. Th17 cells and related inflammatory factors in splenic CD4+ T cells at day 14 and in the heart at day 21 were increased, which were reduced by Bazedoxifene. Furthermore, Bazedoxifene could regulate autophagy induction in polarized Th17 cells. In conclusion, Bazedoxifene affected STAT3 signaling and prevented cardiac inflammation deterioration, so may provide a promising therapeutic strategy for the treatment of experimental autoimmune myocarditis (EAM).
Keywords: Th17 cell, interleukin-6, signal transducer and activator of transcription 3, experimental autoimmune myocarditis, autophagy
INTRODUCTION
Myocarditis is an inflammatory cardiomyopathy that leads to acute heart failure, dilated cardiomyopathy, and sudden death (Bracamonte-Baran and Cihakova, 2017). Current treatments for myocarditis include supportive therapy and immunosuppressive therapy, but the effectiveness of these treatments is not yet clear (Jensen and Marchant, 2016). Hence, there is a need to further understand the mechanism of myocarditis and explore novel pharmacologic treatments in order to ameliorate cardiac injury and help patients to survive.
The immune response involved in the progression of experimental autoimmune myocarditis (EAM) is complex. Studies have suggested a critical role for CD4+ T cells in the development of EAM (Błyszczuk, 2019). The conventional view is that autoimmune diseases are primarily dependent on Th1 and Th2 cells (Nindl et al., 2012). Recently, Th17 cells have been identified as playing a crucial role in this process (Maddur et al., 2012). Th17 cells increase immune effects in various inflammatory and autoimmune diseases by secreting proinflammatory cytokines, including IL-17A, IL-21, and IL-22 (Miossec et al., 2009). Regulatory T cells (Treg) restrain excessive responses of Th17 cells by producing immunosuppressive cytokines, including IL-10, IL-35, and TGF-β (Josefowicz et al., 2012). IL-6 is essential for the differentiation of naive T cells into Th17 cells by activating retinoid-related orphan receptor gamma t (RORγt), a specific transcriptional regulator, downstream of the signal transducer and activator of transcription 3 (STAT3) (Ivanov et al., 2006; Yang et al., 2007). An imbalance between Th17 and Treg cells has been reported to be associated with EAM progression (Cheng et al., 2016). Therefore, a therapeutic strategy might be to attenuate the excessive immune response of Th17 cell by inhibiting STAT3 activation.
Bazedoxifene is a third-generation estrogen receptor modulator that has been approved by the FDA (Food and Drug Administration) for prevention and treatment of osteoporosis (Bueno et al., 2017). Recent evidence indicates that using multiple ligand simultaneous docking (MLSD) and drug repositioning approaches, BAZ exhibits a new function targeting the IL-6/GP130 protein-protein interface (Li et al., 2014). Bazedoxifene can attenuate HCT-15 and HEPG2 xenograft tumor burden by inhibiting STAT3 activation induced by IL-6 (Ma et al., 2019; Wei et al., 2019). However, its therapeutic potential in EAM has not been addressed. The molecular mechanism of the IL-6/STAT3 signaling pathway and its effect on Th17 cell development in EAM needs further exploration.
MATERIALS AND METHODS
Animals
Male BALB/c mice aged 6–7 weeks (weighing 18–20 g) were purchased from HFK Bioscience CO., LTD. (Beijing, China). All animal experiments were performed in accordance with the Institutional Animal Use and Care Committee of Tongji Medical College, Huazhong University of Science and Technology (Wuhan, China).
EAM Induction and Bazedoxifene Treatment in vivo
Mice were randomly assigned to three groups: 1) control group, 2) EAM group, and 3) EAM + Bazedoxifene (hereinafter referred as BAZ) group. Mice were immunized with cardiac-specific peptide (MHC-α614–629: Acetyl-SLKLMATLFSTYAS) purchased from GL Biochem (Shanghai) Ltd. The peptide was dissolved in saline and emulsified with complete Freund’s adjuvant (CFA) in a 1:1 ratio. 200 μg peptide in 0.2 ml of the emulsion was injected subcutaneously into one side of the axillary and inguinal lymph node region on day 0, and the same dosing was injected subcutaneously into the opposite side on day 7. Bazedoxifene (5 mg/kg) was administrated in mice via intragastric gavage daily from day 7 until sacrifice at day 14 or day 21. Mice infused with saline and treated with a vehicle served as controls.
Echocardiography
Transthoracic echocardiography of mice was performed at day 21 using the Vevo 1,100 instrument (Visual sonics, Toronto, Canada) with transducer MS400 (30 MHz). To induce sedation and immobility before echocardiography, mice were anesthetized with 2% sodium pentobarbital at 80 mg/kg. After a two-dimensional parasternal short-axis image of the left ventricle at the level of the papillary muscles obtained in end-diastole, two-dimension guided M-mode images were acquired. The left ventricular ejection fraction (EF) and fractional shortening (FS) were calculated using the Vevo 1,100 software.
Measurement of Systolic Blood Pressure
The Softron BP-2010 Series, a noninvasive tail-cuff system, was utilized for the measurement of Systolic Blood Pressure (SBP), Mean Blood Pressure (MBP), and Diastolic Blood Pressure (DBP). All mice were first trained to stay quietly in a restrainer placed on a warm pad for a period of 15 min before the measurement.
Cardiac Infiltrating Cell Isolation
Cardiac-infiltrating cells were isolated from EAM hearts using some minor modifications of the method described previously (Alexander et al., 2013). In brief, hearts were collected and perfused with HEPES buffer (20 mM HEPES, 130 mM NaCl, 3 mM KCl, 1 mM NaH2PO4, 4.5 mM glucose, pH = 7.4) and then minced and digested in 0.1% collagenase B solution (C6885, Sigma, United States; 1 mg/ml in HEPES buffer) at 37 °C. The digested cell suspension was filtered through 40 μm cell strainers to prepare single-cell suspension. The cardiac lymphocytes isolated by density gradient centrifugation were cultured in complete RPMI-1640 medium with 10% fetal bovine serum.
Histopathology and Immunohistochemistry
Paraffin-embedded heart sections were first dewaxed and hydrated through an ethanol gradient and used for hematoxylin and eosin (H and E) or Masson’s trichrome staining. The inflammation score was as follows: grade 0, no inflammatory infiltrates; grade 1, <25% of a cross-section involved; grade 2, 25–50% of a cross-section involved; grade 3, 50–75% of a cross-section involved; >75% of a cross section involved (Quah et al., 2007). For immunostaining, after antigen retrieval, all slides were incubated in H2O2 to block endogenous peroxidase activity and later in BSA (5%) to block nonspecific antigen binding sites. This was followed by incubation with primary anti-CD45 (#70257, CST) or anti-IL-6 antibody (#D220828, Sangon, Shanghai, China) overnight at 4 °C and subsequent treatment with horse radish peroxidase-conjugated secondary antibody for 1 h at 4 °C according to manufacturer’s protocols.
Th17 Induction in vitro
Naïve CD4+ T cells were sorted from the splenocytes of healthy BALB/c mice using a Naïve CD4+ T cell isolation kit (Miltenyi Biotec MACS, Germany). For detection Th17 differentiation and proliferation, cells were cultured with or without 5 μM carboxyfluorescein succinimidyl ester (CFSE) labeling according to the manufacturer’s protocols (Livak and Schmittgen, 2001). The cultured condition of cells after sorting was IMDM medium comprised of 10% heat inactivated FBS (Gibco, United States), 2 mM of l-glutamine (Sigma), 0.1 mM nonessential amino acids (Sigma), 1% penicillin/streptomycin, and 100 µM β-mercaptoethanol (Sigma-Aldrich). For Th17 cells’ differentiation, anti-mouse IFN-γ (10 μg/ml; Biolegend, United States), anti-mouse IL-4 (10 μg/ml; Biolegend, United States), recombinant mouse IL-6 (60 ng/ml; Biolegend, United States), and recombinant mouse TGF-β1 (5 ng/ml; Biolegend, United States) were added in 96-well plates with plate-bound anti-mouse CD3 (5 μg/ml; Biolegend, United States) and anti-mouse CD28 (5 μg/ml; Biolegend, United States). After 72 h, cells were collected for further experiments.
Flow Cytometric Analysis
For Treg detection, cells were first stained with FITC-conjugated anti-mouse CD45 (BD, United States), PE-CY-7-conjugated anti-mouse CD4 (BD, United States), and APC-conjugated anti-mouse CD25 (BD, United States). For Th17 cell detection, cells were stimulated with Cell Stimulation Cocktail in culture medium for 4 h before surface staining using FITC-conjugated anti-mouse CD45 and PE-CY-7-conjugated anti-mouse CD4. After surface staining, cells were fixed and permeabilized with fixation/permeabilization buffer, followed by staining with PE-conjugated anti-mouse Foxp3 (eBIOSCIENCE, United States) for Tregs and PE-conjugated anti-mouse IL-17A (BD, United States) for Th17 cells. For dendritic cells detection, cells were stained with FITC-conjugated anti-mouse CD11c (BD, United States). Cells were analyzed on a FACS flow cytometer (CytoFLEX, Beckman, United States and BD Biosciences, United States).
Real-Time Quantitative RT-PCR Analysis
Total RNA was extracted using Trizol® reagent (Invitrogen) and converted into cDNA using PrimeScript RT Reagent Kit (Takara Biotechnology). Real-time qRT-PCR analyses were performed on a Bio-rad CXF CONNECT Detector system using SYBR green master mix (Takara Biotechnology), and relative expression was calculated using the CT method (Xiao et al., 2017). β-actin was used as internal reference and the 2ΔΔCT method was used for data analysis.
Western Blotting Analysis
Protein extracts of cells or tissue were prepared in lysis buffer containing a protease inhibitor and phosphatase inhibitor. Proteins were resolved on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels and then immunoblotted to nitrocellulose membranes. After being blocked in Tris buffered saline with Tween 20 with 5% skim-milk for 1 h at RT, the membranes were incubated with primary antibodies against P-STAT3 (Tyr705), STAT3, Foxp3, RORγt, beclin-1, LC3 I/II, P62, or β-actin at 4 °C overnight, and then washed and further incubated with secondary HRP-conjugated antibody for 2 h at room temperature. The membranes were finally washed and the blots were developed with enhanced chemiluminescence kit (Pierce). The levels of target proteins were normalized to β-actin.
Measurement of Cytokines by ELISA
For the enzyme-linked immunosorbent assay (ELISA), serum samples were collected by cardiac puncture from each group of mice. The levels of IL-23, IL-6, and IL-17A were quantified using ELISA kits (Boster Biological Technology, Wuhan, China) according to the manufacturer’s instructions.
Transmission Electron Microscopy
The Th17 polarized cells were fixed with 2.0% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, and then post-fixed in 1% osmium tetroxide, dehydrated in ethanol, and embedded in epon. Ultrathin sections of cells were collected on formvar-coated grids and were stained with uranil acetate and lead citrate. The samples were examined with a FEI Tecnai G2 20TWIN Transmission Electron Microscope operated at 200 KV.
Confocal Microscopy and Immunostaining
The Th17 polarized cells were obtained after 72 h incubation and fixed with paraformaldehyde at RT for 15 min. After permeabilization and blockage with PBS buffer containing 0.1% TritonX-100 and 0.5% normal goat serum at RT for 1 h, cells were stained using FITC-, Cy3-, and PE-Cy-5.5- antibodies to mouse P-STAT3 (Tyr705), beclin-1, LC3 I/II, and P62. Images were captured with a laser-scanning confocal microscope (LSM 880, Carl Zeiss, Germany) by an observer who was blinded to the identities of the samples.
Statistical Analysis
GraphPad Prism software (version 5.0 for Windows, San Diego, CA, United States) was used for all statistical analyses. Statistical analysis was performed using the unpaired Student’s t test for two groups and one-way ANOVA analysis for multiple comparisons. All values were presented as mean ± SEM. Statistical significance was accepted at p values < 0.05.
RESULTS
Bazedoxifene Ameliorated Cardiac Inflammation and Injury Induced by EAM
Compared with untreated EAM mice, Bazedoxifene-treated mice exhibited less severe EAM, including less reduction in body weight, reduced ratios of heart weight/body weight (HW/BW) and heart weight/tibia length (HW/TL), and smaller heart size (Figures 1A,B).
[image: Figure 1]FIGURE 1 | Bazedoxifene ameliorated cardiac inflammation and injury induced by EAM and improved EAM-induced left ventricular dysfunction (A). Representative heart images of the indicated groups (B). Change in body weight, HW/BW ratio, and HW/TL ratio of the indicated groups (C). Representative echocardiography M-mode images and analysis of left ventricular function. Representative images of immunohistochemistry of inflammatory cells stained with anti-CD45 and anti-IL-6 (D) in each heart section. Scale bars: 50 μm. E and F. Representative H and E-stained and Masson staining images of left ventricular sections of indicated groups. Bar graphs on the right show quantitation of data (E) (n = 5). Scale bars: left 0.5 mm, inset 100 μm. Scale bars: left 0.5 mm, inset 100 μm *p < 0.05, **p < 0.01, ***p < 0.001.
As shown by histopathological analysis, Bazedoxifene decreased inflammatory cell infiltration detected by immunostaining of CD45 (Figure 1D) and IL-6 in the heart tissue of EAM mice (Figure 1D). H&E-stained EAM heart sections demonstrated a high inflammation score, which was reduced by Bazedoxifene treatment (Figure 1E). Myocardial fibrosis was reduced by Bazedoxifene treatment as indicated by reduced collagen deposits in treated groups (Figure 1E).
Bazedoxifene Reduced EAM-Induced Left Ventricular Dysfunction
Echocardiography was performed to assess cardiac function in each group at day 21 (Figure 1C; Table 1). Cardiac systolic dysfunction, as indicated by left ventricular ejection fraction (EF) and fractional shorting (FS), decreased significantly in the EAM group, whereas these reductions in EF and FS were blunted in the Bazedoxifene-treated group. In addition, blood pressure was measured in control, EAM, and BAZ mice at day 21. As demonstrated in Supplementary Figure S5, there was no significant difference in systolic BP, mean BP, and diastolic BP between different treatment groups (p > 0.05).
TABLE 1 | Echocardiographic analysis of control, EAM and Bazedoxifene treated mice groups.
[image: Table 1]Bazedoxifene Reduced Th17 Cell Infiltration and Inhibited STAT3 Phosphorylation in Myocarditis Hearts
Previous studies have demonstrated that Th17/Treg imbalance is associated with the development of EAM (Yamashita et al., 2011). In this study, Bazedoxifene treatment significantly decreased infiltration of Th17 cells and slightly increased the number of Treg cells in EAM hearts (Figure 2A). Expression of RORγt (a critical transcriptional factor for Th17 differentiation) was enhanced in heart-infiltrating lymphocytes in EAM mice, but reduced by Bazedoxifene treatment. Correspondingly, the reduced expression of FOXP3 (a maker of Treg cells), characteristic of heart-infiltrating lymphocytes in EAM mice, was partially restored by Bazedoxifene (Figure 2B). Bazedoxifene also inhibited EAM-induced STAT3 phosphorylation (p-STAT3) in heart-infiltrating lymphocytes. In addition, Bazedoxifene could partially normalize mRNA expression of IL-6 and IL-17A in heart tissues of EAM mice, consistent with the levels of RORγt mRNA expression in heart-infiltrating lymphocytes (Figure 2C).
[image: Figure 2]FIGURE 2 | Bazedoxifene reduced Th17 cell infiltration and inhibited STAT3 phosphorylation in EAM hearts at day 21 (A). The percentages of Th17 cells and Treg cells in isolated heart-infiltrating cells of each group (n = 6) (B). Representative images of Western blots for RORγt, FOXP3 p-STAT3, and STAT3 protein from heart-infiltrating cells (n = 6). (C). The mRNA expression levels of RORγt, Foxp3, and inflammatory factors (IL-6 and IL-17A) in isolated heart-infiltrating cells of the indicated groups (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001.
Bazedoxifene Attenuated the EAM-Induced Differentiation and Th17 Cell Function
Previous studies demonstrated that injection of control mice with the cardiac-specific peptide MyHC-α614–629 elicited an immune response that reached a maximum after 14 days, prior to obvious cardiac remodeling or dysfunction (Bronietzki et al., 2015). Spleens in untreated EAM mice were enlarged macroscopically (Figure 3A). In addition, Bazedoxifene could inhibit the EAM-induced increase in CD4+ IL-17A + T cells as a percentage of total splenic CD4+ T cells at day 14 and 21. The percentage of CD4+ CD25 + FOXP3+ Treg cells was reduced at day 14 in EAM mice, but was increased by Bazedoxifene treatment. There were no significant changes in the percentage of Tregs among the three groups at 21 days (Figures 3B,C). Bazedoxifene could inhibit STAT3 activation and RORγt expression in splenic CD4+ T cells (Figures 4A,B). Additionally, at day 14 or 21, expression of Th17-related proinflammatory factors, including IL-17A, IL-21, and IL-22, was up-regulated in EAM mice vs. controls, which was abolished by Bazedoxifenethe treatment (Figures 4C,D). Hence, Bazedoxifene could inhibit Th17 cell differentiation and function. In addition, expression of Treg-related anti-inflammatory factors in splenic CD4+ T cells, including IL-35, TGF-β, and IL-10, was reduced at day 14 and slightly increased at day 21 in EAM mice (Figures 4C,D). Expression of these factors was up-regulated at day 14 and down-regulated slightly at day 21 after Bazedoxifene treatment. The results were consistent with Foxp3 expression in splenic CD4+ T cells at days 14 and 21 (Figures 4A,B). In addition, the previous study suggested that P-STAT1, P-STAT 3, and P-STAT four could be activated in splenic CD4+ T cells. The specific JAK inhibitor AG490 inhibited STAT 1, 3, and four phosphorylation (Liu et al., 2016). The expression level of P-STAT1 and P-STAT4 were increased in EAM, which could not be inhibited by Bazedoxifene (Supplementary Figure S3). EAM might involve different kinds of STAT. But Bazedoxifene had no significant effect on other STATs, except for STAT3.
[image: Figure 3]FIGURE 3 | Bazedoxifene attenuated the EAM-induced differentiation of Th17 and Treg cells in EAM splenic CD4+ T cells at 14 and 21 days (A). Representative spleen images of each group at days 14 and 21, respectively. The percentage of Th17 and Treg cells from spleen were determined at days 14 (B) and 21 (C) by flow cytometry. Representative FACS pictures of each group are shown. Averages are presented graphically on the right. *p < 0.05, **p < 0.01, ***p < 0.001.
[image: Figure 4]FIGURE 4 | Bazedoxifene affected expression of the Th17/Treg cell ratio and related inflammatory factors in EAM splenic CD4+ T cells at 14 and 21 days. Western blots are shown for p-STAT3 (Tyr 705), STAT3, RORγt, and Foxp3 protein in splenic CD4+ T cells of each group at days 14 (A) and 21 (B). mRNA expression is shown for Th17 cell-related factors and Treg cell-related factors in splenic CD4+ T cells from each group at days 14 (C) and 21 (D) (n = 4 per control group). *p < 0.05, **p < 0.01, ***p < 0.001.
Bazedoxifene Inhibited Th17 Cell Differentiation and Proliferation in vitro
To further investigate whether Bazedoxifene affected CD4+ Th17 cell differentiation and proliferation in vitro, CD4+ T cells from healthy mice splenocytes were sorted and cultured in Th17-polarizing conditions. FACS analysis showed that Bazedoxifene could reduce the percentage of CD4+ IL-17A + Th17 cells (Figure 5B). Moreover, Bazedoxifene treatment effectively inhibited proliferation of Th17 cells (Figure 5A).
[image: Figure 5]FIGURE 5 | Bazedoxifene inhibited Th17 cell differentiation and proliferation in vitro. (A) Naïve T cells were labeled with CFSE and generated under Th17-polarizing conditions with different Bazedoxifene concentrations. (B) Naïve T cells sorted from healthy mice were cultured under Th17-polarizing conditions in the presence or absence of Bazedoxifene treatment for 72 h (n = 3 in each group). *p < 0.05, **p < 0.01, ***p < 0.001.
Bazedoxifene Regulated Autophagy in Polarized Th17 Cells
Autophagy is considered to be critically important for T cell differentiation into Th1 and Treg cells (Kodama et al., 1994). However, the importance of autophagy for Th17 cell development is unclear. TEM showed that double-membrane autophagic vesicles (autophagosomes), a marker of autophagy, were more prominent in naïve CD4+ T cells treated with Bazedoxifene under Th17-polarizing conditions (Figure 6A). Our results showed that the ratio of LC3-Ⅱ/LC3-Ⅰ in Bazedoxifene-treated Th17 cells was elevated compared with untreated Th17 cells, with a corresponding decrease in P62. Beclin-1 was down-regulated in Bazedoxifene-treated Th17 cells compared with the Th17 group (Figure 6B). The data above indicated that Bazedoxifene could enhance maturation of autophagosomes, which exist intrinsically during Th17 differentiation. Treatment with Bazedoxifene suppressed STAT3 activation and RORγt expression under Th17-polarizing conditions (Figure 6B). As shown in Figure 6C, co-staining of diffuse STAT3 phosphorylation and IL-17A, mainly located in the cytoplasm under Th17-polarizing conditions, was diminished upon Bazedoxifene treatment. Compared with Th17-polarizing conditions, the increased LC3 puncta indicated that more autophagosomes were induced, consistent with reduced P62 and beclin-1 puncta in the cytoplasm.
[image: Figure 6]FIGURE 6 | Bazedoxifene regulated autophagy in polarized Th17 cells (A). Representative TEMs revealing the ultrastructure of CD4+ T cells cultured under Th17-polarizing conditions with or without Bazedoxifene treatment (B). p-STAT3, STAT3, RORγt, LC3-Ⅱ/LC3-Ⅰ, P62, and beclin-1 protein levels were analyzed by western blotting (C). Isolated naïve CD4+ T cells were cultured under Th17-polarizing condition in the presence or absence of Bazedoxifene. The cells were stained with anti-p-STAT3, anti-IL-17, anti-LC3, anti-beclin-1, and anti-P62 antibodies, and visualized using confocal microscopy. *p < 0.05, **p < 0.01, ***p < 0.001.
DISCUSSION
The EAM model in mice simulates the pathogenesis of myocarditis. Before day 14, it mainly manifests as a strong immune response in the spleen, including recognition of the α-MyHC peptide by CD4+ T cells and differentiation of detrimental CD4+ Th17 cells. The peak of cardiac inflammation occurs between days 14 and 21, and is characterized by the migration and infiltration of heart-specific CD4+ T cells from the spleen into the myocardium (Yan et al., 2016). Th17 cells have been proposed to play a prominent role in establishing inflammatory processes, while Treg cells act to restrain excessive immune responses. A proliferative or functional imbalance of the Th17/Treg ratio contributes to the pathogenesis of EAM (Quah et al., 2007). In this study, our data demonstrated an imbalance of Th17/Treg in splenic CD4+ T cells in the immune response at day 14 and heart-infiltrating CD4+ T cells at day 21. Bazedoxifene could suppress EAM via reciprocal regulation of Th17 cells and Treg cells at day 14, but the percentage of Treg cells was not reduced in EAM splenic CD4+ T cells at day 21. This may be due to inhibition of the IL-6/STAT3 signaling pathway by Bazedoxifene. Inhibition of STAT3 activity and expression of its downstream target, RORγt, decreased upon Bazedoxifene treatment. However, Foxp3, a key marker of Treg cell development, is not a direct downstream target of STAT3, which may partially explain why proliferation of Tregs in EAM was not significantly reduced by Bazedoxifene. Although the proportion of Treg cells did not continue to increase during the different immune response phases of EAM, the percentage of Th17 cells among splenic CD4+ T cells and heart-infiltrating lymphocytes continued to decrease upon Bazedoxifene treatment. Inhibition of STAT3 activity by Bazedoxifene resulted in a reduction in RORγt expression in Th17-polarizing conditions in vitro. There was also an increase in Th17-related inflammatory factors, such as IL-17A, IL-21, and IL-22, which can induce myocardial injury and remodeling. The elevated levels of inflammatory factors in EAM mice at day 14 and 21 could be reduced by Bazedoxifene. Accordingly, myocardial fibrosis in EAM mice could be ameliorated by the Bazedoxifene treatment (Ye et al., 2017; Wang et al., 2018; Kumar et al., 2019). Myocarditis is the result of a combination of inflammatory cytokines, among which CD4+ Th17 cell-related cytokines play a major role in the disease. Bazedoxifene might be a promising treatment for EAM via regulating the Th17 immune response by inhibiting STAT3 activation.
Serum levels of IL-6 are elevated in the mouse model of EAM and in patients with acute myocarditis, which is associated with a poor prognosis. In physiological or pathological conditions, IL-6 production could be triggered by a wide range of stimuli, such as stress hormones, cytokines, and pathogen recognition from different kinds of cells (Dittrich et al., 1994). In some inflammatory cardiovascular diseases, expression of IL-6 is dependent on STAT3. Inhibition of STAT3 activation results in reducing the expression of IL-6 in myocardium or blood vessels (Shi et al., 2020; Yan et al., 2020). In autoimmune disease, dendritic cells play an indisputable role in instructing the polarization of CD4+ Th17 cells in immune response through generation of cytokines such as IL-6, IL-23, and IL-1β (Coutant and Miossec, 2016). Reduced proportion of CD11c + dendritic cells and ability to produce Th17-polarizing cytokines are involved in the treatment of EAM (Yan et al., 2016). Inhibiting dendritic cell–derived IL-6 production could suppress Th17 differentiation in experimental autoimmune encephalomyelitis and experimental autoimmune myocarditis (Yan et al., 2016; Yang et al., 2018). And p-STAT3 signaling is necessary for dendritic cells’ differentiation by IL-6 binding to the IL-6 receptor (Park et al., 2004). Exposure of immature monocyte-derived dendritic cells to HIV-1 results in the production of IL-6 via mitogen-activated protein kinase (MAPK)/NF-κB pathways (Del Cornò et al., 2014). IL-6 in turn activates STAT3 by an autocrine loop. In our study, Bazedoxifene led to a decreased frequency of splenic CD11c + dendritic cells in EAM mice (Supplementary Figure S1A). Additionally, the circulating levels of IL-23 and IL-6 were reduced in mice with Bazedoxifene treatment (Supplementary Figure S1B). Therefore, Bazedoxifene could suppress the ratio of dendritic cells in mice splenic cells, as well as the secretion of inflammatory cytokines. This may provide an explanation for the decreased IL-6 production in our results.
Previous research has shown that the IL-6/STAT3/RORγt signaling pathway is essential in Th17 cell differentiation and function in EAM (Bronietzki et al., 2015). The blockade of the IL-6 receptors by antibodies or inhibition of STAT3 activation by small-molecule inhibitors prevented the development of EAM, accompanied by reduced expression of RORγt. However, these results are difficult to translate into clinical practice due to uncertain toxicity and bio-availability. Bazedoxifene has undergone clinical trials and been approved by the FDA, which provides a basis for investigating its use for other diseases. In our results, Bazedoxifene could inhibit IL-6 induced STAT3 phosphorylation in CD4+ T cells in vivo and vitro. Additionally, estradiol and stattic were added to clarify the possible mechanisms under Th17 cell differentiation with treatment of Bazedoxifene. In Supplementary Figure S6, compared with Th17 polarization, BAZ and Stattic treatment could suppress Th17 cells’ proliferation and differentiation to varying degrees. However, estradiol treatment had little inhibiting effect on Th17 cell differentiation in polarized conditions. Bazedoxifene has been reported as a novel inhibitor of IL-6/GP130 protein−protein interactions (PPIs) using multiple ligand simultaneous docking (MLSD) and drug repositioning approaches (Li et al., 2014). Induction of STAT3 phosphorylation by IL-6 could be inhibited with the treatment of Bazedoxifene in Hep3B cells which are considered as estrogen receptor-negative (Ma et al., 2019). In addition, Bazedoxifene has no effect on T lymphopoiesis and T cell dependent inflammation in a delayed type hypersensitivity model, independent from estrogen receptors (Bernardi et al., 2015). Hence, we speculate the suppressive effect on the constitutive expression of p-STAT3 by Bazedoxifene might not be estrogen receptor-dependent.
Autophagy involves the selective degradation of cellular components. Recent studies have provided evidence that autophagy also plays an important role in autoimmune disease by modulating the function of CD4+ T cell (Kreuzaler et al., 2011). However, few studies have addressed the relationship between autophagy and Th17 cell differentiation. Growing evidence suggests that the STAT3 signaling pathway affects autophagy in various ways (Pensa et al., 2014). To clarify this issue more clearly, we tried Stattic as a positive control. Stattic is a kind of STAT3 inhibitor. In Supplementary Figure S2, inhibition of p-STAT3 by Bazedoxifene and Stattic was accompanied by an increase in ratio of LC3-II/LC3-I in polarized Th17 cells. For other markers of autophagy, the expression of P62 and beclin-1 were lower in BAZ group than in Stattic group. Moreover, Th17 cell differentiation was suppressed with treatment of BAZ and Stattic, as the protein level of RORγt was decreased. STAT3 is a transcription factor that mediates cellular responses to a variety of cytokines and growth factors, of which IL-6 plays an important role in immunity (Yu et al., 2009). In our results, Th17 differentiation was reduced and autophagy was promoted via partial inhibition of STAT3 by the IL-6 signaling pathway in BAZ group, the effect of which was more obviously produced via total inhibition of STAT3 by Stattic. This provides evidence that STAT3 phosphorylation induces autophagy. Although the molecular mechanism between autophagy and STAT3 activation in Th17 cell differentiation and function is not fully understood, our results may provide new clues for exploring relationships between Th17 cell autophagy and anti-inflammatory signaling pathways in EAM. The results of our study suggest that Bazedoxifene may be appropriate for a range of clinical indications in cardiovascular disease and may serve as a template for developing novel agents to treat autoimmune myocarditis.
CONCLUSION
We have demonstrated that Bazedoxifene can play a protective role in EAM, as it ameliorates cardiac inflammation, reduces myocardial injury, and improves cardiac function by inhibiting Th17 cell development in vivo. Bazedoxifene inhibited Th17 cell differentiation and function and regulated autophagy in Th17 cells in vitro. Elucidation of the role of STAT3 in autophagy may provide a comprehensive understanding of Th17 development. Our study suggests a novel therapeutic strategy for reducing inflammation and myocardial injury in EAM via inhibiting Th17 cell differentiation and function.
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Supplementary Figure 1 | The effect of Bazedoxifene on dendritic cells about the differentiation and secreting Th17-polarizing cytokines in EAM mice. (A) The proportion of CD11c+ dendritic cells among splenocytes in each group. Representative FACS pictures of each group are shown. Averages are presented graphically on the right. (B) The serum levels of Th17-polarizing cytokines (IL-6 and IL-23) and Th17-secrecting cytokine (IL-17A) (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001.
Supplementary Figure 2 | Inhibition of STAT3 phosphorylation modulated autophagy in polarized Th17 cells. To determine whether the regulatory property of Bazedoxifene on Th17 differentiation affected the induction of autophagy, splenic CD4+ T cells from Balb/c mice were cultured under conditions inducing Th17 differentiation in the presence or absence of Bazedoxifene (5 µM) or Stattic (5 µM) for 72 hours. P-STAT3, STAT3, RORγt, LC3-II/LC3-I, P62, and beclin-1 protein levels were analyzed by western blotting. *P < 0.05, **P < 0.01, ***P < 0.001.
Supplementary Figure 3 | Changes of phosphorylated proteins of STAT 1 and 4 signaling pathway. The expression level of p-STAT1, STAT1, p-STAT4 and STAT4 was detected in each group by western blotting. *P < 0.05, **P < 0.01, ***P < 0.001.
Supplementary Figure 4 | The body weight of mice in control, EAM and BAZ group. *P < 0.05, **P < 0.01, ***P < 0.001
Supplementary Figure 5 | Measurements of blood pressure in mice at day 21 using the NIBP system by cuffing the tails. The bar graph shows a quantitative analysis of systolic BP (SBP), mean BP (MBP), and diastolic BP (DBP).
Supplementary Figure 6 | The effect of inhibiting p-STAT3 and activating estrogen receptor signaling pathway on Th17 cell differentiation and proliferation in vitro. Naïve T cells sorted from Balb/c mice were cultured under Th17-polarizing conditions in the presence or absence of Bazedoxifene (5 µM), estradiol (E2, 1 nmol/l) or Stattic (5 µM) for 72 hours. Averages are presented graphically on the right. *P < 0.05, **P < 0.01, ***P < 0.001.
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Subject: Cardiovascular disease, as a very common and serious coexisting disease in diabetic patients, and is one of the risk factors that seriously affect the prognosis and complications of surgical patients. Previous studies have shown that sevoflurane post-conditioning (SPostC) exerts a protective effect against myocardial ischemia/reperfusion injury by HIF-1α, but the protective effect is weakened or even disappeared under hyperglycemia. This study aims to explore whether regulating the HIF-1α/MIF/AMPK signaling pathway can restore the protective effect and reveal the mechanism of SPostC on cardiomyocyte hypoxia/reoxygenation injury under high glucose conditions.
Methods: H9c2 cardiomyocytes were cultured in normal and high-concentration glucose medium to establish a hypoxia/reoxygenation (H/R) injury model of cardiomyocytes. SPostC was performed with 2.4% sevoflurane for 15 min before reoxygenation. Cell damage was determined by measuring cell viability, lactate dehydrogenase activity, and apoptosis; Testing cell energy metabolism by detecting reactive oxygen species (ROS) generation, ATP content and mitochondrial membrane potential; Analysis of the change of HIF-1α, MIF and AMPKα mRNA expression by RT-PCR. Western blotting was used to examine the expression of HIF-1α, MIF, AMPKα and p-AMPKα proteins. HIF-1α and MIF inhibitors and agonists were administered 40 min before hypoxia.
Results: 1) SPostC exerts a protective effect by increasing cell viability, reducing LDH levels and cell apoptosis under low glucose (5 μM) after undergoing H/R injury; 2) High glucose concentration (35 μM) eliminated the cardioprotective effect of SPostC, which is manifested by a significantly decrease in the protein and mRNA expression level of the HIF-1α/MIF/AMPK signaling pathway, accompanied by decreased cell viability, increased LDH levels and apoptosis, increased ROS production, decreased ATP synthesis, and decreased mitochondrial membrane potential; 3. Under high glucose (35 μM), the expression levels of HIF-1α and MIF were up-regulated by using agonists, which can significantly increase the level of p-AMPKα protein, and the cardioprotective effect of SPostC was restored.
Conclusion: The signal pathway of HIF-1α/MIF/AMPK of H9c2 cardiomyocytes may be the key point of SPostC against H/R injure. The cardioprotective of SPostC could be restored by upregulating the protein expression of HIF-1α and MIF under hyperglycemia.
Keywords: hypoxia inducible factor-1α, hypoxia/reoxygenation injury, sevoflurane post-conditioning, myocardial protection, diabetes
INTRODUCTION
The incidence of diabetes is increasing year by year, and it is showing a trend of getting younger. It has become a global public health problem that seriously threatens human health. According to The International Diabetes Federation (IDF) in 2019, approximately 463 million adults worldwide suffered from diabetes, and it is estimated that the number of patients will exceed approximately seven million in the next 25 years (Saeedi et al., 2019). Studies have confirmed that long-term diabetes will produce many complications, including vascular endothelial dysfunction (Xu et al., 2019), exacerbating myocardial injure caused by ischemia/reperfusion (Ruan et al., 2019).
Cardiovascular disease, as the very common and serious coexisting disease in diabetic patients, is far more harmful than diabetes itself. Studies have found that the incidence of myocardial ischemia in diabetic patients is 1.45–2.99 times higher than that of non-diabetic patients (Aniskevich et al., 2017), and the incidence of perioperative heart-related complications is about 5 times higher than that of non-diabetic patients (Liu et al., 2016), which is a serious safety threat for surgical patients. Therefore, seeking effective myocardial protection strategies for diabetic patients during the perioperative period is an very important scientific issue.
Myocardial ischemia/reperfusion injury (I/RI) is a common clinical pathophysiological process, and it is also the main cause of perioperative cardiac adverse events and death (Rassaf et al., 2014). Sevoflurane is an inhaled anesthetic that is widely used in clinical and basic research. It has unique pharmacological characteristics such as stable induction and rapid recovery. Many studies have confirmed that sevoflurane post-conditioning (SPostC) can effectively alleviate I/RI of healthy cardiomyocytes (Pasqualin et al., 2016; Dong et al., 2019). However, hyperglycemia causes the myocardial protection of SPostC to disappear (Gao et al., 2016), and the specific mechanism is still unclear.
Hypoxia-inducible factor-1α (HIF-1α), as the initiating factor that regulates myocardial hypoxia and initiates the endogenous protective mechanism, is considered to be the main regulator of defense against hypoxic injury (Hasegawa et al., 2020). Our team’s previous studies confirmed that HIF-1α as a target to mediate the cardioprotective effect of SPostC (Yang et al., 2016), but the protein expression of HIF-1α is downregulated after the SpostC in diabetic myocardium, and the cardioprotective effect can be restored by upregulating the expression level of HIF-1α. However, the specific mechanism of HIF-1α-mediated myocardial protection of SPostC under high glucose is currently unclear. Macrophage migration inhibitory factor (MIF), as a downstream factor of HIF-1α, also plays an important role in the process of myocardial I/RI (Jankauskas et al., 2019; Voss et al., 2019). There is a close correlation between the expression levels of HIF-1α and MIF in myocardial tissue, and the expression of MIF increases with the up-regulation of HIF-1α (Pohl et al., 2017). MIF is also used as an upstream target protein to regulate adenylate activated protein kinase (AMPK) (Feng et al., 2018). AMPK is the central point of cell energy metabolism regulation and the main sensor for regulating energy state (Garcia and Shaw, 2017), could counter myocardial I/RI by promoting myocardial energy metabolism (Feng et al., 2018). Therefore, this study focuses on whether the HIF-1α/MIF/AMPK signaling pathway is a key point in mediating the protective effect of SPostC in hyperglycemia.
MATERIALS AND METHODS
Cell Culture and Processing
The H9c2 rat embryonic cardiomyocyte cell line was obtained from Procell Life Science&Technology Co.,Ltd. China. The cell culture conditions consisted of DMEM (high glucose, 35 μM) medium + 10% FBS at 37°C, 5% CO2, and saturated humidity. H9c2 cells with good growth at 90% confluency were used to prepare a 5 × 104 cell/mL single-cell suspension using complete medium. Cells were inoculated in 96-well plates and incubated for 24 h at 37°C in a 5% CO2 incubator. When the cells grew to 80% confluency, the supernatant was discarded, the adherent cells were washed twice with PBS, and serum-free DMEM (low glucose, 5 μM) medium was added.
H/R Injury of Cardiomyocytes
Plates seeded with cardiomyocytes were placed in airtight, humidified and specifically modified chambers (Modular Incubator Chamber, MIC1-101, Billups-Rothenberg, United States) filled with 95% N2 and 5% CO2 to achieve an oxygen-deficient environment. Ventilation at 5 L/min for 15 min was used to achieve a 1% lower oxygen concentration in the chamber (the oxygen indicator card will change from blue to red when the oxygen concentration in the sealed chamber is less than 0.1%). Cells were incubated in 95% air and 5% CO2 at 37°C for 3 has reoxygenation. The N + CON group and H + CON group were kept in normoxic conditions for 3 h at appropriate times, while cells of other groups were exposed to hypoxia.
Sevoflurane Post-conditioning of Cardiomyocytes
According to the previous study (Yu et al., 2017), a Vapor 2000 sevoflurane vaporizer (Drager, Lubeck, Germany) was used to apply a gas mixture containing 97.6% O2 and 2.4% sevoflurane. Briefly, an in-line sevoflurane vaporizer fed a supply of gas mixture containing 97.6% O2 and 2.4% sevoflurane for at least 10 min until the desired sevoflurane concentration (2.4%) was achieved. Concentrations of sevoflurane and O2 were monitored using an anesthetic analyzer (Drager Famous, Lubeck, Germany) in the outlet. The gas flow rate was 2 L/min. After the cells were treated for 15 min, they were taken out immediately and incubated in a 5% CO2 cell incubator for 165 min at 37°C. Other groups that do not require the intervention of sevoflurane received inhalation of pure oxygen (100% oxygen) for the same time interval.
Pharmacological Inhibitor and Agonist
Cardiomyocytes were incubated with the HIF-1α inhibitor YC-1 (Selleck, United States) for 40 min at 100 μM before hypoxia, MIF inhibitor ISO-1 (Selleck, United States) for 40 min at 5 μM before hypoxia; HIF-1α agonist DMOG (Selleck, United States) for 40 min at 1 mM before hypoxia, MIF agonist MIF20 (Shenggong, China) for 40 min at 100 ng/ml before hypoxia. Investigate their modulating effects on following SpostC under high glucose conditions.
Experimental Grouping
Cardiomyocytes incubated for 24 h were randomly divided into five groups (Figure 1):
[image: Figure 1]FIGURE 1 | Experimental groups with respective protocols. H9c2 cardiomyocytes were randomly divided into N + CON, N + H/R, N + H/R + SPostC, N + H/R + SPostC + YC-1, N + H/R + SPostC + ISO-1, H + CON, H + H/R, H + H/R + SPostC, H + H/R + SPostC + DMOG and H + H/R + SPostC + MIF20 groups.
Control (N + CON) group: H9c2 cells were continuously cultured in DMEM low-glucose medium (5 mM) containing 10% FBS without any interventions for 6 h.
Hypoxia/reoxygenation (N + H/R) group: H9c2 cells were placed in an airtight container with 95% N2 and 5% CO2 for 3 h, then reoxygenation (95% air and 5% CO2) with the addition of fresh low glucose DMEM with 10% FBS at 37°C, for a total 3 h of reoxygenation.
SPostC (N + H/R + SPostC) group: H9c2 cells were exposed to 2.4% sevoflurane for 15 min at the beginning of reoxygenation after 3 h of hypoxia, and then incubated in a 5% CO2 cell incubator for 165 min.
HIF-1α inhibitor (N + H/R + SPostC + YC-1) group: YC-1 (10 μM) was added to the medium for 40 min before hypoxia, followed by H/R injury and SpostC (same as N + H/R + SPostC group).
MIF inhibitor (N + H/R + SPostC + ISO-1) group: ISO-1 (5 μM) was added to the medium for 40 min before hypoxia, followed by H/R injury and SPostC (same as the N + H/R + SPostC group).
H + H/R group: H9c2 cardiomyocytes at baseline were incubated in high-glucose medium for 48 h followed by H/R (same as the N + H/R group).
H + H/R + SPostC group: Cardiomyocytes at baseline were incubated in a high-glucose medium for 48 h, followed by H/R and SPostC (same as N + H/R + SPostC group).
HIF-1α agonist (H + H/R + SPostC + DMOG) group: DMOG (1 mM) was added to the medium for 40 min before hypoxia, followed by H/R injury and SPostC (same as H + H/R + SPostC group).
MIF agonist (H + H/R + SPostC + MIF20) group: MIF20 (100 ng/ml) was added to the medium for 40 min before hypoxia, followed by H/R injury and SPostC (same as H + H/R + SPostC group).
Detection Methods
Determination of Cell Viability
Cell viability was determined by the CCK-8 method. A total of 100 μL of 10% CCK-8 solution was added to each well of a 96-well plate, which was then incubated at 37°C. After 2 h, the optical density values were measured at a wavelength of 450 nm using a plate reader.
Determination of Lactate Dehydrogenase Content
According to the instructions of the LDH cytotoxicity test kit, cell supernatants of each well of the 96-well plate were collected and transferred to a new 96-well plate in each experimental group, and 60 μL of LDH test solution was added to each well. The plate was wrapped with foil and placed on a shaker to incubate for 30 min at room temperature. The absorbance values were then measured at 490 nm. The absorbance value was proportional to the LDH content.
Flow Cytometry Analysis of Cardiomyocyte Apoptosis
Cell apoptosis was assessed by PE Annexin V Apoptosis Detection Kit I (BD Biosciences, United States) according to the manufacturer’s protocol. The whole operation process was protected from light. In brief, cells washed with ice-cold phosphate-buffered saline (PBS) were resuspended in binding buffer. The solution (1 × 105cells) supplemented with PE Annexin V and 7-AAD incubated for 15 min at room temperature. The apoptotic cells were identified by flow cytometry (Beckman Coulter, United States).
Reactive Oxygen Species Detection
hiPS-CMs were incubated with 2′,7′-dichlorofluorescein diacetate (H2DCF-DA, Beyotime) (10 µmol/L) for 30 min at 37°C in dark and then rinsed with PBS three times. The fluorescence was observed with a confocal laser microscope at 488 nm excitation and 525 nm emission wavelengths.
ATP Content Measurement
In brief, an ATP assay kit was used to quantify myocardial ATP based on the luciferin-luciferase reaction. The concentration of myocardial phosphocreatine was measured via reverse-phase high-performance liquid chromatography. A glycogen detection kit was used to determine the concentration of glycogen in the myocardium.
Mitochondrial Membrane Potential Measurement
To evaluate the redistribution of mitochondrial membrane potential (Δψm), JC-1 (Millipore, United States) was used to incubate cardiomyocytes following the manufacturer’s instructions. Briefly, Cells were incubated with 10 nmol/L JC-1 staining solution at 37°C free light for 10 min. The images were captured using a fluorescence inverted microscope (LEICA-DMI4000B, Germany). Red and green fluorescence intensities were analyzed respectively using Image J software, and the ratio of the red: green fluorescence was proportional to the Δψm. Thirty randomly chosen cardiomyocytes per treatment group were analyzed (n = 3 independent experiments with 10 incubated cardiomyocytes per experiment).
RT-PCR Detection
The primer sequence is synthesized with β-actin as an internal reference.
 | 
[image: ]The nucleus pulposus tissue was ground and added to thelysate. TRIzol reagent was used to extract total RNA. After extraction, the concentration and purity of total RNA were identified using 1% agarose gel and UV spectrophotometer. Reverse transcription of total RNA was performed according to the cDNA kit instructions. A portion of the cDNA product was subjected to subsequent experiments, and the excess product was stored at −20°C until use. ABI Prism 7900 PCR instrument was used for PCR amplification, PCR system: PCR mix (2XTamix) 12.5 L, DNA template 2.0 L, 1.0 L each of upstream and downstream primers, and double distilled water to make up to 25 L. PCR reaction conditions: 95°C for 5 min, 95°C for 30 s, 60°C for 30 s, 72°C for 1 min. A total of 40 amplifications were performed at this time, and the final extension was at 72°C for 5 min β-actin was used as an internal reference and the experiment was conducted 3 times in total.
Western Blotting
The treated cells were collected and lyzed in RIPA buffer (Thermo Fisher Scientific, United States) supplemented with phosphatase and protease inhibitors (Thermo Fisher Scientific, United States). The extracted proteins were separated by SDS-PAGE and then transferred to PVDF membrane (Millipore Co., Bedford, MA). Proteins were probed with primary antibodies (1:1,000) including rabbit antibodies MIF, mouse antibody HIF-1α (all from Abcam, United States), rabbit antibodies AMPKα, phospho-AMPK(Thr172) (Cell Signaling Technology, United States), beta-Actin Loading Control antibody Mouse MAb (BioEngX, China), followed by incubation with corresponding secondary antibody conjugated with alkaline phosphatase (goat antirabbit IgG or goat anti-mouse IgG (all from Abcam, United States)). An alkaline phosphatase chromogen (BCIP/NBT, Invitrogen, United States) was used to detect bound antibodies. Signals were detected and quantified with Image Lab 4.0 software (Bio-Rad Laboratories, United States).
Statistical Analysis
Statistical analysis was performed using the GraphPad Prism 6.0. The data are presented as the mean ± SD. One-way analysis of variance (ANOVA) was used for statistical analyses of data obtained within the same group and between groups, respectively, followed by Tukey’s test for multiple comparisons of group means. p < 0.05 was considered statistically significant.
RESULTS
Cardiomyocytes are Damaged Under High Glucose Condition and the Cardioprotective Effect Mediated by SpostC is Weakened
Cell viability, LDH activity, and apoptosis reflect the extent of cell damage. In this study, compared with N + H/R group, N + H/R + SPostC group significantly reduces cell damage, which is shown as increased cell viability (Figure 2A), and decreased LDH content (Figure 2B); Simultaneously accompanied by reduced the rate of cell apoptosis, which is detected by flow cytometry (Figures 2C,D); However, the damage of myocardial cells was increased again when the HIF-1α inhibitor (YC-1) and MIF inhibitor (ISO-1)were used respectively (Figures 2A–C). In the high glucose state, the cell viability of all groups were lower than normal culture group (Figure 2A). The LDH test in the high glucose state showed that all groups were higher than the normal culture group (Figure 2B). Similarly, the apoptosis of all groups under high glucose condition was more serious than normal culture group (Figures 2C,D). After HIF-1α agonist (DMOG, 1 mM) and MIF agonist (MIF20, 100 ng/ml) were used respectively in H + H/R + SPostC group, the myocardial protective effect of SPostC was restored. The results showed that SPostC attenuated the H/R damage of cardiomyocytes under high glucose conditions, but the protective effect of SPostC was reversed by activating HIF and MIF.
[image: Figure 2]FIGURE 2 | High glucose concentration was cell-damaging and abolished SPostC-induced cardioprotection. (A) Cell viability: Compared with N + H/R group, N + H/R + SPostC group improved cell viability, but H + H/R + SPostC group failed to increase cell viability (n = 5/group). (B) LDH activity: Compared to N + H/R group, N + H/R + SPostC group significantly reduced LDH content, but H + H/R + SPostC group failed to reduce LDH content (n = 3/group). (C,D) Flow cytometry to measure apoptosis: Compared with N + H/R group, N + H/R + SPostC group reduced cell apoptosis, but H + H/R + SPostC group failed to effectively reduce cell apoptosis (n = 3/group). Data represent mean ± SD, vs. N + CON group *p < 0.05; vs. N + H/R group #p < 0.05; vs. N + H/R + SPostC group ^p < 0.05; vs. N + H/R + SPostC + YC-1 group &p < 0.05; vs. N + H/R + SPostC + ISO-1 group %p < 0.05; vs. H + CON group aP < 0.05; vs. H + H/R group bP < 0.05; vs. H + H/R + SPostC group cP < 0.05.
The Effect of SPostC on the mRNA Expression of HIF-1α, MIF and AMPKα in the H/R Injury of Cardiomyocytes Under Low Glucose and High Glucose Conditions
The mRNA expression of HIF-1α and MIF increased after H/R injury in cardiomyocytes. Compared with the N + H/R group, SPostC significantly increased the mRNA expression of HIF-1α and MIF. However, after using HIF-1α inhibitor YC-1 and MIF inhibitor ISO-1, the mRNA expression of HIF-1α and MIF decreased. In addition, under the condition of high glucose, compared with N + H/R + SPostC group, H + H/R + SPostC group did not significantly increase the mRNA expression of HIF-1α and MIF. It is confirmed that at the level of mRNA expression, the cardioprotective effect of SPostC is weakened under the condition of high glucose. But after the use of HIF-1α agonist DMOG and MIF agonist MIF20, the mRNA expression of HIF-1α and MIF increased significantly. We found that there was no difference in the expression of AMPKα mRNA among all groups, and it was concluded that there was no significant difference in the expression of AMPKα at mRNA level. Our results confirmed that at the level of mRNA expression, SPostC mediates HIF-1α/MIF/AMPK signal transduction to play a cardioprotective effect under low glucose conditions. Under the condition of high glucose, the signal transduction of HIF-1α/MIF/AMPK is weakened, which leads to the weakening of the protective effect of SPostC (Figure 3).
[image: Figure 3]FIGURE 3 | The effect of SPostC on the mRNA expression of HIF-1α, MIF and AMPKα in the H/R injury of cardiomyocytes under low glucose and high glucose conditions. (A) The mRNA expression of HIF-1α. (B) The mRNA expression of MIF. (C) The mRNA expression of AMPKα. Data represent mean ± SD, vs. N + CON group *p < 0.05; vs. N + H/R group #p < 0.05; vs. N + H/R + SPostC group ^p < 0.05; vs. N + H/R + SPostC + YC-1 group &p < 0.05; vs. N + H/R + SPostC + ISO-1 group %p < 0.05; vs. H + CON group aP < 0.05; vs. H + H/R group bP < 0.05; vs. H + H/R + SPostC group cP < 0.05.
[image: Figure 4]FIGURE 4 | SPostC exerts its cardioprotective effect by HIF-1α/MIF/AMPK signal pathway under low glucose condition, but the function is inactivated under high glucose condition. (A) Western blot images of each group under normal glucose condition; (B) Western blot images of each group under high glucose condition; Under normal culture, SPostC significantly upregulated HIF-1a, MIF and p-AMPKα protein expression. After YC-1 and IOS-1 administration, the expression of HIF-1a MIF and p-AMPKα was downregulated. Data represent mean ± SD, vs. N + CON group *p < 0.05; vs. N + H/R group #p < 0.05; vs. N + H/R + SPostC group ^p < 0.05; vs. N + H/R + SPostC + YC-1 group &p < 0.05; vs. H + control group aP < 0.05; vs. H + H/R group bP < 0.05; vs. H + H/R + SPostC group cP < 0.05.
SPostC Exerts Cardioprotective Effect by HIF-1α/MIF/AMPK Signal Pathway Under Low Glucose Condition, but the Function is Inactivated Under High Glucose Condition
Western blot was used to detect the protein expression levels of HIF-1α, MIF, AMPKα and p-AMPKα in each group of cells (Figure 4). In this study, under the condition of low glucose (5 μM), compared with the N + CON group, H/R injury of cardiomyocytes slightly increasedthe protein expression levels of HIF-1α, MIF, p-AMPKα; compared with the N + H/R group, SPostC increased HIF-1α, MIF, and p-AMPKα protein expression level; Compared with N + H/R + SPostC group, HIF-1α inhibitor YC-1 and MIF inhibitor IOS-1 inhibited HIF-1α, MIF, and p-AMPKα protein expression levels. In the high glucose state (35 μM), compared with the H + CON group, the HIF-1α, MIF and p-AMPKα protein levels in the H + H/R group were higer; compared with the H + H/R group, the HIF-1α, MIF and p-AMPKα protein levels were no significant difference expression in the H + H/R + SPostC group; compared with H + H/R + SPostC group, HIF-1α agonist DMOG and MIF agonist MIF20 upregulated the protein expression levels of HIF-1α, MIF and p-AMPKα. We found that the protein expression of AMPKα had no obvious change trend, which was consistent with the expression level of AMPKα mRNA above. Therefore, we believe that at the protein level, the HIF/MIF signal axis regulates the phosphorylation of AMPKMP Therefore, our results confirm that SPostC-mediated HIF-1α/MIF/AMPK signal transduction plays a cardioprotective role in cardiomyocytes under low glucose conditions. Under the condition of high glucose, HIF-1α/MIF/AMPK signal transduction is weakened, which weakens the protective effect of SPostC, but the myocardial protective effect of SPostC is restored after exogenous up-regulation of HIF-1 α and MIF expression.
Regulation of HIF-1α/MIF/AMPK Signal Transduction to Restore the Myocardial Protective Effect of SpostC Under High Glucose
Experiments to detect cell ROS production, ATP content and the detection of mitochondrial membrane potential reflect that the upregulated of HIF-1α/MIF/AMPK signaling pathway restored SPostC-induced cardioprotective effects in a high glucose condition. The results showed that the generation of ROS in the N + H/R group and H + H/R group was higher than that in the N + CON group and H + CON group; but the N + H/R + SPostC group significantly reduced ROS generation; the HIF-1α inhibitor YC-1 group and the MIF inhibitor IOS-1 group promoted ROS generation, but the HIF-1α agonist DMOG group and the MIF agonist MIF20 group significantly reduced ROS generation (Figure 5A). ATP content detection showed that the ATP content of N + H/R group and H + H/R group was significantly lower than that of N + CON group and H + CON group; the ATP content of N + H/R + SPostC group and H + H/R + SPostC group was significantly higher than that of N + H/R group and H + H/R group; compared with the H + H/R + SPostC group, the ATP content of the YC-1 group and the IOS-1 group decreased slightly, but compared with the H + H/R + SpostC group, the ATP content of the DMOG group and the MIF20 group increased significantly (Figure 5B). Δψm, a sign of stage apoptosis was evaluated in cardiomyocytes using JC-1 staining. These results showed that the ratio of red to green fluorescence intensity in the N + H/R group was lower than in the N + CON group. But HIF-1α agonist DMOG and MIF agonist MIF20 increased the ratio of red to green fluorescence intensity and HIF-1α inhibitor YC-1 and MIF inhibitor ISO-1 blocked the effect of SPostC (Figure 5C).
[image: Figure 5]FIGURE 5 | Regulate HIF-1α/MIF/AMPK signaling pathway restored SPostC-induced cardioprotective effects in a high glucose condition. (A) ROS synthesis: Compared with N + H/R group, N + H/R + SPostC group reduced ROS synthesis, but H + H/R + SPostC group failed to reduce ROS synthesis; Compared with N + H/R + SPostC group, YC-1 group and IOS-1 group promoted ROS synthesis; Compared with H + H/R + SPostC group, DMOG group and MIF20 group reduced ROS synthesis (n = 3/group). (B) ATP content: Compared with N + H/R group, N + H/R + SPostC group significantly increased ATP content, but H + H/R + SPostC group ATP content decreased; compared with N + H/R + SPostC group, YC-1 group and IOS-1 group decreased ATP content; compared with H + H/R + SPostC group Compared with DMOG group and MIF20 group, ATP content increased (n = 3/group). (C) Representative images of JC-1 were capture using a fluorescence inverted microscope in cardiomyocytes (200×). The results showed that HIF-1α agonist DMOG and MIF agonist MIF20 increased the ratio of red to green fluorescence intensity (n = 3/group). Data represent mean ± SD, vs. N + CON group *p < 0.05; vs. N + H/R group #p < 0.05; vs. N + H/R + SPostC group ^p < 0.05; vs. N + H/R + SPostC + YC-1 group & p < 0.05; vs. N + H/R + SPostC + ISO-1 group %p < 0.05; vs. H + control group aP < 0.05; vs. H + H/R group bP < 0.05; vs. H + H/R + SPostC group cP < 0.05.
DISCUSSION
In this study, cardiomyocytes were used to explore the potential mechanism of SPostC’s cardioprotection through HIF-1α/MIF/AMPK signaling. Previous clinical and basic research has shown that SPostC has a protective effect on myocardial I/RI (Wang et al., 2013; Shiraishi et al., 2019). Research has shown that used SPostC to treat Sprague-Dawley rats with I/RI and showed that SPostC significantly reduced the infarct size and improved cardiac function by activation of the HIF-1 pathway (Xie et al., 2014). SPostC promoted autophagosome clearance in vitro, reduced cell damage, and enhanced cell viability to reduce hypoxia-reoxygenation (H/R) injury in H9c2 cells (Yang et al., 2019). Here, the findings from the present study showed that SPostC exerts a protective effect for H/R injury of H9c2 cardiomyocytes by HIF-1α/MIF/AMPK signaling pathway. This cardioprotective effect is weakened or disappeared under high glucose conditions, but upregulated the expression of HIF-1α and MIF proteins, SPostC myocardial protection can be restored.
HIF-1α is an oxygen-sensitive transcription factor that enables organisms to adapt to hypoxia by transcriptional activation of up to 200 genes and is considered to be the master switch of hypoxic and ischemic signaling (Heinl-Green et al., 2005).HIF-1α regulation plays a protective role through intracellular oxygen homeostasis (Liu et al., 2020), angiogenesis (Zhou et al., 2017), embryonic cell cardiac differentiation (Gasiūnienė et al., 2019). Previous studies have found that SPostC exerts myocardial protection through upregulated HIF-1α (Yang et al., 2016). HIF-1α could upregulate the expression of MIF protein (Ma et al., 2010; Qi et al., 2014), MIF plays a cardioprotective effect by mediating AMPK phosphorylation (Hong et al., 2020). In this study, compared with the control group, in normal cultured cells, H9c2 cardiomyocytes are damaged undergoing H/R injury that showed the cell survival rate decreased, and the apoptosis rate and ROS synthesis increased. However, the expression of HIF-1α, MIF, AMPKα and p-AMPKα protein increased significantly after SPostC, accompanied by increased cell viability, decreased cell apoptosis rate, decreased ROS content, and increased ATP synthesis. It shows that SPostC could significantly resist H/R injury of cardiomyocytes. And after using HIF-1α inhibitor YC-1, the protective effect of SPostC disappears. Verify again that SPostC plays a protective role against myocardial H/R injury through the HIF-1α pathway. H9c2 cardiomyocytes cultured under high glucose have more serious cell damage after H/R injury, and SPostC cannot exert myocardial protection.
Macrophage migration inhibitory factor (MIF) is a pleiotropic inflammatory cytokine produced by immune cells and non-immune cells (Bilsborrow et al., 2019), play an important role in the inflammatory response and immune regulation (Calandra and Bucala, 1997; Burger et al., 2002). Ample evidence shows that MIF is involved in the regulation of heart function under pathological conditions, including burns, diabetes and I/RI (Pohl et al., 2016; Yu et al., 2019; Farr et al., 2020). Studies have also confirmed that MIF plays a crucial role in myocardial protection by ischemic preconditioning (Ruze et al., 2019), Ischemic preconditioning activates RISK and AMPK signal pathways through MIF, reduced myocardial infarction area and cardiomyocyte apoptosis (Dow et al., 2012; Emontzpohl et al., 2019), inhibition of ROS production (Yang et al., 2010) and inflammatory infiltration of cells, maintained endothelial cell function (Argaud et al., 2005), thereby improving cardiac dysfunction caused by myocardial I/RI (Vinten-Johansen et al., 2007). Studies have also shown that MIF inhibits c-Jun N-terminal kinase (JNK) mediated apoptosis (Qi et al., 2009), and provides myocardial protection during myocardial I/RI through its antioxidant capacity.
In this study, the MIF inhibitor IOS-1 was used in normal cultured cells. It was found that after inhibiting the expression of MIF, the protective effect of SPostC disappeared. AMPK is used as a sensor of cell energy metabolism. The study found that the inhibition of MIF caused the decrease of p-AMPKα, accompanied by the decrease of mitochondrial membrane potential and ATP synthesis. However, the results of the SPostC group showed that the ATP content was increased and the mitochondrial membrane potential was restored. Therefore, it is confirmed that SPostC exerts a cardioprotective effect through the MIF/AMPK signal axis, thereby promoting cell energy metabolism. The research results also show that the expression of HIF-1α, MIF, AMPKα and p-AMPKα is correlated in the process of SPostC. Therefore, healthy cardiomyocytes undergo H/R injury, and MIF is another target for SPostC to exert its cardioprotective effect. It shows that on healthy cardiomyocytes, HIF-1α/MIF/AMPK signal transduction is the key link of SPostC against H/R injury of cardiomyocytes.
ATP production in adult myocardium is mainly (more than 95% part) provided by mitochondrial oxidative phosphorylation (Ashrafian et al., 2007). However, myocardial I/RI requires anaerobic glycolysis to obtain energy. Studies have shown that HIF-1α plays an important role in anaerobic glycolysis (Lu et al., 2002). HIF-1α regulates almost all enzymes that cause glucose breakdown during glycolysis by activating lactate dehydrogenase A (LDH-A) and lactate transporter 4 (MCT4) (Semenza, 2010). HIF-1α also inhibits in many ways Mitochondrial respiratory chain function (Selak et al., 2005; Kim et al., 2006; Papandreou et al., 2006; Zhang et al., 2007). Experiments on cells cultured under hyperglycemia and hypoxia have shown increased degradation of HIF-1α protein (Catrina et al., 2004; Ramalho et al., 2017), consistent with the results of this study. The results show that diabetes not only causes hypoxia but also affects HIF-1α signaling. Therefore, verified again the previous research results of our team (Yu et al., 2017), the reason for the weakened protective effect of SPostC in the diabetic state is due to the damage of the HIF-1α pathway.
Therefore, here cardiomyocytes were cultured with high glucose using the HIF-1α agonist DMOG, and MIF agonist MIF recombinant protein (MIF20) respectively found that the cardioprotective effect of SPostC is restored by up-regulating the expression of HIF-1α or MIF protein. It was found that cell H/R injury was improved which was manifested by increased ROS production, decreased ATP synthesis, and decreased mitochondrial membrane potential. At the same time, it was found that the protein levels of p-AMPKα increased significantly. It shows that myocardial protection of SPostC was reversed by up-regulating the expression of HIF-1α or MIF protein. The mechanism of the SPostC myocardial protective is mainly due to the improvement of the phosphorylation level of downstream AMPK, thereby improving the energy metabolism of the myocardium. The results show that regulating HIF-1α/MIF/AMPK signaling pathway could restore the protective effect of SPostC on myocardial culture in high glucose.
There are still some limitations in this study. We simply used H9c2 cardiomyocyte cell. Further experiments are to verify the role of HIF-1α/MIF/AMPK signaling in SPostC through in vitro and vivo. Drugs were used to inhibit or agonist HIF-1α and MIF in this study instead of silencing or knockout techniques and adenovirus transfection.
In summary, the HIF-1α/MIF/AMPK signaling pathway may be the internal mechanism of SPostC’s protective effect. The HIF-1α/MIF/AMPK signal axis may be the key link for SPostC to combat H/R injury of cardiomyocytes under high glucose conditions. Therefore, a large number of related studies are needed to provide a theoretical basis for the application of SPostC in clinical anesthesia to exert myocardial protection.
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Nano-medicines that include nanoparticles, nanocomposites, small molecules, and exosomes represent new viable sources for future therapies for the dysfunction of cardiovascular system, as well as the other important organ systems. Nanomaterials possess special properties ranging from their intrinsic physicochemical properties, surface energy and surface topographies which can illicit advantageous cellular responses within the cardiovascular system, making them exceptionally valuable in future clinical translation applications. The success of nano-medicines as future cardiovascular theranostic agents requires a comprehensive understanding of the intersection between nanomaterial and the biomedical fields. In this review, we highlight some of the major types of nano-medicine systems that are currently being explored in the cardiac field. This review focusses on the major differences between the systems, and how these differences affect the specific therapeutic or diagnostic applications. The important concerns relevant to cardiac nano-medicines, including cellular responses, toxicity of the different nanomaterials, as well as cardio-protective and regenerative capabilities are discussed. In this review an overview of the current development of nano-medicines specific to the cardiac field is provided, discussing the diverse nature and applications of nanomaterials as therapeutic and diagnostic agents.
Keywords: cardiac nano-medicine, therapeutic nanoparticles, diagnostic nanoparticles, regenerative exosomes, cardio-protective nanoparticles
INTRODUCTION
Nano-medicines have shown great promise various cardiac applications due to their unique and characteristic properties. In stark contrast to bulk implants, nanomaterials present the capacity to be mobile in both intra- and extra-vascular systems, making them ideal cargo delivery systems and/or potential imaging agents. When designing a delivery system, it is not only important to consider what the intended load will be, but also what type of material will be utilized. Material-chemistry affects the physical properties of the system, and subsequently the system’s performance ability.
Nanomaterials have demonstrated great potential for cardiovascular medicine applications due to their ability to be utilized for multiple purposes. Nanostructured surfaces have the ability to, via topographical cues, control and selectively direct cell activities (Park et al., 2007; Brammer et al., 2008; Oh et al., 2009; Pan et al., 2012). This ability to selectively guide cellular activity is one that can be very useful in engineered approaches to where the activity of one cell type needs to be suppressed, while the activity of another cell type needs to be promoted. By coating a coronary stent with the proper nanostructured surface could potentially suppress the growth of smooth muscle cells (SMCs), while encouraging the attachment and proliferation of endothelial cells (ECs) (Serruys et al., 2006).
In this review, we highlight some of the major types of nano-medicine systems that are currently being explored in the cardiac field. With special attention given to the major differences between the systems, and how these differences affect the specific therapeutic or diagnostic applications of the systems. The important concerns relevant to cardiovascular nano-medicines, such as cellular responses, toxicity of nanomaterials, as well as cardio-protective and regenerative capabilities are discussed. This review provides an overview of the current development of nano-medicines being developed for use in the cardiac field, while displaying the diverse nature and applications of nanomaterials as therapeutic and diagnostic agents.
TYPES OF SCAFFOLD IN NANO-MEDICINE
Nano-medicines, whether fabricated for therapeutic or diagnostic, or both [theranostic (Kelkar and Reineke, 2011)] purposes can consist of organic or inorganic substrates. Organic substrates, for the purposes of this review are defined as those consisting of mostly a carbon backbone, with additional hydrogen, oxygen or nitrogen covalently bound to it. Inorganic substrates on the other hand, include salts, metal oxides and metal frameworks for example, but more specifically, they are compounds that do not contain the (-CH-) bonds associated with organic compounds (see Table 1 for a brief summary). The type of material utilized in the fabrication of nano-medicines is greatly affected by the application of the system. The following section will delve into some of the prevalent materials that have been explored and utilized in cardiac nano-medicines, specifically considering the benefits and potential drawbacks of each.
TABLE 1 | Short summary showing the differences between organic and inorganic compounds.
[image: Table 1]Organic Scaffolds
Poly(lactic-co-glycolic acid) (PLGA) has long been known for its high biocompatibility and exceptionally low cytotoxic effects. It is one of the most published on biodegradable polymeric materials used in drug delivery systems and has been able to get endorsements from regulatory bodies, like the US FDA and European Medicine Agency (EMA). PLGA, an aliphatic polyester, has dominated the medical field since its inception in the 1970s, primarily due to its exceptional physicochemical properties and diverse range of biomedical applications (Danhier et al., 2012; Kapoor et al., 2015; Martins et al., 2018). High biocompatibility and low cytotoxicity are attributed to the degradation byproducts—lactate and glycolate—which can easily be incorporated into cellular metabolic pathways (Figure 1) (Chereddy et al., 2018). Due to these highly desirable properties, PLGA has been widely studied as both a therapeutic and diagnostic agent in the cardiac field as well (Oduk et al., 2018; Zhang et al., 2019; Fan et al., 2020a; Fan et al., 2020b). With improvements in processing and production techniques, PLGA has also enjoyed a lot of attention due to the relative ease with which comparatively large batches of nano-medicines can be produced via emulsion polymerization. Using this specific approach, a wide variety of water-soluble and–insoluble loads have been incorporated into PLGA delivery systems (see Types of Loads Delivered section for more details).
[image: Figure 1]FIGURE 1 | PLGA degradation byproduct. PLGA hydrolysis releases glycolate, lactate and H+. Image adapted from Chereddy et al. (2018).
In recent years, great interest has been shown in polycaprolactone- or PCL-based biomaterials for applications in the biomedical, pharmaceutical, controlled drug delivery, and tissue engineering fields (Kweon et al., 2003; Erndt-Marino et al., 2015; Uto et al., 2016). Even though certain properties, including biocompatibility, biodegradability, mechanical, and structural stability are well-characterized and show great potential, PCL’s lack of bioactivity, due to high hydrophobicity, have resulted in reduced cellular affinity and minimal tissue regeneration rates (Patrício et al., 2013). Approaches to overcome these limitations include the use of nanocomposites, like carbon nanotubes [CNTs (Ho et al., 2017), see Inorganic Scaffolds section] as well as co-polymerization with protection-groups like polyethylene glycol (PEG) (Zhou et al., 2016). Viability studies on 3D printed PCL-CNT structures showed that H9C2 myoblasts were able to successfully attach and were healthy for up to 4 days (Ho et al., 2017). Unfortunately, PEGylated PCL nanoparticles did not yield such promising results, as an in vivo zebrafish study showed that these particles had a dose-dependent inhibitory effect on angiogenesis, while also upregulating the p53 pro-apoptotic pathway and inducing cellular apoptosis (Zhou et al., 2016).
Among many of the natural polymers that have been investigated as nano-medicines and drug delivery systems (Pereira de Sousa et al., 2015; Mandracchia et al., 2016; Mandracchia et al., 2017), silk is of particular interest, due to its mechanical, physicochemical and biological features (Fu et al., 2009; Crivelli et al., 2018). Silk fibroin (SF), the major constituent of silkworm (Bombycidae family) silk, has been an FDA-approved biomaterial since 1993 (Melke et al., 2016). Chen and coworkers found that layer-by-layer (LbL) deposition of chitosan/SF onto nanofibrous patches fabricated via electrospun cellulose nanofibers yielded a 3D micro-environment, leading to enhanced adipose tissue-derived mesenchymal stem cell (AD-MSCs) adherence and engraftment to the epicardium of the infarct-damaged region in rat hearts (Chen et al., 2018). The addition of the SF complemented the impressive mechanical properties demonstrated by the cellulose scaffolds, by making the structures more biocompatible. All in vivo assessment and post-operative histology showed that the CS/SF-modified nanofibrous patches promoted the functional survival of the engrafted AD-MSCs and reduced ventricular remodeling post-MI via attenuation of myocardial fibrosis.
Due to their versatile chemistry, interest in polyurethanes (PU) as nano-structured delivery devices and/or targeting agents has been increasing as of late (Mattu et al., 2012; Mattu et al., 2013; Mattu et al., 2015). Unfortunately, very little has been reported with regard to these types of systems with respect to the cardiac field. During the past 5 years, a mere handful of studies have come out. Atorvastatin-loaded PU NPs have been investigated as a potential intravenous route of administration (Eftekhari et al., 2017). Here, fabrication via emulsion-diffusion resulted in NPs of diameter ranging from 174.04 to 277.24 nm, with entrapment efficiencies as high as ∼85% reported. In vitro release kinetics showed an 8 day release curve, with both diffusion and polymer-relaxation contributing to the release of the atorvastatin from the PU NPs. Borcan et al. demonstrated that ginger extract could successfully be loaded into PU NPs via spontaneous emulsification (Borcan et al., 2019). The resulting NPs were had a very low water-solubility, and an almost neutral pH, while also being heat resistant up to 280°C. Encapsulation efficiencies as high as 83% were reported, with 60% of the encapsulated ginger extract being released after 5 days.
Inorganic Scaffolds
Inorganic-based nano-medicines have been of especial interest as diagnostic agents. Magnetic systems, which include superparamagnetic iron oxide nanoparticles (IONs) have shown great promise as an alternative to traditional imaging agents and have gained substantial attention in the past decades (Mahmoudi et al., 2011). These magnetic particles can be utilized as theranostic agents in multimodal imaging facilities including, but not limited to simultaneous magnetic resonance/optical/positron-emission tomography (PET)/single-photon-emission computed tomography (SPECT)/fluorescence imaging (Kim and Judd, 2003; Yen et al., 2013; Bietenbeck et al., 2016; Andrews et al., 2017). Clinical ION-based contrast studies have shown that these particles are not only safe to use, but also demonstrate superior characterization capabilities of myocardial infarct pathology (Alam et al., 2012). It was hypothesized that a major advantage of these particles was their high rate of envelopment by macrophages without envelopment by the peripheral blood monocytes of the study patients (Sosnovik et al., 2007; Yilmaz et al., 2013). In a study with IONs and mesenchymal progenitor cells (MSCs), Han and coworkers found that IONs have the ability to develop the active gap junctional crosstalk of cells like cardiomyoblasts (H9C2) with MSCs for future therapeutic applications (Han et al., 2015). It was found that IONs significantly augmented the expression of the gap junction protein, connexin 43 (Cx43), in the H9C2 cells, which is vital for proper cell-cell communication with MSCs in co-culture. MSCs co-cultured with ION-treated H9C2 showed active cellular crosstalk with the H9C2 cells while also displaying significant increases in electrophysiological cardiac biomarkers along with a paracrine expression profile that was decidedly favorable for cardiac repair, all indicators of this system’s potential for MI repair. Unfortunately, drug delivery via IONs suffers from a number of shortcomings. When conjugating drug molecules to the surfaces or superparamagnetic IONs, systems tend to exhibit reduced drug entrapment efficiencies along with increased failure of drug elution at the target site due to covalent binding. Furthermore, instances of cytotoxicity due to residual concentration of catalysts, like copper, used during the covalent linking of drugs to IONs have been reported, with ION cytotoxicity being reported anywhere between the ranges of 0.1–10 and 100 μg/ml (Ankamwar et al., 2010). These wide ranges in the reported literature strongly suggest that ION cytotoxicity greatly depends on the varying physicochemical characteristics of the particles. Other authors have greatly reduced and even avoided the cytotoxic effects of IONs by coating them with various polymers, including, but not limited to polyvinyl alcohol (PVA) (Mahmoudi et al., 2009a), poly (ethylene glycol)-co-fumarate (PEGF) (Mahmoudi et al., 2009b) and dextrans (Wang et al., 2001).
Nanoscale gold particles (AuNPs) have a wide scope in terms of potential applications in the biomedical world due to their unique biological properties, as anti-oxidative activity and potential to be functionalized as drug delivery systems (Grzelczak et al., 2008; Lewinski et al., 2008; Chandirasekar et al., 2011). PEG coated AuNPs have been shown to be effective mediators of cardiac hypertrophy by attenuating the expression of β-adrenergic receptor levels in mouse models (Qiao et al., 2017). A previous study performed by the same group also showed that the cardiac AuNP content was 6-fold higher in mice undergoing cardiac remodeling than in normal mice. The increased accumulation of AuNPs in the cardiac tissue did not, however, exacerbate isoproterenol-induced cardiac hypertrophy, cardiac fibrosis or cardiac inflammation (Yang et al., 2013). Taken together, these results suggest that AuNPs, especially when modified with a surface coating like PEG, possess exceptional biocompatibility under not only physiological, but also pathological conditions, would likely be safe for cardiac patients and have great translational potential.
Numerous other metal- and metal oxide scaffolds have been investigated as options for cardiac nano-medicines, including but not limited to copper (CuNPs) (Sharma et al., 2018a; Sharma et al., 2018b), cerium oxide (CeO2) (Niu et al., 2007), aluminum oxide (Al2O3) (El-Hussainy et al., 2016), manganese oxide MnO (Zheng et al., 2018) and zinc oxide (ZnO) (Li et al., 2020). Sharma et al. reported that CuNPs showed cardio-protective abilities against ischemia/reperfusion-induced MI (Sharma et al., 2018a; Sharma et al., 2018b). The cardio-protective mechanism was associated with the inhibition of GSK-3 β, with additional improvement noted when the CuNP treatment was combined with exercise preconditioning and training. CeO2 NPs have been shown to protect cells in culture from lethal stress, ranging from oxidative stress to radiation-induced stress (Tarnuzzer et al., 2005; Schubert et al., 2006). Niu and colleagues found that intravenous administration of CeO2 NP doses as low as 15 nmol twice a week, over a 2 week period, markedly reduced progressive left ventricular (LV) dysfunction and dilatation in their monocyte chemoattractant protein (MCP)-1 mice (Niu et al., 2007). The expression of certain significant endoplasmic reticulum (ER) stress-associated genes, including glucose-regulated protein 78 (Grp78), protein disulfide isomerase (PDI), and heat shock proteins (HSP25, HSP40, HSP70), were suppressed by treatment with CeO2 NPs. Although Al2O3 has been shown to have great antifouling properties, these same characteristics make Al2O3 a potentially highly cytotoxic material. Studies with Al2O3 NPs have found that it can lead to myocardial dysfunctions, with variability in myocardial concentrations of nitric oxide (NO), significant decreases in connexin 43 (Cx43) (El-Hussainy et al., 2016). It should be noted that Al2O3 NP cytotoxicity is highly dependent on concentration as well as crystalline structure (Hashimoto et al., 2016; Nogueira et al., 2019). ZnO NPs, which are widely utilized in the pharmaceutical industry, have been shown to have potential adverse health effects (Jacobsen et al., 2015). A recent study by Li et al. demonstrated that ZnO NPs had both a concentration- and time-dependent cytotoxic effect on in hiPSC-CM (Li et al., 2020). At concentrations, ZnO NOs significantly promoted the generation of reactive oxygen species (ROS) and induced mitochondrial dysfunction. These particles were also noted to impair mitochondrial biogenesis and inhibit the peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) pathway. Additionally, when ZnO NP concentrations were increased they were found to trigger cardiac electrophysiological alterations as evidenced by decreased beating rates and spikes in amplitudes.
Graphene-based systems, which include carbon nanotubes (CNT), carbon nanotube fibers (CNTf) and graphene oxide (GO) products are of great interest to the biomedical community due to their exceptionally diverse range of chemical and physical properties, which allow for numerous versatile applications. Graphene has both extraordinarily interesting electrical and mechanical properties, combining the conduction properties of a metal with the mechanical strength and stiffness of a polymer fiber with the added benefit of high biocompatibility (Behabtu et al., 2013; Liu et al., 2013; Xu et al., 2016). In the field of cardiac regeneration, re-establishing and facilitating the necessary electrical signaling throughout the damaged tissue are major hurdles still currently faced. When myocytes from neonatal rat ventricles were cultured on substrates with multiwall carbon nanotubes (MWCNTs), they acquired a physiologically more mature phenotype compared to control samples that were cultured on gelatin substrates (Martinelli et al., 2013). It was demonstrated that MWCNT substrates induced the expression of genes associated with terminal differentiation and physiological growth, with a 2-fold increase in α-myosin heavy chain expression (p < 0.001) as well as the upregulation of sarcoplasmic reticulum Ca2+ ATPase 2a. Single walled carbon nanotubes (SWCNTs) have been employed in the production of a conductive bacterial nanocellulose-based 3D printable biopatch for use in normalization of disrupted cardiac conduction patterns (Pedrotty et al., 2019). These 3D printed patches were shown to not only improve conduction velocities of damaged canine ventricular tissue post-implantation, but to restore them to baseline (∼24–25 cm/s) as noted prior to surgical disruption. CNTfs, with their superior physical properties, have been proposed as an alternative to non-conducting fatigue-resistant fibers used as surgical sutures (McCauley et al., 2019). In this approach, the combined electrical conduction capabilities of the CNTfs, along with their low impedance to ionic charge transfer, biocompatibility, and physiological stability make them ideal candidates that could potentially offer a restorative option while repairing myocardial lesions (Figure 2). It was found that when sewn across the epicardial scar in a sheep model, CNTfs acutely improve conduction. Furthermore, the CNTf/myocardial interface has such low impedance that the CNTfs are able to facilitate the local, downstream myocardial activation.
[image: Figure 2]FIGURE 2 | In vivo restoration of myocardial conduction with CNTfs. Conductive CNTfs sutured across a blocked area can significantly decrease conduction time to near-normal values. Image adapted from McCauley et al. (2019).
Research has also shown that these materials are easily functionalized, making them highly useful as theranostic tools (Cai et al., 2003). GO has furthermore been demonstrated to not only be biocompatible, but that it can act as a natural antioxidant to reduce inflammatory polarization of macrophages (M1) via ROS reduction within macrophages (Han et al., 2018). The anti-inflammatory effect of the GO NPs was further enhanced with loading of IL-4 plasmid DNA (IL-4 pDNA) which further polarized M1 macrophages to M2 macrophages leading to significant increases the expression of reparative biomarkers associated with cardiac repair.
TYPES OF LOADS DELIVERED
Nano-inspired delivery vehicles have been used to encapsulate a plethora of loads in the hope of alleviating the growing burden that various cardiovascular diseases, like ischemic heart injury, place on the medical industry and research fields (Johnson et al., 2014; Jackson et al., 2018; Arnett et al., 2019). Many strategies depend on encouraging remuscularization and/or revascularization of the damaged region, reduction of inflammatory signals or the recruitment of specialized cells via delivery of growth factors, small molecules (chemicals) or exosomes. This section will consider each of these strategies, illuminating the strengths and potential weaknesses of each (see Table 2 for a summary of these systems).
TABLE 2 | Short summary showing the various nanoparticle systems and their loads, as discussed in this review.
[image: Table 2]Growth Factor Delivery
One of the most widely researched growth factors for cardiac regeneration, specifically due to its vasculogenic properties, is vascular endothelial growth factor (VEGF) (Henry et al., 2001; Sato et al., 2001; Henry et al., 2003; Carmeliet and Jain, 2011; Riley and Smart, 2011). Unfortunately, direct intravenous delivery of VEGF has not yielded any remarkable effects or improvements in preclinical studies (Sato et al., 2001), most likely due to short-lived efficacy and high instability of the protein when injected directly. Intravenous administration of VEGF is further limited by its short in vivo half-life (∼30 min) with overall dosages being hampered by off-target site toxicity (Eppler et al., 2002). These hurdles have made encapsulation and entrapment one of the go-to approaches for sustained VEGF delivery. Great interest was shown in producing VEGF PLGA NPs since the early 2000s (Davda and Labhasetwar, 2002; Golub et al., 2010). Golub et al. were able to achieve sustained VEGF release from their ∼400 nm diameter NPs over a 2 week period (Golub et al., 2010). Around 70% of their entrapped VEGF eluted during the first 2 days. Murine aortic ring angiogenesis assays showed significant increases in sprout number with the administration of VEGF-NPs compared to both saline (p = 0.001) and empty NPs (p < 0.05). Oduk et al. developed VEGF-loaded PLGA NPs with a mean diameter of ∼113 nm using a double emulsion process (Oduk et al., 2018). These NPs showed an encapsulation efficiency of 53.5 ± 1.7% (107.1 ± 3.3 ng VEGF/mg NP), with continuous VEGF release over a 31 day period. In vivo studies in murine MI models yielded significant increases in vascular density in the peri-infarct region, reduced infarct sizes, and improvements in LV contractile function 4 weeks post-treatment.
Insulin-like growth factor-(IGF)-1-dependent signaling pathway has been suggested to be involved in cardiac development, acting through the IGF-1 receptor (Wang et al., 1998). IGF-1 is also vital in myocardial function regulation and has been demonstrated to not only promote cardiomyocyte growth but also ensure cardiomyocyte survival. Clinical studies using IGF-1 treatment, have shown that it improves myocardial function post-MI (Duerr et al., 1995; Donath et al., 1998). Unfortunately, extended IGF-1 overexpression has been shown to reduce cardiac functional recovery post-MI, making controlled delivery vital for its future use as a cardiac medicine (Prêle et al., 2012). Chang and coworkers developed PLGA-IGF-1 complexed NPs of different sizes—60 nm, 200 nm, and 1 μm specifically (Chang et al., 2013). Following MI in murine models, the NPs were administered via intra-myocardial injection. It was found that PLGA-IGF-1 NP treatment allowed for retention of significantly more IGF-1 in the myocardium than IGF-1 free-drug treatment at 2, 6, 8, and 24 h respectively. Most importantly, it was noted that a single intra-myocardial injection of the PLGA-IGF-1 NPs was sufficient to prevent cardiomyocyte apoptosis (p < 0.001), reduce infarct sizes (p < 0.05), and improve LV ejection fraction (p < 0.01) 21 days post-MI.
Recent studies showing the synergistic effects of using a combination of extended delivery of CHIR99021 (a Wnt1 agonist/GSK-3β antagonist) and fibroblast growth factor 1 (FGF1) to protect ischemia-threatened cardiomyocytes from apoptosis, while accelerating angiogenesis through the promotion of endothelial and vascular SMC proliferation, and consequently enhance myocardial protection have been published (Fan et al., 2020a; Fan et al., 2020b). These studies found that PLGA NPs loaded with CHIR99021 or FGF1 allowed for effective delayed release for up to 4 weeks. Intra-myocardial injection of these NPs enabled myocardial protection and reduced infarct sizes by 20–30% in murine or porcine models of post-MI LV remodeling. The combination of CHIR and FGF1 was also found to promote cell cycle progression.
Small Molecule Delivery
A variety of small molecules have been loaded into nano-delivery systems for numerous purposes, ranging from enticing angiogenic responses, to preventing cardiac allograft rejection via altering inflammatory responses (Giannouli et al., 2018; Tokutome et al., 2018; Yang et al., 2018; Fujiwara et al., 2019; Deng et al., 2020). Monocyte-mediated inflammation is one of the major issues faced during myocardial ischemia–reperfusion (IR) injury as well as the healing process following acute myocardial infarction (AMI). Tokutome et al. found that pioglitazone, a peroxisome proliferator-activated receptor-gamma (PPARγ) agonist, had unique anti-inflammatory effects on monocytes/macrophages and when administered via a targeted NP approach, it had the potential to ameliorate IR injury and cardiac remodeling in preclinical animal models (Tokutome et al., 2018). Fujiwara and coworkers developed PLGA NPs containing TAK-242 (TAK-242-NP), a chemical inhibitor of Toll-like receptor 4 (TLR4) intracellular domain. Intravenous administration of TAK-242-NP (1.0 or 3.0 mg/kg TAK-242-NP) at the time-of-reperfusion reduced infarct sizes in wild type murine models (Fujiwara et al., 2019). Additional studies were performed with TLR4-deficient mice to eliminate the possibility that TAK-242-NP reduced infarct sized via TLR4-independent mechanisms. Immunosuppressive agents, such as FK506, greatly reduce chances of allograft rejection. Although FK506 has shown a high efficiency, its long-term systemic administration inevitably induces side-effects, including but not limited to nephrotoxicity, neurotoxicity, hypertension and diabetogenic effects. Recently, a rat heterotopic heart transplantation model was established to determine the therapeutic efficacy and potential effects of PLGA NPs loaded with FK506 (FK506-NPs), which were prepared via an emulsion solvent evaporation method (Deng et al., 2020). FK506-NPs not only successfully alleviated acute allograft rejection, but also prolonged graft survival compared with free FK506 treatment (mean survival time, 17.1 ± 2.0 vs. 13.3 ± 1.7 days).
Nitric oxide (NO) is known to induce multiple biological functions by stimulating cellular signaling pathways. Some NO-driven functions include various human physiological processes, such as immune responses, inhibition of platelet aggregation, angiogenesis and apoptosis (Seabra et al., 2015). Of special interest in the clinical milieu is the angiogenic activity of NO and its potential for repairing or regenerating damaged tissue specifically caused by the degradation of the extracellular matrix (Clapp et al., 2009). Issues with NO’s short half-life have been skirted by using NO donor molecules, including but not limited N-diazeniumdiolate (NONOate) and S-nitrosothiol (RSNO) for example. Yang et al. developed methoxy PEG-PLGA (mPEG-PLGA) NO-releasing NPs, via diethylenetriamine NONOate entrapment (Yang et al., 2018). In vitro tube formation assays confirmed the angiogenic potential of the NO-releasing NPs, while aorta ring assays were used ex vivo. Tubular formation increased 189.8% in NO-NP–treated groups compared with that in the control group, while rat aorta demonstrated vigorous sprouting angiogenesis in response to NO-NPs.
Exosome Delivery and “Synthetic” Exosome Design
In the field of cardiovascular medicine, specifically the area related to treatment via implanted cells and structures, a lot of speculation remains regarding the extent of the effects that paracrine signaling has on the repair process (Gnecchi et al., 2005). Recent studies have shown that many of the therapeutic potential of MSCs and human induced pluripotent stem cells (hiPSCs) for example can be largely attributed to exosomes, a specific type of extracellular vesicle (EVs). These EVs have diameters ranging between 50 and 200 nm, contain proteins and RNAs, and are involved in intercellular communications by acting as carriers of bioactive molecules (Lai et al., 2010; Beltrami et al., 2017; Gao et al., 2020). The therapeutic potential of exosomal delivery and treatment derives from the fact that RNAs and proteins in the exosomes transferred from the parental cells to the recipient cells are functional in the recipient cells and participate in the regulation of intracellular signaling cascades (Valadi et al., 2007; Bang and Thum, 2012). Unfortunately, the clinical therapeutic potential of exosomes are greatly hampered by production capability limitations relative to the amount required for patient treatment (Dai et al., 2008; Katsuda et al., 2013). The idea of creating an exosome-mimetic nano-vesicle or a “synthetic” exosome is thus a very attractive prospect from a clinical point of view.
Bejerano et al. showed that the delivery of a miRNA-21 mimic with hyaluronan-sulfate NPs in macrophage-enriched areas of the infarcted heart could induce a phenotypic switch, from pro-inflammatory to reparative (Bejerano et al., 2018). Following intravenous administration in a mouse MI model, the miRNA-21 NPs targeted cardiac macrophages at the infarct zone, induced their phenotype switch from pro-inflammatory to reparative, promoted angiogenesis, while also reducing hypertrophy, fibrosis and cell apoptosis in the remote region of the myocardium.
Following left anterior descending (LAD) coronary artery ligation in rats, Sun et al. administered PEG-PLGA NPs modified with arginine-glycine-aspartic acid tripeptide (RGD), loaded with microRNA-133 via tail vein injections (Sun et al., 2020). The RGD-PEG-PLA NPs were able to target the infarcted hearts, while improving cardiac histopathological changes, reducing the apoptotic effects on cardiomyocytes, and decreasing the expression levels of factors associated with myocardial injury. It was postulated that the regulation of the SIRT3/AMPK pathway was involved in the protective role that the NPs played.
CONCLUSION
Nano-medicines have shown great promise, not only as therapeutic agents, but as diagnostic agents as well. Recently great interest has been shown in combining these aspects into theranostic applications, which would allow for less invasive and more effective treatment of patients in the future. Even though many in vivo studies have shown great promise with their optimized nano-medicine systems, wash-out of the particles still remains an ever-present limitation, which may be overcome by combining NP delivery with tissue engineering approaches, including but not limited to polymer scaffolds or cardiac muscle patches which can be implanted in the damaged region for example. Further advances have been made with new delivery methods, including inhalation, surpassing previous needs for painful implantation procedures or injections (Miragoli et al., 2018). With advancements made in fields including chemistry, physics and material engineering, nano-medicines are expected to become more commonplace in the cardiac field in the future.
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Concurrent administration of two drugs may complicate the management of acute coronary syndromes: competitive drug displacement diminishes drug binding and alters drug pharmacodynamics. We investigated the interaction of two antiplatelet compounds (PSB 0777 and cangrelor) with human serum albumin (HSA) to determine whether they compete with one another for the binding to albumin. Both examined compounds have been earlier claimed to bind to HSA (PSB 0777) or plasma proteins (cangrelor). Fluorescence spectroscopy, surface plasmon resonance spectroscopy and molecular modeling indicated that PSB 0777 and cangrelor interacted with HSA with moderate affinity (KD∼10−5 M). The binding of cangrelor to HSA involved primarily hydrophobic interactions, while the interaction of PSB 0777 with HSA was driven by hydrophobic and electrostatic forces. It was found that PSB 0777 and cangrelor do not share the same binding site on the protein. Our findings highlight the importance of albumin in the transport of PSB 0777 and cangrelor and suggest that the antiplatelet activity of the examined compounds used in combination is not affected by competition-induced changes in drug binding to HSA.
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INTRODUCTION
The binding to plasma proteins is a complex and dynamic process which can profoundly influence the pharmacokinetics and pharmacodynamics of a drug. Such binding is explained by the free drug theory, according to which only unbound drugs can cross cell membranes and exert pharmacologic effects. As a consequence, drugs with high affinity for plasma proteins often demonstrate a relatively slow distribution and elimination and they require higher doses to achieve therapeutic effects in vivo (Curry, 2009; Bohnert and Gan, 2013).
Human serum albumin (HSA) is the major plasma protein, accounting for 60% of all plasma proteins, and one which plays a fundamental role in the transport of drugs, metabolites and endogenous ligands. Also, albumin holds great promise as a nanocarrier system for targeted drug delivery, in particular for the transport of anti-cancer drugs (Lamichhane and Lee, 2020; Mokaberi et al., 2020; Sharifi-Rad et al., 2020). Structurally, it is a non-glycosylated single polypeptide that folds into a heart shaped structure containing about 67% of α-helices, but no ß-sheet. The molecule of HSA consists of three homologous domains (I–III), each divided into two subdomains (A and B) that are stabilized by 17 disulfide bridges (Rabbani and Ahn, 2019). The capacity of HSA to bind a large variety of drugs originates from the presence of two binding sites, namely, Sudlow site I and Sudlow site II, located—respectively, in the subdomains IIA and IIIA (Sudlow et al., 1976). Many ligands have been shown to bind to the both sites, although with different affinities. Sudlow site I favors the binding of anionic heterocyclic compounds, while small aromatic carboxylic acids bind preferably to Sudlow site II (Lambrinidis et al., 2015). Two commonly known site markers of Sudlow site I and II are warfarin and ibuprofen, and these are applied in the competitive studies for identification of drug binding sites on HSA (Fanali et al., 2012; Graciani and Ximenes, 2013; Poor et al., 2015).
Significant changes in drug binding to HSA and drug action in vivo may be elicited by the presence of other drugs. Co-administration of two drugs may lead to diminished plasma drug binding, being a result of either competitive displacement from the same binding site or allosteric displacement following microenvironmental changes at the binding site (Yamasaki et al., 2013). For example, Setoguchi et al. report that co-administration of diclofenac and nabumetone for arthritic pain treatment resulted in a marked increase in the concentration of free diclofenac and improvement of pharmacological effect due to displacement from HSA of the former by the latter (Setoguchi et al., 2013). Similar alterations may potentially occur in dual antiplatelet therapy, consisting of the combination of two platelet inhibitors; this is the mainstay of the pharmacological treatment of patients with acute coronary syndrome, particularly those undergoing percutaneous coronary intervention (Valgimigli et al., 2018). If that was the case, then the overall efficacy of antiplatelet drugs would be a result of drug-target interactions preceded by a direct competition between the drugs for the binding sites on albumin.
Recently, one of the adenosine receptor agonists, PSB 0777, was found to effectively inhibit platelet function and potentiate the antiplatelet effects of the P2Y12 receptor inhibitor, cangrelor (Boncler et al., 2018). Furthermore, HSA was revealed to interact with PSB 0777 and significantly reduce its antiplatelet activity (Wzorek et al., 2020). It is very likely that cangrelor also binds to HSA, as far as it highly binds to plasma proteins (97‒98%) (Keating, 2015). However, the influence of plasma proteins on the antiplatelet action of cangrelor has not been established so far. Likewise, the binding sites for PSB 0777 and cangrelor on HSA have not been identified.
The aim of this study was to analyze the interactions of human serum albumin with two antiplatelet compounds, viz. PSB 0777 and cangrelor, and to assess the involvement of the primary drug binding sites on HSA, Sudlow sites I and II, in these interactions. The results collected under the same conditions allowed a reliable determination of the extent to which both compounds bind to HSA and whether they were able to compete with each other for HSA binding. Our findings demonstrate that both antiplatelet compounds interacted with HSA, and that the dissociation constants of the formed complexes (PSB 0777-HSA and cangrelor-HSA) were in the order of 10−5 M. However, it appeared that they did not share the same binding site on the protein. Since PSB 0777 and cangrelor do not compete for the binding with HSA, it could be concluded that effectiveness of PSB 0777 and cangrelor, when used in combination, is not associated with the changes in formation of complexes between the examined compounds and HSA.
MATERIALS AND METHODS
Chemicals
PSB 0777 (ammonium salt) was purchased from Tocris Bioscience (Bristol, United Kingdom) and cangrelor (sodium salt, AR-C69931MX) was from Cayman Chemical (Ann Arbor, MI, United States). Human serum albumin (HSA, purity 96–99%), warfarin sodium salt, ibuprofen sodium salt, and adenosine 5′-diphosphate (ADP, purity ≥95%), prostaglandin E1 (PGE1) were obtained from Sigma (St. Louis, MO, United States). Monoclonal antibodies anti-human CD61/PerCP (Cat# 347408, RRID: AB_2811174), CD62/PE (Cat# 348107, RRID: AB_2184974), mouse IgG1/PE isotype control (Cat# 340013, RRID: AB_399997) and Cellfix were obtained from Becton Dickinson (San Diego, CA, United States). Biacore sensor chips (CM5), Biacore amine coupling kit and BIAmaintenance kit were from GE Healthcare (Little Chalfont, United Kingdom). The BCA Protein Assay Kit was purchased from Thermo Scientific (Waltham, MA, United States). Phosphate buffered saline (PBS) was obtained from Biomed-Lublin (Lublin, Poland). All other chemicals, unless otherwise stated, were purchased from Avantor Performance Materials (Gliwice, Poland). All reagents were of analytical grade. Water used for solution preparation and glassware washing was passed through an Easy Pure UF water purification system (Thermolyne Barnstead, IA, United States).
Experimental Design
Before the binding efficiency of cangrelor and PSB 0777 to albumin could be compared, it was necessary to demonstrate that cangrelor could bind to human serum albumin. The binding of cangrelor to HSA was evaluated by surface plasmon resonance (SPR). In addition, the effect of plasma and HSA on the antiplatelet action of cangrelor was investigated in biological samples: platelet-rich plasma and suspensions of isolated platelets. Fluorescence spectroscopy was the primary method of investigation used to study the interactions of cangrelor and PSB 0777 with HSA. This method was applied to achieve three different goals. The first was to learn to which extent the antiplatelet agents were able to interact with HSA under the same experimental conditions. For this purpose, the fluorescence spectra of HSA were recorded in the presence of cangrelor or PSB 0777. Second, to elucidate the quenching mechanism of HSA induced by antiplatelet compounds, a thermodynamic analysis of cangrelor and PSB 0777 binding to HSA was conducted. Third, to explore the contribution of two well-defined drug binding sites on albumin, namely, Sudlow site I and II, in the interactions of cangrelor and PSB 0777 with HSA; to achieve this, we studied the competitive binding of antiplatelet compounds (cangrelor and PSB 0777) and warfarin (probe for Sudlow site I) or ibuprofen (probe for Sudlow site II) to albumin. In addition, the displacement of PSB 0777 from albumin by cangrelor was examined. Finally, the binding site of cangrelor and PSB 0777 on albumin was predicted by molecular modeling.
Surface Plasmon Resonance Measurements
The binding of cangrelor to immobilized human serum albumin was assessed by surface plasmon resonance spectroscopy using the Biacore X system (Biacore AG, Uppsala, Sweden). The experiments were carried out on a dual channel CM5 sensor chip in PBS buffer, pH 7.4, containing 0.005% surfactant P20 as previously described (Wzorek et al., 2020). Briefly, 100 µg of HSA was dissolved in 1 ml of 10 mM sodium acetate buffer, pH 4.0, and immobilized on the flow cell 1 of the sensor chip surface. No protein was immobilized on the flow cell 2, which was used as a control. Sequential injections of cangrelor solution at increasing concentrations (2, 5, 10 µM) were performed in a running buffer flushed on the sensor chip surface at the flow rate of 30 µl min−1; an injection volume of 50 µL was administered for 100 s, followed by a 100 s dissociation time and subsequent regeneration. The curves from three independent experiments were analyzed by global curve fitting of the entire data set using the Langmuir binding model with the BIAevaluation 4.1.1 software (Biacore AG, Uppsala, Sweden).
Subjects and Blood Sample Collection
Human blood was obtained from consecutively recruited healthy volunteers (simple random non-stratified sampling): four men and seven women; mean age 25 ± 5 years. All individuals provided their written informed consent to participate in the study. The exclusion criteria were the same as described previously (Wzorek et al., 2020). The study was approved by the Human Studies Committee of the Medical University of Lodz (Poland) and was conducted in accordance with the guidelines established by the Declaration of Helsinki. Whole blood was collected into polypropylene tubes with a blood-to-acid citrate dextrose solution (ACD) ratio of 6:1 (vol:vol).
Platelet Preparation
Human platelet-rich plasma (PRP) was prepared by centrifuging of anticoagulated whole blood at 190 x g for 12 min at 37°C. Platelet-poor plasma (PPP) was prepared by centrifuging the whole blood fraction left after removal of the PRP at 2500 x g for 12 min at 37°C. Platelet count in PRP was measured with automated haematology analyzer Sysmex XS-800i™ (Sysmex, Kobe, Japan) and adjusted to 1 × 108 cells per ml.
Suspensions of isolated platelets were obtained from PRP separated from anticoagulated whole blood containing 50 ng/ml PGE1. PRP was centrifuged at 800 x g for 15 min at 37°C to obtain a platelet pellet. Platelet pellet was immediately suspended in the Tyrode buffer (134 mM NaCl, 12 mM NaHCO3, 2.9 mM KCl, 0.34 mM Na2HPO4, 1 mM MgCl2, 10 mM HEPES, 5 mM glucose, pH 7.4) and diluted to a count 1 × 108 per ml, as described above.
Analysis of Platelet Activation
The effect of plasma or HSA on inhibition of platelet activation by cangrelor was assessed by two-colour flow cytometry with the use of anti-CD61/PerCP (for platelet gating) and anti-CD62/PE (for detection of activated platelets). The antiplatelet activity of cangrelor was evaluated in PRP and suspensions of isolated platelets, when the effect of plasma was examined, or in isolated platelets containing 4% HSA, when the effect of albumin was studied. Cell response (a fraction of activated platelets) was measured after preincubation of samples with 17 nM (IC50) cangrelor (Boncler et al., 2018) dissolved in PBS buffer (3 min, 37°C) followed by a 5-min stimulation with 10 μM ADP. The activated platelets were stained with antibodies prior to fixation as described previously (Wzorek et al., 2020). A total of 10,000 events were acquired in each experiment using a FACSCanto II flow cytometer and surface expression of CD62P (P-selectin) in platelets was analysed using FACS/Diva v. 6.0 software (Becton-Dickinson, Franklin Lakes, NJ, United States).
Fluorescence Spectroscopy
The fluorescence measurements for albumin-drug complexes were performed using a LS50B spectrofluorometer (Perkin Elmer, Waltham, MA, United States) equipped with 1.0 cm quartz cell. The fluorescence spectra for HSA solution (2.5 µM in 0.1 M phosphate buffer, pH 7.4) were recorded in the range of wavelength from 250 to 500 nm, with the excitation at 280 nm and the emission set at 350 nm. The slit widths for excitation and emission beams were set to 5 and 10 nm, respectively. The Perkin-Elmer FL WinLab software v. 4.00.03 was used to collect the measured data. An appropriate buffer blank spectrum was subtracted from the measured spectra for fluorescence background correction. The optical density of HSA solution was below 0.1 and within the albumin concentration range of 0‐2.5 µM we observed a linear relationship between protein concentration and fluorescence intensity (p < 0.0001, R2 = 0.995). In consequence, the albumin fluorescence was not corrected for the inner filter effect. All measurements, except a thermodynamic analysis of the binding of antiplatelet compounds to HSA were performed at 25°C after 30 s incubation of a sample with the examined compound. Stock and working solutions of all compounds used in the experiments were prepared in PBS buffer, pH 7.4. The protein concentration was determined by BCA method (Smith et al., 1985).
Fluorescence Quenching of Albumin by Antiplatelet Compounds
To study the mechanism by which cangrelor and PSB 0777 quench the fluorescence of HSA, the fluorescence spectra for HSA were recorded in the presence of increasing concentrations of antiplatelet compounds. Cangrelor and PSB 0777 were applied in two concentration ranges: 0‒5 µM (with 0.5 µM intervals, 1:2 protein to drug molar ratio) and 0‒38.5 µM (with 4 µM intervals, 1:15 protein to drug molar ratio). The parameters useful for predicting the mechanism of albumin quenching by the antiplatelet compounds (quenching constants: Ksv and Kq) were determined as described previously (Magdum et al., 2017). To obtain the binding parameters: dissociation constant (KD) and the number of binding sites per protein molecule (n), the experimental data were fit to a saturation binding curve using nonlinear regression analysis. Briefly, quenching constants (Stern-Volmer quenching constant, quenching rate constant) were determined using the Stern–Volmer equation Eq. 1:
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where F0 and F denote the fluorescence intensities of the protein before and after the addition of the quencher; Kq is the quenching constant, τ0 is the lifetime of the fluorophore in the absence of quencher, KSV is the Stern-Volmer quenching constant (equal to the dynamic quenching constant), and Q is the concentration of the quencher. For a static quenching interaction, the values of KD and n were calculated using the Eq. 2:
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Thermodynamic parameters, such as the free energy (ΔGθ), enthalpy (ΔHθ) and entropy (ΔSθ), are important to describe the forces acting between antiplatelet compound and HSA. To obtain such information, fluorescence spectra of HSA were recorded at three different temperatures: 292, 302, and 312 K in the presence of cangrelor or PSB 0777. The antiplatelet compounds were used in the concentration range of 0‒38.5 µM (2.5, 14.5, 26.5, and 38.5 µM). According to the binding constants obtained at three temperatures, the values of ΔHθ and ΔSθ were determined from van’t Hoff plots by fitting ln Kb vs. 1/T using the van’t Hoff equation (Eq. 3), where R is gas constant and T is temperature (in K):
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The free energy change was estimated from the following relationship Eq. 4:
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Synchronous Fluorescence
To monitor changes in the polarity around the tyrosine and tryptophan residues of HSA evoked by the examined compounds, the synchronous fluorescence spectra of HSA (Δλ 15 nm and Δλ 60 nm) were recorded in the presence of increasing concentrations of PSB 0777 and cangrelor (0‒38.5 μM with 4 μM intervals).
Fluorescence Measurements in the Presence of Competitors
To identify the binding sites of antiplatelet compounds on HSA, fluorescence measurements were carried out with the use of warfarin and ibuprofen, which are established site markers for Sudlow site I and II, respectively (Ni et al., 2006). The study was performed by titration of HSA with the antiplatelet compound (cangrelor or PSB 0777 at the concentration range of 0‒38.5 µM with 4 µM intervals, 1:15 protein to drug molar ratio) in the presence of warfarin or ibuprofen. In accordance with previous reports, the binding site marker and albumin were used in equimolar concentrations (2.5 µM) (Zhang and Wang, 2011; Chaves et al., 2018; Manjushree and Revanasiddappa, 2019). Displacement experiments were preceded by a determination of the dissociation constant and the number of binding sites for warfarin and ibuprofen forming a complex with HSA. These parameters were obtained by measuring the fluorescence intensity of HSA in the presence of site marker used at the concentration range of 0–5 µM (with 0.5 µM intervals, 1:2 protein to drug molar ratio).
Furthermore, to determine whether one antiplatelet compound could be displaced from HSA by the other, the binding site marker experiments were repeated, i.e. by titration of HSA with PSB 0777 (0‒38.5 µM) in the presence of 2.5 µM cangrelor, instead of a marker.
Molecular Docking
Molecular docking of the antiplatelet compounds (cangrelor and PSB 0777) to human serum albumin was performed with the AutoDock 4.2.6 software (The Scripps Research Institute, La Jolla, CA, United States) (Morris et al., 2009) using the Lamarckian genetic algorithm (GA) for a flexible ligand and a rigid receptor docking.
The 3D structures of PSB 0777 (ID: 90488932) and cangrelor (ID: 8029718) were downloaded from PubChem (http://pubchem.ncbi.nlm.nih.gov) and ChemSpider (http://www.chemspider.com) respectively and converted to PDB format using Open Babel 2.4.1 software (O’boyle et al., 2011). The ligand molecules were prepared for the proper use of AutoDock semi-empirical free energy force field as follows: hydrogen atoms were added, Gasteiger charges were computed, non-polar hydrogens were merged, aromatic carbons were detected, the torsional degrees of freedom were set up, and the rotatable (flexible) and rigid bonds were identified. Cangrelor and PSB 0777 were docked to the two X-ray high resolution crystal structures of HSA: 2BXD and 2BXG (Ghuman et al., 2005). The crystal structures of HSA were obtained from the Research Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB; http://www.rcsb.org). The 2BXD structure is complexed with warfarin (R-enantiomer) and contains a major binding pocket for drugs (Sudlow site I) located in the core of subdomain IIA. This binding site comprises six helices of the subdomain IIA (residues 196‒297) and a loop-helix feature of the subdomain IB (residues 148–154). The 2BXG structure is complexed with ibuprofen and contains the second drug binding site (Sudlow site II), which consists of six helices located in subdomain IIIA (residues 384–497) (Sudlow et al., 1976; Ghuman et al., 2005). The water molecules and both the co-crystalized ligands used, warfarin and ibuprofen, were removed from each PDB structure, respectively, 2BXD and 2BXG, using UCSF Chimera 1.13.1 software (Pettersen et al., 2004). Likewise, two structures of HSA with either Sudlow site I and Sudlow site II in a ligand-accepted conformation, but actually without any ligand bound, were obtained. Using AutoDock software, all missing hydrogen atoms were added at appropriate geometry within both HSA structures, Gasteiger charges were computed and non-polar hydrogens were merged. The active sites in HSA molecule were defined by amino acid residues that are important for drug binding, namely Sudlow site I (TYR150, LYS195, LYS199, PHE211, TRP214, ALA215, ARG218, ARG222, LEU238, HIS242, ARG257. and ILE264 in the 2BXD structure) and Sudlow site II (ARG348, GLU383, ARG410, TYR411, LYS414, VAL433, GLU450, ARG485, and SER489 in the 2BXD structure) (Al-Harthi et al., 2019). In both HSA structures the possible histidine tautomers with the proton on either Nδ1 or Nε2 atoms were sampled. HIS242 residue that is found in Sudlow site I was sampled as Nδ1 protonated tautomer in 2BXD HSA structure. The coordinates for the initial compound sites were calculated by the UCSF Chimera 1.13.1 software using the “Define Centroid” tool. For 2BXD structure, we calculated the coordinates for complexed warfarin, whereas for 2BXG structure, the coordinates for complexed ibuprofen were calculated to verify, whether the tested compounds interact with either Sudlow site I or Sudlow site II. The calculated coordinates were as follows (x, y, and z): 3.736, (−9.600) and 5.600 for the 2BXD structure and 5.048, (−4.464) and (−15.042) for the 2BXG structure. Accordingly, the grid size for the 2BXD structure was set to 60 × 60 × 60 xyz points with the grid spacing of 0.375 Å. For the 2BXG structure, the grid size was set to 60 × 90 × 50 xyz points with the grid spacing of 0.375 Å. Both grids were centered at the coordinates calculated for the initial compound sites. Docking was performed using Lamarckian genetic algorithm (GA) with the following parameters used: the maximum number of energy evolutions: 5,000,000; GA population size: 150; the maximum number of generations: 27,000; the number of top individuals to survive to the next generation: 1; and the number of GA runs: 60. The HSA-ligand complex with the lowest values of the Gibbs free binding energy (ΔGb) and the inhibition constant (Ki) was taken as the most optimal conformation.
Statistical Analysis
The results are expressed as mean ± SD or mean with the 95% confidence intervals. Data were collected in at least three independent experiments. The normality of the data distribution was verified with the Shapiro-Wilk test. Normally distributed raw data was analysed with the paired t-test, unpaired t-test, one-way ANOVA or repeated measures ANOVA with the post hoc Dunnett’s multiple comparisons test (if F was significant). Variables that did not meet the assumptions for parametric tests were assessed with the Mann-Whitney U-test, Wilcoxon’s signed ranks test or Friedman’s test with the post-hoc Dunn’s multiple comparisons test. Linear regression was used to assess association between protein concentration and fluorescence intensity. Saturation binding curves were fit by nonlinear regression (one-site binding model) to determine affinity of the examined compounds for albumin. The statistical analysis was performed using the following software packages: Statistica v.13.3, GraphPad Prism v.5, and StatsDirect v.2.8.0.
RESULTS
SPR Analysis of the Binding of Cangrelor to HSA
The dose-dependent binding of cangrelor to HSA is shown in Figure 1. The estimates of the kinetic rate constants obtained from the Langmuir model were as follows: ka = 2.82 ± 1.40 × 103 M−1 s−1 and kd = 5.73 ± 3.23 × 10−2 s−1 (n = 3). Moreover, the equilibrium association and dissociation constants (KA and KD) obtained from the binding rate constants were: KA = 6.12 ± 4.68 × 104 M−1 and KD = 2.37 ± 1.55 × 10−5 M. The goodness of fit, as indicated by the averaged chi-square value (χ2) for set of experiments was 2.14 ± 0.47.
[image: Figure 1]FIGURE 1 | Surface plasmon resonance sensorgram of cangrelor binding to HSA. HSA was immobilized to a dextran-coated gold surface. Injection of analyte (cangrelor at the concentration of 2, 5, or 10 µM) produced a signal change that was directly proportional to the mass of bound drug molecules, expressed in resonance units (RU). Further details are given in “Materials and Methods” section.
Influence of Plasma and HSA on Inhibition of Platelet Activation by Cangrelor
To assess the influence of plasma constituents on the antiplatelet activity of cangrelor, the platelet response of PRP to cangrelor was compared with that of suspensions of isolated platelets. Platelet activation in response to 10 μM ADP was increased from 7.4 ± 4.4 to 41.4 ± 3.8% in PRP and from 8.9 ± 6.0 to 39.9 ± 14.2% in suspensions of isolated platelets (n = 5). No statistically significant differences in spontaneous and ADP-induced platelet activation between PRP and isolated platelets were observed. Cangrelor at a concentration of 17 nM decreased ADP-dependent platelet activation by 77% (p < 0.001) in PRP and by 95% (p < 0.01) in isolated platelets (Figure 2A). The average inhibition of platelet activation was significantly lower in PRP compared to isolated platelets (1.2-fold difference, p < 0.05).
[image: Figure 2]FIGURE 2 | Inhibition of platelet activation by cangrelor. The antiplatelet activity of cangrelor was evaluated in the presence of plasma proteins (A, n = 5) or 4% HSA (B, n = 6) compared to control. PRP or platelet suspensions were pre-incubated with 17 nM cangrelor (3 min, 37°C) and platelet activation was measured by flow cytometry in response to 10 μM ADP. Platelet activation was analyzed on the basis of platelet P-selectin expression (fraction of CD62P-positive cells). Statistically significant differences in platelet response to ADP between the groups were estimated with the paired Student t test or Wilcoxon test. Isolated platelets: µcangrelor ≠ µcontrol (p < 0.01), platelet-rich plasma: µcangrelor ≠ µcontrol (p < 0.001), isolated platelets without HSA: µcangrelor ≠ µcontrol (p < 0.05), isolated platelets with HSA: µcangrelor ≠ µcontrol (p < 0.0001).
The effect of albumin on the anti-platelet action of cangrelor was tested in suspensions of isolated platelets with 4% HSA and those without (controls). After stimulation with 10 μM ADP, the fraction of CD62P-positive platelets rose from 6.1 ± 4.0 to 37.7 ± 10.1% in controls and from 7.1 ± 4.7 and 38.7 ± 8.4% in those treated with 4% HSA (n = 6). Cangrelor used at 17 nM inhibited ADP-induced platelet activation by 74% (p < 0.0001) in suspensions of isolated platelets with 4% HSA and by 97% (p < 0.05) in control platelets (Figure 2B). The mean inhibition of platelet activation evoked by cangrelor was significantly lower (1.3-fold, p < 0.01) in platelet suspensions with HSA compared to controls. All inhibition values were calculated after subtraction of basal response.
Fluorescence Quenching Study
Interactions of Cangrelor and PSB 0777 with HSA
Fluorescence quenching of HSA by cangrelor and PSB 0777 was initially investigated at low (0‒5 µM) and high (0‒38.5 µM) concentration ranges. The basal fluorescence intensity of HSA measured at 350 nm was in the range of 394–537 relative fluorescence units (RFU) (n = 17).
In the concentration range of 0–5 μM, both cangrelor and PSB 0777 gradually decreased the fluorescence intensity of HSA with increasing drug concentration. However, HSA fluorescence was rather moderately diminished by the examined compounds (by 25% in the presence of PSB 0777 (n = 5) and by 40% in the presence of cangrelor (n = 6)); the difference in fluorescence quenching of albumin between the compounds was significant at p < 0.001).The binding for both cangrelor and PSB 0777 used in the concentration range of 0–5 μM was weak, and therefore, we were not able to reliably calculate the binding parameters (KD and n).
At 0‒38.5 µM both agents effectively decreased HSA fluorescence, with substantial changes being seen at the lowest concentrations (p < 0.001 for all drug concentrations) (Figures 3A,B). At the highest drug concentration (38.5 µM), HSA fluorescence was diminished by 75% in the presence of cangrelor (n = 3) and by 70% by PSB 0777 (n = 3), although the changes were not statistically different between the compounds. The Stern-Volmer plots for the interaction of HSA with cangrelor and PSB 0777 at 0‒38.5 µM exhibited a linear trend (Figure 3C). The quenching rate constants did not significantly differ between cangrelor and PSB 0777 (Figure 3C). Moreover, the values of Kq obtained for both compounds were at least 300 times higher than 2 × 1010 M−1 s−1 (the maximum value for scattering collision quenching constant). Such observations indicate that the mechanism of HSA fluorescence quenching by cangrelor and PSB 0777 resulted from the formation of complexes between the examined antiplatelet compounds and HSA (a mechanism of static quenching was predominant).
[image: Figure 3]FIGURE 3 | Fluorescence emission spectra and Stern-Volmer plots of HSA fluorescence quenching by PSB 0777 and cangrelor. The spectra of HSA (2.5 µM) were recorded at RT in PBS, pH 7.4, in the presence of increasing concentration of PSB 0777 (A) or cangrelor (B). The Stern–Volmer curves (C) were obtained by plotting the relative fluorescence intensity as a function of quencher concentration to obtain Stern–Volmer quenching constants. Data represent mean ± SD of three independent experiments. Further details are given in “Materials and Methods” section.
Furthermore, there was no significant difference in the dissociation constants between cangrelor and PSB 0777 (1.2-fold difference, NS). The numbers of binding sites in HSA for cangrelor and PSB 0777 were close to 1 (Table 1). Based on the above observations, further fluorescence spectroscopic experiments were carried out only at the higher concentration range of cangrelor and PSB 0777.
TABLE 1 | Binding parameters for the interactions of PSB 0777 and cangrelor with HSA.
[image: Table 1]Determination of binding constants for cangrelor and PSB 0777 at various temperatures, followed by the calculation of thermodynamic parameters, allowed us to describe the intermolecular forces acting between the examined compounds and HSA. The KD and KA values for cangrelor and PSB 0777 measured at various temperatures slightly differed, however the differences remained statistically insignificant in all the cases (Table 2). According to the binding constants measured at 292, 302 and 312 K, the thermodynamic parameters were determined from a linear van’t Hoff plot (Figure 4) and presented in Table 2. The reaction between cangrelor or PSB 0777 and HSA was spontaneous because the values of the free energy changes (ΔGθ) calculated for both compounds were negative at all temperatures. Other thermodynamic parameters (the values of enthalpy and entropy) indicated the involvement of hydrophobic interactions in the formation of the cangrelor-HSA complexes (ΔHθ > 0, ΔSθ > 0). The interaction between PSB 0777 and HSA was most likely driven by hydrophobic forces and, to some extent, electrostatic interactions (ΔHθ < 0, ΔSθ > 0).
TABLE 2 | Thermodynamic parameters for the binding of PSB 0777 and cangrelor to HSA.
[image: Table 2][image: Figure 4]FIGURE 4 | Van’t Hoff plots of the temperature dependence of the equilibrium constant for the complexes of HSA with cangrelor and PSB 0777. To determine thermodynamic parameters of reaction, the binding of cangrelor and PSB 0777 to HSA was monitored at three different temperatures: 292, 302, and 312 K. More details are given in “Materials and Methods” section.
The synchronous fluorescence spectra provided us information about the molecular environment in the vicinity of the HSA molecules in the presence of the examined compounds. In general, upon the gradual addition of PSB 0777 and cangrelor to HSA solution the fluorescence intensity of HSA decreased; no spectacular red shift was observed in the emission maxima of the tyrosine and tryptophan residues. In the presence of PSB 0777, the peak of emission shifted to a longer wavelength; the mean shift was by 0.5 nm at Δλ 15 nm for tyrosine and by 0.8 nm at Δλ 60 nm for tryptophan. Upon the addition of cangrelor, a more pronounced difference in the red shift was obtained at Δλ 15 and 60 nm: mean difference was 0.3 nm at Δλ 15 nm and by 2.1 nm at Δλ 60 nm. The results indicate that PSB 0777 and cangrelor slightly increased the polarity around the tyrosine and tryptophan residues, however the most visible change was induced by cangrelor in the microenvironment around the TRP214 residue, which is located in the subdomain IIA of albumin. The representative synchronous fluorescence spectra of interaction of PSB 0777 and cangrelor with HSA are presented in Supplementary Figure S1.
Cangrelor and PSB 0777 Interactions with HSA in the Presence of Binding Site Markers—Competitive Experiments
To determine the dissociation constant and the number of binding sites for warfarin and ibuprofen being in a complex with albumin, we measured the fluorescence intensity of HSA in the presence of warfarin and ibuprofen over the concentration range of 0–5 µM. As shown in Figure 5, warfarin effectively decreased the fluorescence intensity of HSA (a decrease was from 11% at 0.5 µM, p < 0.0001, to 47% at 5 μM, p < 0.0001) and the effect was dose-dependent (p < 0.0001). Ibuprofen also quenched the intrinsic fluorescence of HSA in a dose-dependent manner (p < 0.0001), however its effect did not exceed 5% (at 4.5‒5.0 µM, p < 0.0001). Consequently, the Ksv and Kq values obtained for ibuprofen were nearly 20-fold lower than those recorded for warfarin (Figure 5). Since ibuprofen was not found to be an effective quencher for albumin, it was excluded from further analysis. The KD value and the number of binding site for the warfarin-HSA complex were respectively: 3.38 [1.66‒5.09] × 10−6 M and 0.86 [0.41‒1.31]. Here, it is worth noting that the KD value determined for warfarin was approximately of one order of magnitude lower from that obtained for cangrelor or PSB 0777; this indicated that warfarin could be used as a marker for Sudlow site I. In the presence of warfarin or cangrelor acting as competitors for PSB 0777, the dissociation constants for PSB 0777-HSA complex were slightly but insignificantly higher than in the controls (1.4-fold higher for warfarin and 1.2-fold higher for cangrelor, NS). In contrast, a significant increase in the dissociation constant for cangrelor-HSA complex was observed in the presence of warfarin compared to control (2-fold increase, p < 0.015) (Table 3). Based on these observations, it could be inferred that cangrelor and warfarin (but not PSB 0777) bind to the same site on HSA.
[image: Figure 5]FIGURE 5 | Stern-Volmer plots and quenching constants for the interactions of warfarin and ibuprofen with HSA. The Stern–Volmer curves were obtained by plotting the relative fluorescence intensity as a function of quencher concentration to obtain Stern–Volmer quenching constants. Data represent mean ± SD of three independent experiments. Further details are given in “Materials and Methods” section.
TABLE 3 | Dissociation constants and the number of binding sites for the interactions of PSB 0777 and cangrelor with HSA in the presence of competitor.
[image: Table 3]Docking of Cangrelor and PSB 0777 to Sudlow Sites I and II of HSA
The spectroscopic results described above indicate that the main binding site for cangrelor in HSA is Sudlow site I in subdomain IIA. It is also likely that Sudlow site II, being the second major drug binding site of albumin, could be engaged in the interaction of PSB 0777 with HSA. Hence, these two hydrophobic pockets were chosen for performing computational experiments that aimed to provide a more detailed information on the interaction between the examined compounds and albumin. Molecular docking results indicated that the binding of cangrelor with Sudlow site I of HSA and PSB 0777 to Sudlow site II of HSA is possible. Figure 6 shows PSB 0777 and cangrelor docked into the hydrophobic pockets of HSA, Sudlow site I and II with the use of the 2BXD and 2BXG crystal structures. Docking results indicate that these interactions have an exothermic nature, in which van der Waals forces, hydrogen bonding and desolvation play the main role (Table 4).
[image: Figure 6]FIGURE 6 | Docking of cangrelor and PSB 0777 within the binding pockets of the HSA molecule. Cangrelor and PSB 0777 were docked to the two different crystal structures of HSA: 2BXD (albumin complexed with warfarin) and 2BXG (albumin complexed with ibuprofen). (A, C): cangrelor complexed with albumin (2BXD) within Sudlow site I at different magnification. (B, D): PSB 0777 complexed with albumin (2BXG) within Sudlow site II at different magnification. Cube (on the left) and cuboid (on the right) indicate the location and size of the grid.
TABLE 4 | Energy values obtained during docking analysis of PSB 0777 and cangrelor as a ligand and human serum albumin as a target protein.
[image: Table 4]PSB 0777 was found to be in close contact with the nine amino acid residues in subdomain IIIA of HSA: LEU387, ILE388, ASN391, LEU407, ARG410, TYR411, LYS414, LEU453, and SER489. Residues ILE388, ASN391, TYR411, and SER489 participated in hydrogen bonding with PSB 0777 (in all, five hydrogen bonds were detected in the PSB 0777-HSA complex), whereas residues LYS414 and ARG410 were involved in π-cation interactions with the adenine ring of PSB 0777.
As regards cangrelor, the following amino acid residues of albumin were detected to be involved in the complex formation with HSA: TYR150, SER192, and LYS195 from subdomain IB and LYS199, TRP214, ARG218, LEU219, ARG222, LEU238, HIS242, ARG257, LEU260, ALA291, GLU292, VAL293 from subdomain IIA. Hydrogen bonds were formed between TYR150, ARG257, HIS242, GLU292 and the heterocyclic adenine ring of cangrelor. HIS242 was assigned as the Nδ1 protonated tautomer and served as the H-bond acceptor in the complex formation. Moreover, intramolecular π–cation interactions between the heterocyclic adenine ring of cangrelor and albumin residues LYS195 and LYS199 also occurred.
DISCUSSION
Concurrent administration of two drugs, as used in dual antiplatelet therapy, may lead to diminished protein-drug binding in plasma and tissues, resulting from competitive displacement of one drug by another from a carrier (Yamasaki et al., 2013). Such pharmacokinetic changes can positively affect the concentration of the free (unbound) drug and overall effect of antiplatelet therapy. In the present study, we hypothesized that two compounds with antiplatelet activity, PSB 0777 (adenosine receptor agonist, an adenosine derivative) and cangrelor (P2Y12 receptor inhibitor, an adenosine triphosphate analogue), compete with each other for binding on human serum albumin, thus providing the additional, non-receptor mechanism underlying the effectiveness of a combined antiplatelet therapy. Significantly, our results indicate that: 1) both cangrelor and PSB 0777 bind to HSA with moderate affinities and their antiplatelet actions are significantly decreased in the presence of plasma or HSA, 2) cangrelor binds to Sudlow site I in subdomain IIA, whereas the binding site of PSB 0777 on HSA is most likely located within subdomain IIIA in Sudlow site II, 3) cangrelor and PSB 0777 do not compete for the same binding site on HSA, as far as their binding sites on the protein are different. Based on these findings it can be concluded that effectiveness of cangrelor and PSB 0777 is not associated with competition-induced changes in drug binding to HSA.
Considering the issue of displacement of one antiplatelet agent by another from HSA, it was critical to demonstrate that PSB 0777 and cangrelor are transported by the same carrier. Recently, we found that PSB 0777 significantly inhibits platelet aggregation and enhances the antiplatelet effects of cangrelor, but its antiplatelet activity strongly depends on the presence of plasma or HSA. Moreover, using SPR technology, the binding of PSB 0777 to HSA was detected with the affinity of 8.06 × 10−5 M (Boncler et al., 2018; Wzorek et al., 2020). As regards cangrelor, it has been reported that it is strongly bound to plasma proteins (Keating, 2015), however, there is neither direct nor indirect evidence of cangrelor binding to albumin. Therefore, in the present study, the influence of plasma or HSA on the antiplatelet action of cangrelor using platelet-rich plasma and suspensions of isolated platelets containing HSA was examined. It also investigated the interaction of cangrelor with purified HSA by SPR.
Incubation of control samples with cangrelor resulted in nearly complete inhibition of platelet activation in response to ADP. This inhibition was reduced in the presence of plasma or HSA, thus highlighting the importance of plasma constituents, in particular albumin, as modulators of cangrelor effectiveness in inhibiting of platelet function (Figure 2). Furthermore, SPR measurements indicated that cangrelor binds to HSA. Cangrelor showed moderate affinity for HSA (KD = 2.37 × 10−5 M), although the value of equilibrium dissociation constant was over three times lower than that obtained earlier for PSB 0777, indicating that cangrelor has a higher affinity for albumin compared to PSB 0777 (Wzorek et al., 2020). It could be noticed that cangrelor was used at 10-fold lower concentration than PSB 0777, which resulted from a difference in their IC50 values required for effective inhibition of platelet function in whole blood: the apparent cell response to antagonist was achieved at nanomolar concentration of cangrelor and a micromolar concentration of PSB 0777 (Boncler et al., 2018). The difference in concentration ranges, however, should not influence the results, because, in principal, the values of the rate constants and the equilibrium constants calculated from the rate constants are independent of the concentrations of both analyte and ligand (Sabapathy et al., 2020).
To investigate the interactions of PSB 0777 and cangrelor with HSA, two non-separative, moderate-throughput methods were used: SPR and fluorescence spectroscopy (Huber and Mueller, 2006; Vuignier et al., 2010). SPR is successfully used to rank drug molecules of weak, medium, and strong affinity to albumin and α1-acid glycoprotein. Spectroscopic assays are better suited to high-affinity systems, but looking at the literature, they are often used in the studies on HSA interactions with drugs (Alanazi and Abdelhameed, 2016; Rabbani et al., 2017; Rub et al., 2017) that, in general, are of moderate affinity (Otagiri, 2005). The use of the latter method allowed us to examine the interactions of antiplatelet compounds with HSA in solution and provided the insight into the drug binding mechanism.
Studies of the quenching of intrinsic fluorescence of albumin are carried out at equimolar/close-to-equimolar concentrations of quencher and albumin (Dufour and Dangles, 2005; Manjushree and Revanasiddappa, 2019) or at higher molar concentrations of quencher compared to albumin (Graciani and Ximenes, 2013; Meng et al., 2015; Goszczynski et al., 2017), depending on how strong the fluorescence quenching of albumin is. In the preliminary experiments, when the antiplatelet compounds were used at close to an equimolar ratio with albumin, they moderately quenched the HSA fluorescence and the binding parameters could not be reliably estimated by nonlinear regression. Therefore, further analysis was conducted at higher molar ratio of drug to protein (15:1). As expected, PSB 0777 and cangrelor, used at 0‒38.5 µM, induced a strong HSA quenching (the fluorescence of albumin was quenched up to 75%) and statistically significant changes in HSA fluorescence were already seen at the lowest concentration of the examined compounds. The formation of complexes between PSB 0777 or cangrelor and HSA in a static quenching model was deduced from the values of quenching constants (kq), which were much greater than the maximum scatter collision quenching constant. This observation indicated that the mechanism of HSA fluorescence quenching is not caused by dynamic collision, where a direct contact of the fluorophore and quencher is not required (Yeggoni et al., 2015; Alanazi and Abdelhameed, 2016). Moreover, PSB 0777 and cangrelor were found to bind to a single site on HSA. The mean KD for cangrelor was shown to be 1.2-fold lower than that obtained for PSB 0777 but both values remained of the same order of magnitude (∼10−5 M) and indicated a moderate affinity of the examined compounds for albumin. Many ligands bind to HSA with a moderate binding affinity (Otagiri, 2005); hence, the obtained binding constants for PSB 0777 and cangrelor seem to be high enough to ensure effective drug distribution (Bohnert and Gan, 2013). The values of thermodynamic parameters and the van’t Hoff plots were indicative for character of reactions, which were: exothermic in the case of PSB 0777 and endothermic for cangrelor. In the cangrelor-HSA system, the interaction was mainly driven by hydrophobic forces, as confirmed by the positive ΔSθ and ΔHθ values. The interaction between PSB 0777 and HSA was accompanied by an increase in entropy and decrease in enthalpy, so it is likely that hydrophobic forces and electrostatic interactions are involved in the formation of PSB 0777-HSA complexes. A similar binding mechanism as PSB 0777-HSA has been demonstrated for other adenosine analogues (N6-(2-hydroxyethyl)-adenosine, 8-bromoadenosine, cordycepin) and adenosine itself (Cui et al., 2007; Cui et al., 2008; Cui et al., 2009; Meng et al., 2015).
To sum up, data obtained by SPR and fluorescence spectroscopy are consistent, providing evidence for the binding of PSB 0777 and cangrelor to HSA. This allowed us to further investigate the interactions of the examined compounds with HSA. In particular, we were interested whether PSB 0777 and cangrelor bind to Sudlow site I or Sudlow site II, since the binding of ligands with HSA occurs mainly in these regions (Sudlow et al., 1976; Ghuman et al., 2005; Al-Harthi et al., 2019). For this purpose, we decided to use warfarin and ibuprofen, which are specific ligands for Sudlow site I and II, respectively (Ni et al., 2006). Surprisingly, in control experiments with selected displacers, only warfarin was capable to bind with HSA and therefore could serve as a competitor. The value of association constant for warfarin bound to HSA determined in our study (KA = 2.96 × 105 M−1) was consistent with values reported earlier (KA is within the range of 104–105 M−1) (Yamasaki et al., 1996; Watanabe et al., 2001; Dufour and Dangles, 2005) and, importantly, was of one order of magnitude higher than association constants determined for PSB 0777 and cangrelor (Table 1). Interestingly, the binding constant of ibuprofen for HSA has been reported to be even higher from that for warfarin but it is when ibuprofen is used in the racemic form (KA is within the range of 105–106 M−1) (Dufour and Dangles, 2005). Considering this, it could be inferred that ibuprofen preparation, which was applied in our laboratory and exhibited a negligible binding to HSA (Figure 5), was not a racemic mixture but consisted of a single enantiomer. Unfortunately, we cannot compare our results of HSA quenching by ibuprofen with the other competitive studies, because this kind of data is not collected or shown in those reports. Instead, we can find out from earlier publications what the binding constants are for the complex of drug-HSA, in the absence and presence of competitor. In our study, when warfarin was used as competitor, concurrent use of warfarin and cangrelor, led to a significant increase in the dissociation constant compared to control (cangrelor alone). This finding suggests that warfarin effectively displaces cangrelor from HSA, and hence that Sudlow site I is a binding site for cangrelor. Contrary to this, PSB 0777 was not displaced by warfarin, indicating that the binding site of PSB 0777 could be located in Sudlow site II. This is supported by additional experiments of displacement of PSB 0777 by cangrelor, which indirectly confirmed that PSB 0777 and cangrelor do not share the same binding site on albumin. Nevertheless, there is some possibility that both cangrelor and PSB 0777 bind to Sudlow site I. There is a persuasive argument in favour of this. Namely, it has been shown that Sudlow site I in the subdomain IIA forms a relatively large hydrophobic cavity (more voluminous than Sudlow site II) (Curry, 2009), able to bind more than one compound, without interfering with each other (Watanabe et al., 2001; Rimac et al., 2017). Moreover, according to the concept of Yamasaki et al., Sudlow site I may consist of at least three regions, partially overlapping, where three ligands could be bound (Yamasaki et al., 1996). Intriguingly, adenosine and 8-bromoadenosine have been successfully docked to the site I of human serum albumin, known as the warfarin binding site (Cui et al., 2008; Cui et al., 2009).
The competitive study has been combined with computational method ‒ molecular docking, to predict molecular interactions between PSB 0777 or cangrelor and HSA. Therefore, the antiplatelet compounds were docked into two hydrophobic pockets of HSA: PSB 0777 in the region containing Sudlow site II, and cangrelor in the region encompassing Sudlow site I. The results obtained by docking of PSB 0777 and cangrelor to HSA were in agreement with our in vitro observations. The only difference between the in silico method and the in vitro experiments could be found in the binding mode of PSB 0777 to HSA as electrostatic interactions were shown to play a minor role in the formation of PSB 0777-HSA complex in the mathematical model describing drug-HSA interaction (Table 4). As expected, PSB 0777 formed a complex with HSA via interactions with several amino acid residues located in subdomain IIIA, whereas cangrelor interacted with some residues of subdomain IIA and IB. The complexes of HSA with PSB 0777 and cangrelor were stabilized by hydrogen bonding interactions and π-cation interactions. Furthermore, the complexes were formed spontaneously, as indicated by negative values of Gibbs free energy. Consistent with the in vitro experiments is the finding showing that cangrelor has a lower free energy than PSB 0777, thus forming more stable complex with albumin. In the light of our findings we can conclude that albumin is important carrier for cangrelor and PSB 777 and the albumin-dependent bio-distribution of cangrelor seems not to be disturbed by the albumin-dependent bio-distribution of PSB 0777 in the course of the dual antiplatelet therapy.
In conclusion, quantitative data on the interactions between drug and carrier protein contribute to a better understanding the mechanisms of drug transport, its toxicity and action. Our results provide an insight into the role of interactions of platelet inhibitors with plasma proteins in shaping their effectiveness in dual antiplatelet therapy. To verify whether concurrent administration of two antiplatelet compounds may lead to diminished protein-drug binding in plasma and tissues, resulting from competitive displacement of one drug by another from a carrier, we studied the interactions of HSA with platelet P2Y12 inhibitor, cangrelor, and adenosine analogue PSB 0777 possessing the antiplatelet activity. Our findings demonstrated that both compounds bind to HSA, but do not compete for the same binding site on HSA. Sudlow site I seems to be the major region of cangrelor binding, whereas PSB 0777 is likely to interact with Sudlow site II or with another, not yet recognized region in albumin. Binding of drugs to albumin is a complex process, so that when studying drug-HSA interactions we have to bear in mind that albumin contains some regions, such as Sudlow site I, carrying several binding sites (Watanabe et al., 2001). On the other hand, some drugs, like warfarin, can bind to HSA at different sites of molecule (Dufour and Dangles, 2005). Considering this, crystallographic studies should help precisely determine the primary binding sites for PSB 0777 and cangrelor in albumin. We believe that our new concept of studying non-receptor mechanism underlying the effectiveness of dual antiplatelet therapy, which combines many disciplines, such as medicine, pharmacy, biology, physics, chemistry, may be a very good starting point for further investigation.
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Aim: Vildagliptin (vild) improves diastolic dysfunction and is associated with a lower relative risk of major adverse cardiovascular events in younger patients. The present study aimed to evaluate whether vild prevents the development of diabetic cardiomyopathy in type 2 diabetic mice and identify its underlying mechanisms.
Methods: Type 2 diabetic mouse model was generated using wild-type (WT) (C57BL/6J) and miR-21 knockout mice by treatment with HFD/STZ. Cardiomyocyte-specific miR-21 overexpression was achieved using adeno-associated virus 9. Echocardiography was used to evaluate cardiac function in mice. Morphology, autophagy, and proteins levels in related pathway were analyzed. qRT-PCR was used to detect miR-21. Rat cardiac myoblast cell line (H9c2) cells were transfected with miR-21 mimics and inhibitor to explore the related mechanisms of miR-21 in diabetic cardiomyopathy.
Results: Vild restored autophagy and alleviated fibrosis, thereby enhancing cardiac function in DM mice. In addition, miR-21 levels were increased under high glucose conditions. miR-21 knockout DM mice with miR-21 knockout had reduced cardiac hypertrophy and cardiac dysfunction compared to WT DM mice. Overexpression of miR-21 aggravated fibrosis, reduced autophagy, and attenuated the protective effect of vild on cardiac function. In high-glucose-treated H9c2 cells, the downstream effectors of sprouty homolog 1 (SPRY1) including extracellular signal-regulated kinases (ERK) and mammalian target of rapamycin showed significant changes following transfection with miR-21 mimics or inhibitor.
Conclusion: The results of our study indicate that vild prevents DCM by restoring autophagy through the miR-21/SPRY1/ERK/mTOR pathway. Therefore, miR-21 is a target in the development of DCM, and vild demonstrates significant potential for clinical application in prevention of DCM.
Keywords: vildagliptin, diabetic cardiomyopathy, microRNA-21, autophagy, SPRY1
INTRODUCTION
Diabetes is one of the most common and fastest growing diseases worldwide that is estimated to affect 693 million adults by 2045 (Cho et al., 2018). The prevalence of cardiac dysfunction in individuals with type 1 diabetes mellitus (T1DM) and T2DM has been reported to be as high as 14.5% and 35.0%, respectively, (Konduracka et al., 2013; Bouthoorn et al., 2018). Cardiovascular disease is the leading cause of death in diabetic patients, with approximately 70% mortality due to coronary artery disease. Despite normal coronary state and blood pressure, heart failure occurs in a subset of diabetic patients and is clinically characterized as diabetic cardiomyopathy (DCM) (Poornima et al., 2006). The data from the Framingham study suggest that diabetes is another discrete cause of congestive heart failure and that some form of cardiomyopathy is associated with diabetes (Kannel et al., 1974). Therefore, DCM should be under intensive clinical focus.
The pathogenesis of DCM is complex (Jia et al., 2018). Diabetic myocardial damage caused by hyperglycemia is associated with downregulation of intracellular autophagy (He et al., 2013). Numerous studies have confirmed that miRNAs are involved in the pathophysiological changes of diabetic heart disease, and miRNAs have been identified as key factors in the remodeling of diabetic heart (Guo and Nair, 2017). Accumulating evidence has shown that miR-21 has an inhibitory effect on autophagy (Liu et al., 2015; Huang et al., 2017). In addition, miR-21 is upregulated in diabetic myocardium (Gao et al., 2018; Ghosh and Katare, 2018), but the role of miR-21 in DCM cardiomyocytes has not yet been fully elucidated.
Because cardiovascular (CV) disease is the most common cause of morbidity and mortality in patients with T2DM, the CV safety of any new antidiabetic agent is of critical interest. It was possible to evaluate the cardiovascular and cerebrovascular (CCV) safety of vildagliptin (vild) based on adjudicated CCV events, applying the methodology outlined in the new FDA guidance. The results of meta-analysis of adjudicated events from a large phase III T2DM population showed that vild was not associated with an increased risk of adjudicated CCV events relative to all comparators (placebo or other hypoglycemic agents) in the broad population of type 2 diabetics, including patients at increased risk of CCV events (Schweizer et al., 2010). In addition, a meta-analysis of 17,446 patients showed that the relative risk of prospectively adjudicated major adverse cardiac events (MACEs) in younger (< 65 years) patients with T2DM was significantly reduced by 37% in the vild group compared to the controls (McInnes et al., 2015; Evans et al., 2018). Other studies have shown that vild effectively improves cardiac function in different disease models, such as improving diastolic dysfunction in Dahl salt-sensitive hypertensive rats with HFpEF (Nakajima et al., 2019) and reducing T2DM-induced increase in post-MI acute mortality by restoring the autophagic response (Murase et al., 2015). However, little is known about the mechanisms of the cardioprotective effects of the drug.
Therefore, we hypothesized that vild restores cardiac autophagy by acting on miR-21, thereby protecting cardiac function. In addition, the involvement of the SPRY1/ERK/mTOR pathway in mechanism of action of vild and miR-21 was further explored.
MATERIALS AND METHODS
Animals
Homozygous miR-21 knockout mice (6 weeks-old male mice) that were generated using CRISPR-Cas9 technology (Xue et al., 2019) were kindly provided by Professor Rongxin Zhang’s lab (Basic Medical Research Center, Tianjin Medical University). Selection of homozygous knockout mice by agarose gel electrophoresis (Supplementary Figure S1). Wild-type (WT) mice (C57BL/6J) were obtained from HFK Bioscience Company (Beijing, China).
The experimental protocols were authorized and specifically approved by the Institutional Ethics Committee of the Tianjin Medical University. All experimental mice were maintained on a 12:12 h light–dark cycle at 22 ± 2°C under specific pathogen-free conditions in the animal facility at the Tianjin Medical University (Tianjin, China). The C57/BL6J mice were randomly assigned to five groups: 1) WT normal control group (NC, n = 10) were fed a standard diet. 2) WT diabetic group (DM, n = 10) were induced by five consecutive daily intraperitoneal injections of streptozotocin (STZ, 30 mg/kg/day, in 0.1 mol/L sodium citrate buffer, pH 4.5; Sigma, MO, United States) after a high-fat diet (60% Kcal high-fat diet, HFD) for 12 weeks. Control mice were injected with an equivalent volume of citrate buffer. Animals with random blood glucose levels ≥16.6 mM were regarded as diabetic as per three independent measurements. 3) After establishing a type 2 diabetic mouse model, WT diabetic mice were treated with vild at a dosage of 15.17 mg/kg/d by oral gavage daily for 10 weeks (DM + vild, n = 10). 4) Recombinant adeno-associated virus 9 (rAAV9)-miR-21 was injected into the tail vein of the DM mice, while another group of DM mice was injected with AAV9 NC. The mice were then treated with vild (DM + AAV9 + vild, n = 10; DM + AAV9 NC + vild, n = 10). The miR-21 knockout mice were randomly assigned to two groups: 1) normal control group (miR-21−/−NC, n = 10) was fed a standard diet. 2) miR-21−/− diabetic group (miR-21−/−DM, n = 10): the diabetes model was established as in the WT mice. The animals were sacrificed by cervical dislocation under anesthesia with 5% isoflurane.
In vivo Delivery of rAAV Vectors
The AAV9-miR-21 and AAV9-NC vectors were obtained from Syngen Tech Company (Beijing, China). The vectors were delivered to the myocardium via tail vein injections (total dose of 5 × 1012 vg/200 μL per mouse).
Cardiac Function
A high-resolution echocardiography system (Vevo 770; Visual Sonics, Toronto, ON, Canada) was used to measure the following parameters in anesthetized (1–2% isoflurane) mice after 10 weeks of vild intervention: the left ventricular ejection fraction (LVEF), left ventricle fractional shortening (LVFS), left ventricle internal diameter (LVID), and left ventricular posterior wall thickness (LVPW) were measured during both systole and diastole. The ratio of early (E) to late (A) ventricular filling velocity (E/A ratio) was measured by echocardiography and pulsed Doppler at the level of the mitral valve.
Cell Culture
Rat cardiac myoblast H9c2 cells (purchased from Beina Chuanglian Biotechnology, Beijing, China) were grown in Dulbecco’s modified Eagle’s medium containing 5.5 mmol/L normal glucose (NG, Gibco, MA, United States) and 10% fetal bovine serum (FBS; Bioind, Israel). The cells were incubated in humidified air (5% CO2) at 37°C and treated as follows: 1) Cells in the NG group were incubated in low glucose (5.5 mM) DMEM, 2) Cells in the mannitol (MA) group were incubated in DMEM with 5.5 mM glucose and 27.5 mM MA, 3) Cells in the HG group were incubated in DMEM with 33 mM glucose, and 4) Cells in the HG + vild group were incubated in DMEM with 33 mM glucose and 30 μM vild (MCE, Shanghai, China) for 48 h.
Western Blot Analysis
Protein isolates were obtained from the cells or cardiac tissues and their concentrations were measured. The protein extracts were then separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride membranes (MilliporeSigma, Burlington, MA, United States) followed by overnight incubation at 4°C with primary antibodies against SQSTM1/P62 (1:1,000; CST), LC3 (1:1,000; Proteintech), SPRY1 (1:1,000; Bioss), connexin-43 (Cx43; 1:1,000; CST), p-ERK (1:1,000; CST), t-ERK (1:1,000; CST), p-mTOR (1:1,000; CST), t-mTOR (1:1,000; CST), β-tubulin (1:1,000; Abclonal), and GAPDH (1:1,000; Abclonal). Then the membranes were reacted with secondary antibodies. Chemiluminescence signals were recognized by ECL reagents (Advansta, CA, United States). Blots were quantified with ImageJ software.
Immunohistochemical Staining
Formalin-fixed cardiac samples were embedded in paraffin blocks. Representative sections (5 µm thick) were incubated overnight with the primary antibodies against SQSTM1/P62 (1:200), LC3 (1:200), and Cx43 (1:100; CST). Slides were developed with diaminobenzidine (DAB) kits after incubation with the appropriate secondary antibodies.
Immunofluorescence Staining
Cells were permeabilized with 1% Triton X-100 and fixed with paraformaldehyde. The cells were then blocked with 5% BSA, followed by incubation with primary antibodies against SQSTM1/P62 (1:50; CST, MA, United States) at 4°C overnight. The cells were incubated with Alexa Fluor-488-conjugated secondary antibodies for 1 h at room temperature. Nuclei were stained with DAPI reagents. Fluorescence signals were detected using confocal fluorescence microscopy (Leica Microsystems, Germany).
Morphometric Measurements
Hematoxylin and eosin (HE) staining was used for the general assessment of cardiac morphology. Masson staining was used to detect interstitial fibrosis. Images were visualized using a light microscope and a digital imaging system.
RNA Extraction and Quantification of Gene Expression
Total RNA was extracted from the treated cells with E. Z.N.A.® Total RNA Kits (Omega, GA, United States). cDNA was synthesized using a reverse transcription system kit (Thermo, United States). Real-time qPCR was performed using SYBR Green PCR kits (Sangon Biotech, Shanghai). The primers used are listed in Supplementary Table S4.
Transfection of miRNA Inhibitor and Mimics
MiR-21 inhibitor, mimics, and the homologous negative control were obtained from GenePharma (Shanghai, China). Cells were transfected using Lipofectamine 2000 reagent (Invitrogen, CA, United States) at a final concentration of 50–100 mM according to the manufacturer’s instructions.
Statistical Analysis
Data are expressed as the mean ± standard error of the mean (SEM). The analysis was performed using SPSS 22.0 software. Statistical differences between two groups were evaluated using unpaired Student’s t-test. Comparisons between multiple groups were analyzed by one-way ANOVA, followed by the LSD post hoc test. Statistical significance was determined at p < 0.05.
RESULTS
Effects of Vild Treatment on Cardiac Pathological and Functional Changes in Diabetic Mice
Echocardiography was performed to assess cardiac function at the end of the experiment (Figures 1A–F). Compared to the NC group, the E/A value, LVEF, and FS were significantly decreased in the DM group. The LVIDs of the DM group were significantly higher than those of the NC group. Compared to the DM group, the E/A value, LVEF, and FS were significantly increased in the vild treatment group. Treatment with vild also simultaneously inhibited the increase in LVID.
[image: Figure 1]FIGURE 1 | Vild protects heart function and alleviates hyperglycemia-induced pathological changes. (A) M-mode echocardiograms and pulse-wave Doppler echocardiograms were used to examine cardiac function. Quantitative analysis of E/A (B), LVEF (C), LVFS (D), LVIDs (E), and LVIDd (F). Data are presented as mean ± standard deviation (SD). (G) Representative images of cardiac sections stained with HE, Masson, and immunohistochemically stained for Cx43. Scale bars in the right lower corner represent 20 μm. (H) Immunochemistry analysis of Cx43. (I) Representative western blotting (WB) images of Cx43. (J) Quantification of Cx43 protein levels. NC, normal control; DM, diabetic group; DM + vild, diabetic mice with vild administration; Cx43, connexin 43. Data are reported as mean ± standard error of mean (SEM). *p < 0.05.
HE and Masson staining were performed to examine the changes in cardiac pathology (Figure 1G). Light microscopic images revealed hypertrophied cardiomyocytes and increased extracellular matrix in the DM group. Masson’s trichrome staining revealed increased interstitial fibrotic areas in the DM group compared to the NC group, whereas vild treatment alleviated cardiac fibrosis in the DM mice.
Cx43 is the predominant connexin expressed by cardiomyocytes and is crucial for cell-cell communication and cardiac function (Severs et al., 2004). Results of IHC and WB analysis showed that the expression of Cx43 was reduced in the DM group compared to that in the NC group. However, the expression of Cx43 was increased in the DM + vild group (Figures 1G–J).
Effects of Vild on Autophagy in vivo and in vitro
As shown in Figures 2A,B, IHC and WB analysis revealed that P62 level was notably decreased in the DM + vild group. The aggregation of LC3 was significantly elevated in the DM + vild group compared to the DM group. However, WB analysis revealed that vild rescued LC3 aggregation and restored the ratio of LC3 II to LC3 I in the DM + vild group (Figures 2C,D). Furthermore, vild reversed the reduction in autophagy in DM mice. We also confirmed the effect of vild on autophagy in the rat cardiac myoblast cell line, H9c2. As shown in Figure 2E, P62 levels were significantly increased in the HG group, but were restored in HG + vild group. Punctate LC3 expression was decreased in the HG group, but increased in HG + vild group (Figure 2F). We also validated the results with WB (Figures 2G,H). Results of the WB analysis (protein level) were the identical to that obtained from IF analysis.
[image: Figure 2]FIGURE 2 | Vild treatment restores autophagy in vivo and in vitro. (A) Immunohistochemical staining of P62 and LC3 in cardiac sections. Scale bars in the right lower corner represent 20 μm. (B) Immunochemistry analysis of LC3 and P62. (C) Representative WB images of P62 and LC3. (D) Quantification of P62 and LC3 protein levels. (E) Immunofluorescence staining of P62 in H9c2 cells. Scale bars in the right lower corner represent 5 μm. (F) Immunofluorescence staining of P62 and LC3 in HMCs. Scale bars in the right lower corner represent 50 mm (G) Representative WB images of P62 and LC3 in H9c2 cells. (H) Quantification of P62 and LC3 protein levels. *p < 0.05. (I) Representative western blotting images of P62 and Cx43. (J) Quantification of P62 and Cx43 protein levels.
As shown in Figures 2I,J, compared to the HG group, the levels of P62 were significantly upregulated and Cx43 was significantly downregulated in the HG + 3-MA group. In addition, we compared the protein levels in HG + vild group with those in HG + vild + 3-MA group and found that the levels of P62 were increased, whereas that of Cx43 was decreased following 3-MA treatment, indicating that the cardioprotective effects of vild were blocked by 3-MA and were autophagy related.
miR-21 is Upregulated in DCM
We hypothesized that vild restores autophagy via miRNA. Therefore, we quantified miR-21 in NC, DM, and DM + vild groups. miR-21was significantly increased in DM but reduced in DM + vild group (Figure 3A). We then semi-quantified miR-21 in cells treated with NG, MA, HG, and HG + vild, respectively. We found that there were significant differences between NG and HG, but no obvious changes in miR-21 levels between NG and MA. Compared to the HG group, miR-21 showed a significant decrease in HG + vild group (Figure 3B).
[image: Figure 3]FIGURE 3 | miR-21 is upregulated in diabetic cardiomyopathy. (A) Expression of miR-21 of each group in tissues. (B) Expression of miR-21 in different groups of H9c2 cells. miR-21 expression level is expressed relative to that of U6 snRNA. Error bars represent SEM. *p < 0.05.
miR-21 is Involved in DCM by Regulating Autophagy
To investigate whether miR-21 is involved in DCM pathogenesis, we established a diabetic model using miR-21 knockout mice, similar to WT mice, and performed echocardiography at the end of the experiment (Figures 4A–F). The results showed no significant difference in cardiac function between the miR-21−/− NC and WT NC groups. The EF and E/A values of the miR-21−/−DM group were significantly higher than those of the WT DM group. LVIDs and LVIDd in the miR-21−/−DM group were lower than those in the WT DM group. Thus, these results indicate that knocking out miR-21 improves cardiac systolic and diastolic functions and reduces left ventricular hypertrophy.
[image: Figure 4]FIGURE 4 | miR-21 regulates autophagy in DM mice. (A) M-mode echocardiograms and pulse-wave Doppler echocardiograms was used to examine cardiac function. Quantitative analysis of E/A (B), LVEF (C), LVFS (D), LVIDs (E), and LVIDd (F). Data were presented as mean ± SD. (G) Representative images of HE and Masson-stained cardiac sections. Scale bars in the right lower corner represent 20 μm. (H) Immunohistochemical staining of P62 and LC3 in cardiac sections. Scale bars in the right lower corner represent 20 μm. (I) Immunochemistry analysis of LC3 and P62. (J) Representative western blotting images of P62 and LC3 in cardiac tissues. (K) Quantification of P62 and LC3 protein levels. *p < 0.05.
Myocardial HE and Masson’s trichrome staining (Figures 4G,H) showed that compared to the WT DM group, myocardial hypertrophy and fibrosis were significantly reduced in the miR-21−/−DM group. Moreover, we found decreased levels of P62 and increased accumulation of LC3 in the miR-21−/− DM group compared to the DM group. In contrast, miR-21 KO decreased P62 expression and the ratio of LC3 II to LC3 I was restored (Figures 4J,K). These results support the hypothesis that miR-21 downregulates autophagy in the diabetic myocardium.
miR-21 Downregulates Autophagy via the SPRY1/ERK/mTOR Pathway
To confirm the differentially expressed pathways in H9c2 cells following HG treatment, the levels of the SPRY1/ERK/mTOR signaling pathway members were examined by WB. The results showed that compared to the NG group, the expression of SPRY1 was significantly decreased in the HG group, whereas the expression of p-ERK and p-mTOR were increased. However, the MA control group did not show any apparent difference in H9c2 cells relative to the NG group (Figures 5A,B). These results suggest that the SPRY1/ERK/mTOR pathway was inhibited in H9c2 cells following HG treatment.
[image: Figure 5]FIGURE 5 | miR-21 regulates autophagy via SPRY1/ERK/mTOR pathway under HG. (A) Representative WB images of SPRY1, p-ERK, ERK, p-mTOR, and mTOR in H9c2 cells (B) Quantification of SPRY1, p-ERK, ERK, p-mTOR, and mTOR protein levels. *p < 0.05. (C, E) Representative WB images of SPRY1, p-ERK, ERK, p-mTOR, and mTOR in H9c2 cells. (D, F) Quantification of SPRY1, p-ERK, ERK, p-mTOR, and mTOR protein levels. *p < 0.05. NG, normal glucose; HG, high glucose (33 mM glucose); miR-21i, miR-21 inhibitor; miR-21m, miR-21 mimics; NCi, miR-21 inhibitor negative control; NCm, miR-21 mimic negative control.
To further clarify whether miR-21 regulates the differentially expressed pathway, we transfected H9c2 cells with miR-21 mimics (miR-21 m) and miR-21 inhibitor (miR-21i). The protein levels of SPRY1 were significantly increased after miR-21i transfection, and those of p-ERK and p-mTOR were significantly decreased (Figures 5C,D). On the contrary, the result of miR-21 m transfection was opposite to that of mir-21i transfection (Figures 5E,F). These results indicate that miR-21 regulates autophagy through the SPRY1/ERK/mTOR pathway.
Vild Restored Autophagy and Prevented Diabetic Cardiomyopathy by Regulating the miR-21/SPRY1/ERK/mTOR Pathway
We generated miR-21 overexpressing mice by injecting the mice with AAV9-miR-21. The expression of miR-21 increased after 4 weeks (Supplementary Figure S2). The results of echocardiography (Figures 6A–F) revealed that the DM + AAV9 + vild group had lower E/A values, LVEF, and LVFS compared to the DM + vild group, indicating a decrease in diastolic and systolic functions. In addition, the LVID value increased in the DM + AAV 9 + vild group compared to that in the DM + vild group, indicating that the wall thickening was aggravated. Thus, miR-21 overexpression counteracted the positive regulation of cardiac function.
[image: Figure 6]FIGURE 6 | Vild prevents DCM and autophagy by regulating the miR-21/SPRY1/ERK/mTOR pathway. (A) M-mode echocardiograms and pulse-wave Doppler echocardiograms were used to examine cardiac function. Quantitative analysis of E/A (B), LVEF (C), LVFS (D), LVIDs (E), and LVIDd (F). Data are presented as mean ± SD. (G) Representative WB images of P62 and LC3. (H) Quantification P62 and LC3 protein levels. (I) Representative WB images of SPRY1, p-ERK, ERK, p-mTOR, and mTOR of cardiac tissues. (J) Quantification of SPRY1, p-ERK, ERK, p-mTOR, and mTOR protein levels. *p < 0.05. DM + AAV9 NC + vild, diabetic mice with no-load AAV9 and vild; DM + AAV9 + Vild, diabetic mice with AAV9-miR-21 and vild.
After transfection of the miR-21 overexpressing virus, the expression of P62 was significantly higher in the DM + AAV9 + vild group compared to that in the DM + vild group. The expression of LC3II/LC3I was significantly lower than that in the DM + vild group, indicating that the level of autophagy was decreased (Figures 6G,H). This indicates that, following overexpression of miR-21, the effect of vild on the recovery of autophagy in diabetic mice was abrogated. Furthermore, the expression of SPRY1 in the DM + AAV9 + vild group was significantly lower compared to that in the DM + vild group. The expression of p-ERK and p-mTOR was higher in the DM + AAV9 + vild group than that in the DM + vild group (Figures 6I,J).
DISCUSSION
In this study, we provide in vivo evidence that miR-21 is a vital factor for DCM in mice challenged with STZ/HFD. Importantly, miR-21 expression was elevated in the myocardial tissues of diabetic mice. In addition, cardiac functions were significantly improved in the miR-21-knockout diabetic mice compared to that in C57 diabetic mice. We found that vild activates autophagy in diabetic mice by inhibiting the expression of miR-21 and activation of the SPRY1/ERK/mTOR pathway, thereby preventing DCM.
Vildagliptin, a dipeptidyl peptidase 4 inhibitor, is an oral hypoglycemic drug that reduces hyperglycemia in T2DM (Mari et al., 2005). The safety and efficacy of vild as monotherapy or in combination with other oral antidiabetic or basal insulin has been well established. In addition to their hypoglycemic effects, the cardiovascular benefits of hypoglycemic drugs are under intensive scrutiny currently. Vild improves insulin resistance in rats and endothelial function in patients with T2DM (van Poppel et al., 2011; Apaijai et al., 2014). Vild has also been shown to play a beneficial role in the heart, in various disease models. Further, it preserves left ventricular function and reduces infarct size of cardiac I/R injury by preventing mitochondrial dysfunction (Chinda et al., 2013; Chinda et al., 2014). Moreover, vild reduced myocyte hypertrophy and perivascular and cardiac fibrosis in isoproterenol-treated rats (Miyoshi et al., 2014). In rats with insulin resistance induced by a high-fat diet, vild prevented cardiac mitochondrial membrane depolarization and attenuated cardiac dysfunction (Apaijai et al., 2012; Apaijai et al., 2013). However, no study has evaluated the effect of vild on cardiac function in a model of T2DM. In our study, the E/A value and the ejection fraction were decreased in the DM group at the end of the 22nd week, indicating diastolic dysfunction and impaired myocardial contractile function. This phenomenon matched that of the late phase of DCM, indicating the successful establishment of our model. Furthermore, the E/A and ejection fraction values in the DM + vild group were significantly higher compared to those in the DM group, indicating a significant protective effect of vild on cardiac function.
A recent study reported that vild improved survival after myocardial infarction (MI) in Otsuka Long-Evans Tokushima fatty (OLETF) rats by restoration of the autophagic response (Murase et al., 2015), which was consistent with our results. In our study, autophagy was decreased in the heart of DM mice and in H9c2 cells treated with high glucose. Autophagy is a homeostatic mechanism that maintains cardiac structure and function (Martinet et al., 2007). Autophagy may be protective or detrimental depending on the cell type, cellular environment, and the extent of autophagy. Several studies have shown that the activation of autophagy by systemic administration of drugs [metformin (He et al., 2013), resveratrol (Kanamori et al., 2015), and fenofibrate (Zhang et al., 2016)] is beneficial in improving diabetes-induced cardiac dysfunction. To further explore whether inhibition of autophagy mitigates vild-induced cardioprotective effects, we applied 3-MA in the HG + vild group. We compared the protein levels in HG + vild with those in HG + vild + 3-MA and found that the level of P62 was increased whereas that of Cx43 was decreased following 3-MA treatment, indicating that the restoration of cx43 expression by vild was blocked by 3-MA indicating that the vild-mediated effect was autophagy related.
However, this study also revealed that vild did not act on autophagy directly, but rather through the intermediary, miR-21. miR-21 plays different roles in different diseases. In vascular disease, miR-21 knockout exacerbated AngII-induced TAAD formation in mice through the TGF-β pathway (Huang et al., 2018). Several studies have shown that miR-21 expression is upregulated in the ventricles under diabetic conditions (Guo and Nair, 2017; Lopes et al., 2017). In this study, we found that the expression level of miR-21 was upregulated in the heart tissue of diabetic mice and in H9c2 cells treated with high glucose, which was consistent with previous studies (Thum et al., 2008). miR-21 plays a key role in myocardial fibrosis. Liu et al. demonstrated that the expression of miR-21 was significantly increased in fibroblasts, leading to increased collagen synthesis and phosphorylation of p38 MAPK (Liu et al., 2014), thereby suggesting a key role of miR-21 in DCM. To confirm the role of miR-21 in DCM, miR-21-knockout mice were used to establish a diabetic model (miR-21−/−DM) similar to WT (WT DM) mice. The results indicated that contraction and diastolic functions were protected whereas wall hypertrophy was alleviated in the miR-21 knockout mice. A previous study reported that miR-21 prevents early DCM by attenuating impairments in diastolic dysfunction and cardiac hypertrophy, by reducing the production of ROS via gelsolin (Dai et al., 2018). In this study, we established an advanced DCM model rather than an early-stage DCM model. Various DCM stages and the different interventions may have different effects on H9c2 cells and this poses a major challenge in interpretation of the results. Furthermore, blood glucose levels in the miR-21−/−DM mice were lower than those of WT DM mice, which may be related to an increase in insulin sensitivity and the regulation of various key metabolic processes involved in fatty acid uptake, gluconeogenesis, and glucose output by miR-21 knockout (Calo et al., 2016). However, when the DM mice were injected with heart-specific AAV9 carrying miR-21, no significant change was detected in FBG in the DM + AAV 9 + vild group as compared to the DM + vild group, whereas the E/A ratio and LVEF was decreased and the ventricular wall hypertrophy was aggravated. Thus, miR-21 appears to have a negative effect on cardiac function via mechanisms that do not involve the blood glucose factors. Generally, knockout mice were affected by confounding factors. As mentioned above, the lack of miR-21 in the liver caused the difference in blood glucose level. In order to study the specific role of miR-21 in the heart, we will take the heart-specific knockout mice as an experimental model in the follow-up experiments.
Using the AAV9 gene delivery model, we provided critical genetic validation. The results showed that the level of autophagy in DM mice treated with vild after overexpression of miR-21 was significantly lower than that in the mice treated with vild alone, and the expression of SPRY1 was also significantly decreased, while p-ERK and p-mTOR were significantly elevated. This data suggests that vild may activate the expression of the SPRY1/ERK/mTOR pathway by downregulating miR-21 level, thereby increasing autophagy levels and improving cardiac function. Consistent with our results, miR-21 has been reported to activate p-ERK (Huang et al., 2018) that is effectively decreased by vild treatment (Apaijai et al., 2016), which is consistent with our results. Cells were transfected with SPRY1-siRNA to confirm the function of SPRY1 (Supplementary Figure S3). The results indicated that vild regulated autophagy through the SPRY1/ERK/mTOR pathway.
DCM has multiple pathophysiologic triggers. Hyperglycemia is one of the most important causes of diabetes-related cardiovascular disease that often leads to the development of cardiac dysfunction (Ren et al., 1999). In our in vitro studies, we used high glucose (33 mM) intervention in H9c2 cells and found that mir-21 expression was increased whereas the level of autophagy was decreased, which was consistent with the results of our animal experiments. Therefore, we focused on the effects of glucose in further studies. Many studies have focused on the effects of palmitate in DCM (Wen et al., 2013; Pang et al., 2015). However, studies have found that the confounding effects of the classical risk factors that coexist in diabetes, such as hyperglycemia, insulin resistance, hyperlipidemia, metabolic disturbances, and neurohormonal activation, combined with other risk factors, may promote DCM progression. PA-treated H9c2 cells presented with enhanced levels of ER stress, apoptosis, and lipid deposition, as well as impaired autophagy (Wu et al., 2020). Therefore, to better simulate T2DM, we will maintain the myocytes in “diabetic like” medium of insulin-high glucose (Davidoff and Ren, 1997) or PA-high glucose (Hu et al., 2019) to study the pathological mechanisms in further studies.
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FIGURE S1: Selection of homozygous knockout mice by agarose gel electrophoresis. Mice with a band at 713 bp were identified as homozygous miR-21-knockout mice; mice with a band at 782 bp were identified as WT mice; double band indicated heterozygous mice.
FIGURE S2: Transfection efficiency of adeno-associated virus 9 (AAV9) vector. EGFP expression in frozen sections of the heart was observed under a microscope.
FIGURE S3: Vild regulated autophagy by SPRY1. (A) Representative WB images of P62 and Cx43 for different groups after transfection with SPRY1-siRNA. (B) Quantification P62 and Cx43 protein levels.
FIGURE S4: Random blood glucose and OGTT of each group. (A) Random blood glucose in each group at 12 weeks and 22 weeks. (B) OGTT results in mice at 22 weeks. (C) AUCg values determined by OGTT. Data are reported as mean ± SEM. a p < 0.05 vs. NC group; b p < 0.05 vs; c p < 0.05 vs. DM + vild group; d p < 0.05 vs.DM+AAV9 NC + vild group; e p < 0.05 vs.DM+AAV9 + vild group; f p < 0.05 vs.miR-21−/− NC group.
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Myocardial fibrosis (MF) is one of the leading causes of end-stage heart disease. Many studies have confirmed that inflammation caused by aldosterone may play an important role in the process of MF. A selective 11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2) enzyme inhibitor can reduce the inactivation of cortisol, allowing cortisol to compete for mineralocorticoid receptors. This study investigated the protective effect of a novel selective 11βHSD2 inhibitor (WZ51) on MF and described its underlying mechanism. The administration of WZ51 in rats with MF significantly alleviated myocardial injury, accompanied by a decrease in lactate dehydrogenase and the creatine kinase myocardial band. Furthermore, WZ51 significantly inhibited the development of MF and increased the protein level of 11β-HSD2. The results of this study demonstrate that 11β-HSD2 plays an important pathological role in MF. Thus, WZ51 may be a potential therapeutic agent for the treatment of this condition.
Keywords: WZ51, myocardial fibrosis, 11β-HSD2, aldosterone, rat
INTRODUCTION
Cardiovascular diseases, such as hypertension and myocardial infarction, are the leading cause of death worldwide (Sorriento and Iaccarino, 2019). Myocardial fibrosis (MF) can lead to myocardial remodeling, making it an important pathological feature of heart failure (Gulati et al., 2018; Kong et al., 2020). Slowing down the development of MF is an optimized strategy for reducing the risk of death from cardiovascular disease.
A large number of basic and clinical studies have shown that the pathogenesis of MF is closely related to the renin-angiotensin-aldosterone system (Brilla, 2000; Blauwet et al., 2009). The mineralocorticoid receptor (MR) is distributed in myocardial fibroblasts, cardiomyocytes, and vascular endothelial cells (Young, 2008). Myocardial hypertrophy, perivascular fibrosis, and myocardial interstitial fibrosis can be caused by aldosterone via the MR. At present, MR antagonists are the main drugs used for the clinical treatment of MF (Milliez et al., 2005). However, MR antagonists can cause adverse drug reactions such as hyperkalemia, gynecomastia, and erectile dysfunction in patients (Grune et al., 2016; Young and Adler, 2019; Khan et al., 2020).
It has been shown that cortisol and aldosterone are competitively bound to the MR (Funder and Myles, 1996; Chatterjee and Sikdar, 2014). The concentration and activity of cortisol are determined by the regulation of 11 β-hydroxysteroid dehydrogenase type 2 (11β-HSD2), a cortisol metabolic enzyme (Rengarajan and Balasubramanian, 2007). Several studies have demonstrated that the equilibrium concentrations of cortisol/cortisone in humans are homologous to corticosterone/11-dehydrocorticosterone in rodents. In other words, inhibition of 11β-HSD2 activity increases the plasma concentration of cortisol, which competitively antagonizes MR activation with aldosterone (De-An et al., 2010). WZ51, a derivative of curcumin, is a compound that strongly inhibits 11β-HSD2. Therefore, in this study, we investigated the effect of WZ51 on preventing MF.
MATERIALS AND METHODS
Chemicals and Reagents
Deoxycortisol and MTT powder were purchased from Sigma-Aldrich Corporation. Spironolactone tablets were purchased from Hangzhou Minsheng Pharmaceutical Group Co., Ltd. GAPDH primary antibody was purchased from CST (Cell Signaling Technology. Lnc). CTGF and 11β-HSD primary antibodies were purchased from Abcam. All secondary antibodies were purchased from Shanghai Yeasen Biotechnologies Co., Ltd. Creatine kinase MB isoenzyme Assay Kit and Lactate dehydrogenase assay kit were purchased from Nanjing Jiancheng Bioengineering Institute. Masson’s Trichrome Stain Kit was purchased from Beijing Solarbio Science and Technology Co., Ltd.
Animals
Male Wistar rats were treated with right nephrectomy at the initial stage of the experiment. Establishment of myocardial fibrosis model in rats: Right nephrectomy was performed after 10% chloral hydrate (400 mg/kg) intraperitoneal anesthesia. One week after the operation, drinking water (1% NaCl and 0.2% KCl) was given for 1 week. Deoxycorticosterone (aldosterone precursor, 60 mg/kg/d) was injected subcutaneously for 28 days. Sixty male Wistar rats were randomly divided into six groups (n = 10 per group): sham-operated control (Control) group, rats with right kidney surgically removed (Model) group, model rats treated with deoxycorticosterone (DOC, 60 mg/kg/d) group, DOC + spironolactone (SP, 20 mg/kg/d) group, DOC + WZ51−4 mg/kg/d group and DOC + WZ51−20 mg/kg/d group. The rats were injected subcutaneously for 28 consecutive days. After the intervention, the rats were sacrificed and serum and heart tissue were taken. Creatinine and serum lactate dehydrogenase were examined using the creatine kinase-myocardial band (CK-MB) kit and lactate dehydrogenase (LDH) kit. Histomorphology and collagen deposition were observed by hematoxylin and eosin staining and Masson staining of the rat heart tissue. All experimental procedures in present study were approved strictly by the Animal Care and Use Committee of Wenzhou Medical University.
Western Blotting
The harvested heart tissues were homogenized and lysed, and the protein concentration determined. The cells were washed twice with ice-cold phosphate-buffered saline (PBS) and lysed in RIPA buffer. The lysates were centrifuged at 12,000 rpm for 10 min at 4°C. The protein concentrations were measured by the Bradford method. Protein samples were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and then electrotransferred to polyvinylidene difluoride membranes. After blocking in 5% milk for 2 h at room temperature, the membranes were incubated with primary antibodies overnight at 4°C. Membranes were washed three times with TBST (Tris-buffered saline, 0.1% Tween 20) for 5 min each and incubated with horseradish peroxidase-conjugated secondary antibody for 1.5 hat room temperature. Finally, the protein bands were visualized using a Gel Imaging System with an ECL Detection Kit. The Western blot bands were quantified by Image J analysis software, and values were normalized to their respective controls. Primary antibodies against 11β-HSD and connective tissue growth factor (CTGF) were purchased from Abcam (Cambridge, MA, United States), and antibodies against GAPDH were from Cell Signaling Technology (Danvers, MA, United States). Secondary antibodies were obtained from Santa Cruz Technology (Dallas, TX, United States).
Immunohistochemistry
Hearts of mice were fixed in 4% (w/v) paraformaldehyde solution, and embedded. Each paraffin sample was sectioned into 5 μm thick, and selected hematoxylin and eosin (H&E), Sirius red (SR) and Masson as standard staining protocols. For immunohistochemical staining method, heart tissue sections were deparaffinized with xylene, rehydrated in gradient alcohol, subjected to antigen retrieval in citrate buffer solution (0.01 mol/L, pH 6.0) by microwaving, and then placed in a methanol solution of 3% hydrogen peroxide for 30 min at room temperature. Slides were blocked with PBS containing 1% BSA for 30 min, followed by incubating with primary antibody overnight at 4 °C (11β-HSD2, 1:500; CTGF, 1:1,000). Peroxidase-conjugated secondary antibodies were used as follows (Santa Cruz, 1:100 dilution; 1 h incubation). Finally, slides were counterstained with hematoxylin for 5 min, dehydrated, and mounted. Images were viewed and obtained under the electron microscope (Nikon, Japan). The gray value was calculated by ImageJ.
Cells and MTT
H9C2 embryonic rat cardiomyocytes were cultured in Dulbecco’s Modified Eagle Medium (4.5 g/L) supplemented with 10% fetal bovine serum, penicillin (100 U/ml), and streptomycin (0.1 mg/ml). Cells were maintained at 37°C with 5% CO2 in air, and the medium was changed every 2–3 days. H9C2 cells were seeded in 96-well plates and incubated for 48 h with different drug concentrations after cell adherence. Then MTT was added and incubated for 4–6 h. After removing the culture, 150 μL dimethyl sulfoxide was added. The absorbance value of each hole at 490 nm was measured with an enzyme marker. Cell proliferation was indicated by the ratio of the photoabsorbance of the cell to that of the photochromic group. When incubated, cells would be pretreated with spironolactone or WZ51 or corticosterone for 30 min, then exposed to aldostersone (0.1 μmol/L).
Statistical Analysis
Data are presented as the mean ± standard error of the mean. The statistical significance of differences between groups was obtained using the Student’s t-test or analysis of variance and multiple comparisons (GraphPad Pro8.0 software, San Diego, CA, United States).
RESULTS
WZ51 Significantly Attenuates Myocardial Fibrosis in a rat Model
Curcumin was discovered as a 11β-HSD inhibitor with higher potency than 11β-HSD1 (50% inhibitory concentration [IC50] = 2.30 μmol/L in humans, 5.80 μmol/L in rats) and 11β-HSD2 (IC50 = 14.63 μmol/L in humans, 11.90 μmol/L in rats). Therefore, our research team synthesized a lead compound named WZ51 based on the structure–activity relationship of curcumin. Interestingly, it was found to be a potent 11β-HSD2 inhibitor with a low IC50 (49 nmol/L) (Figure 1A). However, no obvious selective effect was observed as it also blocked the activity of 11β-HSD1 with an IC50 of 100 μmol/L (data not shown). Here, we investigated the effect of WZ51 on myocardial injury. To this end, renal hypertensive rats were established. In addition, deoxycorticosterone was injected subcutaneously to accelerate the process of MF by increasing the burden of the heart. LDH and CK-MB are important indicators of myocardial injury. In the rat model, LDH and CK-MB were significantly elevated in the DOC group (p < 0.01). However, WZ51 or SP administration markedly normalized these biomarkers (Figures 1B,C). Histologically, in the DOC group, the myocardial fiber gap widened and the myocardial transverse grain disappeared. Some cardiomyocytes died and those that survived were arranged in a loose and disordered manner. Nuclei of the cardiomyocytes contracted and dissolved. The MF degree in the SP group and WZ51–20 mg/kg group was significantly relieved compared with the DOC group. However, the difference between the WZ51−4 mg/kg group and DOC group was not obvious (Figure 2A). WZ51 treatment prevented the increased deposition of collagen and connective tissue in the heart when evaluated by Masson trichrome staining (Figure 2B).
[image: Figure 1]FIGURE 1 | WZ51 significantly reduced myocardial injury in renal hypertensive rats. (A). Inhibition of 11β-HSD2 by different concentrations of WZ51. (B, C). Serum LDH and CK-MB of each group was determined using Creatine kinase MB isoenzyme Assay Kit and Lactate dehydrogenase assay kit following the recommended protocol (**p < 0.01 vs. CON; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. DOC; n = 4). U/L = unit/L.
[image: Figure 2]FIGURE 2 | WZ51 attenuated MF in renal hypertensive rats. (A, B) After administration of WZ51 or SP, the heart tissues of each group were collected. Hematoxylin and eosin (HE) and Masson’s staining were performed. Representative images are shown (200 × magnification). (C) Statistical analysis of Masson’s staining (***p < 0.001 vs. CON; ###P <0.0.001 vs. DOC; n = 0.3). CVF = collagen volume fraction.
WZ51 Reduces the Expression of CTGF Accompanied by Upregulated Expression of 11β-HSD2
Immunohistochemical detection of CTGF in the cardiac tissues of each group showed that WZ51 or SP prevented their increase in the heart tissues of renal hypertension rats (Figure 3A). This is consistent with the aforementioned histochemical data (Figures 2A,B). WZ51 played an effective role in preventing the development of MF in renal hypertensive rats. 11β-HSD2 is a cortisol metabolic enzyme that mediates the concentration and activity of cortisol. 11β-HSD2 histochemical detection results showed that the content of 11β-HSD2 in the DOC group was significantly reduced, which was reversed by WZ51 or SP treatment (Figure 3B).
[image: Figure 3]FIGURE 3 | CTGF expression was upregulated, whereas 11β-HSD was inhibited in the heart tissues of renal hypertensive rats. (A, B) CTGF and 11β-HSD were determined by histochemistry. Representative images were shown (200 × magnification). (C, D) Statistical analysis of histochemistry (CTGF and 11β-HSD) (***p < 0.001 vs. CON; #p < 0.05, ###p < 0.001 vs. DOC; n = 3).
WZ51 Inhibits Aldosterone-Induced Fibrosis in H9C2 Cells
To determine the appropriate drug concentration, we conducted the MTT assay. The results showed that WZ51 inhibited the proliferation of H9C2 cells with an IC50 > 100 μmol/L. Therefore, 1.0 μmol/L was determined to be the drug concentration of WZ51 in follow-up cell experiments to ensure that there was no obvious inhibition of cell proliferation (Figure 4A). The expression of 11β-HSD2 decreased and that of CTGF increased with prolonged aldosterone treatment. The data indicated that the decrease in 11B-HSD2 expression was related to MF caused by aldosterone (Figure 4B). However, on aldosterone stimulation for 48 and 72 h, the expression of 11β-HSD2 and CTGF was significantly different (p < 0.01). Therefore, 48 h was determined as the drug action time for subsequent cell experiments. Consistent with animal experiment results, the results of Western blotting showed that WZ51 or SP administration reversed the aldosterone-induced increase in CTGF protein expression in H9C2 cells (Figure 4C).
[image: Figure 4]FIGURE 4 | WZ51 mediated aldosterone-induced fibrosis in H9C2 cells. (A) Effect of WZ51 on the viability of H9C2 cells (72 h). Compared with the 0 μmol/L concentration group (*p < 0.05, **p < 0.01, ****p < 0.001, n = 3). (B) Changes in 11β-HSD2 and CTGF protein expression over time with aldosterone treatment (*p < 0.05, **p < 0.01, ***p < 0.001 vs. 0 h, n = 3). (C) Expression of CTGF was determined by Western blot analysis (***p < 0.001 vs. CON; #p < 0.05, ###p < 0.001 vs. DOC; n = 3).
DISCUSSION
With the global aging population, cardiovascular disease has become an important cause of disability and even death (Arnett et al., 2019). An important pathological feature of cardiovascular disease is MF, which can lead to ventricular remodeling (Hughes et al., 2019). MF is the abnormal deposition of extracellular matrix in the myocardium, which is characterized by increased collagen deposition in the interstitium, and an imbalanced and disordered collagen ratio (Essick and Sam, 2011).
In recent years, it has been found that aldosterone plays an important role in promoting MF (Brilla, 2000). It has the effect of promoting myocardial fibroblast proliferation and collagen deposition. In many studies, it has been confirmed that aldosterone antagonists can significantly reduce the occurrence of MF (Mizuno et al., 2001). Aldosterone-induced inflammation of myocardial tissue and blood vessels is characterized by the high expression of inflammatory factors before infiltration of mononuclear macrophages and fibrosis (Fuller et al., 2019). Inflammatory factors are key early features of MF induced by aldosterone-activated MRs (Young and Adler, 2019). In this study, after unilateral nephrectomy, rats were injected with exogenous DOC. It was observed that the activities of CK-MB and LDH in the serum of the DOC group were significantly increased, accompanied by severe myocardial interstitial fibrosis. After intervention with the aldosterone receptor antagonist SP, serum CK-MB, LDH activity, and MF indexes of rats in the SP group were significantly reduced. This indicates that exogenous aldosterone perfusion can induce MF, further confirming the important role of aldosterone in the process of inducing this condition.
Curcumin has cardiovascular protective effects such as antioxidation, free radical scavenging, anti-inflammation, antitumorigenic, and reversal of myocardial remodeling (Gupta et al., 2013; Zeng et al., 2015). WZ51 is a new drug derived from curcumin. It has been confirmed that it has no inhibitory effect on 11β-HSD1, but it can strongly inhibit 11β-HSD2. 11β-HSD is a cortisol-metabolizing enzyme. 11β-HSD has two isozymes: 11β-HSD1 and 11β-HSD2 (Chapman et al., 2013). 11β-HSD1 is an oxidoreductase that catalyzes the redox reaction between the ketone group at the C11 position and the hydroxyl group, converting inactive cortisone to active cortisol (Morris et al., 2003). 11β-HSD2 uses NAD + as a coenzyme to inactivate cortisol and corticosterone, making MR exclusively bind to aldosterone (Hofmann et al., 2001; De-An et al., 2010). The increase in cortisol concentration can compete with aldosterone to antagonize MR activation, thereby reducing aldosterone-induced MF (Young et al., 2007). In this study, rats treated with the curcumin analogue WZ51 had significantly lower serum CK-MB and LDH activity values; increased myocardial tissue 11β-HSD2 expression; and decreased CTGF expression, myocardial interstitial fibrosis, and blood vessels. The surrounding fibrosis was effectively relieved.
The mechanism of WZ51 against MF may be related to the selective inhibition of 11βHSD2 enzyme activity. WZ51 is capable of increasing the level of cortisol which compete for MR to form a cortisol-MR complex without transcription, and antagonize the combination of MR and mineralocorticoid aldosterone, thus blocking the damage of aldosterone to the myocardium, and finally alleviate the development of MF. In addition, As the activity of 11βHSD2 is inhibited, the body may produce corresponding feedback regulation, thus increasing 11βHSD2 protein.
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Background: Guan-Xin-Shu-Tong capsule (GXSTC) is a traditional Chinese medicine (TCM) that has been used to treat coronary heart disease (CHD) for many years in China. However, the holistic mechanism of GXSTC against CHD is still unclear. Therefore, the purpose of this paper was to systematically explore the mechanism of action GXSTC in the treatment of CHD rats using a metabolomics strategy.
Methods: A CHD model was induced by ligation of the left anterior descending coronary artery (LAD). In each group, echocardiography was performed; the contents of creatine kinase (CK), lactate dehydrogenase (LDH) and aspartate transaminase (AST) in serum were determined; and the myocardial infarct size was measured. The metabolites in plasma were analyzed by UHPLC-MS/MS-based untargeted metabolomics. Then, multivariate statistical analysis was performed to screen potential biomarkers associated with the GXSTC treatment in the LAD-induced rat CHD model. Finally, the MetaboAnalyst 4.0 platform was used for metabolic pathway enrichment analysis.
Results: GXSTC was able to regulate the contents of CK, LDH and AST; restore impaired cardiac function; and significantly reduce the myocardial infarction area in model rats. Twenty-two biomarkers and nine metabolic pathways of GXSTC in the treatment of CHD were identified through UHPLC-MS/MS-based untargeted metabolomics analysis.
Conclusion: GXSTC regulates metabolic disorders of endogenous components in LAD-induced CHD rats. The anti-CHD mechanism of GXSTC is mainly related to the regulation of amino acid, lipid and hormonal metabolism. This study provides an overall view of the mechanism underlying the action of GXSTC against CHD.
Keywords: metabolomics, Coronary heart disease, traditional Chinese medicine, Guan-Xin-Shu-Tong capsule, active ingredients
INTRODUCTION
Coronary heart disease is a common cardiovascular disease, mainly due to coronary atherosclerosis. In the past century, the incidence of CHD has been increasing, and it has become one of the major causes of death in many countries (Yang et al., 2019). Currently, the conventional drugs used to treat CHD are mainly Western drugs, which usually aim to act on individual targets, such as beta-blockers, nitrates, statins, calcium channel blockers or angiotensin-converting enzyme inhibitors. The side effects of these drugs are obvious in the long term. Consequently, researchers have been constantly optimizing strategies for the prevention and treatment of CHD. More recently, traditional Chinese medicine has received great attention because it has a variety of ingredients, can act on multiple targets and pathways and plays an overall regulatory role (Hu et al., 2019). Recent studies have confirmed that compared to Western medicine, TCM has fewer side effects and unique advantages for treating CHD (Zhang et al., 2019; Leung and Xu, 2020). Therefore, the exploration of the pharmacological mechanisms of TCM may provide insights into the development of new drugs.
Guan-Xin-Shu-Tong capsule, a Chinese medicinal formula, has been clinically used to treat CHD for many years. GXSTC is composed of five herbal medicines: Fructus Choerospondiatis (Guangzao), Salvia Miltiorrhiza (Danshen), Flos Caryophylli (Dingxiang), Borneolum (Bingpian) and Concretio Silicea Bambusae (Tianzhuhuang). GXSTC can reduce the levels of interleukin-1β (IL-1β), interleukin-6 (IL-6) and other inflammatory factors in the serum of rats after myocardial infarction and can also prevent apoptosis of myocardial cells (Liang et al., 2012). In addition, GXSTC can significantly decrease the expression level of NADPH oxidase in the myocardium of ischemic rats and play a protective role in the myocardium by exerting antioxidative activity (Cao et al., 2014). However, the systematic mechanism of action, specific active ingredients and in vivo targets of GXSTC remain to be explored.
Metabolomics is the profiling of metabolites in biofluids, cells and tissues and is routinely applied as a tool for biomarker discovery. Metabolomics can also be used to understand the system-level effects of metabolites (Johnson et al., 2016; Wishart, 2016; McGarrah et al., 2018). Metabolomics can be divided into untargeted and targeted metabolomics (Cui et al., 2018). The untargeted metabolomics has the advantages of high efficiency, sensitivity and comprehensiveness, which has led it to be increasingly used in revealing the complex action mechanism of TCM (Guijas et al., 2018).
In this study, we used an UHPLC-MS/MS-based untargeted metabolomics to identify the key biomarkers, metabolic pathways and mechanisms of action GXSTC in the treatment of CHD.
MATERIALS AND METHODS
Materials and Reagents
GXSTC was purchased from Shaanxi Buchang Pharmaceutical Co., Ltd (Shaanxi, China; batch number: 20190205). The assay kits for the determination of creatine kinase, aspartate transaminase and lactate dehydrogenase activities were supplied by the Nanjing Jiancheng Bioengineering Institute (Nanjing, China). 2,3,5-Triphenyltetrazolium chloride (TTC) and Evans Blue (EB) were purchased from Sigma Chemical Co. (St Louis, MO, United States). High-performance liquid chromatography (HPLC)-grade methanol, HPLC-grade formic acid and ammonium acetate were supplied by Thermo Fisher Scientific (Waltham, MA, United States). Ultrapure water was generated by a Millipore system (Bedford, MA, United States).
Experimental Animals
Male Sprague-Dawley rats (200 ± 15g at 6–7weeks) were purchased from SPF Biotechnology Co., Ltd (Beijing, China). All animals were housed under standard laboratory conditions of temperature (25 ± 2°C), constant humidity (55 ± 5%) and light (12h dark/light cycle) with freely available food and purified water. After adaptive feeding for one week, rats were randomly selected and subjected to sham surgery or CHD. The CHD rat model was established by ligation of the left anterior descending coronary artery. Briefly, a left thoracotomy was performed after rats were anesthetized with 2% isoflurane. The left anterior descending coronary artery was then ligated with a 5–0 polypropylene suture. After the ligation, the heart was placed back in the chest cavity, the air that entered the chest cavity was expelled, the chest cavity was closed, and the skin was sutured. For the sham-operated group, rat LADs were only threaded and not ligated, and the remaining procedures were the same as those in the CHD group. After the operation, electrocardiogram monitoring was performed. T wave changes and ST segment elevation in the rats in the CHD group indicated that the model was successfully constructed; otherwise, it was rejected (Chen et al., 2017).
The CHD-operated rats were divided into the CHD model group (Model, n = 6) and the GXSTC administration group (Treat, n = 6) according to a random number control table. Rats without ligation were placed in the sham-operated group (Sham, n = 6). The rats in the Treat group received a dose of 1.2 g/kg/d GXSTC at a drug concentration of 0.06 g/ml, which was continuously administered for four weeks. The rats in the Sham and Model groups were given the same volume of normal saline via intragastric administration.
All experimental rats were handled humanely, and all procedures were strictly performed according to the ARRIVE guidelines and approved by the Animal Ethics Committee of the Institute of Radiation Medicine, Chinese Academy of Medical Sciences (Approval No. IRM-DWLL-2019075, Tianjin, China).
Index Detection
Echocardiography Detection
After two weeks, each rat was subjected to echocardiography using a Visual Sonics ultrahigh-resolution small animal ultrasound imaging system (VisualSonics, Toronto, Canada), and the left ventricular ejection fraction (EF) and left ventricular fractional shortening (FS) were two indicators used to evaluate the heart function of rats (Sciarretta et al., 2018). After acquiring a myocardial M-shaped sample line, ultrasonic index measurements and calculations were performed, including left ventricular end diastolic diameter (LVEDd), left ventricular end systolic diameter (LVESd), left ventricular end diastolic volume (LVEDv), left ventricular end systolic volume (LVESv), EF = [(LVEDv−LVESv)/LVEDv]×100% and FS = [(LVEDd−LVESd)/LVEDd]×100%.
Biochemical Index Detection
One milliliter of blood from each rat s ocular vein was placed into a 2 ml centrifuge tube and allowed to stand at room temperature for 30 min to coagulate and layer. Then, the samples were centrifuged at 3,000 rpm for 15 min at room temperature, and the upper serum was drawn into a 1.5 ml centrifuge tube. The contents of CK, AST and LDH in each rat serum sample were determined according to the instructions of the kit. The serum used to determine the LDH content was diluted 40 times with normal saline.
Myocardial Infarct Size Detection
To more intuitively evaluate the therapeutic effect of GXSTC on CHD rats, we produced myocardial infarct slices from rat hearts and measured the area of myocardial infarct in each group by EB and TTC double staining (Zhu et al., 2015). Rats were injected with 2.5 ml EB at a concentration of 2% through the tail vein. Rats were sacrificed after 30 min of circulation, and the heart was quickly removed. After freezing at −20°C for 30 min, the heart was cut into five pieces on the vertical longitudinal center axis. Then, a 1% TTC solution was added, and the pieces were wrapped in foil to protect them from light. All the pieces were placed in a water bath and incubated at 37°C for 15 min. The pieces were then fixed for 12 h, and then, a camera was used to take pictures, keeping the distance between the lens and each slice unchanged at ×5 magnification. Image-Pro Plus 6.0 image processing software was used to process the slice photos. The area stained by EB in the slice was marked as the area not at risk (ANAR), and the rest of the slice was marked as the area at risk (AAR). The AAR was composed of an off-white area (infarct area) and a red area (ischemic but not infarct area). Myocardial infarct size = infarct area/ischemic area × 100%.
Plasma Samples Preparation for Metabolic Profiling
Plasma samples were removed and placed at 4°C to slowly thaw. One hundred microliters was aspirated and placed in a 1.5 ml centrifuge tube, and 400 μL of MS grade methanol was added and vortexed for 30 s. After being left to stand in an ice bath for 5 min, the tube was centrifuged at 15,000 rpm at 4°C for 10 min in a low-temperature/high-speed centrifuge. The supernatant was mixed with 53% MS-grade methanol. The tube was centrifuged again at 15,000 rpm for 10 min at 4°C in the low-temperature high-speed centrifuge, and the supernatant was collected for subsequent UHPLC-MS analysis.
The quality control (QC) samples were prepared by mixing equal volumes (10 μL) of all the plasma samples. Five QC samples were injected before the test sample to monitor the status of the instrument and balance the chromatography-mass spectrometry system. During the testing of the test samples, four QC samples were randomly injected to evaluate the stability of the chromatography-mass spectrometry system and the reliability of the experimental data throughout the experiment.
UHPLC-MS/MS Conditions
Chromatographic separation of all rat plasma samples was completed using a Thermo Vanquish Flex Ultra Performance Liquid Chromatograph (Thermo Fisher) and Thermo Hyperil Gold column (100 mm × 2.1 mm×1.9 µm). The column temperature was 40°C, and the flow rate was 0.2 ml/min. Eluent A was 0.1% formic acid, and eluent B was methanol. The solvent gradient was set as follows: 0–1.5 min, 2% B; 1.5–12.0 min, 2–100% B; 12.0–14.0 min, 100% B; 14.0–14.1 min 100–2% B; and 14.1–17 min 2% B.
Rat plasma samples were separated by UHPLC and analyzed by a Thermo Scientific quadrupole Orbitrap mass spectrometer. The electrospray ion source (ESI) positive ion (pos) and negative ion (neg) modes were used for detection, and the scanning range was m/z 70–1,050, spray voltage was 3.2 kV, sheath gas flow rate was 35 arb, aux gas flow rate was 10 arb, and capillary temperature was 320°C.
Data Analysis
First, Compound Discoverer 3.0 (CD) software was used to preprocess the obtained mass spectrometry data. The specific operations were as follows: the peak alignment standard was a retention time deviation of 0.2 min and mass deviation of 5 ppm. At the same time, peak extraction was performed according to the requirements of a mass deviation of 5 ppm, signal intensity deviation of 30%, signal-to-noise ratio of 3, and minimum signal intensity of 100,000. Then, the peak area was quantified and normalized.
Natural separation of all the tested groups was performed by the PCA model. The value of variable importance in the projection (VIP) from the PLS-DA model, the ratio of the mean of all the biological replicate quantitative values in the comparison group of each metabolite (fold change, FC), and the p value for univariate analysis (t-test) were used as parameters to screen different metabolites from different sample groups. Metabolites with VIP >1 and FC > 1.2 or FC < 0.833 and p < 0.05 were considered to be potential biomarkers. These potential biomarkers were then annotated and subjected to pathway analysis performed through the online databases mzCloud (https://www.mzcloud.org/), SMPDB (https://smpdb.ca/), HMDB (http://www.hmdb.ca/), and KEGG (http://www.genome.jp/kegg/).
Statistical Analysis
All experimental data are expressed as the mean ± standard deviation (mean ± SD). GraphPad Prism 5.0 (La Jolla, CA) statistical analysis software was used to perform t-tests and one-way ANOVA. p < 0.05 indicates statistical significance.
RESULTS
Echocardiography Detection
To evaluate the improved effect of GXSTC on cardiac function in the model rats with CHD, echocardiography was performed in all rats after two weeks of administration. As shown in Figure 1, the echocardiography waveform of the sham group rats was clear and regular, and the EF and FS values were 77.96% ± 2.540 and 48.29% ± 2.544, respectively. All the data indicated that the systolic and pumping functions of the rats were good. Compared with the Sham group, the echocardiography waveform of the Model group was significantly changed, with EF and FS values decreasing to 39.51% ± 5.960 and 20.54% ± 3.513, respectively, indicating that the cardiac function of the Model group had been seriously damaged and that the CHD Model was successfully constructed. Compared with the Model group, the echocardiography waveform of the Treatment group was improved, and the EF and FS values increased to 63.94% ± 0.9126 and 35.84% ± 0.6803, respectively, which indicated that GXSTC improved cardiac function in rats with CHD.
[image: Figure 1]FIGURE 1 | (A,B and C) Representative images of echocardiography (D and E) EF and FS were measured by echocardiography. Data were expressed as mean ± SD (n = 6), **p < 0.01 compared with the Sham group, ##p < 0.01 compared with the Model group.
Biochemical Index Detection
The elevated levels of CK, LDH and AST in serum samples of rats are important markers after myocardial infarction because severe ischemia and hypoxia of the myocardium can cause myocardial cell necrosis, which causes CK, LDH and AST to be released from the myocardium into the blood circulation system. As shown in Figure 2, compared with the Sham group, the serum levels of CK, LDH and AST were significantly increased in the Model group. These results indicated that the CHD model in rats after LAD was successfully constructed, but the level of autonomous recovery without drug intervention was poor. Additionally, in the Treatment group, the CK, LDH and AST levels were significantly decreased, which indicated that GXSTC treatment significantly reduced these values compared to those in the Model group, which implied that GXSTC had a positive therapeutic effect on rats with CHD.
[image: Figure 2]FIGURE 2 | CK, LDH and AST levels in Sham group, Model group and Treat group. Data were expressed as mean ± SD (n = 6), *p < 0.05, **p < 0.01 compared with the Sham group, #p < 0.05, ##p < 0.01 compared with the Model group.
Myocardial Infarct Size Detection
In this study, EB/TTC double staining was used to observe myocardial infarction of rats in different groups, and the results are shown in Figure 3. In the Sham group, no obvious infarctions were observed, and more than half of the area was stained by EB as blue-purple, indicating that no obvious ischemia occurred in the hearts of the Sham group rats, and the hearts remained relatively complete in shape and function. The entire myocardium of the Model group was stained brick red by TTC, indicating that the heart was basically in a state of ischemia. Moreover, significant collapse and atrophy of the left ventricle of rats could be observed, and the myocardial infarct area reached 16.90% ± 0.83. Compared with the Model group, the area of myocardial infarction in the Treatment group was significantly reduced (9.97% ± 1.73).
[image: Figure 3]FIGURE 3 | Representative images of EB/TTC double staining of rat heart sections and myocardial infarction area of each group. Data were expressed as mean ± SD (n = 6), **p < 0.01 compared with the Sham group, #p < 0.05 compared with the Model group.
Metabolomic Study of Plasma Samples
Method Validation
To ensure the stability of the chromatography-mass spectrometry system and the reliability of the experimental data during the experiment, four QC samples were randomly injected during the testing of the plasma samples, and the total ion current diagram was obtained. The response intensity and retention time of each chromatographic peak of the four QC samples were basically the same, indicating that the stability of the chromatography-mass spectrometry system was good throughout the experiment. Then, the peak area was used to calculate the Pearson correlation coefficient among the four QC samples. The results showed that the R2 between each sample was greater than 0.985, indicating that the QC samples were highly correlated and the metabolome results were repeatable and stable.
Multivariate Statistical Analysis
PCA is an unsupervized data analysis method that can generally reflect metabolic differences among samples of different groups and the degree of variation among samples of each group. In this work, PCA models of the plasma metabolomic data were constructed to determine the natural separation of metabolites in different groups. As shown in Figure 4, the metabolic profile of the rats in the Model group deviated from that of the rats in the Sham group, suggesting that significant biochemical changes were induced by CHD. Moreover, the mean center of spots in the Treatment group was fairly different from that in the Model group and was close to that in the Sham group, indicating that GXSTC treatment of CHD rats had a positive effect on metabolites. In addition, QC samples were concentrated in the middle area of the tested samples, which indicated that the QC samples had good repeatability and stability.
[image: Figure 4]FIGURE 4 | PCA score plots of the plasma samples from Sham group, Model group, Treat group, QC samples in positive mode (A) and negative modes (B). The ellipse represents the confidence interval of 95%.
To discriminate the differential metabolites between each pair of groups, supervised PLS-DA analyses were performed on the Model vs. Sham and Model vs. Treatment groups (Figures 5A,B; Supplementary Figure S1C,D). At the same time, a 7-fold cross-validation was conducted to obtain the model evaluation parameters R2 and Q2 to test the reliability of the PLS-DA model. The parameters were R2 = 1.00 and Q2 = 0.93 between the Sham and Model groups in the positive ion mode, R2 = 0.99 and Q2 = 0.85 in the negative ion mode, R2 = 1.00 and Q2 = 0.94 between the Treatment and Model in the positive ion mode, and R2 = 0.99 and Q2 = 0.84 in the negative ion mode, which revealed the good stability and high predictability of the results. Then, the potential overfitting of the PLS-DA model was assessed by two hundred permutation tests, in which all the R2 and Q2 values were lower than the original values, indicating the reliability of the established discriminant model.
[image: Figure 5]FIGURE 5 | PLS-DA score plots of the plasma samples from Sham group, Model group in positive mode (A) and negative mode (B). The corresponding validation plots based on 200 times permutation tests of the PLS-DA models in positive mode (A) and negative mode (B). The ellipse represents the confidence interval of 95%.
Screening and Identification of Differential Metabolites
Based on the VIP value of the first principal component of the PLS-DA model, FC value and p value, a significant difference in the metabolites of different groups was identified. Using VIP >1.0, FC > 1.2 or FC < 0.833 and p < 0.05 as the threshold, 73 differential metabolites were obtained (49 from the positive mode and 24 from the negative mode) between the Model and Sham groups. Likewise, 71 differential metabolites conforming to parameter thresholds were obtained (39 from the positive mode and 32 from the negative mode) between the Treatment and Model groups. To show the overall distribution of the differential metabolites more intuitively, a volcano map was constructed. As shown in Figure 6, each dot represents a metabolite, with those in red representing a significantly upregulated metabolite due to VIP >1.0, p < 0.05 and FC > 1.2 and those in green representing a significantly downregulated metabolite due to VIP >1.0, p < 0.05 and FC < 0.833.
[image: Figure 6]FIGURE 6 | Volcano map of every differential metabolite among the Model VS. Sham in positive mode (A), Model VS. Sham in negative mode (B), Treat VS. Model in positive mode (C) and Treat VS. Model in negative mode (D). Each dot represents a metabolite, red represents a significantly up-regulated metabolite, green represents a significantly down-regulated metabolite, the size represents the VIP.
Subsequently, a Venn diagram was used to integrate overlapping metabolites of each pairwise comparison. The result is shown in Figure 7. A total of 33 overlapping differential metabolites were obtained between the two compared groups. These 33 differential metabolites were preliminarily annotated using the KEGG, HMDB and METLIN databases. Some of the identified metabolites were further confirmed using authentic reference material. Finally, 22 biomarkers were identified as potential biomarkers associated with CHD, including 13 in the positive mode and nine in the negative ion mode. Detailed information of the biomarkers is provided in Table 1. The results of the biomarkers showed that all 22 biomarkers in plasma samples of the Treatment group had a significant callback compared with the Model group. Furthermore, according to the abundance value of every potential biomarker, a heat map was constructed to observe the relationship among the groups directly. As depicted in Figure 8, these potential biomarkers showed distinct segregation between the Treatment and Model groups. The content of the potential biomarkers in the Treatment group was closer to that of the potential biomarkers in the Sham group than to that of the potential biomarkers in the Model group.
[image: Figure 7]FIGURE 7 | Venn diagram of every differential metabolites between the Model VS. Sham and Treat VS. Model.
TABLE 1 | Potentiale biomarkers associated with GXSTC treatment in rat plasma in positive mode and negative mode.
[image: Table 1][image: Figure 8]FIGURE 8 | Hierarchical cluster analysis heat map of potential biomarkers in each group. Horizontal is the clustering of potential biomarkers, vertical is the clustering of different groups of samples, red represents significantly up-regulated biomarkers, blue represents significantly down-regulated biomarkers, and the biomarkers clustered in the same cluster have similar expression patterns.
Metabolic Pathway Analysis of Potential Biomarkers
The metabolic pathways of 22 potential biomarkers were analyzed by MetaboAnalyst (https://www.metaboanalyst.ca/) to evaluate the importance of the pathways in the efficacy of CHD. As shown in Figure 9, these biomarkers were distributed in various metabolic pathways of the body, including phenylalanine metabolism, tryptophan metabolism, valine, leucine and isoleucine degradation, glycerophospholipid metabolism, sphingolipid metabolism, phenylalanine, tyrosine and tryptophan biosynthesis, retinol metabolism, biosynthesis of unsaturated fatty acids, and steroid hormone biosynthesis. These pathways might denote their potential as the targeted pathways of GXSTC against CHD.
[image: Figure 9]FIGURE 9 | Analysis diagram of metabolic pathway of potential biomarkers. Each point represents one metabolic pathway. The size of dot and the shade of color are positively related to the effect on metabolic pathway.
DISCUSSION
TCM, which is characterized by multicomponent, multitarget, overall regulation and lower adverse reactions than Western medicine, has unique advantages for treating CHD, which requires long-term treatment. However, the composition of TCM is so complicated that it is too difficult and inefficient to explore its molecular mechanisms through conventional experimental methods. Metabolomics has holistic and systematic characteristics, which are highly consistent with the concept of TCM regulating the overall balance of the body. Therefore, we used a plasma metabolomics method to reveal the overall treatment mechanism of action GXSTC in CHD rats.
LAD-induced CHD rats exhibited obvious ST-segment elevation along with myocardial damage and hypofunction, potentially making them a useful model of human CHD. In the present study, decreased EF and FS, as well as increased myocardial infarct size and enzyme activities of serum CK, LDH and AST were observed in LAD-induced model rats. After treatment with GXSTC, EF and FS in the Treatment group were markedly increased. The area of myocardial infarction and enzyme activities of serum CK, LDH and AST in the Treat group were decreased compared with those of the Model group. These results are consistent with previous reports (Liu et al., 2014; Yang et al., 2017; Yang et al., 2018), indicating that GXSTC has a significant therapeutic effect on CHD.
To deeply explore the therapeutic effect of GXSTC in CHD rats, a UHPLC-MS/MS-based plasma metabolomics method combined with a multivariate statistical analysis was established. With the metabolomics approach, the deviations caused by CHD were significantly ameliorated after treatment with GXSTC, suggesting that its cardioprotective effects are most likely to ameliorate the metabolic disorders induced by LAD. Twenty-two potential biomarkers were identified as being related to GXSTC against CHD, and they were involved in nine metabolic pathways. These biomarkers were involved in a variety of physiological and biochemical processes, especially lipid metabolism, amino acid metabolism and hormone metabolism.
Lipid metabolism disorder is an independent risk factor for CHD and the pathological basis of coronary atherosclerosis (Ference et al., 2019). Ameliorating lipid metabolism disorder and keeping blood lipids at the appropriate level can effectively prevent and treat CHD (Lee et al., 2017). Changes in sphingolipid and glycerolipid metabolism can well reflect lipid metabolism disorders in the body under pathological conditions (Harshfield et al., 2019). In our study, compared with the Sham group, the phytosphingosine content was increased and lysophosphatidylcholine (22:4) was significantly reduced in the Model group, while both metabolites returned the normal levels in the Treat group, suggesting that GXSTC has a regulatory effect on lipid metabolism disorders.
As important enzyme substrates and regulators, amino acids play important roles in many metabolic pathways, which contain important biochemical information reflecting the metabolic and functional state of the body and play important roles in the normal operation of the immune system and other organs (White and Newgard, 2019). Studies have shown that phenylalanine metabolic disorder is related to the aggravation of oxidative stress reactions, such as lipid peroxidation in the body (Dong et al., 2019). The oxidative stress reaction causes vascular endothelial oxidative damage and then leads to vascular endothelial dysfunction, which is an indicative response in the early stage of many cardiovascular diseases (Zhang et al., 2020). The increased phenylalanine content in the Model group indicated that CHD resulted in abnormal phenylalanine metabolism in the body, while the Treat group raised the phenylalanine content to the normal level and inhibited abnormal phenylalanine metabolism. This result indicated that GXSTC played a role in the regulation of phenylalanine metabolism. In our study, we found that N-acetylserotonin, indoleac acid and melatonin were correlated with tryptophan metabolism. Compared with those in the Sham group, the levels of the metabolites N-acetylserotonin, indoleacid and melatonin in the Model group were elevated, indicating that CHD leads to abnormal tryptophan metabolism in the body, which was consistent with previous experimental results (Liu et al., 2017). All three metabolites in the Treatment group showed a callback trend, indicating that GXSTC could inhibit abnormal tryptophan metabolism and reduce the damage of CHD to the body.
Interestingly, our study also found that GXSTC had a specific effect on ameliorating CHD in the regulation of hormone levels. For example, GXSTC has a certain effect on estrone sulfate levels. Estrone sulfate is a form of estrogen. Studies have shown that estrogen may affect the coagulation system, vascular endothelial function and other systems, directly or indirectly enhancing protective effects on the heart (Dai et al., 2015). A recent prospective study of 2,834 subjects followed for an average of 12.1 years found that higher estrogen levels were associated with a lower risk of CHD (Subramanya et al., 2019). Our study results showed that the level of estrone sulfate in the body was increased after treatment with GXSTC, indicating that GXSTC played a certain role in the regulation of estrogen metabolism. In addition, we also found that the level of 11-ketoetiocholanolone, an endogenous anabolic androgenic steroid, increased after GXSTC treatment. Studies have shown that lower levels of serum endogenous testosterone are associated with a higher risk of diseases such as atherosclerosis, myocardial infarction, chronic heart failure and obesity (Fink et al., 2018; Lorigo et al., 2020), and our results indicated that GXSTC also played a role in the regulation of androgen metabolism.
In summary, for the first time, this study revealed the mechanism by which GXSTC acts on CHD at a holistic metabolic level. We can assume that GXSTC has a unique advantage in the treatment of CHD, and its therapeutic mechanism may be the regulation of amino acid metabolism, lipid metabolism and hormone levels. Our study provides a certain theoretical basis for subsequent research.
CONCLUSION
In the present study, biochemical analysis of serum, echocardiography and myocardial tissue sections revealed a significant therapeutic effect of GXSTC against CHD in rats. Subsequently, 22 biomarkers and nine disturbed metabolic pathways in the body during the process of CHD were obtained by UHPLC-MS/MS-based untargeted metabolomics. The analysis results showed that GXSTC could call back the disordered metabolic pathways and thus played a therapeutic role in CHD. We also found that these metabolic pathways were related to amino acid metabolism, lipid metabolism and hormone levels in the body, which fully indicated the overall role of GXSTC in the prevention and treatment of CHD through multiple pathways, multiple levels and multiple targets. To the best of our knowledge, our study is the first to use a metabolomics approach to explain the drug effects of GXSTC on CHD rats. Our results can provide a direction for follow-up studies on the mechanism of GXSTC in the treatment of CHD, which is conducive to the clinical promotion and application of GXSTC.
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Background and Objectives: Genetic data on the pharmacokinetics of rivaroxaban and identification of factors that affect its biotransformation, distribution, and excretion will allow for generation of algorithms for personalized use of this drug in patients with atrial fibrillation (AF). Here we tested the effects of ABCB1 (ATP-binding cassette subfamily B member 1) polymorphisms on the valley rivaroxaban blood concentration and on the frequency of hemorrhagic events in patients with AF and propose a personal anticoagulation therapy management protocol.
Patients and Methods: This is a retrospective study. We enrolled Mongolian descent patients who met the criteria from May 2018 to August 2019 in Beijing and Fujian. Clinical data on gender, height, weight, liver and kidney functions, drug trough concentration, and drug dosage were collected; we recorded the bleeding events until 6 months after initiating the medication. ABCB1 single nucleotide polymorphisms including rs1128503, rs1045642, and rs4148738 were identified. After reaching the steady state of plasma concentration, the peripheral blood was collected to detect the trough rivaroxaban plasma concentrations before the next medication.
Results: We included 155 patients in this study including 81 men and 74 women, with an average age of 71.98 ± 10.72 years. The distribution of ABCB1 genotypes conformed to the Hardy–Weinberg equilibrium. Multiple comparisons between wild (TT) and mutant (CT and CC) genotypes at the rs1045642 locus showed no significant differences of rivaroxaban trough concentrations (TT vs. CT, p = 0.586; TT vs. CC, p = 0.802; and CT vs. CC, p = 0.702). Multiple comparison between wild (TT) and mutant (CC) genotypes at the rs1128503 locus revealed a significant difference of rivaroxaban trough concentrations (TT vs. CC, p = 0.0421). But wild (TT) vs mutant (CT) genotypes and mutant CT vs mutant CC genotypes at the rs1128503 locus showed no significant differences of rivaroxaban trough concentrations (TT vs. CT, p = 0.0651; TT vs. CT, p = 0.6127). Multiple comparisons between wild (GG) and mutant (AG and AA) genotypes at the rs4148738 locus showed no significant differences of rivaroxaban trough concentrations (GG vs. AG, p = 0.341; GG vs. AA, p = 0.612; AG vs. AA, p = 0.649). There was no significant correlation between ABCB1 gene variation loci rs1045642, rs1128503, rs4148738 and bleeding events.
Conclusion: rs1128503 locus variations are correlated with the serum concentration of rivaroxaban in patients of Mongolian descent. But no significant correlation between rs1128503 locus variations and bleeding events were obtained.
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INTRODUCTION
Bleeding events used to be common occurrences due to hunting traumas and wartime, but embolisms have become more frequent medical emergencies. Acute coronary syndromes, atrial fibrillation (AF), vein thrombosis, and pulmonary embolism all call for anticoagulation therapy. Thromboembolic events are a significant source of mortality and morbidity and for some patients such as those with AF require life-long anticoagulation therapy (Mackman, 2008).
Warfarin has been the main oral anticoagulant in use since its discovery in 1954 by the Wisconsin Alumina Research Foundation (Pirmohamed, 2006). Its action mechanisms include vitamin K epoxide reductase inhibition; coagulation factors II, VII, IX, and X attenuation; and protein C and S inhibition (Mekaj et al., 2015). Warfarin helps prevent strokes in patients with AF and is the most important anticoagulant agent, but it also has many limitations including the need for frequent laboratory monitoring, unwanted drug and food interactions, slow onset of action, and a narrow therapeutic window (Lip and Agnelli, 2014). Thus, new direct oral anticoagulants (DOACs) such as dabigatran, rivaroxaban, apixaban, and edoxaban have been studied and manufactured to try to meet the needs of clinical anticoagulation without the shortcomings of warfarin (Thachil, 2014; Michalcová et al., 2016; Burn and Pirmohamed, 2018; Franco Moreno et al., 2018). DOACs act specifically on a single target (either thrombin or factor Xa) to inhibit clot formation and fibrin deposition (Lip and Agnelli, 2014). Rivaroxaban is a reversible factor 10a inhibitor, and its usage has been increasing rapidly. Its advantages include the elimination of the need for coagulation monitoring, a rapid onset of action, less of food interactions, fewer drug interactions, and a wide therapeutic window (Lip and Agnelli, 2014; Mekaj et al., 2015; Cherubini et al., 2018). Rivaroxaban can be convenient for patients since it is administered in fixed dosage schedules (Bauer, 2013).
Excretion of rivaroxaban occurs through two main pathways: cytochrome P450 CYP2J2-and CYP3A4-dependent metabolisms are responsible for two-thirds of its elimination, whereas the rest (one-third) is excreted renally and unchanged (Eriksson et al., 2009; Pfeilschifter et al., 2013; Yates and Sarode, 2013). Rivaroxaban is a substrate of the p-glycoprotein (P-gp) efflux transporter (Gnoth et al., 2011) encoded by the ABCB1 gene.
Although DOACs have predictable pharmacokinetics and pharmacodynamics, and do not require routine coagulation monitoring, it has recently been reported that there are significant differences in plasma and drug reactions among individuals (Hoffmeyer et al., 2000; Ing Lorenzini et al., 2016). Although several factors such as age, race, gender, smoking, and diet can lead to inter-individual variability of DOACs (Sweezy and Mousa, 2014). But these factors are not enough to explain the current clinical confusions. Anticoagulants’ potencies vary among different patients, and increasing the efficacy and safety of anticoagulation is essential. (Paré et al., 2013; Sweezy and Mousa, 2014; Dimatteo et al., 2016).
In clinical practice, we also found the same problem. When using DOACs in clinical, some strange phenomena began to perplex us doctors. For example, when rivaroxaban was used normally, the plasma concentration of rivaroxaban could be distributed in the range of <20 to >400 ng/ml, and the valley range and peak range were quite large, even overlapping areas appeared. In addition, with the emergence of some unexplained drug safety events, doctors began to suspect that extremely low valley concentration and extremely high peak concentration are likely to make some patients face the risk of thrombosis or bleeding. This situation often means risk for acute or critical patients.
In our clinical work, a 30-year-old young woman in Fuzhou developed cerebral hemorrhage after taking a tablet of rivaroxaban. A 42 years old chef took rivaroxaban 20 mg once a day for 1 week. After that, massive subcutaneous congestion appeared, and his hemoglobin level decreased from 126 to 82 g/L. The plasma concentration of rivaroxaban was still very high (320 ng/ml) even if it was 3 days after the withdrawal of rivaroxaban. These phenomena perplex us and the known influencing factors can not explain them.
Genetic polymorphisms are thought to contribute to the wide intraindividual variability seen in anticoagulant drug responses. For rivaroxaban, the principal drug interactions are mediated by CYP3A4 and P-gp (Kim et al., 1999; Eriksson et al., 2009; Gnoth et al., 2011; Mueck et al., 2013). P-glycoprotein (P-gp), also known as multidrug resistance protein (MDR), is one of the main members of ABC (ATP binding cassette) transporter superfamily. It is the first drug transporter found related to multidrug resistance. P-glycoprotein was first found in tumor cells, and later found in a variety of tissues, such as liver, kidney, intestine, placenta, blood brain barrier, blood testis barrier, hematopoietic stem cells, peripheral blood monocytes, mature macrophages, natural killer cells and lymphocytes. P-glycoprotein plays a key role in the physiological defense system, also plays a role in the absorption, distribution and metabolism of drugs, so it has been widely concerned. ABCB1 gene polymorphisms cause P-glycoprotein expression to increase or decrease, which may affect the absorption, distribution and metabolism of drugs in the body, resulting in individual differences in drug effects.
ABCB1 has more than 100 polymorphisms, among which rs2032582 and rs1045642 have been proved to affect the metabolism of rivaroxaban (Ing Lorenzini et al., 2016; Gouin-Thibault et al., 2017; Asic et al., 2018). The SNPs of ABCB1 were significantly different in different races (Ing Lorenzini et al., 2016). There are few studies on the polymorphism of ABCB1 gene encoding P-gp, and only a few clinical studies have evaluated whether they explain the difference in pharmacokinetics of rivaroxaban, but no positive association was found in Caucasian populations (Asic et al., 2018).
The confusion in clinical work and too few studies at present made us pay attention to this content, so we conducted a prospective study to find the gene loci that affect the metabolism of rivaroxaban and propose a personal anticoagulation therapy management protocol. We collected clinical data such as gender, height, weight, liver, kidney functions, drug trough concentration, drug dosage, and we recorded bleeding events until 6 months after initiating the medication. This article is part of the study, we did a retrospective analysis of some of the patients we enrolled. We reviewed 155 patients enrolled in the research to analyze the influence of ABCB1 gene polymorphism on rivaroxaban blood concentration and hemorrhagic events in patients with atrial fibrillation. The characterization of bleeding events in this study was consistent with the ROCKET-AF and RE-LY trial bleeding events definition (Connolly et al., 2009).
Here, we assessed the effects of ABCB1 polymorphisms on the valley serum rivaroxaban concentration and on the frequency of hemorrhagic events in patients with AF and propose a personal management protocol for anticoagulation therapy.
PATIENTS AND METHODS
Patients
One hundred fifty-five Mongolian race patients diagnosed as having nonvalvular AF and initiated on anticoagulation therapy admitted to Beijing Hospital and Fujian Provincial Hospital from May 2018 to August 2019 were enrolled in this study. All patients enrolled were prescribed rivaroxaban (Xarelto; Bayer Pharma AG, Berlin, Germany) once daily. Adherence was confirmed. After reaching the steady state of plasma concentration, blood collection for trough plasma concentration measurement was performed 24 h after drug administration (drug concentration valley value). These blood samples were stored at −20°C until analysis. The dose of rivaroxaban (20 or 15 mg once daily) was determined by doctors. Estimated glomerular filtration rate (eGFR) were calculated using the Cockroft–Gault equation.
In addition, we collected clinical data such as gender, height, weight, liver, kidney functions, drug trough concentration, drug dosage, and we recorded bleeding events until 6 months after initiating the medication.
The study protocol was approved by the Hospital Ethics Committees of the Beijing Hospital (project identification code: 2016BJYYEC-040-02) and Fujian Provincial Hospital (project identification code: K2017-10-005). All the patients in the study signed a voluntary informed consent; their data were recorded in the impersonal patient cards.
The main inclusion criteria are: 1) age older than 18 years; 2) confirmed diagnoses of nonvalvular AF and need of anticoagulation therapy (absence of artificial heart valves and hemodynamically significant mitral stenosis). Attending physicians made the diagnoses on the clinical features and on results of examinations (electrocardiogram for AF); 3) Willing and able to provide written informed consent.
We excluded patients with confirmed diagnosis of valvular AF (presence of artificial heart valves and hemodynamically significant mitral stenosis), high risk of bleeding, stroke within 1 month or any history of hemorrhagic or lacunar stroke, known non-cardiovascular disease that is associated with poor prognosis, those with creatinine clearance ≤15 ml/min, abnormal liver function >2 times the normal value, any known hepatic disease associated with coagulopathy and hyperthyroidism, active infective endocarditis, hypertrophic obstructive cardiomyopathy, dementia, and impaired swallowing, and those simultaneously using DOACs and drug groups such as CYP3A4 and P-gp inhibitors (amiodarone, verapamil, diltiazem, quinidine, ticagrelor, and clarithromycin), CYP3A4 and P-gp inducers (rifampicin, carbamazepine, phenobarbital, and phenytoin, pantoprazole, and atenolol).
We also excluded patients with history of hypersensitivity or known contraindication for rivaroxaban, subjects who are pregnant, breastfeeding, or are of childbearing potential, previous assignment to treatment during this study, concomitant participation in another study with investigational drug, known contraindication to any study-related procedures. At the end, we enrolled 155 patients with AF: 81 men and 74 women, with a mean age of 71.98 ± 10.72 years.
Sample Collection and Determination of Rivaroxaban Trough Plasma Concentrations
After reaching the steady state of blood concentration (after five half-lives), we collected 4.5 ml blood samples to measure Xa and rivaroxaban plasma concentrations into 5 ml sodium citrated (3.8%) tubes by venipuncture, 24 h after drug administration (drug concentration valley value).
We estimated rivaroxaban plasma concentrations with the Biophen® Direct Factor Xa Inhibitor (Biophen®DiXaI, Hyphen BioMed, Neuville-sur-Oise, France), a calibrated chromogenic anti-Xa assay. The procedure was performed on a STA-R® Evolution analyzer according to the manufacturer’s recommendations, using calibrators from Hyphen BioMed. Commercial rivaroxaban anti-Xa assays have demonstrated good accuracy (bias below 8%) and acceptable precision (inter-laboratory coefficients of variation between 6% and 25%). We applied a procedure for low rivaroxaban plasma concentrations (<50 ng/ml), where we diluted plasma samples 1:8 in buffer and we used low concentration standards (Lessire et al., 2018).
Genetic Tests for ABCB1 Polymorphisms
We drew blood samples from all patients into EDTA tubes and froze them at −20°C until experiments. We used QIAamp DNA Blood Mini kits (Qiagen, CA, United States) to extract genomic DNA from whole blood. We detected the single nucleotide polymorphisms (SNPs) of ABCB1 including rs1128503, rs1045642, and rs4148738, according to the allelic discrimination performed on the ABI 3730xL (Applied Biosystems, CA, United States), based on the manufacturer’s instructions.
Statistical Analysis
The three ABCB1 SNPs were analyzed using the Chi-square test to verify whether the gene distribution of the enrolled patients conformed to the Hardy–Weinberg equilibrium. According to the Hardy–Weinberg equilibrium, the three ABCB1 SNPs were constant with a p-value > 0.05. ANOVA method was used to evaluate associations between genotypes of ABCB1 loci (rs1045642, rs1128503, and rs4148738) and drug trough concentrations. In order to rule out the possibility of other factors rather than SNP variants that contributed to the difference of rivaroxaban trough concentrations. The statistical analysis of patients’ gender、age and BMI between different SNP groups were done. The gender differences between groups were analyzed by chi square test. Age and BMI differences between groups were analyzed by t-test. The associations between genetic polymorphisms and bleeding events were tested via Fisher’s exact test. p values < 0.05 were considered as statistically significant. All statistical analyses were performed using the SNP assoc and psych packages of R (version 3.5.2). Graphics were generated via the ggplot2 R software package.
RESULTS
We included 155 Atrial Fibrillation patients in this study, 81 men and 74 women, with an average age of 71.98 ± 10.72 years. The average eGFR was 69.99 ± 22.79 See Table 1.
TABLE 1 | General data of Rivaroxaban recipients (n = 155).
[image: Table 1]ABCB1 genotype distribution results at three loci (rs1045642, rs1128503, and rs4148738). For rs1045642, 22 cases (14.19%) had the TT genotype, 70 (45.16%) had the CT genotype, and 63 (40.65%) had the CC genotype. For rs1128503, 65 cases (41.94%) had the TT genotype, 63 (40.65%) had the CT genotype, and 27 (17.42%) had the CC genotype. For rs4148738, 31cases (20.00%) had the GG genotype, 64 (41.29%) had the AG genotype, and 60 (38.71%) had the AA genotype. Statistical tests showed that the ABCB1 data distribution conformed to the Hardy–Weinberg equilibrium. See Table 2.
TABLE 2 | Allelic and genotypic frequencies of ABCB1 (n = 155).
[image: Table 2]Associations Between Genotypes of ABCB1 Loci (rs1045642, rs1128503, and rs4148738) and Drug Trough Concentrations
In the patients with the rs1045642 genotype, the rivaroxaban plasma concentration values for those with TT, CT, and CC genotypes were 33.80 ng/ml (19.00, 51.90), 29 ng/ml (15.26, 59.39), and 29.10 ng/ml (15.61, 57.22), respectively. Multiple comparisons between wild (TT) and mutant (CT and CC) genotypes at the rs1045642 locus showed no significant differences of rivaroxaban trough concentrations (TT vs. CT, p = 0.586; TT vs. CC, p = 0.802; and CT vs. CC, p = 0.702). See Table 3; Figure 1.
TABLE 3 | Effects of rs1045642 SNPs on rivaroxaban plasma concentration in 155 recipients.
[image: Table 3][image: Figure 1]FIGURE 1 | Effect of SNP rs1045642 on Rivaroxaban dose of 155 recipients.
In the patients with the rs1128503 genotype, the rivaroxaban plasma concentration values of those with TT, CT, and CC genotypes were 34.66 ng/ml (18.00.74.00), 26.16 ng/ml (14.88.47.53), and 20.23 ng/ml (13.64.51.70), respectively. Multiple comparisons between wild (TT) and mutant (CC genotypes) at the rs1128503 locus revealed a significant difference of rivaroxaban concentrations (TT vs. CC, p = 0.0421). Multiple comparisons between wild (TT) and mutant (CT) genotypes at the rs1128503 locus showed no significant differences of rivaroxaban concentrations (p = 0.0651). Multiple comparisons between mutant CT and mutant CC genotypes at the rs1128503 locus showed no significant differences of rivaroxaban trough concentrations (p = 0.6127). See Table 4; Figure 2.
TABLE 4 | Effect of rs1128503 SNPs on rivaroxaban plasma concentrations in 155 recipients.
[image: Table 4][image: Figure 2]FIGURE 2 | Effect of SNP rs1128503 on Rivaroxaban dose of 155 recipients.
In the patients with the rs4148738 genotype, the rivaroxaban plasma concentration values of those with GG, AG, and AA genotypes were 31.59 ng/ml (17.37.56.11), 29 ng/ml (14.74.54.81), and 28.38 ng/ml (15.80.58.52), respectively. Multiple comparisons between wild (GG) and mutant (AG and AA) genotypes at the rs4148738 locus showed no significant differences of rivaroxaban trough concentrations (GG vs. AG, p = 0.341; GG vs. AA, p = 0.612; AG vs. AA, p = 0.649). See Table 5; Figure 3.
TABLE 5 | Effect of rs4148738 SNPs on rivaroxaban serum concentrations in 155 recipients.
[image: Table 5][image: Figure 3]FIGURE 3 | Effect of SNP rs4148738 on Rivaroxaban dose of 155 recipients.
In order to rule out the possibility of other factors rather than SNP variants that contributed to the difference of rivaroxaban trough concentrations. The liver and kidney functions of these 155 patients were all normal. The statistical analysis of patients’ gender, age and BMI between different SNP groups were done. There were no statistical differences between groups. See Table 6.
TABLE 6 | Main confounding factors between different SNPs groups.
[image: Table 6]We summarized the bleeding events of the patients enrolled. Among 155 patients, 24 patients (15.48%) had bleeding events during follow-up. There were two cases of major hemorrhage (1.29%), including one case of cerebral hemorrhage and one case of massive subcutaneous congestion. There is no fatal hemorrhage. The most common bleeding was epistaxis, ecchymosis, gingival hemorrhage and gastrointestinal bleeding. See Table 7.
TABLE 7 | Description of bleeding events.
[image: Table 7]We analyzed possible associations between bleeding events and ABCB1 gene polymorphisms. No significant correlation between rs1045642, rs1128503, and rs4148738 locus variations and the occurrence of bleeding events were obtained (p > 0.05). Table 8 shows the results.
TABLE 8 | ABCB1 SNPs and bleeding events.
[image: Table 8]DISCUSSION
The influence of genetic factors on drug responses is complex, and genetic structure differences are thought to be the main factors leading to individual differences (Paré et al., 2013; Dimatteo et al., 2016; Rodríguez-Vicente et al., 2016). Genetic polymorphisms in a series of metabolic enzymes, transporters, receptors, and other drug targets involved in the process of drug delivery in vivo cause individual differences in drug efficacy and toxicity (Klein et al., 2017; Tseng et al., 2018). P-gp is an important transporter for many drugs in vivo (Choo et al., 2000).
The activity and expression of P-gp can affect the absorption, distribution, metabolism, and excretion of drugs. Studies have shown that ABCB1 gene polymorphisms may cause changes in its activity and expression, resulting in individual differences in drug efficacy and adverse reactions. Rivaroxaban is the metabolic substrate of P-gp. ABCB1 gene polymorphisms may affect the dose-effect relationship and the bleeding risk of rivaroxaban.
There are some studies on the polymorphism of ABCB1 gene encoding P-gp, but only few clinical studies have evaluated whether they explain the difference in pharmacokinetics of rivaroxaban (Asic et al., 2018). At present, no clinically significant ABCB1 SNPs have been identified for rivaroxaban. The evidence for the clinical application of individual therapy under the guidance of rivaroxaban pharmacogenomics is lacking. Current evidence levels are mostly based on case reports (Ing Lorenzini et al., 2016) and a small pharmacokinetic cohort study (Gouin-Thibault et al., 2017). An animal study of genetically altered mice lacking both ABCB1 and ABCG2 demonstrated significant serum peak concentration increases due to reduced rivaroxaban clearance (Gong et al., 2013). Additionally, a pharmacokinetic study on healthy volunteers with different ABCB1 genotypes (SNPs rs2032582 and rs1045642) showed that ABCB1 genotypes were not a significant determinant of interindividual variability in terms of serum drug concentrations (Gouin-Thibault et al., 2017). The changes in rivaroxaban blood concentrations affect the drug’s effects and may lead to embolism or hemorrhage events. However, only one case report has suggested that defects in ABCB1 may increase the risk of hemorrhage (Ing Lorenzini et al., 2016).
There are also in vitro studies on it. This study (Sennesael et al., 2018) confirmed that no association between ABCB1 genotype and intracellular accumulation of rivaroxaban. However, same study which is done in human embryonic kidney cells HEK 293 confirmed the correlation between the increased ABCB1 expression and decreased intracellular rivaroxaban accumulation. It can be seen that there is little research on this aspect, and the conclusions of existing studies are not completely consistent.
Me anwhile, not only the correlation between ABCB1 genotype and accumulation of rivaroxaban but the correlation between gene polymorphism and P-glycoprotein expression has not been unified. Existing studies have shown that ABCB1 gene C3435T, G2677T/A, C1236T and T-129C polymorphisms are associated with the expression of P-glycoprotein and mRNA, but the expression of protein and mRNA related to gene polymorphism is inconsistent. The reason may be different splicing patterns of mRNA. Because the same gene can have different transcripts, it can express many proteins with different structures; It is also possible that during the process of mRNA translation into protein, mRNA will degrade or stop translation, resulting in the increase of mRNA level but the decrease of protein expression; The difference of half-life between mRNA and protein may also lead to inconsistent expression of mRNA and protein; There may be linkage between ABCB1 SNPs; It may be affected by physiological factors (such as endogenous factors: hormone levels) and pathological factors; Different tissue types and experimental methods selected in different studies will also lead to different results, which will affect the stability, processing and expression of protein and mRNA.
So, at present, the correlation between gene polymorphism and P-glycoprotein expression has not been unified. Moreover, there are great differences among different races. Most of the existing data are obtained from Caucasian people, while the data of Chinese people are very few.
Therefore, we need further study to explore the correlation between ABCB1 gene polymorphism and P-glycoprotein expression. In particularly, more systematic research on Chinese population in terms of multi organization, multi-location, pharmacokinetics and pharmacodynamics should be carried out. And further study on the ABCB1 gene polymorphism and P-glycoprotein expression and function differences on the impact of drug disposal is useful to provide theoretical and practical basis for clinical rational drug use.
Our study suggests that the presence of the rs1128503 locus of the ABCB1 gene is correlated with the valley concentration of rivaroxaban in individuals of Mongolian descent, but rs1045642 and rs4148738 have no associations with serum drug concentrations. But no significant correlation between locus variations and bleeding events were obtained. This is the first study to explore the effect of ABCB1 SNP locus on rivaroxaban concentration and bleeding events in Chinese population. It is also the first study to find rs1128503 locus associated with rivaroxaban valley concentration. Therefore, it has clinical significance and value. At the same time, some special cases in the study are very enlightening to us. A patient we followed in this study, we found that testing the serum drug concentration repeatedly resulted in a 10-fold difference between the two steady state valley serum concentrations. We excluded data of this patient from our statistical analysis, but we actively sought out the underlying causes and found that the patient was using an antibiotic known to inhibit the ABCB1 product the second time we tested the drug concentration, leading to the dramatic concentration increase. The patient was taking “fluconazole” when the second time we tested the concentration of rivaroxaban. And, the rs1128503 is variant in this patient. When the patient stopped the antibiotic, the serum concentration of rivaroxaban dropped to its initial value. Co-administration of a P-gp inhibitor with rivaroxaban may warrant caution in patients at risk of overexposure. Drug interactions and genetic variation play a role in this variation. Thus, dosing for rivaroxaban depending on genotyping results remains a possibility. Large population studies are required to clarify the clinical significance of genotyping for this drug.
No significant correlation between the presence of ABCB1 gene polymorphisms and the occurrence of hemorrhage events were obtained. But we are aware of the small sample size of our study, and associations between gene polymorphisms and hemorrhage events need to be further verified by in large sample size studies. We will continue to follow patients up to gather data for future studies. And another thing is that we only tested the DNA, the expression level of ABCB1 gene was not determined including mRNA and protein. Quantitative analysis of ABCB1 will be done in our future study which will be meaningful.
The DOACs have been used with increased frequency during the past 2 years in China, and their related pharmacogenomics research is small, and large population studies are needed to explore the role of genes in anticoagulant therapy. With the progress of pharmacogenomics and the gradual elucidation of the molecular mechanism of anticoagulant agents, genes will be found in different ethnic and regional populations with the development of genome-wide association studies. With the application of exon and genome-wide sequencing technologies, new genes and mutation sites will be identified (Scott et al., 2012), and individual pharmacogenomics will be accurate and rational for patients on anticoagulant therapy, and individualized treatment will become a reality.
CONCLUSION
This study suggests that the ABCB1 gene rs1128503 variant is correlated with the valley concentration of rivaroxaban in individuals of Mongolian descent. But no significant correlation between rs1128503 locus variations and bleeding events were obtained.The association between gene polymorphisms and hemorrhage events needs to be further verified by expanding the sample size. Co-administration of a P-gp inhibitor with rivaroxaban may warrant caution in patients at risk of overexposure. Depending on genotyping results for rivaroxaban dosing in clinical practice remain open for NOACs. Large population studies are required to clarify the clinical significance of genotyping for this drug class.
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Atrial fibrosis is a key contributor to atrial fibrillation (AF). Long non-coding ribonucleic acids (lncRNAs) were demonstrated to exhibit a key role in fibrotic remodeling; however, the function of nuclear-enriched abundant transcript 1 (NEAT1) in atrial fibrosis remains unclear. In the present study, we showed that NEAT1 was upregulated in atrial tissues of AF patients and was positively related to collagen I (coll I) and collagen III (coll III) expressions. Furthermore, the deletion of NEAT1 attenuated angiotensin II (Ang II)-caused atrial fibroblast proliferation, migration, and collagen production. We further observed that NEAT1 knockdown improved Ang II caused mouse atrial fibrosis in in vivo experiments. Moreover, we demonstrated that NEAT1 could negatively regulate miR-320 expression by acting as a competitive endogenous RNA (ceRNA). miR-320 directly targeted neuronal per arnt sim domain protein 2 (NPAS2) and suppressed its expression. We observed that NEAT1 exerted its function via the miR-320–NPAS2 axis in cardiac fibroblasts. These findings indicate that NEAT1 exerts a significant effect on atrial fibrosis and that this lncRNA is a new potential molecular target for AF treatment.
Keywords: atrial fibrillation, atrial fibrosis, NEAT1, miR-320, NPAS2
INTRODUCTION
Atrial fibrillation (AF) is the most common arrhythmia encountered in clinical practice and a main cause of stroke (Chiang et al., 2014). Accumulating evidence has demonstrated that atrial fibrosis serves as a key contributor to AF (Xu et al., 2018). Atrial fibrosis is a marker of structural reconstruction and is seen as a substrate for AF progression (Dzeshka et al., 2015). Advanced atrial fibrosis is related to frequent episodes of AF, conversion of arrhythmias to permanent types, and antiarrhythmic drug therapy is less effective (Corradi, 2014; Dzeshka et al., 2015). AF is a major public health tissue; but no effective means for AF prevention exist so far. Therefore, it is important to further elucidate the pathogenesis of AF.
Long non-coding RNAs (lncRNAs) are a class of RNAs (>200 nucleotides) that are vital for regulating gene function and various cellular processes (Qin et al., 2019). Abundant evidence has confirmed that lncRNAs participate in the progression of cancer, chronic obstructive pulmonary disease, cardiovascular disease, and systemic lupus erythematosus (Jiang et al., 2020; Shen et al., 2020; Wu et al., 2020; Zhang et al., 2020). However, so far, only few lncRNAs have been identified to be associated with cardiac fibrosis. For example, PVT1 facilitates atrial fibrosis through regulating miR-128-3p–SP1 in patients with AF (Cao et al., 2019); knockdown of KCNQ1OT1 attenuates Ang II caused AF (Shen et al., 2018); NRON relieves atrial fibrosis via enhancing the NFATc3 phosphorylation (Wang et al., 2019). Reportedly, lncRNA NEAT1 affects fibrosis of organs, such as liver fibrosis (Jin et al., 2019) and renal fibrosis (Huang et al., 2019); however, the functional role and specific mechanism of NEAT1 in atrial fibrosis still completely unclear.
Circadian rhythms occur around a 24 h oscillation in behavior and physiology associated with the solar day, which exist in essentially all tissue and cell types of the organism (Eckel-Mahan and Sassone-Corsi, 2013; Hurley et al., 2016). Previous research reports that dysregulation of some circadian genes, such as Bmal1 and Clock, contributes to atrial fibrogenesis (Goetze et al., 2010; Choudhury et al., 2015). Neuronal PAS domain protein 2 (NPAS2), one of the core circadian molecules that has been shown to promote hepatocarcinoma cell proliferation, contributed to liver fibrogenesis (Yang et al., 2019). But its role in atrial fibrosis remains unclear. In the present study, we observed that NEAT1 was increased in right atrial tissues of AF patients and was positively related to coll I and coll III expressions. We revealed that NEAT1 knockdown reduced Ang II caused atrial fibroblast proliferation and migration. Moreover, we observed that NEAT1 exerted its function via the miR-320/NPAS2 axis in cardiac fibroblasts. The above findings suggest that NEAT1 exerts a significant effect on atrial fibrosis and that this lncRNA is a new potential molecular target for AF treatment.
MATERIALS AND METHODS
Patients and Tissue Samples
Patients undergoing cardiac valve replacement (The cases of mitral valve replacement were excluded) at Shanghai Chest Hospital (Shanghai, China) were joined in our research and were split into the AF group (n = 15) and sinus rhythm (SR) group (n = 13), according to preoperative electrocardiogram examination and medical history. Patients with persistent atrial fibrillation were included in our study. Patients with previous coronary atherosclerotic heart disease, chronic pulmonary heart disease, infective endocarditis, hyperthyroidism, severe dysfunction of liver and kidney, and malignant tumors were excluded. All patients in the preoperative period of 6 months without applying any type of angiotensin II receptor blockers and angiotensin converting enzyme inhibitors. Superior vena cava intubation was placed in the right auricle, and the right auricle extracted during the procedure was collected for this study. The right atrium was carefully cleaned with normal saline to remove blood, and the adipose tissue was carefully pruned and removed for use in this study. This research protocol was permitted by the ethics committee of Shanghai Chest Hospital, and written informed consent was obtained from each patient.
Bioinformatics Analysis
Potential NEAT1 and miR-320 binding sites were predicted using starBase v2.0 (http://starbase.sysu.edu.cn/starbase2/mirLncRNA.php), and miR-320 and NPAS2 binding sites were predicted using Targetscan (http://www.targetscan.org/vert_72/).
qRT–PCR Analysis
Total RNA was obtained from indicated cells or tissues with Trizol (Invitrogen, Carlsbad, CA, United States). The ratio of the optical density of RNA at 280 and 260 nm was measured by ultraviolet spectrophotometer, and the determination value was between 1.8 and2.0. RNAs were converted into cDNA using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, United States). qRT–PCR was carried out tharough a LightCycler 480 real-time PCR system using SYBR® Premix Ex Taq™ (Takara Bio, Inc., Dalian, China). GAPDH or U6 was functioned as the internal control. The 2−ΔΔCt method was performed to analyze the relative expression level of each gene. The sequence of primers is shown in Table 1.
TABLE 1 | Primers used for qRT–PCR.
[image: Table 1]Western Blotting
Atrial muscle tissues and cardiac fibroblasts were homogenized or lyzed in radioimmunoprecipitation assay buffer containing a cocktail of protease inhibitors (Santa Cruz, CA, United States) in accordance with the manufacturer’s instruction. Protein was quantified using the Bicinchoninic Acid (BCA) Protein Assay Kit and boiled for 10 min at 95°C. Total protein was obtained and loaded into 10% SDS-PAGE and transferred onto PVDF membranes. The primary antibodies used in our study are as follows: anti-coll I (Proteintech Group, Wuhan, China), anti-coll III (Proteintech Group, Wuhan, China), anti-NPAS2 (Thermo Fisher Scientific), and anti-GAPDH (Proteintech). Quantification was performed by measuring the signal intensity using ImageJ (National Institute of Health, Rockville, MD, United States).
Cell Culture and Cell Treatments
Mouse cardiac fibroblasts were obtained from Ginio Biotechnology (Guangzhou, China), cultured in DMEM containing 10% FBS, and were transfected with the plasmids and stimulated with Ang II (1 μM).
Plasmid Construction and Cell Transfection
The miR-320 mimic, miR-320 inhibitor, and their negative controls (NC mimic and NC inhibitor) were obtained from GenePharma (Shanghai, China). The sequences as follows: miR-320 mimic (sense: 5′-AAA​AGC​UGG​GUU​GAG​AGG​A-3′) or NC mimic (sense: 5′-UUC​UCC​GAA​CGU​GUC​ACG​UTT-3′); miR-320 inhibitor (sense: 5′- UCC​UCU​CAA​CCC​AGC​UUU​U-3′) or NC inhibitor (sense: 5′-CAG​UAC​UUU​UGU​GUA​GUA​CAA-3′). The coding region of the NPAS2 mRNA was cloned into the pcDNA3.1 (+) vector. The lentiviral vector expressing shRNA targeting NEAT1 was obtained from HANBIO (Shanghai, China). Short-hairpin RNA directed against NEAT1 was constructed in pLKO.1-puro vector to generate NEAT1 shRNA expression constructs, the non-targeting sequence (negative control, shNC) were also synthesized. The sequences of shNEAT1 and shNC were as follows: shNEAT1-F: ccg​gCA​GGA​CTA​GGT​GCG​TAG​TGc​tcg​agC​ACT​ACG​CAC​CTA​GTC​CTG​ttt​ttg and shNEAT1-R: aat​tca​aaa​aCA​GGA​CTA​GGT​GCG​TAG​TGc tcg​agC​ACT​ACG​CAC​CTA​GTC​CTG. Cell transfection was carried out with validated vector and lentivirus packaging vectors (pMD2G and pSAX2) using Lipofectamine 2000 (Invitrogen).
The CCK-8 Assay
For the CCK-8 assay, transfected cells were plated into 96-well plates, and the medium of each well was replaced with culture media containing 10% CCK-8 at 72 h. The absorbance was measured using a microplate reader at an optical density of 450 nm.
Cell Migration Assay
The transfected cells were stimulated with or without Ang II. After that, indicated cells were cultured in the upper chamber using serum-free DMEM. Twenty-four hours later, non-migratory cells on top of the membrane were taken out, and membranes containing cells on the bottom were fixed and stained. The migratory cells were counted under a microscope.
Luciferase Activity Assay
Human embryonic kidney 293 (HEK293) T-cells were co-transfected with reporter plasmids including either the wild-type NPAS2 3ʹUTR (NPAS2-WT) or wild-type NEAT1 containing miR-320 binding site (NEAT1-WT) or mutated NPAS2 3ʹUTR (NPAS2-MT) or mutated NEAT1 (NEAT1-MT) and with either the miR-320 mimic or NC mimic. After 48 h inductions, the luciferase assay was conducted, and the relative luciferase activity was determined.
The Ang II-Induced Atrial Fibrosis Mouse Model
C57BL/6J mice (6–7 weeks old) were subdivided into the control, Ang II (Ang II, 1200 ng/kg/min, was continuously perfused to mice through a micropump), Ang II/shNEAT1 (shNEAT1 was injected into the mice via the tail vein after 28 days of Ang II stimulation), and Ang II/shNC (shNC was injected into the mice via the tail vein after 28 days of Ang II treatment) groups. After 14 days, right atrial muscle tissues were obtained for research.
Hematoxylin–Eosin Staining and Masson’s Trichrome Staining
Atrial muscle tissues obtained from different groups were fixed in 4% paraformaldehyde, embedded in paraffin and then sectioned into slices (4 μm thick). The slices were conducted to HE and Masson’s trichrome stainings. The photographs of the stained tissues were captured, and analyze the pathological changes using Image-Pro Plus (version 6.0; Media Cybernetics, Inc., Rockville, MD, United States).
Statistical Analysis
All data analyses were carried out using Prism 5.0 (GraphPad Software, San Diego, CA, United States), and all data are presented as mean ± SD. The significance of the differences was determined using Student’s t-test. Correlation between factors was analyzed using spearman’s correlation coefficient rank test. p values < 0.05 were recognized to be significant. Each in vitro experiment was performed a minimum of three times, and samples were measured in biological triplicates for each experiment.
RESULTS
NEAT1 is Upregulated in Patients With Atrial Fibrillation and is Positively Correlated With coll I and coll III
To explore whether NEAT1 was involved in AF progression, we first determined NEAT1 expression in right atrial tissues of AF patients and SR patients. The results of qRT–PCR observed that NEAT1 expression in right atrial tissues was higher in patients with AF than in those with SR (Figure 1A). Additionaly, we confirmed that coll I and coll III levels were upregulated in the AF group compared to those in the SR group (Figures 1B,C). Additionally, coll I and coll III levels were positively related to NEAT1 expression in right atrial tissues of AF patients (Figure 1D). These observations suggest that NEAT1 participates in atrial fibrosis regulation.
[image: Figure 1]FIGURE 1 | NEAT1 expression is increased in patients with AF and is positively associated with collagen I (coll I) and collagen III (coll III). (A) NEAT1 expression in right atrial tissues of patients with AF (n = 15) and those with SR (n = 13) was detected using qRT–PCR analysis. (B) The mRNA expression of coll I and coll III in human right atrial tissues was determined using qRT–PCR. (C) The protein expression of coll I and coll III in human atrial tissues was determined using western blotting. (D) Correlations of NEAT1 with coll I and coll III were analyzed. *p < 0.05. Data represent mean ± SD from three independent experiments.
NEAT1 Deletion Reduces Ang II Caused Murine Cardiac Fibroblast Proliferation, Migration, and Collagen Production
To explore the effect of NEAT1 on atrial fibrosis, a specific shRNA against NEAT1 gene transcript was designed to knock down NEAT1 in cardiac fibroblasts, and qRT–PCR analysis showed that the expression of NEAT1 in cardiac fibroblasts was reduced by this shRNA (Figure 2A). We found that Ang II increased NEAT1 expression, but this effect was attenuated by NEAT1 shRNA (Figure 2B). The CCK-8 assay showed that NEAT1 downregulation significantly repressed Ang II-induced cell proliferation compared with the shNC-transfected group (Figure 2C). The Transwell migration assay results showed that Ang II treatment promoted the migration ability of cardiac fibroblasts, and this promotion effect was suppressed by shNEAT1 (Figure 2D). Moreover, NEAT1 knockdown attenuated the promoted coll I and coll III expressions after Ang II treatment (Figures 2E,F). These findings revealed that NEAT1 knockdown could inhibit Ang II caused cardiac fibroblast proliferation, migration, and collagen production.
[image: Figure 2]FIGURE 2 | NEAT1 downregulation suppressed Ang II-induced cardiac fibroblast proliferation, migration, and collagen production. (A) NEAT1 expression in shNEAT1-or shNC-transfected cardiac fibroblasts was detected using qRT–PCR. (B) NEAT1 expression was detected in Ang II-treated cardiac fibroblasts using qRT–PCR. (C) Cell proliferation and (D) migration were determined using CCK-8 and Transwell assays (E,F) mRNA and protein expressions of coll I and coll III were measured using qRT–PCR and western blotting. *p < 0.05 vs. control group; #p < 0.05 vs. Ang II/shNC group. Data represent mean ± SD from three independent experiments.
NEAT1 Positively Regulates NPAS2 Expression Through Sponging miR-320
To determine the mechanisms through which NEAT1 exerts its effects on atrial fibrosis, we predicted miR-320 using relevant binding sites of NEAT1, and miR-320 interacted with NPAS2 mRNA 3ʹUTR using bioinformatics databases (Figure 3A). Furthermore, bioinformatics analysis predicted that NEAT1 and NPAS2 mRNAs have the same binding site for miR-320 (Figure 3A). The data of luciferase reporter assay revealed that luciferase activity was inhibited in NEAT1-WT- and miR-320 mimic-co-transfected cells but was unaffected in NEAT1-MT-transfected cells, indicating that miR-320 is a NEAT1-targeting miRNA (Figure 3B). Co-transfection with NPAS2-WT and miR-320 mimic obviously suppressed luciferase activity, whereas the luciferase activity has no changed in co-transfection with NPAS2-MT and miR-320 mimic (Figure 3C). Furthermore, we observed that miR-320 was downregulated in Ang II-treated cardiac fibroblasts, but both parameters were enhanced by NEAT1 deletion (Figure 3D). Ang II-treated cardiac fibroblasts increased NPAS2 expression, but this increase was reduced by miR-320 (Figures 3E,F). Furthermore, NEAT1 knockdown significantly suppressed NPAS2 expression in Ang II stimulated cardiac fibroblasts, and this effect was reversed by miR-320 inhibition (Figures 3G,H). These findings revealed that NEAT1 positively regulates NPAS2 expression by sponging miR-320 in cardiac fibroblasts. NPAS2 overexpression reversed the effects of NEAT1 knockdown on Ang II-induced cardiac fibroblast proliferation, migration, and collagen production.
[image: Figure 3]FIGURE 3 | NEAT1 regulated NPAS2 expression through miR-320. (A) The predicted miR-320 and NPAS2 binding sites in NEAT1 (NEAT1-WT) and the designed mutant sequence (NEAT1-MT and NPAS2-MT) were indicated. (B) The luciferase reporter assay in HEK293T cells co-transfected with NEAT1-WT or NEAT1-MT and NC mimic or miR-320 mimic. (C) The luciferase reporter assay in HEK293T cells co-transfected with NPAS2-WT or NPAS2-MT and NC mimic or miR-320 mimic. (D) miR-320 expression in Ang II-induced cardiac fibroblasts transfected with shNC or shNEAT1. (E,F) mRNA and protein expressions of NPAS2 in Ang II-induced cardiac fibroblasts transfected with NC mimic or miR-320 mimic. (G,H) mRNA and protein expressions of NPAS2 in Ang II-induced cardiac fibroblasts transfected with shNEAT1 or co-transfected with shNEAT1 and miR-320 inhibitor were determined. *p < 0.05 vs. NC mimic group or control group; #p < 0.05 vs. Ang II/shNC group; &p < 0.05 vs. Ang II/shNEAT1/miR-320 inhibitor group. Data represent mean ± SD from three independent experiments.
To determine whether NPAS2 contributes to the effect of NEAT1 on cardiac fibroblasts, Ang II treated cardiac fibroblasts were co-transfected with shNEAT1 and NPAS2. The cardiac fibroblasts viability, migratory ability, and collagen production ability in co-transfected shNEAT1 and NPAS2 cells were greater than those in cardiac fibroblasts transfected with shNEAT1 (Figures 4A–F). These findings indicated that NPAS2 is a functional target of NEAT1 and that NPAS2 eliminates the suppressive effect of NEAT1 inhibitors on cardiac fibroblasts.
[image: Figure 4]FIGURE 4 | NPAS2 overexpression reversed the effect of NEAT1 knockdown on cardiac fibroblast proliferation, migration, and collagen production under Ang II condition. (A,B) mRNA and protein expressions of NPAS2 in cardiac fibroblasts transfected with shNEAT1 or NPAS2 or co-transfected with shNEAT1and NPAS2 under Ang II induction were detected. (C) Cell proliferation and (D) migration were determined in different groups. (E,F) mRNA and protein expressions of coll I and coll III in different groups were determined. *p < 0.05 vs. Ang II group; #p < 0.05 vs. Ang II/shNEAT1 group. Data represent mean ± SD from three independent experiments.
NEAT1 Knockdown Attenuates Ang II Caused Atrial Fibrosis In Vivo
We further affirmed the function of NEAT1 in atrial fibrosis through in vivo experiments. HE and Masson’s trichrome stainings indicated a disarray of myocardial fibers, expanded nuclear spacing, and increased atrial fibrosis in the Ang II induced group, while NEAT1 deletion suppressed the Ang II caused inflammatory cell infiltration and atrial fibrosis (Figure 5A). We found that NEAT1 and NPAS2 expressions were increased, whereas miR-320 expression was decreased in right atrial tissues from the Ang II group than those in the control group, and these expressions were reduced in the Ang II/shNEAT1 group (Figures 5B–E). Moreover, Ang II injection enhanced the protein expressions of coll I and coll III in right atrial tissues, whereas deletion of NEAT1 attenuated the Ang II caused collagen production (Figure 5E).
[image: Figure 5]FIGURE 5 | NEAT1 knockdown attenuates the Ang II-induced atrial fibrosis in vivo. (A) HE and Masson’s trichrome stainings of murine right atrial tissues. (B,C) NEAT1 and miR-320 expressions in right atrial tissues from each group were detected using qRT–PCR. (D) NPAS2 mRNA expression in right atrial tissues from each group was determined. (E) NPAS2, coll I, and coll III protein expressions in right atrial tissues from each group were detected. *p < 0.05 vs. control group; #p < 0.05 vs. Ang II/shNC group. Data represent mean ± SD from three independent experiments.
DISCUSSION
Despite a mass of evidence demonstrated the function of atrial fibrosis in AF (Xu et al., 2018), data on fibrotic processes in AF are limited. Here, we showed that NEAT1 was increased and positively related to coll I and coll III levels in right atrial tissues of patients with AF. NEAT1 knockdown reduced Ang II caused cardiac fibroblast proliferation, migration, and collagen production in vitro and attenuated Ang II caused murine atrial fibrosis in vivo. Moreover, we demonstrated that NEAT1 exerted its effects by functioning as a miR-320 ceRNA to modulate NPAS2 level.
Increasing evidence has revealed that atrial fibrosis contributes to the pathological process of AF and that atrial fibrosis suppression could be a reasonable approach for AF prevention and treatment (Chang et al., 2017). Recent research has shown that lncRNA NEAT1 is participated in the pathogenesis of different diseases, including fibrosis. NEAT1 is upregulated in CCl4 caused liver fibrosis, and it accelerates liver fibrosis progression (Yu et al., 2017; Kong et al., 2019); NEAT1 knockdown in HK2 cells inhibited the renal fibrosis-related markers TGF-β1 and CTGF (Yang et al., 2020). Furthermore, NEAT1 is indispensable for fibroblast and cardiomyocyte survival and affects fibroblast functions (Kenneweg et al., 2019). We speculated that NEAT1 contributes to atrial fibrosis. Here we observed that NEAT1 expression was increased and was positively related to coll I and coll III levels in the right atrial tissues of patients with AF. Cardiac fibroblast proliferation, migration, and differentiation play key roles in the pathogenesis of atrial fibrosis and structural remodeling in AF patients (Porter and Turner, 2009; Xu et al., 2018). Here a cell model of atrial fibrosis was achieved in Ang II-induced atrial fibroblasts. We found that Ang II enhanced NEAT1, coll I and coll III levels and promoted cardiac fibroblast proliferation and migration, whereas these effects were reduced by NEAT1 knockdown. We further confirmed this result in an Ang II induced atrial fibrosis mouse model.
Several existing studies have indicated that lncRNAs participate in the ceRNAs regulatory network to negatively regulate the miRNAs expression (Yan et al., 2018), such as NEAT1. For instance, NEAT1 functions as a sponge for miR-365a-3p to facilitate gastric cancer progression through targeting ABCC4 (Gao et al., 2020); furthermore, NEAT1 sponges miR-129 to regulate renal fibrosis via modulating coll I (Li et al., 2020). To determine the mechanism of NEAT1 regulation in AF, we performed bioinformatics databases and discovered that NEAT1 shared miR-320 response element with NPAS2. Several studies have shown that miR-320 is associated with heart-related diseases. For example, miR-320 participates in the cardioprotective effect of insulin against myocardial ischemia via downregulating survivin (Yang et al., 2018). The protective effect of miR-320 has also been shown in ventricular remodeling after myocardial ischemia–reperfusion injury (Song et al., 2014). Importantly, exosomal miR-320 derived from adipose tissue-derived mesenchymal stem cells suppresses apoptosis of cardiomyocytes in AF patients (Liu et al., 2019). Our study demonstrated that Ang II decreased miR-320 expression, whereas NEAT1 knockdown increased it. NPAS2-deficient fibroblasts expedite skin wound healing and dermal collagen reconstruction (Sasaki et al., 2020), and NPAS2 promotes liver fibrosis via direct transcriptional activation of Hes1 in hepatic stellate cells (Yang et al., 2019). In our study, we demonstrated that miR-320 overexpression suppressed NPAS2 expression and miR-320 inhibition reversed the suppressive effect of shNEAT1 on NPAS2 expression. Moreover, we determined that NPAS2 overexpression reversed the effects of NEAT1 knockdown on Ang II caused murine cardiac fibroblast proliferation, migration, and collagen production.
In conclusion, our research provides evidence that NEAT1 knockdown inhibits cardiac fibroblast proliferation, migration, and collagen production as well as mice atrial fibrosis via regulating the miR-320–NPAS2 axis, suggesting that NEAT1 is a novel molecular target for AF treatment.
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Background: β-Hydroxybutyrate (BHB) is produced by fatty acid oxidation in the liver under the fasting state and confirmed to play a cardioprotective role in ischemia and hypertensive settings. Doxorubicin (DOX) is an effective chemotherapeutic drug, but limited by serious irreversible cardiotoxicity. However, whether BHB can protect from DOX-induced cardiotoxicity remains unknown.
Methods and Results: C57BL/6 mice were intraperitoneally injected with DOX to induce cardiac toxicity and intragastrically administered into BHB for treatment. They were randomly divided into three groups, namely a sham group (Sham), a doxorubicin group (DOX), and a doxorubicin+β-Hydroxybutyrate group (DOX + BHB). Echocardiography and pathological staining were performed to evaluate cardiac function and fibrosis. H9c2 cardiomyocyte was treated with DOX or BHB for in vitro experiments. Cell apoptosis and ROS were determined by flow cytometry. BHB significantly restored DOX-induced cardiac function decline and partially prevented cardiac reverse remodeling, characterized by increased cell size and decreased fibrosis. In vitro, BHB treatment decreased cellular injury and apoptosis. Also, BHB alleviated oxidative stress level and increased mitochondrial membrane potential.
Conclusion: Our results suggested that BHB could protected from DOX-induced cardiotoxicity by inhibiting cell apoptosis and oxidative stress and maintaining mitochondrial membrane integrity.
Keywords: β-hydroxybutyrate, doxorubicin, cardiotoxicity, heart failure, metobolites
INTRODUCTION
Doxorubicin (DOX) is widely recognized as antineoplastic for the treatment of several malignant tumors including solid tumors, leukemia and lymphoma (Minotti et al., 2004). However, its clinical use is limited by severe cardiotoxic side effects, including arrhythmia, dilated cardiomyopathy and subsequent heart failure (Octavia et al., 2012). DOX-induced cardiac injury had poor prognosis and high mortality (Wouters et al., 2005). Researchers over the past two decades had demonstrated that ROS production (Liu et al., 2020), cell apoptosis (Yu et al., 2020) and autophagy (Sun et al., 2014; Ma et al., 2017), DNA damage (Mizuta et al., 2020), mitophagy (Liang et al., 2020; Xu et al., 2020) and various signaling pathways (Chen et al., 2020) were the potential mechanisms, providing further insight into treatment strategies to prevent the DOX-induced cardiotoxic effects. Meanwhile, it was no effective to utilize various kind of antioxidant agents to suppress oxidative stress in the clinical trials. To date, no treatment is unanimously recommended for attenuating DOX-induced cardiotoxicity, indicating the need for further investigations (Varricchi et al., 2018).
β-Hydroxybutyrate (BHB), derived from increased free fatty acid β-oxidation, is small lipid-derived molecules (Veech et al., 2001). In addition, it is known to play an immunomodulatory role via ligating membrane receptor Hcar2 (Youm et al., 2015), inhibiting inflammasome activation and histone deacetylase expression (Chang et al., 2014). BHB had been reported to protect against tissue injury via decreasing the production of reactive oxygen species and attenuating mitochondrial injury. Considering that oxidative stress and mitochondrial injury largely contributed to DOX-induced cardiac injury, we speculated BHB could modulate DOX related cardiotoxicity.
To date, some studies have verified the beneficial hemodynamic effects of BHB in heart failure with reduced ejection fraction and other age-associated disease (Han et al., 2020). However, it’s unknown whether BHB can be envisioned as a promising novel metabolite to treat DOX-induced cardiotoxicity. In our study, we evaluated the cardioprotective effect of BHB on DOX-induced cardiotoxicity in vitro and in vivo.
METHODS
Animals
After 1 week of adaptation to the housing environment, adult male C57/BL6 mice (6–8 weeks old, Institute of Model Animals of Nanjing University) were randomly divided into three groups: Sham group, DOX group, and DOX + BHB group. The doxorubicin (Sigma, United States) was injected intraperitoneally into mouse at a dose of 5 mg/kg/day for 5 days to induce cardiac injury. In DOX + BHB group, -Hydroxybutyrate (Sigma, United States) was injected into mice at a dose of 10 mmol/kg/day via 5 daily intraperitoneal injections. The Sham group was injected intraperitoneally with the same volume of saline as control. Each group has six mice. All procedures have been approved by Institutional Animal Care and Use Committee (IACUC) of Nanjing Drum Tower Hospital.
Echocardiography
At the fifth day, all animals underwent echocardiography (Visual Sonics; Japan) to evaluate the cardiac function. In briefly, mice were anesthetized by inhalation of 1.5% isoflurane, and shaved. The parameters, including left ventricular internal diameter end systole (LVIDs) and left ventricular internal diameter end diastole (LVIDd), were measured and averaged from three consecutive cardiac cycles. Ejection fraction (EF) and fractional shortening (FS) were calculated accordingly.
Cell Culture and Treatment
The H9c2 cell line was purchased from American Type Culture Collection (ATCC) and cultured in Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum and 1% streptomycin and penicillin (Gibco; United States). The culture conditions contained 95% air and 5% CO2 at 37°C. DOX group was incubated with Dox (1 μM) for 24 h while DOX + BHB group was also treated with extra BHB (10 mM) for 24 h.
Lactate Dehydrogenase Assay
After cultured for 24 h, 100 μl of cell supernatants of each group were collected. Lactate dehydrogenase (LDH) release level was assessed by using a commercial kit (Keygen; China) following the manufacturer’s instructions. The experiments were performed in triplicates.
TUNEL Assay
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining was used to evaluate cardiac apoptosis according to the manufacturer’s instructions (Servicebio; China). Apoptosis was indicated as the ratio of TUNEL-positive nuclei in three images per heart.
Morphological Analysis
Mice were sacrificed by cervical dislocation after anesthesia with tilotamine (0.09 mg/g), zolazepam (0.09 mg/g), and 0.01% xylazine (0.04 mL/g); and then their heart received a KCL injection in order to stop the heart in diastole. Heart from each group was excised and washed in cold PBS, fixed overnight in 10% formalin, and finally embedded in paraffin blocks. The slices were stained with hematoxylin-eosin and Sirius red (Servicebio; China) to evaluate cardiac remodeling. Cell area and interstitial fibrosis were quantified by Image J (NIH; United States).
Quantitative Real-Time Polymerase Chain Reaction
Total RNA was extracted from cardiac tissues using RNAiso plus (TaKaRa; Japan) according to the manufacturer’s instructions. 1 μg of RNA was reverse transcribed into cDNA with HiScriptII Q RT SuperMix (Vazyme; China) and quantitative RT-PCR was performed with ChamQ SYBR qPCR Master Mix (Vazyme; China) according to the protocol. All the results were normalized against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression.
Measurement of Mitochondrial Membrane Potential
Mitochondrial membrane potential was stained with 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazol -carbocyanine iodide kit (JC-1) (Keygene; China). The primary cardiomyocytes were seed in a 96-well pates and subjected to treatment. After washed by PBS, they were stained with JC-1 solution and visualized using a fluorescence microscopy (Leica; Germany). All procedures the the manufacturer’s instructions and protocol.
Malondlaldehyde Measurement
The cardiac tissue was thawed at room temperature and washed with precooled normal saline (NS). Homogenates were centrifuged (10 min at 1500 g, 4°C) to eliminate debris, and the resulting supernatant was stored at liquid nitrogen (−80 C) until analysis. MDA was estimated using the detection kit (Jiancheng Bio-Technology; China) according to the manufacturer’s instructions.
Western Blotting
Total protein was extracted from heart tissues using a RIPA buffer containing proteinase and phosphatase inhibitor (Roche; Germany). After determining the protein concentrations using a BCA kit (Thermo; United States), protein lysates were separated by SDS-PAGE and transferred to PVDF membranes (Millipore; United States). The membranes were incubated with the corresponding primary antibodies, such as ERK1/2, phosphor-ERK1/2, MMP9, Nrf2 and GAPDH (Abcam; United States) overnight at 4°C before being incubated with goat anti-rabbit lgG (Abcam; United States). The western blot bands were detected using ECL kit (Keygene; China). For quantification by imageJ (NIH; United States), the specific protein expression levels were normalized to GAPDH levels.
Statistical Analysis
GraphPad Prism 8.0 (GraphPad; United States) was used to plot the figures based on the data presented as mean ± SD. Statistical analysis was done using one-way ANOVA, followed by Tukey’s pos hoc test using IBM SPSS 25.0. p value < 0.05 was considered as statistically significant.
RESULTS
BHB Prevented Doxorubicin-Induced Left Ventricular Dysfunction
At the terminal of the treatment, echocardiography was performed to measure cardiac function. As expected, DOX-treatment led to a significant decrease in ejection fraction (EF). Compared with the DOX-group, EF was higher in DOX + BHB group (Figure 1A). Similarly, fractional shortening (FS) was decreased in DOX-group but was restored by BHB intervention (Figure 1B). Besides, BHB attenuated the adverse cardiac remodeling as represented by reduced left ventricular internal diameter end diastole (LVIDd) and left ventricular internal diameter end systole (LVIDs) (Figures 1C,D). However, the difference was not statistically significant, which could be attributed to a short course. The representative echocardiographic images were shown in Figure 1E.
[image: Figure 1]FIGURE 1 | BHB prevents doxorubicin-induced left ventricular dysfunction. (A) Ejection fraction (EF); (B) fractional shortening (FS); (C) left ventricular diastolic internal dimension (LVIDd); (D) and left ventricular systolic internal dimension (LVIDs) among sham, DOX and DOX + BHB groups; (F) the presentative echocardiography images among groups. Each group had 5 mice. ##p < 0.01, ###p < 0.001 vs. Sham. **p < 0.01 vs. DOX group. n. s, not significant.
BHB Protected from DOX-Induced Cardiac Remodeling
DOX-induced cardiotoxicity was characterized by cardiac fibrosis and reduced cardiomyocyte size. Our study results revealed that BHB restored the reduction in cardiomyocyte size induced by DOX (Figure 2A). What’s more, BHB mitigated the percentage of interstitial fibrosis (Figure 2B).
[image: Figure 2]FIGURE 2 | BHB protects from DOX-induced cardiac remodeling. (A) HE staining; (B) Sirius red of tissues from sham, DOX and DOX + BHB group. Each group had 5 mice. ###p < 0.001 vs. Sham; *p < 0.05, **p < 0.01 vs. DOX.
BHB Inhibited Cell Apoptosis Induced by DOX
TUNEL staining was performed to determine whether BHB played an antiapoptotic role in DOX induced cardiac injury. As shown in Figure 3, BHB significantly decreased the percentage of TUNEL positive cells compared with DOX group.
[image: Figure 3]FIGURE 3 | BHB prevents DOX-induced cardiac cell apoptosis. Blue indicates nucleus, green indicates TUNEL positive cells, and Merge for apoptotic cells. Each group had 3 samples. ###p < 0.001 vs. Sham; ***p < 0.001 vs. DOX.
BHB Alleviated Oxidative Stress Induced by Doxorubicin
Oxidative stress is an important aspect of Dox-induced cardiac injury, so we speculated that BHB could alleviate Dox-induced oxidative stress. Comparing with DOX group, DOX + BHB group had a lower level of MDA, suggesting an anti-oxidative stress effect of BHB (Figure 4A). Consistent with the above results, flow cytometry showed that BHB significantly inhibited ROS level induced by doxorubicin (Figure 4B).
[image: Figure 4]FIGURE 4 | BHB alleviates oxidative stress induced by doxorubicin. (A) The MDA level among groups. (B) The ROS detection of cardiomyocytes among groups. Each group had 3 samples. ##p < 0.01 vs. Sham; *p < 0.05 vs. DOX.
BHB Counteracted Mitochondrial Membrane Potential Decrease Induced by Doxorubicin
H9c2 cardiomyocytes were treated with BHB to investigate its cardioprotective role. DOX could cause H9c2 cardiomyocyte injury, indicated by increased LDH release (Figure 5A), while BHB decreased LDH release. DOX treatment decreased the ratio of red (aggregated dye) to green fluorescent signal (monomeric dye), indicating a downregulation of mitochondrial membrane potential. However, BHB prevented DOX-induced decrease in the JC-1 aggregate/monomer ratio, implying that BHB may contribute to maintaining mitochondrial integrity (Figure 5B).
[image: Figure 5]FIGURE 5 | BHB counteracts mitochondrial membrane potential decrease induced by doxorubicin (A) The LDH release level among groups. (B) The JC-1 staining of different groups. Red fluorescent signal (aggregated dye) indicated a normal mitochondrial membrane potential while green fluorescent signal (monomeric dye) suggested a decreased mitochondrial membrane potential. Each group had 3 samples. ##p < 0.01 vs. Sham; *p < 0.05 vs. DOX.
BHB Downregulated MMP9 Expression
To investigate the downstream pathway, we performed immunoblotting analysis of BHB-treated hearts. The ERK1/2 phosphorylation was decreased and MMP9 expression were increased in DOX group while BHB restored the expression level of ERK1/2 phosphorylation and MMP9 (Figure 6), suggesting that activating ERK1/2 pathway could mediate the cardioprotective role of BHB.
[image: Figure 6]FIGURE 6 | BHB alleviated cardiac injury via modulating ERK1/2 phosphorylation and MMP9 expression. The up-left is immunoblotting bands while two else are quantitative results. Each group had 2 samples. #p < 0.05 vs. Sham; *p < 0.05 vs. DOX.
DISCUSSION
In this study, we showed for the first time that BHB could prevent DOX-induced cardiotoxicity by inhibiting oxidative stress, cell apoptosis and maintaining mitochondrial integrity in vitro and in vivo, partially restoring cardiac function.
β-Hydroxybutyrate (BHB), one of ketone body, has been traditionally regarded as an alternative carrier of energy (Zhang et al., 2013). Besides, BHB has been proven beneficial in cardiovascular diseases (Han et al., 2020). Previous studies had proposed some strategies for DOX-induced cardiac injury. Li et al. demonstrated that Sestrin1/2 were important cardioprotective proteins to minimize cardiac damage in response to doxorubicin insult (Li et al., 2019). Ivabradine (El-Naggar et al., 2018) and some traditional Chinese medicine (Xu et al., 2018) also played a cardioprotective role in DOX induced cardiotoxicity. We confirmed that BHB could be a cardioprotective metabolite in the future.
Among the widely studied mechanisms underlying DOX related cardiotoxicity, one of the most accepted is oxidative stress induced by free radicals (Hadi et al., 2012). Free radicals can cause membrane and macromolecules damage and lead to myocardial damage directly (Kim et al., 2006). DOX can destabilize the delicate balance between the generation of free radicals and the antioxidant defense system (Hadi et al., 2012). In addition to its metabolic effect, BHB also played an immunomodulatory role via regulating inflammation and oxidative stress (Nagao et al., 2016; Kong et al., 2017). Some reports also found that BHB could provide mitochondria protection (Zhang et al., 2013; Kim et al., 2015). In according to previous publications, we also confirmed that BHB could prevent from DOX-induced oxidative stress and cardiomyocyte apoptosis.
In line with our results, BHB have also been shown to protect against ischemic tissue injury when present at low concentrations, including cerebrum (Bazzigaluppi et al., 2018), heart (Suzuki et al., 2001), liver (Chen et al., 2018), and kidney (Tajima et al., 2019), mainly through decreasing the production of reactive oxygen species and attenuating mitochondrial injury (Yu et al., 2018). It has been reported that increased oxidative stress promoted matrix metalloproteinase-9 (MMP-9) activities and may lead to cardiomyocyte injury (Sousa-Santos et al., 2012). Oxidative stress-induced damage can be attenuated potentially through the ERK1/2 pathway (Zhu et al., 2019). Activation of ERK1/2 pathway could protect cells from oxidative injury via activating and phosphorylating several downstream transcription factors such as AP-1, c-Jun and c-Myc for cell survival (Plotnikov et al., 2011). Specially, ERK1/2 activated Elk1 and increased the transcription of superoxide dismutase (Wang et al., 2011). ERK1/2 also induced nucleus translocation of Nrf2 (Li et al., 2018). Overall, our findings revealed that ERK1/2 signaling modulation may mediate the cardioprotective role of BHB.
Our study had proven that BHB could prevent DOX-induced adverse cardiac remodeling. Specially, BHB can inhibit the oxidative stress and cardiomyocyte apoptosis by sustaining mitochondrial membrane potential integrity. The potential clinical application of BHB in DOX-treatment cancer patients deserved to be further explored.
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Targeted therapy refers to exploiting the specific therapeutic drugs against the pathogenic molecules (a protein or a gene) or cells. The drug specifically binds to disease-causing molecules or cells without affecting normal tissue, thus enabling personalized and precision treatment. Initially, therapeutic drugs included antibodies and small molecules, (e.g. nucleic acid drugs). With the advancement of the biology technology and immunotherapy, the gene editing and cell editing techniques are utilized for the disease treatment. Currently, targeted therapies applied to treat cardiovascular diseases (CVDs) mainly include protein drugs, gene editing technologies, nucleic acid drugs and cell therapy. Although targeted therapy has demonstrated excellent efficacy in pre-clinical and clinical trials, several limitations need to be recognized and overcome in clinical application, (e.g. off-target events, gene mutations, etc.). This review introduces the mechanisms of different targeted therapies, and mainly describes the targeted therapy applied in the CVDs. Furthermore, we made comparative analysis to clarify the advantages and disadvantages of different targeted therapies. This overview is expected to provide a new concept to the treatment of the CVDs.
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INTRODUCTION
Cardiovascular diseases are the leading cause of death worldwide (Ghantous et al., 2020). CVDs are a broad spectrum of diseases that can be classified into different categories based on different criteria. For example, congenital heart disease and acquired heart disease are classified according to the time of onset. The etiology of CVDs is complex, including metabolic abnormalities, genetic alterations, abnormal protein function and other factors (Tanai and Frantz, 2015). All CVDs eventually progress to heart failure (HF) if not effectively treated. HF affects 1–2% of the world’s population and places a heavy burden on the society (Tanai and Frantz, 2015). Current treatments for CVDs mainly include traditional pharmacotherapy and surgery (Stehlik et al., 2018; Felker et al., 2020; Zelniker and Braunwald, 2020). Although the above methods alleviate the symptoms of the disease and reduce the mortality rate, both methods have certain drawbacks. Traditional medication is less invasive, but it can cause damage to the liver, kidneys and other organs, as well as other side effects (Lassiter et al., 2020). In spite of the excellent effectiveness, the clinical application of cardiac surgery is always restrained by the complex procedures and the possibility of postoperative complications (Roth et al., 2020). Therefore, there is an urgent and unmet need to develop a novel, convenient, and efficient approach for the treatment of CVDs.
The success of the human genome project and the rapid development of molecular biology facilitate the precise detection of genome, transcriptome and proteome changes. By using these methods, researchers can explore the mechanisms underlying the progression of diseases and design new drugs that target to the pathogenic molecules, which is named targeted therapy (Bedard et al., 2020). By specifically targeting and binding to abnormal genes or proteins, the novel regimen enables personalized and efficient therapy (Tsimberidou et al., 2014). Over the past years, the striking breakthroughs of the gene editing and cell therapy techniques have led the targeted therapy to a vigorous development stage. To date, a variety of drugs have been utilized to treat cancers, such as trastuzumab in breast tumor and chimeric antigen receptor-modified T (CAR-T) in hematological malignancies and have demonstrated considerable effectiveness (Nicolazzi et al., 2018; Zhao et al., 2018a).
In addition to the application in cancers, targeted therapy is also playing an important role in the treatment of CVDs. Some CVDs are caused by the gene mutation, (e.g. MYH6 in hypertrophic cardiomyopathy (HCM)) (Mosqueira et al., 2018) or an abnormal protein, (e.g. fibroblast activation protein (FAP) in the cardiac fibrosis), which provides a rationale for the targeted therapy in CVDs (Aghajanian et al., 2019). Actually, increasing targeted therapies have been used to treat some CVDs and have exhibited promising effect, such as evolocumab (a type of monoclonal antibody (mAb)) in the treatment of homozygous familial hypercholesterolemia (HoFH). Herein, this review introduced the mechanisms of various targeted therapies, and depicted the landscape of targeted therapy applied in CVDs. Furthermore, a comparative analysis was performed to clarify both the advantages and limitations of the applications of targeted therapies in CVDs.
PROTEIN
Antibodies
Antibodies can specifically recognize and bind to the epitopes of the antigen. Based on the number of binding epitopes, antibodies used for targeted therapies can be classified as mAbs or bispecific antibodies (bAbs). Here, we summarize the mechanisms and applications of the two types of antibodies.
mAbs
At present, mAbs have been widely applied in malignancies and rheumatic diseases. And mAbs have been exploited to treat CVDs (Smyth, 2017; Schmid and Neri, 2019). mAbs exert the therapeutic efficacy via the following four ways (Figure 1): 1) Activating immune response to the abnormal tissues: Once binding to the target epitope, mAbs can mediate antibody-dependent cellular cytotoxicity, complement-mediated cytotoxicity or directly inhibit abnormal signals of target cells, (e.g. alemtyzymab) (Kennedy and Hillmen, 2002). 2) Inhibiting survival of the pathogenic tissues: mAbs can bind to the growth factors and block the angiogenesis of the lesioned tissues, (e.g. bevacizumab) (Chellappan et al., 2018). 3) Blocking inhibitory signals of the effector cells: The interaction between the programmed cell death protein 1 (PD-1) receptor and its ligand (PD-L1) results in T cells dysfunction, which could be retrieved by certain mAbs via blocking the PD-1/PD-L1 signal, (e.g. nivolumab) (Ding et al., 2019). 4) Coupling with the therapeutic drugs: The mAbs equipped with radiopharmaceuticals or chemotherapeutic drugs could help to deliver and release drugs after binding to the target molecules, (e.g. Ado-trastuzumab emtansine) (García-Alonso et al., 2020).
[image: Figure 1]FIGURE 1 | Mechanisms of the mAb. (A) The Fab of the mAb binds to the target epitope and the Fc of the mAb binds to the effector cell (such as the natural killer cell) or the complement to kill the target cells through antibody-dependent cell-mediated cytotoxicity, complement-mediated cytotoxicity or directly inhibit abnormal signals of the target cells. (B) The mAb binds to the growth factor (such as VEGF) to inhibit the angiogenesis of the target cells. (C) The interaction between some ligands and receptors (such as PD-1/PD-L1) can inactivate the effector cells. The mAb binds to the inhibitory molecule to protect the effector cells from dysfunction. (D) The mAbs are equipped with radiopharmaceuticals or chemotherapeutic drugs. When the mAbs binds to the target cells, the drugs come close to the target cell and kill the target cells.
Possessing the above characteristics, mAbs have also shown excellent efficacy in the cardiovascular field. Gain-of-function mutations (p.S127R, p. F216L and p. D374Y) of proprotein convertase subtilisin/kexin type 9 (PCSK9) can lead to autosomal dominant hypercholesterolemia (by reducing low-density lipoprotein receptor (LDLR) levels) and increase the susceptibility to CVDs (Abifadel et al., 2007; Homer et al., 2008). As the first PCSK9 inhibitor approved by the Food and Drug Administration (FDA), the alirocumab was used in the ODYSSEY OUTCOMES trial and its effect on cardiovascular mortality after acute coronary syndromes (ACS) was examined (Schwartz et al., 2018). The trial included 18,924 patients who suffered from an ACS 1–12 months earlier. All patients had a high level of LDL cholesterol (LDL-C) (>1.8 mmol/L), non-high-density lipoprotein cholesterol (non-HDL-C) level (>2.6 mmol/L) or apolipoprotein B (>80 mg/dl) after receiving a high-intensity dose or the maximum tolerated dose of statin. Patients were randomly assigned to receive alirocumab (n = 9,462, 75 mg every 2 weeks) or placebo (n = 9,462). During the study, the dose of alirocumab was adjusted to maintain the cholesterol level at 0.65–1.30 mmol/L. The primary endpoint was a composite of death from fatal or nonfatal ischemic stroke, nonfatal myocardial infarction (MI), coronary heart disease (CHD), or unstable angina (UA) requiring hospitalization. After 2.8 years of follow-up, the results showed that the alirocumab could reduce the incidence of the primary endpoint (hazard ratio [HR], 0.85; 95% confidence interval [CI], 0.78 to 0.93; p < 0.001). Patients with a higher baseline LDL-C level(> 100 mg/dl) gained more benefits than patients with a lower baseline LDL-C level. Besides, evolocumab is another mAb that inhibits PCSK9. Binding of the evolocumab to PCSK9 resulted in a rise in hepatic surface LDLR and an increase in plasma LDL-C clearance (Sabatine et al., 2017a). In the FOURIER study, 27,564 patients with LDL-C higher than 70 mg/dl after statin treatment were randomly assigned (1:1) to receive evolocumab (140 mg/2 weeks or 420 mg/month) or placebo (Sabatine et al., 2017b). The primary endpoint was a composite of cardiovascular death, UA requiring hospitalization, MI, stroke, or coronary revascularization. After a median follow-up of 2.2 years, the results demonstrated that the evolocumab significantly reduced the risk of cardiovascular events in patients with (HR, 0.83; 95% CI, 0.75 to 0.93; p = 0.0008) and without (HR, 0.87; 95% CI, 0.79 to 0.96; p = 0.0052) diabetes. However, the long-term efficacy of the evolocumab on high LDL-C needs to be evaluated in further studies with longer follow-up.
Angiopoietin-like protein 3 (ANGPTL3) can inhibit the activity of lipoprotein lipase and increase the content of triglyceride and other lipids in plasma (Ono et al., 2003). Loss-of-function mutation of ANGPTL3 has been found to relate to lower levels of both triglycerides and LDL-C, as well as a 41% lower risk of CHD (Dewey et al., 2017). Accordingly, evinacumab, the ANGPTL3 inhibitor, has been verified to reduce the level of the triglyceride in both HoFH patients and the healthy (García-Alonso et al., 2020). In a phase III study, 65 patients with HoFH were randomly assigned to evinacumab (n = 43, 15 mg/kg, every 4 weeks) or placebo (n = 22) (Raal et al., 2020). All patients received stable lipid-lowering therapy. The primary outcome was the change of LDL-C level from baseline to week 24. Ultimately, LDL-C levels decreased by 47.1% in the evinacumab-treated group, however, LDL-C increased by 1.9% in the placebo group.
Inflammatory cytokines actively participate in the pathogenesis and progression of the CVDs and inflammatory cytokines-targeted therapies could be considered for the treatment of CVDs. Previously, interleukin-1 (IL-1) has been indicated to contribute to CVDs via mediating the inflammatory response, and act as an upstream regulator of a series of inflammatory cytokines (Grebe et al., 2018; Schindler et al., 1990). Based on the above findings, several studies have been conducted to investigate the potential efficacy of IL-1 mAbs in CVDs. IL-1 mAbs can be simply divided into two categories according to the mechanisms: 1) Targeting to the IL-1 receptor (IL-1R); 2) Neutralizing the IL-1 protein. As the first IL-1R antagonist (IL-1Ra) approved by the FDA (Correction, 2017), anakinra has been used in several clinical studies (Table 1) for the treatment of cardiac remodeling after MI (Abbate et al., 2015), CHD (Ikonomidis et al., 2014) and decompensated systolic HF, and the safety has been confirmed (Van Tassell et al., 2017; Trankle et al., 2019). However, the short half-life of anakinra requires a daily injection, which remains a main drawback in its clinical application (Kaiser et al., 2012). With regard to the neutralizing mAb, canakinumab presented a good example, which could inhibit IL-1 binding to IL-1R via targeting to the IL-1β (Dhimolea, 2010; Ozdogan and Ugurlu, 2017). Canakinumab has been approved by the FDA to treat cryopyrin-associated periodic syndromes (CAPS) in 2009 (Nelson et al., 2010). A phase III clinical trial recruited patients with prior MI and high-sensitivity C-reactive protein (hsCRP) ≥ 2 mg/L to test the effect of canakinumab to prevent hospitalization for HF (HHF) (Everett et al., 2019). A total of 10,061 patients were randomly assigned to canakinumab 50 (n = 2,263), 150 (n = 2,284), 300 mg (n = 2,170) or placebo (n = 3,344), given subcutaneously once every 3 months. During a median follow-up of 3.7 years, 385 patients had the HHF event. Compared with the placebo group, the unadjusted HRs for HHF in different dose group were 1.04 (95% CI, 0.79–1.36) for 50 mg, 0.86 (95% CI, 0.65–1.13) for 150 mg, and 0.76 (95% CI, 0.57–1.01) for 300 mg (p = 0.025). Canakinumab could reduce the incidence of HHF in a dose-dependent manner (Everett et al., 2019). Canakinumab was also used to treat Covid-19 infected patients with myocardial injury due to inflammation (Sheng et al., 2020). A total of 45 Covid-19 infected patients with B-type natriuretic peptide (BNP) or NT-proBNP and CRP elevation were randomly assigned to receive canakinumab 600 mg (n = 15), canakinumab 300 mg (n = 15) or placebo (n = 15). The primary endpoint was the time in days from randomization to either discharge from the hospital or an improvement of two points on a seven category ordinal scale. The trial is still in progress. Rilonacept is a soluble IL-1 decoy antibody. Two IL-1 receptor chains extend to the out space of the membrane, fusing to form a “trap” for neutralizing IL-1α or IL-1β (Peiro et al., 2017). In 2008, rilonacept was approved by the FDA to treat CAPS (Hoffman, 2009). At present, a phase III trial uses rilonacept to treat the pericarditis (Klein et al., 2020). The trial enrolled 86 patients with recurrent pericarditis and systemic inflammation (high CRP levels). The trial comprised of four periods: the screening period; a single-blind run-in period during which rilonacept was used in all patients and background pericarditis medications were tapered; a double-blind period during which patients were randomly assigned to rilonacept or placebo; and long-term extension treatment during which suitable patients would receive rilonacept for 24 months. Preliminary results suggested that after the first dose of rilonacept, both reported pain and inflammation were obviously alleviated. Patients receiving rilonacept could wean from all other pericarditis medications without a recurrence (Fernandez-Ruiz, 2020).
TABLE 1 | Clinical trials of anakinra.
[image: Table 1]Interleukin-6 (IL-6) has been reported to cause the development and instability of arterial plaques (Yudkin et al., 2000; Boekholdt and Stroes, 2012), participate in ischemia-reperfusion injury (IRI) and increase the mortality of patients with ACS (Sawa et al., 1998; Zamani and et al., 2013). Currently, a phase II clinical trial in which the IL-6 antagonist tocilizumab is used to treat non-ST-segment elevation MI (NSTEMI) has been completed (Kleveland et al., 2016). A total of 117 patients with NSTEMI were randomly designated to receive a single dose of tocilizumab (n = 58) or placebo (n = 59) before coronary angiography. The primary endpoint was defined as the changes of hsCRP. The results showed that hsCRP in the placebo group was 2.1 times higher than that of tocilizumab (4.2 vs. 2.0 mg/L/h, p < 0.001). High sensitivity troponin T in the placebo group was 1.5 times higher than that in the tocilizumab group (234 vs. 159 g/L/h). After 6 months of follow-up, no safety events were detected. The results indicated that tocilizumab was sufficient to lessen the inflammatory response and myocardial injury in NSTEMI patients.
Abciximab, a Fab fragment of chimeric human-mouse mAb 7E3 (Leung, 2004), could bind to the human platelet glycoprotein (GP) IIb/IIIa receptor and inhibit platelet aggregation by blocking the fibrinogen, von Willebrand factor (vWF) and other adhesion molecules (Nakada et al., 2006). It also binds to vitronectin (αVβ3) receptors found in platelets, vascular walls, endothelial cells and smooth muscle cells (Nesic et al., 2020). Abciximab has been reported to improve the survival rate of STEMI patients with percutaneous coronary intervention (Stone et al., 2012). However, it should not be neglected that the agent would increase the risk of bleeding (De Luca et al., 2005).
MAbs can also effectively treat diseases caused by certain abnormal proteins with high specificity. For instance, abciximab targeting to (GP) IIb/IIIa to treat STEMI has shown a good therapeutic effect in the clinic (Tummala and Rai, 2020). Given that the appealing features of mAbs as well as the encouraging findings mentioned above, it is clear that mAbs therapy has provided a promising therapeutic option for the CVDs, and more efforts should be made to further explore and expand its clinical indications. For example, pro-inflammatory macrophages, the critical mediators during the process of atherosclerosis, are supposed to be inhibited by specific mAbs and therefore may help delay the progression of the diseases (Falk et al., 2013).
bAbs
Generally, the occurrence and development of the diseases may be driven by different molecules, in which the monotherapy of mAbs is insufficient for treatment and combined therapy is required (Hicklin and Ellis, 2005). However, it remains challenging to evaluate the safety and effectiveness of mAbs alone when used in combination with other agents, (e.g. another kind of mAbs) at the same time (Henricks et al., 2015). While bAbs, which refer to antibodies binding to two different epitopes at the same time, have showed advantages in tackling these problems (Li et al., 2020).
The functional mechanisms of bAb to treat diseases mainly includes the following four aspects (Labrijn et al., 2019) (Figure 2). 1) Bridging cells: bAbs bind to the individual binding domains of effector cells and target cells, reducing the distance between the effector cells and the target cells, and promote the targeted-killing efficacy of effector cells. The representative drug is blinatumomab, which binds to CD19 on B cells and CD3 on T cells to treat non-Hodgkin’s lymphoma (Bargou et al., 2008). 2) Bridging receptor: The bAbs bind to two different receptors at the same time to prevent the downstream signal transduction. For example, the epidermal growth factor receptor (EGFR) mAb is widely used to treat tumors, while some tumors can upregulate other receptor tyrosine kinases, such as MET proto-oncogene, and develop drug resistance (Engelman et al., 2007). Herein, bAbs against both receptor tyrosine kinases can address the issue. JNJ-61186372 is a bAb that targets to the EGFR and MET, which can inhibit the ligand-induced activation and promote the receptor degradation (Moores et al., 2016). 3) Cofactor simulation: bAbs combine with the target antigens and act as the agonist to treat diseases. One of the representatives is emicizumab, which can bind to FIXa and FX/FXa at the mmol level and remarkably reduce the risk of bleeding in hemophilia A patients (Shima et al., 2016; Kitazawa et al., 2017; Mahlangu et al., 2018). 4) Piggyback mode: One of the antigen binding parts of the bAbs combines with the target molecule, and the other antigen binding part of the bAbs orient to a specific area. In this way, the target molecule will be carried to a certain place. A typical example is the transport of transferrin through the blood-brain barrier (Yu et al., 2011).
[image: Figure 2]FIGURE 2 | Mechanisms of the bAb. (A) Bridging cell. The bAb binds to two different cells at the same time, thus dragging these two cells closer. (B) Bridging receptor. The bAb binds to two different proteins on the cell surface and plays a synergistic role, thus inactivating the target cell more efficiently. (C) Cofactor simulation. The bAb binds to target antigen and plays the role of agonist to treat diseases. (D) Piggyback mode. One of the antigen binding parts of the bAb combines with the target molecule, while the other antigen binding part of the bAb binds to the specific area. In this way, the molecule is transported to the specific area.
bAbs have been used to treat ischemic cardiomyopathy in several studies. One of the obstacles of venous regenerative cell therapy is the low efficiency of cells homing to the target area (Terrovitis et al., 2010; Lalit et al., 2014; Kanelidis et al., 2017). In order to increase the cell homing rate of the myocardial injury region, the researchers developed a bAb, Tand-scFvSca-1 GPIIb/IIIa, which can simultaneously bind to activated platelet GP IIb/IIIa receptor and peripheral blood mononuclear cells (PBMCs) that express stem cell antigen-1 (Sca-1) receptor. Based on that, an IRI mouse model was established and treated with Tand-scFvSca-1 GPIIb/IIIa to increase cells homing to the damaged area. After the treatment, the targeted-PBMCs were successfully transported to the damaged area, and the infiltration of inflammatory cells was significantly reduced (Ziegler et al., 2017). The hematopoietic stem cells (HSCs) possess high plasticity and could differentiate into the nonhematopoietic tissues, which can repair the damaged myocardial tissue in a dose-dependent manner (Zhao et al., 1985; Engelmann et al., 2006; Henning et al., 2007; Vanderheyden et al., 2007; Choi et al., 2011). Therefore, recruiting more HSCs to the ischemic myocardium presents a potential approach to improve the therapeutic effect. Lee et al. synthesized bAbs by chemically coupling anti-CD45 (a common leukocyte antigen identified on HSCs) mAb with myosin light chain (MLC) mAb (Lee et al., 2007). MLC is expressed in myocardial tissue, but only binds to anti-MLC antibodies when the myocardial cell membrane is no longer intact (Lum et al., 2004). Ischemic injury animal models induced by transient ligation of the left anterior descending artery (LAD) were treated with anti-CD45 x anti-MLC bAb (n = 9) or phosphate-buffered saline (PBS, n = 8). Increased HSCs number in the damaged area and improved cardiac function were observed in animals treated with the bAbs (Lee et al., 2007). Similar to the above principle, bAbs specifically binding to human CD90 and MLC were applied to treat the damaged myocardium (Gundlach et al., 2011). Researchers also exploited bAbs targeting to c-kit expressing on mouse stem cells and VCAM-1, a molecule expressed by injured myocardial cells, to treat the infarcted cardiomyocytes. After ligation of the LAD, animals were injected with anti-c-kit x VCAM-1 (experiment group) or anti-c-kit x isotope control bAbs (control group). The experiment group had more c-kit stem cells homing to the ischemic injury area (Lum et al., 2004). These results indicated that the bAb can reorient stem cells and retain stem cells in the injured myocardium.
In addition to ischemic cardiomyopathy, bAbs are also used to treat vascular lesions. The integrity of the endothelial cells (ECs) plays an essential role in the cardiovascular system. When the integrity of ECs is destroyed, the subendothelial matrix proteins will expose, causing the formation of the platelet-mediated thrombus. GPVI is a soluble platelet collagen receptor (Asahara et al., 1997). CD133 is expressed on the surface of the endothelial progenitor cells (EPCs) (Massberg et al., 2004). BAbs (GPVI-CD133) consisting of soluble platelet collagen receptor GP VI and CD133 mAb were used to treat vascular lesions (Langer et al., 2010). In vitro, pig vessels were damaged by a balloon catheter and perfused with EPCs for 2 h. Pig vessels were treated by GPVI-CD133 bAb, GPVI mAb, CD133 mAb, CPVI mAb + CD133 mAb, or PBS. The recruitment of EPCs was evaluated by in situ hybridization. Only the GPVI-CD133 bAb group showed increased EPCs recruitment compared to the injury experiments (approximately 10-fold). In vivo, GPVI-CD133 bAb enhanced the reendothelialization in mice with the carotid injury. But mice treated by GPVI mAb + CD133 mAb did not show any elevation of EPCs. Therefore, the GPVI-CD133 bAb is a promising treatment for vascular lesions. These results indicated that bAbs could simultaneously bind to two epitopes and realize a “1 + 1 > 2” therapeutic effect.
Peptides
In the present, peptides are utilized to treat hypertension and vascular diseases. ATRQβ-001, a peptide vaccine made of human angiotensin II (AngII) receptor I and Qβ phage virus-like particles, can inhibit the Ang II-mediated pathway, thus being applied in the treatment of hypertension and aneurysms. In Liao’s et al. studies, the ATRQβ-001 vaccine could effectively decrease the blood pressure in the AngII induced hypertension mice and spontaneous hypertensive rats (SHRs) (Chen et al., 2013). The team also used ATRQβ-001 to treat AngII or calcium phosphate-induced abdominal aortic aneurysm (Zhang et al., 2019). The results showed that ATRQβ-001 could reduce blood pressure and inhibit the expansion of aneurysm and the destruction of the aortic wall in both models. Immunohistochemical analysis confirmed that the vaccine could reduce the infiltration of macrophages and the phenotypic transition of the vascular smooth muscle cell.
ATR12181, the extracellular part of angiotensin receptor 1A (AT1A), is also used to treat SHRs (Zhu et al., 2006). After repeatedly given the vaccine, SHRs produced anti-ATR12181 antibodies, which could attenuate the development of hypertension, diminish the injury of the heart and kidney, and decrease the mRNA levels of c-fos and c-jun in both organs (Li et al., 2014). Meanwhile, ATR12181 vaccine therapy did not cause any autoimmune diseases in the heart and kidney (Zhu et al., 2006). Taken together, the ATR12181 vaccine possesses the potential to treat the hypertension.
Liao’s team also developed the first vaccine against endothelin-1 receptor type A (ETAR) (ETRQβ-002 vaccine) to treat the pulmonary arterial hypertension (PAH) (Dai et al., 2019). In monocrotaline-induced PAH rats and Sugen/hypoxia-induced PAH mice, the ETRQβ-002 vaccine was injected to generate antibodies against ETR-002 (the second extracellular loop of ETAR). The results showed that the ETRQβ-002 vaccine could induce a strong production of anti-ETR-002 antibodies. In vitro, the anti-ETR-002 antibodies could attenuate the Ca2+-dependent signal transduction induced by endothelin-1. In vivo, the ETRQβ-002 vaccine significantly decreased the right ventricular systolic pressure by 10 mmHg in Sugen/hypoxia-induced PAH mice and 20 mmHg in monocrotaline-induced PAH rats. No significant immune injury was observed in the vaccinated animals.
It is worth mentioning that although animal experiments have shown positive effects, clinical trials are needed to test the safety and efficacy of these vaccines.
Cytokines
Besides using mAbs to antagonize the pro-inflammatory cytokines, researchers also used some cytokines with immunomodulatory function to treat diseases. Regulatory T cells (Tregs) can maintain immune homeostasis and play a crucial role in myocardial repair and atherosclerosis (Ait-Oufella et al., 2006). Interleukin-2 (IL-2) is usually secreted by T cells to stimulate the growth and differentiation of T cells (Li et al., 2001). Studies in preclinical mouse models indicated that IL-2/JES6-1 (IL-2 mAb) complex could increase the number of Tregs and improve the left ventricular ejection fraction (LVEF) after transverse aortic constriction (TAC) (Wang et al., 2016). A randomized, double-blind, dose-escalation, placebo-controlled, phase I/IIa clinical trial is ongoing to assess the tolerability and safety of IL-2 in patients with ischemic heart disease (IHD) and ACS (Zhao et al., 2018b). All patients with IHD and ACS were randomly assigned to receive either IL-2 (0.3–3 × 106 IU) or placebo once daily for 5 days. The study is expected to provide evidence to the immunomodulatory treatment via cytokines in the CVDs.
GENE EDITING TECHNOLOGY
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR Associated Protein 9 (Cas9)
CRISPR/Cas9 is associated with immunity against the virus and foreign DNA (Barrangou et al., 2007). It recognizes the protospacer adjacent motif (PAM) region and cleaves the target DNA. Therefore, the expression of exogenous DNA was inhibited (Jinek et al., 2012). CRISPR/Cas9 gene-editing technology uses the artificial small guide RNA to guide the Cas9 protease to break the DNA. After the double-strand break (DSB), gene repair will cause gene knock-out or knock-in and achieve the purpose of modifying DNA. CRISPR/Cas9 is a powerful tool for gene editing, which can accurately edit the gene at a specific point (Figure 3) (Zhang et al., 2014; Xiao-Jie et al., 2015; Savic and Schwank, 2016).
[image: Figure 3]FIGURE 3 | Mechanism of the Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR associated protein 9 (Cas9): When viruses and foreign DNA invade the host, the cas1 and cas2 protein can recognize the protospacer adjacent motif (PAM) region. The cas1/2 protein will cut the PAM and insert it into the downstream of the leader sequence of CRISPR. When the same sequence invades the host, the transcription of precursor CRISPR RNA (pre-crRNA) and trans-activating crRNA (tracrRNA) will be activated. The pre-crRNA, tracrRNA and the cas9 will form a complex that can recognize the sequence that is complementary to the crRNA. After the recognition, the double-strand DNA unwinds to form an R-loop. The crRNA combines with the target sequence via base pairing. Then the double-strand-break (DSB) is induced by the cas9 protease. In the CRISPR/Cas9 gene editing technology, the sgRNA consisting of the tracrRNA and the crRNA is designed in vitro. The sgRNA will guide the cas9 to a specific DNA sequence to cause the DSB. After the DSB, endogenous DNA repairs systems (nonhomologous end joining in both dividing and nondividing cells, homology directed repair in the G2/S phase of dividing cells) result in the gene knock-in or knock-out.
HCM is mainly caused by autosomal dominant inheritance, and there are 1,500 mutations in 15 genes known to cause the disease (Maron et al., 2012). For families with HCM mutations, the gene defects of all fertilized eggs could be corrected by using the CRISPR/Cas9 technology. Currently, CRISPR/Cas9 is used for gene repair at the target sequence. Somatic cells repair the DSB through the non-homologous end joining (NHEJ) mechanism, which leaving a major shortcoming of the off-target effect (Humbert et al., 2012). While the homologous-directed repair mechanism that embryonic cells used in the replication stage is almost error-free (Strong and Musunuru, 2017). Recently, a study used CRISPR/Cas9 to repair HCM gene mutations (Ma et al., 2017). Early injection of a sperm carrying the MYBPC3 mutation and a CRISPR/Cas9 system resulted in a 100% correction of the mutation.
In addition to HCM, CRISPR/Cas9 has been applied to treat non-ischemic cardiomyopathy. Phospholamban (PLN) participates in the process of the Ca2+ homeostasis. The enhanced function of the PLN will impair the heart function (Szymanska et al., 2000). Kaneko et al. knocked out the PLN gene of mice with severe HF via CRISPR/Cas9 (Kaneko, 2016). Compared with the control group, mice treated by the CRISPR/Cas9 showed a better cardiac function, a smaller heart size and a higher survival rate. CRISPR/Cas9 also presented advantages in the treatment of other inherited heart diseases. Musunuru et al. injected the CRISPR/Cas9 targeting to the PCSK9 gene into mice, resulting in loss-of-function mutation of the PCSK9 gene with a mutation rate of 50%, thus decreasing the plasma PCSK9 concentration, increasing the LDLR expression on the liver surface, and diminishing 35–40% of the plasma cholesterol (Ding et al., 2014). Moreover, no off-target events were detected in the selected 10 loci. Mice carrying H530 R mutation in PRKAG2 could develop cardiac hypertrophy (Lopez-Sainz et al., 2020). After being corrected by CRISPR/cas9, the heart morphology and the cardiac function of the mutant mice were restored (Xie et al., 2016).
Thyroxine (TTR) amyloidosis is caused by the TTR gene mutation and characterized by excessive deposition of thyroxine in the myocardium (Vieira and Saraiva, 2014). Finn et al. employed the CRISPR/cas9 to repair the TTR mutation of the mice, resulting in a 97% decrease of plasma abnormal protein levels. Consistent findings were observed in the rat model (Finn et al., 2018). However, whether the method can effectively treat human disease needs further investigation. Duchenne muscular dystrophy (DMD) is a muscular dystrophy caused by a mutation of the dystrophin gene (Falzarano et al., 2015). DMD can lead to dystrophic cardiomyopathy, resulting in high mortality, and there is no effective treatment to slow its progression. Refaey et al. used mdx mice (a DMD mouse model) to explore the feasibility of CRISPR/Cas9 for the treatment of DMD (El Refaey et al., 2017). Results showed that the dystrophin protein expression and the cardiac function were restored in the CRISPR/Cas9 treated mice. Long et al. also used CRISPR/Cas9 to treat induced pluripotent stem cells (iPSCs) with duplications, point mutations, or large deletions within the DMD gene (Long et al., 2018). CRISPR/Cas9 successfully restored the dystrophin protein expression in derivative cardiomyocytes.
The CRISPR/Cas9 could also be used to identify whether a gene mutation is pathogenic. The variant of uncertain significance (VUS) is gene mutation for which the pathogenicity is not clear. Ma et al. used CRISPR/Cas9 to analyze an asymptomatic individual carrying mutations in the MYL3 gene (a cardiomyopathy-associated genetic variant) (Ma et al., 2018). The mutation (NM_000258.2:c.170C > A, NP_000249.1:p.Ala57Asp) was shown to be likely pathogenic in the Clinvar database. Patient-derived iPSCs were edited by CRISPR/Cas9 to generate four iPSC lines: 1) “healthy” control without any mutations; 2) homozygous MYL3 VUS (170C > A); 3) known heterozygous MYL3 pathogenic mutation (NM_000258.2:c.170C > G); and 4) heterozygous MYL3 frameshift mutation (170C > A/fs). Only cell lines carrying the known heterozygous MYL3 pathogenic mutation showed an HCM phenotype at the morphology, gene expression, or functional levels. The above results illustrated the ability of CRISPR/Cas9 to discriminate between benign and pathogenic mutations, thus providing guidance for clinical risk assessment and therapeutic intervention. Other studies showed that CRISPR/Cas9 could be used to identify the VUS that contributed to the CVDs (Garg et al., 2018; Sano et al., 2018).
Base Editor (BE)
BE is a single base editing technology, which can cause the change from cytosine to thymine using the Cas protein at a specific site (Komor et al., 2016). Initially reported in 2016, the cytidine base editors (CBES) enabled the conversion of cytosine to thymine without causing the DSB (Komor et al., 2016). Researchers have made efforts to test the efficacy of BE in mice (Chadwick et al., 2018). It is well established that loss-of-function mutation of ANGPTL3 is associated with lower risk of CHD. Musunuru et al. screened the potential gene editing sites using Neuro-2a cells and selected the codon Gln-135 site with the protospacer sequence AGC​CCT​TCA​ACA​CAA​GGT​CA on the ANGPTL3 gene (Chadwick et al., 2018). Mice were randomly divided into three groups and treated as the following schemes: without sgRNA (BE-control), with sgRNA targeting to Pcsk9 Trp-159 (BE-Pcsk9), with sgRNA targeting to Angptl3 Gln-135 (BE-Angptl3). Primarily, BE-control and BE-Angptl3 were injected into the C57BL/6J mice. On the day 7, deep sequencing of the liver samples revealed a median editing rate of 35% in the BE-Angptl3 group, while no gene editing was observed in the BE-control group. Notably, deep sequencing of the top 10 predicted off-target sites demonstrated no evidence of gene editing. Baseline levels of triglycerides, cholesterol, and plasma ANGPTL3 were comparable between the groups, whereas on day 7, significantly lower levels of triglycerides, cholesterol and plasma ANGPTL3 were observed in the BE-Angptl3 group. Next, the mice were treated with BE-control, BE-Pcsk9, BE-Angptl3, or a 1:1 mix of BE-Pcsk9 and BE-Angptl3. On day 7, the triglycerides of the BE-Angptl3 group showed a greater reduction than the BE-Pcsk9 group. Neither synergism nor additivity was observed in the BE-Pcsk9 + BE-Angptl3 group. Finally, the researcher used the Ldlr-knockout mice to test the effect of the BE-Angptl3. On day 14, compared with the BE-control, BE-Angptl3 markedly reduced the level of cholesterol (51%) and triglycerides (56%) in treated mice.
Heterozygous T7498C mutation of the FBN1 gene can lead to the Marfan syndrome (Arbustini et al., 2005). Huang et al. assessed the correction efficacy of BE (Zeng et al., 2018). Cells carrying the FBN1T7498C mutation were transfected with BE and the correctional sgRNA (targeting to the FBN1T7498C mutation). Results showed that 10 of the 20 clones (50%) were edited, and eight clones presented a perfect C to T correction. Subsequently, the experiment was carried out in human embryos. In the testing group, seven embryos were treated by BE and correctional sgRNA. The control group consisted of seven embryos treated by BE and the scrambled sgRNA. Sanger sequencing demonstrated a 100% correction in the testing group.
CRISPR Interference (CRISPRi) and CRISPR Activation (CRISPRa)
Besides editing genes, CRISPR can activate (CRISPRa) or inhibit (CRISPRi) the transcription of the target genes (Zheng et al., 2018). The cas protein used in CRISPRi/a is the “dead” cas9 (dcas9), which is catalytically inactivated. The dcas9 carries an effector molecule (a transcription activator or a transcription repressor) and binds to the target DNA under the guidance of sgRNA (Figure 4). Nowadays, the CRISPRi has been utilized to treat hereditary arrhythmia (Limpitikul et al., 2017). Mutations in calmodulin (CAM) can cause long QT syndrome (LQTs) (Crotti et al., 2013; Boczek et al., 2016). The CAM gene family consists of three members, CALM1, CALM2, and CALM3. Yue et al. generated iPSCs from a patient harboring a CALM2 mutation (Limpitikul et al., 2017). The iPSCs were induced to differentiate into cardiomyocytes. The cardiomyocytes exhibited prolonged action potential duration (APD) and mimicked the manifestations of LQTs. In further investigation, after inhibiting the expression of the CALM2 gene via CRISPRi, the APD of the cardiomyocytes restored to normal. Notably, the CRISPRi only inhibited the expression of the mutant CALM2 gene while sparing the wild-type counterparts.
[image: Figure 4]FIGURE 4 | Mechanisms of CRISPR interference (CRISPRi) and CRISPR activation (CRISPRa): The cas protein in the CRISPRi/a is catalytically inactivated (called dcas9). In the CRISPRi, the dcas9 connects with transcriptional suppressors, such as Kruppel associated box (KRAB). Under the guidance of gRNA, the dcas9-KRAB fusion protein binds to the transcription start site (TSS) of the target gene and inhibits transcription. On the contrary, the dcas9 of the CRISPRa is equipped with the transcriptional activator to a given TSS.
Although the CRISPR/Cas9 appears a rather effective gene editing technology, there are still several issues that need to be addressed, such as off-target events (Lanphier et al., 2015). The relatively high incidence of off-target events caused by BE have been proved in previous studies (Zuo et al., 2019). However, in vivo and in vitro experiments concluded that a careful design of the sgRNA could avoid the off-target events (Akcakaya et al., 2018). Moreover, patients administrated with CRISPR/cas9 may activate the immune response due to the nature of the cas9 as a bacterial protein (Charlesworth et al., 2019). Therefore, it is necessary to consider these factors when applying this technology in clinics.
Other Gene Editing Technologies
Zinc finger nuclease technology (ZFN) and transcription activator-like effector nucleases technology (TALENs), which consist of the DNA recognition domain and DNA splicing domain, can also be considered as a way for gene editing. ZFN and TALENs have been successfully applied to correct mitochondrial DNA mutations (Bacman et al., 2013; Gammage et al., 2016). According to Gammage’s study, the ZFN could reduce the mutation rate from 73 to 37% in the mice harboring the m.5024C > T tRNAAla mutation, and greatly improved the cardiac metabolic function of mice (Gammage et al., 2018).
NUCLEIC ACID DRUGS
The nucleic acid drugs mainly include DNA, microRNA (miRNA), small interfering RNA (siRNA), antisense oligonucleotides (ASO), and mRNA (Wang et al., 2020).
Vectors for Nucleic Acid Drugs
On the one hand, part of viruses, such as retrovirus, lentivirus, adenovirus and adeno-associated virus (AAV) are commonly used as vectors for nucleic acid drugs (Table 2). Among them, the most widely used virus vector is AAV, which has diverse serotypes with different affinity to tissues (Bacman et al., 2018; Salganik et al., 2015). For instance, AAV9 possesses myocardial tropism (Giles et al., 2018; Wu et al., 2006). On the other hand, the main non-viral vectors (Table 2) include plasmid DNA, lipid nanoparticles (LNP) and N-acetylgalactosamine (GALNAc) (Alabi et al., 2012; Hulot et al., 2016; Springer and Dowdy, 2018).
TABLE 2 | Gene vectors.
[image: Table 2]DNA
AAV can transfect the cells via the glycosylated cell surface receptors. Following the transfection, AAV will be either transported into the nucleus or degraded by the proteasome. There are two kinds of recombinant AAV: single-stranded AAV (ssAAV) and self-complementary AAV (scAAV) (Wang et al., 2019). The ssAAV should be converted to double-strand DNA before gaining the transcriptional activity, while the scAAV can immediately undergo transcription. Recombinant AAV (rAAV) genomes can be integrated into the host genome at very low frequencies. In addition to virus vectors, plasmid possesses the ability of self-replication and self-expression (Schmeer et al., 2017). Re-expression of the target gene via vectors could provide a strategy for the treatment of the diseases driven by loss-of-function mutation.
The Danon disease caused by loss-of-function of the gene encoding lysosomal associated membrane protein 2 (LAMP2) is a rare X-linked autophagic vacuolar myopathy, which is characterized by multiple system abnormalities, such as heart, skeletal muscle, and liver (Balmer et al., 2005). The penetrance rate of the mutation was almost 100%, and the heart symptoms were extremely serious (D’souza et al., 2014). After the injection of an AAV vector carrying human LAMP2b gene, the concentration of LAMP2b protein in heart, liver and skeletal muscle tissue of the LAMP2 knockout mice notably retrieved, and the symptoms were improved in a dose-dependent manner (Manso et al., 2020). The above findings suggested that the AAV vector could correct the defects via expressing the target gene.
The sarcoplasmic reticulum Ca2+-ATPase (SERCA2a) plays a crucial role in the process of Ca2+ homeostasis. Besides, decreased activity and expression of SERCA2a were reported in HF patients (Zhihao et al., 2020). In CUPID, a random, double-blind, phase IIb trial, a total of 250 patients with LVEF ≤35% and NYHA class II-IV were enrolled and randomly assigned to receive either placebo (n = 127) or AAV1/SERCA2a (n = 123) (Greenberg et al., 2016). The primary endpoint was the time from randomization to ambulatory intervention for worsening HF or hospital admission caused by HF. During a median follow-up of 17.5 months, neither improved outcome (HR 0.93, 95% CI 0.53–1.65) nor the safety issues were determined in the AAV1/SERCA2a group. Although the study did not achieve the desired results, it demonstrated the safety of AAV gene therapy.
Proinflammatory cytokines constitute a key part in the pathogenesis of HF (Mann, 2015). Regnase-1 can degrade the mRNA of proinflammatory cytokines. The regnase-1-deficient mice were subjected to TAC to induce HF (Matsushita et al., 2009). Compared to the control littermates, regnase-1-deficient mice showed dilated cardiomyopathy (DCM) and severe inflammation with high level of IL-6 mRNA. Administration of anti-IL6 receptor antibody or AAV carrying the regnase-1 could attenuate the development of cardiomyopathy. Pathological examination proved significant remission of the fibrosis and the infiltration of immune cells (CD45) in the AAV treated mice (Omiya et al., 2020). These results suggested that Regnase-1 carried by AAV could protect the heart by reducing the inflammatory response of cardiomyocytes.
Hypertension can lead to diastolic dysfunction, cardiac remodeling and fibrosis (Tamura et al., 2000; Zile and Brutsaert, 2002). BNP can suppress the renin-angiotensin-aldosterone system (RAAS), thus decreasing the blood pressure (Tamura et al., 2000; Kishimoto et al., 2001). Cataliotti et al. used the AAV9 to continuously enhance the expression of proBNP in the SHR (Cataliotti et al., 2011). A single systemic administration of AAV9 elicited long-term expression of proBNP in the heart, resulting in reductions in diastolic and systolic pressure for 9 months. The posterior wall thickness at end diastole, LV end-systolic dimension, LV mass index and septal wall thickness at end diastole markedly declined, whereas the ejection fraction significantly increased in SHR treated with AAV9-proBNP.
miRNA
The miRNA is a small endogenous RNA. Most miRNA can inhibit the gene expression via RNA interference (RNAi) (Figure 5) (Wilson and Doudna, 2013). Inversely, some miRNAs activate the transcription, such as miR-589 (Rupaimoole and Slack, 2017). There are two kinds of miRNA drugs: antimiRs and miRNA mimics. The antimiRs primarily target to miRNAs that cause diseases, and the miRNA mimics are designed to inhibit the target mRNA (Janssen et al., 2013). Giacca et al. delivered miR-199 to infarcted myocardium via AAV vector to promote pig myocardial regeneration and realized an obvious diminished infarcted area on day 28 (Gabisonia et al., 2019). Nevertheless, due to the constant expression of the miR-199, the majority of pigs developed arrhythmias, which indicates that the dose of miRNA needs to be strictly controlled. Toll-like receptors (TLRs)-mediated immune responses play an important role in IRI (Linde et al., 2007). It was shown that miR-146a could inhibit TLR-mediated NF-κB signaling pathway (Taganov et al., 2006). Wang et al. constructed lentivirus expressing miR-146a and transfected it into IRI mouse models (Wang et al., 2013). The results showed that miR-146a overexpressing mice had a 55% reduction in myocardial infarct size and maintained a normal ejection fraction. In addition, overexpression of miR-146a inhibited NF-κB signaling pathway and reduced pro-inflammatory cytokine levels. It has been shown that miR-25 can inhibit SERCA2a protein expression, which in turn leads to decreased cardiac function (Jeong et al., 2018). Further in vivo experiments showed that overexpression of miR-25 reduced cardiac function in TAC mouse models (Wahlquist et al., 2014). The TAC mouse models treated with anti-miR-25 restored the SERCA2a protein level and cardiac function. However, in SERCA2a-knockout mice, the anti-miR-25 had no effect on the level of SERCA2a and cardiac function (Wahlquist et al., 2014). These results demonstrated that miR-25 affected cardiac function by inhibiting SERCA2a and suggested that miR-25 is a therapeutic target for HF. In addition, in vivo and in vitro experiments showed that miR-92a could inhibit vessel formation and angiogenesis (Bonauer et al., 2009). In MI mouse models, systemic administration of the anti-miR-92a resulted in enhanced blood vessel formation and restoration of the cardiac function (Bonauer et al., 2009). To further validate the therapeutic effect of miR-92a in IHD, Hinkel et al. treated a large animal model of ischemia-reperfusion (pigs) with anti-miR-92a and showed a reduction in miR-92a levels and infarct size (Hinkel et al., 2013).
[image: Figure 5]FIGURE 5 | Mechanism of RNA interference (RNAi): RNAi is a post-transcriptional gene silencing method. The microRNA (miRNA) and small interfering RNA (siRNA) can mediate the RNAi. The miRNA is a kind of endogenous non-coding RNA. The miRNA-mediated RNAi starts from the generation of the pri-miRNA. When generated endogenously, the pri-miRNA is cut by the drosha and DGCR8, resulting in the formation of the pre-miRNA. After that, the pre-miRNA is transported into the cytoplasm. Dicer recognizes the pre-miRNA and cuts it into a single strand. Finally, the transactivation response element RNA-binding protein (TRBP), Dicer, Argonaute protein, and the miRNA form the RNA induced silencing complex (RISC). The RISC will bind the complementary mRNA to inhibit the translation. The siRNA is a kind of exogenous non-coding RNA. After delivered into the cells, the siRNA will be cleaved into a single strand RNA. After that, the TRBP, Dicer, Argonaute protein and the siRNA form the RISC. The RISC will degrade the complementary mRNA.
Currently, a line of preclinical studies focusing on the miRNA therapy are ongoing (Table 3). It should be recognized that RNAi is suitable for the treatment of diseases caused by gain-of-function mutations, but the off-target events largely hampered its application, resulting in no miRNA drugs on the market.
TABLE 3 | Targeted therapy in cardiovascular disease.
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The siRNA refers to an exogenous double-strand RNA (Kanasty et al., 2013; Nikam and Gore, 2018). After delivered into the cells, the siRNA binds to the complementary sequence to degrade the mRNA (Figure 5) (Wilson and Doudna, 2013). Onpattro, the first FDA approved siRNA drug, targets to TTR and reduces the deposition of amyloid in organs (González-Duarte et al., 2020; Saw and Song, 2020). The Medicines company also developed a type of siRNA drug, inclisiran, to reduce the level of cholesterol via down-regulating the mRNA of PCSK9, thus enhancing the liver's ability to remove LDL-C from the blood (Ray et al., 2017). In addition, there are animal experiments using siRNA to treat myocarditis. Myocarditis can lead to acute HF or chronic DCM (Hua et al., 2020). The level of monocyte chemotactic protein 1 (MCP-1) and its receptor CCR2 were 5-fold higher in patients with myocarditis than in normal controls (Leuschner et al., 2015). Leuschner et al. administered siRNA for CCR2 to treat autoimmune myocarditis mouse models (Leuschner et al., 2015). Mice treated with siRNA not only had an improved ejection fraction, but also showed a reduction in myocardial fibrosis.
ASO
The ASO can combine with mRNA and inhibit gene expression via the following two manners: 1) RNaseH independent way: After combining with the complementary mRNA, the ASO inhibits translation via the steric blocking effect. 2) RNaseH dependent way: After combining with the complementary mRNA, the ASO recruits the RNaseH to degrade the mRNA (Bennett, 2019).
Some ASO drugs are currently being used in the clinic. For instance, Mipomersen, a synthetic phosphorothioate ASO generated by Genzyme, is proved to down-regulate the mRNA level of apo B-100 (apolipoprotein of LDL and VLDL) via the RNaseH dependent way, thus decreasing the levels of LDL-C, TC and non-HDL-C in patients with familial hypercholesterolemia (Stein and Castanotto, 2017). Familial chylomicronemia syndrome (FCS) is determined as one of risk factors for the atherosclerosis (Benlian et al., 1996). Waylivra (volanesorsen) is a second generation ASO for the treatment of FCS (Witztum et al., 2019). Volanesorsen binds to the 3′ untranslated region of apolipoprotein C-III (apoCIII) mRNA and degrades the apoCIII mRNA via the RNaseH dependent way. A phase III clinical trial enrolled 66 patients and randomly assigned them into volanesorsen group (n = 33) or placebo group (n = 33) (Witztum et al., 2019). The primary endpoint was the change in fasting triglyceride levels from baseline to the third month. At the third months, an 84% (25.7 mg per deciliter) decrease of plasma apoC-III levels were observed in patients receiving the volanesorsen, whereas a 6.1% (1.9 mg per deciliter) increase of plasma apoC-III levels were detected in patients receiving the placebo. A variety of ASOs are currently available for the treatment of DMD, such as casimersen, golodirsen and eteplirsen (Rodrigues and Yokota, 2018). These drugs use exon skipping technology, which is capable of skipping (deleting) mutated exons, thus avoiding abnormal mRNA splicing and resulting in the synthesis of truncated but partially functional proteins. Casimersen, golodirsen and eteplirsen skip exon 45, 53 and 51, respectively.
mRNA
The mRNA can be directly translated into proteins. At present, the application of mRNA therapy includes two aspects: 1) Introducing exogenous mRNA into the body and correcting the deficiency of gene expression. 2) Loading the mRNA into the vaccine.
To date, some mRNAs have been developed to treat CVDs. Chien et al. successfully treated the MI mice by using chemically modified mRNA (modRNA) encoding VEGF-A (Zangi et al., 2013). Based on that, Gan’s team evaluated the effects of modRNA encoding VEGF-A in type 2 diabetes mellitus (T2DM) patients (Gan et al., 2019). The trial recruited 42 T2DM patients with the body weight >50 kg and a BMI of 20–35 kg/m2. The primary endpoint was to evaluate the tolerability and safety of the modRNA. Compared with the control group (saline), the VEGF-A protein level in the modRNA group was significantly higher. Laser Doppler measurement and acetylcholine iontophoresis suggested that the skin blood flow of the modRNA group increased 2 times. These results indicated that modRNA encoding the VEGF-A could promote vasodilation and neovascularization in T2DM patients. This study supported evidence for the potential that mRNA can effectively treat ischemic symptoms in patients with ischemic CVD and T2DM.
These results show that the mRNA plays an important role in the diseases caused by loss-of-function mutation.
CAR-T THERAPY
The CAR-T therapy belongs to immune therapy. The CAR is composed of three parts: 1) An antigen binding region, which consists of a single-chain fragment variable (scFv) and can specifically bind to the target antigens; 2) The transmembrane area, which fixs the scFv on the surface of T cells; 3) Signal transduction region, which consists of CD3-ζ chain of the T cell. When the scFv binds to the target antigen, the CAR-T cells will be activated via the major histocompatibility complex-independent way. (Figure 6) (Depil et al., 2020).
[image: Figure 6]FIGURE 6 | Mechanisms of Chimeric antigen receptor T-cell (CAR-T) therapy. The CAR is made up of three components: 1) an antigen binding region, which consists of a single-chain fragment variable (scFv). The scFv can specifically target to the antigens. 2) the transmembrane area, which fixes the scFv on the surface of T cells. 3) signal transduction region, which consists of CD3-ζ chain of the T cell. The gene of the CAR is designed based on the target antigen. After that, the T cells were extracted from the patients and transfected by vectors carrying the CAR gene. The transfection results in the expression of the CAR on the surface of T cells (CAR-T cells). The CAR-T cells are amplified in vitro and injected into the patients to cure the disease.
The CAR-T therapy has successfully treated myocardial fibrosis in mice (Aghajanian et al., 2019). The ovalbumin peptide (OVA) is a marker of the activated fibroblast. Herein, a CAR-T cell targeting to the OVA (CAR-T-OVA) was generated and utilized to treat the myocardial fibrosis in mice. Compared with the control group (saline), the fibrosis level of the CAR-T-OVA treated group was extensively alleviated. Besides, the RNA-seq in the cardiomyopathy patients revealed that fibroblast activation protein (FAP) was expressed on the activated fibroblast. Another CAR-T cell targeting to the FAP (CAR-T-FAP) was designed and used to treat the cardiac fibrosis. Compared with the control group (saline), the fibrosis level of the CAR-T-FAP treated group was significantly reduced. The encouraging findings in preclinical experiments paved the way for the CAR-T therapy to be applied to humans. However, it should be noted that some studies have shown that fibroblasts play a protective role in the process of heart injury by secreting matrix and crosslinking with surrounding cells (Hampton, 2019). Therefore, complete elimination of activated fibroblasts is of high-risk. In addition, one of the unexpected side effects of CAR-T is the cytokine release syndrome (CRS) (Ganatra et al., 2019). When the CRS occurs, macrophages release a large number of cytokines. The CRS can lead to cardiac tachycardia, hypotension, pulmonary edema and cardiogenic shock. Currently, there are clinical studies using CAR-T to treat post-transplant lymphoproliferative disorders (PTLD) (Dang et al., 2020). A female patient developed PTLD after receiving the heart transplant, but the disease progressed despite chemotherapy. Ultimately, the patient was treated with CAR-T. The patient was eligible for the indication for CAR T‐cell therapy to treat diffuse large B‐cell lymphoma. The PTLD achieved disease clearance as indicated by PET/CT. And the cardiac function did not decrease during the treatment. This is the first time that CAR-T therapy was used in heart transplant patients, and the success of the treatment, with strict indications and close monitoring of adverse reactions, provides valuable advice for CAR-T in the treatment of CVDs.
CONCLUSION
Targeted therapy is a promising method to achieve the precision medicine. Nowadays, various technologies accelerate the development of the targeted therapy. The main technologies of the targeted therapy include protein drugs, gene editing technology, nucleic acid drugs and cell therapy (Table 4).
TABLE 4 | The advantages and disadvantages of the targeted therapy.
[image: Table 4]The protein drugs consist of mAbs, bAbs and peptides. At first, the mAb is generated from the mouse hybridoma, which carries the heteroantigens and induces the human anti-mouse antibody response (Puligedda et al., 2019). The side effect affects the function of the mAb. The researchers used the transgenic mice, hybridoma, phage display, and single B-cell isolation approaches to design the fully human mAbs, which could avoid the heterogeneous immune response (Jin et al., 2017). The mAbs are of high purity and specificity and can be produced in considerable number quickly. The mAbs have been widely used in the field of tumor and rheumatic diseases. And the mAbs are increasingly applied in the field of CVDs. For example, a series of clinical trials (such as the ODYSSEY OUTCOMES (Schwartz et al., 2018) and the FOURIER trials (Sabatine et al., 2017b)) have confirmed that the PCSK9 mAbs could reduce the cholesterol levels and the mortality of cardiovascular patients. At present, several PCSK9 mAbs have been approved for use in clinics (such as the alirocumab and the evolocumab) (Sabatine et al., 2017b; Schwartz et al., 2018). Although significant achievements have been made in the treatment of CVDs, the preparation process of mAb is complex, which leads to its high price (Carbonetti et al., 2017). Compared with the mAbs, the bAbs show superior advantages of binding to two different epitopes at the same time and exert synergistic effect (Chen et al., 2020). To date, the potential of bAbs to guide stem cells homing to the injured area of myocardium and blood vessels has been investigated (Lum et al., 2004; Gundlach et al., 2011). The results demonstrated that the homing rate of the stem cells increased after the bAbs therapy. But all the conclusions came from animal experiments. Therefore, it is necessary to validate the effect of the bAbs in clinical trials. At present, the peptides are made into vaccines to treat the CVDs. The proteins of the RAAS were designed as vaccine to induce antibody production and inhibit the occurrence of hypertension (Chen et al., 2013; Zhang et al., 2019). In both mouse and rat models, the vaccine has greatly inhibited the elevation of the blood pressure and alleviated organ damage. Similar to the bAbs, the safety and efficacy of the peptides have not been tested in human.
Gene editing technology includes CRISPR/Cas9 technology, ZFN and TALENs, among which the CRISPR/Cas9 is the most widely used. CRISPR/Cas9 can specifically knock out or knock in the target genes (Jinek et al., 2012). Nowadays, researchers use CRISPR/Cas9 to treat HCM, amyloidosis, DCM and cardiac metabolic diseases at the gene level (Maron et al., 2012; Chadwick et al., 2018; Chen et al., 2018). Injection of the sperms carrying the MYBPC3 mutation and a CRISPR/Cas9 system resulted in a 100% correction of the mutation, indicating the excellent efficiency of CRISPR/Cas9 (Carbonetti et al., 2017). However, the NHEJ mechanism used by the somatic cells to repair the DSB may cause the gene rearrangement, which may lead to the gene dysfunction (Humbert et al., 2012). BE is a variation of the CRISPR/Cas9, which can induce the conversion of the base at the specific site without causing the DSB (Komor et al., 2016). A total of 40% of the mutations in embryos carrying the FBN1T7498C mutation could be corrected via BE (Arbustini et al., 2005). Although the result was not as expected, the research provided innovative concepts for the treatment of inherited CVDs. However, several limitations such as the off-target events and a low success rate confine the clinical application of gene editing technology (Zhan et al., 2019).
Nucleic acid drugs consist of the oligonucleotides, including the DNA, siRNA, miRNA, ASO, and mRNA. Based on the different effects, the nucleic acid drugs can be divided into drugs that promote gene expression (DNA and mRNA) and drugs that inhibit gene expression (siRNA, miRNA, and ASO). The delivery of the nucleic acid drugs into the host necessitates a vector, and the AAV is the most commonly used carrier (Wu et al., 2006; Alabi et al., 2012; Salganik et al., 2015; Hulot et al., 2016; Bacman et al., 2018; Giles et al., 2018; Springer and Dowdy, 2018). For diseases caused by the loss-of-function mutation, a vector carrying the DNA or mRNA can treat the disease by overexpressing the target gene. For diseases caused by the gain-of-function mutation, a vector carrying the siRNA, miRNA or ASO can treat the disease by inhibiting the translation of the target gene. The nucleic acid drugs are easy to produce and relatively cheap. But the foreign DNA may integrate into the host DNA, which may cause the insertion mutation and activation of oncogenes (Wang et al., 2019). Moreover, the RNAi mediated by the siRNA and miRNA may cause the off-target events that inhibit the expression of the non-target gene (Alagia and Eritja, 2016).
After edited in vitro, the CAR-T cells can specifically kill the target cells without the MHC restriction (Newick et al., 2017; Zhang et al., 2018). Epstein’s work has proved the excellent efficacy of the CAR-T therapy for the cardiac fibrosis (Aghajanian et al., 2019). Given that the CAR-T cells kill all cells expressing the target antigen, the rigorous design and careful surveillance are indispensable during the application of the CAR-T therapy. However, one of the major shortcomings is that the CAR-T therapy can induce the CRS, which may cause severe heart injury (Ganatra et al., 2019).
In conclusion, targeted therapy has emerged as a novel and promising approach for the treatment of CVDs (Table 3). By utilizing genomics, transcriptomics and proteomics, researchers are capable of dissecting the pathogenesis of the diseases and exploring the target therapy, thus bringing the treatment of CVDs into a precision therapy era. However, the issues of unexpectable off-target events and side effects during the application of the targeted therapies should be addressed in further investigations.
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Histone deacetylase (HDAC) expression and enzymatic activity are dysregulated in cardiovascular diseases. Among Class I HDACs, HDAC2 has been reported to play a key role in cardiac hypertrophy; however, the exact function of HDAC8 remains unknown. Here we investigated the role of HDAC8 in cardiac hypertrophy and fibrosis using the isoproterenol-induced cardiac hypertrophy model system.Isoproterenol-infused mice were injected with the HDAC8 selective inhibitor PCI34051 (30 mg kg−1 body weight). Enlarged hearts were assessed by HW/BW ratio, cross-sectional area, and echocardiography. RT-PCR, western blotting, histological analysis, and cell size measurements were performed. To elucidate the role of HDAC8 in cardiac hypertrophy, HDAC8 knockdown and HDAC8 overexpression were also used. Isoproterenol induced HDAC8 mRNA and protein expression in mice and H9c2 cells, while PCI34051 treatment decreased cardiac hypertrophy in isoproterenol-treated mice and H9c2 cells. PCI34051 treatment also reduced the expression of cardiac hypertrophic markers (Nppa, Nppb, and Myh7), transcription factors (Sp1, Gata4, and Gata6), and fibrosis markers (collagen type I, fibronectin, and Ctgf) in isoproterenol-treated mice. HDAC8 overexpression stimulated cardiac hypertrophy in cells, whereas HDAC8 knockdown reversed those effects. HDAC8 selective inhibitor and HDAC8 knockdown reduced the isoproterenol-induced activation of p38 MAPK, whereas HDAC8 overexpression promoted p38 MAPK phosphorylation. Furthermore, p38 MAPK inhibitor SB203580 significantly decreased the levels of p38 MAPK phosphorylation, as well as ANP and BNP protein expression, induced by HDAC8 overexpression.Here we show that inhibition of HDAC8 activity or expression suppresses cardiac hypertrophy and fibrosis. These findings suggest that HDAC8 could be a promising target to treat cardiac hypertrophy and fibrosis by regulating p38 MAPK.
Keywords: histone deacetylase8, PCI34051, cardiac hypertrophy, fibrosis, p38MAPK
INTRODUCTION
Cardiac hypertrophy and fibrosis are common in hypertension, myocardial infarction, and heart failure (Kahan and Bergfeldt, 2005). Cardiac hypertrophy is characterized by the increase of heart mass, enhanced fetal gene expression, accelerated protein synthesis, and increased sarcomere structure, while fibrosis is described as the accumulation of extracellular matrix, such as collagen and fibronectin. Profibrotic factors secreted from the damaged tissues, activated immune cells, or various other cells, induce fibroblast differentiation into myofibroblasts (Duffield et al., 2013; Kendall and Feghali-Bostwick, 2014). Histone deacetylases (HDACs) are well known as the important regulators of gene expression in many biological processes (Haberland et al., 2009; Chen et al., 2015). HDAC inhibitors have shown beneficial effects on cardiac hypertrophy and fibrosis (Kee et al., 2006; Kang et al., 2015; Lee et al., 2016). These inhibitors improve myocardial function and prevent cardiac remodeling in diabetic mice (Chen et al., 2015). Pan-HDAC inhibitors or class I selective HDAC inhibitors also show an improvement in other various tissue type fibrosis-associated diseases, including liver and kidney (Van Beneden et al., 2013; Yoon et al., 2019).
HDACs have 18 different isoforms and are categorized into four subfamilies based on their sequence. Class I HDACs include HDAC1, HDAC2, HDAC3, and HDAC8. Among them, HDAC2 stimulates cardiac hypertrophy (Kee et al., 2008; Eom et al., 2011), whereas HDAC3 causes myocyte hyperplasia during embryonic and fetal life (Trivedi et al., 2008). HDAC2 selective inhibitor magnesium valproate has been reported to attenuate cardiac hypertrophy (Raghunathan et al., 2017). Furthermore, HDAC2 deficiency attenuated cardiac hypertrophy, whereas hypertrophy was augmented in HDAC2 transgenic mice (Trivedi et al., 2007). Among class I HDACs, the roles of HDAC1 and HDAC8 in cardiac hypertrophy remain unknown. HDAC8 is distributed both in the nucleus and cytoplasm and has been shown to regulate cortactin deacetylation (Li et al., 2014). In addition, HDAC2 and HDAC8 expression levels are upregulated in renovascular hypertensive rats, while sodium valproate, a non-specific HDAC inhibitor, attenuates cardiac remodeling, confirming the involvement of HDAC2 and HDAC8 in cardiac remodeling (Li et al., 2017). A recent study showed that HDAC8 expression is increased in lung tissues of patients with idiopathic pulmonary fibrosis, while HDAC8 inhibition ameliorates pulmonary fibrosis (Saito et al., 2019). In our previous studies, we demonstrated that the selective HDAC8 inhibitor, PCI34051, improved vascular hypertrophy in angiotensin II-induced hypertension (Kee et al., 2019) and the enzymatic activity of HDAC8 was increased in the hearts with deoxycorticosterone acetate-salt induced hypertension (Kee et al., 2013). PCI34051 also selectively inhibited the enzymatic activity of HDAC8 in a cell-free system (Kee et al., 2019).
We hypothesized that HDAC8 is associated with the development of cardiac hypertrophy and fibrosis. In this study, we investigated the role and regulatory mechanism of HDAC8 in isoproterenol-induced mouse and cellular models of cardiac hypertrophy. We showed that the inhibition of HDAC8 enzyme activity or expression attenuated cardiac hypertrophy, whereas HDAC8 overexpression increased cardiac hypertrophy. Our results suggest that HDAC8 is a novel target for the treatment of cardiac pathologies.
MATERIALS AND METHODS
Reagents
PCI34051 (10,444) was purchased from Cayman Chemical Company (An Arbor, MI, United States), and isoproterenol (isoprenaline hydrochloride, I5627) and l-ascorbic acid (A7506) were purchased from Sigma-Aldrich Co. (St. Louis, MO, United States). Anti-GAPDH (sc-32233) and anti-BNP (sc-271185) antibodies were obtained from Santa Cruz Biotechnology (Dallas, TX, United States). Anti-p38 MAPK (8690) antibody, anti-phospho-p38 MAPK (4511) antibody, and SB203580 (5633) were purchased from Cell Signaling Technology (Danvers, MA, United States). Anti-ANP antibody was purchased from GeneTex (GTX109255; Irvine, CA, United States). Alexa Fluor 488 phalloidin was purchased from Invitrogen (Eugene, OR, United States). Anti-HDAC8 (17548-1-AP) antibody was purchased from Proteintech Group (Rosemont, IL, United States).
Animal Model of Cardiac Hypertrophy
All animal procedures were approved by the Animal Experimental Committee of Chonnam National University Medical School (CNUH IACUC-18023) and were carried out according to the Guide for the Care and Use of Laboratory Animals (US National Institutes of Health Publications, eighth edition, 2011). The mice were maintained on a 12-h light/dark cycle under specific pathogen-free conditions.
Male CD-1 mice (7 weeks old and with an average weight of 33 g) were anesthetized with an intraperitoneal injection of ketamine (120 mg/kg) and xylazine (6.2 mg/kg). Isoproterenol was dissolved in 0.1% ascorbic acid and 0.9% saline, while PCI34051 was dissolved in dimethyl sulfoxide (DMSO) and diluted with 0.9% saline. Cardiac hypertrophy was induced by isoproterenol (25 mg/kg/day) infusion with an osmotic minipump (Alzet) for 5 days. The mice were randomly divided into three groups: vehicle control group (n = 8), isoproterenol-treated group (n = 8), and isoproterenol and PCI34051-treated group (n = 8; 30 mg/kg/ day) for 5 days.
Echocardiography
Echocardiography was performed using a Vivid S5 echocardiography system (GE Healthcare, Chicago, IL, United States) with a 13-MHz linear array transducer. Mice were anesthetized with an intraperitoneal injection of tribromoethanol (Avertin; 114 mg/kg) before the procedure. M-mode (2-D guided) images and recordings were acquired from the long-axis view of the left ventricle at the level of the papillary muscles. The thickness of left ventricular posterior and interventricular septa was measured from the images.
Histology and Picro-Sirius Red Staining
Mice were euthanized using a 100% CO2 for approximately 2–3 min. The hearts of mice were fixed with 3.7% paraformaldehyde and embedded in paraffin. The paraffin-embedded tissues were then cut into 4-µm sections, deparaffinized with xylene, and rehydrated in a series of graded alcohols. To measure cross-sectional cardiomyocyte area, tissue sections were stained with hematoxylin and eosin (H&E) as previously described (Ryu et al., 2016). Cross-sectional area was quantified using NIS Elements software (Nikon Eclipse 80i microscope, Tokyo, Japan). To determine cardiac fibrosis, Picro-Sirius Red staining (Abcam, Cambridge, United Kingdom) was performed. Sufficient Picro-Sirius Red solution was used to completely cover the rehydrated heart sections for 1 h. The slides were quickly rinsed two times with 0.5% acetic acid solution and then rinsed in absolute alcohol for 1 min. Next, the tissues were stained using the Gill’s hematoxylin for 4 min, rinsed with running tap water for 5 min, and dehydrated using 100% ethanol. After cleaning it in xylene, the slide was mounted using Canada balsam. Digital images were obtained with a microscope (Nikon, Japan) at 400x magnification.
Reverse Transcription Polymerase Chain Reaction
Total RNA was isolated from heart tissues with TRIzol reagent (Invitrogen/Life Technologies, Carlsbad, CA, United States) and 1 μg was reverse transcribed with TOPscript RT DryMIX (Enzynomics, Daejeon, South Korea). mRNA levels were then quantified using a SYBR Green PCR kit (Enzynomics) using the 2−∆∆Ct method. The PCR primers used in this study are listed in Table 1.
Western Blotting
Total protein was extracted from heart tissues using RIPA lysis buffer (150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 50 mM Tris-HCl at pH 7.5, 2 mM EDTA, 1 mM PMSF, 1 mM DTT, 1 mM Na3VO4, and 5 mM NaF) containing a protease inhibitor cocktail (Calbiochem/EMD Millipore, Billerica, MA, United States). Proteins were separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to polyvinylidene difluoride membranes, and blocked with 5% skim milk in TBST buffer (20 mM Tris, 200 mM NaCl, and 0.04% Tween 20) for 1 h at 25°C. Next, the blots were incubated with primary antibodies overnight at 4°C, followed by anti-rabbit or anti-mouse horseradish peroxidase-conjugated secondary antibodies (diluted 1:5,000) for 1 h at 25°C. Protein bands were visualized using Immobilon western blotting detection reagents (EMD Millipore, Billerica, MA, United States). Bio-ID software (Vilber Lourmat, Eberhardzell, Germany) was used to quantify protein expression.
Cell Culture and Cell Size Measurement
H9c2 cardiomyoblast cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS) in 5% CO2 incubator at 37°C. For cell size experiments, cells were seeded on coverslips at a density of 1 × 104/well, serum-starved overnight, and then treated with either vehicle or PCI34051 (100 nM) in the presence or absence of isoproterenol (10 μM) for the indicated time period. Cells were fixed with 3.7% paraformaldehyde, permeabilized with 0.1% Triton X-100, and incubated with Alexa Fluor 488 phalloidin (1:200) for 45 min, followed by 4′,6-diamidino-2-phenylindole (DAPI) staining. The cell size was measured using NIS Elements Software (Nikon, Japan).
Cell Viability
H9c2 cells were seeded in 24-well plates and treated with different concentrations of PCI34051 (1, 10, 100 nM) or SB203580 (0.1, 1, 3, 10 μM) for 24 h. To measure viability, the cells were incubated with a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution for 2 h, the insoluble formazan crystals were dissolved using DMSO, and the absorbance was measured at 570 nm.
Transfection
To overexpress HDAC8, H9c2 cells were transfected with 1.6 μg of pCMV6-HA-myc or pCMV6-HDAC8-HA-myc plasmid for 2 days using Lipofectamine and PLUS reagents following the manufacturer’s protocol.
To knockdown HDAC8, H9c2 cells were transfected with control or HDAC8 siRNA (100 nM, Dharmacon, Lafayette, CO, United States) using RNAiMAX reagent according to the manufacturer’s instructions. The following day, the cells were serum-starved overnight and treated with isoproterenol for 9 h.
Statistical Analysis
All data are expressed as mean ± standard error (SE). Statistical analysis was performed either by Student’s t test or one-way analysis of variance (ANOVA) and the Bonferroni post hoc test using GraphPad Prism version 5 (GraphPad Software, La Jolla, CA, United States). p values <0.05 were considered statistically significant.
RESULTS
HDAC8 Selective Inhibitor Reduced Isoproterenol-Induced Cardiac Hypertrophy in Mice
To determine whether HDAC8 is associated with the regulation of cardiac hypertrophy, we treated isoproterenol-infused mice with the selective HDAC8 inhibitor PCI34051 (30 mg/kg/day) for 5 days. As shown in Figures 1A–C, isoproterenol stimulation increased heart weight to body weight (HW/BW) ratio and heart weight to tibia length (HW/TL) ratio; however, this increase was reduced by PCI34051 treatment. The H&E staining was performed to analyze cardiac hypertrophy. Our results showed that the isoproterenol treatment increased cardiomyocyte size; however, the cell size was decreased by PCI34051 treatment (Figures 1D,E). To further investigate whether the HDAC8 selective inhibitor can affect cardiac wall thickness, we performed echocardiography. Isoproterenol infusion experiments increased the thickness of the interventricular septum and left ventricular posterior wall, while PCI34051 reduced those parameters (Figures 1F−H). Moreover, PCI34051 treatment significantly restored the isoproterenol-induced left ventricular internal dimension at end-systole; however, there were no significant differences between the left ventricular internal dimension results at end-diastole (Supplementary Figures S1A,B). Both ejection fraction and fractional shortening were increased by isoproterenol and then decreased in response to PCI34051 treatment (Supplementary Figures S1C,D).
[image: Figure 1]FIGURE 1 | HDAC8 selective inhibitor reduces isoproterenol-induced cardiac hypertrophy in mice (A) Representative images of hearts from sham, isoproterenol (ISP), and ISP + PCI34051 (30 mg/kg/day) mice treated for 5 days (B) Heart weight to body weight (HW/BW) ratios (n = 8). ***p < 0.001; ##p < 0.01 (C) Heart weight to tibia length (HW/TL) ratios (n = 8). ***p < 0.001; ###p < 0.001 (D) H&E staining, representative images of heart tissues from sham, ISP, and ISP + PCI34051 (30 mg/kg/day) mice treated for 5 days (n = 8). Scale bar = 50 μm (E) Quantification of cardiomyocyte size cross-sectional area of samples described in (D). ***p < 0.001; ###p < 0.001 (F) Representative M-mode echocardiograms after 5 days infusion of isoproterenol. PCI34051 was injected daily at 30 mg/kg/day for 5 days (G–H) Quantification of thickness of the left ventricular septum (IVSd) and posterior wall thickness (LVPWd) (n = 8). ***p < 0.001; ##p < 0.01 and ###p < 0.001. Data are presented as mean ± S.E. Statistics: one-way ANOVA followed by Bonferroni post hoc tests.
HDAC8 Selective Inhibitor Attenuated the Markers of Cardiac Hypertrophy and Fibrosis in Isoproterenol-Infused Mice
We examined the effects of PCI34051 on expression of cardiac hypertrophic marker genes. Nppa, Nppb, and Myh7 mRNA levels were increased in the hearts of isoproterenol-infused mice and this upregulation was significantly reduced by the PCI34051 treatment (Figures 2A–C). Western blot analysis showed that ANP and BNP protein levels were higher in the hearts of isoproterenol-treated mice; however, this increase was reversed by the PCI34051 administration (Figures 2D,E). The mRNA levels of transcription factors, including Sp1, Gata4, and Gata6, were significantly decreased by the treatment with PCI34051 (Supplementary Figures S2A–C). To identify whether the PCI34051 treatment had an effect on cardiac fibrosis, the Picro-Sirius Red staining and RT-PCR were performed. The staining demonstrated that isoproterenol infusion increased collagen deposition (pink); however, this effect was significantly decreased by the PCI34051 treatment (Figures 2F,G). Collagen I, fibronectin, and Ctgf mRNA levels were significantly reduced by PCI34051 (Figures 2H−J), while smooth muscle α-actin (SMA) and TGF-β1 mRNA and protein levels were increased in isoproterenol-infused hearts compared to the sham group. This increase was also reversed by PCI34051 (Supplementary Figures S3A−D).
[image: Figure 2]FIGURE 2 | HDAC8 selective inhibitor attenuates cardiac hypertrophic marker genes and fibrosis in isoproterenol-infused mice.PCI34051 (30 mg/kg/day, PCI) was administered for 5 days after the infusion of isoproterenol (A–C) mRNA from heart tissues was evaluated by RT-PCR (n = 7–8) (A) Nppa (B) Nppb, and (C) Myh7. **p < 0.01; ***p < 0.001; ###p < 0.001 (D) Protein expression of ANP and BNP in heart tissues from sham, isoproterenol (ISP), and PCI34051 + ISP mice was analyzed by western blotting. GAPDH was used as a loading control. Representative blots are shown (E) Quantification of ANP and BNP protein levels (n = 6). **p < 0.01 and ***p < 0.001; #p < 0.05 and ###p < 0.001 (F–G) Representative images and quantification of Picro-Sirius Red staining of the heart tissues. Scale bar = 100 μm. Fibrosis markers, including collagen type I (H), fibronectin (I), and Ctgf (J), were determined by RT-PCR. ***p < 0.001; ###p < 0.001. ISP and PCI indicate isoproterenol and PCI34051, respectively. Data are presented as mean ± S.E. Statistics: one-way ANOVA followed by Bonferroni post hoc tests.
HDAC8 Selective Inhibitor Blocked Isoproterenol-Induced Hypertrophy in H9c2 Cells
Next, we evaluated the cardiac protective effects of PCI34051 in vitro using the H9c2 cardiomyoblast cell line. First, we performed a dose response experiment. Cell viability was not affected at all tested concentrations (up to 100 nM) of PCI34051 (Figure 3A). The HDAC8 selective inhibitor PCI34051 effectively reduced the isoproterenol-induced increase of cardiomyocyte size (Figures 3B,C). To determine whether PCI34051 can affect cardiac hypertrophic marker genes, we performed RT-PCR. The isoproterenol treatment significantly increased the mRNA levels of Nppa, Nppb, and Myh7 in H9c2 cells (Figures 3D−F); however, 10 and 100 nM of PCI34051 reversed this effect. The expression of transcription factors Sp1, Gata4, and Gata6 was also increased in response to isoproterenol stimulation and this effect was decreased by PCI34051 (Supplementary Figures S4A−C).
[image: Figure 3]FIGURE 3 | HDAC8 selective inhibitor attenuates isoproterenol-induced cardiac hypertrophy in H9c2 cells (A) H9c2 cells were treated with various concentrations of PCI34051 for 24 h and cell viability was evaluated (n = 12). NS = not significant (B) H9c2 cells were seeded in 12-well plates and serum starved overnight. Cells were treated with isoproterenol (10 μM) for 24 h in the presence of PCI34051 (100 nM) or vehicle (DMSO). Phalloidin staining was performed to determine cell size. Representative images (B) and quantification of cell size (C) are shown (n = 88–142). Scale bar = 50 μm ***p < 0.001; ###p < 0.001 (D−F) H9c2 cells were serum starved overnight and treated with vehicle or isoproterenol (10 μM, 6 h) in the presence or absence of PCI34051 (10 or 100 nM, 5 h). mRNA expression levels of Nppa (D), Nppb (E), Myh7 (F) were determined using RT-PCR (n = 6–9). *p < 0.05, **p < 0.01, and ***p < 0.001; #p < 0.05, ##p < 0.01, and ###p < 0.001. Data are presented as mean ± S.E. Statistics: one-way ANOVA followed by Bonferroni post hoc tests.
Overexpression of HDAC8 Induced Cardiac Hypertrophy in H9c2 Cells
To explore the role of HDAC8 in the isoproterenol-induced cardiac hypertrophy, the expression of HDAC8 was examined in hypertrophied mouse hearts. The mRNA levels of Hdac8 were significantly increased in isoproterenol-infused mouse hearts; however, this increase was reduced by the treatment with PCI34051 (Figure 4A). Similar results were obtained in the western blot analysis (Figures 4B,C). To test whether HDAC8 overexpression contributed to cardiac hypertrophy, H9c2 cells were transiently transfected with pCMV6-HDAC8-HA-myc plasmid. As expected, HDAC8 mRNA levels were higher in transfected cells compared with the control group (Figure 4D). HDAC8 overexpression significantly increased cell size (Figures 4E,F). Furthermore, HDAC8 overexpression increased the mRNA levels of Nppa and Nppb as confirmed by the RT-PCR analysis (Figure 4G). Consistent with gene expression results, HDAC8 overexpression resulted in higher protein levels of ANP and BNP compared with the control group (Figures 4H,I). We previously reported that HDAC2 directly induced cardiac hypertrophy and activated heat shock protein 70 (HSP70) in heart tissues (Kee et al., 2008). Therefore, we assessed whether there is a connection between HDAC8 and the expression of HDAC2 and HSP70. HDAC8 overexpression did not affect Hdac2 and Hsp70 mRNA levels (Supplementary Figures S5A,B).
[image: Figure 4]FIGURE 4 | Overexpression of HDAC8 induces cardiac hypertrophy in H9c2 cells (A) mRNA expression levels of HDAC8 in heart tissues from sham, ISP, and ISP + PCI34051 (30 mg/kg/day)-treated mice (n = 8). ***p < 0.001; ##p < 0.01 from one-way ANOVA followed by Bonferroni post hoc tests (B-C) Western blot analysis of HDAC8 and GAPDH (loading control) from the samples described in (A) (B) Representative blots (C) Quantification of HDAC8 (n = 4). **p < 0.01; ##p < 0.01 from one-way ANOVA followed by Bonferroni post hoc tests (D) H9c2 cells were transfected with pCMV6-HA-Myc or pCMV6-HDAC8-HA-Myc for 48 h Hdac8 mRNA expression levels. ***p < 0.001 from the Student’s t test (E) The transfected cells were fixed and stained using anti-HDAC8 antibody and Alexa Fluor 488 phalloidin. Scale bar = 50 μm. Red, green, and blue indicate HDAC8, actin filaments, and nuclei, respectively (F) Quantification of cell size (n = 70–75). ***p < 0.001 from the Student’s t test (G) Nppa and Nppb mRNA expression levels in these cells (n = 6). ***p < 0.001 from the Student’s t test (H) Western blot analysis for ANP, BNP, and HDAC8. Representative blots (I) Quantification of HDAC8, ANP, and BNP protein levels (n = 4). *p < 0.05, **p < 0.01, and ***p < 0.001 from the Student’s t test.
Knockdown of HDAC8 Reduced Isoproterenol-Induced Cardiomyocyte Hypertrophy in H9c2 Cells
Next, we investigated the effect of HDAC8 downregulation on cardiac hypertrophy in H9c2 cells. For that purpose, we reduced the endogenous HDAC8 expression by transfecting H9c2 cells with HDAC8 siRNA. HDAC8 siRNA transfection successfully silenced the mRNA levels of Hdac8 (Figure 5A). Similar to our previous experiments, Hdac8 mRNA levels were significantly induced in response to the isoproterenol stimulation, and this response was reversed in the HDAC8 siRNA-transfected cells (Figure 5A). Furthermore, HDAC8 downregulation did not affect the mRNA levels of Nppa and Nppb; however, the isoproterenol-induced Nppa and Nppb mRNA expression was significantly reduced by transfection with HDAC8 siRNA (Figures 5B,C). Similar results were also obtained in the western blot analysis (Figures 5D−F). To test whether HDAC8 knockdown had an effect on the cardiomyocyte size, phalloidin staining was performed. As shown in Figures 5G,H, there was no significant difference in cell size between control and HDAC8 siRNA without hypertrophic stimuli; however, in response to the isoproterenol stimulation, the cell size was significantly decreased in HDAC8 siRNA-transfected cells compared to control cells.
[image: Figure 5]FIGURE 5 | Knockdown of HDAC8 reduces isoproterenol-induced cardiomyocyte hypertrophy in H9c2 cells. H9c2 cells were transfected with control or HDAC8 siRNA and then stimulated with isoproterenol (10 μM) for 9 h (A–C) mRNA expression levels of Hdac8, Nppa, and Nppb in these cells (n = 8–9). ***p < 0.001; ###p < 0.001; @@@p < 0.001. NS = not significant (D-F) Representative western blot images (D) and quantification of HDAC8 (E) and BNP (F) protein levels (n = 5–6). ***p < 0.001; ###p < 0.001; @p < 0.05 and @@@p < 0.001 (G) Phalloidin-stained cells transfected with control or HDAC8 siRNA and then treated with isoproterenol (H) Quantification of cell size (n = 100–116). ###p < 0.001; @@@p < 0.001. NS = not significant. Data are presented as mean ± S.E. Statistics: one-way ANOVA followed by Bonferroni post hoc tests.
Inhibition or Silencing of HDAC8 Attenuated Isoproterenol-Induced p38 MAPK Signaling
To investigate whether HDAC8 regulates p38 MAPK signaling during the isoproterenol-induced cardiac hypertrophy, we performed western blot analysis. PCI34051 treatment decreased the phosphorylation levels of p38 in isoproterenol-stimulated hearts (Figures 6A,B). Next, we evaluated the effect of HDAC8 overexpression on p38 MAPK protein expression and activity. HDAC8 overexpression did not change total p38 MAPK protein levels; however, p38MAPK phosphorylation was increased (Figures 6C,D). Next, we assessed p38 MAPK expression in HDAC8 siRNA-transfected H9c2 cells. The knockdown of HDAC8 also significantly reduced the levels of phosphorylated p38 MAPK protein induced by isoproterenol (Figures 6E,F).
[image: Figure 6]FIGURE 6 | Inhibition or knockdown of HDAC8 attenuates isoproterenol-induced phosphorylation of p38 MAPK in vivo and in vitro(A) PCI34051 (30 mg/kg/day, PCI) was administered for 5 days after infusion of isoproterenol (ISP) in mice. Representative western blot images of phosphorylated p38 in heart tissues from sham, ISP, ISP + PCI34051 treated mice (B) Quantification of phosphorylated p38 protein levels (n = 6–8). **p < 0.01; ###p < 0.001 from one-way ANOVA followed by Bonferroni post hoc tests (C) H9c2 cells were transfected with pCMV6-HA-Myc or pCMV6-HDAC8-HA-Myc for 48 h. Representative western blot images of phosphorylated and total p38 in H9c2 cells (D) Quantification of phosphorylated p38 protein levels (n = 6). ***p < 0.001 from the Student’s t test (E) H9c2 cells were transfected with either control or HDAC8 siRNA and then stimulated with ISP for 9 h. Representative western blot images (F) Quantification of phosphorylated p38 (n = 5). ###p < 0.001; @@@p < 0.001 from one-way ANOVA followed by Bonferroni post hoc tests (I) Proposed model: HDAC8 functions as a novel therapeutic target in isoproterenol-induced cardiac hypertrophy.
Inhibition of p38 MAPK Reduces the Expression of Hypertrophic Markers
To further investigate the association between HDAC8 and p38 MAPK in cardiac hypertrophy, H9c2 cells were transfected with the pCMV6-HDAC8-HA-Myc plasmid and treated with p38 MAPK inhibitor SB203058 (1 μM; this concentration of SB203058 did not affect cell viability (Figure 7A). As expected, HDAC8 overexpression increased the levels of phosphorylated p38 MAPK, ANP, and BNP (Figures 7B−E), whereas SB203058 treatment significantly reduced the levels of phosphorylated p38 MAPK (Figures 7B,C). Interestingly, SB203058 treatment also decreased protein levels of ANP and BNP (Figures 7B−E); however, HDAC8 protein expression was not affected by p38 MAPK inhibitor treatment (Figures 7B,F).
[image: Figure 7]FIGURE 7 | Inhibition of p38 MAPK reduces the expression of cardiac hypertrophic markers induced by HDAC8 overexpression (A) H9c2 cells were treated with SB203580 (0.1, 1, 3, and 10 μM) for 24 h and cell viability was evaluated (n = 4). **p < 0.01 and ***p < 0.001. NS = not significant (B) H9c2 cells were transfected with either pCMV6-HA-Myc or pCMV6-HDAC8-HA-Myc and treated with SB203580 (1 μM) for 24 h. Representative western blot images of p-p38, t-p38, ANP, BNP, and HDAC8 (C−F) Quantification of p-p38, ANP, BNP, and HDAC8 protein levels (n = 4). ***p < 0.001; ###p < 0.001. NS = not significant.
DISCUSSION
In this study, we identified HDAC8 as a mediator of hypertrophy and fibrosis. Our results showed that isoproterenol, a non-selective beta adrenergic agonist, induced HDAC8, cardiac hypertrophic marker genes, p38 MAPK, and fibrosis-related genes. The treatment with PCI34051, an HDAC8 selective inhibitor, ameliorated cardiac hypertrophy and fibrosis (Figure 8). Furthermore, we observed that cardiac hypertrophy was successfully reversed by PCI34051. Our findings also demonstrated that PCI34051 was well tolerated in mice at the concentrations of up to 30 mg/kg/day.
[image: Figure 8]FIGURE 8 | Proposed role of HDAC8 in cardiac hypertrophy and fibrosis. Beta-adrenergic agonist isoproterenol increases the expression of HDAC8. Higher levels of HDAC8 induce p38 MAPK phosphorylation and increase the expression of cardiac hypertrophic markers ANP and BNP. PCI34051, a selective inhibitor of HDAC8, retards cardiac hypertrophy and fibrosis by inhibiting p38 MAPK activity.
Among the 18 mammalian HDACs, HDAC2 acts as a pro-hypertrophic regulator of cardiac hypertrophy development by modulating the GSK3β or kruppёl like factor 4 activity (Trivedi et al., 2007; Kee et al., 2008; Kee and Kook, 2009). HSP70 is the interacting partner of HDAC2 and its expression is increased by hypertrophic stimuli. Indeed, Hsp70 mRNA levels were increased in response to the isoproterenol stimulation (Supplementary Figure S7). In this study, HSP70 did not physically interact with HDAC8 (Supplementary Figure S7), suggesting that the association with HSP70 was specific to HDAC2. Moreover, HDAC8 did not influence Hdac2 and Hsp70 expression. These findings indicate that HDAC8 has a distinct regulatory mechanism in the cardiac hypertrophy control.
Here we present novel findings demonstrating that, besides HDAC2, HDAC8 is directly implicated in cardiac hypertrophy. We elucidated the role of HDAC8, first, by inhibiting HDAC8 activity (using a specific pharmacological inhibitor and siRNA), and, second, by overexpressing HDAC8. PCI34051, an HDAC8 selective inhibitor, attenuated cardiac hypertrophy, as determined by HW/BW and HW/TL ratios, cross-sectional areas, and left ventricular posterior and septum thickness in isoproterenol-infused mice. In the H9c2 cells, the isoproterenol-induced increase in cell size was reduced by the PCI34051 treatment. PCI34051 also significantly suppressed the expression of cardiac hypertrophic marker genes, including Nppa, Nppb, Myh7, as well as transcription factors Sp1, Gata4, and Gata6, both in vivo and in vitro. These observations demonstrate that HDAC8 could be a novel therapeutic target for the treatment of cardiac hypertrophy.
To confirm the involvement of HDAC8 in the regulation of cardiac hypertrophy, we used a selective inhibitor and a knockdown technique. Previous studies reported that non-specific class I HDAC or pan-HDAC inhibitors suppressed cardiac hypertrophy (Cao et al., 2011; Morales et al., 2016). In the present study, PCI34051, the selective inhibitor of HDAC8 (a class I HDAC) was used to demonstrate the pro-hypertrophic function of HDAC8. Our previous study showed that the treatment of vascular smooth muscle cells with PCI34051 attenuated the angiotensin II-induced vascular hypertrophy through the reduction of GATA6 expression (Kee et al., 2019). Here we observed that the HDAC8 selective inhibitor significantly reduced Gata4 and Gata6 mRNA levels in H9c2 cells.
One of the interesting findings was the observation that HDAC8 mRNA and protein levels increased in response to the isoproterenol stimulation. In addition to the hypertrophic stimulus, HDAC8 can be induced by the exposure to other stresses, such as hypoxia and UV irradiation (Emmons et al., 2019). Unlike HDAC8, the enzyme activity of another class I HDAC, HDAC2, but not the expression, was increased in response to several hypertrophic stimuli (Kee et al., 2008). Furthermore, the phosphorylation of HDAC2 by casein kinase 2α1 is required for cardiac hypertrophy (Eom et al., 2011). However, the significance of HDAC8 phosphorylation in cardiac hypertrophy is not yet known. Overexpression of HDAC2 in cardiomyocytes or in transgenic mice induces hypertrophy (Trivedi et al., 2007; Kee et al., 2008). In the present study, the overexpression of HDAC8 in H9c2 cells resulted in an increased cell size and higher levels of hypertrophic marker genes. These findings suggest that HDAC8 is directly related to the induction of cardiac hypertrophy.
Several HDAC inhibitors have been demonstrated to inhibit fibrosis following a variety of stimuli (Nural-Guvener et al., 2014; Yoon et al., 2019). Although there is no direct evidence of the HDAC2 involvement in fibrogenesis, it was reported that HDAC2 knockdown decreased collagen type I and SMA in cardiac fibroblasts (Jin et al., 2017; Yang et al., 2020). We showed that HDAC8 regulated cardiac fibrosis-related genes in vivo. The PCI34051 treatment reduced cardiac fibrosis in heart tissues. The fibrotic markers, including collagen type I, fibronectin, Ctgf, SMA, and TGF-β1, were significantly decreased by the HDAC8 selective inhibitor. The Picro-Sirius Red staining showed reduced collagen deposition in heart tissues treated with the HDAC8 selective inhibitor. Based on our results, we propose that HDAC8 induces cardiac fibrosis.
Our results showed that HDAC8 overexpression enhanced the mRNA and protein levels of hypertrophic markers (ANP and BNP). In addition to heart, HDAC8 has been reported to play an important role in the brain skull development (Haberland et al., 2009). In humans, loss-of-function HDAC8 mutations cause Cornelia de Lange syndrome with multisystem genetic disorders (Kaiser et al., 2014). HDAC8 is also associated with cancer (Chakrabarti et al., 2015). We and another group showed that HDAC8 is implicated in vascular contractility in hypertension (Li et al., 2014; Kee et al., 2019).
Many signaling pathways, including the MAPK pathway, calcineurin, and small G proteins, are involved in promoting cardiac hypertrophy (Molkentin et al., 1998; Ruwhof and van der Laarse, 2000; Frey et al., 2004). Here we show that p38 MAPK activation was observed in response to the isoproterenol stimulation both in heart tissues and in cells. Furthermore, p38 MAPK phosphorylation was suppressed by HDAC8 inhibition or knockdown and increased by HDAC8 overexpression. These observations suggest that p38 MAPK is a downstream target of HDAC8 and is implicated in the development of cardiac hypertrophy. There are conflicting reports regarding the role of p38α in the regulation of cardiac hypertrophy. For example, cardiac-specific p38α knockout mice did not show cardiac hypertrophy compared to control mice (Nishida et al., 2004), whereas fibroblast-specific p38α knockout mice were protected from isoproterenol-induced cardiac hypertrophy and fibrosis (Bageghni et al., 2018). These differences are possibly due to a cell-specific response (cardiomyocytes vs. fibroblasts). Furthermore, p38α was shown to be related to pressure-overload-induced heart failure, while p38β was found to be associated with compensatory hypertrophy (Hunter and Chien, 1999).
In response to various injuries or stress, cardiac fibroblasts contribute to the processes involved in cardiac remodeling, including inflammation, fibrosis, and hypertrophy. p38 MAPK plays a central role in regulating fibrosis (Turner and Blythe, 2019). Consistent with our findings, a previous study showed that the activation of p38 MAPK contributes to right ventricular hypertrophy and fibrosis (Kojonazarov et al., 2017). The authors of the study demonstrated that either p38 inhibitor or p38 knockdown suppressed TGF-β-induced SMAD2/3 phosphorylation and SMA expression. In addition, p38 inhibitor (SB203580) reportedly reduced pressure overload-induced left ventricular cardiac hypertrophy and fibrosis (Zhang et al., 2019). Consistent with these findings, here we showed that p38 MAPK inhibitor SB203058 decreased the expression of cardiac hypertrophy markers ANP and BNP, while their levels were increased by HDAC8 overexpression. However, in addition to p38 MAPK inhibition, SB203580 also affects the function of other kinases: it has been reported that this inhibitor decreased the phosphorylation of cAMP response element-binding protein by casein kinase 1 (Shanware et al., 2009).
microRNAs are another class of molecules involved in the regulation of gene expression. Yan et al. reported that miR-21–3p regulates cardiac hypertrophy by targeting HDAC8. The authors also showed that HDAC8 regulates cardiac hypertrophy via the Akt/GSK3β pathway (Yan et al., 2015), further supporting our findings.
One of the limitations of our study was the use of a single hypertrophic stimulation, both in vivo and in vitro. Additional pathological stresses, such as pressure-overload or hypertension, could have been used in the animal model to further confirm our results. Another limitation is the use of H9c2 rat cardiomyoblast cell line as the in vitro model system. Even though H9c2 cells respond to cardiac hypertrophy in a manner very similar to primary cardiomyocytes, H9c2 cells lack mature sarcomere organization and do not spontaneously beat (Peter et al., 2016).
In conclusion, our results demonstrated that HDAC8 functions as a pro-hypertrophic mediator in the heart. We provide evidence that HDAC8 activity and expression partially contribute to the development of cardiac hypertrophy. Targeting HDAC8 could be a novel therapeutic strategy for the treatment of cardiac hypertrophy.
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AIM: To examine the effect of resveratrol (RSV) on bone marrow mesenchymal stem cells (BMSCs) under hyperglycemic conditions and on BMSCs transplantation in diabetic rats with myocardial infarction (MI).
METHODS:In vitro, BMSCs were isolated from 3-week-old male Sprague Dawley (SD) rats and cultured under hyperglycemic conditions for up to 28 days. Cell viability was analyzed by cell counting kit-8 (CCK-8) assays. The expression of miR-34a was measured by RT-qPCR. Western blotting was used to examine the protein expression of SIRT1, P21, P16, VEGF and HIF-1α. A senescence-associated β-galactosidase assay was used to examine the senescence level of each group. In vivo, a diabetes model was established by feeding rats a high-sugar and high-fat diet for 8 weeks, injecting the animals with streptozotocin (STZ) and continuing high-sugar and high-fat feeding for 4 additional weeks. Then, left anterior descending coronary artery (LAD) cessation was used to established the myocardial infarction (MI) models. Each group of rats was transplanted with differentially preconditioned BMSCs after myocardial infarction. Ultrasound was used to analyze cardiac function 1 and 3 weeks after the operation, and frozen heart sections were used for immunohistochemical analysis, Masson staining and CD31 measurement. In addition, ELISA analysis of serum cytokine levels was performed.
RESULTS: This study showed that the viability of BMSCs cultured under hyperglycemic conditions was decreased, the cells became senescent. Besides, an obviously increased in the expression of miR-34a was detected. Moreover, RSV preconditioning reduced the expression of miR-34a in BMSCs after high glucose stimulation and rejuvenated BMSCs under hyperglycemic conditions. Further analysis showed that the transplantation of RSV-BMSCs were benefit to heart recovery following infarction in diabetic rats, promoted proangiogenic factor release and increased arteriole and capillary densities.
CONCLUSION: RSV rejuvenated BMSCs after chronic hyperglycemia-induced senescence by interacting with miR-34a and optimized the therapeutic effect of BMSCs on diabetes with myocardial infarction.
Keywords: resveratrol, microrna-34a, bone marrow-derived mesenchymal stem cells, diabetes mellitus, myocardial infarction, senescence
INTRODUCTION
Cardiovascular diseases are the leading causes of morbidity and mortality worldwide and affect millions of individuals each year. Among which complicated with diabetes mellitus (DM) develop a two to five fold higher risk of heart failure compared with those without (GBD 2017 Causes of Death Collaborators, 2018). It is predicted that the prevalence of patients with DM will increase to 5.4% by the year 2025 and will affect about 300 million people worldwide (Kannel and McGee, 1979; King et al., 1998; Kanters et al., 1999). The huge health and economic burden promote us to take strategies to relieve the cardiac injury in DM patients.
In recent years, stem cell therapy has attracted much attention in promoting myocardial repair and the recovery of cardiac function after myocardial infarction, and considerable results in animal experiments and clinical trials have been achieved (Trounson and McDonald, 2015). Besides, stem cells infusion is reported to ameliorate cardiac fibrosis and dysfunction in diabetic cardiomyopathy rats (Jin et al., 2020), and promote angiogenesis, decrease the infiltration of immune cells and collagen deposition in diabetes (Ammar et al., 2015). However, diabetic stem cells are significantly impaired in their ability to improve cardiac function after myocardial infarction compared with control ones (Govaert et al., 2009). Studies have shown that bone marrow mesenchymal stem cells (BMSCs) cultured under high glucose conditions display a senescent phenotype (Chang et al., 2015), which may explain the low efficiency of autologous stem cell transplantation in diabetic patients with myocardial infarction. Therefore, improving the function and transplantation ability of diabetic BMSCs has become an appealing topic.
Resveratrol (RSV) is a nonflavonoid polyphenol compound that can inhibit formation of atherosclerotic plaques and reduce inflammation in the vascular endothelium. RSV has been shown to prevent the progression of heart failure and improve cardiac function and survival in animal models of myocardial infarction-induced heart failure. Studies have also shown that systemic RSV combined with the transplantation of RSV-preconditioned stem cells can maximize the antifibrotic effects in the treatment of diabetic cardiomyopathy (ShamsEldeen et al., 2019). However, whether RSV can rejuvenate BMSCs and improve transplantation ability in DM rats with myocardial infarction and the precise mechanism is not clear.
MicroRNAs are endogenous noncoding RNAs. Studies have shown that a variety of miRNAs, such as miR-25 (Wang et al., 2020) and miR-34a (Shao et al., 2018), play important roles in the occurrence and development of cardiovascular diseases. Among them, miR-34a plays an important role in promoting the aging process in BMSCs (Fulzele et al., 2019). Our previous study showed that the expression of miR-34a increased significantly upon ischemic/hypoxic condition, and miR-34a mimic pretreated BMSCs exhibited decreased cell ability, increased cell apoptosis rate and cell senescence under the ischemic and hypoxic environment (Zhang et al., 2015). Studies have shown that RSV protects cardiomyocytes against hypoxia/reoxygenation injury through the miR-34a/SIRT1 signaling pathway (Yang et al., 2016). Whether miR-34a is involved in the effects of RSV on BMSCs under hyperglycemic conditions needs further study.
Based on this background, the purpose of the present study was to examine whether RSV could attenuate BMSCs senescence under high glucose conditions, improve BMSCs transplantation ability in rats with diabetes and myocardial infarction and provide a strategy for the clinical application of autologous diabetic BMSCs transplantation in the treatment of myocardial infarction.
MATERIALS AND METHODS
Isolation and Culture of Bone Marrow Mesenchymal Stem Cells
BMSCs were cultured using the whole bone marrow adherence method, as described previously (Zhang et al., 2015). Briefly, total bone marrow was harvested from the femora of rats and plated in 21 cm2 culture flasks in Dulbecco’s modified Eagle’s medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, United States) supplemented with 10% fetal bovine serum (Beyotime Institute of Biotechnology, Haimen, China) and 1% penicillin/streptomycin (Beyotime Institute of Biotechnology, Haimen, China) at 37°C with 5% CO2. After 3 days, the medium was replaced, and the nonadherent cells were discarded. The medium was completely replaced every 3 days thereafter. Approximately 7–9 days after seeding, the cells became 70–80% confluent. The adherent cells were released from the dishes using 0.25% trypsin (Beyotime Institute of Biotechnology, Haimen, China) and expanded at a 1:2 or 1:3 dilution. All in this study were performed using bone marrow mesenchymal stem cells from the third to fifth generation.
Resveratrol Treatment
RSV was purchased from Sigma. RSV was dissolved in dimethyl sulfoxide (DMSO) at a concentration of 1 M and then diluted with media to 1 mM (containing 0.1% DMSO). BMSCs were seeded at a density of 2 × 104 cells/cm2 and treated with 0, 1, 2, and 3 μM RSV. After 96 h, BMSCs viability was analyzed.
Cell Viability Assay
BMSCs viability was examined using the cell counting kit-8 (CCK-8) assay (Dojindo, Japan) in accordance with the manufacturer’s protocols. Cells were seeded in a 96-well plate (5,000 cells per well), and then 10 μl of CCK-8 was added to the culture medium and incubated for 2 h. The absorbance of each well was measured at 450 nm. All data were calculated from triplicate samples.
Establishment of the High Glucose Bone Marrow Mesenchymal Stem Cells Model
BMSCs were cultured in normal glucose (5.5 mM glucose) or DMEM/HG (25 mM glucose). The cells were passaged when they had grown to 70∼80% confluence and were then cultured for 4 weeks for follow-up experiments. The HG group was then treated with different stimuli including RSV, miR-34a mimic or inhibitor.
Cell Transfection
BMSCs from each group were seeded in a 6-well plate at 2 × 105 cells per well and cultured overnight. BMSCs were transfected for 48 h with different concentrations (20, 30, 40, and 50 nM) of the miR-34a mimic/inhibitor to overexpress/silence miR-34a, respectively, according to the instructions of X-treme siRNA transfection reagent. Real-time fluorescent quantitative polymerase chain reaction (RT-qPCR) was used to determine the transfection efficiency.
Extraction and Quantitative RT-Polymerase Chain Reaction
After the BMSCs in each group were treated, total RNA was extracted by the TRIzol method, and RT-qPCR was carried out using a two-step method according to the instructions. The upstream and downstream primers of miR-34a and U6 were designed and synthesized by Beijing Tiangen Biochemical Technology Co., Ltd. The 2-ΔΔCt method was used for relative quantitative analysis. Table 1 presents all related gene sequences.
TABLE 1 | Primers for qRT-PCR and oligonucleotide.
[image: Table 1]Western Blot Analysis
Total cellular protein was extracted from BMSCs or heart sections from the different treatment groups. The cells or tissues were washed in cold PBS, and total protein was extracted using RIPA lysis buffer supplemented with a protease inhibitor cocktail. The total protein concentration was analyzed using the bicinchoninic acid assay according to the manufacturer’s instructions. Total extracts (50 μg of total protein) were separated by 8 and 10% SDS-PAGE gels and transferred onto polyvinylidene difluoride (PVDF) membranes. After the membranes were blocked with fat-free milk, the membranes were incubated overnight at 4°C with the following primary antibodies: p21 (1:1,000), p16 (308) (1:1,000) (both from Hua’an Biotechnology Co., Ltd., Zhejiang, China), SIRT1 (1:1,000) (Cell Signaling Technology), HIF-1α (1:1,000) (Santa Cruz Biotechnology Co., Ltd., United States) and VEGF (1:1,000) (Servicebio, Wuhan, China). The membranes were washed with TBST and then incubated with secondary antibodies (goat anti-rabbit IgG) diluted at 1:5,000 for 1 h at room temperature. ImageJ was used to quantify the band intensities after the membranes were stained according to the BeyoECL Plus kit instructions.
Senescence-Associated β-galactosidase Staining
SA-β-gal staining was performed using a senescence-associated β-galactosidase staining kit (Beyotime Biotechnology, China) according to the manufacturer's protocol. The cells were fixed in β-galactosidase fixation buffer for 15 min at room temperature and were then stained with SA-β-gal staining solution overnight at 37°C. SA-β-gal-positive cells exhibited blue coloration. The number of positive cells was counted under a phase-contrast microscope. The experiment was repeated three times in each group.
Establishment of an Sprague Dawley Rat Model of Diabetes With Myocardial Infarction
After 1 week of adaptive feeding, normal male SD rats were fed a high-sugar and high-fat diet for 8 weeks. After 12 h of fasting without water, a single intraperitoneal injection of 1% STZ in citrate buffer (25 mg/kg) was administered to establish a type 2 diabetes model. At 72 h after the injection and after being fasted without water for 8 h, blood samples from the tail vein of each rat was used to measure the blood glucose level; a blood glucose level ≥ 11.1 mmol/L was considered successful. After successful establishment of the type 2 diabetes model, the rats continued to be fed a high-sugar and high-fat diet for 4 weeks for subsequent experiments. To establish the MI model, the rats in each group were fasted for 8 h and were not allowed water for 4 h before the operation. After successful anesthesia, the rat was connected to a BL-420S biorecorder and ventilator, and the parameters of the ventilator were adjusted as follows: 30 ml/kg tidal volume, 80 times/min respiratory rate, and 1:2 respiratory ratio. After sterilization and thoracotomy, a 6–0 nylon thread was used to ligate the anterior descending coronary artery at the upper 1/3 of the connection between the edge of the left atrial appendage and the cardiac apex. After treatments in each group, the serum-free BMSCs suspension was injected intramuscularly at four sites around the border zone of the infarcted heart.
Echocardiography
Rats in each experimental group underwent echocardiography (Philips IE33; probe: Philips S12–4) at 1 and 3 weeks after surgery. The long axis view of the left ventricle was taken during the ultrasound examination, and the detection indicators were measured in three consecutive cardiac cycles and averaged.
Masson’s Staining
After echocardiography assessment at 3 weeks after MI, all rats were sacrificed, and the heart tissues were harvested, embedded, and sectioned. The infarction size of the rat heart, as evidenced by fibrosis, was examined by a Masson’s staining kit according to the manufacturer's protocol (HT15, Sigma).
Immunohistochemistry
To determine the blood vessel density in the heart tissue in the different groups, the heart sections were immunohistochemically stained for CD31 (1:2,000; Servicebio, Wuhan, China). The capillary and arteriole densities are expressed as the average number of CD31-positive blood vessels per field (×10).
Cytokine Measurement Via Enzyme-Linked Immunosorbent Assay
VEGF and HIF-1α concentrations were assessed in the serum of rats by standard sandwich ELISA (Wuhan Yunkelong Technology Co., Ltd., Hubei, China) according to the manufacturer’s instructions. The concentrations of VEGF and bFGF are expressed in nanograms per milliliter and were calculated based on calibration curves constructed from serial dilutions of recombinant standards. The sensitivity of the VEGF and bFGF assays was 2 pg/ml.
Statistical Analysis
All data were analyzed using GraphPad Prism seven and are expressed as the mean ± standard deviation (SD). Comparisons between two groups were performed using Student’s t tests, while the significance of differences between three or more experimental groups was determined by one-way analysis of variance. A value of p < 0.05 was considered statistically significant.
RESULTS
Hyperglycemia Damages Bone Marrow Mesenchymal Stem Cells Functions
The CCK-8 results showed that under hyperglycemic conditions, BMSCs exhibited impaired cell proliferation (Figure 1A). SA-β-galactosidase staining showed that BMSCs exposed to high glucose conditions became senescent over time (Figure 1B). In addition, the expression of p21 and p16 in BMSCs cultured in high glucose was also significantly higher than that in BMSCs cultured in normal glucose (Figures 1D,E), which indicated that under chronic hyperglycemic conditions, BMSCs had reduced viability and a significant tendency to become senescent. We then used qRT-PCR to measure the expression of miR-34a and found that miR-34a expression was significantly increased in BMSCs under high glucose conditions (Figure 1C), suggesting a connection between miR-34a and cellular dysfunction under hyperglycemic conditions.
[image: Figure 1]FIGURE 1 | Hyperglycemia damage BMSCs’ cell function. (A) BMSCs were cultured in normal-glucose medium and high-glucose medium. The viability of BMSCs was detected by CCK8 assay. *p < 0.05. (B) SA-β-galactosidase staining experiment was used to detect the senescence level between NG group and HG group cells. ***p < 0.001. (C) the expression of miR-34a was determined by qRT-PCR. ***p < 0.001 (D,E) Western blot analysis showed the expression levels of senescence-related proteins P21 and P16 in NG group and HG group. ***p < 0.001.
Resveratrol Treatment Increases Bone Marrow Mesenchymal Stem Cells Viability and Reduces miR-34a Expression Under Hyperglycemic Conditions
RSV has been reported to have antioxidative, anti-inflammatory, antiapoptotic and other effects (Hu and Li, 2019; Yanez et al., 2019; Zhang X. L. et al., 2020). To clarify the effect of RSV on stem cells, BMSCs were cultured with different concentrations of RSV for different times. As shown in Figure 2A, RSV promoted the viability of BMSCs at a concentration of 2 µM and a treatment time of 96 h. To further confirm the interaction of RSV and miR-34a in BMSCs under high glucose conditions, we used qRT-PCR to measure the expression of miR-34a (Figure 2B), and the results showed that hyperglycemia increased miR-34a expression, while RSV reversed this effect under hyperglycemic conditions.
[image: Figure 2]FIGURE 2 | RSV treatment increases BMSCs viability and reduces miR-34a expression under hyperglycemic conditions. (A) The effects of different concentrations (1umol/L, 2umol/L, 3umol/L) of RSV pretreatment for different time on the activity of BMSCs. (B) qRT-PCR analysis was applied to detect the expression of miR-34a in each group. ***p < 0.001 vs NG, ###p < 0.001 vs HG.
Resveratrol Treatment Reduces Bone Marrow Mesenchymal Stem Cells Senescence Under Hyperglycemic Conditions by Regulating miR-34a Expression
To examine whether RSV participates in the regulation of BMSCs function under high glucose conditions through regulating miR-34a, we transfected miR-34a mimic, miR-34a inhibitor or miR-34a NC into BMSCs. To verify the optimal transfection efficiency of the miR-34a mimic/inhibitor, we transfected BMSCs with different concentrations of the miR-34a mimic and inhibitor, and the results showed that the optimal transfection concentration was 20 nM (Figures 3A–C). Western blotting was used to detected the expression of P21 and P16 in each group. As shown in Figures 3D,E, P21 protein expression increased in the HG group compared with the NG group, miR-34a mimic aggravated the P21 expression of HG, while RSV and miR-34a inhibitor reversed this effect of HG. Furthermore, compared with HG + miR-34a mimic group, RSV alleviated the effect of the miR-34a mimic on aggravating P21 protein expression. Similar result could be found in p16 protein expression (Figures 3D–F).
[image: Figure 3]FIGURE 3 | RSV treatment reduces BMSCs senescence under hyperglycemic conditions by regulating miR-34a expression (A–C) Quantitative RT-PCR was used to determine the optimal transfection concentration of miR-34a mimic and inhibitor of different concentrations. ***p < 0.001 vs HG. (D–G) Western blot analysis shows the expression of SIRT1and senescence-related proteins P21 and P16 in each. group of cells. Each column represents mean ± SD from three independent experiments. **p < 0.01, ***p < 0.001 vs NG. ###p < 0.001 vs HG. @@@p < 0.001 vs HG + miR-34a mimic. &&&p < 0.001 vs HG + miR-34a NC. $$$p < 0.001 vs HG + miR-34a inhibitor. ^^^p < 0.001 vs HG + RSV. (H,I) SA-β-galactosidase staining is used to judge the senescence degree of each group of cells. ***p < 0.01, ***p < 0.001 vs NG. ###p < 0.001 vs HG. @@@p < 0.001 vs HG + miR-34a mimic. &&&p < 0.001 vs HG + miR-34a NC. $$$p < 0.001 vs HG + miR-34a inhibitor. ^^^p < 0.001 vs HG + RSV.
SIRT1 was verified to be the direct target of miR-34a in our previous study, and we further examined whether SIRT1 could be regulated by RSV upon hyperglycemia. As shown in Figure 3D, HG reduced the expression of SIRT1, and miR-34a mimic aggravated the down-regulation of SIRT1 expression, while the miR-34a inhibitor increased the SIRT1 expression. Besides, RSV also reversed this effect of HG on SIRT1 expression and RSV could alleviated the effect of the miR-34a mimic on SIRT1 expression.
To further examine the senescence of cells in each group, we performed β-galactosidase staining to determine the effects of RSV and miR-34a on the regulation of BMSCs senescence. Consistent with the expression of senescence-related proteins, we found that RSV alleviated BMSCs senescence by inhibiting the hyperglycemia-induced expression of miR-34a (Figures 2H,I).
Resveratrol-Bone Marrow Mesenchymal Stem Cells Transplantation Improves Cardiac Function Following Infarction in Diabetic Rats
In vivo experiments were performed following the protocol as shown in Figure 4. To further verify the therapeutic effect after transplantation, we injected BMSCs from each group immediately after myocardial infarction. The ST segment of the electrocardiogram was significantly elevated after the anterior descending branch was ligated, which is an indicator of myocardial infarction (Figure 5A). Ultrasonography was performed to observe changes in heart function in rats in each group at 1 and 3 weeks. Then, the rats were sacrificed, and the frozen heart sections was analyzed. Masson staining showed that the myocardial infarction group had substantial blue-stained fibrous tissue in the heart compared with that in the sham group (Figure 5B). QRT-PCR was performed to detect the expression of miR-34a in the MI hearts after different treatments (Figure 5C). MiR-34a was significant elevated in the MI group.
[image: Figure 4]FIGURE 4 | Experimental protocol of the in vivo test. Normal male SD rats were fed with high-sugar and high-fat diet for 8 weeks. 1% STZ was injected with 25 mg/kg establish a type 2 diabetes model. The rats continued to be fed with high-sugar and high-fat diet for 4 weeks. Then the LAD were ligated and BMSCs with different stimulation were transplanated into the border of the infarction area. 1 week after this surgery, echocardiography was taken to measured the cardiac function and 3 weeks after, these rat were sacrificed for further studies.
[image: Figure 5]FIGURE 5 | RSV-BMSC transplantation improves cardiac function following infarction in diabetic rats (A,B) Electrocardiogram and Masson staining were used to detect the establishment of a rat model of diabetes with myocardial infarction. (C) qRT-PCR analysis was applied to detect the expression of miR-34a in each group. (D,E) Echocardiography showed the heart function in the control group and the experimental group at 1 and 3 weeks after operation. (F) Masson staining were used to detect in the control group and the experimental group at 3 weeks after operation. ***p < 0.001 vs DM. ##p < 0.01, ###p < 0.001 vs DM + MI. @@p < 0.01, @@@p < 0.001 vs DM + MI + NG. &&p < 0.01, &&&p < 0.001 vs DM + MI + HG.
Compared with that in the sham group, the left ventricular ejection fraction (LVEF) in the MI group decreased at 1 and 3 weeks (Figures 5D,E), which suggested the myocardial contractility reduction in myocardial infarction. When BMSCs were transplanted into the infarction area, the LVEF was moderately elevated. However, compared with that in the NG BMSCs group, the LVEF was reduced in the HG BMSCs group, but this effect was partially ameliorated in the RSV HG group, indicating that RSV + HG BMSCs were superior to HG BMSCs in improving heart function following MI (Figures 5D,E). In addition, compared to those in the HG BMSCs group, the LV end-diastolic dimension (LVIDd) and end-systolic dimension (LVIDs) were significantly decreased in the RSV BMSCs group (Figures 5D,E). Furthermore, masson's trichrome staining was performed to detect the infarct size, and we could found that the infarct size was higher in the HG BMSCs group than in the NG BMSCs group (Figure 5F), while RSV BMSCs showed benefit to the cardiac recovery after myocardial infarction compared with those in the HG BMSCs group.
Resveratrol-Bone Marrow Mesenchymal Stem Cells Enhance Angiogenesis in the Infarcted Hearts of Diabetes Mellitus Rats
To determine the angiogenic effects of BMSCs transplantation, serum and heart sections were analyzed by ELISA and WB to determine the expression of the proangiogenic factors HIF-1α and VEGF, and the arteriole and capillary densities were examined by CD31 staining in rat hearts at 3 weeks after transplantation. As shown in Figure 6A, the expression of HIF-1α and VEGF was increased in the MI group compared with the sham group. In the NG BMSCs-treated group, the expression of these proteins was obviously increased compared with that in the MI group, but in the HG BMSCs transplant group, there was little change in HIF-1α or VEGF production. When RSV-preconditioned BMSCs were transplanted into the infarction area, proangiogenic factors were greatly increased compared with those in the HG BMSCs group. Consistent with these findings, similar results were found regarding the protein expression of HIF-1α and VEGF in frozen heart sections (Figure 6B). Compared with that in the MI group, the arteriole density was significantly increased in the NG BMSCs-treated group, but in the HG BMSCs-treated groups, there were only slight increases in CD31 expression and arteriole density (Figure 6C). Compared with the HG BMSCs-treated group, the RSV + HG BMSCs-treated group showed higher capillary density.
[image: Figure 6]FIGURE 6 | RSV-MSCs enhance angiogenesis in the infarcted hearts of DM rats (A) ELISA was used to detect the pro-angiogenic factor of HIF-1α and VEGF expression, (B) and WB was used to detect the protein expression of HIF-1α and VEGF in the heart section. (C) Representative images of CD31 staining and quantitative analysis of the density of arterioles of heart tissue from control group and experimental group. Scale bar = 100 μm. Data are expressed as the mean ± SEM. *p < 0.05 vs DM sham. ##p < 0.01 vs DM + MI. &p < 0.001 vs DM + MI + NG. @p < 0.05 vs DM + MI + HG.
Collectively, these findings suggest that RSV-BMSCs transplantation enhances angiogenesis in infarcted hearts in DM rats, suggesting an effective method of autologous stem cell transplantation to treat diabetic patients with myocardial infarction.
DISCUSSION
Epidemiology, the mortality rate for cardiovascular diseases (CAD) is about 12% of total death causes and affected the population aged between 35 and 74 years (Moran et al., 2014). Diabetes mellitus (DM) increases the risk of developing cardiovascular disease. The prevalence of DM is estimated to increase to 5.4% in 2025 and will affect about 300 million population worldwide (Kannel and McGee, 1979; King et al., 1998; Kanters et al., 1999). Indeed, patients with type 2 diabetes who have not had a MI have a risk of infarction similar to that among nondiabetic patients who have had a prior MI (Haffner et al., 1998). Cardiovascular outcomes, hospitalization and prognosis are worse for patients with diabetes relative to those without. Therefore, strategies to help reduce the global burden of MI with DM are pivotal.
With the development of cell and tissue engineering, stem cells have rapidly become a hot topic in various fields due to their powerful reparative functions. In recent years, a large number of clinical and animal experiments have proven BMSCs transplantation can help reduce myocardial infarction injury and improve cardiac function (Liang et al., 2014; Li et al., 2018). MSCs transplantation showed a significant reduction of systolic blood pressure associated with improvement of cardiac contractility in the diabetes rats (Abdel Aziz et al., 2008). Among the different sources of MSCs, syngeneic BMSCs transplantation are better than allogeneic BMSCs transplantation on the long-term effects of recovery heart function resulting from the more cell survival due to low immunorejection (Mahmoud et al., 2019). However, in a study by Govaert et al. (2009), the researchers transplanted diabetic and normal mouse bone marrow mononuclear cells into the myocardial infarction area of diabetic mice and found that the transplanted cells from diabetic mice did not improve the ejection fraction in mice with myocardial infarction.
In-depth studies have shown that under high glucose conditions, BMSCs exhibit increased senescence and decreased proliferation. This may partly be regulated by regulating the Akt/mTOR pathway (Zhang et al., 2017). Senescent cells are major contributors to impaired function and increased mortality following MI, while pharmacological clearance of senescent cells improves survival and recovery in aged mice following acute myocardial infarction (Walaszczyk et al., 2019). In accordance with the previous study, the present study showed that under chronic hyperglycemic conditions, BMSCs showed impaired viability and became senescence, which can be seen in decreased CCK-8 vitality and inhibited expression of p21 and p16, as well as the SA-β-gal staining.
RSV is a nonflavonoid polyphenol compound. Research on the protective effect of RSV on the cardiovascular system has attracted much attention, and its antioxidative and antiatherosclerotic effects have been confirmed. ShamsEldeen et al. (2019) showed that systemic RSV combined with RSV-preconditioned mesenchymal stem cells to treat diabetic cardiomyopathy can maximize antifibrotic effects. In addition, studies have shown that RSV can reduce the senescence of adipose-derived mesenchymal stem cells (ADMSCs) and improve their paracrine functions, and this effect occurs by upregulating the expression of Pim-1 through the PI3K/AKT pathway (Lei et al., 2016). Whether RSV can rejuvenate BMSCs and improve transplantation ability in DM rats with myocardial infarction and the precise mechanism is not clear. In the present study, we found that RSV increased cell viability. Moreover, RSV could reverse the up-regulation of miR-34a mimic induced by hyperglycemia.
MiR-34a belongs to one of several evolutionarily conserved families of miRNAs, namely miR-34 (He et al., 2007). MiR-34a was expressed in almost every tissue but was scarcely expressed in lung tissue (Bommer et al., 2007). MiR-34a expression levels were significantly increased in the animal model of acute MI and in the aged hearts (Boon et al., 2013) and were strongly connected with heart remolding at 1 year after acute MI (Matsumoto et al., 2013). Furthermore, miR-34a-5p inhibition protected cardiomyocytes against hypoxia-induced cell injury (Shi et al., 2019). Results suggest that miR-34a can attenuate myocardial fibrosis in dilated cardiomyopathy by reducing type I collagen production, cell viability, and migration and increasing the apoptosis (Zhang Y. et al., 2020). In this study, we first showed that under high glucose conditions, the expression of miR-34a in BMSCs increased significantly. MiR-34a aggravated the hyperglycemia induced senescence, while RSV reversed the effect of the miR-34a mimic, as verified by decreased P21 and P16 protein expression and SA-β-gal staining. SIRT1 verified as miR-34a target gene in our previous study and could be negative regulated by miR-34a in MSCs apoptosis and senescence upon hypoxia and serum deprivation (H/SD) situation. In the present study, we found RSV could reverse the down-regulation of SIRT1 by hyperglycemia.
In vivo, we transplanted differentially stimulated BMSCs into the ischemic border. We found that in DM rats, the LVEF decreased significantly after LAD ligation. MSCs transplantion was reported to significantly elevate LVEF after MI both in clinical and animal studies (Fu et al., 2017; Kim et al., 2018). After BMSCs transplantation, the LVEF increased in the BMSCs group at both 1 week and 3 weeks and the infacrtion area reduced; additionally, RSV-treated BMSCs obviously increased the LVEF and decreased the myocardial fibrosis. RSV could protect BMSCs from hyperglycaemic injury and provide a promising role for autologous transplantion of diabetic BMSCs in treating myocardial infartion patients.
Angiogenesis, which is the formation of new blood vessels, is responsible for a wide variety of physio/pathological processes (Braile et al., 2020; Lin et al., 2020). In the present study, we found that the expression of VEGF and HIF-1α decreased in the serum and frozen tissue of DM MI rats, but after NG BMSCs transplantation into the heart, the expression of these proangiogenic factors increased, and RSV promoted the expression of proangiogenic factors and new blood vessel formation. These results suggested that RSV increased BMSCs transplantation ability under hyperglycemic conditions and promoted heart healing after MI.
Several limitations exist in our studies. First, we did not calculate the cell retention after RSV pre-treated BMSCs delivered into the infarcted myocardium, which is also very important for the researcher to detect the BMSCs transplantation ability into MI. Second, more precise underlying mechanism need to be investigated. Third, indicators of heart remodeling like collagen need to be tested to make this study more convincing.
In conclusion, we found that hyperglycemia impaired cell viability and induced cell senescence; during this process, the expression of miR-34a increased. Under hyperglycemic conditions, RSV-preconditioned BMSCs showed decreased expression of cellular senescence-related proteins, a reduction in the senescent phenotype and decreased miR-34a expression. In vivo experiments also confirmed that RSV-preconditioned BMSCs have superior transplantation ability in myocardial infarction and promote microangiogenesis and heart healing after myocardial infarction in DM rats.
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Introduction: Atrial fibrillation (AF) leads to rate-dependent atrial changes collectively defined as atrial remodelling (AR). Shortening of the atrial effective refractory period (AERP) and decreased conduction velocity are among the hallmarks of AR. Pharmacological strategies to inhibit AR, thereby reducing the self-perpetual nature of AF, are of great clinical value. Cannabinoid receptor (CBR) ligands may exert cardioprotective effects; CB13, a dual CBR agonist with limited brain penetration, protects cardiomyocytes from mitochondrial dysfunction induced by endothelin-1. Here, we examined the effects of CB13 on normal physiology of the rat heart and development of tachypacing-induced AR.
Methods: Rat hearts were perfused in a Langendorff set-up with CB13 (1 µM) or vehicle. Hemodynamic properties of non-paced hearts were examined conventionally. In a different set of hearts, programmed stimulation protocol was performed before and after atrial tachypacing for 90 min using a mini-hook platinum quadrupole electrode inserted on the right atrium. Atrial samples were further assessed by western blot analysis.
Results: CB13 had no effects on basal hemodynamic properties. However, the compound inhibited tachypacing-induced shortening of the AERP. Protein expression of PGC1α was significantly increased by CB13 compared to vehicle in paced and non-paced hearts. Phosphorylation of AMPKα at residue threonine 172 was increased suggesting upregulation of mitochondrial biogenesis. Connexin43 was downregulated by tachypacing. This effect was diminished in the presence of CB13.
Conclusion: Our findings support the notion that peripheral activation of CBR may be a new treatment strategy to prevent AR in patients suffering from AF, and therefore warrants further study.
Keywords: atrial fibillation, atrial refractoriness, cannabinoid 1 and cannabinoid 2 receptor agonists, atrial remodeling, Cannabinoid
INTRODUCTION
Atrial fibrillation (AF) is a common, recalcitrant-to-treatment arrhythmia associated with severe complications including thromboembolic events, heart failure progression, reduced quality of life and increased mortality (Wolf et al., 1998; Nattel and Harada, 2014; Lippi et al., 2020). The prevalence of AF doubles every decade of life and is associated with multiple comorbidities including, but not limited to, structural heart disease, arterial hypertension, obesity, diabetes and sleep apnea (Ehrlich et al., 2002; Heijman et al., 2016; Anter et al., 2017; Hayashi et al., 2017; Nattel and Dobrev, 2017). Current approaches for rhythm control in AF patients are far from optimal. Ablation therapies are invasive and limited by cost, complexity, potential life-threatening complications and uncertain long-term outcome (Ramirez et al., 2020). Available drugs are only modestly effective, and some have unfavorable side effects including predisposition to life-threatening arrhythmias (Dobrev and Nattel, 2010).
AF has a self-perpetuating and self-exacerbating nature; thus, AF patients are progressively more prone to recurrence and persistence of the arrhythmia. The susceptibility of atrial tissue to AF (i.e. AF substrate) is developed through structural and electrical remodeling in ways that are still being elucidated (Li nd Brundel, 2020; Nattel et al., 2020). Increasing evidence indicates that cardiac dysmetabolism plays a central role in the pathophysiology of AF-related atrial remodelling as well as in the AF substrate of diabetic/pre-diabetic patients (Lee et al., 2020). In fact, dysfunction of adenosine monophosphate-activated protein kinase (AMPK), which is a major regulator of cardiac metabolism, can lead to cellular abnormalities and increase AF substrate (Harada et al., 2012; Qiu et al., 2016a).
During cardiovascular distress such as ischemia-reperfusion injury, the endocannabinoid system (ECS) is activated and reportedly produces beneficial effects (Wagner et al., 2001; Montecucco and Di Marzo, 2012). The ECS is composed of cannabinoid receptors (CBR), endocannabinoid (eCB) ligands, and enzymes to biosynthesize, degrade and transport eCBs (Moreno et al., 2019). All components of the ECS are present in the heart. (Galiegue et al., 1995; Schmid et al., 2000; Bonz et al., 2003). Furthermore, in response to endogenous and external stimuli, eCBs are produced and interact with CBRs to exert regulatory actions toward the maintenance of internal homeostasis through adaptive cellular modification (Moreno et al., 2019). Therefore, exogenous cannabinoid interactions with the cardiovascular ECS and CBRs may elicit beneficial effects to modulate complications of cardiomyopathies, such as arrythmias (Montecucco and Di Marzo, 2012).
CBRs are G protein-coupled receptors of which there are two types. CBR type 1 (CB1R) predominates in the central nervous system, and is the key signaling effector of any CB-dependent psychoactive actions (Matsuda et al., 1990; Pertwee et al., 2010). In contrast, ligand activation of CBR type 2 (CB2R) typically leads to immunomodulation such as immune cell migration and cytokine release (Munro et al., 1993). Agonists that bind to CB2R lack the psychoactive effects elicited by CB1R agonists in the brain (Munro et al., 1993; Pertwee et al., 2010). CB1R and CB2R are also found in the periphery and regulate processes in organs such as the gastrointestinal tract, lungs, skin, bone, heart and liver (Gebremedhin et al., 1999; Liu et al., 2000; Bonz et al., 2003; Bouchard et al., 2003).
Exogenous cannabinoids, whether plant-derived or synthetic, have a wide range of physiological effects through interaction with the ECS. While eCB actions are presumably limited to the cellular site in which they are synthesized and released, the delivery of exogenous cannabinoids into the body results in excess compound concentrations that are more widely distributed (Moreno et al., 2019). Thus, exogenous cannabinoid effects are much more prolonged compared to eCBs (Moreno et al., 2019). Synthetic cannabinoids, originally developed to act as pharmacological probes of the ECS, are derivatives of phytocannabinoids and eCBs (Le Boisselier et al., 2017). Hundreds of varieties of new and novel synthetic cannabinoids exist, as minor modifications to the chemical structure alter the affinity and selectivity to CBRs (Le Boisselier et al., 2017).
Using CB13, a CB1R and CB2R dual agonist that does not cross the blood-brain barrier, we previously reported antihypertrophic effects and attenuated mitochondrial dysfunction in cardiomyocytes via activation of AMPK signaling pathways (Lu et al., 2014; Lu et al., 2020). We hypothesize that the beneficial effects of CB13 may be relevant to stressed atria as well. Here, we used a Langendorff-perfused rat heart to assess the effects of CB13 on basic physiology of the heart as well as on the atrial electrophysiology following acute atrial tachypacing to mimic an atrial tachyarrhythmia. Our findings support the notion that the beneficial effects of CB13 are indeed relevant in the stressed atria and may serve as new therapeutic strategy to attenuate AF-related atrial remodeling.
MATERIALS AND METHODS
Animals
Adult male Sprague-Dawley rats (n = 26, 200–250 g) obtained from Envigo Laboratories (Jerusalem, Israel) were used in the study. Experiments were approved by the institutional ethics committee of Ben-Gurion University of the Negev, Israel (Protocol No. IL-05-09-2018A) and were carried out in strict accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The animals were kept under standardized conditions: 12:12 light:dark cycles at 20–24°C and 30–70% relative humidity. Animals were free-fed autoclaved rodent chow and had free access to reverse osmosis-filtered water. Hearts were excised from the animals under deep pentobarbital anesthesia.
Isolated Perfused Heart Preparation and Basic Physiological Measurements
Isolated heart experiments were performed as previously described (Mor et al., 2013) with slight modifications as detailed below. Briefly, following intraperitoneal (IP) injection of heparin (1,000 units), each rat was anesthetized with pentobarbital (IP; 60 mg/kg) and the heart was excised into cold, oxygenated Tyrode's buffer (mM: 140 NaCl, 5.4 KCl, 0.5 MgCl2, 2.5 CaCl2, 0.39 NaH2PO4, 10 HEPES, and 11 glucose, pH 7.4). The aorta was cannulated and perfusion was initiated with oxygenated, pre-heated (37oC) Tyrode's solution. Perfusion rate was adjusted to maintain a constant coronary perfusion pressure of ∼80 mmHg. To obtain hemodynamic measurements, the left atrium was excised and a fluid-filled latex balloon was inserted into the left ventricle (LV) cavity through the mitral valve. The balloon was then inflated to an end-diastolic pressure of ∼5 mmHg. Electrophysiological signals from the right atria (RA) and LV were recorded using miniature-bipolar hook electrodes (Etzion et al., 2008). Coronary perfusion pressure and LV pressure were recorded by a pressure amplifier (ETH-256C amplifier and PB-100 probes, iWorx, NH, United States). Electrical signals were filtered (1–2 KHz) and recorded by two voltage amplifiers (Model 3000, A-M Systems, Carlsborg, WA, United States). Signals were interfaced with a PC using an A/D converter (PCI-6024E, National Instruments, Austin, TX, United States) and a custom-designed program developed with LabView programming language (National Instruments, Austin, TX, United States) to control signal acquisition, data saving and off-line analysis. Basic physiological measurements included spontaneous beating rate, atrioventricular (AV) interval, LV developed pressure, +dP/dt and −dP/dt. Parameters were recorded following a 20 min recovery period (Figure 1A). Thereafter, CB13 or vehicle were applied and measurements were repeated every 15 min for 1 h.
[image: Figure 1]FIGURE 1 | Example recordings from the ex vivo experimental setup. (A) Baseline (left) and 1 h (right) recordings demonstrating the atrial and ventricular electrical signals and LVP signal used to evaluate the effects of CB-13 under standard conditions without pacing. (B) Conventional S1S2 programmed stimulation protocol applied using a quadripolar electrode attached to the right atrium. Left, Atrial capture following S1S2 of 60 ms. Right, Failure of atrial capture following S1S2 of 59 ms. (C) Continuous assessment of atrial and ventricular signals during atrial tachypacing study. (D) Enlarged segment of the recording in C demonstrating the clear and precise ability to determine 1:1 atrial capture during the tachypacing protocol used in this study. Note beat-to-beat oscillation in the shape of the atrial signal (alternans) often observed when the fast pacing cycle length was reaching the minimal value that was able to maintain 1:1 atrial capture.
Atrial Electrophysiology and Atrial Tachypacing Experiments
For atrial electrophysiology experiments, hearts were perfused as described above but a balloon was not inserted to the LV cavity and both atria remained intact. A custom-designed quadripolar-electrode was inserted on the RA for simultaneous pacing and recording (Murninkas et al., 2021). The electrode contained two pairs of platinum-iridium poles (one for pacing and one for recordings) with an inter-pair interval of 4 mm. The electrode was fixed to the atria by two delicate stainless steel pins and RA pacing and recording were verified. Hearts were continuously exposed to CB13 or vehicle throughout the experiments. A programmed S1S2 stimulation protocol was performed using a double threshold intensity, to measure atrial effective refractory period (AERP). The protocol consisted of 10 S1-S1 intervals of 150 ms followed by an S1-S2 interval that was reduced by 1 ms each time until atrial capture failed three consecutive times (Figure 1B). Conduction time was measured during constant atrial pacing at 150-ms CL as the interval between the end of the stimulus applied to one side of the electrode and the first peak of the atrial signal that was recorded in the other side (Murninkas et al., 2021). In addition to AERP and CT measurements, burst pacing was applied to the RA to evaluate for possible arrythmia induction. This protocol included 10 consecutive 20 s bursts at a cycle length of 20 ms. Following baseline measurements, the RA was continuously tachypaced for 90 min at double diastolic threshold. Tachypacing cycle length was adjusted dynamically and maintained 5 ms above the minimal cycle length in which 1:1 atrial capture was observed (Figure 1C). Following tachypacing, AERP and arrythmia induction protocols were repeated and the LA and a sample of the LV were snap frozen in liquid nitrogen for further biochemical analysis.
Pharmacological Treatments
CB13 (1-naphthalenyl [4-(pentyloxy)-1-naphthalenyl]methanone) was from Cayman Chemical (Ann Arbor, Michigan). Tyrode’s buffer was supplemented with vehicle (0.1% v/v DMSO) or CB13 (1 μM, 0.1% v/v DMSO). Treatments remained in buffer for the remainder of the experiment. The concentration of CB13 was based on our previous findings in cardiomyocytes in vitro (Lu et al., 2014; Lu et al., 2020).
Western Blotting
Lysates were prepared in radioimmune precipitation assay (RIPA) buffer with phosphatase and protease inhibitors using a bead mill homogenizer and clarified by centrifugation. Total protein concentration was determined by BCA assay (Thermo Fisher Scientific, Massachusetts, United States). Equal amounts of protein were loaded on Mini-PROTEAN TGX stain-free gels (Bio-Rad, California, United States) and transferred to PVDF membrane (Bio-Rad). Membranes were blocked using Tris-buffered saline with 0.1% Tween-20 (TBST) and 5% bovine serum albumin (BSA; Sigma Aldrich, Oakville, Ontario). Primary antibodies Phospho-AMPKα (Thr172) (1:1,000, cat. 2,535), AMPKα (1:1,000, cat. 2,603), phospho-LKB1 (1:1,000, cat. 3,482), LKB1 (1:1,000, cat. 3,047) were from Cell Signaling Technology (Danvers, Massachusetts) and PGC-1α (1:1,000, cat. ab72230), connexin 43 (1:7,500, cat. ab11370), CB1R (1:500, cat. ab23703), and CB2R (1:5,000, cat. ab45942) antibodies were from Abcam (Toronto, Ontario). Primary antibodies were incubated overnight at 4°C. Affinity-purified horseradish peroxidase-linked secondary antibodies were from Cell Signaling. As applicable, membranes were stripped and reprobed. Membranes were normalized to total protein concentration (TPN) using Bio-Rad stain-free technology, measured using a Bio-Rad Chemidoc™ MP Imaging system and analyzed using Image Lab Software (Mississauga, Ontario) to account for variation in loading among lanes.
Statistical Analysis
Data are expressed as mean ± SEM. GraphPad Prism 9 software was used for analysis. Normality assumptions were tested using the Shapiro-Wilk test for normality. For analysis between more than two groups: when 1 or more groups did not pass the normality test, a Kruskal-Wallis test followed by Dunn’s post hoc for multiple comparisons was performed. For normally distributed data a one-way analysis of variance (ANOVA) followed by Holm-Sidak post hoc test for multiple comparisons was performed. Unpaired students t-test or Mann-Whitney test were used to compare the differences between two groups. Two-way ANOVA was used to compare two independent variables between two or more normally distributed groups. The specific tests that were used for each data set are reported in the relevant figure legends. A p-value of ≤0.05 was considered significant.
RESULTS
Absence of Chronotropic, Dromotropic or Hemodynamic Effects of CB13 in the Non-Paced Rat Heart
The physiological effects of CB13 on the intact heart were not determined previously. Thus, we began by evaluating the effects of the compound in isolated, non-paced rat hearts; the effects of CB13 (1 μM, n = 5) were compared to vehicle treatment (n = 5) in regard to heart rate (RR interval), AV conduction delay (AV interval) and LV hemodynamic properties over a period of 1 h (Figure 2). RR interval and AV interval remained stable throughout the experimental period without any significant differences at t = 60 min compared to vehicle (323.0 ± 19.0 ms vs. 313.4 ± 24.8, and 53.50 ± 1.59 ms vs. 52.35 ± 2.98 ms, respectively). Likewise, there was no change in LV developed pressure (106.0 ± 16.0 vs. 105.9 ± 15.1 mm Hg vehicle). Furthermore, positive and negative maximal slopes of the LVP contraction (+dP/dt, 2,581 ± 478 vs. 2,822 ± 392 mm Hg/s) or relaxation (−dP/dt, −1,654 ± 219 vs. −1,846 ± 248 mm Hg/s) were also maintained between groups. Overall, these findings demonstrate both stability in technical terms and lack of notable effects of CB13 on intact rat heart physiology.
[image: Figure 2]FIGURE 2 | Absence of chronotropic, dromotropic or hemodynamic effects of CB13 in the non-paced rat heart. Isolated rat heart preparations were exposed to either 1 μM of CB13 or vehicle alone, and (A) RR interval, (B) atrioventricular (AV) interval, (C) developed pressure (D) maximal rate of rise of LVP (+dP/dt), and (E) maximal rate of decay of LVP (−dP/dt) were assessed. All parameters demonstrated stability over time with no difference between the CB13 and vehicle preparations. (n = 5). Data presented as mean ± SEM.
CB13-Treatment Inhibited Tachypacing-Induced Atrial Electrical Remodeling
As previously described (Etzion et al., 2008), ex vivo atrial tachypacing reduced AERP in vehicle-treated hearts compared to baseline (45 ± 4 vs. 54 ± 3 ms; p < 0.05; Figure 3A). In contrast, the AERP of CB13-treated hearts remained unchanged after atrial tachypacing compared to baseline (56 ± 3 vs. 55 ± 3 ms; ns; Figure 3A). Therefore, during tachypacing, CB13 treatment preserved AERP, which contrasts with the AERP shortening observed in vehicle-treated hearts (103.6 ± 9.2 vs. 82.3 ± 4.4% of baseline, respectively; p < 0.05) (Figure 3B). Importantly, prior to tachypacing, there was no difference in AERP with CB13 perfusion compared to vehicle (55 ± 3 vs. 55 ± 3 ms, ns; Figure 3A). Of note, conduction time analysis demonstrated a trend of lengthening in vehicle treated tachypaced hearts relative to the CB13 treated hearts. However, this trend did not reach significance (p = 0.09, Figure 3C). Since tachypacing cycle length (CL) was adjusted during the pacing protocol (see Methods for details), it was important to verify that the CL did not differ between groups. Indeed, average atrial tachypacing CL was not different between the CB13 and vehicle groups (Figure 3D). Comparison of the spontaneous RR interval before and after 1.5 h of atrial tachypacing indicated a mild, statistically significant tendency of prolongation which did not differ significantly between the two treatments (Figure 3E). AF induction by burst pacing episodes failed to induce arrhythmia in both treatment groups both before and after the tachypacing (except in sporadic cases). Thus, the obtained results were inconclusive and are not shown.
[image: Figure 3]FIGURE 3 | CB13-treatment inhibited tachypacing-induced atrial electrical remodeling. (A) AERP before and after 90 min of atrial tachypacing; (B) Scatter plot demonstrating the effect of atrial tachypacing on the AERP represented as % of baseline value in each experiment. CB13 treatment prevented reduction in AERP following tachypacing. (C) Conduction time analysis demonstrated a trend of lengthening in vehicle treated tachypaced hearts relative to the CB13 treated hearts. (D) Average pacing CL over the 90 min of atrial tachypacing. The CL was adjusted continuously and maintained 5 ms above the minimal CL to maintain 1:1 atrial capture. Note no difference between the CB13 group and vehicle group in this regard. (E) Spontaneous RR interval measured before and after 90 min of atrial tachypacing in both groups. Note a mild tendency of RR interval prolongation which reached significance in the CB13 group only. n = 5–8 for each group. Data are presented as mean ± SEM. *p ≤ 0.05. CL, cycle length; AERP, atrial effective refractory period. Based on the normality test statistical significance was determined using two-way ANOVA with Newman-Keuls test for multiple comparisons (A,E), Mann-Whitney test (B).
Biochemical Effects of CB13 in the Tachypaced Atria
In order to further reveal the effects of CB13 in the context of atrial tachypacing, biochemical analyses of relevant signalling effectors were performed in LA tissue homogenates. Protein expression levels of CB1R or CB2R did not differ between non-paced control tissues and tachypaced preparations (Figure 4), nor between CB13 and vehicle treatments during tachypacing (Figure 4). In contrast, tachypacing significantly reduced phosphorylation of AMPKα at Thr172, and this effect was partially attenuated by CB13 perfusion during tachypacing (Figure 5A). Neither tachypacing nor CB13 affected LKB1 expression or phosphorylation (Figure 5B), which indicates that the aforementioned changes in AMPK signaling are not induced through LKB1 modulation (see Discussion). PGC1α is phosphorylated by AMPK and acts as a fundamental co-activator for transcription of genes that regulate mitochondrial function. Expression levels of PGC1α were comparable in non-paced and tachypaced atrium (Figure 5C). However, tachypacing in the presence of CB13 upregulated PGC1α compared to both non-paced and tachypaced atrium (Figure 5C). Of note, there were no changes in total AMPK or total LKB1 levels in our experimental settings (Figure 6).
[image: Figure 4]FIGURE 4 | Cannabinoid receptor protein levels remain unaltered in atrial tissue. (A) CB1R and (B) CB2R protein levels within atrial tissue exhibit no significant changes between groups. n = 3–8. Data presented as mean ± SEM. Data was tested for normality using Shapiro-Wilk normality test. Statistical significance was determined for non-normal data by Kruskal-Wallis with Dunn’s post-hoc for multiple comparisons (A,B).
[image: Figure 5]FIGURE 5 | Tachypacing induced reduction of phosphorylated AMPK, while CB13 treatment abrogated tachypacing effects and increased PGC1α signaling. (A) Tachypacing for 1.5 h significantly reduced pAMPK compared to non-paced atrial tissue, while CB13 perfusion during tachypacing rescued pAMPK. (B) pLKB1 levels did not change between groups. (C) Protein expression levels of PGC1α were unaltered in both non-paced and tachypaced atrium whereas CB13 perfusion during tachypacing significantly upregulated PGC1α. *p ≤ 0.05. n = 3–8. Data presented as mean ± SEM. Data was tested for normality using Shapiro-Wilk normality test. Accordingly, statistical analysis was performed by one-way ANOVA with Holm-Sidak post-hoc for multiple comparisons (A, C) and by Kruskal-Wallis with Dunn’s post-hoc for multiple comparisons (B).
[image: Figure 6]FIGURE 6 | Total AMPK and total LKB1 were not altered in atrial tissue. (A) Tachypacing for 1.5 h significantly reduced pAMPK compared to non-paced atrial tissue (B) but did not alter total AMPK. (C) Phospho-LKB1 and (D) total LKB1 protein expression did not change between groups. See Figures 5A,B for representative blots. *p ≤ 0.05. ns; not significant. n = 3–8. Data presented as mean ± SEM. Data was tested for normality using Shapiro-Wilk normality test. Accordingly, statistical significance was determined by one-way ANOVA with Holm-Sidak post-hoc for multiple comparisons (A).
Connexin 43 (Cx43) is a major gap junction protein in the heart which was recently linked to AMPK signaling in the context of AF (Qiu et al., 2016b). Cx43 was downregulated in tachypaced atria compared to non-paced controls (Figure 7). Although, there appeared to be a trend of recovery of this effect in the presence of CB13, this effect did not reach statistical significance.
[image: Figure 7]FIGURE 7 | Tachypacing-induced reduction of connexin 43 is diminished by CB13. (A) Cx43 is downregulated in tachypaced atrium compared to non-paced atrium. This effect of tachypacing demonstrated a lower tendency in the presence of CB13. *p ≤ 0.05. n = 3–5. Data presented as mean ± SEM. Data was tested for normality using Shapiro-Wilk normality test. Accordingly, statistical analysis was performed by Kruskal-Wallis with Dunn’s post-hoc for multiple comparisons.
DISCUSSION
The present study extends extant evidence indicating possible beneficial effects of ECS activation in the stressed myocardium (Wagner et al., 2001; Lu et al., 2014; Lu et al., 2020). Overall, this study demonstrated three salient findings regarding the cardiac effects of the peripherally restricted, dual CBR agonist CB13 in rats: 1) lack of CB13-dependent chronotropic, dromotropic or hemodynamic effects in the non-paced ex-vivo preparation; 2) an ability of CB13 to antagonize the AERP remodelling induced by acute atrial tachypacing; 3) AMPK activation may contribute to the ability of CB13 to protect against tachypacing-induced atrial remodelling. These topics are further discussed in detail below.
Our findings address the paucity of knowledge regarding the direct effects of CBR agonists on the intrinsic properties of the intact heart (Weresa et al., 2019), and support the notion that combined activation of CB1R and CB2R probably does not markedly alter the basic electrophysiology, calcium handling and electromechanical coupling of the normal rat myocardium. Indeed, our data indicate that CB13 treatment does not alter chronotropy, dromotropy, or hemodynamics in the spontaneously beating rat heart. Activation of solely CB1Rs reportedly induces negative inotropic effects in isolated human atrial muscle (Bonz et al., 2003). Likewise, the CB1R agonist, HU-210, induced negative inotropic effects in the LV of the isolated rat heart (Krylatov et al., 2005), although a recent study also using HU-210 did not report such effect (Gorbunov et al., 2016). Interestingly, in the presence of the CB1R antagonist AM251, anandamide exerted a CB2R-mediated positive inotropic effect in rat atria (Sterin-Borda et al., 2005). Thus, it is conceivable that the absence of CB13 effects on intrinsic cardiac properties results from opposing effects of CB1R activation and CB2R activation which manifest as a net zero effect. This is consistent with previous reports of opposing CB1 vs. CB2 effects. In fact, CB2R activation has been linked to cardioprotective effects including anti-arrhythmic effects (Krylatov et al., 2001), whereas CB1R activation leads to a myriad of cardiodeleterious effects (Mukhopadhyay et al., 2007; Dol-Gleizes et al., 2009; Sugamura et al., 2009; Mukhopadhyay et al., 2010; Rajesh et al., 2010; Tiyerili et al., 2010; Rajesh et al., 2012; Molica et al., 2013). Thus, Lu et al proposed that, in the context of attenuating cardiac myocyte hypertrophy, activation of CB2Rs is necessary to negate any adverse effects produced by CB1Rs. Further pharmacological studies will be required to systematically explore this possibility in terms of chronotropy, dromotropy, or hemodynamics in the spontaneously beating rat heart.
Atrial tachypacing is an important experimental approach to mimic AF-related remodeling. In large mammals, sustained tachypacing modifies atrial properties so that AF susceptibility and sustainability gradually increase over time (Wijffels et al., 1995; Nattel et al., 2020). Studies have indicated that the rapid atrial activity and consequent cellular calcium overload within atrial cardiomyocytes lead to secondary changes which converge to increase AF substrate. Shortening of AERP is a hallmark of AF-related remodeling and an important factor that promotes multiple circuit reentry in the atria (Wakili et al., 2011; Nattel et al., 2020). In rodents the long-term effects of atrial tachypacing are less clear. However, short-term tachypacing consistently leads to AERP shortening (Etzion et al., 2008). In addition, we recently demonstrated that atrial tachypacing of freely moving rats increases AF substrate and promotes molecular changes that resemble those reported in large mammalian models (Mulla et al., 2019). Moreover, tachypacing of atrial cells in vitro leads to molecular changes that recapitulate those observed in the atrial tissue of AF patients (Wiersma et al., 2017; Zhang et al., 2019). Our current findings indicate that CB13 inhibits the AERP shortening induced by acute atrial tachypacing in the ex vivo rat heart. This finding supports the notion that activation of CBRs may be a new therapeutic target in the context of AF-related remodelling. However, further studies are needed to delineate the long-term effects of this new therapeutic strategy in vivo. In addition, since AF susceptibility of the normal rat heart is very low, it is challenging to induce AF even following atrial tachypacing and AERP shortening in the current experimental setup. Therefore, the effect of CB13 on AF induction will rely on future preparations that are more prone to AF induction (e.g., the atria of rats with heart failure post myocardial infarction) (Klapper-Goldstein et al., 2020).
The biochemical findings of our study suggest that AMPK activation is involved in the protective effect of CB13 against tachypacing-induced atrial remodeling. AMPK is an essential signaling molecule that contributes to the maintenance of intracellular ATP levels (Dolinsky and Dyck, 2006). To this end, AMPK controls energy homeostasis and senses changes in AMP:ATP to in turn control ATP-consumption and catabolic pathways(Dolinsky and Dyck, 2006). Reduced AMPK activation in atrial cardiomyocytes appears to be deleterious in regards to regulating metabolic and oxidative stress (Ozcan et al., 2015). Importantly, multiple risk factors for AF such as heart failure, myocardial ischemia, and hypertrophy are associated with metabolic stress and cellular dysfunction (Harada et al., 2012). By virtue of ameliorating these metabolic abnormalities, AMPK activation may thus be implicated in improving arrhythmias (Harada et al., 2012). In fact, Ozcan et al demonstrated that liver kinase-B1 (LKB1; an AMPK kinase that is linked to activation of AMPK) knockout mice exhibit impaired contraction and decreased AMPK activity (Ozcan et al., 2015). This LKB1 knockout model replicates human disease progression as it develops spontaneous AF that develops into persistent AF (Ozcan et al., 2015).
Our data indicate that acute atrial tachypacing ex vivo leads to downregulation of phosphorylated AMPK, similar to that found in humans experiencing persistent AF (Harada et al., 2015). In this context, CB13 abrogated AMPK downregulation and increased phosphorylation at its activation site, presumably improving metabolic and cellular function. Although we did not demonstrate a direct link between the electrophysiological effects and metabolic findings, we speculate that improved metabolic conditions of atrial cells in the presence of CB13 lead to less oxidative stress-dependent AERP shortening (Korantzopoulos et al., 2007; Yoshizawa et al., 2018). However, this hypothesis will have to be addressed more directly in future studies. Furthermore, AERP reduction may also be caused by other factors; for example Ozgen et al demonstrated involvement of Ca2+-activated K+ currents in action potential duration and atrial remodeling (Ozgen et al., 2007). Additionally, AMPK activation by CB13 is likely not mediated through LKB1 activation (Figure 5B) and is therefore likely achieved through changes in cellular Ca2+ levels, particularly since Ca2+/calmodulin-dependent protein kinase kinases (CAMKKs) and reactive oxygen species (ROS), which promote AF, have been implicated to alter AMPK signalling (Lin et al., 2004; Kim et al., 2016). In fact, CAMKKα and CAMKKβ phosphorylate AMPK at its activation site (Woods et al., 2003; Hawley et al., 2005; Hurley et al., 2005), and CBR ligands can signal through CAMKKs (Vara et al., 2011). An important future direction will be to utilize a CAMKK inhibitor to validate this hypothesis.
Information regarding the mediator between AMPK and arrhythmia development, tissue remodeling, or modification of AF substrate remains limited(Harada et al., 2012). However, there does appear to be a relationship between cardiac EP and metabolic changes that involve a key role of AMPK and AF substrate (Qiu et al., 2016a; Qiu et al., 2016b). In the current experimental setup, we identified PGC-1α as a candidate mediator for CB13-dependent effects (Figure 5C). PGC-1α regulates mitochondrial function vis-à-vis its function as a key transcriptional co-activator that modulates mitochondrial biogenesis, ATP synthesis, and reactive oxygen species (ROS) defense mechanisms (Ventura-Clapier et al., 2008; St-Pierre et al., 2006). Activation of AMPK results in a downstream cascade that increases PGC-1α expression (Jager et al., 2007). Notably, PGC-1α overexpression rescues cardiac mitochondrial function (Zhou et al., 2013). Tachypacing had no effect on PGC-1α compared to non-pacing controls (Figure 5C). However, CB13 treatment caused a significant upregulation of PGC-1α. We previously speculated that CB13 activates AMPK via CB2R whereas CB1 receptors invoke other signaling pathways (Lu et al., 2020). In addition, Zheng et al. demonstrated that JWH-133, a CB2R-selective agonist, adequately activated AMPK to stimulate PGC-1α, without CB1R interaction (Zheng et al., 2013). Here we elucidated that CB13 treatment during tachypacing induces a CBR/AMPK (possibly CB2R, specifically) signaling cascade, resulting in PGC-1α activation. While we have previously shown that CB13 has altered mitochondrial bioenergetics and mitochondrial membrane potential in hypertrophied ventricular cardiomyocytes, an important next step is to determine the effects of CB13 on mitochondrial dysfunction in atrial cardiomyocytes, and the role of the AMPK signaling cascade therein.
Lastly, our data indicate that tachypacing reduces the atrial expression of Cx43, and this reduction was attenuated by with CB13 treatment. Cx43 is a major gap junction in the connexin family and is abundantly found within the atrial and ventricular myocardium (Severs et al., 2008). Cx43 has been investigated in several AF-related remodelling studies; for example, in dog pacing models Cx43 reduction has been demonstrated after tachypacing for 3 days, with reduction being preserved for up to 21 days (Akar et al., 2007). In rabbit atrial tachypacing experiments Cx43 reduction has been shown to promote atrial fibrillation development (Yan et al., 2013). Additionally, Ozcan et al demonstrated that AMPK activation may inhibit atrial fibrillation in LKB1 knockout mice, and similarly found LKB1 knockout mice had a reduction in Cx43 that was rescued by AMPK activation (Ozcan et al., 2020). In contrast, Alesutan et al demonstrated inhibition of Cx43 by AMPK (Alesutan et al., 2015); thus Cx43 and its interaction with AMPK in the context of electrical remodeling remains inconclusive. Furthermore, downregulation of Cx43 would lead to reduced EP coupling between atrial myocytes, which in turn would slow conduction velocity and increase AF susceptibility in atrial tissue (Luo et al., 2018). While we did not demonstrate a change in conduction velocity between groups there was a trend towards conduction lengthening in the vehicle treatment group. It is possible that the short-term tachypacing in our model did not allow for more prominent effects to be observed. Of note, oxidative stress associated with rapid atrial activity has been shown to cause Cx43 alterations (Boengler and Schulz, 2017; Nattel et al., 2020); and this may be modulated by AMPK activation (Qiu et al., 2016b). Further studies to examine the interplay between CB13, AMPK, and Cx43 are clearly warranted.
In conclusion, our data demonstrating the ability of CB13 treatment to prevent tachypacing-induced AERP shortening and Cx43 reduction, as well as to activate known cardioprotective signaling mediators in terms of metabolic dysfunction (i.e., AMPK and PGC-1 α), are collectively in favor of a putative beneficial effect of this drug as a new upstream modality that might be utilized to prevent atrial electrical remodeling. Considering the possible beneficial effects of such treatment in the context of pathological hypertrophy (Lu et al., 2014; Lu et al., 2020), which shares many of the risk factors for AF, this therapeutic strategy is even more attractive for further investigation.
Limitations
Electrophysiologic properties of the atria differ between that of rodents and humans, and thus represent a limitation of our study. Dependent on species, the atria have altered electrophysiological properties, including action potential duration and action potential repolarization (Clauss et al., 2019). Nevertheless, the relevance of rodent models to AF studies are becoming increasingly recognized (Nattel et al., 2005; Nishida et al., 2010; Klapper-Goldstein et al., 2020). In addition, there are multiple studies indicating that tachypacing induces oxidative stress and affects the molecular biology of rodent cardiomyocytes in a highly clinically relevant manner. (Gao et al., 2011; Mulla et al., 2019; Wiersma et al., 2019; Zhang et al., 2019). Furthermore, while we suspect that AMPK activation is linked to ameliorating metabolic abnormalities and improving atrial remodeling through mechanisms including altering AERP, the exact link between AERP and AMPK activation remains to be determined. Assessment of activation status (i.e. phosphorylated levels) of AMPK and presumably LKB1 is reasonable within 1.5 h, and the ability of CB13 to increase PGC1 is likewise plausible as a downstream effector of AMPK signaling. However, detection of changes in CB1R and CB2R expression levels might require more than 1.5 h of experimental intervention. Further experiments will be crucial to elucidate the underlying mechanisms, and to delineate relevant ionic mechanisms. Of note, we recently introduced a methodology enabling comprehensive EP measurements and AF susceptibility testing in ambulatory rats over time (Murninkas et al., 2021). Thus, based on the current findings it will be interesting to explore the effects of CB13 on longer periods of tachypacing in unanesthetized rats in the near future.
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Lacking estrogen increases the risk of atherosclerosis (AS) in postmenopausal women. Inflammation plays a vital role in the pathological process of AS, and macrophages are closely related to inflammation. Catalpol is an iridoid glucoside extracted from the fresh roots of the traditional Chinese herb Rehmanniae radix preparata. In this study, we aimed to evaluate the effects of catalpol on macrophage polarization and postmenopausal AS. In addition, we investigated whether the mechanism of catalpol was dependent on regulating the expression of estrogen receptors (ERs). In vitro, lipopolysaccharides (LPS) and interferon-γ (IFN-γ) were applied to induce M1 macrophage polarization. In vivo, the ApoE−/− mice were fed with a high-fat diet to induce AS, and ovariectomy was operated to mimic the estrogen cessation. We demonstrated catalpol inhibited M1 macrophage polarization induced by LPS and INF-γ, and eliminated lipid accumulation in postmenopausal AS mice. Catalpol not only suppressed the inflammatory response but also reduced the level of oxidative stress. Then, ERs (ERα and ERβ) inhibitors and ERα siRNA were also applied in confirming that the protective effect of catalpol was mediated by ERα, rather than ERβ. In conclusion, catalpol significantly inhibited macrophage polarization and prevented postmenopausal AS by increasing ERα expression.
Keywords: catalpol, postmenopausal atherosclerosis, macrophage polarization, estrogen receptor, inflammation, oxidatie stress
INTRODUCTION
Atherosclerosis (AS) is closely related to inflammation and the disorder of lipid metabolism (Feng et al., 2020; van Leent et al., 2021). Inflammation promotes the change of endothelial cell function Wang et al. (2013), which results in the release of pro-inflammatory factors, as well as the monocyte chemokines. The increase of pro-inflammatory factors in the vessel leads leukocytes to infiltrate into the arteries. In addition, stimulated by chemokines, the monocytes in peripheral blood migrate to the endothelium and differentiate into macrophages (Vieceli Dalla Sega et al., 2019). The activation of macrophages is relevant to the expression of inflammatory cytokines and the release of reactive oxygen species (ROS). With the decline of migration ability, the activated macrophages phagocytose modified lipoproteins and damaged cells (Orekhov et al., 2020). Then macrophages contain more cholesterol and differentiate into foam cells, which persist in plaques and promote the progress of AS (Cybulsky et al., 2016).
Macrophages play a crucial role in maintaining the homeostasis of tissue, and they can differentiate into different subtypes according to the stimulation of the microenvironment (An et al., 2021). M1 macrophages can promote inflammation by activating Toll-like receptor 4 (TLR4) related signal pathway. M1 macrophages also express a high level of pro-inflammatory cytokines such as tumor necrosis factor α (TNF-α), interleukin (IL)-1β, IL-6, ROS, and inducible nitric oxide synthase (iNOS), which aggravate the development of AS (Tabas and Bornfeldt, 2016). On the contrary, M2 macrophages release several anti-inflammatory cytokines, including IL-10 and the transforming growth factor-β (TGF-β). In the initial AS process, macrophages exhibit protective effects on lipid uptake and reduce the plaques' size. While, upon the disorder of cholesterol metabolism, more macrophages differentiate into foam cells and aggregate in the necrotic area of plaques (Moore et al., 2013).
Besides, the estrogen deficiency dramatically increases the risk of cardiovascular disease in postmenopausal women, which suggests estrogen is related to the development of AS (Meng et al., 2021). Estrogen exerts its biological effects mainly through estrogen receptors (ERs). ERα and ERβ are the classical nuclear estrogen receptors (Revankar et al., 2019). Many studies have reported that the expression of ERα can protect premenopausal women from AS (Bojar et al., 2015; Kassi et al., 2015). Estrogen also has an essential effect on the immune function of monocytes and macrophages, and it can inhibit the infiltration of macrophages during the process of AS (Calippe et al., 2010). However, hormone replacement therapy in postmenopausal women caused several adverse effects (Vinogradova et al., 2020; Szabo et al., 2021). Thus, there is an urgent need for us to find some safe estrogen-like drugs.
Catalpol, an iridoid glucoside, is extracted from the fresh roots of the traditional Chinese herb Rehmanniae radix preparata. Catalpol shows a wide range of biological activities, like anti-oxidation, anti-inflammation, anti-cancer, anti-apoptosis, and neuroprotection (Jiang et al., 2015; Yuan et al., 2019; Zhang et al., 2019). Firstly, Liu found that catalpol attenuated atherosclerotic lesions in a rabbit AS model by reducing inflammatory and oxidative stress (Liu and Zhang, 2015). Then, it was reported that catalpol could ameliorate diabetic AS by inhibiting neointimal hyperplasia and macrophage recruitment (Liu et al., 2016). Moreover, catalpol reduced DNA damage and prevented AS in LDLR−/− mice via activating the PGC-1α/TERT pathway (Zhang et al., 2018). In human aortic endothelial cells, catalpol reduced homocysteine-induced oxidation and cell apoptosis by suppressing Nox4/NF-κB and ER stress (Hu et al., 2019). In the current study, we aimed to evaluate whether catapol alleviated postmenopausal AS through changing the phenotype of macrophages and if the mechanism was related to regulating the expression of ERs. We hope this research may provide some novel sights and evidence for catalpol in the treatment against postmenopausal AS.
MATERIALS AND METHODS
Reagents
Catalpol (purity >98%) was purchased from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). Lipopolysaccharides (LPS), Interferon-γ (IFN-γ), 17β-estradiol (E2), methyl-piperidino-pyrazole (MPP), 4-(2-phenyl-5,7-bis [trifluoromethyl]pyrazolo [1,5-a]pyrimidin-3-yl)phenol (PHTPP) and pentobarbital sodium were obtained from Sigma-Aldrich (St. Louis, MO, United States). All Elisa kits were purchased from MultiSciences (Lianke) Biotech Co., Ltd. (Hangzhou, China), and all antibodies were obtained from Abcam (Cambridge, United Kingdom). ERα siRNA was purchased from JiKai Bio-tech Co., Ltd. (Nanjing, China).
Animal Grouping and Drug Administration
Forty ApoE−/− female mice weighing 20 ± 2 g (8 weeks old) were provided by Nanjing Biomedical Research Institute of Nanjing University. Apart from eight ApoE−/− control mice (ApoE−/− mice + normal diet + sham operation), thirty-two ApoE−/− mice were fed with a high-fat diet (containing 0.3% cholesterol and 20% pork fat) for 90 days. Thirty-two ApoE−/− mice were divided into four groups, including high-fat diet group (ApoE−/− mice + high-fat diet + sham operation), model group (ApoE−/− mice + high-fat diet + ovariectomy), 17β-estradiol (E2) (0.13 mg/kg via i. g.) group (ApoE−/− mice + high-fat diet + ovariectomy + E2), and Catalpol (20 mg/kg via i. g.) group (ApoE−/− mice + high-fat diet + ovariectomy + Catalpol). The doses of administration were according to our previous research (Jing et al., 2017). To establish the postmenopausal AS model, we carried sterile ovary ligation and ovariectomy (Ovx) on mice a week before oral administration. While mice in ApoE−/- control group and high-fat diet group received sham operation. All mice were anesthetized by injecting intraperitoneally with pentobarbital sodium. The levels of TC, TG, HDL-c, LDL-c, and NO in the serum were determined by kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The levels of iNOS, eNOS, CRP, IL-1 β, TNF-α, IL-10, and CD11b in the serum were determined by ELISA kits (Nanjing Boshuo Biotechnology Co., Ltd., Nanjing, China).
The animal experiments were performed according to the Guidelines and Policies for Animal Surgery provided by Nanjing University of Chinese Medicine. The study was approved by the Institutional Ethics Committee of Animal Care (A171002).
Quantification of Atherosclerotic Lesions
Hematoxylin-eosin (H&E) and oil red O were applied to stain the 8 μm-thick sections of the aortic root. The atherosclerotic lesion was quantified as a relative percentage using Image-Pro Plus 6.0 software (Qin et al., 2015).
Isolation of Murine Peritoneal Macrophage
The peritoneal macrophage of all mice was isolated according to the published method (Zhang et al., 2008), and it was identified through Wright’s staining. Briefly, 1 ml 3% Brewer thioglycollate medium were injected into the mice peritoneal cavity 24 h before sacrifice. The next day, all mice were soaked with 70% alcohol. Then, a 10 ml cold harvest medium was inserted through the mouse’s peritoneal wall. After 5 min, the peritoneal fluid was withdrawn slowly and dispensed into a 15 ml centrifuge tube on ice. The peritoneal fluid was centrifuged at 1,000 rpm for 10 min, and the supernatant was discarded. The bottom cells were washed with PBS buffer and resuspended by 8 ml DMEM medium with 20% fetal bovine serum. After incubating for 6 h, the adherent cells were peritoneal macrophages.
Immunohistochemistry
The aorta sections were incubated with rabbit anti-mouse ERα and ERβ polyclonal antibody (1:100) for 2 h at 37°C. After rinsing, the sections were incubated with peroxidase-conjugated affinipure goat anti-mouse IgG antibody (1:100) for 30 min at room temperature and then with 0.5 g/L diaminobenzidine for 5 min. Images were taken at five random fields (× 100) and quantified with the Image-Pro Plus 6.0 software.
Cell Culture and Grouping
The mouse macrophage cell line J774A-1 was purchased from the Cell Bank of the Chinese Academy of Science (Shanghai, China). J774A-1 cells were cultured in Dulbecco’s modified Eagle’s medium (DMED) supplemented with 10% fetal bovine serum (FBS), 100 kU/L benzylpenicillin, and 100 mg/L streptomycin. The mixture of LPS (100 ng/ml) and IFN-γ (20 ng/ml) was used to treat cells (Cutone et al., 2017). E2 group was treated with 100 nM E2 (Meng et al., 2020), and catalpol groups were treated with three different concentrations at 5, 10, and 20 μM catalpol. Besides, both ERα inhibitor MPP, ERα siRNA, and ERβ inhibitor PHTPP were used to establish the ERα or ERβ low-expression cell model.
Cell Viability Assay
J774A-1 cells (1 × 104/well) were seeded in a 96-well microplate and serum-starved for 16 h when they reached 60% confluence. After the treatment, MTT was dissolved in PBS at a concentration of 5 mg/ml 200 μL MTT solution was added to each well, and the plate was subsequently incubated for 4 h. In the end, 150 μL DMSO was added to each well to dissolve formazan crystals, and the absorbance was measured at 570 nm.
Western Blot Analysis
According to the instruction, the concentration of protein was detected by the BCA assay kit (Beyotime, Shanghai, China). Then 30 μg proteins were separated by 10% SDS-PAGE and were transferred to PVDF membranes. After blocking, the primary antibodies were incubated with membranes at 4°C overnight. Then the secondary antibody was used to incubate membranes for 90 min. In the end, the target proteins were determined with an ECL system (Millipore, Billerica, MA, United States) and visualized by a ChemiDoc XRS system (Bio-Rad, Hercules, CA, United States). The relative expression levels of the target proteins were determined with Image Lab software.
Real-Time Polymerase Chain Reaction
The mRNA expression M1 markers (iNOS, CD86) and M2 markers (Arg1, CD206) were detected by the quantitative RT-PCR. TRIzol reagent (Invitrogen, Carlsbad, CA, United States) was used to isolate the total RNA of J774A-1 cells. RNA was reversely transcribed into cDNA by the First Strand cDNA Synthesis kit (Thermo Fisher Scientific, Waltham, MA, United States). The primer sequences were presented in Supplymentary Table S1. The Real-time PCR reaction was amplified using ABI QuantStudio6 Q6 with AceQ qPCR SYBR® Green Master Mix (Vazyme, Nanjing, China).
Immunofluorescence
Followed by permeabilization with 0.5% Triton X-100, J774A-1 cells were fixed with 4% paraformaldehyde. Cells were blocked with 1% BSA and incubated with different antibodies at 4°C overnight. Then, the fluorescence-labeled secondary antibody was applied to treat cells, and the expression of fluorescence was photographed by a Zeiss inverted microscope with the ZEN 2011 imaging software.
Fluorescence-Activated Cell Sorting
J774A-1 cells (1 × 104/well) were seeded in a 6-well microplate and serum-starved for 16 h when they reached 60% confluence. After the treatment, the cells were collected and washed by PBS three times. Then, the cells were fixed and permeabilized by a Fixation and Permeabilization Kit (4 A Biotech, Beijing, China). After the permeabilization, the cells were centrifuged at 1,000 rpm for 5 min, and 100 μL PBS was used to resuspend cells. Subsequently, PE-CD86 and APC-CD163 (BioLegend, San Diego, CA, United States) antibodies were added to the cell suspension. After 40 min of incubation in the dark, the cells were washed with PBS and subjected to FACS. FACS was performed and analyzed by Beckman Gallios (Beckman Coulter, Fullerton, CA, United States).
Statistical Analysis
The data were statistically analyzed by one-way ANOVA followed by Tukey’s multiple comparison tests employing Prism (Version 6.0; GraphPad Software Inc., San Diego, CA, United States). Data are expressed as mean ± SD. Statistical significance was accepted at the p value of <0.05.
RESULTS
LipopolysaccharidesCatalpol Inhibited M1 Macrophage Polarization Induced by and Interferon-γ
Firstly, the cytotoxicity of catalpol on J774A-1 was detected. As shown in Figure 1A, 1,000 μM catalpol dramatically inhibited the growth of J774A-1, and catalpol with the concentrations under 100 μM was applied in the following experiments. Then, 100 ng/ml LPS and 20 ng/ml INF-γ were combined to induce the M1 macrophage polarization. Compared to the vehicle group, the cell viability of J774A-1 was declined by 20% after treated with LPS&INF-γ for 24 h. While catalpol (40, 20, 10, and 5 μM) could promote the growth of cells treated with LPS&INF-γ (Figure 1B). In addition, the pro-inflammatory cytokine IL-6 secreted by J774A-1 increased significantly after the treatment with LPS&INF-γ, and the level of IL-6 was effectively attenuated by E2 and catalpol (Figure 1C). It implied that catalpol suppressed inflammation in LPS&INF-γ treated macrophages.
[image: Figure 1]FIGURE 1 | Catalpol inhibited M1 macrophage polarization induced by LPS and INF-γ. (A) J774A-1 were treated with different concentrations of catalpol (n = 8); (B) Effects of catalpol on M1 macrophage induced by LPS (100 ng/ml) and INF-γ (20 ng/ml) (n = 8); (C) Effects of catalpol on the level of IL-6 (n = 8); (D) The level of M1-macrophage marker CD86 was analyzed by FACS (n = 3); (E) The level of M2-macrophage marker CD163 was analyzed by FACS (n = 3); (F) Effects of catalpol on the expressions of M1 macrophage markers (CD86 and iNOS) (n = 3); (G) Effects of catalpol on the expressions of M2 macrophage markers (CD206 and Arg-1) (n = 3); (H) Effects of catalpol on the expressions of MHC-II and CD36 (n = 3). Data are expressed as mean ± SD. #p < 0.05, ##p < 0.01 vs. vehicle group; *p < 0.05, **p < 0.01 vs. LPS&INF-γ group.
To determine the effect of catalpol on macrophage polarization, we detect the level of M1 macrophage marker CD86 (Figure 1D) and M2 macrophage marker CD163 (Figure 1E) by FACS. The result showed that LPS&INF-γ significantly increased CD86 and decreased CD163, which implied the M1 macrophage polarization was caused by LPS&INF-γ. While the polarization was reversed by E2 and catalpol. We also carried western blot to confirm the expressions of macrophage markers. As shown in Figure 1F, the expressions of M1 macrophage markers (CD86 and iNOS) dramatically up-regulated in LPS&INF-γ treated cells. Both E2 and catalpol reduced the expressions of CD86 and iNOS, but the protective effects of catalpol were not in a dose-dependent pattern. Catalpol also reversed the mRNA levels of CD86 and iNOS induced by LPS&INF-γ (Supplementary Figures S1A,B). On the contrary, LPS&INF-γ caused a dramatic decline in the expressions of M2 macrophage markers (CD206 and Arg-1). In contrast, CD206, and Arg-1 were up-regulated by the treatment with E2 and catalpol (Figure 1G). Catalpol also promoted the mRNA level of CD206 and Arg-1 in M1 macrophages (Supplementary Figures S1C,D).
To evaluate the effect of catalpol on macrophages’ functions, we detected the expressions of MHC-II and CD36. MHC-II is a binding partner of CD4 + T cells, which can stimulate the production of INF-γ. As shown in Figure 1H, LPS&INF-γ significantly increased the expression of MHC-II, and it was reversed by E2 and catalpol. In addition, catalpol increased the expression of lipid transport-associated protein CD36 in LPS&INF-γ treated cells (Figure 1H). The results implied that catalpol could improve the function of classically activated macrophages.
Catalpol Attenuated Inflammatory Response and Oxidative Stress in M1 Macrophages
As shown in Figures 2A,B fig2, the released pro-inflammatory cytokines (TNF-α and IL-1β) increased dramatically in M1 macrophages induced by LPS&INF-γ. Both E2 and catalpol could reduce the content of TNF-α and IL-1β, but the levels were still higher than in the vehicle group. Instead, LPS&INF-γ significantly down-regulated the release of anti-inflammatory cytokines, including TGF-β and IL-10 (Figures 2C,D). Notably, TGF-β and IL-10 in E2 and catalpol treated cells were much higher than in the vehicle group. It suggested that catalpol could attenuate the inflammatory response in M1 macrophages, as well as E2.
[image: Figure 2]FIGURE 2 | Catalpol attenuated inflammatory response and oxidative stress in M1 macrophages. (A, B) Effects of catalpol on the levels of pro-inflammatory cytokines (TNF-α and IL-1β) (n = 8); (C, D) Effects of catalpol on the levels of anti-inflammatory cytokines (TGF-β and IL-10) (n = 8); (E, G) Effects of catalpol on the levels of NO, iNOS and eNOS (n = 8); (H, I) Effects of catalpol on the levels of SOD and MDA (n = 8); (J) Effect of catalpol on the level of ROS was stained by immunofluorescence (n = 3). Data are expressed as mean ± SD. *p < 0.05, **p < 0.01 vs. LPS&INF-γ group.
Oxidative stress plays a vital role in macrophage activation and foam cell formation. Compared to the vehicle group, the level of NO was promoted in M1 macrophages. LPS&INF-γ also up-regulated the release of iNOS and down-regulated the release of eNOS. While E2 and catalpol significantly increase the level of eNOS and reduce the level of iNOS and NO in M1 macrophages (Figures 2E–G). Also, LPS&INF-γ caused the decrease of SOD and the increase of MDA in M1 macrophages, which were reversed by E2 and catalpol (Figures 2H,I). As shown in Figure 2J, E2 and catalpol significantly inhibited the level of ROS induced by LPS&INF-γ. In summary, catalpol exhibited the effect of reducing oxidative stress in M1 macrophages.
Catalpol Inhibited M1 Macrophage Polarization Through Regulating Estrogen Receptors α
The expressions of ERs were assessed by western blot. Compared to the vehicle group, LPS&INF-γ significantly reduce the expression of ERα, as well as ERβ. However, the treatment with catalpol could only increase the ERα expression in M1 macrophages, rather than ERβ (Figure 3A). To confirm the effect of catalpol was mediated by ERs, both ERα inhibitor (MPP) and ERβ inhibitor (PHTPP) were involved in our experiments. The result of FACS demonstrated that catalpol inhibited M1 macrophage marker CD86, and the decline was reversed by the co-treatment with MPP, rather than PHTPP (Figure 3B). Meanwhile, MPP blocked the promotion of M2 macrophage marker CD163 caused by catalpol. With the co-treatment of PHTPP, catalpol could also increase the level of CD163 in LPS&INF-γ-treated macrophages (Figure 3C). It was implied that catalpol suppressed M1 macrophage by ERα, rather than ERβ. Then, we also carried immunofluorescence to verify this hypothesis. As shown in Figures 3D,E, catalpol could reduce the expression of CD86 and iNOS in M1 macrophages. The combination of MPP reversed the declines caused by catalpol, while the expressions of CD86 and iNOS were still significantly lowered by the co-treatment with PHTPP. Similarly, MPP blocked the increase of M2 macrophage markers (CD206 and Arg-1) caused by the treatment with catalpol. Compared to the catalpol group, PHTPP did not lead to any dramatic changes in the expressions of CD206 and Arg-1 (Figures 3F,G). The mRNA levels of CD86, iNOS, CD206, and Arg-1 exhibited the same results (Supplementary Figures S2A–D).
[image: Figure 3]FIGURE 3 | Catalpol inhibited M1 macrophage polarization through regulating ERα. (A) Effects of catalpol on the expressions of ERα and ERβ (n = 3); (B, C) With MPP and PHTPP, the level of M1 macrophage markers CD86 and M2 macrophage markers CD163 were detected by FACS (n = 3); (D, E) With MPP and PHTPP, effects of catalpol on the expressions of M1 macrophage markers (CD86 and iNOS) were stained by immunofluorescence (n = 3); (F, G) With MPP and PHTPP, effects of catalpol on the expressions of M2 macrophage markers (CD206 and Arg-1) were stained by immunofluorescence (n = 3).
In addition, ERα siRNA was used to suppress the expression of ERα. With the lack of ERα, the effect of catalpol on reducing CD86 (Figure 4A) and increasing CD163 (Figure 4B) disappeared. The results of western blot showed that catalpol could not reduce M1 macrophage markers (CD86 and iNOS) and increase M2 macrophage markers (CD206 and Arg-1) in ERα siRNA transfected cells (Figures 4C,D). After the transfection with ERα siRNA, the mRNA levels of CD86 and iNOS could not be reduced by catalpol, and the mRNA levels of CD206 and Arg-1 could not be increased as well (Supplementary Figures S2E–H). In summary, these results implied catalpol inhibited M1 macrophage polarization through increasing ERα expression.
[image: Figure 4]FIGURE 4 | Catalpol inhibited M1 macrophage polarization through regulating ERα. (A, B) With ERα siRNA, the level of M1 macrophage markers CD86 and M2 macrophage markers CD163 were detected by FACS (n = 3); (C) With ERα siRNA, effects of catalpol on the expressions of M1 macrophage markers (CD86 and iNOS) were detected by western blot (n = 3); (D) With ERα siRNA, effects of catalpol on the expressions of M2 macrophage markers (CD206 and Arg-1) were detected by western blot (n = 3). Data are expressed as mean ± SD. *p < 0.05, **p < 0.01 vs. LPS&INF-γ group.
Catalpol Attenuated Inflammatory Response in M1 Macrophages Through Regulating Estrogen Receptors α
As shown in Figures 5A,B, catalpol dramatically suppressed the levels of pro-inflammatory cytokines (TNF-α and IL-1β). MPP reversed the decreases of pro-inflammatory cytokines induced by catalpol in M1 macrophages, and there was no significant difference compared to LPS&INF-γ group. Besides, the levels of TNF-α and IL-1β were still significantly decreased by the co-treatment with catalpol and PHTPP. Similarly, the increases of anti-inflammatory cytokines (TGF- β and IL-10) induced by catalpol were blocked by MPP, rather than PHTPP (Figures 5C,D). In ERα siRNA transfected cells, catalpol could not down-regulate pro-inflammatory cytokines (Figures 5E,F) and up-regulate anti-inflammatory cytokines (Figures 5G,H).
[image: Figure 5]FIGURE 5 | Catalpol attenuated inflammatory response in M1 macrophages through regulating ERα. (A, B) With MPP and PHTPP, effects of catalpol on the levels of pro-inflammatory cytokines (TNF-α and IL-1β) (n = 8); (C, D) With MPP and PHTPP, effects of catalpol on the levels of anti-inflammatory cytokines (TGF-β and IL-10) (n = 8); (E, F) ERα siRNA, effects of catalpol on the levels of pro-inflammatory cytokines (TNF-α and IL-1β) (n = 8); (G, H) With ERα siRNA, effects of catalpol on the levels of anti-inflammatory cytokines (TGF-β and IL-10) (n = 8). Data are expressed as mean ± SD. *p < 0.05, **p < 0.01 vs. LPS&INF-γ group.
Catalpol Attenuated Oxidative Stress in M1 Macrophages Through Regulating Estrogen Receptors α
Catalpol inhibited the total concentration of NO in M1 macrophages, while the effect was blocked by MPP (Figure 6A) and ERα siRNA (Figure 6F). Compared to the catalpol group, MPP increased the level of iNOS, as well as decreasing the level of eNOS. There were no significant differences between the MPP group and LPS&INF-γ group (Figures 6B,C). Similarly, catalpol could not reduce iNOS and promote eNOS in ERα siRNA transfected cells (Figures 6G,H). As shown in Figures 6D–I, the concentration of SOD was up-regulated by catalpol, and the effect was blocked by MPP and ERα siRNA. The combination of MPP and catalpol could not reduce the level of MDA in M1 macrophages (Figure 6E). The effect of catalpol on reducing MDA was also blocked by ERα siRNA (Figure 6J). In addition, the results of immunofluorescence showed that the increase of ROS induced by LPS&INF-γ could not be reversed by catalpol when cells were co-treated with MPP (Figure 6K) and ERα siRNA (Figure 6L). In conclusion, the increase of ERα expression was required for catalpol to inhibit oxidative stress in M1 macrophages.
[image: Figure 6]FIGURE 6 | Catalpol attenuated oxidative stress in M1 macrophages through regulating ERα. (A–C) With MPP and PHTPP, effects of catalpol on the levels of NO, iNOS and eNOS (n = 8); (D–E) With MPP and PHTPP, effects of catalpol on the levels of SOD and MDA (n = 8); (F–H) With ERα siRNA, effects of catalpol on the levels of NO, iNOS and eNOS (n = 8); (I–J) With ERα siRNA, effects of catalpol on the levels of SOD and MDA (n = 8); (K) With MPP and PHTPP, effect of catalpol on the level of ROS was stained by immunofluorescence (n = 3); (L) With ERα siRNA, effect of catalpol on the level of ROS was stained by immunofluorescence (n = 3). Data are expressed as mean ± SD. *p < 0.05, **p < 0.01 vs. LPS&INF-γ group.
Catalpol Reduced Lipid Accumulation in HFD-Ovariectomy-Treated ApoE−/− Mice
As shown in Figures 7A,B, the sections of aortas were stained to evaluate the atherosclerotic lesions. Massive stained aortic lesions appeared with a high-fat diet, and the plaque areas were increased further in the Ovx group. However, both E2 and catalpol could apparently reduce atherosclerotic lesions. The serum lipids of the mice were recorded (Figure 7C). The high-fat diet increased the levels of TG, TC, and LDL-C, and the levels were dramatically up-regulated after ovariectomy. However, the levels of TG, TC, and LDL-C were significantly lowered by E2 and catalpol. Due to the physiological stress, the HDL-C level was up-regulated after ovariectomy, and it was increased further by E2 and catalpol.
[image: Figure 7]FIGURE 7 | Catalpol attenuated inflammatory response and oxidative stress in HFD-Ovx-treated ApoE−/− mice. Representative atherosclerotic lesions in cross-sections of the aortas were stained by H&E (A) and oil red O (B); (C) Effects of catalpol on the levels of serum lipid (TC, TG, LDL-C, and HDL-C) after 90 days (n = 8); (D) Effects of catalpol on the levels of inflammatory cytokines (CRP, IL-1β, TNF-α, and IL-10) in HFD-Ovx-treated ApoE−/− mice (n = 8); (E) Effects of catalpol on the levels of NO, iNOS, and eNOS in HFD-Ovx-treated ApoE−/− mice (n = 8); (F) Effect of catalpol on the level of CD11b in HFD-Ovx-treated ApoE−/− mice (n = 8); Data are expressed as mean ± SD. *p < 0.05, **p < 0.01 vs. Ovx group.
Catalpol Inhibited Inflammatory Response and Oxidative Stress in HFD-Ovariectomy-Treated ApoE−/− Mice
The concentrations of pro-inflammatory cytokines (CRP, TNF-α, and IL-1β) and anti-inflammatory cytokine (IL-10) in the serum were detected. As shown in Figure 7D, the high-fat diet up-regulated TNF-α and IL-1β, which was increased further in the Ovx group. E2 and catalpol significantly reduced TNF-α and IL-1β in HFD-Ovx-treated ApoE−/− mice. The level of CRP was only promoted by ovariectomy, and it was effectively attenuated by catalpol. Notably, both a high-fat diet and ovariectomy did not cause any change in the level of IL-10. While E2 and catalpol dramatically increase IL-10. The level of IL-10 in the catalpol group was much higher than in the E2 group. The results implied catalpol inhibited the inflammatory response in HFD-Ovx-treated ApoE−/− mice.
In addition, the level of NO in the serum was reduced by the high-fat diet, and it was decreased further in HFD-Ovx-treated ApoE−/− mice. But, the decline of NO was reversed by E2 and catalpol. A high-fat diet and ovariectomy up-regulated the level of iNOS, and it was significantly reduced by E2 and catalpol. Conversely, E2 and catalpol effectively promoted the level of eNOS in HFD-Ovx-treated ApoE−/− mice. In conclusion, catalpol inhibited the oxidative stress in HFD-Ovx-treated ApoE−/− mice (Figure 7E).
Catalpol Attenuated M1 Macrophage Markers and Increased M2 Macrophage Markers in HFD-Ovariectomy-Treated ApoE−/− Mice
CD11b is a macrophage surface protein, which is recognized as a macrophage marker. As shown in Figure 7F, the expression of CD11b in the serum increased dramatically in the blood of HFD-Ovx-treated ApoE−/− mice. While E2 and catalpol significantly inhibited the expression of CD11b. The expressions of M1 macrophage markers (IL-12β, CD86, and iNOS) in aortic lysates were promoted by a high-fat diet, and they were increased further in HFD-Ovx-treated ApoE−/− mice. The treatment with E2 and catalpol could effectively reduce the expressions of M1 macrophage markers (Figure 8A). Conversely, the decreases of M2 macrophage markers (FIZZ1, CD206, and Arg-1) in aortic lysates were caused by a high-fat diet and ovariectomy. Both E2 and catalpol reversed the declines of M2 macrophage markers (Figure 8B). Besides, the expression of M1 and M2 macrophage markers in the aorta cross-sections were detected by immunohistochemistry (Supplementary Figure S3). Then the peritoneal macrophages of mice were extracted and identified (Supplementary Figure 4). Similarly, catalpol down-regulated the expressions of M1 macrophage markers and up-regulated M2 macrophage markers in peritoneal macrophages (Figures 8C,D).
[image: Figure 8]FIGURE 8 | Catalpol attenuated the expression of M1 macrophage markers in HFD-Ovx-treated ApoE−/− mice. (A) Effects of catalpol on the expressions of M1 macrophage markers (IL-12β, CD86 and iNOS) in aortic macrophages (n = 3); (B) Effects of catalpol on the expressions of M2 macrophage markers (FIZZ, CD206 and Arg-1) in aortic macrophages (n = 3); (C) Effects of catalpol on the expressions of M1 macrophage markers (IL-12β, CD86, and iNOS) in peritoneal macrophages (n = 3); (D) Effects of catalpol on the expressions of M2 macrophage markers (FIZZ1, CD206, and Arg-1) in peritoneal macrophages (n = 3). Data are expressed as mean ± SD. *p < 0.05, **p < 0.01 vs. Ovx group.
Catalpol Promoted the Expressions of ERs in HFD-Ovariectomy-Treated ApoE−/− Mice
The ERs expressions of aortas were assessed by immunohistochemistry and western blot. As shown in Figures 9A–C, the expression of ERα in the aortic cross-sections was obviously inhibited by a high-fat diet, and it was reduced further in HFD-Ovx-treated ApoE−/− mice. While the treatment with E2 and catalpol significantly promoted the ERα expression. Besides, the high-fat diet and ovariectomy led to the decline of ERβ expression in the aortic cross-sections, and the decrease was reversed considerably by E2 and catalpol (Figures 9B,D). As shown in Figure 9E, the results of western blot were consistent with immunohistochemistry. However, catalpol did not reduce the expression of ERβ in M1 macrophages. It suggested that other mechanisms were involved in the effect of catalpol on reducing ERβ expression in HFD-Ovx-treated ApoE−/− mice.
[image: Figure 9]FIGURE 9 | Catalpol promoted the expressions of ERs in HFD-Ovx-treated ApoE−/- mice. Effects of catalpol on the expressions of ERα (A) and ERβ (B) in cross-sections of the aortas. (C) Effects of catalpol on the expressions of ERα and ERβ were also detected by western blot (n = 3). Data are expressed as mean ± SD. *p < 0.05, **p < 0.01 vs. Ovx group.
DISCUSSION
The macrophage is a kind of immune cell that owns the multi-functional biological function. It can not only participate in the non-specific immune response by secreting inflammatory factors and phagocytic lipids, but also in the specific immune response through antigen presentation (Deligne and Midwood, 2021). The primary function of macrophages is to eliminate some cell fragments, lipids, or pathogenic microorganisms through phagocytosis in vivo (Zhou et al., 2021). At the same time, they can also secrete some cytokines to regulate immunity and maintain tissue homeostasis. Notably, there are some differences in biological functions between the two phenotypes of macrophages.
M1 macrophages are mainly distributed in the plaque area, which is prone to rupture. They can degrade the extracellular matrix by secreting several matrix metalloproteinases (MMPs), which cause instability and rupture in plaques (Krams et al., 2006). M1 macrophages have weak lipid transport and clearance ability during the AS process, while they own intense aggression and high antigen presentation ability. According to the microenvironment, M1 macrophages can activate other immune cells in the tissue, secrete pro-inflammatory factors, and accelerate AS (Chen et al., 2015). M2 macrophages are far away from the lipid core of plaque, and primarily distributed in the stable area of the plaque. M2 macrophages possess a solid ability to remove lipids by phagocytosis (Ng et al., 2021). They can secrete anti-inflammatory cytokines (such as IL-10, TGF-β) to help wound healing, which plays a significant role in tissue repair. In the early stage of AS, the plaques are mainly infiltrated by M2 macrophages. While with further aggravation, M2 macrophages have obstacles in the process of lipid clearance and gradually transform into the M1 phenotype (Colin et al., 2014). In vivo, our results revealed that the inflammation and damage of aortic vessels were aggravated in postmenopausal AS mice. The expressions of M1 macrophage markers were abundant in the aortic. Various environmental stimuli can cause the polarization of the M1 macrophage. The mixture of LPS and IFN-γ has been widely used to induce the M1 polarization model (Wang X. et al., 2019). According to the experiments, catalpol could reduce the polarization of M1 macrophage, suppress inflammation, stabilize the necrotic core, and avoid plaque rupture. However, the report claimed that CD86 was insufficient evidence to represent M1 macrophage Wang L.x. et al. (2019), more M1 and M2 markers should be involved in our future study (Jablonski et al., 2015).
There is an interaction between inflammation and oxidative stress. Inflammatory cells can produce ROS, which is involved in oxidative stress. On the contrary, ROS can activate NF-κB and increase of inflammatory cytokines (Bae et al., 2017; Kumar et al., 2018). Reducing the level of ROS suppressed the plaque formation in ApoE−/- mice (Nomura et al., 2014). NO is an active substance produced and released by vascular endothelial cells. NO can dilate blood vessels, inhibit the proliferation of vascular smooth muscle (Lewis and Lang, 2015; Cheng et al., 2016). It can improve the function of vascular endothelial cells, thus inhibit the development of AS. At the same time, NO is regulated by two proteins (Forstermann and Sessa, 2012). The NO synthesized by eNOS can inhibit cell apoptosis and is considered a survival factor of endothelial cells. It has various biochemical activities, including clearing superoxide radicals directly, reducing leukocyte adhesion and activation, and maintaining endothelial integrity (Ueda et al., 2015). With the stimulation by inflammation and cytokines, iNOS can generate many NO, which can combine with oxygen and peroxides (Kapralov et al., 2020). It is a potent oxidative free radical. When the expression of iNOS increases, NO acts as a gas-free radical and aggravates cell injury and apoptosis (Zhu et al., 2016). Estrogen was reported to be able to produce eNOS through ERα and induce endothelium-dependent vasodilation. Also, the effect of estrogen was mainly mediated by PI3K/Akt cascade and MAPK (Hernandez-Resendiz et al., 2015). Our experimental results showed that the lack of estrogen could reduce the level of NO in the blood. However, the treatment with catalpol could increase the expression of eNOS and reduce the expression of iNOS.
Epidemiological studies have found that estrogen has a strong cardiovascular protective effect and can treat menopausal atherosclerosis by acting on endothelial cells and macrophages (Toniolo, 2014). The biological effect of estrogen is mainly mediated by ERα and ERβ (Paterni et al., 2014). ERα is the primary estrogen receptor expressed in mice macrophages (Campesi et al., 2017). The release of TNF-α induced by LPS was increased in macrophages of ERα knockout mice. Besides, the absence of ERα can promote macrophage dysfunction, which implies that ERα participates in the inflammatory response (Brown et al., 2010). In macrophages, estrogen can up-regulate the expression of ERα, but it has no significant effect on ERβ. Lacking ERα expression can block the protective effect of estrogen on immune response and AS. Our results showed that the expression of ERα was dramatically decreased in postmenopausal AS mice and M1 macrophages. Besides, the results of molecular docking implied that catalpol could bind with ERα (Supplementary Figure 5). The treatment with catalpol could significantly increase the expression of ERα rather than ERβ. Then, both ERα and ERβ inhibitors were applied. With the ERα inhibitor, the anti-oxidation and anti-inflammatory ability of catalpol disappeared. It confirmed that catalpol prevented postmenopausal AS and macrophage polarization through activating ERα, rather than ERβ (Figure 10).
[image: Figure 10]FIGURE 10 | A schematic diagram describing the protective mechanisms of catalpol against macrophages polarization and postmenopausal AS through ERα.
Clinical studies have found that estrogen replacement therapy has many adverse reactions, which increases the risk of breast cancer in women (Boukhris et al., 2014). Therefore, it has become an urgent need to find some more safe estrogen replacement therapy. Many natural plants have phytoestrogens, similar to estrogen in structure and function (Al-Anazi et al., 2011). They can up-regulate the expression of estrogen receptors and have an estrogen-like effect. Generally, our present study gave evidence that catalpol could regulate macrophage polarization by increasing the expression of ERα. It may provide new insight into the molecular mechanisms for catalpol in preventing postmenopausal AS. However, with the aim of developing catalpol as an eligible therapeutic agent in the clinic, more mechanisms of catalpol involved in preventing postmenopausal AS are required to be detected in future studies.
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Disruption of Th17/Tregs homeostasis plays a crucial role in governing the immune response during myocardial fibrosis and its progression to heart failure. The present study aimed to assess for the first time the possible protection afforded by rupatadine against isoproterenol-induced heart failure in rats. It also explored the role of PI3k/Akt as a possible mechanistic pathway, through which rupatadine could modulate Th17/Tregs balance to display its effect. Isoproterenol (85 and 170 mg/kg/day) was injected subcutaneously for 2 successive days, respectively and rupatadine (4 mg/kg/day) was then given orally for 14 days with or without wortmannin (PI3K/Akt inhibitor). Rupatadine succeeded to completely ameliorate isoproterenol-induced cardiac dysfunction as demonstrated by improvements of electrocardiographic and echocardiographic measurements. Moreover, rupatadine prevented the marked elevation of PAF and oxidative stress in addition to Th17 promoting cytokines (IL-6, IL-23, and TGF-β). Accordingly, rupatadine prevented Th17 stimulation or expansion as indicated by increased Foxp3/RORγt ratio and decreased production of its pro-inflammatory cytokine (IL-17). Rupatadine treatment mitigated isoproterenol-induced activation of STAT-3 signaling and the imbalance in p-Akt/total Akt ratio affording marked decrease in atrogin-1 and apoptotic biomarkers. Finally, this therapy was effective in averting cardiac troponin loss and reverting the histological alterations as assessed by myocardial fibrosis and hypertrophy grading. Contrariwise, co-administration of wortmannin mostly attenuated the protective effects of rupatadine affording more or less similar results to that of isoproterenol-untreated rats. In conclusion, rupatadine could be an effective therapy against the development of isoproterenol-induced heart failure where PI3K/Akt pathway seems to play a crucial role in its protective effect.
Keywords: Akt, myocardial fibrosis, platelet activating factor, rupatadine, T helper 17
INTRODUCTION
Heart failure (HF) is a common pathophysiologic event following many cardiovascular disease conditions including cardiac surgery as well as myocardial ischemia, myocardial infarction (MI) and hypertrophy (Wang et al., 2017). These events usually begin with myocardial damage and fibrosis which increase the stiffness of heart muscle and cause subsequent mechanical and electrical dysfunction leading to arrhythmia, HF, and even sudden death (Brilla et al., 1991). The rat model of isoproterenol (ISO)-induced myocardial damage is a reliable, reproducible, and non-invasive standardized model which is associated with arrhythmias, myocyte loss, and fibrosis, with progression to HF (Szabo et al., 1975; Krenek et al., 2009). The pathophysiological and morphological aberrations produced in this experimental model are comparable with those that occur in human (Afroz et al., 2016).
Several injury-triggered events play a crucial role in the pathogenesis of HF. Upon cardiac injury, sustained inflammatory response plays a key role in the process of cardiac fibrosis and remodeling with progression to left ventricular hypertrophy and HF (Diwan et al., 2005). Platelet-activating factor (PAF) is a potent lipid mediator of inflammation which affords immunomodulatory effects in the pathogenesis of inflammatory disorders and fibrosis (Kelesidis et al., 2015). PAF acts via a G-protein-coupled receptor (PAFR), upregulating the secretion of a variety of cytokines and promoting neutrophils chemotaxis through platelet-leukocytes conjugation (Sugano et al., 2001).
PAF/PAF-R interaction leads to T helper 17 (Th17) differentiation through creation of a proinflammatory environment that would skew cytokine production in favor of Th17 development over regulatory T-cells (Tregs) (Edwards and Constantinescu, 2009). Due to the broad distributions of interleukin (IL)-17 receptors, they induce a dual massive profibrotic and proinflammatory response (Korn et al., 2009). Former studies have highlighted the detrimental effect of IL-17 during liver (Wang et al., 2011; Tan et al., 2013; Sun et al., 2014) and pulmonary fibrosis (Mi et al., 2011; Zhang et al., 2019). IL-17 was previously claimed to be the major driving force for cardiac remodeling post-myocarditis (Liu et al., 2012). IL-17 also regulates the production of transforming growth factor-beta 1 (TGF-β1), which induces activation of cardiac fibroblast into myofibroblasts, and further facilitates the differentiation of Th17 cells via signal transducer and activator of transcription-3 (STAT3) signaling pathway (Meng et al., 2012). Despite the emphatic role of IL-17-producing cells in the progression of HF, the exact intracellular molecular mechanisms favoring their preferential differentiation, especially in response to PAF, are not utterly characterized.
One of the most vital downstream signaling of T cells receptor is the phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) (Jones et al., 2000; Cantrell, 2002; Kane and Weiss, 2003). This pathway plays an important role in a diversity of physiological and pathogenic processes, including inflammation and cell apoptosis (Wei et al., 2017). The activation of the PI3K/Akt pathway was previously revealed to protect against ISO-induced myocardial injury (Ke et al., 2017). Furthermore, in HF, the decrease in the activity of Akt was associated with induction of atrogin-1 (a marker of muscle atrophy) that favors heart muscle loss and left ventricular dysfunction (Galasso et al., 2010).
Rupatadine (RUP) is a novel second-generation antihistamine which possesses anti-inflammatory effects in addition to dual blockade of histaminic (H1) and PAF-receptors (Mullol et al., 2008). Unlike several antihistamines, preclinical and clinical studies point to its cardiac safety with no proarrhythmic potential upon its use (Donado et al., 2010). In a previous experimental study, RUP promoted the resolution of inflammation and fibrosis in bleomycin-and silica-induced pulmonary fibrosis (Lv et al., 2013). Importantly, interaction between PI3K/Akt signaling and PAF has been clearly shown in inflammatory and fibrotic diseases (Lu et al., 2008) where inhibition of PI3K/Akt signaling was demonstrated to play an important role in preclinical models of cardiac inflammation and HF (Ghigo et al., 2011). Thus, the present study, was conducted to identify PI3k/Akt as a possible mechanistic pathway, through which RUP could modulate Th17/Treg balance to display a protective effect against ISO-induced HF in rats.
MATERIAL AND METHODS
Animals
Adult male Wistar albino rats, weighing 170–190 g, were procured from the National Research Center, Cairo, Egypt. Animals were housed at animal facility of Faculty of Pharmacy, Cairo University and allowed free access to standard rat chow diet and water. They were kept at temperature of 25 ± 2°C with a relative humidity of 60 ± 10% and a constant light cycle. This study complied with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 2011) and was approved by the Ethics Committee for Animal Experimentation at Faculty of Pharmacy, Cairo University (Permit number: 2770).
Chemicals
ISO hydrochloride and wortmannin were procured from Sigma–Aldrich Company, United States. RUP was obtained from ATCO Pharma, Egypt. All other chemicals and reagents, unless specified, were obtained from Sigma-Aldrich, United States.
Induction of Heart Failure in Rats
For induction of HF, rats were injected subcutaneously with ISO for two successive days at different doses (85 and 170 mg/kg, respectively) (Mohamed et al., 2015). Only animals exhibited electrocardiographic deviations (ST elevation) and high serum creatine kinase-MB 24 h after the 2nd ISO injection, were chosen to complete the study.
Experimental Design
Rats were randomly allocated into four groups, 11 animals each. Group I comprised normal rats that received normal saline. The remaining three groups comprised rats showing signs of myocardial damage and treated starting from the day after ISO injections for 2 weeks daily as follows: group II received normal saline, group III: received RUP (4 mg/kg/day, p. o.) where this dose was selected based on a previous study demonstrating its efficacy as an anti-fibrotic agent in lung fibrosis in rats (Lv et al., 2013) and group IV: received wortmannin (15 μg/kg/day, i. v.) as a PI3K/Akt inhibitor (Sayed et al., 2020) 30 min before RUP administration.
Hemodynamic Measurements
After 14 days of treatment, electrocardiogram (ECG) was recorded by means of subcutaneous peripheral limb electrodes (HPM 7100, Fukuda Denshi, Tokyo, Japan) inserted under anesthesia using thiopental (50 mg/kg, i. p.). ECG recordings were used to determine heart rate (HR), QT interval and QRS duration. Meanwhile, left ventricular (LV) function was assessed with 12.5- MHz ultrasound probe using Honda HS-2200 V(Tokyo, Japan). Both left ventricular end-diastolic diameter (LVEDD), left ventricular end-systolic diameter (LVESD) and ejection fraction percentage (EF%) were automatically calculated in M-Mode of long-axis parasternal view and provided by the built-in software. Each parameter was assessed as an average over three cardiac cycles (Nagaya et al., 2004).
Biochemical Measurements
After being subjected to hemodynamic tests, rats were sacrificed by decapitation and blood was withdrawn for serum collection. Hearts of 5 rats form each group were used for histopathological evaluation. Whole ventricles of the remaining rats were rapidly dissected, washed, dried and weighed. A part from each ventricle was homogenized in cold phosphate buffer saline (PBS; pH = 7.4) to prepare 10% homogenate. The other part was kept frozen at −80°C to be used in western blot analysis.
Enzyme Linked Immunosorbent Assay
Brain natriuretic peptide (BNP) as a diagnostic and prognostic marker of HF was measured in serum using ELISA kit (MyBioSource, Inc. San Diego, CA, United States). In addition, the following parameters were estimated in tissue homogenates using the corresponding ELISA kits; IL-17 (Sinogeneclon Co., Ltd., China), IL-6 (Chongqing Biospes Co., Ltd., China), P-STAT-3 (Creative Diagnostics; NY, United States), Bax, Bcl2, IL-23, TGF-β, PAF, and atrogin-1 (MyBioSource, Inc. San Diego, CA, United States). A specific ELISA Kit (ab176657, Cambridge, MA, United States) were used to measure both p-Akt (Ser473) and total Akt in tissue homogenate.
Oxidative Stress Markers
The lipid peroxidation products were assessed colorimetrically by determining the levels of thiobarbituric acid reactive substances (TBARS) in cardiac tissues using a colorimetric assay kit (Biodiagnostic, Egypt). Meanwhile, the antioxidant status of myocardial tissues, including reduced glutathione (GSH), superoxide dismutase (SOD) and catalase, was assessed by using commercially available standard kits (Biodiagnostic, Egypt) according to the manufacturers’ instructions.
Determination of Caspase-3 Activity
Caspase-3 activity (the key executioner enzyme in both extrinsic and intrinsic apoptosis) was estimated using caspase-3 colorimetric assay kit (R&D Systems, Inc. United States) where absorbance was read at 405 nm using a microplate reader (BioTek instruments, United States). The results were expressed as fold change in optical density relative to the normal group.
The protein content was determined in all previously mentioned parameters using the method of Lowry et al. (1951).
Western Blot Analysis
Part of the ventricle was homogenized in lysis buffer and protein levels were assessed using a Bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific Inc. United States). Protein expression was estimated as previously described (Ahmed et al., 2014) using troponin I primary antibody (Thermofisher scientific, United States, Cat.# MA1-20112), troponin T primary antibody (Thermofisher scientific, United States, Cat.# MA1-24611), forkhead/winged helix transcription factor P3 (FoxP3) primary antibody (Thermofisher scientific, United States, Cat.# PA5-23169), retinoic-acid-related orphan receptor (ROR)-γt primary antibody (Thermofisher scientific, United States, Cat.# PA5-23148) and horseradish peroxidase (HRP)-conjugated goat anti-rabbit secondary antibody (Thermofisher scientific, United States, Cat.# 31460). The amount of protein was quantified by densitometric analysis of the autoradiograms using a scanning laser densitometer (Biomed Instrument Inc. United States). Results were normalized to β-actin and expressed as fold change to the normal group.
Histopathological Analysis
Cardiac tissues were fixed in 10% formalin and embedded in paraffin wax. In order to assess the degree myocardial fibrosis, tissue sections (5 µm) were stained with Masson trichrome to identify collagen fiber in cardiac tissue using an image analyzer (Leica Qwin 550, Germany). The percentage of fibrosis for each group was calculated as the average of randomly chosen 10 fields from each section (Berry et al., 2006). Sections of 5 µm were also cut and stained with hematoxylin and eosin (H&E) to assess hypertrophy and myocardial damage. Myocardial damage was evaluated as demonstrated by Zhang et al. (2008) using a semi-quantitative grading scale of 0–5. All histological changes were evaluated by a pathologist unaware of different groups examined.
Statistical Analysis
All results are reported as means ± SD. GraphPad Prism software (version 6.04) was used to perform all statistical analyses. The analysis of all data was done using One-way ANOVA then Tukey multiple comparisons as a post hoc test except histological score of damage which was done using non-parametric One-Way ANOVA followed by Dunn’s multiple comparison test. p value <0.05 was considered as a significant difference.
RESULTS
Heart Weight Index (HWI) and Hemodynamic Measurements
ISO-induced HF caused a significant increase in HWI indicating myocardial hypertrophy. Treatment with RUP completely reverted changes in HWI, an effect that was abolished by co-administration of wortmannin, a selective inhibitor of PI3K/Akt pathway (Table 1). Furthermore, ISO administration induced conduction and contraction abnormalities as indicated by significant increase in QT interval, QRS duration, LVEDD, and LVESD measurements together with a significant decrease in HR and EF%. These results were associated with a marked rise in serum level of BNP confirming the presence of cardiac dysfunction and HF. Conversely, RUP succeeded to improve eletrocardiographic and echocardiographic perturbations in addition to BNP level. These results were mostly reverted by addition of PI3K/Akt inhibitor (Table1).
TABLE 1 | Effect of RUP with or without wortmannin on HWI electrocardiographic and echocardiographic parameters as well as serum BNP level in ISO-induced HF in rats.
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ISO-treated rats showed 3-fold increase in PAF together with significant reduction of antioxidant capacity of cardiac tissues (GSH, SOD and catalase) and significant elevation of the levels of TBARS, IL-6, IL-23, and TGF-β, indicating the activation of oxidative stress, inflammatory and fibrotic pathways. Meanwhile, almost these markers were normalized using RUP treatment. Administration of RUP and wortmannin together significantly reversed the effect of RUP on TGF-β besides complete abolishment of the effect of RUP on oxidative stress markers in addition to IL-6 and IL-23 showing similar results to ISO group (Figures 1, 2).
[image: Figure 1]FIGURE 1 | Effect of RUP with or without wortmannin on ISO-induced changes in myocardial contents of (A) PAF (B) IL-6 (C) IL-23, and (D) TGF-β. Each value represents the mean of six experiments and error bars represent SD. Statistical analysis was done using One way ANOVA followed by Tukey’s post-hoc test where a p < 0.05 vs. normal, b p < 0.05 vs. ISO, c p < 0.05 vs. RUP.
[image: Figure 2]FIGURE 2 | Effect of RUP with or without wortmannin on ISO-induced changes in myocardial contents of (A) TBARS (B) GSH (C) SOD and (D) catalase. Each value represents the mean of six experiments and error bars represent SD. Statistical analysis was done using One way ANOVA followed by Tukey’s post-hoc test where a p < 0.05 vs. normal, b p < 0.05 vs. ISO, c p < 0.05 vs. RUP.
Foxp3/RoR-γt Ratio and IL17
The elevation of Th17 promoting cytokines was accompanied by a marked reduction in Foxp3/RORγt ratio in ISO-treated rats indicating the expansion of Th17 over Tregs. This was associated with significant increase in the production of its pro-inflammatory cytokine IL-17. Again, administration of RUP succeeded to significantly increase Foxp3/RORγt ratio together with normalization of IL-17 level. On the other hand, there was no significant difference between the results of ISO-treated group and the group received both RUP and wortmannin (Figure 3).
[image: Figure 3]FIGURE 3 | Effect of RUP with or without wortmannin on ISO-induced changes in protein expression of (A) Foxp3 and (B) RORγt in addition to (C) Foxp3/RORγt ratio and myocardial content of (D) IL-17. Each value represents the mean of six experiments and error bars represent SD. Statistical analysis was done using One way ANOVA followed by Tukey’s post-hoc test where a p < 0.05 vs. normal, b p < 0.05 vs. ISO, c p < 0.05 vs. RUP.
p-STAT 3 and pAkt/Total Akt Ratio
Administration of ISO caused the activation of STAT3 signaling as demonstrated by significant rise in the level of p-STAT3. This was correlated with a significant decrease in p-Akt/total Akt ratio. RUP treatment prevented these changes whereas these effects were completely attenuated by co-administration of an inhibitor of PI3K/Akt pathway (Figure 4).
[image: Figure 4]FIGURE 4 | Effect of RUP with or without wortmannin on ISO-induced changes in myocardial contents of (A) p-STAT 3 and (B) pAkt/total Akt ratio. Each value represents the mean of six experiments and error bars represent SD. Statistical analysis was done using One way ANOVA followed by Tukey’s post-hoc test where a p < 0.05 vs. normal, b p < 0.05 vs. ISO, c p < 0.05 vs. RUP.
Cardiac Atrogin 1 and Troponin I and T
Compared to normal group, ISO-treated animals showed a marked rise in the level of atrogin-1 with diminution in the protein expression of both troponin I and T. Notably, administration of RUP normalized atrogin 1 content and remarkably increased the protein expression of troponin I and T, where these markers were worsened again upon co-administration of wortmannin (Figure 5).
[image: Figure 5]FIGURE 5 | Effect of RUP with or without wortmannin on ISO-induced changes in myocardial content of (A) atrogin-1 as well as the protein expression of (B) troponin I and (C) troponin T. Each value represents the mean of six experiments and error bars represent SD. Statistical analysis was done using One way ANOVA followed by Tukey’s post-hoc test where a p <0.05 vs. normal, b p <0.05 vs. ISO, c p <0.05 vs. RUP.
Apoptotic Biomarkers
ISO enhanced myocardial apoptotic death as indicated by significant increase in caspase-3 activity and Bax/Bcl2 ratio. Rats treated with RUF exhibited profound decrease in these markers, an effect that was completely abolished by co-administration of wortmannin (Figure 6).
[image: Figure 6]FIGURE 6 | Effect of RUP with or without wortmannin on ISO-induced changes in myocardial contents of (A) Bax and (B) Bcl2 in addition to (C) Bax/Bcl2 ratio and (D) caspase-3 activity. Each value represents the mean of six experiments and error bars represent SD. Statistical analysis was done using One way ANOVA followed by Tukey’s post-hoc test where a p < 0.05 vs. normal, b p < 0.05 vs. ISO, c p < 0.05 vs. RUP.
Histological Examinations of Myocardial Fibrosis and Damage
ISO-treated group showed a significant increase in hypertrophy and the percentage of fibrosis compared to normal group. Similarly, ISO administration caused a marked cardiac muscle damage with a cardiac lesion score of 3. Treatment with RUP significantly attenuated the development of hypertrophy and fibrosis compared to ISO group together with improvement of myocardial architecture giving a cardiac lesion score of 1. Co-administration of wortmannin reversed the protective effects of RUP giving pictures similar to ISO group with a cardiac score of 4 (Figure 7).
[image: Figure 7]FIGURE 7 | Effect of RUP with or without wortmannin on ISO-induced histological changes. Normal group (A,F,K), ISO group (B,G,L), RUP group (C,H,M) and RUP + Wort group (D,I,N). (A–D) Specimens stained with Masson’s trichrome for estimation of myocardial fibrosis (blue color). Specimens stained with hematoxylin and eosin for estimation of degree of myocardial damage (F–I) and hypertrophy (K–N). Percentage of fibrosis (E) and left ventricular (LV) thickness (O). Each value represents the mean of 5 experiments and error bars represent SD. Statistical analysis was done using One way ANOVA followed by Tukey’s post-hoc test. Histopathological scores (J) are expressed as the median of 5 animals. Statistical analysis was done using Kruskal-Wallis test followed by Dunn’s test where a p < 0.05 vs. normal, b p < 0.05 vs. ISO, c p < 0.05 vs. RUP.
DISCUSSION
The present study emphasizes the efficacy of RUP in interfering with the processes of myocardial fibrosis, cardiac remodeling and ultimately HF. RUP noticeably prevented myocardial damage and hypertrophy where these effects were reflected largely in its ability to reserve cardiac function following ISO injection as shown by electrocardiographic as well as echocardiographic measurements.
Disruption of Th17/Tregs homeostasis plays a crucial role in governing the immune response during HF (Myers et al., 2016). Th17 phenotypes expressing ROR-γt have pivotal roles in tissue inflammation and autoimmunity by releasing IL-17 (Crome et al., 2010; Hammerich et al., 2011; Miossec and Kolls, 2012), while Tregs phenotypes expressing FoxP3 exert an anti-inflammatory function and preserve tolerance to self-antigens (Lehtimäki and Lahesmaa, 2013). Antigen-presenting cells (APCs), such as monocytes secrete the Th17-promoting cytokines; TGF-β1, IL-6, and IL-23 (Evans et al., 2007; Volpe et al., 2008). These cytokines synergize to induce ROR-γt expression, thus supporting Th17 differentiation (Aggarwal et al., 2003; Kolls and Lindén, 2004; Wilson et al., 2007; Manel et al., 2008; Hwang, 2010). Interestingly, co-culture of CD4+ T cells with PAF-stimulated APCs, previously developed a Th17 phenotype via endorsing the rapid expression of Th17-promoting cytokines (Drolet et al., 2011). In parallel, during immunoinflammatory reactions, PAF triggers macrophage to liberate reactive oxygen species evoking a state of oxidative burst (Hartung et al., 1983) which contributes to Th17/Tregs imbalance through inducing the pro-inflammatory Th17 cells expansion and inhibiting the anti-inflammatory Treg cells differentiation (Yang et al., 2016). Beside its indirect effect on Th17 via its receptors on APCs, PAF was claimed to have receptors on T cells which are upregulated upon stimulation and may directly drive them toward Th17 phenotype (Calabresse et al., 1992; Edwards and Constantinescu, 2009). Accordingly, PAF affects the response of Th17 cells and mediates its production of IL-17 (Drolet et al., 2011). IL-17 promotes fibrosis by exacerbating the upstream oxidative (Swardfager et al., 2014) and inflammatory responses as well as regulating the downstream activation of fibroblasts (Fang et al., 2016). It increases the secretion of pro-inflammatory cytokines, including IL-1, IL-6, and tumor necrosis factor-alpha (TNF-α), by inflammatory cells which further reinforce the inflammatory response (Meng et al., 2012). Concomitantly, it could provoke the production of TGF-β1, the major fibrogenic factor, which induces the activation of cardiac fibroblast into myofibroblasts (Faust et al., 2009; Mi et al., 2011), and further facilitates the differentiation of Th-17 (Manel et al., 2008). TGF-β also directly stimulates its receptors constitutively expressed on cardiac fibroblasts to promote collagen types I and III production through enhancing phosphorylation and thus nuclear translocation of the transcription factor, STAT3 (Meng et al., 2012). In addition, IL-17 regulates matrix metalloproteinases/tissue inhibitors of matrix metalloproteinases (MMP/TIMP) system which was previously revealed to mediate tissue remodeling in rats with ISO-induced HF as well as in primary human cardiac fibroblasts (Cortez et al., 2007; Feng et al., 2009). Accordingly, IL-17 contributes largely to myocardial interstitial fibrosis as demonstrated herein and previously (Liu et al., 2012; Myers et al., 2016).
In the present study, ISO injection induced a state of Th17/Tregs imbalance with a massive disruption of ventricular PAF, TBARS, GSH, SOD, catalase, TGF-β1, IL-6, IL-23, and IL-17 contents. RUP was effective in increasing Foxp3/RORγt ratio, an effect that was associated with a marked reduction in PAF, oxidative stress and the evoked cytokines. As a result of its effects on both TGF-β and IL-17, the accumulation of collagen and cardiac remodeling were largely mitigated. In harmony with these results, RUP exerted obvious anti-fibrotic effects in rat models of diabetic nephropathy (Hafez et al., 2020) and bleomycin-induced pulmonary fibrosis (Lv et al., 2013).
The influence of RUP on Th17 differentiation could be partially attributed to its ability to block PAF receptors and consequently TGF-β/IL-6/IL-23/IL-17 axis. Coherent with these results, Singh et al. (2011) demonstrated that pretreatment of monocyte-derived Langerhans cells with a PAFR antagonist prevented PAF-prompted RORγt expression by T cells. PAFR blockage decreased also the level of Th17–related cytokines, IL-17, IL-23, and IL-6 in the skin of transgenic mice in addition to reduction of PAF level probably by interfering with its autocrine loop.
It has been reported that enhanced Akt signal could impede the effect of Th17-promoting cytokines on CD4+ T cells, instead, it could support Foxp3 expression (Pierau et al., 2009). On the other hand, PAF could inhibit PI3k/Akt signaling pathway via promoting rapid dephosphorylation of various intermediates (Lu et al., 2008). Furthermore, pretreatment of PAF-primed Langerhans cells with STAT3 inhibitors totally prevented RORγt production in CD4+ T cells (Drolet et al., 2011). In the same context, STAT3 directly binds to IL-17 promoters after being translocated to the nucleus in response to PAF stimulation (Chen et al., 2006). STAT3 phosphorylation could be dramatically inhibited, however, by a PAF blocker (Deo et al., 2002, 2004). These observations suggest the possible interplay between Akt and STAT3 in regulating PAF-induced Th17 activity outbreak. Consistent with these observations, the increase in PAF following ISO injection, in the current study, was associated with a marked reduction in p-Akt along with an obvious upsurge in p-STAT3. On the other hand, RUP succeeded in reversing these actions to accomplish its inhibitory effect on Th17 phenotypes.
Beside its negative effect on Akt phosphorylation, wortmannin, a PI3k inhibitor, interfered with the effect of RUP on P-STAT3 in the current work. A possible explanation of this effect is the ability of Akt to inhibit glycogen synthase kinase 3-β (Beurel, 2014) whose activity is positively correlated with Th-17 differentiation via promoting STAT3 phosphorylation (Beurel et al., 2011). Consequently, wortmannin impeded RUP effects on IL-17 and RORγt expression as well as its inhibitory actions on IL-6 and, IL-23, TGF-β, PAF, and oxidative stress. The spike in PAF observed following pretreatment with wortmannin could be probably explained by reducing its catabolism by PAF-acetylhydrolase secreted mainly by monocytes (Stafforini, 2009). Inhibition of Akt pathway reduces nuclear translocation of specificity protein 1 activation in monocytes (Lee et al., 2015), the main transcription factor for this catabolizing enzyme (Stafforini, 2009). The current results affirm that the inhibitory effect of RUP on Th17- promoting cytokines was established mainly via its complementary boosting effect on Akt pathway.
Impaired PI3K/Akt signaling was previously accused of being the chief mechanism mediating the pro-apoptotic effect of PAF (Lu et al., 2008). Interestingly, IL-17 could act directly on its receptors expressed on cardiomyocyte to induce apoptosis via increasing the Bax/Bcl-2 ratio (Liao et al., 2012). In addition, protein-ubiquitination by the overexpressed atrogin-1 in response to impaired Akt activity contributes mostly to myocardial remodeling and degeneration (Galasso et al., 2010). In the present study, the impaired Akt phosphorylation was accompanied by an obvious increase in caspase-3 activity, Bax/Bcl2 ratio and atrogin-1 levels along with a significant loss of cardiac troponin I and T in ISO group. Coherent with these results, Li et al. (2018) reported that sustained activation of Akt signaling pathway could inhibit cardiomyocyte apoptosis following ISO-induced HF. Additionally, reduction of Akt phosphorylation reported in patients with HF was positively correlated with heart muscle degeneration and left ventricular dysfunction (Galasso et al., 2010). Conversely, rats treated with RUP showed normal atrogin-1 level, caspase-3 activity and Bax/Bcl2 ratio with a marked increase in troponin I and T contents. These effects were mostly abolished by wortmannin advocating that Akt pathway mediates the protective effect of RUP on cardiomyocyte against apoptosis and degeneration. Activated Akt could diminish the pro-apoptotic (Bad and Bax) factors, while enhancing the anti-apoptotic (Bcl-2) factor (Atif et al., 2015). It also hampers the release of p53, which incites apoptosis under different conditions of cellular stress (Ji et al., 2012). In addition, Akt interferes with cytochrome c–induced caspase-9 and -3 activation at the post-mitochondrial level to pin down its antiapoptotic effect (Zhou et al., 2000).
Importantly, though histamine could induce pulmonary fibroblast proliferation via H1 receptor (Veerappan et al., 2013), H2 receptors are widely expressed on cardiac myocytes, endothelial cells as well as fibroblasts (Leary et al., 2018; Zhang et al., 2018). Ample evidences demonstrate that H2 receptors blockers could hinder HF progression by reducing myocardial fibrosis and apoptosis (Kim et al., 2006; Takahama et al., 2010; Zeng et al., 2014; Zhang et al., 2018). In addition, histamine binding to H4 receptor on Th17 cells promotes their overall stimulation (Mommert et al., 2012). Based on the aforementioned results, the beneficial effects of RUP observed herein could be attributed merely to its PAF blockade activity.
In conclusion, the present study offers profound insights into the role of RUP in mitigating ISO-induced HF. These effects could be related mainly to the anti-fibrotic properties of RUP through interruption of PAF-induced oxidative stress and TGF-β/IL-6/IL-23/IL-17 axis via its complementary boosting effect on Akt pathway.
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Bellidifolin Ameliorates Isoprenaline-Induced Myocardial Fibrosis by Regulating TGF-β1/Smads and p38 Signaling and Preventing NR4A1 Cytoplasmic Localization
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Myocardial fibrosis is closely related to high morbidity and mortality. In Inner Mongolia, Gentianella amarella subsp. acuta (Michx.) J.M.Gillett (G. acuta) is a kind of tea used to prevent cardiovascular diseases. Bellidifolin (BEL) is an active xanthone molecule from G. acuta that protects against myocardial damage. However, the effects and mechanisms of BEL on myocardial fibrosis have not been reported. In vivo, BEL dampened isoprenaline (ISO)-induced cardiac structure disturbance and collagen deposition. In vitro, BEL inhibited transforming growth factor (TGF)-β1-induced cardiac fibroblast (CF) proliferation. In vivo and in vitro, BEL decreased the expression of α-smooth muscle actin (α-SMA), collagen Ⅰ and Ⅲ, and inhibited TGF-β1/Smads signaling. Additionally, BEL impeded p38 activation and NR4A1 (an endogenous inhibitor for pro-fibrogenic activities of TGF-β1) phosphorylation and inactivation in vitro. In CFs, inhibition of p38 by SB203580 inhibited the phosphorylation of NR4A1 and did not limit Smad3 phosphorylation, and blocking TGF-β signaling by LY2157299 and SB203580 could decrease the expression of α-SMA, collagen I and III. Overall, both cell and animal studies provide a potential role for BEL against myocardial fibrosis by inhibiting the proliferation and phenotypic transformation of CFs. These inhibitory effects might be related to regulating TGF-β1/Smads pathway and p38 signaling and preventing NR4A1 cytoplasmic localization.
Keywords: bellidifolin, Gentianella acuta, myocardial fibrosis, TGF-β1/smads pathway, p38, orphan nuclear receptor NR4A1
INTRODUCTION
Myocardial fibrosis is a morphological feature of cardiac remodeling resulting from myocardial infarction (MI) (Masci et al., 2013; Di Bello et al., 2017). It is closely related to high morbidity and mortality (Leyva et al., 2012). It is well known that cardiac fibroblasts (CFs) play a critical role in the development of the fibrotic response and pathological cardiac remodeling (Ivey et al., 2018). Following myocardial injury, CFs are involved in the post MI inflammatory and fibrotic response (Ivey et al., 2018). CFs undergo proliferation and phenotypic transformation to myofibroblasts with high expression of α-smooth muscle actin (α-SMA) (Song et al., 2020), which secretes and deposits many extracellular matrix (ECM) proteins including collagens (in particular, type Ⅰ and type Ⅲ) in cardiac tissue (van Nieuwenhoven and Turner, 2013). Excessive accumulation of ECM is characteristic of myocardial fibrosis, which increases ventricle wall stiffness to disturb cardiac function and architecture leading to heart failure (Nielsen et al., 2019). Thus, the reduction of the proliferation and phenotypic transformation of CFs may be a potential treatment strategy for myocardial fibrosis.
Transforming growth factor (TGF)-β1 is a multifunctional cytokine with a broad range of effects on cell proliferation, differentiation, migration, and apoptosis (Stewart et al., 2018; Xu et al., 2018; Zhang et al., 2018). TGF-β takes part in myocardial fibrosis by activating TGF-β-receptors (TβRs). The TβRs then mediate the downstream molecules such as Smads2, 3, and 4 (Khalil et al., 2017). Smad3 plays the most essential role in TGF-β1-mediated signal transduction, and is a critical mediator of myofibroblast differentiation (Datto et al., 1999; Khalil et al., 2017). Therefore, inhibition of the TGF-β/Smads pathway, especially TGF-β/Smad3, is a promising therapeutic approach for myocardial fibrosis.
The p38 mitogen-activating protein kinases (MAPK) can also be activated by TGF-β1. Research has shown that p38 in CFs played a core regulatory role in myocardial fibrosis (Muslin, 2008; Molkentin et al., 2017). A report showed that activin A promoted CFs proliferation and collagen production by activating p38 signaling while p38 inhibitor (SB203580) inhibited activin A-regulated responses (Hu et al., 2016). Inhibition of p38 prevented TGF-β-induced fibroblasts activation and alleviated collagen synthesis (Dolivo et al., 2019). Thus, inhibition of p38 signaling may be an effective therapeutic strategy for preventing CFs phenotypic transformation.
However, how p38 signaling participates in the regulation of myocardial fibrosis is not fully understood. Researchers have demonstrated that the activation of p38 could increase the Smad3 phosphorylation in hepatic fibrosis (Fabre et al., 2018). However, the role of p38 signaling in phenotypic transformation of CFs remains elusive. Orphan nuclear receptor NR4A1 is an endogenous inhibitor of transforming growth factor-β (TGF-β) signaling, which was phosphorylated and inactivated and transferred from the nucleus to the cytoplasm in fibrotic diseases (Palumbo-Zerr et al., 2015). Prevention of p38 signaling impeded NR4A1 cytoplasmic localization in the study of α-lipoic acid (ALA)-induced apoptosis of vascular smooth muscle cells (VSMCs) (Kim et al., 2010). Thus, this study explored how p38 is involved in regulating phenotypic conversion of CFs to myofibroblasts.
Gentianella amarella subsp. acuta (Michx.) J.M.Gillett (G. acuta), belonging to the Gentianaceae, was called “guixincao” in the Hulunbeier districts of Inner Mongolian. In these regions, Ewenki people keep a habit of drinking “guixincao” tea, and employ it to treat angina by water decoction or chewing for a long time (Wunir et al., 2009; Li et al., 2010). Our previous studies demonstrated that TGF-β1 was elevated in isoprenaline (ISO)-induced cardiac fibrotic tissue, and G. acuta ameliorated myocardial fibrosis by inhibiting TGF-β1/Smads signaling (Li et al., 2019; Yang et al., 2020).
Bellidifolin (Figure 1) is a xanthone reported to protect the heart, which is abundant in G. acuta (Wang et al., 2017; Ren et al., 2019). BEL decreases myocardial ischemia-reperfusion injury in vivo and protects cardiomyocytes from oxidative damage in vitro (Wang et al., 2017; Wang et al., 2018; Ren et al., 2019). However, the effect and associated mechanism of BEL on the proliferation and phenotypic transformation of CFs in the progression of myocardial fibrosis remained unclear. Here, we show that BEL can inhibit myocardial fibrosis by suppressing the proliferation and phenotypic transformation of CFs. The inhibitory mechanism of BEL on myocardial fibrosis was verified by regulating the TGF-β/Smads and p38 pathway and preventing NR4A1 cytoplasmic localization. Therefore, BEL would be a potential therapeutic agent for ameliorating myocardial fibrosis.
[image: Figure 1]FIGURE 1 | Chemical structure of Bellidifolin (BEL).
MATERIALS AND METHODS
Primary Drugs, Antibodies and Reagents
BEL was acquired from Chengdu Alfa Biotechnology (China, with 98% purity by HPLC). Trimetazidine (TMZ) was procured from Nanjing Zenkom Pharmaceutical Co., Ltd. (China). ISO was obtained from Tokyo Chemical Industry (Japan). Antibodies for TβRⅠ (cat. no. GB11271), Histone H3 (cat. no. GB13102–1) and α-SMA for immunofluorescence analysis (cat. no. GB13044) were derived from Wuhan Servicebio (China). Antibodies for α-SMA used for western blotting detection (cat. no. ab32575), Smad2 (cat. no. ab40855), phospho-Smad2 (S467) (cat. no. ab53100), Smad3 (cat. no. ab40854), phospho-Smad3 (S423 + S425) (cat. no. ab52903), and Smad4 (cat. no. ab40759) were purchased from Abcam Technology (United Kingdom). Antibodies for p38 and phospho-p38 (Thr180/Tyr182) (cat. no. 8203) were purchased from CST (United States). The antibody for TβRⅡ (cat. no. A11788) was purchased from ABclonal Technology (United States). Antibodies for collagen Ⅰ (cat. no. AF7001), collagen Ⅲ (cat. no. AF0136), phospho-TβRⅠ (Thr204) (cat. no. AF8080), and phospho-TβRⅡ (Tyr284) (cat. no. AF8191) were purchased from Affinity Biosciences (United States). The antibody for NR4A1 (cat. no. abs137327) was obtained from Absin (China). The antibody for phospho-NR4A1 (Ser351) (cat. no. orb191558) was derived from Biorbyt Ltd. (United Kingdom). The antibody for Glyceraldehyde 3-phosphate dehydrogenase (GAPDH; cat. no. 60004-1-Ig) was gained from Wuhan Proteintech (China). HRP-conjugated anti-rabbit and anti-mouse IgG (cat. nos. ZdR-5306 and ZdR-5307) antibodies were obtained from Beijing ZSGB Bioengineering Institute (China). Goat-anti-mouse-TRITC and goat-anti-rabbit-Alexa-488 were gained from Wuhan Proteintech (China). The 4′, 6-diamidino-2-phenylindole (DAPI) was purchased from Wuhan Servicebio (China). Recombinant human TGF-β1 was acquired from Gibco (United States). SB203580 (p38 inhibitor) and LY2157299 (TβRⅠ inhibitor) were obtained from MedChem Express (United States).
Animal Model of Myocardial Fibrosis
Male mice (18–22 g) were purchased from the Experimental Animal Center of Hebei Medical University (Shijiazhuang, China) and kept in a 12 h light/12 h dark cycle with free access to food and water. All experiments were according to the People’s Republic of China legislation for the use and care of laboratory animals. The animal care and study protocol were authorized by the Institutional Animal Care and Use Committee of Hebei University of Chinese Medicine (no. DWLL201802).
Mice were subjected to ISO injection to induce myocardial fibrosis after MI as described previously (Yang et al., 2017; Koga et al., 2019). Briefly, ISO (5 mg/kg/day) was injected subcutaneously into the mice for 7 days. The mice were then randomly assigned into five groups: control group (Control), model group (ISO), BEL intervention group (ISO + BEL 25 and 50 mg/kg/day, p. o., BEL 25 and 50 mg/kg), TMZ intervention group (ISO + TMZ 20 mg/kg/day, p. o., TMZ 20 mg/kg). The drug interventions were administrated for 21 days from the second day of the experiment. On day 22, the mice were anesthetized with 0.3% sodium phenobarbital and then sacrificed. The heart tissues were fixed with 4% paraformaldehyde for histopathological analyses, and the residual heart tissues were then frozen at −80°C for western blotting detection.
Morphological Detection of Heart
The heart tissues were embedded in paraffin wax after fixing in 4% paraformaldehyde for 24 h. Paraffin-embedded heart tissues were cut into 5 µm sections. Hematoxylin and eosin (HE; Sigma, United States) and Masson trichrome (Servicebio, China) were used to observe cardiac histopathological changes according to the manufacturer’s protocol. Briefly, cardiac sections were dewaxed to water and stained. Sections were then dehydrated, made transparent, and sealed. The morphological changes were observed and photographed using light microscopy (Leica, Germany).
Primary CFs Isolation and Culture
As per the previously mentioned method, CFs were isolated from 1 to 3 days old neonatal SD rats under sterile conditions by differential adherent method (Olson et al., 2005). Briefly, the hearts were aseptically removed from the neonatal rats and minced into small pieces with eye scissors in ice-cold PBS buffer (pH 7.4). The minced ventricles were digested for 5 min with 0.7 mg/ml collagenase Ⅱ (Solarbio, China) at 37°C and then the digestive liquid was then discarded. Next, the tissue fragments were further dissociated for several 5 min with 0.08% trypsin (Gibco, United States) without EDTA at 37°C. The digestion was repeated for 5–7 times until the fragments were completely digested. The cell suspension was then centrifugated, resuspended, and inoculated in culture bottles. After 1 h, the non-adherent cells were discarded, and the adherent cells were cultured in DMEM medium (Gibco, United States) supplemented with 10% fetal bovine serum (BI, Israel), 100 unit/ml penicillin (BI, Israel), and 100 μg/ml streptomycin (BI, Israel) in a humidified atmosphere containing 5% CO2 at 37°C. CFs were identified by Vimentin immunofluorescence.
CF Grouping and Drug Administration
BEL was dissolved in DMSO, and the final concentration of DMSO (Solarbio, China) is 1/1,000. The CFs were divided into six groups: control, TGF-β1, TGF-β1 with 1‰ DMSO, TGF-β1 plus BEL 15, 30, and 60 µM groups. The CFs were pretreated with DMSO or BEL (15, 30, and 60 µM) for 0.5 h and then stimulated with TGF-β1 (10 ng/ml) for an additional 24 h.
SB203580 and LY2157299 were dissolved in DMSO, and CFs were incubated with DMSO, BEL (60 µM), SB203580 (0.5 µM), LY2157299 (10 µM), or SB203580 plus LY2157299 for 0.5 h. The samples were then administrated with TGF-β1 (10 ng/ml) for an additional 24 h.
CCK-8 Assays
CFs were inoculated into 96-well plates and grown to 70% confluence. Cells were cultured in a serum free medium for 18 h followed by administration with BEL (7.5, 15, 30, 60, and 120 μM) in the absence or the presence of TGF-β1 for 24 h. The cell viability was detected by CCK-8 kit (MedChem Express, United States). CCK-8 solution (20 μL) was added into the wells, and CFs were incubated for 3 h at 37°C. The OD values of each well were detected by Varioskan LUX Multimode Microplate Reader at the absorbance of 450 nm (Thermo Fisher Scientific, United States).
Cell Immunofluorescence Staining
Immunofluorescence staining was performed to detect the expression of α-SMA, collagen Ⅰ, collagen Ⅲ, Smads2, 3, 4, NR4A1, phospho-Smads2, 3, and phospho-NR4A1. Briefly, cell climbing pieces were fixed in 4% paraformaldehyde and were permeabilized with 0.1% Triton X-100 for 20 min at room temperature (RT). The cells were subsequently blocked with 3% BSA for 90 min and then incubated with primary antibodies against α-SMA (1:500), collagen Ⅰ (1:100), collagen Ⅲ (1:100), Smad2 (1:50), Smad3 (1:50), Smad4 (1:50), NR4A1 (1:100), phospho-Smad2 (1:50), phospho-Smad3 (1:50), and phospho-NR4A1 (1:100) overnight in a humidity chamber at 4°C. Cells were subsequently incubated with species-specific secondary antibodies labeled with fluorescence for 1 h at 37°C. Cell nuclei were stained using DAPI. The sections were sealed with an anti-interferent fluorescent reagent. The cell slides were detected with Leica DM5000 B fluorescence microscope (Germany) or Leica SP8 confocal microscopy (Germany) using 40✕ or 63✕ magnification. Red fluorescence signal was measured at excitation and emission wavelengths of 550 and 570 nm. Green fluorescence signal was captured at excitation and emission wavelengths of 488 and 514 nm. DAPI was visualized at excitation and emission wavelengths of 360 and 461 nm. The results were quantified by Image Pro Plus 6.0 software (Media Cybernetics, United States).
Western Blotting Assay
A western blotting assay was used to measure the expression of α-SMA, collagen Ⅰ, collagen Ⅲ, TβRⅡ, phospho-TβRⅡ, TβRⅠ, phospho-TβRⅠ, Smads2, 3, 4, phospho-Smads2, 3, p38, phospho-p38, NR4A1, and phospho-NR4A1; GAPDH was used as an internal reference, and Histone H3 was used as a nuclear internal reference. Tissue samples or cells were lyzed in RIPA buffer adding phenylmethyl sulfonyl fluoride (PMSF), protease inhibitor cocktail (Roche, Switzerland), and phosphatase inhibitors (Wuhan Servicebio, China). The nuclear and cytoplasmic proteins were extracted by Nuclear and Cytoplasmic Protein Extraction Kit (Shanghai Beyotime, China). The protein concentration was measured using a bicinchoninic acid (BCA) protein assay kit (Wuhan Servicebio, China). An equal amount of protein was separated using 10% SDS-PAGE and subsequently transferred from gel to polyvinylidene fluoride membranes. The membranes were interdicted with 5% defatted milk for 90 min at RT and individually incubated with primary antibodies α-SMA (1:5,000), collagen Ⅰ (1:1,000), collagen Ⅲ (1:1,000), TβRⅡ (1:1,000), phospho-TβRⅡ (1:3,000), TβRⅠ (1:1,000), phospho-TβRⅠ (1:3,000), Smad2 (1:2,000), Smad3 (1:10,000), Smad4 (1:5,000), phospho-Smad2 (1:1,000), phospho-Smad3 (1:2,000), p38 (1:1,000), phospho-p38 (1:1,000), NR4A1 (1:3,000), phospho-NR4A1 (1:500), GAPDH (1:10,000), and Histone H3 (1:10,000) at 4°C overnight. The membranes were incubated following the corresponding HRP-conjugated secondary antibody at RT for 60 min. The immunoreactive bands were examined with ECL (Invitrogen) reagents and the Fusion FX5 Spectra multifunction laser-scanning system (Vilber Lourmat, France). The protein expression was evaluated by ImageJ 3.0 software (National Institute of Health).
Statistical Analysis
All data are expressed as the mean ± SEM. Statistical analyses were implemented with SPSS 21.0 statistical software. The significance of differences between groups were assessed using one-way ANOVA followed by Turkey's post hoc test and considered at a value of p < 0.05.
RESULTS
BEL Ameliorates ISO-Induced Mouse Myocardial Fibrosis
A mouse model of myocardial fibrosis was established by subcutaneous injection of ISO (5 mg/kg/day) for 7 days. HE staining demonstrated that cardiac fibers and tissue structure were obvious in the control group; disturbed cardiac fibers and necrotic cardiomyocytes were present in the ISO group. Compared with the ISO group, treatments with BEL and TMZ dampened ISO-induced cardiac damages (Figure 2A). Masson trichrome staining determined that collagen deposition in myocardial tissues was significantly increased in the model group induced by ISO. However, collagen deposition was reduced in mouse hearts treated by BEL and TMZ compared with the ISO treated group (Figure 2A).
[image: Figure 2]FIGURE 2 | BEL ameliorates ISO-induced mouse myocardial fibrosis (A) HE staining to detect morphological changes; Masson trichrome staining to detect cardiac collagen deposition (B–D) Western blotting detection of collagen Ⅰ, collagen Ⅲ, and α-smooth muscle actin (α-SMA). Bar graphs show fold changes for the collagen Ⅰ, collagen Ⅲ, and α-SMA expression as analyzed by western blotting. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control (n = 3). Data were shown as mean ± SEM. **p < 0.01 vs. control, #p < 0.05 vs. ISO, ##p < 0.01 vs. ISO.
Western blotting was used to quantify the contents of collagen Ⅰ, and collagen Ⅲ—the primary compounds of ECM in fibrotic heart. The results revealed that the expression of cardiac collagen Ⅰ, and collagen Ⅲ were obviously elevated in the ISO group compared with the control group while ISO-induced elevations in collagen I, and collagen III expression were decreased by BEL and TMZ administration (Figures 2B,C).
Following myocardial injury, CFs transform to myofibroblast phenotype, which express contractile protein α-SMA, produce large amounts of collagen (in particular, collagen types I and III), and contribute to myocardial fibrosis (van Nieuwenhoven and Turner, 2013; Travers et al., 2016; Weber and Diez, 2016; Song et al., 2020). The level of α-SMA expression was examined by western blotting. The results demonstrated that α-SMA expression was significantly upregulated in mice with ISO-induced myocardial fibrosis compared with the control group. However, the upregulation of α-SMA expression induced by ISO was inhibited by BEL but not TMZ (Figure 2D). These results illustrated that BEL inhibited CFs activation, reduced collagen deposition, and ameliorated myocardial fibrosis.
BEL inhibits the proliferation and phenotypic transformation of CFs induced by TGF-β1.
It is well known that TGF-β1 contributes to myocardial fibrosis, and can induce the proliferation and activation of CFs. First, the CCK-8 kit was employed to detect the effect of BEL on TGF-β1-induced proliferation. CFs were pretreated with BEL (7.5, 15, 30, 60 and, 120 μM) for 0.5 h and then exposed to TGF-β1 (10 ng/ml) for 24 h. The results showed that the administration with BEL markedly inhibited CFs proliferation induced by TGF-β1 (Figure 3A). The role of BEL on CF viability without TGF-β1 stimulation was also investigated. CFs were administrated with BEL (7.5, 15, 30, 60, and 120 μM) for 24 h and examined by CCK-8 kit. The data showed that there were no significant differences by administrating BEL from 7.5–120 μM in comparison with the control group (Figure 3B). These results suggest that intervention with BEL at a concentration of 7.5–120 μM has no effect on CF viability while BEL administration could inhibit TGF-β1-induced CF proliferation.
[image: Figure 3]FIGURE 3 | The effects of BEL on CFs proliferation in the presence or absence of TGF-β1 (A) The effects of different doses of BEL (7.5, 15, 30, 60, and 120 μM) on the proliferation of CFs induced by TGF-β1 using CCK-8 kit (B) The effects of different doses of BEL (7.5, 15, 30, 60, and 120 μM) on the viability of CFs without TGF-β1 stimulation using CCK-8 kit. Data were shown as mean ± SEM. **p < 0.01 vs. control, ##p < 0.01 vs. TGF-β1.
The role of BEL on activated CFs induced by TGF-β1 was also investigated. The cultured CFs were exposed to TGF-β1 (10 ng/ml) in the absence or presence of BEL for 24 h. Immunofluorescence staining results revealed that the expression of α-SMA, collagen Ⅰ, and collagen Ⅲ were increased in CF stimulated with TGF-β1; these increases were decreased by BEL treatment (Figures 4A–D). Consistent with immunofluorescence staining, western blotting analysis further demonstrated that BEL decreased the expression of α-SMA, collagen Ⅰ, and collagen Ⅲ induced by TGF-β1 (Figures 4E–G). These results illustrated that BEL prevented TGF-β1-induced proliferation and activation of CFs.
[image: Figure 4]FIGURE 4 | BEL decreases the expression of α-SMA, collagen Ⅰ, and collagen Ⅲ induced by TGF-β1 in CFs (A) The effects of different doses of BEL (15, 30, 60 μM) on α-SMA, collagen Ⅰ, and collagen Ⅲ expression induced by TGF-β1 using immunofluorescence staining. Cell nuclei was counterstained in blue with DAPI (B–D) Bar graphs show quantitative analyses of fluorescent signals for α-SMA, collagen I and collagen III (E–G) Western blotting detects the expression of α-SMA, collagen Ⅰ, and collagen Ⅲ expression. Bar graphs show fold changes of α-SMA, collagen Ⅰ, and collagen Ⅲ expression as analyzed by western blotting. GAPDH was used as a loading control (n = 3). Data were shown as mean ± SEM. **p < 0.01 vs. control, #p < 0.05 vs. TGF-β1, ##p < 0.01 vs. TGF-β1.
BEL Inhibits the Phosphorylation and Activation of TβR
The phosphorylation and activation of TGF-β receptors are key events in the signal transmission of TGF-β. The expression and phosphorylation of TβRⅡ and TβRⅠ were checked by western blotting. In CFs, TGF-β1 induced the phosphorylation and activation of TβRⅡ and TβRⅠ but did not affect the total expression of TβRⅡ and TβRⅠ comparing with the control group; this phosphorylation and activation of TβRs was limited by BEL administration (Figure 5). In vivo, the levels of phospho-TβRⅡ and TβRⅠ and TβRⅠ expression were significantly increased in the ISO group vs. the control group. However, ISO-induced increases in TβRⅠ expression and the phospho-TβRⅡ and TβRⅠ levels were decreased by BEL and TMZ (Figure 6). The results indicated that BEL inhibited the phosphorylation and activation of the receptors of TGF-β.
[image: Figure 5]FIGURE 5 | BEL suppresses the TβR phosphorylation induced by TGF-β1 in CFs (A and B) Western blotting detects TβRⅠ and TβRⅡ expression and phosphorylation level. Bar graphs show fold changes for the ratio of phosphorylated (P)-TβRI/TβRI, and P-TβRⅡ/TβRⅡ as analyzed by western blotting. GAPDH was used as a loading control (n = 3). Data were shown as mean ± SEM. **p < 0.01 vs. control, #p < 0.05 vs. TGF-β1, ##p < 0.01 vs. TGF-β1.
[image: Figure 6]FIGURE 6 | BEL limits the expression of TβRI and the phosphorylation of TβRI and II induced by ISO (A and B) Western blotting analysis of TβRII, P-TβRII, TβRI, and P-TβRI. Bar graphs show fold changes of P-TβRI/GAPDH, TβRI/GAPDH and P-TβRII/TβRII (n = 3). Data were shown as mean ± SEM. *p < 0.05 vs. control, **p < 0.01 vs. control, #p < 0.05 vs. ISO, ##p < 0.01 vs. ISO.
BEL Regulates Smad Proteins Expression and Phosphorylation
The TGF-β1/Smads signaling pathway plays a critical role in myocardial fibrosis (Hu et al., 2018). The effect of BEL on Smad proteins was investigated in the context of myocardial fibrosis. In vitro, immunofluorescence staining showed that the expression of Smads2/4 and the levels of phospho-Smads2, 3 were significantly elevated by TGF-β1 stimulation vs. the control group. These elevations were inhibited by BEL treatment (Figures 7A–F). Consistent with immunofluorescence staining, western blotting analysis indicated that BEL inhibited the expression of Smads2, 4 and the levels of Smads2, 3 phosphorylation (Figures 7G–I). In vivo, the results showed that the expression of Smad4 and the level of phospho-Smad3 were significantly elevated in the ISO group vs. the control group. However, BEL treatment decreased the Smad4 expression and the Smad3 phosphorylation level compared with the ISO group (Figure 8). These results demonstrated that BEL treatment inhibited the expression of Smads2 and 4 and the activation of Smads2 and 3 in CFs. These results indicated that BEL could inhibit TGF-β/Smads signaling pathway to alleviate myocardial fibrosis in CFs.
[image: Figure 7]FIGURE 7 | BEL inhibits Smads signaling in CFs (A) The effects of different doses of BEL (15, 30, 60 μM) on the expression of Smads2, 3, and 4 and the level of P-Smads2, 3 induced by TGF-β1 using immunofluorescence staining. Cell nuclei was counterstained in blue with DAPI (B–F) Bar graphs show quantitative analyses of fluorescent signals for P-Smads2, Smads2, P-Smads2, Smad3, and Smad4 (G–I) Western blotting detects Smad proteins expression and phosphorylation levels. Bar graphs show fold changes of P-Smad2/Smad2, P-Smad3/Smad3, and Smad4/GAPDH (n = 3). Data were shown as mean ± SEM. **p < 0.01 vs. control, #p < 0.05 vs. TGF-β1, ##p < 0.01 vs. TGF-β1.
[image: Figure 8]FIGURE 8 | BEL regulates Smad proteins expression and phosphorylation in vivo(A–C) Western blotting analysis of Smads2, 3, 4 expression and Smads2, 3 phosphorylation levels. Bar graphs show fold changes of P-Smad2/Smad2, P-Smad3/Smad3 and Smad4/GAPDH (n = 3). Data were shown as mean ± SEM. *p < 0.05 vs. control, **p < 0.01 vs. control, #p < 0.05 vs. ISO, ##p < 0.01 vs. ISO.
BEL Prevents TGF-β1-Induced p38 Phosphorylation in CFs
Besides TGF-β/Smads canonical signaling, p38 plays an important role in fibrosis (Hu et al., 2016; Liu et al., 2017). The levels of p38 expression and phosphorylation were examined by western blotting in the cultured CFs. The results showed that p38 was significantly phosphorylated and activated by TGF-β1 stimulation. However, BEL treatment inhibited the activation of p38, but the expression of total p38 did not change (Figure 9A). Interestingly, in ISO-induced injury heart tissue, the level of p38 phosphorylation was downregulated vs. the control group; the downregulation was upregulated by BEL treatment but not TMZ administration (Figure 9B). These results illustrated that BEL prevented the phosphorylation of p38 in CFs.
[image: Figure 9]FIGURE 9 | The effects of BEL on p38 signaling in vitro and in vivo(A) The effects of different doses of BEL (15, 30, 60 μM) on the expression p38 and the level of P-p38 in CFs induced by TGF-β1 using western blotting. Bar graphs show fold changes of P-p38/p38 (n = 3). Data were shown as mean ± SEM. **p < 0.01 vs. control, ##p < 0.01 vs. TGF-β1 (B) The effects of BEL on the expression p38 and the level of P-p38 in vivo by western blotting. Bar graphs show fold changes of P-p38/p38 (n = 3). Data were shown as mean ± SEM. **p < 0.01 vs. control, ##p < 0.01 vs. ISO.
BEL Inhibits Smad3 Phosphorylation Independent of p38 in CFs
BEL may downregulate the levels of phospho-p38 and phospho-Smad3; but it is unclear whether the inhibitory roles of BEL on p38 signaling suppress Smad3 activation. CFs were pretreated with DMSO, BEL (60 µM), SB203580 (0.5 µM), and LY2157299 (10 µM) or SB203580 plus LY2157299 for 0.5 h. They were then stimulated with TGF-β1 for 24 h. Western blotting analyzed Smad3 expression and phospho-Smad3 level. The results showed that TGF-β1-induced an increase in Smad3 phosphorylation that was significantly downregulated by BEL, LY2157299, and SB203580 plus LY2157299 but not SB203580 (Figure 10A). Further, the expression of α-SMA, collagen Ⅰ, and collagen Ⅲ were detected. The results showed that the elevations in α-SMA, collagen Ⅰ, and collagen Ⅲ induced by TGF-β1 were decreased by BEL, SB203580, LY2157299, and SB203580 plus LY2157299 (Figures 10B–D). The inhibition of p38 does not affect phosphorylation of Samd3. This study indicated that BEL could inhibit phenotypic transformation of CFs by inhibiting the canonical TGF-β pathway and non-canonical signaling pathway respectively.
[image: Figure 10]FIGURE 10 | BEL inhibits Smad3 phosphorylation independent of p38 in CFs (A) The expression of Smad3 and the level of P-Smad3 by western blotting. Bar graphs show fold changes of P-mad3/Smad3 (n = 3) (B–D) Expression of α-SMA, collagen Ⅰ, and collagen Ⅲ in CFs. Bar graphs show fold changes for the collagen Ⅰ, collagen Ⅲ, and α-SMA expression as analyzed by western blotting. GAPDH was used as a loading control (n = 3). Data were shown as mean ± SEM. **p < 0.01 vs. control, ##p < 0.01 vs. TGF-β1.
BEL Impedes NR4A1 From the Nucleus to Cytoplasmic Localization
NR4A1 is a feedback molecule for regulating TGF-β signaling. In fibrotic disease, NR4A1 transferred from the nucleus to the cytoplasm losing its negative feedback regulation effect on TGF-β signaling. At the same time, p38 activation promotes the transformation of NR4A1 from the nucleus to the cytoplasm. To illuminate the relationship of NR4A1 and p38 signaling, CFs were pretreated with BEL or SB203580 for 0.5 h then stimulated with TGF-β1 for 24 h. Western blotting analysis demonstrated that BEL and SB203580 inhibited TGF-β1-induced the upregulation of phospho-NR4A1 (Figure 11B). Immunofluorescence staining indicated that TGF-β1 promoted NR4A1 and phospho-NR4A1 cytoplasmic localization while pretreatments with BEL and SB203580 limited phospho-NR4A1 transformation (Figure 11A). Further western blotting showed NR4A1 expression and phosphorylation levels in the cytoplasm and nucleus. The results illustrated that phospho-NR4A1 level was enhanced in the cytoplasm by TGF-β1. However, BEL and SB203580 decreased the enhancements of phospho-NR4A1 in the cytoplasm (Figure 11C), and BEL also enhanced nuclear retention of NR4A1 (Figure 11D). These data illustrated that BEL impeded NR4A1 cytoplasmic localization and restored the activation of NR4A1 to inhibit TGF-β1 signaling. Therefore, the inhibitory role of BEL on CFs activation was exerted by suppressing NR4A1 from the nucleus to cytoplasmic localization.
[image: Figure 11]FIGURE 11 | BEL impedes NR4A1 from the nucleus to cytoplasmic localization (A) Effects of BEL, SB203580 and LY2157299 on the expression of NR4A1 and P-NR4A1 induced by TGF-β1 using immunofluorescence staining. Cell nuclei was counterstained in blue with DAPI (B) Expression of NR4A1 and the levels of P-NR4A1 in total protein (T-NR4A1, T-P-NR4A1) by western blotting. Bar graphs show fold changes of P-NR4A1/NR4A1 (n = 3) (C) Expression of NR4A1 and the levels of P-NR4A1 in cytoplasmic protein (C-NR4A1, C-P-NR4A1) by western blotting. Bar graphs show fold changes of P-NR4A1/NR4A1 (n = 3) (D) Expression of NR4A1 and the levels of P-NR4A1 in nuclear protein (N-NR4A1, N-P-NR4A1) by western blotting. Bar graphs show fold changes of NR4A1/H3 (n = 3). Data were shown as mean ± SEM. **p < 0.01 vs. control, #p < 0.05 vs. TGF-β1, ##p < 0.01 vs. TGF-β1.
In summary, our data suggest that BEL can ameliorate myocardial fibrosis by inhibiting the proliferation and phenotypic transformation of CFs; and these inhibitory effects of BEL are related to the regulation of TGF-β/Smads and p38 pathway and prevention of NR4A1 cytoplasmic localization that negatively regulated TGF-β signaling in CFs.
DISCUSSION
G. acuta, a kind of natural plant of Gentianaceae, has been used as a health tea to clear the heat and toxic materials, remove pathogenic heat from blood, and promote the secretion of urine in the Hulunbeier districts of Inner Mongolia. Ewenki people keep a habit of drinking “guixincao” tea, and employ it to treat angina by water decoction or chewing for a long time (Wunir et al., 2009; Li et al., 2010). Our previous studies demonstrated that G. acuta could alleviate ISO-induced acute and chronic myocardial injury, and ameliorate myocardial fibrosis (Li et al., 2019; Sun et al., 2021; Yang et al., 2020).
An increasing body of evidence suggests that the xanthones isolated from G. acuta protect the heart from injury (Wang et al., 2017; Wang et al., 2018). BEL is the main component of xanthones in G. acuta. Research has shown that BEL could alleviate myocardial ischemia-reperfusion injury and inhibit H2O2-induced apoptosis on H9c2 cells, but the inhibitory role of BEL on myocardial fibrosis is not clear. Here, the potential role of BEL in treatment of myocardial fibrosis was investigated in vivo and in vitro using a mouse myocardial fibrosis model and TGF-β1-induced CFs phenotypic transformation model.
CFs are the main effector cells of the heart in response to injury. They are involved in the development of cardiac remodeling following MI. Myocardial fibrosis was induced after MI by promoting CFs proliferation and activation, and inhibition of CFs proliferation and activation could improve myocardial fibrosis (Virag and Murry, 2003; Travers et al., 2016; Wang et al., 2019). In vitro studies have shown that TGF-β1 can promote the proliferation and phenotypic transformation of CFs by activating TGF-β signaling pathway, and inhibition of TGF-β1-induced myofibroblast differentiation can be an important therapeutic strategy for myocardial fibrosis (Wang et al., 2018; Zhang et al., 2018; Wang et al., 2019; Zhou et al., 2019).
CFs are activated and transform into myofibroblasts during pathological tissue repair. Myofibroblasts can express a contractile protein such as α-SMA and produce excessive collagen during fibrosis progression (Weber and Diez, 2016; Song et al., 2020). Our previous studies demonstrated that TGF-β1 expression was upregulated in fibrotic heart tissue, and G. acuta downregulated the upregulation and ameliorated myocardial fibrosis by inhibiting TGF-β1 signaling (Li et al., 2019; Yang et al., 2020). This work evaluated the effect of BEL, a vital component of G. acuta, on cell viability with or without TGF-β1. The results showed that BEL inhibited TGF-β1-induced CFs proliferation but did not affect cells viability without TGF-β1. The α-SMA expression was increased by TGF-β1 stimulation, and BEL treatment decreased the increase of α-SMA induced by TGF-β1 in CFs. BEL also inhibited the excessive expression of collagen Ⅰ and collagen Ⅲ. These results indicated that BEL inhibited TGF-β1-induced myofibroblast differentiation. In vivo studies indicated that BEL treatment ameliorated the cardiac disorder structure and myocardial fibrosis by inhibiting ISO-induced increases in α-SMA, collagen Ⅰ, and collagen Ⅲ while preventing collagen deposition in fibrotic tissues. These results demonstrated that these inhibitory roles of BEL on myocardial fibrosis were exerted by inhibiting the proliferation and phenotypic transformation of CFs.
The molecular mechanisms underlying myocardial fibrosis are complex and include a series of intracellular signal transduction processes. TGF-β1 is an important profibrotic cytokine involved in fibrosis. It activates its downstream specific serine/threonine kinase receptors to regulate tissue fibrosis and tissue scarring (Xie et al., 2017). TGF-β1 receptors phosphorylation and activation play a primary role in the intracellular signal transduction process (Dobaczewski et al., 2011). This study showed that BEL treatment inhibited the levels of phosphorylated TβRⅡ and TβRⅠ elevated by TGF-β1 stimulation in CFs. BEL also decreased TβRⅠ expression and the levels of phosphorylated TβRⅡ and TβRⅠ induced by ISO in vivo. These results demonstrated that BEL could prevent the phosphorylation and activation of TGF-β receptors thereby inhibiting intracellular signal transduction process from ameliorating myocardial fibrosis.
Studies have shown that Smads canonical signaling pathways contributed to TGF-β-induced cardiac fibrosis (Li et al., 2019; Zhou et al., 2019). One study reported that TGF-β-Smad2/3 signaling in activated tissue-resident cardiac fibroblasts is a principal mediator of the fibrotic response, and the deletion of Smad2/3 in activated cardiac fibroblasts blocked the expression of fibrosis marker genes such as α-SMA, collagen Ⅰ, and collagen Ⅲ (Khalil et al., 2017). In CFs, BEL administration reduced TGF-β1-induced expression of Smads2 and 4 and significantly inhibited the levels of Smads2 and 3 phosphorylation. In fibrotic heart tissue, BEL treatment suppressed Smad3 phosphorylation and decreased Smad4 expression but did not inhibit Smad2 expression and phosphorylation. The data suggest that BEL could mediate TGF-β/Smads canonical signaling in CFs and especially impede TGF-β/Smad3 activation, which is the most major profibrotic signaling element. This can suppress the expression of α-SMA, collagen Ⅰ, and collagen Ⅲ.
The p38 MAPK is a vital family member of the MAPK cascade and is a non-canonical pathway regulated by TβRⅡ. Current research has shown that p38 is a dominant regulator in myocardial fibrosis. Some studies have shown that TGF-β may induce activation of p38, and the prevention of p38 could alleviate fibrosis (Yamashita et al., 2008; Kojonazarov et al., 2017). Activin A promoted CF proliferation and collagen production by activating p38 while inhibition of p38 prevented activin A-regulated responses (Hu et al., 2016). This study demonstrated that BEL decreases the phosphorylation of p38 induced by TGF-β1 in CFs. Interestingly, the level of p38 phosphorylation was downregulated in the heart tissue injury induced by ISO whereas the downregulation was upregulated by BEL treatment.
In the heart, there are many cell types including cardiomyocyte and CFs. A report has shown that noradrenaline activated p38 MAPK through its interaction with α-adrenoceptors in cardiomyocytes, which could protect against cardiomyocyte apoptotic cell death. In contrast, ISO decreased the phosphorylation of p38 MAPK through its interaction with β-adrenoceptors in cardiomyocytes (Tsang and Rabkin, 2009). However, in CFs, TGF-β1 can stimulate p38 signaling activation (Meyer-Ter-Vehn et al., 2006). This distinct change in p38 in vivo and in vitro may be due to different responses of cardiomyocytes and CFs to ISO. This in vivo result was consistent with another report in which increasing p38 activation could improve functional recovery (Fan et al., 2010).
This study showed that BEL inhibited myocardial fibrosis by regulating TGF-β/Smads and p38 signaling. Activation of p38 could increase the Smad3 phosphorylation in hepatic fibrosis (Fabre et al., 2018). Here, the relation of p38 signaling and Smad3 phosphorylation was further investigated in CFs. The results demonstrated that inhibition of p38 did not affect the phosphorylation of Smad3 but could significantly reduce TGF-β1-induced expression of α-SMA, collagen Ⅰ, and collagen Ⅲ. The inhibitory effect of BEL on CFs activation was via inhibition of the canonical TGF-β pathway and non-canonical signaling pathway respectively.
NR4A1 is an endogenous inhibitor of TGF-β signaling, which can limit profibrotic TGF-β1 effects thereby identifying it as a potential target for anti-fibrotic therapies. In fibrotic diseases, NR4A1 is phosphorylated and located in the cytoplasm and lost the inhibitory role on TGF-β1 signaling (Palumbo-Zerr et al., 2015). Prevention of NR4A1 transferring from nucleus to cytoplasm might alleviate fibrosis (Zeng et al., 2018). NR4A1 interaction with p38 promoted p65 activation and elevated the levels of inflammatory cytokines in LPS-induced inflammation (Li et al., 2015). It has been found that NR4A1 can be transferred to cytoplasm, mitochondria and/or endoplasmic reticulum (ER) under certain stimulation (Pawlak et al., 2015). In the study of ALA-induced apoptosis of VSMCs, prevention of p38 signaling impeded NR4A1 cytoplasmic localization (Kim et al., 2010). Here, immunofluorescence staining and western blotting analysis illustrated that TGF-β1 obviously induced NR4A1 phosphorylation and increased NR4A1 cytoplasmic localization. However, these increases in phospho-NR4A1 were suppressed by BEL and a p38 inhibitor. And BEL could enhance nuclear retention of NR4A1. A recent study demonstrated that TGF-β-induced nuclear export of NR4A1 is dependent on activation of the p38 MAPK pathway in breast cancer cells (Hedrick and Safe 2017). However, another report showed that TGF-β-induced nuclear export of NR4A1 in lung cancer cells is JNK-dependent and not p38 dependent (Hedrick et al., 2018). From the above, the NR4A1 nuclear output is associated with phosphorylation and varies with cell type. Our results suggested that nuclear retention of NR4A1 was enhanced by BEL not SB203580, that may be related to inhibition of NR4A1 phosphorylation. Our results verified that BEL prevented myocardial fibrosis by inhibiting NR4A1 phosphorylation and impeding NR4A1 nucleus to cytoplasmic transformation in CFs.
In this study, the inhibitory effect of BEL on myocardial fibrosis has been confirmed for the first time, and the relevant molecular mechanism has been clarified, which may be related to the inhibition of the proliferation and phenotypic transformation of CFs by regulating TGF-β1/Smads and p38 signaling and preventing NR4A1 cytoplasmic localization. Additionally, there are the following problems, such as the differences between p38 phosphorylation in vitro and in vivo, the relationship between p38 activation and nuclear NR4A1 output, the detailed mechanism of BEL’s inhibitory effect on NR4A1 nuclear output in CFs and its effect on p38 signaling in other cells, which need to be confirmed by further research.
CONCLUSION
Overall, both cell and mouse studies verified that BEL protects against myocardial fibrosis by inhibiting the proliferation and phenotypic transformation of CFs. These inhibitory effects might be related to regulating TGF-β1/Smads canonical pathway and p38 MAPK signaling and impeding NR4A1 cytoplasmic localization to restore the inhibitory effect of NR4A1 to TGF-β1 signaling (Figure 12). These results provide new insights into the mechanism underlying the anti-fibrotic effects of BEL in the heart.
[image: Figure 12]FIGURE 12 | The proposed antifibrotic mechanism of BEL. BEL downregulates the phosphorylation of TβRI and TβRII, suppresses Smads2 and 4 expression and the phosphorylation and activation of Smads2 and 3 in CFs. Furthermore, BEL inhibits p38 phosphorylation and impedes NR4A1 cytoplasmic localization, which restores the inhibitory effect of NR4A1 to TGF-β1-profibrotic signaling. These inhibitory effects further caused a decrease in the expression of α-SMA, collagen I, and collagen III, thereby preventing proliferation and activation of CFs to alleviate myocardial fibrosis.
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Sepsis is defined as life-threatening organ dysfunction caused by a dysregulated host response to infection. Sepsis-induced circulatory and cardiac dysfunction is associated with high mortality rates. Mitophagy, a specific form of autophagy, is excessively activated in lipopolysaccharide-induced myocardial injury. The present study investigated whether aldehyde dehydrogenase 2 (ALDH2) regulates mitophagy in sepsis-induced myocardial dysfunction. After lipopolysaccharide administration, cardiac dysfunction, inflammatory cell infiltration, biochemical indicators of myocardial cell injury, and cardiomyocyte apoptosis were ameliorated in mice by ALDH2 activation or overexpression. In contrast, cardiac dysfunction and cardiomyocyte apoptosis were exacerbated in mice followed ALDH2 inhibition. Moreover, ALDH2 activation or overexpression regulated mitophagy by suppressing the expression of phosphatase and tensin homolog-induced putative kinase 1 (PINK1)/Parkin, by preventing the accumulation of 4-hydroxy-trans-nonenal. Conversely, ALDH2 inhibition promoted the expression of LC3B by increasing 4-hydroxy-trans-2-nonenal accumulation. Consequently, ALDH2 may protect the heart from lipopolysaccharide-induced injury by suppressing PINK1/Parkin-dependent mitophagy.
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INTRODUCTION
The cardiovascular system is a major target of sepsis, which is a systemic inflammatory response that can induce organ dysfunction (Annane et al., 2005) and is the leading cause of in-hospital mortality (Liu et al., 2014). Septic shock (Kumar et al., 2000; Court et al., 2002; Levy and Deutschman, 2004; Rabuel and Mebazaa, 2006; Zanotti-Cavazzoni and Hollenberg, 2009) and myocardial dysfunction are closely related to the increased mortality of sepsis patients (Landesberg et al., 2012). To date, there is no effective treatment for sepsis-related cardiac dysfunction. Therefore, an effective method is urgently needed to treat this disease.
The mechanisms underlying sepsis-induced myocardial damage are related to a number of different processes, including mitochondrial dysfunction, oxidative stress, cardiomyocyte apoptosis, direct effects of bacterial toxins, calcium dyshomeostasis, and impaired β-adrenaline signaling (Suffredini et al., 1989; Chen et al., 2003; Drosatos et al., 2015; Hobai et al., 2015; Zhao et al., 2016). Among them, mitochondrial dysfunction plays a dominant role in the development and progression of cardiac dysfunction in sepsis (Chen et al., 2003).
Autophagy, which functions in physiological and pathological conditions, has prominent roles in cellular degradation through the lysosomal degradation pathway (Cuervo, 2004). Autophagy is a double-edged sword that can inhibit but also promote cell apoptosis. Autophagy can remove cytosolic proteins and organelles, such as mitochondria, and ultimately inhibit apoptosis after lipopolysaccharide (LPS) administration. However, excessive autophagy can also lead to cell death by promoting apoptosis (Scott et al., 2007; Hsieh et al., 2009). Similarly, autophagy can exert diverse effects during myocardial ischemia and reperfusion; autophagy can protect the myocardium during ischemia, but excessive autophagy can damage the heart during reperfusion (Matsui et al., 2007).
Mitophagy, which is the specific autophagic elimination of mitochondria, is a distinctive process that regulates the number of mitochondria and degrades damaged mitochondria (Narendra et al., 2008; Ding et al., 2011; Youle and Narendra, 2011). Similar to autophagy, mitophagy also has a bidirectional regulatory effect and may play a key role in sepsis-induced myocardial injury. Mitophagy is activated during sepsis, and Parkin-mediated mitophagy has a protective effect on sepsis-related cardiac energy metabolism disorder (Piquereau et al., 2013a). Additionally, cardiomyocyte ATP levels are increased and cardiomyocyte inflammation is reduced by rapamycin via the promotion of mitophagy, indicating the protective function of mitophagy in the myocardium during sepsis (Hsieh et al., 2011). However, the opposite notion has been suggested: mitochondrial damage in the heart is more severe in LPS-treated catalase transgenic mice, and the autophagy inhibitor 3-methyladenine can alleviate LPS-induced myocardial contractile dysfunction (Turdi et al., 2012). Therefore, the specific mechanism of autophagy requires further study.
The human aldehyde dehydrogenase (ALDH) family consists of 19 members (Vasiliou and Nebert, 2005). Within the ALDH family, ALDH2 is a mitochondrial enzyme that has the highest affinity for acetaldehyde (Vasiliou et al., 2000). ALDH2 plays a major role in protecting cells from the effects of acetaldehyde and fatty acid-derived aldehydes, such as 4-hydroxy-trans-2-nonenal (4HNE), by oxidizing them to the corresponding acid (Schnepper et al., 1991; Marchitti et al., 2008; Gomes et al., 2014). ALDH2 deficiency aggravates ethanol-induced cardiomyocyte function (Ma et al., 2010) and ALDH2 activity can reduce cardiac dysfunction (Wang et al., 2011). Similarly, ALDH2 has a bidirectional regulatory effect on autophagy. ALDH2 has a beneficial effect in myocardial ischemia/reperfusion (I/R) injury, possibly through the induction of autophagy during ischemia and a reduction of autophagy during reperfusion (Ma et al., 2011). We reported previously that ALDH2 activation can inhibit myocardial I/R injury and reduce myocardial cell apoptosis by inhibiting I/R-induced oxidative stress injury and suppressing phosphatase and tensin homolog-induced putative kinase 1 (PINK1)/Parkin-dependent mitophagy (Ji et al., 2016).
Therefore, we hypothesized that increased ALDH2 activity may have a protective effect on sepsis-induced cardiomyopathy. This effect may be realized by regulating mitophagy and, therefore, apoptosis of cardiomyocytes.
MATERIALS AND METHODS
Animals and Treatment
All animal procedures were approved by and performed in accordance with the guidelines of the Animal User and Ethical Committees of Beijing Chao-Yang Hospital. Male C57BL/6 mice (5 weeks old) were supplied by the Shanghai SLACCAS Experimental Animal Center. Mice were housed in a temperature-controlled room under a 12 h light/dark schedule with free access to food and water. The mice were subjected to adaptive feeding for 1 week, and the experiments were performed at 6–8 weeks of age. For these experiments, 6–8 week-old mice were evaluated by echocardiography and then divided randomly into 4 groups (n = 6 per group): control, LPS, LPS plus Alda-1 (LPS + Alda-1; Alda-1 is an ALDH2 activator), and LPS plus ALDH2 overexpression lentivirus (LPS + ALDH2). To mimic acute endotoxemia, mice were injected intraperitoneally with 0.5 mg/kg Escherichia coli O55:B5 LPS dissolved in saline. Lentivirus was delivered via tail vein injection, and LPS was administered 4 weeks later. Control group mice were administered the equivalent volume of saline. Twelve hours later, all mice were euthanized to evaluate cardiac function by echocardiography. Three mice from each group were used for biological experiments and the remaining three were used for pathological experiments.
We also designed experiments to assess the effect of an ALDH2 inhibitor (CVT) or activator (Alda-1). To assess the effect of an ALDH2 inhibitor, 6–8 week-old mice were evaluated by echocardiography and then divided randomly into 4 groups (n = 6 per group): control, CVT, LPS, and LPS plus CVT (LPS + CVT). Similarly, to assess the effect of an ALDH2 activator, 6–8 week-old mice were evaluated by echocardiography and then divided randomly into 4 groups (n = 6 per group): control, Alda-1, LPS and LPS + Alda-1. For the experiments with the addition of an ALDH2 activator or inhibitor, three mice in each group were used for western blot analysis and the remaining three were used for TUNEL staining.
Echocardiography Evaluation
After 12-h LPS treatment, the mice were anesthetized and two-dimensional M-mode transthoracic echocardiography was performed using an ultrasound system (VEVO 3100; VisualSonics, Toronto, Canada). The ejection fraction (EF), fractional shortening (FS), corrected left ventricular mass, end-diastolic left ventricular inner dimension (LVIDd), end-systolic left ventricular inner dimension (LVIDs), left ventricular posterior wall thickness at the diastolic phase (LVPWd), and left ventricular posterior wall thickness at the systolic phase (LVPWs) were analyzed. Data were recorded and analyzed blind to treatment. Results are presented as the mean ± standard error of the mean.
Determination of Biochemical Markers of Myocardial Injury
After echocardiography, blood samples were taken. After centrifugation, the serum was used to detect biochemical changes indicating myocardial damage. Lactate dehydrogenase, creatine kinase myocardial-bound, creatine kinase, α-hydroxybutyrate dehydrogenase, and aspartate aminotransferase activity and blood cardiac troponin I levels were evaluated.
Hematoxylin and Eosin Staining
Mice were euthanized and their hearts were fixed in 4% formaldehyde. Heart tissue was embedded in paraffin and sectioned. The sections were stained with hematoxylin and eosin and examined at ×400 magnification under a BX43 microscope (Olympus, Tokyo, Japan).
Immunohistochemical Analysis
For immunohistochemical analyses, the sections were soaked in xylene to remove paraffin and dehydrated in a graded series of ethanol. For antigen retrieval, the sections were microwaved in citrate buffer for 10 min and cooled to room temperature. The sections were incubated with 3% H2O2 to block endogenous peroxidase activity. Following this, the sections were blocked with 1% bovine serum albumin at room temperature and probed with primary antibodies against tumor necrosis factor-α (1:100, ab9739; Abcam, Cambridge, MA) overnight at 4°C. The sections were incubated with a secondary antibody for 20 min at room temperature. Immunostaining was visualized using 3,3′-diaminobenzidine, and the sections were counterstained with hematoxylin and dehydrated in a graded series of ethanol. Finally, the sections were mounted with neutral gum and observed and photographed at ×400 magnification under an optical BX43 microscope (Olympus).
Measurement of Aldehyde Dehydrogenase 2 Activity
ALDH2 activity was measured in 33 mmol/L sodium pyrophosphate containing 0.8 mmol/L NAD+, 15 mmol/L propionaldehyde, and 0.1 ml protein extract. Propionaldehyde, the substrate of ALDH2, was oxidized in propionic acid, and NAD+ was reduced to NADH to estimate ALDH2 activity. NADH was determined by spectrophotometric absorbance at 340 nm.
Western Blotting
Target proteins in cardiac tissue homogenates were extracted using a whole protein extraction kit (KeyGen Biotech, Nanjing, China). Protein concentration was determined using a BCA protein content detection kit (KeyGen Biotech). The target proteins were separated by 10%, 12%, or 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. They were then electrotransferred to nitrocellulose membranes. The membranes were blocked with 5% nonfat milk and incubated at 4°C overnight with the following primary antibodies: anti-4HNE (1:3,000, ab46545; Abcam), anti-ALDH2 (1:1,000, 15,310-1-ap; Proteintech, Rosemont, IL), anti-P62 (1:1,000, 18,420-1-ap; Proteintech), anti-PINK1 (1:500, 23,274-1-ap; Proteintech), anti-Parkin (1:1,000, 14,060-1-ap, Proteintech), anti-BCL2-interacting protein 3 (BNIP3, 1:1,000, ab109362; Abcam), anti-FUN14 domain-containing 1 (FUNDC1, 1:1,000, ab224722; Abcam), anti-microtubule-associated protein 1 light chain 3 beta (LC3B, 1:500, 18,725-1-ap; Proteintech), anti-caspase 3 (1:500, 19,677-1-ap; Proteintech), anti-BAX (1:3,000, 50599-2-Ig; Proteintech), anti-BCL2 (1:1,000, 12,789-1-ap; Proteintech), and anti-glyceraldehyde 3-phosphate dehydrogenase (1:10,000, KGAA002; KeyGen Biotech), which was used as a loading control. Peroxidase-conjugated secondary antibodies were incubated with the membranes for 2 h at room temperature. Signals were visualized using an enhanced chemiluminescence detection system (G:BOX ChemiXR5; Syngene International, Bangalore, India). Protein bands were assessed and quantified using Gel-Pro32.
Transmission Electron Microscopy
Mitochondria of cardiomyocytes were observed using transmission electron microscopy (TEM). Cardiac tissue was fixed with glutaraldehyde and treated with osmium tetroxide. Tissue blocks were dehydrated through a graded series of ethanol and embedded. Thin sections (50–60 nm) were cut on an ultramicrotome and stained with lead citrate/uranyl acetate. Images were acquired using a JEM-1400 (JEOL Ltd., Tokyo, Japan).
Measurement of Plasma Malondialdehyde
An MDA assay kit (Nanjing Jiangcheng Bioengineering Institute, Nanjing, China) was used to measure malondialdehyde (MDA) production. Optical density was measured with a Spectramac M3 multiscan spectrum instrument (Molecular Devices, LLC, Sunnyvale, CA) at 532 nm.
Measurement of Plasma Superoxide Dismutase
SOD activity was assessed using an assay kit (Nanjing Jiancheng Bioengineering Institute) at 37°C for 20 min. Optical density was measured using an EL-x800 microplate reader (BioTek Instruments, Winooski, VT).
Measurement of Mitochondrial Membrane Potential
Myocardial tissues were sheared to extract high-purity mitochondria using a mitochondrial extraction kit (KeyGen Biotech), and MMP was analyzed with an assay kit (KeyGen Biotech). Prepared working staining fluid (180 μL) was added to 20 μL purified mitochondria to give a total protein mass of 10–100 ug and incubated in a 5% CO2 incubator at 37°C for 10–20 min. A Spectramac M3 multiscan spectrum instrument (Molecular Devices) was used to detect JC-1 polymer (excitation and emission wavelengths were 525 and 590 nm, respectively) and JC-1 monomer (excitation and emission wavelengths were 490 and 530 nm, respectively).
Measurement of Apoptosis
An Apoptosis Assay Kit (KeyGen Biotech) was used for TUNEL staining. The cells were observed and photographed under a BX43 fluorescence microscope (Olympus).
Data Analysis
Data are presented as the mean ± standard error of the mean. Multiple groups were compared using one-way analysis of variance followed by Tukey’s post hoc test. All analyses were performed using Prism 5 (GraphPad Software, Inc., San Diego, CA). P < 0.05 or P < 0.01 was considered statistically significant.
RESULTS
Aldehyde Dehydrogenase 2 Alleviates Lipopolysaccharide-Induced Myocardial Injury
Echocardiography images are shown in Figure 1A. Compared with LPS alone, LPS + Alda-1 and LPS + ALDH2 increased the EF, FS, and LVPWs (Figures 1B–D). There were no significant differences in LVPWd, left ventricular mass, and LVIDd among the groups (Figures 1E–G). In contrast, LPS + Alda-1 and LPS + ALDH2 reduced LVIDs (Figure 1H). On the other hand, other echocardiography images are shown in Figure 2A. Compared with LPS alone, LPS + CVT decreased the EF, FS, and LVPWs (Figures 2B–D). There were no significant differences in LVPWd, left ventricular mass, and LVIDd among the groups (Figures 2E–G). In contrast, LPS + CVT increased LVIDs (Figure 2H). Therefore, ALDH2 activation or overexpression improved myocardial function in LPS-treated mice. On the contrary, ALDH2 inhibition impaired myocardial function in LPS-treated mice.
[image: Figure 1]FIGURE 1 | Cardiac function in lipopolysaccharide (LPS)-treated mice. (A) Representative echocardiographic images from four mouse groups. (B) Ejection fraction (EF). (C) Fractional shortening (FS). (D) Left ventricular posterior wall thickness in systole (LVPWs). (E) Left ventricular posterior wall thickness in diastole (LVPWd) (F) Left ventricular mass. (G) End-diastolic left ventricular internal diameter (LVIDd). (H) End-systolic left ventricular internal diameter (LVIDs). Data are the mean ± standard error of the mean. n = 6 mice/group. Statistical analyses were performed by one-way analysis of variance, followed by Tukey’s post hoc test for multiple comparisons. *p < 0.05 vs. control (CON); #p < 0.05 vs. LPS.
[image: Figure 2]FIGURE 2 | Cardiac function in lipopolysaccharide (LPS)-treated mice. (A) Representative echocardiographic images from four mouse groups. (B) Ejection fraction (EF). (C) Fractional shortening (FS). (D) Left ventricular posterior wall thickness in systole (LVPWs). (E) Left ventricular posterior wall thickness in diastole (LVPWd). (F) Left ventricular mass. (G) End-diastolic left ventricular internal diameter (LVIDd). (H) End-systolic left ventricular internal diameter (LVIDs). Data are the mean ± standard error of the mean. n = 6 mice/group. Statistical analyses were performed by one-way analysis of variance, followed by Tukey’s post hoc test for multiple comparisons. *p < 0.05 vs. control (CON); #p < 0.05 vs. LPS.
To examine the role of ALDH2 in LPS-induced myocardial damage, we evaluated the concentration of cardiac troponin I and the activity of enzymes that are markers of myocardial injury. The concentration of cardiac troponin I was increased in the LPS-induced group compared with the control group, and this increase was inhibited by ALDH2 activation or overexpression (Figure 3A). Similarly, the activity of aspartate aminotransferase, creatine kinase myocardial-bound, lactate dehydrogenase, α-hydroxybutyrate dehydrogenase, and creatine kinase was increased in the LPS-induced group compared with the control group, and these increases in activity were also inhibited by ALDH2 activation or overexpression (Figures 3B–F). Therefore, ALDH2 activation or overexpression conferred cardioprotection.
[image: Figure 3]FIGURE 3 | Biochemical markers of myocardial injury in lipopolysaccharide (LPS)-treated mice. (A) Cardiac troponin I (CTNI) levels. (B) Aspartate aminotransferase (AST), (C) Creatine kinase myocardial-bound (CK-MB), (D) Lactate dehydrogenase (LDH), (E) α-Hydroxybutyrate dehydrogenase (α-HBDH), and (F) CK activity in serum. Data are the mean ± standard error of the mean. n = 3 mice/group. Statistical analyses were performed by one-way analysis of variance, followed by Tukey’s post hoc test for multiple comparisons. *p < 0.05 vs. control (CON); #p < 0.05 vs. LPS.
When myocardial inflammatory cell infiltration was assessed in LPS-treated mice, compared with the control group, LPS stimulated greater cellular degeneration, tissue edema, hyperemia, and inflammatory cell infiltration. After treatment with the ALDH2 activator Alda-1 or the ALDH2 overexpression virus, cellular degeneration, tissue edema, hyperemia, and inflammatory cell infiltration were less evident than in the LPS-treated group (Figures 4A,B). Similarly, the level of tumor necrosis factor-α in heart tissue was significantly increased after LPS treatment, and this increase was markedly inhibited by ALDH2 activation or overexpression (Figures 4C,D). Therefore, ALDH2 activation or overexpression reduced myocardial inflammatory responses.
[image: Figure 4]FIGURE 4 | Heart tissue pathology and inflammation in lipopolysaccharide (LPS)-treated mice. (A) Hematoxylin and eosin staining of heart tissue. Magnification, ×400. Scale bar: 20 µm. (B) Histopathological scores of heart tissue. (C) Quantification of tumor necrosis factor (TNF)-α-positive cells detected by immunostaining. (D) TNFα expression was examined by immunohistochemical staining. Scale bar: 20 µm. Data are the mean ± standard error of the mean. n = 3 mice/group. Statistical analyses were performed by one-way analysis of variance, followed by Tukey’s post hoc test for multiple comparisons. *p < 0.05 vs. control (CON); #p < 0.05 vs. LPS.
4-Hydroxy-Trans-2-Nonenal Accumulation, Aldehyde Dehydrogenase 2 Expression and Activity, Ultrastructural Changes, and Mitophagy in Lipopolysaccharide-Treated Mice
We evaluated the lipid peroxidation end product 4HNE, which is a key ALDH2 substrate, in the myocardium. We found that LPS treatment alone increased 4HNE accumulation compared with the control group. This increase was enhanced by ALDH2 inhibition (Figure 5A) but was mitigated by ALDH2 activation (Figure 5B).
[image: Figure 5]FIGURE 5 | 4-Hydroxy-trans-2-nonenal (4HNE) accumulation, aldehyde dehydrogenase 2 (ALDH2) activity and expression, and ultrastructural changes in lipopolysaccharide (LPS)-treated mice (A,B) Representative western blots and quantification analysis of 4HNE and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; loading control). (C) Representative western blots and quantification analysis of ALDH2 and GAPDH (loading control). (D) Quantification of ALDH2 enzymatic activity. (E) Representative transmission electron microscopy (TEM) images from four mouse groups. Scale bar: 1 µm. (F) Quantification analysis of damaged mitochondria. Data are the mean ± standard error of the mean. n = 3 mice/group. Statistical analyses were performed by one-way analysis of variance, followed by Tukey’s post hoc test for multiple comparisons. *p < 0.05 vs. control (CON); #p < 0.05 vs. LPS.
LPS treatment had no effect on ALDH2 expression (Figure 5C). However, LPS significantly decreased ALDH2 activity, and this decrease was rescued by ALDH2 activation or overexpression (Figure 5D).
To determine the morphological changes of mitochondria induced by LPS, we examined mitochondrial ultrastructure by TEM. After LPS treatment, the fracture and disappearance of mitochondrial cristae and many vacuoles were detected. These changes represent mitochondrial damage and were alleviated by ALDH2 activation or overexpression (Figures 5E,F).
The PINK1/Parkin pathway is essential for the control of mitophagy. Therefore, to explore the mechanism of mitophagy in LPS-induced cardiomyocyte injury, we examined the levels of key mitophagy proteins, including BNIP3, PINK1, Parkin, LC3B, FUNDC1, and P62. ALDH2 activation or overexpression suppressed the LPS-induced increase of BNIP3, PINK1, Parkin, LC3B, and FUNDC1 levels (Figures 6A–G). In contrast, ALDH2 activation or overexpression ameliorated the LPS-induced reduction of P62 expression (Figures 6F,H), a ubiquitin and LC3-binding protein that is a selective autophagy substrate and can be degraded by autophagosomes (Pankiv et al., 2007; Ichimura et al., 2008). Conversely, ALDH2 inhibition promoted the LPS-induced increase of LC3B (Figure 6I). These results indicated that ALDH2 can play a prominent role in mitophagy regulation during myocardial LPS injury. ALDH2 activation or overexpression protected cardiomyocytes against LPS injury by suppressing PINK1/Parkin-dependent mitophagy via a reduction in the accumulation of 4HNE.
[image: Figure 6]FIGURE 6 | Mitophagy, malondialdehyde (MDA), superoxide dismutase (SOD) activity, and mitochondrial membrane potential (MMP) in lipopolysaccharide (LPS)-treated mice. (A) Representative western blots and quantification analysis of BCL2-interacting protein 3 (BNIP3) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; loading control). (B) Representative western blots of phosphatase and tensin homolog-induced putative kinase 1 (PINK1), Parkin, and GAPDH (loading control). Quantification of (C) PINK1 and (D) Parkin. (E) Representative western blots and quantification of microtubule-associated protein 1 light chain 3 beta (LC3B) and GAPDH (loading control). (F) Representative western blots of FUN14 domain-containing 1 (FUNDC1), P62, and GAPDH (loading control). Quantification of (G) FUNDC1 and (H) P62. (I) Representative western blots and quantification of LC3B and GAPDH (loading control). (J) MDA levels in plasma. (K) SOD activity in plasma. (L) Quantification of JC-1 intensity for MMP. Data are the mean ± standard error of the mean. n = 3 mice/group. Statistical analyses were performed by one-way analysis of variance, followed by Tukey’s post hoc test for multiple comparisons. *p < 0.05 vs. control (CON); #p < 0.05 vs. LPS.
Malondialdehyde, Superoxide Dismutase Activity, Mitochondrial Membrane Potential, and Apoptosis in Lipopolysaccharide-Treated Mice
To explore the role of oxidative stress in ALDH2-mediated cardioprotection, we evaluated MDA levels, SOD activity, MMP, and apoptosis in LPS-treated mice. ALDH2 activation or overexpression markedly decreased MDA levels in LPS-treated mice (Figure 6J). However, ALDH2 activation or overexpression significantly alleviated the decreased SOD activity and MMP in LPS-treated mice (Figures 6K,L). LPS treatment alone induced cardiomyocyte apoptosis, which was alleviated by ALDH2 activation or overexpression (Figures 7A,B). Conversely, this effect was enhanced by ALDH2 inhibition (Figures 7C,D). The expression levels of apoptosis-related proteins were measured, and LPS treatment alone increased the levels of BAX and caspase 3, and these increases were reduced by ALDH2 activation or overexpression (Figures 7E,F). Accordingly, BCL2 expression was increased by ALDH2 activation or overexpression (Figure 7G). These findings support a central role for ALDH2 in LPS-induced myocardial injury. ALDH2 activation or overexpression ameliorated the LPS-induced increase in apoptosis and reduction in MMP by suppressing oxidative stress.
[image: Figure 7]FIGURE 7 | Apoptosis in lipopolysaccharide (LPS)-treated mice. (A) TUNEL staining for myocardial cell apoptosis. (B) Ratio of apoptosis. Representative TUNEL staining images are shown (magnification, ×400). Scale bar: 20 µm (C) TUNEL staining for myocardial cell apoptosis. (D) Ratio of apoptosis. Representative TUNEL staining images are shown (magnification, ×400). Scale bar: 20 µm. Representative western blots and quantification of (E) BAX, (F) caspase 3, (G) BCL2, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; loading control). Data are the mean ± standard error of the mean. n = 3 mice/group. Statistical analyses were performed by one-way analysis of variance, followed by Tukey’s post hoc test for multiple comparisons. *p < 0.05 vs. control (CON); #p < 0.05 vs. LPS.
DISCUSSION
Sepsis is caused by a dysregulated host response to infection (Taeb et al., 2017). LPS, which is the major component of the outer membrane of Gram-negative bacteria, is crucial for the viability and virulence of bacteria (Whitfield and Trent, 2014) and for the induction of innate immune responses and sepsis (Bryant et al., 2010). Autophagy is a dynamic catabolic cellular process whose the most pivotal characteristic is the formation of a double membrane-bound compartment known as the autophagosome (Nakatogawa et al., 2009; Klionsky et al., 2016). There are two types of autophagy: non-selective autophagy and selective autophagy; mitophagy is a form of selective autophagy (Youle and Narendra, 2011). We previously confirmed that ALDH2 can inhibit myocardial ischemia/reperfusion injury by regulating mitophagy (Ji et al., 2016). Many studies have shown that mitophagy plays a prominent role in sepsis-associated myocardial injury (Hsieh et al., 2011; Turdi et al., 2012; Piquereau et al., 2013b). One study demonstrated excessive endoplasmic reticulum stress and mitophagy levels in an animal model of sepsis, which were significantly alleviated in ALDH2 transgenic mice (Pang et al., 2019a). In the present study, we found that ALDH2 activation or overexpression could counteract sepsis-associated cardiac injury in vivo by downregulating mitophagy via the mitigation of 4HNE accumulation and MDA formation. On the contrary, ALDH2 inhibition can damage the myocardium in vivo by upregulating autophagy via the accumulation of 4HNE. In conclusion, our results indicated that ALDH2 had a pivotal positive effect in mediating cardiac protection following LPS administration.
Mitochondria are crucial for energy production and reactive oxygen species (ROS) metabolism (Starkov, 2008; Kowaltowski et al., 2009). Interestingly, mitochondria can serve as a “powerplant” to supply energy for the cardiomyocytes. Oxidative stress, the release of inflammatory factors, and dysregulated autophagy in sepsis cause mitochondrial dysfunction, thereby accelerating the development of myocardial dysfunction (Tan et al., 2019). Oxidative stress is one of the key points in our study. An imbalance between the generation of harmful ROS and antioxidant defenses is a crucial factor in the oxidative stress response (Yan et al., 2013). A major cytotoxic product of lipid peroxidation is 4HNE, which is indirectly related to ROS (Esterbauer et al., 1991; Schneider et al., 2001). Moreover, 4HNE has a role in oxidative stress-related diseases, including cardiovascular diseases, neurodegenerative diseases, liver diseases, metabolic syndrome, and cancer (Dalleau et al., 2013). However, myocardial injury induced by ischemia/reperfusion and doxorubicin is alleviated by ALDH2 overexpression or activation via the regulation of 4HNE (Ma et al., 2011; Sun et al., 2014). Similarly, our present study demonstrated that ALDH2 activation or overexpression could mitigate cardiac injury by alleviating 4HNE accumulation in LPS-induced cardiac injury. Conversely, ALDH2 inhibition aggravated cardiac injury by increasing the accumulation of 4HNE in LPS-induced cardiac injury. It has been proposed that the process of apoptosis will finally cause a decrease in the number of cardiomyocytes, and if the number of cardiomyocytes is reduced to a certain extent, it will result in myocardial dysfunction (Tan et al., 2019). Moreover, we observed LPS-induced reductions in ALDH2 activity and MMP depolarization that were associated with increased apoptosis of myocardial cells and suppressed cardiac function. However, protein kinase C does not exert a neuroprotective effect in ALDH2-knockdown rats after stroke (Guo et al., 2013). Another study also showed that ALDH2 repression is associated with a poor prognosis in patients with lung adenocarcinoma (Li et al., 2019). Therefore, the restoration of ALDH2 activity or increased ALDH2 expression and the elimination of oxidative stress may be an effective treatment for LPS-induced myocardial dysfunction.
To protect cells, damaged mitochondria are sequestered by autophagosomes and degraded before apoptosis can be triggered (Kubli and Gustafsson, 2012). The PINK1/Parkin pathway is critical for the regulation of mitophagy (Zhao et al., 2019), and PINK1 is a crucial initiator of mitophagy (Wang et al., 2019). Reduced MMP leads to the accumulation of PINK1, and the E3 ubiquitin ligase Parkin is subsequently recruited by PINK1 to mitochondria (Kubli and Gustafsson, 2012). However, it is unclear exactly how PINK1 recruits Parkin. Furthermore, ROS-induced mitochondrial damage may be a prominent upstream activator of mitophagy (Wang et al., 2012). BNIP3 is an inducer of mitophagy, and BNIP3-mediated autophagy involves the translocation of Parkin to mitochondria (Lee et al., 2011). FUNDC1, a mitochondrial outer-membrane protein, is a mitophagy receptor that regulates mitochondrial dynamics and mitophagy (Liu et al., 2012; Chen et al., 2016). Furthermore, FUNDC1 has been implicated in Parkin-independent mitophagy and interacts with LC3 to induce mitophagy (Liu et al., 2012). P62 protein, also called sequestosome 1, binds to LC3 during mitophagy (Pankiv et al., 2007; Kubli and Gustafsson, 2012) and to ubiquitinated mitochondrial proteins (Kubli and Gustafsson, 2012). Many studies have shown that the levels of BNIP3, PINK1, Parkin, LC3B, and FUNDC1 are associated with mitophagic activity (Chen et al., 2014; Hu et al., 2016; Wei et al., 2018; Zhao et al., 2020). In the present study, we showed the increased levels of MDA and 4HNE and activation of the PINK1/Parkin pathway in LPS-induced myocardial dysfunction. A previous study revealed likely roles for ALDH2 in the inflammatory response, immunity, and organ dysfunction in sepsis (Pang et al., 2019b). We also provided evidence that ALDH2 activation with the activator Alda-1 or ALDH2 overexpression downregulated the PINK1/Parkin pathway and suppressed subsequent biochemical injury, inflammation, apoptosis, and myocardial dysfunction. On the other hand, we showed that ALDH2 inhibition upregulated the autophagy pathway and promoted subsequent cell apoptosis and myocardial dysfunction.
Mitochondrial function and quality control are especially important for a healthy heart (Piquereau et al., 2013b; Pan et al., 2018). Mitochondrial dysfunction occurs during the pathophysiology of septic cardiomyopathy. Many factors such as inflammation, oxidative stress, and dysregulated autophagy during sepsis can have a negative impact on mitochondrial function and accelerate the progress of myocardial dysfunction (Tan et al., 2019). Many studies have shown that mitophagy is protective for the cardiovascular system, and treatment for mitophagy is beneficial for cardiovascular disease (Shires and Gustafsson, 2015; Zhang et al., 2018). In LPS-induced myocardial injury, the upregulation of tumor susceptibility gene 101 protects against LPS-triggered myocardial injury by promoting Parkin-mediated mitophagy (Essandoh et al., 2019). Additionally, mitochondrial uncoupling protein 2 may play a salutary role in LPS-induced cardiomyocyte apoptosis by increasing the levels of the mitophagy proteins Beclin 1 and LC3β (Pan et al., 2018). In response to LPS-mediated mitochondrial damage, deletion of mammalian Ste20-like kinase 1 (Mst1) activates mitophagy to protect mitochondria. However, repressing Parkin-mediated mitophagy abolishes the positive influence of Mst1 deletion on mitochondrial protection and myocardial cell viability (Shang et al., 2020). Dexmedetomidine (DEX) alleviates LPS-induced apoptosis and the inflammatory response of macrophages via PINK1-mediated mitophagy (Wang et al., 2019). DEX increases the levels of autophagy and mitophagy proteins, such as Beclin 1, LC3II, and PINK1. Furthermore, DEX reduces the levels of ROS and apoptosis. Through the above mechanism, DEX was shown to improve acute LPS-induced kidney injury (Zhao et al., 2020). Similarly, PINK1/Parkin-mediated mitophagy might have a positive effect on acute LPS-induced kidney injury (Dai et al., 2019). Further research has found that in PINK1 or PARK2 knockout mice, sepsis increases more serious renal cell apoptosis and causes kidney injury (Wang et al., 2021). In contrast, targeting BCL2 overexpression mitigates LPS-induced acute lung injury by inhibiting mitophagy and apoptosis, and ultimately improves the survival of mice (Zhang et al., 2020). Another study also notes that in LPS-induced myocardial model, ALDH2 transgene can alleviate mitophagy and apoptosis (Pang et al., 2019b). Our analysis of mitochondrial ultrastructure indicated that LPS could damage cardiac mitochondria. One study proved that mitophagy can impair mitochondrial function (Tyrrell et al., 2020). We also provided evidence that the activation of mitophagy was harmful in LPS-induced myocardial injury. Most importantly, ALDH2 activation or overexpression alleviated LPS-induced injury in mice by inhibiting mitophagy. ALDH2 inhibition exacerbated LPS-induced myocardial injury by promoting autophagy. With excess oxidative stress, the PINK1/Parkin pathway may be activated excessively as a reaction to LPS injury to cause myocardial cell death. ALDH2 activation or overexpression alleviated LPS-induced apoptosis of myocardial cells, in part, by suppressing the over-activation of mitophagy. ALDH2 inhibition can exacerbate LPS-induced apoptosis of myocardial cells, in part, by promoting the over-activation of autophagy.
Additional studies are needed to understand completely how mitophagy activity and mitochondrial morphology/function are regulated under LPS stimulation and whether the myocardium can be improved by therapeutically altering ALDH2 activity and expression.
CONCLUSION
ALDH2 inhibited excessive mitophagy and increased the survival of LPS-induced cardiomyocytes by reducing oxidative stress levels. These findings improve our understanding of the ALDH2 mechanisms responsible for protection against LPS-induced myocardial injury. Given that ALDH2 is cardioprotective in a mouse LPS model, ALDH2 is a potential therapeutic target for septic myocardial injury.
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Both hydrogen peroxide (H2O2, H) and ischemia/reperfusion (I/R) can damage cardiomyocytes, which was inhibited by propofol (P). The present research was designed to examine whether propofol can reduce myocardial I/R injury by activating protein kinase C (PKC)/nuclear factor erythroid-2-related factor 2 (NRF2) pathway in H9C2 cells and rat Langendorff models. H9C2 cells were disposed of no reagents (C), H2O2 for 24 h (H), propofol for 1 h before H2O2 (H+P), and chelerythrine (CHE, PKC inhibitor) for 1 h before propofol and H2O2 (H+P+CHE). N = 3. The PKC gene of H9C2 was knocked down by siRNA and overexpressed by phorbol 12-myristate 13-acetate (PMA, PKC agonist). The cell viability and the expressions of PKC, NRF2, or heme oxygenase-1(HO-1) were evaluated. Propofol significantly reduced H9C2 cell mortality induced by H2O2, and significantly increased NRF2 nuclear location and HO-1 expression, which were restrained by siRNA knockout of PKC and promoted by PMA. Rat hearts were treated with KrebsHenseleit solution for 120 min (C), with (I/R+P) or without (I/R) propofol for 20 min before stopping perfusion for 30 min and reperfusion for 60 min, and CHE for 10 min before treated with propofol. N = 6. The levels of lactate dehydrogenase (LDH), superoxide dismutase (SOD), and creatine kinase-MB (CK-MB) in perfusion fluid and antioxidant enzymes in the myocardium were assessed. I/R, which increased LDH and CK-MB expression and reduced SOD expression, boosted the pathological damage and infarcts of the myocardium after reperfusion. However, propofol restrained all these effects, an activity that was antagonized by CHE. The results suggest that propofol pretreatment protects against I/R injury by activating of PKC/NRF2 pathway.
Keywords: propofol, heart, ischemia reperfusion, protein kinase C, nuclear factor erythroid-2- related factor, heme oxygenase-1
INTRODUCTION
Acute myocardial infarction (AMI) is one of the leading causes of death and disability globally (Zhou et al., 2018). The most effective treatment is early myocardial reperfusion (Zhao et al., 2018), which can also aggravate myocardial damage (Majidi et al., 2009) due to ischemia/reperfusion (I/R) injury (Tian et al., 2017; Zhang et al., 2019). I/R injury is probably caused by the reactive oxygen species (ROS) overproduction, calcium overload, apoptosis in cardiomyocytes (Hoffman et al., 2004), and inflammatory response activation (Bartekova et al., 2018). Currently, symptomatic treatment is still the major treatment (Zhao et al., 2013). Therefore, protecting the myocardium from I/R injury is critically important in myocardial protection.
As an intravenous anesthetic, propofol (2, 6-diisopropyl phenol) can suppress myocardial dysfunction and reduce the infarction area after ischemia (Kobayashi et al., 2008). However, the underlying mechanism has not been elucidated. It has been hypothesized that propofol-induced myocardial protection occurs through anti-lipid peroxidation, elimination of ROS, or alleviating calcium overload (Park et al., 1995). Zhang and colleagues show that propofol reduces inflammatory cytokine and myocardial apoptosis by suppressing the Janus kinase (JAK)/signal transducer and activator of transcription (STAT) pathway (Zhang et al., 2019). Li et al. find that propofol reduces myocardial apoptosis by mediating microRNA-451/HMGB1 (Li et al., 2019). Protein kinase C (PKC), a phospholipid-dependent serine/threonine kinase, is widely expressed in the cardiovascular system. The change in PKC expression and activity represents an important biological process in the occurrence and development of many cardiovascular diseases such as heart failure, atherosclerosis, or hypertension (Budas et al., 2007; Steinberg, 2012). PKC reduces myocardial I/R injury and ameliorates heart failure (Ji et al., 2020). Propofol activates PKC isoforms in adult rat ventricular myocytes (Wickley et al., 2006) and protects the myocardium from I/R injury (Ko et al., 1997).
The nuclear factor erythroid-2-related factor 2 (NRF2) is a central regulator of intracellular redox homeostasis (Fisher et al., 2007). Target genes of NRF2, such as heme oxygenase-1 (HO-1) or superoxide dismutase (SOD), play a protective role in the pathogenesis of cardiovascular diseases (Smith et al., 2016). PKC promotes nuclear translocation of NRF2 by activating the Ser40 phosphorylation site (Bloom and Jaiswal, 2003; Wang et al., 2020). Few studies have been investigated whether NRF2 is involved in PKC activation induced by propofol in myocardial I/R injury. The present results show that propofol induces nuclear translocation of NRF2 in the myocardium by activating PKC to prevent I/R myocardium from radical oxidation. (Figure 1).
[image: Figure 1]FIGURE 1 | Diagrammatic sketch Propofol protects cardiomyocytes from damage caused by H2O2 or I/R oxidation through the PKC/NRF2 pathway.
MATERIALS AND METHODS
Cell Culture
H9C2 cells were purchased from KeyGEN BioTECH (KG444, Nanjing, China) and grown in Dulbecco’s Modified Eagle’s Medium (DMEM, 0030034DJ, GIBCO, United States), which was supplemented with 10% fetal bovine serum (FBS, 16140071, GIBCO, United States) and 1% penicillin/streptomycin (15140122, GIBCO, United States). H9C2 cells were cultured at 37°C in a humidified atmosphere with 5% CO2. H9C2 cells were co-cultured with H2O2 for 24 h to establish the H2O2 oxidative damage model.
Cell Viability Assay
The viability of H9C2 cells was evaluated using the cell counting kit-8 (CCK-8, HY-K0301, MCE, United States). Cells (3000∼4000/well) were inoculated into 96-well plates. After 24 h, different concentrations of propofol (P, 0∼800 μM, D126608, Sigma, United States), H2O2 (H, 0∼800 μM, 323381, Sigma, United States), chelerythrine (CHE, 0∼20 μM, HY-N2359, MCE, United States) or phorbol 12-myristate 13-acetate (PMA, 0∼4 μM, HY-18739, MCE, United States) were added to the cell culture. Then, 10 μl 10% CCK-8 reagent was added to each well and incubated for 1∼3 h at 37°C. The absorbance at 450 nm was measured on a Microplate Reader (Thermo Fisher Scientific, United States).
H9C2 Cells Grouping and Corresponding Treatment
H9C2 cells were randomly assigned to four groups: 1) C: cells not treated with any reagents; 2) H: cells treated with H2O2 (200 μM) for 24 h; 3) H+P: cells treated with propofol (50 μM) for 60 min before H2O2; 4) H+P+CHE: cells treated with chelerythrine (5 μM) for 60 min before propofol and H2O2. Each experiment was replicated three times (Figure 2A).
[image: Figure 2]FIGURE 2 | Experimental grouping and corresponding treatment on H9C2 cells (A) and rat heart (B).
Trypan Blue Exclusion Assay
H9C2 cells were seeded in 12-well plates. After incubation for 24 h, the cells were treated with propofol or H2O2 as described above and then stained with 0.4% trypan blue (T8070, Solarbio life sciences, Beijing, China) at 37°C for 3 min. Cell viability was calculated on a Microplate Reader (Thermo Fisher Scientific, United States).
Measurement of ROS Production
The ROS levels in H9C2 cells were measured using the DCFH-DA kit (S0033S Beyotime, Shanghai, China). After treatment as described above, the cells were incubated in DCFH-DA (10 μM) at 37°C for 1 h. Excitation at 488 nm and emission at 525 nm was applied using a flow cytometer (Bio-Rad, United States).
Immunofluorescence Assessment of NRF2 in H9C2 Cells
After treatment, H9C2 cells were fixed in 4% formaldehyde at room temperature for 20 min and 0.2% Triton X-100 for 5 min. After sealing with 5% BSA for 60 min, the cells were incubated with the anti-NRF2 (ab137550, Abcam, United Kingdom) at 4°C overnight. Subsequently, they were incubated with the secondary antibody (ZF-0315, ZSGB-BO, Beijing, China) in dark for 60 min. After staining with DAPI and 95% glycerin, images were obtained under an immunofluorescence microscope.
Detection of Cell Transfection and Real-Time Quantitative PCR
H9C2 cells were seeded in 12-well plates for 24 h. The culture medium was replaced with serum-free medium (Opti-MEM I, Thermo Fisher Scientific, United States) after the cell density had reached 30%∼50%. Lipofectamine 2000 (Lipo2000, Thermo Fisher Scientific, United States) was diluted in serum-free medium and mixed with diluted siRNA (Gene Pharma, Shanghai, China) at room temperature for 20 min. The siRNA mixture was subsequently added to 12-well plates and incubated for 4∼6 h. The culture medium was immediately replaced with a complete medium, and the cells were continuously incubated for follow-up experiments. Total RNA was extracted from cells using an RNA isolation kit (R0027, Beyotime, Shanghai, China) and reverse transcribed into cDNA using a kit (FSQ-301, Toyobo life science, Japan). Quantitative real-time PCR (qPCR) was performed using the qPCR kit (Q411-02, Vazyme, Nanjing, China) according to the manufacture’s protocol. The 2−ΔΔCt method (Rao et al., 2013) was used to analyze the data and α-tubulin was used as an internal control.
The siRNA sequence of PKC was as follows: F:5′-GUAGUCACUGUACCGACUUTT-3′, R: 5′-AAG​UCG​GUA​CAG​UGA​CUG​CTT-3′. The primers were as follows: α-tubulin: F: 5′-CCCAACAAT GTGAAGACGG-3′, R: 5′-GCC​TCG​GTG​AAC​TCC​ATC​T-3′; PKC: F: 5′-GCGAAGCCCCTAAGA CAAT-3′, R:5′-CACCCCAGATGAAATCCCTAC-3′; NRF2: F: 5′-TGC​CCA​CAT​TCC​CAA​ACA AG-3′, R: 5′-TTG​CTC​CAT​GTC​CTG​CTG​TA-3′; HO-1: F: 5′-FTTCAGAAGGTCAGGTGTC-3′, R:5′-CTGTGTGGCTGGTGTGTAAG-3′.
Measurement of PKC Overexpression
Phorbol 12-myristate 13-acetate (PMA, HY-18739, MCE, United States) was added to H9C2 cells and incubated for 24 h. Next, propofol or H2O2 was added to the culture as described above. Protein was extracted from the cells and analyzed by western blotting.
Animal Using in the Experiments
The animal experiments were conducted in compliance with the principles for the Care and Use of Laboratory Animals of Shandong University, and the research protocol was approved by the Medical Ethics Committee for the Use of Experimental Animals at Shandong University (ECSBMSSDU2019-2-048). Wistar rats (weight 180∼240 g, 10 weeks old) were purchased from the Experimental Animal Center in Shandong University. The rats were housed at a constant room temperature (22∼24°C) with 45%∼55% humidity and fed with sterile water and a standard diet.
Langendorff Perfused Heart Preparation
Rats were raised in the laboratory for three days before the experiments. After being anesthetized by intraperitoneal injection (IP) with 10% chloral hydrate, rat hearts were quickly dissected and immersed in ice-cold oxygenated KrebsHenseleit (KH) solution, which contained NaCl 115 mM, KCl 4.7 mM, MgSO4 1.2 mM, CaCl2 1.8 mM, KH2PO4 1.2 mM, NaHCO3 25 mM, and glucose 11 mM. Then, the hearts were quickly perfused in a retrofitted Langendorff system with KH solution at a constant velocity of 10 ml/min, which was gassed with 95% O2 and 5% CO2 at 37°C. The time between excision and suspension was limited to 1 min. After 15 min of stabilization, KH solution, propofol, or chelerythrine was perfused. Cardiac ischemia was induced by no-perfusion for 30 min and reperfusion was achieved by recanalization for 60 min. Coronary perfusion fluid was collected to measure LDH, SOD, and CK-MB. Hearts were kept in liquid nitrogen for 10 min before being stored at -80°C.
Animal Grouping and Corresponding Treatment
After 15 min of stabilization, 24 hearts were randomly assigned to four groups: 1) C: hearts continuously pumped with KH solution for 120 min; 2) I/R: hearts continuously pumped with KH solution for 30 min and followed by cardiac ischemia for 30 min before reperfusion for 60 min; 3) I/R+P: hearts pumped with propofol (50 μM) for 20 min before ischemia: 4) I/R+P+CHE: hearts sequentially pumped with chelerythrine (10 μM) for 10 min and propofol for 20 min before ischemia (Figure 2B).
Assessment of Lactate Dehydrogenase, Superoxide Dismutase, and Creatine Kinase-MB
The LDH and SOD levels of heart effluent were determined using assay kits (A020-2-2, A001-3-2, Nanjing Jian Cheng Bioengineering Institute, Nanjing, China). CK-MB was evaluated using an ELISA kit (SEKR-0059, Solarbio life sciences, Beijing, China). After reperfusion as described above, the effluent was plated in a 96-well plate, and the absorbance at 450 nm was determined on a Microplate Reader (Thermo Fisher Scientific, United States).
Detection of Myocardium Infarct Size
After reperfusion as described above, hearts were frozen at -20°C for 30 min and cut into small sections (1∼2 mm), which were placed into 1% triphenyl tetrazolium chloride (TTC, T8877, Sigma, United States) at 37°C without light for 15 min. The sections were photographed using a camera and the images were quantified using picture analysis software (Image J, National Institutes of Health, United States). Myocardial infarction was measured by dividing the infarct area by the total area.
Measurement of the Glutathione (GSH)/Oxidized Glutathione (GSSG) Ratio
The glutathione (GSH)/oxidized glutathione (GSSG) ratio of hearts was measured using a GSH/GSSG detection assay kit (S0053, Beyotime, Shanghai, China). Briefly, GSSG was restored to GSH by glutathione reductase, which was reacted with the chromogenic substrate DTNB to produce yellow TNB and GSSG. GSH was first eliminated by GSH scavenging auxiliary fluid, and then GSSG was measured using the above reaction principle. GSH was calculated by deducting GSSG from the total glutathione (GSSG+GSH). The reaction mixture was plated in a 96-well plate, and the absorbance at 410 nm was measured using a Microplate Reader (Thermo Fisher, United States).
Histopathology Assessment
Hearts were immersed in 4% paraformaldehyde for 24 h and dehydrated conventionally for fixation in paraffin. The tissue was cut to a thickness of 3∼4 μm and dewaxed with xylene. The sections were then stained using a hematoxylin-eosin staining assay kit (HE, C0105S, Beyotime, Shanghai, China), and sealed with concentrated alcohol, xylene, and neutral resin. Images were acquired using a Nikon Eclipse 80i light microscope.
Transmission Electron Microscopy Detection
The ultrastructure of myocardium mitochondria was examined by transmission electron microscopy (TEM, HITACHI, Japan). After reperfusion as described above, the left ventricle anterior wall was cut into 2 mm × 5 mm × 10 mm sections with sharp blades. The sections were immediately soaked in electron microscope fixative (G1102, Servicebio, Wuhan, China) for 3 h and incubated in 1% osmium 0.1 M phosphate buffer. Then, the sections were gradually dehydrated with ethanol and acetone, embedded in embedding solution, and baked in an oven. Finally, they were cut into 50∼80 nm and dyed with 2% uranyl acetate lead citrate. Images were acquired by TEM.
Western Blot Analysis
RIPA lysis buffer (P0013B, Beyotime, Shanghai, China) with protease inhibitor (P0100, Solarbio life sciences, Beijing, China) was added to rat myocardial tissue or H9C2 cells to extract protein according to the manufacture’s protocol. The protein concentration was detected using a BCA Protein Assay Kit (P0012, Beyotime, Shanghai, China). Protein samples, which were mixed with loading buffer and heated at 100°C for 8 min, were separated by 12% SDS-PAGE gel electrophoresis and transferred to a polyvinylidene fluoride membrane (PVDF) pre-activated with methanol. The membrane was then blocked with 5% bovine serum albumin (BSA) for 1 h and immersed in the primary antibody solution overnight at 4°C. The primary antibodies were anti-NRF2, anti-HO-1 (E3F4S, CST, United States), anti-PKC (ab23511, Abcam, United Kingdom), anti-PKC (phosphor T497, ab59411, Abcam, United Kingdom), anti-α-tubulin (ab7291, Abcam, United Kingdom), and anti-H3 (17168-1-AP, Proteintech, Wuhan, China). The membranes were incubated with secondary antibodies (ZB-2301 or ZB-2305, ZSGB-BIO, Beijing, China) and the protein signals were detected using enhanced chemiluminescence (ECL) detection system. Images were analyzed using Image J software (National Institutes of Health, United States).
Immunofluorescence and Immunohistochemistry Assessment in Myocardium
The heart paraffin sections dewaxing procedure was performed together with HE staining. Antigens were repaired with antigen retrieval solution (P0083, Beyotime, Shanghai, China) in the microwave for 20 min and blocked with 3% hydrogen peroxide (323381, Sigma, United States) for 10 min. After incubation with BSA for 60 min and the primary antibody (anti-NRF2) overnight, the sections were incubated with the secondary antibody (GTVision TM + polymer secondary antibody) for 30 min. Then the sections were stained with pre-prepared diaminobenzidine (DAB) staining solution (GK347011, Gene Tech, Shanghai, China) and hematoxylin for 3 min. Like HE staining, the sections were dehydrated and sealed. The images were photographed using a Nikon Eclipse 80i light microscope.
Using the same procedure described above, the sections were sealed with BSA and incubated with primary antibodies against anti-PKC or anti-PKC (phosphoT497) overnight. Subsequently, the sections were incubated with the secondary antibody (ZF-0315, ZSGB-BO, Beijing, China) for 60 min and sealed with DAPI or glycerin. Imagines were obtained under an immunofluorescence microscope.
Statistical Analyses
All data are expressed as the mean ± standard (SD) deviation. The data analyses of perfusion liquid were handled by two-way ANOVA with Bonferroni’s correction and other data were analyzed by one-way ANOVA followed by Tukey’s post hoc test or T-test. GraphPad Prism 8.0 (GraphPad Software, Chicago, United States) was used for statistical analysis, and p < 0.05 served as an index of statistical significance.
RESULTS
Effect of Propofol on H2O2-Induced H9C2 Cell Injury
The CCK-8 assay showed that propofol (35.53 ± 5.69) or H2O2 (64.30 ± 7.19) caused severe cell damage at 400 μM (Figures 3A,B). The present study was to explore the underlying mechanism of propofol on myocardial protection by antioxidation. Therefore, 50 μM (95.30 ± 3.42) propofol and 200 μM (81.70 ± 0.90) H2O2 were selected for the follow-up experiments. A phase-contrast microscope and the trypan blue test showed that propofol increased H9C2 cell viability in the H+P group (H+P, 86.70 ± 4.850) compared with the H group (H, 75.53 ± 4.87) (Figures 3C–E). Flow cytometry also showed that propofol abated ROS production in the H+P group (H+P, 227.1 ± 33.79) compared with the H group (H, 352.3 ± 32.98) (Figures 3F,G).
[image: Figure 3]FIGURE 3 | Effect of propofol on H2O2-induced H9C2 cells injury. Cell viability of H9C2 cells treated with H2O2 (H, 0∼800 μM) (A) and propofol (P, 0∼800 μM) (B). (C–E): Effect of propofol on H2O2-induced cell deaths. Dead cells were stained with blue by trypan blue. Scale bar: 200 μm. (F) and (G): Effect of propofol on H2O2-induced ROS production. Quantification of ROS is expressed as the fluorescence intensity (FI). (H). Viability of H9C2 cells treated with chelerythrine (CHE, 0∼20 µM). (I,J). Expression of NRF2 in the H9C2 cells based on the immunofluorescence assay. The scale bar is 100 µM. N = 3. Data are expressed as the mean ± SD. Significance was calculated using the ANOVA and p < 0.05 was considered statistically significant. *p < 0.05, **p < 0.01, ***p < 0.001.
Change of NRF2 Nuclear Translocation in H9C2 Cells by Propofol
CCK-8 assay showed that chelerythrine caused severe damage to H9C2 cells at concentrations ranging from 10∼20 μM (10, 4.03 ± 1.36.20, 1.53 ± 0.15). Therefore, 5 μM (5, 49.27 ± 10.72) was used in the follow-up experiments (Figure 3H). H9C2 cell immunofluorescence showed that H2O2 promoted NRF2 nuclear translocation in the H group (H, 1.40 ± 0.07) compared with the C group (C, 1). Propofol (H+P, 2.13 ± 0.26) preconditioning significantly increased NRF2 nuclear translocation compared with the H group. Propofol plus chelerythrine (H+P+CHE, 1.45 ± 0.13) preconditioning reduced NRF2 nuclear translocation compared with propofol alone (Figures 3I,J).
Effect of Propofol on PKC Knockdown in H9C2 Cells
Knockdown of PKC significantly inhibited PKC mRNA expression (Scramble, 1. PKC, 0.24 ± 0.09) (Figure 4A). Western blotting showed that siRNA effectively knock down PKC protease, just as mRNA (Scramble, 1. PKC, 0.20 ± 0.08) (Figures 4B,C). The mRNA levels of NRF2 (C: Scramble, 1; PKC, 0.32 ± 0.14. H: Scramble, 1.24 ± 0.30; PKC, 0.6 ± 0.05. H+P: Scramble, 2.53 ± 0.37; PKC, 1.01 ± 0.06) and HO-1 (C: Scramble, 1; PKC, 0.65 ± 0.10. H: Scramble, 2.06 ± 0.18; PKC, 1.22 ± 0.27. H+P: Scramble, 6.56 ± 0.59; PKC 3.58 ± 0.18) were significantly reduced by PKC siRNA (Figures 4D,E). The CCK8 assay demonstrated that propofol inhibited H2O2-induced cell damage, but did not protect PKC siRNA transfected H9C2 cells from injury (Scramble: C, 96.96 ± 1.99; H, 63.94 ± 6.01; H+P, 81.57 ± 3.38. PKC: C 77.98 ± 5.78; H, 45.4 ± 7.91; H+P, 57.64 ± 2.27) (Figure 4F).
[image: Figure 4]FIGURE 4 | Influence of propofol on PKC knockdown and overexpression in H9C2 cells. Expression of PKC mRNA (A) and protease (B,C) in H9C2 cells transfected with PKC and scramble siRNA. Levels of NRF2 (D) and HO-1 (E) mRNAs in H9C2 cells transfected with a scramble and PKC siRNA. (F). Influence of propofol on H9C2 cell viability of PKC knockdown under oxidative stress condition. (G). Viability of H9C2 cells treated with phorbol 12-myristate 13-acetate (PMA, 0∼4 µM). (H,I). Expression of PKC in H9C2 cells treated with 0.5 µM PMA based on western blot assay. (J–N). Influence of propofol on H9C2 cell PKC, NRF2 and HO-1 expressions of PKC overexpression under oxidative stress condition. Data are expressed as the mean ± SD. Significance was calculated using the ANOVA or Student’s t-test. p < 0.05 was considered statistically significant. *p < 0.05, **p < 0.01, ***p < 0.001.
Influence of Propofol on PKC Overexpression in H9C2 Cells
The CCK-8 assay showed that 1 µM PMA (56.37 ± 10.22) caused H9C2 cell damage (Figure 4G). Therefore, 0.5 µM PMA was used in the follow-up experiments. The western blot assay showed that PMA significantly improved PKC phosphorylation in H9C2 cells (C, 1; PMA, 1.96 ± 0.29) (Figures 4H,I). With H2O2-induced oxidation, propofol increased NRF2 nuclear translocation (C, 1. H, 1.41 ± 0.22. H+P, 2.57 ± 0.44. PMA: C, 1.79 ± 0.30. H, 3.04 ± 0.45. H+P, 4.12 ± 0.39) (Figures 4J,K) and HO-1 expression (C, 1. H, 1.40 ± 0.20. H+P, 2.01 ± 0.24. PMA: C, 1.44 ± 0.22. H, 2.25 ± 0.34. H+P, 3.45 ± 0.27) (Figures 4J,N) in H9C2 cells. The changes of PKC phosphorylation are similar to that of HO-1 expression (Figures 4J,M).
Influence of Propofol on Levels of LDH, SOD and CK-MB in Coronary Effluent
At baseline, no significant differences in the levels of LDH (C, 11.82 ± 0.92; I/R, 10.92 ± 0.65; I/R+P, 11.18 ± 0.56), CK-MB (C, 4.49 ± 0.30; I/R, 4.52 ± 0.53; IR+P, 4.39 ± 0.47) and SOD (C, 2282 ± 67.39; I/R, 2282 ± 96.58; I/R+P, 2240 ± 59.29) were detected. In group I/R, however, levels of LDH (I/R, 19.63 ± 2.59) or CK-MB (I/R, 5.94 ± 0.31) were significantly higher and SOD (I/R, 1699 ± 83.04) was significantly lower after 5 min of reperfusion compared with group C (LDH: C, 9.89 ± 0.60. CK-MB: C, 4.57 ± 0.30. SOD: C, 2151 ± 187.6). The changes in these indexes were more obvious after reperfusion 60 min (LDH: I/R, 28.73 ± 4.10. CK-MB: I/R, 5.94 ± 0.31. SOD: I/R, 1226 ± 159.7). All of these changes were neutralized by propofol (I/R+P. LDH: R 5 min, 16.27 ± 0.81; R 60 min, 20.06 ± 2.167. CK-MB: R 5 min, 4.98 ± 0.29; R 60 min, 5.46 ± 0.28. SOD: R 5 min, 1870 ± 64.21; R 60 min, 1697 ± 212.8) (Figures 5A–C).
[image: Figure 5]FIGURE 5 | Effect of propofol on I/R-induced myocardium injury. Expressions of LDH (A), SOD (B), and CK-MB (C) in the coronary perfusate. The perfusate was collected before ischemia (base) and reperfusion for 5 min (R 5 min) and 60 min (R 60 min). (D,E): Myocardial infarction areas were measured by triphenyltetrazolium chloride (TTC) staining. (F). GSH/GSSG changes in myocardium. (G). Structural changes in myocardial fibers based on HE staining. ED (edema), WMF (wavy myofibers), and FMF (faulted myofibers). The scale bar is 100 µm. (H). Mitochondrial changes under electron microscopy. The scale bar is 10 µm. (I,J). The expression of NRF2 in myocardium based on immunohistochemistry assay. The arrowhead represents nuclear expression of NRF2, and the arrow represents cytoplasmic expression. The scale bar is 100 µm. (K–N). Expressions of NRF2 and HO-1 in myocardium based on the western blot assay. N = 6. The data are expressed as the mean ± SD. Significance was calculated using two-way ANOVA with Bonferroni’s correction. p < 0.05 was considered statistically significant. *p < 0.05, **p < 0.01, ***p < 0.001.
I/R Myocardium Injury by Activating PKC With Propofol Pre-Treatment
The infarcted myocardial tissues showed pale staining, while un-infarcted tissues were red. Compared with group C (C, 0.01 ± 0.00), significant expansions of infarcted areas were observed in group I/R (I/R, 0.53 ± 0.12). Propofol treatment reduced the infarcted areas (I/R+P, 0.31 ± 0.02), but chelerythrine (I/R+P+CHE, 0.42 ± 0.07) increased those areas compared with group I/R+P (Figures 5D,E).
The GSH/GSSG ratio of myocardial tissues was significantly lower in group I/R (I/R, 5.04 ± 0.82) than group C (C, 7.99 ± 1.39). Propofol (I/R+P, 6.98 ± 1.29) decreased the I/R tissues GSH/GSSG ratio, an effect that was reduced by chelerythrine (I/R+P+CHE, 5.46 ± 0.84) (Figure 5F).
HE staining revealed obvious edema (ED), wavy myofibers (WMF), and faulted myofibers (FMF) in the left ventricular area of group I/R compared with group C. The myocardial tissue injury was significantly reduced in group I/R+P compared with group I/R. However, the injury was significantly increased in group I/R+P+CHE compared with group I/R+P (Figure 5G). TEM showed that distorted or enlarged myocardial mitochondria and mitochondrial ridges in group I/R compared with group C. These mitochondrial injuries were obviously alleviated in group I/R+P compared with group I/R. Chelerythrine attenuated these effects (Figure 5H).
Change of Nuclear Translocation of NRF2 and HO-1 Expression by Propofol
Immunohistochemistry revealed increased nuclear expression of NRF2 in group I/R (I/R, 1.11 ± 0.05) compared with group C (C, 1). Propofol also promoted NRF2 expression in group I/R+P (I/R+P, 1.51 ± 0.18) compared with group I/R. Additionally, NRF2 levels were significantly in group I/R+P+CHE (I/R+P+CHE, 1.26 ± 0.06) than in group I/R+P (Figures 5I,J).
The protein level of NRF2 in the myocardial nucleus, which was much lower in group C (C, 1) than in all other groups, was significantly higher than in group I/R (I/R, 1.36 ± 0.15). Additionally, the level was significantly lower in group I/R+P+CHE (I/R+P+CHE, 1.70 ± 0.22) than group I/R+P (I/R+P, 2.10 ± 0.34) (Figures 5K,L). There were no differences in protein levels in the myocardial cytoplasm across the groups (C, 1. I/R, 1.02 ± 0.02. I/R+P, 1.09 ± 0.08. I/R+P+CHE, 1.25 ± 0.14) (Figures 5K,M). Protein expression of HO-1 (C, 1. I/R, 1.59 ± 0.33. I/R+P, 3.04 ± 0.48. I/R+P+CHE, 2.35 ± 0.34) in myocardial tissue was similar to NRF translocation in the nucleus (Figures 4K,N).
Change of PKC Activity by Propofol
The western blot assay showed that PKC phosphorylation was slightly activated by I/R (C, 1. I/R, 1.25 ± 0.14) and significantly activated by propofol (I/R+P, 2.10 ± 0.43). This effect was much lower in group I/R+P+CHE (I/R+P+CHE, 1.54 ± 0.39) than group I/R+P (Figures 6A,B). These results were consistent with the NRF2 nuclear translocation. The immunofluorescence results were consistent with the western blot results (P-PKC/C. C, 1. I/R, 1.16 ± 0.11. I/R+P, 2.82 ± 0.38. I/R+P+CHE, 1.81 ± 0.44. PKC/C. C, 1. IR, 1.04 ± 0.02. I/R+P, 1.10 ± 0.06. I/R+P+CHE, 1.06 ± 0.04) (Figures 6C–E).
[image: Figure 6]FIGURE 6 | Change of PKC activity by propofol. (A,B). Expressions of PKC and P-PKC in myocardium based on the western blot assay. (C–E). Expressions of PKC and P-PKC in myocardium based on immunofluorescence. N = 6. Data are expressed as the mean±SD. The scale bar is 100um. Significance was calculated using the ANOVA. p < 0.05 was considered statistically significant. *p < 0.05, **p < 0.01, ***p < 0.001.
DISCUSSION
This study demonstrated that propofol preconditioning protected H9C2 cells from H2O2-induced injury and myocardium from I/R injury in Langendorff hearts in rats, which is consistent with previous studies (Lai et al., 2011; Ha et al., 2012; King et al., 2012). In some clinical operations, such as heart transplantation (Yang et al., 2015), aortic surgery (Kumagai et al., 2006), or coronary artery bypass grafting surgery (Pan et al., 2019), myocardial IR injury is a common cause of damage to patients’ hearts. Previous studies have shown that propofol exerts a cardio-protective effect on myocardial IR injury through the MAPK/ERK pathway, repressing the JAK/STAT signaling pathway and suppressing the TRPV4 channel with subsequent inhibition of intracellular Ca2+ overload (Halladin, 2015; Wang et al., 2019; Yan and Qi, 2019). However, the underlying mechanism has not been fully elucidated. Therefore, preventing I/R injury is critically important. Peter J’s (Wickley et al., 2006) research groups demonstrate that propofol activates PKC in rat ventricular myocytes. MIAN GE’ (Ge et al., 2015) research groups confirm that propofol activates NRF2 in the kidney in rat orthotopic liver autotransplantation (OLAT) models. In contrast to these studies, herein we focused on whether propofol preconditioning could increase nuclear translocation of NRF2 and HO-1 expression by activating PKC, which is the major contribution of the work.
The results suggested that the PKC/NRF2 anti-oxidative stress signaling pathway was involved in myocardial protection. Under oxidative stress, NRF2 is activated by PKC and translocated from the cytoplasm into the nucleus (Espada and Ana, 2009). Then NRF2 binds to antioxidant reaction elements (AREs) to promote the production of antioxidant enzymes such as heme HO-1, superoxide dismutase (SOD), or catalase (Zhang et al., 2015). H2O2 or I/R can destroy antioxidant enzymes, leading to the accumulation of reactive oxygen species (ROS) and cell injury (Matés, 2000). HO-1 has antioxidant function through catalyzing hemoglobin degradation (Yet et al., 2001). The present research suggested that propofol improved the antioxidant capacity of myocardial cells by increasing HO-1 expression and reducing LDH or CK-MB expression.
An in vitro study showed that propofol could effectively inhibit apoptosis and protect cardiomyocytes from fatal injury (Kim et al., 2008). Oxidative stress has been shown to induce apoptosis (Tsutsui et al., 2011), and NRF2 inhibits cell apoptosis by increasing the expression of anti-apoptotic factors such as Bcl-2 or reducing the expression of apoptotic factors such as caspase-3 (Niture and Jaiswal, 2012). Similarly, previous studies have shown that downregulation of NRF2 aggravates myocardial cell dysfunction (Erkens et al., 2015), and upregulation of NRF2 prevents H9C2 damage induced by H2O2 (Shinjo et al., 2018). In present study showed that myocardial I/R injury slightly increased NRF2 nuclear translocation, which was significantly promoted by propofol.
PKC plays an important role in NRF2 nuclear translocation (Smith et al., 2016). The association between PKC and NRF2 activation has been reported (Díaz-Ruíz et al., 2019). In a zebrafish model, Wang et al. report that PKC is involved in NRF2 activation (Wang et al., 2020). In the study, propofol preconditioning plus PKC inhibitor still exhibited myocardial protection compared with the C group, suggesting that other molecules or pathways in addition to PKC were involved in myocardial protection. It has been reported that propofol protects cardiomyocytes from hypoxia/reoxygenation-induced deaths by up-regulating the expression of heme HO-1 (Kobayashi et al., 2008). Other studies have demonstrated clearance of free radicals and inhibition of mitochondrial membrane permeability changes (Javadov et al., 2000). Protection against calcium overload (Nakae et al., 2000), inhibition of IL-8 release from neutrophils (Galley et al., 1998), and overproduction of NO in endothelial cells (Park et al., 1995) are involved in myocardial protection of propofol in I/R injury. These results were consistent with previous studies, in which mitogen-activated protein kinase (MAPK) and phosphatidyl-inositol-3 kinase modulate NRF2 activity (Dang et al., 2019). Additionally, as a nonspecific inhibitor of PKC, chelerythrine may not block all PKC subtypes (Keenan et al., 1997).
The research had some limitations. First, the study only conducted western blotting and immunofluorescence of PKC but did not specify PKC, because there are many subtypes of PKC and the relationship between them is complex (Wickley et al., 2006). Second, pre-protection effect changes induced by propofol on the myocardium in a time-dependent manner were not explored. The pre-protection time of propofol was set to 20 min according to a previous study (Ebel et al., 1999), which has shown that 20 min of propofol pre-treatment is suitable to protect myocardial against I/R-induced injury in rats Langendorff heart model. We hope the molecular mechanism underlying the myocardial protection of propofol will be further studied in the future.
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The pathophysiology of cardiac hypertrophy is complex and multifactorial. Both the store-operated Ca2+ entry (SOCE) and excessive autophagy are the major causative factors for pathological cardiac hypertrophy. However, it is unclear whether these two causative factors are interdependent. In this study, we examined the functional role of SOCE and Orai1 in angiotensin II (Ang II)-induced autophagy and hypertrophy using in vitro neonatal rat cardiomyocytes (NRCMs) and in vivo mouse model, respectively. We show that YM-58483 or SKF-96365 mediated pharmacological inhibition of SOCE, or silencing of Orai1 with Orail-siRNA inhibited Ang II-induced cardiomyocyte autophagy both in vitro and in vivo. Also, the knockdown of Orai1 attenuated Ang II-induced pathological cardiac hypertrophy. Together, these data suggest that Ang II promotes excessive cardiomyocyte autophagy through SOCE/Orai1 which can be the prime contributing factors in cardiac hypertrophy.
Keywords: angiotensin II, autophagy, Cardiac hypertrophy, orai1, STIM1, SOCE
INTRODUCTION
The pathophysiology of cardiac hypertrophy is a complex process. It involves dysregulation of multiple cellular factors and/or signaling pathways, including G protein-coupled receptors, autophagy, cytosolic Ca2+ signaling, and many others that may contribute to the progression of cardiac hypertrophy (Gupta et al., 2007; Collins et al., 2013).
Autophagy, a highly conserved process, involves the bulk degradation of unnecessary and malfunctioned proteins and organelles (Mizushima et al., 2010). Especially, it plays an essential role in cardiomyocytes which are long-lived differentiated cells. Autophagy helps to maintain cellular homeostasis and healthy cardiomyocyte. However, excessive autophagy can be detrimental, leading to programmed cell death, known as type II cell death (Martinet et al., 2007; Orogo and Gustafsson, 2015). Notably, autophagy has emerged as a key process in the pathogenesis of cardiomyopathies and heart failure (Martinet et al., 2007). For example, excessive myocardial autophagy has been shown to contribute to angiotensin II (Ang II)-induced pathological myocardial hypertrophy in animal models (Porrello et al., 2009; Pan et al., 2013; Kishore et al., 2015; Lin et al., 2016).
Cytosolic Ca2+ signaling has been linked to the regulation of autophagy (Decuypere et al., 2011; Parys et al., 2012; Tanwar and Motiani, 2018). However, so far, the majority of autophagy-related studies only focused on the role of intracellular Ca2+ release while overlooking the extracellular Ca2+ entry. For example, IP3 receptor- and ryanodine receptor-mediated Ca2+ release from endo/sarcoplasmic reticulum, and Ca2+ release from lysosomes have been shown to regulate autophagy (Zou et al., 2011). In contrast, there are limited reports about the role of extracellular Ca2+ entry pathways in autophagy (Sukumaran et al., 2015). Especially, there is no such study in cardiomyocytes.
Store-operated Ca2+ entry (SOCE) is a major Ca2+ entry pathway in several cell types (Lewis, 2011). In SOCE, depletion of intracellular Ca2+ reservoirs stimulates Ca2+ entry from the extracellular milieu (Lewis, 2011). The key molecular determinants of SOCE include STIM1 and Orai1. In the process, STIM1 serves as a Ca2+ sensor in Sarco/endoplasmic reticulum whereas Orai1 functions as the pore-forming subunit for Ca2+-permeation. In cardiomyocytes, L-type Ca2+ channels are the principal Ca2+ influx channels. Importantly, SOCE is also an important source of Ca2+ entry in cardiomyocytes and partly contributes to the Ca2+ response against hypertrophic agents Ang II and phenylephrine (Hunton et al., 2002; Zheng et al., 2017). Moreover, excessive Ca2+ influx through SOCE could be a causative factor for pathological cardiac hypertrophy (Hunton et al., 2002; Zheng et al., 2017). The pro-hypertrophic role of SOCE has been demonstrated in the pressure overload-induced hypertrophic models (Hulot et al., 2011; Luo et al., 2012) and neurohormonal agent-induced hypertrophic models (Hunton et al., 2002; Ohba et al., 2009; Voelkers et al., 2010; Wang et al., 2015).
Although both SOCE and excessive autophagy are the major pathological causative factors in cardiac hypertrophy, the relationship between them is unclear. In the present study, we explored the functional role of STIM1 and Orai1 in Ang II-induced autophagy in neonatal rat cardiomyocytes (NRCMs). We found that silencing of Orai1 and STIM1 inhibited the pathological autophagy of cardiomyocytes and the mechanism could be related to the Ca2+/calmodulin-dependent protein kinase (Ca2+-CaMK) signaling pathway.
MATERIALS AND METHODS
Animals
All animal experiments were conducted under the authority of a license issued by the Government of the Yunnan province and approval from the Animal Experimentation Ethics Committee, Kunming Medical University (approval license number: SCXK [滇]K2015–002). Male Sprague-Dawley (S/D) rats (1–2 days old) and male C57BL/6 mice (8 weeks old) were obtained from the Laboratory Animal Services Center of Kunming Medical University.
Cardiac Hypertrophic Mouse Model
The animal experiments were conducted following the Guide for the Care and Use of Laboratory Animals published by the US National Institute of Health. Eight-week-old male C57 mice were sham-operated or infused with Ang II (1.5 mg/kg/day for 2 weeks) to establish the hypertrophic model using osmotic mini-pumps (Alza Corp, Alzet model 1002, Cupertino, CA, United States). The control mice were infused with physiological saline. 3 days before Ang II treatment, adeno-associated viral 9 vectors carrying Orai1-shRNA (AAV-Orai1-shRNA) and AAV-GFP (Hanhen Crop) were injected into the tail vein of C57 mice (2 × 1012 vg/mice, n = 5). Orai1 shRNA sequence is shown in Supplementary Figure S1A. The silencing efficiency was validated by quantitative real-time PCR (qRT-PCR) and Western blotting (Supplementary Figure S1B–D)
Cardiac Fibrosis
Cardiac fibrosis assessed as collagen accumulation was determined by picrosirius red staining as described previously (Zheng et al., 2017). Briefly, the heart sections were stained with 0.1% (wt/vol) Sirius red (Sigma, St Louis, MO, United States) in a saturated aqueous solution of picric acid (Wako, Osaka, Japan) for 1 h. After staining, the slides were rinsed with two changes of acidified water [0.5% (wt/wt) glacial acetic acid in H2O], and then dehydrated in three changes of 100% ethanol. The slides were cleared in xylene, mounted in a resinous medium, and then observed under a light microscope. Sirius red-positive areas were measured using the ImageJ software.
Hypertrophic Model of Cultured Cardiomyocytes
Cardiomyocytes were isolated from 1 to 2-day-old neonatal Sprague-Dawley rats using the conventional method as detailed previously (Wollert et al., 1996). Briefly, rat hearts were dissected and digested with trypsin. The dissociated cells were suspended in Dulbecco’s modified Eagle’s medium [Nutrient Mixture F-12 (DMEM/F12)] supplemented with GlutaMAX (GIBCO, Grand Island, NY, United States, 10565018), 10% horse serum (GIBCO, 16050122), 5% FBS (GIBCO, 11573397), and 50 mg/mL gentamicin (GIBCO, 15710072), and cultured in a humidified incubator (95% air with 5% CO2) for 1 h to allow selective adhesion of cardiac fibroblasts to culture-ware. Non-adhesive cardiomyocytes in suspension were transferred to another dish and cultured for 24 h in a serum-free MEM supplemented with 10 mg/mL transferrin, 10 mg/mL insulin, 1 mg/mL BSA (MEM-TI- BSA), and 0.1 mmol/L BrdU (Zheng et al., 2017). Lastly, the resulting neonatal rat cardiomyocytes (NRCMs) were then treated with 100 nmol/L Ang II for 24 h to induce hypertrophy. On day 2, up to 85% of cells were found α-actinin positive.
Drugs
SKF-96365 (S7999, Selleck Corporation, United States) (10 μmol/L, soluble in DMSO), YM-58483 (S8380, Selleck Corporation, United States) (3 μmol/L, soluble in DMSO), BAPTA-AM (S7534, Selleck Corporation, United States) (20 μmol/L, soluble in DMSO) and STO-609 (S8274, Selleck Corporation, United States) (10 nmol/L, soluble in DMSO) were added accordingly 12 h before Ang II (100 nmol/L, soluble in water) (Tocris, Bristol, United Kingdom, 1158) application. The culture media containing respective drugs were renewed every 24 h.
Western Blotting
Total protein was extracted with lysis buffer having 1% (vol/vol) Nonidet P-40, 150 mmol/L NaCl, 20 mmol/L Tris-HCl (pH 7.4), and Roche protease inhibitor cocktail (Sigma–Aldrich, St. Louis, MO, United States, 04693132001). The sample protein concentrations were determined using the DC Protein Assay (Bio-Rad, Hercules, CA, United States, 500–0002). The protein samples were resolved by 12% SDS-PAGE and then transferred onto PVDF membranes. The membranes were blocked with 5% BSA in TBS for 2 h at room temperature (RT), and then overnight incubated with primary antibodies at 4°C. The used primary antibodies were as follows: anti-GAPDH (1:6000, Abcam, Cambridge, United Kingdom, ab8245), anti-Orai1 (1:1000, Sigma–Aldrich, St. Louis, MO, United States, O8264), anti-STIM1 (1:1000, Abcam, ab108994), anti-ANF (1:1000, Abcam, ab14348), anti-β-Actin (1:1000, Abcam, ab14348), and anti-LC3 (1:1000, SIGMA, ab8295). Immunoreactive bands were visualized using the horseradish peroxidase-conjugated secondary antibodies. The intensity of immunoblotted bands was quantified using the ImageJ software.
siRNA Transfection
NRCMs (1.2 × 106/well) were seeded into the 6-well dish. 24 h after plating, the cells were incubated with 120 nmol/L Orai1-siRNA or 120 nmol/L STIM1-siRNA or 120 nmol/L ATG5-siRNA and 3 μL of RNAiMax (GIBCO, 13778100) in 1 mL of Opti-MEM medium (GIBCO, 51985034) for 6 h. Then, 1 mL of serum-free DMEM containing GlutaMAX was added, followed by an incubation of 18 h. Next, the cells were subjected to Ang II treatment. For the assessment of autophagy as an increase in LC3-II levels, a saturating concentration (10 nmol/L) of bafilomycin A1 was added to the cells 4 h before harvesting. Small interfering RNAs were provided by Hanheng Corp (Orai1-siRNA, L-081151-02-0005, STIM1-siRNA, L-083718-02-0005, and scrambled-siRNA, D-001810-01-05). The silencing efficiency of siRNAs was validated by Western blotting (Supplementary Figure S1G–H)
Adenovirus-RFP-GFP-LC3 Infection and Fluorescence Microscopy
NRCMs, seeded into 6-well plates (2 × 105 per well), were infected with adenovirus-RFP-GFP-LC3 (10 MOI, Hanheng Corp) by an overnight treatment. The cells were left untreated (control) or treated with adenovirus-GFP for 24 h. After the treatment, the cells were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) and maintained at 4°C for immunofluorescence staining. The images were acquired using a Nikon Eclipse 200 fluorescence microscope with MetaMorph software.
Cytosolic Ca2+ Measurement
The cytosolic Ca2+ levels were measured as described previously (Qi et al., 2015). Briefly, NRCMs were loaded with 5 μmol/L Fluo-4/AM (Invitrogen, Waltham, MA, United States) for 30 min in normal Tyrode’s solution having 140 NaCl, 5.4 KCl, 1 MgCl2, 2 CaCl2, 5.5 glucose, and 5 HEPES (all units in mmol/L) at pH 7.4. To deplete intracellular Ca2+ stores, the cells were treated with 4 μmol/L thapsigargin (TG) and/or 10 mM/L caffeine (Caf) in Ca2+-free Tyrode’s solution. To initiate SOCE, 2.5 mmol/L Ca2+ was added to the bath. The real-time fluorescent images were captured every 2 s and analyzed by MetaFluor imaging software (Molecular Devices, United States).
Statistical Analysis
All values are expressed as mean ± SEM (n), where n denotes the number of independent experiments. The significant differences were determined using paired or unpaired Student's t-test for comparison between the two groups, or one-way ANOVA followed by the Newman--Keuls test for comparison among multiple groups, or two-way ANOVA followed by Bonferroni post-test for comparison in multiple groups. All analyses were performed using the GraphPad Prism software (GraphPad Software, Inc., San Diego, CA, United States). The differences were considered statistically significant at p < 0.05.
RESULTS
SOCE Promoted Cardiomyocyte Autophagy
We first validated the presence of SOCE. For this, NRCMs were treated with 4 μmol/L thapsigargin (TG) in a Ca2+-free bath to deplete intracellular calcium stores. Then, to initiate SOCE, 2.5 mmol/L Ca2+ was added to the bath which raised cytosolic Ca2+ levels (Figures 1A,B). YM-58483 and SKF-96365 were used as SOCE inhibitors (Yoshino et al., 2007; Chen et al., 2013).
[image: Figure 1]FIGURE 1 | SOCE regulates Ang II-induced autophagy in cardiomyocyte. Acute effect of YM-58483 and SKF-96365 on SOCE in cardiomyocytes. The cells were treated with 4 μmol/L thapsigargin (TG) in a Ca2+-free bath to first induce the rise in Ca2+, followed by the addition of 2.5 mmol/L Ca2+ to induce a second rise in Ca2+. The second time rise in Ca2+ is due to SOCE (A) YM-58483 (3 μmol/L) and SKF-96365 (10 μmol/L) were applied respectively 5 min before TG treatment. The representative traces (left) and data summary (right) related to Ca2+ responses are shown (B) YM-58483 (3 μmol/L) and SKF-96365 (10 μmol/L) were correspondingly applied after the addition of 2.5 mmol/L Ca2+ to the bath. The representative traces (left) and data summary (right) of Ca2+ responses are shown. Only SOCE is plotted in the summary chart. Knockdown of Orai1/STIM1 attenuated TG-induced autophagy (C) NRCMs treated with or without Orai1/STIM1 siRNA were incubated with TG for 24 h. The representative images are showing LC3-II protein levels and summarize data. **p < 0.01, and ***p < 0.001.
Next, we first added 4 μmol/L TG and then 10 mM/L caffeine (Caf), followed by NRCMs treatment with 3 μmol/L YM-58483 or 10 μmol/L SKF-96365 to inhibit the SOCE (Figure 1A). In other experiments, TG and Caf were added together, then treatment with SOCE inhibitors was performed. Notably, both of these methods showed that SOCE inhibitors (SOCEi) effectively inhibited the Ca2+ influx (Supplementary Figure S1A,B).
Furthermore, we investigated the possible involvement of SOCE in cardiomyocyte autophagy. We observed that TG treatment for 24 h induced cardiac autophagy, assessed as an increase in LC3-II protein levels (Figures 1C,D). Fascinatingly, Orai1-specific siRNA-based knockdown of Orai1 dramatically suppressed the TG-induced LC3 II accumulation (Figures 1C,D).
These data suggest that SOCE expressed on NRCMs can induce cardiac autophagy.
Ang II Promoted Cardiac Autophagy Through SOCE
Ang II is a commonly used agent for inducing pathological hypertrophy in cardiomyocytes. Ang II-induced excessive autophagy subsequently results in pathological hypertrophy (Pan et al., 2013; Ba et al., 2019; Qi et al., 2020). Therefore, we next examined whether SOCE is involved in Ang II-induced autophagy. As expected, NRCMs treated with 100 nmol/L Ang II for 24 h exhibited increased autophagy. This was evident by an increase in LC3-II levels (Figures 2A–D). Intriguingly, Ang II-induced autophagy was inhibited by SOCE inhibitors YM-58483 (3 μmol/L) or SKF-96365 (10 μmol/L), or chelation of intracellular Ca2+ by 20 μmol/L BAPTA-AM (Figures 2A,B). Orail and STIM1 are the known molecular determinants of SOCE. We designed two Orai1-specific siRNAs and two STIM1-specific siRNAs. Both Orai1-siRNA1 and Orai1-siRNA2 effectively reduced the Orai1 expression (Supplementary Figure S1E–H). Importantly, knockdown of Orai1 and STIM1 using corresponding Orai1-siRNAs and STIM1-siRNAs reduced the Ang II-induced autophagy, which was evident by reduced levels of LC3-II (Figures 2C,D). CaMKK is a well-known downstream signal for Orai1-mediated SOCE. We found that inhibition of CaMKK with STO-609 also inhibited the Ang II-induced LC3-II accumulation in NRCMs (Figure 2E).
[image: Figure 2]FIGURE 2 | SOCE-calcium-CaMKK is involved in Ang II-induced cardiac autophagy (A) Ang II treatment increased LC3-II expression levels in NRCM, which were blocked by SOCE inhibitor YM-58483 and SKF-96365. The representative immunoblots and data summary are shown (B) Effect of intracellular calcium chelator BAPTP-AM on LC3-II protein levels in NRCMs. The representative images (left) and data summary of immunoblots (right) are shown (C, D) Representative images and data summary showing that knockdown of Orai1 (C) and STIM1 (D) in NRCM using Orai1-siRNA and STIM1-siRNA respectively attenuated Ang II-induced cardiac autophagy, as indicated by LC3-II levels (E) Effect of CaMKK inhibitor STO-609 on LC3-II protein levels in NRCMs. The representative images (left) and data summary of immunoblots (right) are shown (F) Continuous infusion of Ang II increased LC3-II protein levels in C57 mice, which were blocked by Orai1 knockdown. The representative immunoblots and data summary are shown. *p < 0.05, **p < 0.01, and ***p < 0.001.
Next, we established a mouse model of cardiac hypertrophy by continuous infusion of Ang II (1.5 mg/kg/day) in C57 mice for 2 weeks. As expected, Ang II infusion increased LC3-II accumulation in heart tissue suggesting cardiac hypertrophy. Importantly, in vivo knockdown of Orai1 using tail injected adeno-associated virus-based Orai1-shRNA (AAV-Orai1-shRNA) markedly reduced Ang II-induced LC3-II accumulation (Figure 2F).
These results, both in vitro and in vivo, demonstrate that SOCE and Orai1 promote Ang II-induced cardiomyocyte autophagy.
Orai1 Affected the Induction of Autophagic Flux
Orai1/STIM1 knockdown-based reduction in LC3-II levels could be either due to a decrease in autophagic induction or an increase in autolysosomal degradation. Therefore, to examine that, we performed an autophagic flux assay in cultured NRCMs using bafilomycin A1 (Baf-A1), an inhibitor of lysosome-mediated degradation. We observed that even in the presence of 10 nM bafilomycin A1, Orai1-siRNA1 and STIM1-siRNA could reduce the Ang II-induced LC3-II accumulation (Figures 3A,B).
[image: Figure 3]FIGURE 3 | SOCE down-regulates Ang II-induced autophagic flux both in vivo and in vitro. SOCE siRNAs did not increase the autophagic flux (A, B) After bafilomycin A1 (Baf-A1) treatment in NRCM, the representative immunoblots and data summary of LC3B are shown. The effects of Orai1 silencing on LC3-II protein levels in mice hearts with or without Ang II treatment are shown (C) NRCMs with or without Orai1 or STIM1 knockdown were transduced with Ad-mCherry-GFP-LC3 for 48 h, followed by culture in normal or glucose-free medium for 3 h. The representative images of GFP and mCherry dots (C) together with quantification of autophagosomes and autolysosomes (D, E) are shown (F, G) C57 mice intraperitoneally (i.p.) injected with leupeptin (40 mg/kg) at the indicated doses every two days were sacrificed after 28 days. The representative immunoblots and data summary of LC3B are shown. *p < 0.05, **p < 0.01, and ***p < 0.001.
To further verify the role of Orail in Ang II stimulated autophagic flux, we transfected NRCMs with the adenovirus carrying tandem mRFP-GFP-LC3 construct to effectively and conveniently monitor the autophagic flux (Kimura et al., 2007). In this assay, autophagosomes were labeled with red/green dual fluorescence while autolysosomes were labeled red. We found that Ang II increased the number of both autophagosomes (yellow dots in merged pictures; Figures 3C–E) and autolysosomes (red dots in merged pictures; Figures 3C–E). Notably, Orai1-siRNA reduced the formation of autophagosomes and autolysosomes (Figures 3C–E). Taken together, these data suggest that Orai1/STIM1 knockdown suppressed Ang II-induced autophagic flux.
Similar studies were performed in the mouse model of cardiac hypertrophy as described earlier. Here, we used leupeptin (40 mg/kg, every two days) to inhibit autolysosomal degradation and AAV-Orai1 shRNA for in vivo knockdown of Orai1. We observed that in the presence of leupeptin, Ang II infusion markedly increased the LC3-II levels, indicating increased autophagy. However, AAV-Orai1-siRNA1 treatment significantly reduced the Ang II-induced LC3-II accumulation in the mice's heart (Figures 3F,G). These findings suggest that Orai1 could regulate Ang II-induced autophagic flux in the animal model.
Orai1 as a key Intermediate Signal Contributes to Ang II-Induced Cardiac Hypertrophy
We next examined the role of Orai1 by employing the mouse model of Ang II-induced cardiac hypertrophy. To develop cardiac hypertrophy, Ang II (1.5 mg/kg/day) was continuously infused in C57 mice for 2 weeks using the Alzet osmotic pump. As shown in Figures 4A–F, Ang II-treated mice demonstrated an increase in heart size, heart weight/total body weight ratio, heart weight/tibia length, expression of hypertrophic markers (ANF, BNP, and β-MHC), and ANF protein levels (Figures 4I,J). Ang II infusion also led to abnormal accumulation of cardiac collagen fibers (Figures 4G,H). However, tail-vein injection of AAV-Orai1-shRNA (3 days before the Ang II application) alleviated the Ang II-induced heart size enlargement, cardiac fibrosis, and elevation of hypertrophic markers. Moreover, we investigated the impact of Orai1/STIM1 knockdown on Ang II-induced hypertrophy in NRCMs (Figure 4K-M). We found that Orai1/STIM1 siRNA inhibited Ang II-induced cell size enlargement (Figure 4K) and ANP levels (Figures 4L,M). Interestingly, Rapamycin, a potent inducer of autophagy, could reverse the Orai1/STIM1-siRNA induced reduction in ANP levels during Ang II treatment (Supplementary Figure S2A,B). Together, these data suggest that Orai1, as the main mediator of SOCE, promoted Ang II-induced cardiac hypertrophy in the C57 animal model (in vivo) and cultured cell (in vitro). Moreover, the up-regulated autophagy could reverse the anti-hypertrophic effects of Orai1/STIM1 depletion.
[image: Figure 4]FIGURE 4 | Orai1 knockdown suppresses the Ang II-induced cardiac hypertrophy in vivo. Representative images (A) and data summary of Heart Weight/Body Weight (B) and Heart Weight/Tibia Length (C) revealing the effect of AAV-shRNA-Orai1 in the Ang II treatment group (n = 5) and sham group (n = 5) are shown (D–F) mRNA levels of hypertrophic markers ANF (D), BNP (E), and β-MHC (F) in mice heart. Data are normalized to the vehicle group treated with AAV-GFP (G, H) Representative immunoblots (G) and data summary (H) of Type I collagen fibers in mice hearts revealing the effect of AAV-shRNA-Orai1 in the Ang II treatment group (n = 5) and sham group (n = 5) are shown. Representative images showing AAV-shRNA-Orail mediated reduction in type I collagen levels in the hearts of Ang II treated mice (I, J) The immunoblots and data summary of ANF in mice hearts are shown (K–M) Cell surface area of Orai1/STIM1 knockdown (K) on Ang-II induced cardiac hypertrophy and the representative immunoblots (L) and data summary (M) of ANF in NRCM. ns = no significance, *p < 0.05, **p < 0.01, and ***p < 0.001.
DISCUSSION
The main findings of this study are as follows: 1) Ang II stimulates autophagy in NRCMs which is evident by an increase in LC3-II accumulation. 2) Ang II-induced autophagy can be substantially reduced by SOCE inhibitors and Orai1/STIM1 silencing. 3) Ang II-induced accumulation of LC3-II was alleviated by chelation of extracellular Ca2+ or inhibition of CaMKK. 4) In vivo experiments showed that Orai1-siRNA could attenuate Ang II-induced cardiac hypertrophy and fibrosis. Taken together, this study demonstrates the important functional role of Orai1 and SOCE in promoting pathological autophagy and hypertrophy in cardiomyocytes (Supplementary Figure S2G).
Several previous studies explored the possible role of SOCE/STIM1/Orai1 in autophagy using certain cell types including hepatoma cells, prostate cancer cells, and endothelial progenitor cells; however, the conclusions were inconsistent. Some suggested that STIM1/Orai1 stimulates autophagy (Yang et al., 2017; Zhu et al., 2018), while others claimed the opposite (Selvaraj et al., 2016; Tang et al., 2017). It seems that the autophagy-related role of Orai1 and SOCE can be either stimulating or inhibiting depending on the cell type. However, rare studies have examined the role of SOCE/STIM1/Orai1 in cardiomyocyte autophagy (Shaikh et al., 2018). Here, we explored the role of Orai1 in Ang II-induced autophagic flux in NRCMs. We found that Ang II stimulated autophagic flux which was evident by an increase in LC3-II levels in immunoblots and autophagosome formation in RFP-GFP-LC3 tandem reporter assay. Importantly, YM-58483 and SKF-96365 mediated inhibition of SOCE or siRNAs mediated knockdown of Orai1 and STIM1 markedly reduced the Ang II-induced autophagic flux.
Notably, chelation of intracellular Ca2+ with BAPTA-AM also abolished the Ang II-induced autophagic flux. This demonstrated that Orai1 and SOCE promoted Ang II-induced autophagy. Furthermore, we explored the downstream signaling pathway of Orai1. A previous report showed that CaMKK could be one of the downstream targets for SOCE/Orai1. In agreement, we also found that STO609, an inhibitor of CaMKK, abolished the Ang II-induced autophagic flux, supporting the notion that CaMKK is situated downstream of Orai1.
Autophagy is a highly complicated process including three key phases, namely induction, substrate targeting, and degradation (Rotter and Rothermel, 2012). An intriguing question is to find a specific autophagic stage (induction or degradation phase) in which Orai1 plays its role. Thus, we used bafilomycin A1 and leupeptin to inhibit vacuolar-type H+ -ATPase, thereby suppressing autophagosomal degradation. However, even in the presence of bafilomycin A1 or leupeptin, Orai1-siRNA could markedly attenuate the Ang II-induced LC3-II accumulation. However, we found that the LC3B-I levels were not consistent in different experiments. One reported that being more sensitive to freezing-thawing and degradation in SDS sample buffer, LC3-I is more labile than LC3-II (Klionsky et al., 2016). The other report suggested that since LC3-II is more sensitive than LC3-I in immunoblotting, a simple comparison of the two, or summation is not appropriate. Rather, comparing the LC3-II levels among different samples is more likely to be an accurate strategy (Mizushima and Yoshimori, 2007). Therefore, we only compared the amounts of LC3-II. Besides, the RFP-GFP-LC3 tandem reporter assay showed that the knockdown of Orai1 reduced the autophagosome formation. Taken together, these findings suggest that Orai1 facilitates autophagy mainly via the induction of autophagic flux.
Our findings have important implications in several heart diseases including pathological cardiac hypertrophy. The pathophysiology of cardiac hypertrophy is complex and multifactorial. Especially, the excessive Ca2+ influx through SOCE is known to be one of the causative factors (Hunton et al., 2002; Voelkers et al., 2010; Wang et al., 2015). Accordingly, hypertrophic agents Ang II and phenylephrine (PE) may stimulate excessive Ca2+ influx via SOCE, subsequently activating CaMK -calcineurin-NFAT signaling axis triggering pathological cardiac hypertrophy (Hunton et al., 2002; Voelkers et al., 2010). Excessive autophagy is another prime causative factor for cardiac hypertrophy (Martinet et al., 2007; Porrello et al., 2009; Pan et al., 2013; Kishore et al., 2015; Lin et al., 2016). However, it is unknown whether SOCE and autophagy-induced cardiac hypertrophy are the two independent causative factors or these are interlinked. Here, we found that SOCE and Orai1 situate upstream of autophagic signaling cascade to trigger cardiac hypertrophy, involving Orai1-Ca2+-autophagy-hypertrophy.
Notably, the majority of published data suggest that excessive Ca2+ influx through Orai1/SOCE is a causative factor for pathological cardiac hypertrophy (Hunton et al., 2002; Ohba et al., 2009; Voelkers et al., 2010; Hulot et al., 2011; Luo et al., 2012; Wang et al., 2015; Zheng et al., 2017; Bartoli et al., 2020). Our present data also support this notion. However, conflicting views also exist. Very recently, Segin et al., demonstrated that cardiomyocyte-specific deletion of Orai1 is deleterious in Ang-II-induced cardiac hypertrophy (Segin et al., 2020). This is a contradictory finding from ours. The reason for the data discrepancy is not clear. One possible explanation could be the overcompensation of other channel proteins in Orai1 knockout mice, which was used by Segin et al. (Segin et al., 2020). Another obvious difference is in methodology i.e., we used AAV9-Orai1-shRNA knockdown, which is not a myocardial-specific knockdown, whereas their model was a heart-specific knockout. This makes the comparison more difficult. Further studies are needed to resolve the discrepancy.
In conclusion, our study established an important functional role of SOCE and Orai1 in promoting Ang II-induced autophagy in cardiomyocytes. We suggest that the scheme of Ang II-Orai1-autophagy-hypertrophy may have important pathophysiological relevance in cardiac hypertrophy.
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Myocardial infarction (MI) is a critical condition that can happen with high doses or rapid termination of beta blockers therapy. The study aimed to evaluate the potential anti-toxic value of DAP against isoproterenol (ISO) - induced MI. Twenty-eight male Wistar rats were used for the study. The rodents were assigned to four groups (n = 7) and the treatments were given for 12 days as follows; Group 1 (control): were administrated normal saline, Group 2 (DAP control): were administrated DAP (10 mg/kg/day IP), Group 3 (ISO group): were administrated ISO (100 mg/kg, IP on the 11th and 12th days of the experiment), and Group 4 (DAP + ISO): co-treated with DAP plus ISO. The measured parameters were cardiac malondialdehyde (MDA), reduced glutathione (GSH), total nitrite/nitrate (NOx), catalase (CAT), serum cardiac biomarkers; CK-MB, ALT, LDH, and ALK-PH. Also, interleukin-1β (IL-1β), tumor necrosis factor-alpha (TNF-α), Nuclear factor (erythroid-derived 2)-like 2 (Nrf2), heme oxygenase-1 (HO-1), toll-like receptor 4 (TLR4), caspase-3 activity, and hepatic BAX and Bcl-2 were also assessed. Also, histological examination and vimentin immuno-expressions were studied. ISO group exhibited MI as evidenced by the elevation in serum cardiac biomarkers, MDA, NOx, IL-1β, TNF-α, and caspase-3 together with the reduction in GSH, Nrf2, HO-1 levels, and a faint vimentin immuno-reaction. Histological alterations revealing distorted cardiomyocytes; vacuolation, edema, pyknosis, and fragmentation were also noticed. DAP significantly ameliorated all the examined toxicity indicators. DAP revealed efficient ameliorative actions against ISO-caused MI by marked reduction in myocardial infarct size and suppressed oxidative stress, inflammation, and apoptosis via the up-regulation of the Nrf2/HO-1; TLR4/TNF-α signaling pathways.
Keywords: dapsone, myocardial infarction, Nrf2, HO-1, TLR4
INTRODUCTION
Myocardial infarction (MI) is a devastating event, mainly if reperfusion does not occur (Torina et al., 2015). MI results from the imbalance between blood supply and demand. Many mechanisms are implicated in the pathogenesis of MI but the suggested roles of these mechanisms are still unclear. The disrupted myocardial oxidants\antioxidants balance, the triggered inflammation, and the decreased cell viability influence cardiac function (Shahat et al., 2016; Khalaf et al., 2020). Apoptosis and necrosis are essential in the pathogenesis of MI (Garg et al., 2016). Myocardial inflammation, calcium overload, coronary spasm, and death of the myocytes result from the over-stimulation of myocardial β-adrenergic receptors. This leads to an increase in the cAMP concentration causing more stimulation of protein kinase A and phosphorylation of L-type calcium channels (Euteneuer et al., 2012).
Isoproterenol (ISO) is a synthetic nonselective β-adrenergic agonist. Acting on the β1 adrenergic receptors in the heart, high doses of ISO can lead to calcium overload, myocardial oxidative stress, coronary hypotension, and energy depletion. Therefore, searching pharmacological methods to improve isoproterenol-induced acute cardiac toxicity is important for stopping the initiation and deterioration of MI (Bhandari et al., 2008; Garg et al., 2016).
Nuclear factor (erythroid-derived 2) - like 2 (Nrf2) plays a major role in the anti-oxidant, anti-inflammatory responses. Nrf2 has a cardio-protective activity as it protects against maladaptive remodeling and decreased cardiac function (Zhou et al., 2014).
Heme oxygenase-1 (HO-1), the inducible type of HO, has a cytoprotective effect mainly in inflammatory conditions (Zhang et al., 2015). Through its down-regulation of the inflammatory cytokines, HO-1 can protect the cells against the inflammatory damage (Megías et al., 2009; Zhang et al., 2015). HO-1 is induced by oxidative or nitrosative stress, cytokines, and other mediators produced during inflammatory processes, likely as part of a defense system in cells exposed to stress to provide negative feedback for cell activation and the production of mediators, which could modulate the inflammatory response (Alcaraz et al., 2003).
Oxidative stress up-regulated pro-inflammatory cytokine synthesis. Toll-like receptor 4 (TLR4), a member of the transmembrane recognition proteins family, is essential for the stimulation of inflammation noticed in experimental ischemia/reperfusion (I/R). Activation of TLR4 ultimately stimulates the pro-inflammatory cytokines release e.g., tumor necrosis factor-α (TNF-α) and interleukins-1β (IL-1β) (Ibrahim et al., 2021).
Dapsone (DAP) is a sulfonamide antimicrobial agent used in the treatment of leprosy in combination with rifampicin and clofazimine. DAP inhibits the dihydrofolic acid synthesis in bacteria leading to inhibition of bacterial growth (Wozel and Blasum, 2014). DAP has a dual function; it has anti-inflammatory effects plus antimicrobial activity. It reduces the synthesis of the pro-inflammatory messengers and TNF-α production (Sheibani et al., 2020).
DAP improved functional deficit and diminished brain damage after transient cerebral ischemia and reperfusion in rats (Diaz-Ruiz et al., 2016). DAP also had remarkable anti-convulsive, neuroprotective and antioxidant effects. Regarding its anti-oxidant effects, it decreased extracellular reactive oxygen species (ROS) and suppressed the synthesis of superoxide anion by interacting with the membrane-bound NADPH oxidase (Rios et al., 2015; Zhan et al., 2018).
To date, the efficacy of DAP on MI has not been investigated or audited. Consequently, the objective of this study is to examine the possible ameliorative function of DAP against ISO-induced MI in rats through the attenuation of inflammatory, oxidative stress, and apoptotic responses.
MATERIALS AND METHODS
Ethics
Animal handling, medications, and scarification were carried out following the guidelines for the care of experimental animals and approved by the Institutional Ethical Committee, Medicine Faculty, Minia University, Egypt according to the NIH Guide for taking care and use of laboratory animals (Approval No. 709:12/2020).
Chemicals
ISO was bought from Sigma-Aldrich Co. (St. Louis, MO, United States) and DAP was obtained from GlaxoSmithKline Pharmaceuticals Ltd. Reduced glutathione (GSH) and catalase (CAT) kits were purchased from Biodiagnostic, Giza, Egypt. Alanine transaminase (ALT) kit was from Spectrum Diagnostic, Cairo, Egypt. Interleukin (IL)-1β ELISA kit (Nanjing Jiancheng Bioengineering, Nanjing, China), Nrf2 ELISA kits (MyBioSource, Inc., San Diego, United States), Tumor necrosis factor (TNF)-α ELISA kit (IDlabsT-Minc. Biotechnology, Canada), and TLR4 ELISA kits (Sigma-Aldrich Co. (St. Louis, MO, United States) were used. Serum creatinine kinase-MB (CK-MB), lactate dehydrogenase (LDH), and alkaline phosphatase (ALK-PH) were purchased using commercial kits (MyBio Source Co.). Caspase-3 was quantified by ELISA kit (Cusabio, United States). Heme oxygenase-1 (HO-1) was obtained from Assay Designs, Ann Arbor, MI, United States. Other chemicals were of analytical grade and were bought from commercial sources.
Animals and Experimental Design
Twenty-eight male albino Wistar rats weighing 180–210 g were procured from the National Center of Research, El-Giza, Egypt. After two weeks of acclimatization to the environmental conditions (12 h lighting cycle, 25 ± 2°C temperature, 45 ± 5% humidity, and free access to water and standard chow from El-Nile Company, Egypt), the rodents were assorted into 4 groups (7 rats/group). Group 1 (control): received dimethylsulphoxide (DMSO) for 12 days IP as a vehicle for DAP and saline as a vehicle for ISO in the 11th and 12th days IP. Group 2 (DAP): treated with dapsone (DAP) 10 mg/kg/day IP for 12 days (12). Group 3 (ISO): treated with saline orally for 12 days and isoproterenol (ISO) was injected (100 mg/kg/day) in the 11th and 12th days IP (3). Group 4 (ISO + DAP): received DAP (10 mg/kg/day for 12 days) + ISO in the regimen as group3.
Assessment of Myocardial Infarction
The isoproterenol-induced myocardial infarction was assessed by measuring myocardial infarct size using 2,3,5-triphenyltetrazolium chloride (TTC) staining method (Fishbein et al., 1981; Babbar et al., 2013).
Blood and Tissue Sampling
To terminate the experiment, the rodents were sacrificed after overnight fasting. They were anesthetized with an IP injection of urethane (25% in a dose of 1.6 gm/kg). Blood was obtained from the abdominal aorta, placed in heparinized syringes, left to coagulate at room temperature, centrifuged at 5,000 rpm for 15 min (JanetzkiT30 centrifuge, Germany), and then sera were frozen at -80°C for further analysis. The hearts were excised, washed from the blood by saline, and divided. Samples from the base of the left ventricle were kept in 10% formal-saline for histopathological and immunohistochemical studies. Other cardiac specimens were homogenized in ice-cold phosphate buffer (0.01 M, pH 7.4; 20% w/v), 10 mM pH (7.4). The ratio of tissue weight to homogenization buffer was 1:5. Then tissue centrifuged for 15 min at 5,000 rpm, and the supernatant was frozen at -80°C for further biochemical examination.
Biochemical Analysis
Quantification of Oxidative Stress Parameters in Cardiac Tissue
Malondialdehyde (MDA) level, the index of lipid peroxidation, was determined following the method of Buege and Aust, 1978. Total nitrite/nitrate (NOx), the stable oxidation end products of nitric oxide, was used as an indicator of the nitric oxide level and was assessed by the reduction of nitrate into nitrite using activated cadmium granules followed by color development with Griess reagent in an acidic medium (Sastry et al., 2002). GSH and CAT were measured using colorimetric kits and following the manufacturer’s instructions.
Determination of Cardiac Biomarkers
The serum levels of CK-MB, ALT, LDH, and ALK-PH were quantified using commercial kits and following the manufacturer’s instructions.
Measurement of Cardiac TLR4, TNF-α, IL-1β, HO-1, Nrf-2, and Caspase-3
Cardiac TLR4, TNF-α, IL-1β, HO-1, Nrf-2, and caspase-3 were determined using their ELISA kits and following the manufacturer’s instructions.
Real-Time Reverse-Transcription Polymerase Chain Reaction (RT-PCR) of Bax and Bcl2 Gene Expression
RT-PCR for the relative quantification of the apoptotic Bax and the anti-apoptotic Bcl2 genes was done in liver tissue. Total RNA was extracted from the homogenized hepatic specimen using Ribozol RNA extraction reagent (Amresco, Solon, United States) following the manufacturer’s instructions. cDNAs were synthesized using a RevertAid™ First Strand cDNA Synthesis kit (Fermentas, Life Sciences). cDNA was reversely transcribed from 5 μg of mRNA in transcription buffer, 200 U M-MuLV Reverse transcriptase, and 20 U RNase inhibitor at 42°C for 60 min followed by immediate cooling on ice. RT-PCR was performed with 50 ng cDNA per reaction using 25 μl of SYBR Green QPCR Mix (Solis BioDyne) containing 20 μm of specific primers in the Real-Time PCR Detection System. The SYBR green data were analyzed with a relative quantification to GAPDH (glyceraldehyde-3-phosphate dehydrogenase) as a reference gene. The sets of primers used were as follows:
Bax forward, 5′-GGA​GAC​ACC​TGA​GCT​GAC​CT-3′, and reverse, 5′-CTC​AGC​CCA​TCT​TCT​TCC​AG-3 (Kumar et al., 2015); Bcl2 forward, 5′-TATATGGCCCCAGC ATGCGA-3′, and reverse, 5′-GGGCAGGTTTGTCG ACCTCA-3 (Jafari et al., 2015).
GAPDH forward primers are as follows: 5′ GTC​GGT​GTG​AAC​GGA​TTT​G3′ and reverse 5′ CTT​GCC​GTG​GGT​AGA​GTC​AT3′ (Wimmer et al., 2018).
The relative expression level of each gene was calculated using formula 2 (-ΔΔCt) according to VanGuilder et al. (2008). They were scaled relative to controls where control samples were set at a value of 1. Thus, results for all experimental samples were graphed as relative expression compared with the control.
Histopathological Analysis
Histological Study
Samples of the base of the left ventricle were kept in 10% formal-saline and then paraffin sections (5–7 μm thickness) were placed on glass slides for hematoxylin and eosin (H&E) stain and Masson’s trichrome (MTC) staining for demonstration of collagen fibers (Kamel et al., 2020).
Immunohistochemical Study
Other sections were dewaxed in xylene, rehydrated and 3% hydrogen peroxide was added for blocking of peroxidase action. Sections were incubated over night at 4°C with monoclonal anti-vimentin anti body for demonstration of cell regeneration (Lapvision Inc., Fremont, CA, United States). Sections were washed with PBS, incubated with IgG and then with strept avidin-peroxidase. Sections were then washed with PBS and diaminobenzidine (DAB) was added for 5 min. Finally, the sections were stained with MayER’s hematoxylin (Helal et al., 2010).
Morphometric Analysis
Measurements were carried out in five non-overlapping fields from five various sections of five various rats in each group at × 100 magnifications using the image analyzer (Leica Imaging System, Germany) (Aziz et al., 2020) to measure: 
1) Area% of the collagen fibers in MTC-stained sections.
2) Area% of the immunopositive expression of vimentin.
The histopathological changes were scored from 0 to three in relation to their severity; where 0 denotes no pathologic finding, and one, two, and three denote pathologic results of < 33, 33–66, and > 66% of the tissue respectively (Welson et al., 2020).
Statistical Analysis
All results were demonstrated as means ± standard error of the mean (SEM). One-way analysis of variance (ANOVA) and the Tukey–Kramar post-analysis test were performed to analyze the values. Less than 0.05 p-value was assigned for significance. Graph Pad Prism was used for the statistical analysis (version 5.01 for Windows, Graph pad Software, San Diego California United States, and www.graphpad.com).
RESULTS
Effect of DAP on Myocardial Infarct Size
A significant increase in myocardial infarct size was noted in ISO group as compared to control and DAP groups (12.7 fold). Meanwhile, rats treated with ISO + DAP significantly prevented ISO-induced high myocardial infarct size (0.19 fold) (Figure 1).
[image: Figure 1]FIGURE 1 | Effect of DAP on myocardial infarct size. Data show the mean ± SEM (n = 7). DAP: dapsone; ISO: isoproterenol. aSignificant (p < 0.05) variance from the control group. bSignificant (p < 0.05) variance from DAP group. cSignificant (p < 0.05) variance from ISO group.
Effect of DAP on Oxidative Stress Markers in MI in Rats
Comparable to the control and DAP groups, there was a significant increase (p < 0.05) in cardiac MDA (2 folds) and NOx (2.5 folds) with significant decrease (p < 0.05) in cardiac GSH (0.31 fold) and CAT (0.45 fold) in the ISO group as shown in table 1. However, rats treated with ISO + DAP demonstrated a significant enhancement (p < 0.05) of cardiac oxidative stress indicators when compared to the ISO group.
TABLE 1 | Influence of DAP on oxidative stress markers in MI in rats.
[image: Table 1]Effect of DAP on Cardiac Biomarkers in MI in Rats
Serum levels of CK-MB, ALT, LDH, and ALK-PH were significantly elevated (2.5–3 folds) (p < 0.05) in the ISO group in comparison with the control and DAP groups. Rats treated with ISO + DAP displayed a significant reduction (2–2.8 folds) (p < 0.05) in cardiac enzymes relative to the ISO group (Table 2).
TABLE 2 | Influence of DAP on cardiac enzymes in MI in rats.
[image: Table 2]Effect of DAP on Cardiac TLR4, TNF-α, IL-1β, HO-1, Nrf-2, and Caspase-3 in MI in Rats
Cardiac levels of TLR4, TNF-α, IL-1β, and Caspase-3 were significantly elevated (2.5, 2.4, 1.9, and 3.2 folds respectively) (p < 0.05) with significant decrease (p < 0.05) of Nrf-2 and HO-1 (0.6 and 0.4 fold respectively) in the ISO group in comparison with control and DAP groups. Rats treated with ISO + DAP showed significant decrease (p < 0.05) in cardiac levels of TLR4, TNF-α, IL-1β, and caspase-3 (0.4, 0.5, 0.6, and 0.4 fold respectively) with significant increase (p < 0.05) of Nrf-2 and HO-1 (1.6 and 2.1 folds respectively) when compared to ISO group (Table 3).
TABLE 3 | Effect of DAP on cardiac TLR4, TNF-α, IL-1β, HO-1, Nrf-2, caspase-3.
[image: Table 3]Effect of DAP on Hepatic BAX and Bcl-2 in MI in Rats
ISO significantly (p < 0.05) increased the hepatic Bax (7 folds) and decreased the Bcl2 (0.3 fold) mRNA levels in comparison with the control group. Pretreatment with DAP significantly (p < 0.05) decreased Bax (0.6 fold) and increased Bcl2 (2 folds) mRNA in comparison with the ISO group (Figure 2).
[image: Figure 2]FIGURE 2 | Effect of DAP on hepatic BAX (A) and Bcl-2 mRNA (B) in MI in rats. Data show the mean ± SEM (n = 7). DAP: dapsone; ISO: isoproterenol. aSignificant (p < 0.05) variance from the control group. bSignificant (p < 0.05) variance from DAP group. cSignificant (p < 0.05) variance from ISO group.
Histological Results
H and E-Stained Sections
Histological examination of the myocardial sections of the control and DAP- treated rodents displayed normal myocytes with acidophilic sarcoplasm and centrally located nuclei (Figures 3A,B). In the cardiac sections of the ISO group, the myocardial histology was disturbed; cardiomyocytes appeared paler with faint sarcoplasm, vacuolation, edema, and pyknotic nuclei. Many cells appeared separated and fragmented with areas of extravasated RBCs in-between (Figure 3C).
[image: Figure 3]FIGURE 3 | photomicrographs of sections in the rat myocardium (A and B) From group (I) and group (II) respectively show intact cardiac muscle fibers (M), central nucleus (N) and acidophilic cytoplasm (C). Group (III) shows structural changes; fragmented (M) and separated (*) cardiac muscle fibers, vacuolation (V), edema (E), pale cytoplasm (C), pyknotic nuclei (arrow) and extravasated RBCʾs (arrow head). (D) Group (IV) shows normal myocardial structure except some cardiac muscle fibers (M) with central nucleus (N) and wide spaces (*).
On the other hand, the cardiac sections of the ISO + DAP group revealed almost normal myocardial structure except in limited regions with wide spaces between the cardiac fibers (Figure 3D).
Masson’ Trichrome-Stained Sections
In the ISO group, MTC stained sections showed increased collagen fibers between the cardiac myocytes, and in the adventitia of blood vessels (Figure 4C), while in the ISO + DAP treated rats, minimal amounts of collagen fibers were noticed in-between cardiomyocytes (Figure 4D) in comparison with the control (Figure 4A) and DAP (Figure 4B) groups.
[image: Figure 4]FIGURE 4 | photomicrographs of sections in the rat myocardium (A, B) From group (I) and group (II) respectively show the cardiac fibers (M). (C) From group III, showing marked deposition of collagen fibers (arrow) between the cardiac fibers (M) and around the blood vessels (double arrow). (D) From group (IV) showing mild deposition of collagen fibers (arrow) between the cardiac fibers (M).
Immunohistochemically Stained Sections
Cardiac sections of control and DAP-treated rodents displayed a moderate immunoreaction for vimentin in the cytoplasm of cardiomyocytes and endothelial cells of the blood vessels (Figures 5A,B). Faint cytoplasmic staining of cardiomyocytes was noticed in the ISO group in comparison with the control indicating a weak immune-expression of vimentin (Figure 5C). Cardiac sections of ISO + Dapsone-treated rats displayed increased cytoplasmic immunoreaction for vimentin in the cardiomyocytes, compared to the previous group (Figure 5D).
[image: Figure 5]FIGURE 5 | photomicrographs of vimentin cytoplasmic immunoreaction in the rat myocardial sections, in cardiomyocytes (arrow) and in the endothelial cells of the blood vessels (arrow head) (A, B) From group (I) and group (II) respectively show moderate immunoreaction. (C) From group (III) showing faint immunoreaction. (D) From group (IV) showing marked immunoreaction (vimentin immunostaining, X400).
Morphometric Scores
The assessed mean area % for collagen fibers and mean area % for vimentin immune-expression demonstrated a statistically significant variance between the groups (Table 4). The scores of vimentin immune-expression were less in the ISO group (0.3 fold) than the other ones. Whereas, the score of the mean area percentage of collagen fibers was significantly more elevated (6 folds) in the ISO group than the other ones (p < 0.05).
TABLE 4 | The mean color area percentage of MTC and vimentin staining in rats.
[image: Table 4]When histological samples were compared, cardiomyocytes fragmentation, vacuolation, and extravasation scores were found to be higher in ISO group compared with the other groups (p < 0.05) (Figure 6).
[image: Figure 6]FIGURE 6 | Heart histopathologic scores.
DISCUSSION
Recently, there is a propitious cardioprotective effect of DAP that is the motivation of this study to curiously examine the mechanisms of its action. The current findings proved the cardioprotective benefits of DAP in isoproterenol-induced myocardial damage in rats.
Although catecholamines are accountable for the regulation of cardiac function, excessive doses lead to ischemic heart disease like myocardial infarction, cardiac hypertrophy, and heart failure. This occurs as a result of abnormal β-adrenergic activation. The abnormalities of cardiac structure and function in rats upon ISO are comparable to human myocardial infarction used to evaluate the possible cardioprotective effect of any novel pharmacological agent (Garg et al., 2016; Khalaf et al., 2020).
ISO is prescribed in low doses for heart block and cardiac arrest. Higher doses are required for hypertrophic cardiomyopathies. The termination of beta-blockers treatment should be in a gradual manner as rapid or sudden terminations precipitate anginal pains. Also, high doses cause desensitization of β-adrenergic receptors preventing overstimulation, decreasing cardiac contractility, and causing an imbalance between oxygen demand and supply of the myocardium. Therefore, irreversible destruction of the myocardium and the presence of infarct-like necrosis take place (Gyongyosi et al., 2019).
The resultant formation of cytotoxic free radicals in the myocardial cells followed by oxidative homeostasis disequilibrium and enhanced lipid peroxidation then mitochondrial damage, inflammatory cytokine production, and intracellular Ca2+ overloading are the commonest factors of the ISO-induced cardiac damage and myocardial cell death (Allawadhi et al., 2018; Sharma et al., 2019). The excessive production of free radicals that are not opposed with enough antioxidants can interact with cellular lipoproteins forming lipid peroxides that cause massive tissue damage (Ibrahim et al., 2018).
ISO-induced oxidative cellular damage was proven in this experiment by the significant elevation in cardiac tissue level of MDA with a subsequent reduction in GSH tissue level.
A sort of cross-talk exists between NO and oxidative stress. The elevation of oxidative stress affected NO primarily through suppressing its synthesis by the uncoupling of enzymes of nitric oxide synthase (NOS) and the inactivation of NO to peroxynitrite with constitutive NOS inhibition (Ibrahim et al., 2018; Khalaf et al., 2020).
Meanwhile, some in vivo and in vitro researches proved that DAP attenuated oxidative damages. It scavenged antioxidant enzymes e.g., GSH, glutathione peroxidase, and superoxide dismutase as DAP reduced the intracellular free-radical synthesis. Restoration of the balance between ROS and antioxidant enzymes was successfully achieved by DAP (Suda et al., 2005; Cho et al., 2010). Nezamoleslami et al., 2020 reported that DAP had anti-oxidative features by decreasing levels of MDA and myeloperoxidase in the kidney in experimentally induced ischemia/reperfusion injury. DAP decreased the extracellular ROS via the membrane-bound NADPH oxidase enzyme (Wozel and Blasum, 2014).
In the current study, ISO-induced MI showed a significant elevation in cardiac enzymes e.g., CK-MB (an index for acute myocardial destruction), ALT, LDH, and ALK-PH. This was possibly due to the membrane permeability alterations and disintegrity resulting from ISO-induced MI (Khalaf et al., 2020). The cardiomyocyte injury led to the release of enzymes into the blood elevating the serum level of these lysosomal enzymes (Chen et al., 2000). This was supported by the increase in myocardial infarct size, as assessed by TTC staining, was observed in ISO group. The TTC stain reacts with dehydrogenase enzyme in the presence of cofactor NADH to form formazan pigment in viable cells, which are stained as brick red in color. In contrast, infracted cells are having almost lost of dehydrogenase enzyme, and thus, the infracted portion of myocardium remains unstained with TTC staining (Fishbein et al., 1981; Babbar et al.,2013).
This was confirmed by a disturbed histoarchitecture of the myocardium which was noticed in the ISO-injected rodents as distorted cardiomyocytes, vacuolation, edema, pyknosis, and fragmentation. These results were in line with the findings of Helal et al., 2010 and Aziz et al., 2020 that reported the disrupted cardiac muscle fibers with extravasation of red blood cells and accumulation of inflammatory cells between the separated muscle fibers. The degenerative changes associated with isoproterenol (ISO) administration are attributed to the enhanced release of cytotoxic free radicals that stimulated lipid peroxidation and altered the myocardial membrane permeability (Aziz et al., 2020; Khalaf et al., 2020).
On the other hand, co-administration of DAP significantly reduced the cardiac biomarkers and preserved the histological shape and arrangement of myocardial fibers with MI. This was strongly supported by the results of the present study that pretreatment with DAP significantly prevented high myocardial infarct size noted in ISO group. It was proposed that this improvement was due to DAP restoration of oxidative balance and its ameliorative effect on myocardial cells (Sheibani et al., 2020).
Nrf2 is the key player in the oxidative stress pathway (Zhou et al., 2014). Nrf2 regulated the anti-inflammatory reaction and oxidative homeostasis by increasing many anti-oxidant agents and enzymes (Niture et al., 2014; Jones et al., 2015). The current experiment demonstrated a significant supression in Nrf2 level in the ISO group relative to the others. Nrf2 is preserved in the cytoplasm by Kelch-like- ECH-associated protein1 (Keap1) and Cullin3 in normal conditions but with ROS overproduction, Nrf2 migrates into the nucleus destroying critical cysteine residues in Keap1 and interfering with the Keap1-Cul3 ubiquitination system. It initiated the transcription of some anti-oxidative genes e.g., HO-1 and NADPH dehydrogenase (Yamamoto et al., 2008; Howden, 2013). This may explain why HO-1 decreased significantly in the current study with ISO-induced MI.
A large amount of Nrf2 was consumed by excessive oxidative stress. Co-administration of DAP activated Nrf2 signaling pathway to restore the anti-oxidant defenses. The present findings showed that DAP promoted Nrf2 level and arrested its depletion improving the ability to restore the redox homeostasis (Aladaileh et al., 2019). HO-1 down-regulated the inflammatory cytokines and protected the cells against the inflammatory damage (Megías et al., 2009; Zhang et al., 2015). It degraded heme into equimolar amounts of carbon monoxide (CO), free iron, and biliverdin as it is an inducible stress response gene. Inflammation, oxidative stress, NO, and heme stimulates HO-1 (Zhang et al., 2017).
TLRs are present in monocytes and macrophages as they are considered a prevalent type of innate immune response receptors. They can recognize and interact with certain molecular proteins of host apoptosis surfaces. TLR4 is a cornerstone in initiating the inflammatory response via stimulation of Hsp70 in acute injuries as MI and mediating the release of pro-inflammatory cytokines as TNF-α and IL-1β via the stimulation of NF-κB; the nuclear transcription agent (Tao et al., 2016; Ibrahim et al., 2021). This comes in line with the present results of the significant increase of cardiac TLR4 in MI.
Oxidative stress also up-regulated pro-inflammatory cytokine synthesis and this mechanistic link between ROS overproduction and inflammation was demonstrated by (Aladaileh et al., 2019). The release of ROS during MI elevated the levels of the pro-inflammatory mediators and stimulated caspase-mediated apoptosis. This was displayed in the current research by the elevated caspase-3 level in the ISO group. Also, hepatic tissue was affected and showed significant apoptotic changes which appeared in BAX and Bcl-2 markers. The liver has high metabolic activity and perfusion rate. Acute circulatory changes such as cardiogenic shock resulting from an acute myocardial infarction directly influence hepatic blood flow. Lai et al., (2016) supported our results proving the liver injury induced by myocardial injury in rats.
Nrf2 inhibited TNF-α expression indicating that the DAP-induced up-regulation of Nrf2 may target the suppression of ISO-induced inflammatory signaling pathways. DAP is metabolized by the Cytochrome P450 system, specifically isozymes CYP2D6, CYP2B6, CYP3A4, and CYP2C19. DAP metabolites produced by the cytochrome P450 2C19 isozyme are mainly anti-inflammatory (Kwon and Joo, 2018).
Proinflammatory cytokines, including interleukin-6 (IL-6), TNF-α, and IL-1β. In this study, we show that IL-1β has a special role in the modulation of other inflammatory cytokines. Our results show that the increased production of IL-1beta correlates with the cell surface expression of TLR4 (Eskan et al., 2008a). Moreover, blocking the IL-1β receptor greatly reduces the production of "secondary" proinflammatory cytokines such as IL-8 or IL-6. Our data indicate that the induction of IL-1β plays an important role in mediating the release of other proinflammatory cytokines. This was supported by (Eskan et al., 2008b).
An earlier study by Sheibani and his coworkers, 2020 stated that DAP could reduce the pro-inflammatory cytokines mediated cardiotoxicity supporting our results. DAP has a dual effect of anti-inflammatory and antimicrobial functions. It reduced the synthesis of TNF-α and IL-1β by inhibiting the release of the pro-inflammatory messengers (Kwon and Joo, 2018). Another anti-inflammatory mechanism of DAP was the inhibition of neutrophils calcium-dependent functions. Intracellular calcium overload is a critical factor of induction of inflammation (Suda et al., 2005).
In the current experiment, collagen fibers were more concentrated surrounding the blood vessels. This result was in accordance with Salem et al., 2015 who observed the presence of fibrosis in the rat myocardium as a result of the MI. A significant supression in the vimentin immunoreaction was found in MI rats relative to the other groups. This may be attributed to the properties of vimentin; a protein that is essential for the preservation of the cellular structure. Evaluation of vimentin expression revealed cardioprotection against ischemia as vimentin can be used as a therapeutic tool to increase cardiac contractility. (Angoulvant et al.,2004; Merlini et al., 2008). Vimentin is a type III intermediate filament protein that is predominantly expressed in mesenchymal cells (Kidd et al., 2014) and plays a key role in the physiology of the cell, stabilizing the architecture of the cytoplasm, and cellular interactions (Abdel-Wahab et al., 2021).
Morphometrically, a significant elevation in the mean % area of collagen fibers and suppression in the mean % area of vimentin was reported in the MI group in comparison to the other groups. Therefore, MI harmfully disturbed the cardiac morphology and these findings were consistent with earlier studies that reported several MI-induced metabolic and morphological aberrations in the heart tissue (Sudha et al., 2013).
Co-administration of DAP showed a significant decrease in the area % of collagen fibers with a significant increase in the vimentin immune-reaction relative to the MI group. These data were formerly elucidated by the anti-inflammatory mechanisms of DAP in reducing the calcium influx and preventing the calcium-dependent functions of neutrophils (Suda et al., 2005).
CONCLUSION
DAP possessed potent ameliorative effects against the ISO-induced MI by inhibiting oxidative stress, inflammatory response, and apoptosis via the Nrf2/HO-1 and TLR4/TNF-α signaling pathways interplay. This can illuminate further studies about DAP use in patients with MI.
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Mitochondria are the key organelles that supply cellular energy. As the most active organ in the body, the energy required to maintain the mechanical function of the heart requires a high quantity of high-quality mitochondria in cardiomyocytes. MicroRNAs (miRNAs) are single-stranded noncoding RNAs, approximately 22 nt in length, which play key roles in mediating post-transcriptional gene silencing. Numerous studies have confirmed that miRNAs can participate in the occurrence and development of cardiac diseases by regulating mitochondrial function-related genes and signaling pathways. Therefore, elucidating the crosstalk that occurs between miRNAs and mitochondria is important for the prevention and treatment of cardiac diseases. In this review, we discuss the biogenesis of miRNAs, the miRNA-mediated regulation of major genes involved in the maintenance of mitochondrial function, and the effects of miRNAs on mitochondrial function in cardiac diseases in order to provide a theoretical basis for the clinical prevention and treatment of cardiac disease and the development of new drugs.
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INTRODUCTION
Cardiovascular diseases (CVDs) refer to a group of diseases that affect cardiac and vascular tissues and are the most common causes of morbidity and mortality worldwide. By 2030, an estimated 23.6 million people will die due to CVD-related complications annually, and cardiac diseases and stroke are the two leading causes of CVD-associated death (World Health Organization, 2019). Cardiac diseases include multiple disorders, such as pathological cardiac remodeling (Schirone et al., 2017), diabetic cardiomyopathy (Paolillo et al., 2019), heart failure (Rossignol et al., 2019), and myocarditis (Ammirati et al., 2020). Recent studies have indicated that microRNAs (miRNAs) and mitochondria are two important factors involved in the pathophysiological processes underlying cardiac diseases. The targeted regulation of genes by miRNAs is closely associated with mitochondrial function, and miRNAs play important roles in the occurrence and development of cardiac diseases (Borralho et al., 2015; Song et al., 2019). Therefore, a broad understanding of the crosstalk that occurs between miRNAs and mitochondrial function is vital for the prevention and treatment of cardiac diseases.
Mitochondria serve as the cellular “energy factory,” supplying intracellular energy to all cells, which synthesize energy-rich phosphate bonds in the form of adenosine triphosphate (ATP) via oxidative phosphorylation (OXPHOS) and are deeply integrated into multiple cellular metabolisms and signaling pathways (Tahrir et al., 2019). As the most metabolically active organ of the body, the heart requires enormous amounts of energy to maintain systolic and diastolic functions, which requires a high content of cardiac mitochondria. Under normal physiological conditions, 90% of the energy required by the heart is derived from mitochondrial OXPHOS, and normal mitochondrial function is a necessary prerequisite for the maintenance of the heart pumping function. Recently, increasing data have shown that mitochondrial dysfunction is involved in the occurrence of cardiac diseases, such as cardiac hypertrophy, myocardial fibrosis (Chen et al., 2019), diabetic cardiomyopathy (Gollmer et al., 2020), and heart failure (Kumar et al., 2019). Accumulating evidence has also suggested that targeting mitochondrial function may represent a promising potential therapeutic strategy for addressing heart failure (Brown et al., 2017). Therefore, reviewing the factors that affect mitochondrial function and cardiac regulatory pathways is important for targeting the clinical treatment of cardiac diseases.
MiRNAs are a class of small, endogenous, single-stranded, noncoding RNAs, and mature miRNAs in eukaryotic cells are approximately 22 nt in length. MiRNAs can inhibit mRNA translation or regulate transcriptional degradation by binding to the 3′untranslated region (UTR) of the target gene, regulating gene expression (Akhtar et al., 2016). The first miRNA, lin-4, was discovered in 1993 (Lee et al., 1993), and miRNA research has continued for more than 20 years. MiRNAs are among the best-studied class of noncoding RNA and are viewed as important regulators of cell differentiation, growth, proliferation, and apoptosis (Colpaert and Calore, 2019), and then participated in a variety of cardiovascular diseases, such as atherosclerosis (Neth et al., 2013), myocardial remodeling (Zhou et al., 2013) and acute myocardial infarction (Zhang et al., 2020). Recent experimental and clinical data have revealed that the differential expression of miRNAs affects mitochondrial function through the regulation of relevant signaling pathways and mitochondrial function-related proteins. Many miRNAs are thought to be involved in the development of CVDs, such as miR-20b, which promotes cardiac hypertrophy by targeting the inhibition of mitofusin 2 (MFN2)-mediated intercellular Ca2+ interactions in cardiomyocytes (Qiu et al., 2020). The knockout of miR-181c upregulated the expression of mitochondrial calcium uptake 1 (MICU1), and the regulation of mitochondrial calcium uptake in the myocardium has been shown to protect against heart injury (Banavath et al., 2019). Therefore, understanding the crosstalk between miRNAs and mitochondrial function is important for the study of cardiac diseases and the development of potential drug interventions.
We reviewed the existing miRNA research associated with mitochondrial function and cardiac disease (myocardial apoptosis, cardiac hypertrophy, diabetic cardiomyopathy, and heart failure) found in an English database and attempted to summarize identified miRNAs thought to be involved in the regulation of mitochondrial function. In particular, we focused on the miRNA-mediated regulation of target genes and related signaling pathways involved in mitochondrial function and are thought to affect cardiac homeostasis. We also attempted to identify existing gaps in the current research, including the challenges encountered in miRNA research. We aimed to provide a better understanding of the potential mechanisms that link miRNAs and mitochondria in the development of cardiac diseases and to provide novel targets for the early diagnosis, prevention, and treatment of cardiac diseases.
MICRORNAS BIOGENESIS
Canonical MicroRNAs
With the advent of deep sequencing technology, a large number of noncoding miRNAs have been identified, and our understanding of complex miRNAs has increased. The biogenesis of miRNAs occurs in both the nucleus and cytoplasm through multiple enzymatic cleavage steps (Kim Y.-K. et al., 2016). MiRNAs are encoded by genomic DNA and are transcribed by RNA polymerase II (POL II) or POL III, which produce longer primary miRNA transcripts, known as pri-miRNAs, which can be up to 1,000 nt in length (O’Donnell et al., 2005; Cai et al., 2004). Subsequently, the stem-loop structure of pri-miRNAs is modified by the RNase class III enzyme DROSHA to form precursor-miRNAs (pre-miRNAs) by truncating the stem-loop, while the RNA-binding protein DGCR8 assisted DROSHA in acting on miRNAs to form a hairpin-loop structure pre-miRNA that is approximately 70–100 nt in length. DGCR8 and DROSHA are collectively known as the microprocessor complex, resulting in the RNase III-mediated cleavage of 2-nt-3′ overhangs (Lee et al., 2003; Denli et al., 2004; Lund et al., 2004; Han et al., 2006; Ha and Kim, 2014; O’Brien et al., 2018). These processes all occur in the nucleus.
Pre-miRNAs are transported into the cytoplasm by Exportin-5, which depend on Ran gtpase (a GTP-binding nuclear protein) (Yi et al., 2003), and the terminal loops of pre-miRNAs are removed by the enzymatic cleavage of the RNase III Dicer to form a 22-nt miRNA: miRNA* duplex with incomplete complementarity (Hutvágner et al., 2001; Ketting et al., 2001). One of the stranded molecules is introduced into the RNA-induced silencing complex (RISC) containing argonaute proteins (AGOs), known as a guiding strand. At the same time, we see the degradation of the passenger strand. miRNA-loaded RISCs (miRISCs) bind to reverse complementary sequences within the 3’ UTR of the target gene mRNA, inhibiting the translation or degradation of target gene mRNAs and inducing gene silencing. Figure 1 shows the canonical synthesis process for miRNAs (Martinez et al., 2002; Pratt and MacRae, 2009; Winter et al., 2009; Hammond, 2015; Wilson et al., 2015; Bartel, 2018).
[image: Figure 1]FIGURE 1 | Biogenesis of canonical microRNAs. MiRNA genes are transcribed into a single-stranded primary miRNA by POL II or POL III, followed by the modification of the stem-loop structure of pri-MiRNAs by DROSHA, resulting in the formation of a 70–100 nt pre-miRNA with the assistance of the RNA-binding protein DGCR8. Subsequently, pre-miRNAs are exported to the cytoplasm by Ran GTPase and Exportin-5 and cleaved by Dicer to form mature miRNA double strands, one of which, known as the guide strand, is introduced into the RISC complex containing AGO. The other strand, called the passenger chain, is degraded. The miRNA-loaded RISC combines with the reverse complementary sequence within the 3′UTR of the target mRNA, suppressing the translation or degradation of the target mRNA.
Non-Canonical MicroRNAs
In addition to the canonical pathway, some miRNAs are produced through alternate biogenesis pathways and are similar in structure and function to the miRNAs. These are called non-canonical miRNAs: e.g., miRtrons, transfer RNAs (tRNAs), and miR-451 (Martinez et al., 2002; Abdelfattah et al., 2014). Although non-canonical miRNAs may skip one or more steps of the canonical synthesis pathway, Dicer appears to be essential for non-canonical miRNAs, except for miR-451 (Okamura et al., 2007; Ruby et al., 2007; Cheloufi et al., 2010; Abdelfattah et al., 2014; Stavast and Erkeland, 2019) (Figure 2).
[image: Figure 2]FIGURE 2 | Biogenesis of non-canonical miRNAs. miRtrons: miRtron are primarily localized in the introns of host genes and modified introns, which are formed by the spliceosome and lariat debranching enzyme 1 (DBR1) treatment in the nucleus, can act as pre-miRNAs—which are processed independently of DROSHA/DGCR8. The remaining miRtron biosynthesis process is the same as canonical miRNAs. tRNA: 1) tRNA starts from POL III in the early stage. Next, the pre-tRNA is exported to the cytoplasm by Exportin-5 or Exportin-T. In the cytoplasm, the pre-tRNA adopts a cloverleaf-shaped secondary structure, composed of a D-loop, an anticodon loop, a T-loop, and a variable loop. Pre-tRNA is cleaved by Dicer or angiogenin (ANG): the h D-loop is cleaved by Dicer, the T-loop is cleaved by Dicer and ANG, and the anticodon loop is cleaved by ANG. Some tRNA fragments are loaded into RISC containing AGO2 protein and regulate gene expression. 2) tRNAs transcribed and synthesized by POL III can be stabilized by LA and transported to the cytoplasm under the action of Exportin-T and Ran GTPase to maintain the stability of tRNAs for translation. MiR-451: MiR-451 in transcribed by POL II. After modification by DROSHA/DGCR8 treatment, miR-451 is exported to the cytoplasm by Exportin-5 and Ran GTPase, cleaved by an unknown endonuclease at the 3′end, and loaded into the RISC-AGO complex to exert its biological function, a process independent of Dicer enzymatic cleavage.
MiRtrons
MiRtrons were the first identified miRNAs synthesized through non-canonical pathways in Drosophila melanogaster and Caenorhabditis elegans. MiRtrons are coded by the introns of host genes (Okamura et al., 2007; Wen et al., 2015). Through splice cleavage events, the intron lariat is debranched by lariat debranching enzyme 1 (DBR1), and the modified intron can serve as a pre-miRNA, independent of DROSHA/DGCR8 (Westholm and Lai, 2011). The next step in the synthesis process is consistent with the canonical miRNAs synthesis pathway. (Babiarz et al., 2008).
MicroRNAs From Transfer RNAs
The structure of tRNAs differs from that of other miRNAs. A mature tRNA is processed by POL III during the early stage. The pre-tRNA adopts a cloverleaf-shaped secondary structure, composed of a D-loop, an anticodon loop, a T-loop, and a variable loop (Oberbauer and Schaefer, 2018). Next, the pre-tRNA is exported to the cytoplasm by Exportin-5 or Exportin-T, where the pre-tRNA is cleaved by Dicer or angiogenin (ANG): Dicer cleaves the D-loop, both Dicer and ANG cleave the T-loop, and ANG cleaves anticodon loop. The cleaved tRNA interacts with AGO to form a mature miRNA complex involved in a variety of biological functions (Cao et al., 2020). In addition, the lupus autoantigen (LA) is a conserved nuclear RNA-binding factor. The 3′-oligo (U) of POL III is a sequence-specific signal for the termination POL III transcription and a high-affinity binding site for LA, and LA is closely involved in tRNA synthesis associated with POL III transcription. tRNAs that are transcribed and synthesized by POL III can be stabilized by LA and transported to the cytoplasm by Exportin-T and Ran gtpase, which maintain the stability of tRNAs for translation. LA also plays a major role in the inhibition of Dicer-mediated 5′-tRNA-derived RNA fragment cleavage (Okamura et al., 2007; Bayfield and Maraia, 2009; Blewett and Maraia, 2018; Stavast and Erkeland, 2019).
MiR-451
Unlike other miRNAs, the biosynthesis pathway of miR-451 is independent of Dicer but requires the AGO2 slicer activity to achieve miRNA maturation (Cheloufi et al., 2010; Cifuentes et al., 2010). MiR-451 originates from the transcription of its host gene by POL II, generating pri-miR-451, which is modified by DROSHA/DGCR8 in the nucleus and transformed into pre-miR-451. Following export to the cytoplasm by Exportin-5 under the action of Ran gtpase (Stavast and Erkeland, 2019), pre-miR-451 cannot be cleaved by Dicer because the stem-loop structure is too short. Instead, pre-miR-451 is cleaved by an unknown endonuclease at the three’ end, loaded into AGO2, and subsequently integrated into a RISC complex to perform its function (Abdelfattah et al., 2014). The specificity of miR-451 has encouraged the exploration of Dicer-independent miRNAs.
Increasing investigations have revealed additional Dicer-independent miRNAs, such as miR-1225 and miR-1228, the biogenesis of which are not only independent of Dicer but also DGCR8, Exportin-5, and AGO2 (Havens et al., 2012). In addition, some miRNAs are synthesized through non-canonical pathways, such as snoRNA-derived miRNAs (sno-miR-28) and miRNAs derived from endogenous short hairpin RNAs (miR-320 and miR-484). A more in-depth description of the biosynthetic pathways associated with non-canonical miRNAs can be found elsewhere (Okamura et al., 2007; Stavast and Erkeland, 2019). The biosynthetic pathways that generate miRNAs are very complex, and the mechanisms of miRNA synthesis and the interactions that occur among components require further study. Additional miRNA synthetic pathways likely exist that have not yet been discovered.
MICRORNAS REGULATE CORE MITOCHONDRIAL SIGNALS
MiRNAs are known to serve as primary regulators of mitochondrial function (Song et al., 2019). Mitochondrial dysfunction can occur due to mitochondrial structural damage, reduced ATP synthesis, the overproduction of reactive oxygen species (ROS), disturbances in calcium ions, mitochondrial DNA (mtDNA) damage, mitochondrial dynamics, biosynthesis (Bose and Beal, 2016), and mitophagy abnormalities (Chistiakov et al., 2018). MiRNAs typically participate in these pathophysiological processes by regulating the expression of mitochondria-related genes (Figure 3).
[image: Figure 3]FIGURE 3 | MiRNAs regulate the core mitochondrial signals. MiRNAs participate in mitochondrial function by regulating genes directly related to mitophagy, mitochondrial dynamics, mitochondrial calcium, and mitochondrial biogenesis. Mitochondrial function-related genes: mitophagy (FUNDC1, NiX, PINK1, Parkin); mitochondrial dynamics (Drp1, Fis1, MFF, MFN1, MFN2); mitochondrial calcium (MUC, VDAC1), mitochondrial biogenesis (PGC-1α). See text for detailed explanations. Red and blue represent negative and positive regulation of mitochondrial function, respectively. T represents inhibitory effect, and arrows represent involvement in regulation.
Mitochondrial Biogenesis
Mitochondrial biogenesis is a key pathway for intracellular mitochondrial self-renewal and repair. Peroxisome proliferator-activated receptor γ coactivator 1α (PGC-1α) family members and related transcription coactivators are the primary regulators of mitochondrial biogenesis, and PGC-1α can be activated in response to growth signals or energy requirements (Puigserver and Spiegelman, 2003; Zhang and Xu, 2016). Previous evidence has suggested that miR-34a, miR-22, and miR-149 negatively regulate mitochondrial biogenesis by targeting the reduction of Sirtuin 1 (SIRT 1) expression to inhibit the PGC-1α activity (Mohamed et al., 2014; Mao et al., 2019; Xiong et al., 2019). MiR-761, miR-133a, miR-493–3p, and miR-130b negatively regulate mitochondrial biogenesis by directly targeting the inhibition of PGC-1α expression (Xu et al., 2015; Nie et al., 2016; Jiang et al., 2017; Lemecha et al., 2018). MiR-27b and miR-25 inhibit mitochondrial biogenesis by downregulating the expression of forkhead box J3 (Foxj3) and P53, respectively (Wang et al., 2016; Shen et al., 2016). Additionally, miR-144 and miR-142-3p promote mitochondrial biogenesis by targeting the rac family small gtpase 1(Rac1) to activate PGC-1α (Tao et al., 2020; Xia et al., 2020).
Mitochondrial Dynamics
Mitochondrial dynamics describe how the mitochondria change their shape, distribution, size, and function through the dynamic balance of continuous fission and fusion to meet the energy needs of host cells and respond to environmental changes. In mammals, these dynamic processes are primarily regulated by the dynamin gtpase family. Dynamin-related protein 1 (Drp1), mitochondrial fission factor (MFF), and mitochondrial fission protein 1(Fis1) regulate mitochondrial fission, MFN1 and MFN2 are responsible for mitochondrial outer membrane (OMM) fusion, and optic atrophy 1 (OPA1) mediates mitochondrial inner membrane (IMM) fusion (Tilokani et al., 2018). MiR-21-5p, miR-29a-3p, and miR-30c-5p have been reported to negatively regulate mitochondrial fission Drp1 targeting (Chowdhury et al., 2017; Zhang et al., 2017; Xie et al., 2020). MiR-484 participates in mitochondrial network regulation by targeting Fis1, improving mitochondrial fission (Wang et al., 2012). In addition, miR-200a-3p and miR-761 can improve mitochondrial dysfunction by targeting the negative regulation of MFF, enhancing mitochondrial activity and ATP production (Long et al., 2013; Lee et al., 2017). MFN2-mediated mitochondrial fusion is inhibited by miR-195, miR-20b, and miR-93 (Feng et al., 2019; Purohit et al., 2019; Qiu et al., 2020). Furthermore, miR-196, miR-140, and miR-125 negatively regulate mitochondrial fusion by inhibiting MFN1 (Li J. et al., 2014; Li X. et al., 2014; Ma et al., 2017). However, the direct regulation of OPA1 by miRNAs has not yet been reported and requires further study.
Mitochondrial Calcium
The ability of mitochondria to act as Ca2+ buffers plays a significant role in the regulation of intracellular Ca2+ signaling. Mitochondria are the primary store of intracellular calcium, and calcium homeostasis serves as the physiological basis of many cellular activities, such as the regulation of OXPHOS, the modulation of cytosolic Ca2+ signals, cell death, secretion, and the production of ROS. The voltage-dependent anion channel (VDAC) in the OMM permits Ca2+entry into mitochondria, and the mitochondrial Ca2+ uniporter complex (MCU) in the IMM serves as a driving force for the electron transport chain (Jaquenod De Giusti et al., 2018). MiR-25, miR138, and miR-1 have been reported to regulate mitochondrial calcium by targeting MUC, disrupting mitochondrial calcium homeostasis, and miR-7 overexpression improves the release of mitochondrial calcium by targeting VDAC1 (Chaudhuri et al., 2016; Hong Z. et al., 2017; Zaglia et al., 2017).
Mitophagy
Mitophagy is a specific type of autophagy mode used to clear dysfunctional or redundant mitochondria and serves as an important regulatory mechanism that ensures the quantity and quality of mitochondria, which is necessary for the maintenance of intracellular homeostasis (Vigié and Camougrand, 2017). BCL2-interacting protein three like (BNIP3L, also called Nix), FUN14-domain containing 1 (FUNDC1), PTEN-induced putative kinase 1 (PINK1), and Parkin are key factors that promote the occurrence of mitophagy (Sun T. et al., 2018). MiR-137 negatively regulates mitophagy by targeting FUNDC1 and Nix (Li W. et al., 2014). MiR-27a/b represses mitophagy by downregulating the expression of PINK1 (Kim J. et al., 2016). Additionally, the miR-181a targeting of Parkin has also been found to downregulate mitophagy (Li W. et al., 2014; Cheng et al., 2016; Kim J. et al., 2016).
In summary, the miRNA-mediated regulation of mitochondria-related genes is important for the maintenance of normal mitochondrial function. The heart is the most active organ, and its high demand for energy is met by mitochondrial OXPHOS, which indirectly indicates the importance of miRNA-mediated mitochondrial functional regulation in cardiac disease.
MICRORNAS REGULATE MITOCHONDRIAL FUNCTION IN CARDIAC DISEASES
Mitochondria account for nearly one-third of the total volume of cardiomyocytes. The homeostasis of mitochondrial function is essential for the maintenance of the normal physiological function of the heart. Abnormal mitochondrial function and quality have been associated with a wide variety of pathological processes that underlie cardiac diseases (Nakamura and Sadoshima, 2018; Picca et al., 2018; Zhou and Tian, 2018). Recent studies have demonstrated that miRNAs regulate mitochondrial functions and participate in cardiac diseases through the direct or indirect targeting of mitochondria-related genes. Table 1 highlights the regulation of mitochondria-related genes by miRNAs in several models of cardiac disease.
TABLE 1 | MiRNAs involved in cardiac disease. Overview of the mitochondrial functions regulated by miRNAs in several different cardiac phenotypes (myocardial apoptosis, cardiac hypertrophy, diabetic cardiomyopathy, and heart failure).
[image: Table 1]Cardiomyocyte Apoptosis
Apoptosis refers to programmed death that is regulated by various genes and serves to maintain intracellular homeostasis. Abnormal apoptosis in cardiomyocytes has previously been linked to mitochondrial dysfunction caused by the dysregulation of miRNAs (Makhdoumi et al., 2016). Here, we describe the specific regulation of mitochondrial function by miRNAs in several representative models of myocardial apoptosis.
The cardiomyocyte apoptosis model induced by doxorubicin (Dox) is an antitumor antibiotic that can inhibit many types of tumors; however, its clinical applications are limited due to significant heart toxicity (Shi et al., 2018). In both in vivo and in vitro Dox-induced cardiomyocyte apoptosis models, miR-23a mimicking was shown to promote mitochondrial fission, cause mitochondrial membrane potential loss, and exacerbate cardiomyocyte apoptosis by targeting the downregulation of PGC-1α and the activation of Drp1 (Du et al., 2019). The overexpression of miR-15b-5p can silence bone morphogenetic protein receptor 1 (Bmpr1) signaling, causing mitochondrial ROS (mtROS) aggregation and resulting in mitochondrial damage, accelerating apoptosis (Wan et al., 2019). MiR-140 inhibits MFN1, causing mitochondrial fission abnormalities and promoting Dox-induced cardiomyocyte apoptosis (Li J. et al., 2014). However, high expression levels of miR-29b can inhibit Bax, reverse the loss of mitochondrial membrane potential, prevent the opening of the mitochondrial permeability transition pore (MPTP) and cardiomyocyte apoptosis (Jing et al., 2018). These data suggest that the regulation of mitochondrial function by miRNAs can have opposing effects, and the in-depth study of their mechanisms of action might result in a therapeutic response to the cardiotoxicity associated with Dox.
Myocardial hypoxia and ischemia/reperfusion injury (HR/IR) models: HR and IR injury models can induce cardiomyocyte apoptosis and myocardial infarction, and miRNA-mediated mitochondrial regulation is involved in these processes. The upregulation of miR-140 and miR-138 improve mitochondrial morphology and reverse IR-induced myocardial apoptosis and myocardial infarction in mice by inhibiting the expression of YES1 and hypoxia-inducible factor 1α (HIF1α) and downregulating the mitochondrial fission proteins Drp1 and Fis1, respectively (Liu et al., 2019; Yang et al., 2019). In addition, the nuclear-encoded miR-181c can be transported to the mitochondria to form an AGO/mt-COX1 complex, which regulates mtROS. The activation of the transcription factor Sp1 can directly upregulate the transcription of MICU1 by binding to the MICU1 promoter region, clarifying the regulatory role of the miR-181c→mt-COX 1→ROS→Sp1→MICU1 signaling pathway in the regulation of mitochondrial calcium uptake in the model; however, the article did not identify the specific target of miR-181c (Banavath et al., 2019). Similarly, in both in vivo and in vitro models induced by anoxia reoxygenation (AR), HR, or IR, miR-30a, and miR-486 can target p53 transcription, restore the mitochondrial membrane potential and ATP production, improve mitochondrial damage, and inhibit myocardial apoptosis (Forini et al., 2014; Sun et al., 2017; Zhang C. et al., 2019). MiR-361,miR-539, and miR-421 inhibit prohibitin 1 (PHB1), PHB2, and PINK1, respectively, to intensify mitochondrial fragmentation and promote H2O2-induced cardiomyocyte apoptosis and myocardial infarction (Wang et al., 2014; Wang et al., 2015a; Wang et al., 2015c).
In both in vitro and in vivo IR and AR-induced models, miR-145 can improve the mitochondrial structure, reduce the production of mtROS, and reverse myocardial apoptosis by targeting BNIP3 (Li et al., 2012). The upregulation of miR-324-5p, miR-484, and miR-761 can improve mitochondrial over fission and inhibit myocardial apoptosis by inhibiting mitochondrial fission regulator 1 (MTFR1), Fis1, and MFF, respectively (Wang et al., 2012; Long et al., 2013; Wang et al., 2015b). The downregulation of miR-499 can inhibit the α and β isoforms of the calcineurin catalytic subunit (CnAα and CnAβ) to activate Drp1, accelerate mitochondrion fission, and promote the occurrence of apoptosis (Wang et al., 2011).
In the left anterior descending artery (LAD)-ligation or HR-mediated myocardial apoptosis models, miR-410 can cause abnormal mitophagy and promote apoptosis by inhibiting high-mobility group box one protein (HMGB1) (Yang et al., 2018). MiR-762 and miR-143 target NADH dehydrogenase 2 (ND2) and protein kinase C-epsilon (PKCε), respectively, resulting in the depletion of the mitochondrial membrane potential and decreased ATP activity, which disrupts mitochondrial function and accelerates myocardial apoptosis (Hong H. et al., 2017; Yan et al., 2019). However, miR-203 can inhibit protein tyrosine phosphatase 1 (PTP1) expression, promote ATP synthesis, restore the mitochondrial membrane potential, and improve myocardial apoptosis (Zhang J. et al., 2019). MiR-24 can inhibit the expression of C/EBP-homologous protein (CHOP) and improve myocardial apoptosis (Wang and Qian, 2014). The overexpression of miR-145 inhibited programmed cell death 4 (PDCD4) expression, improved mitochondrial function, and inhibited myocardial apoptosis in the above experimental models (Xu et al., 2017). In addition, in the apoptotic model induced by isoprenaline (ISO) treatment, miR-558 was able to promote apoptosis by targeting unc-51-like autophagy activating kinase 1 (ULK1), promoting the loss of mitochondrial membrane potential and mtROS overproduction (Guo et al., 2019). In a sepsis-induced mouse model of myocardial apoptosis, the downregulation of miR-208 improved mitochondrial swelling and cell apoptosis by targeting activation of the suppressor of cytokine signaling 2 (SOCS2) (Ouyang et al., 2020).
These data show that the regulation of mitochondrial function by miRNAs has been extensively studied in myocardial apoptosis, especially in models of IR-mediated myocardial apoptosis, which laid a solid foundation for the possibility of using miRNAs as biomarkers in myocardial IR injury-induced cardiomyopathy, although the functions and mechanisms of miRNAs in other induced myocardial apoptosis models require further study.
Cardiac Hypertrophy
Cardiac hypertrophy is a compensatory response that allows for the maintenance of cardiac function and efficiency under conditions of cardiac overload, which is manifested as the enlargement of the heart and the individual component cardiomyocytes. Physiological hypertrophy often occurs during pregnancy and in athletes, associated with enhanced cardiac contractile function, with no interstitial or alternative fibrosis or cell death, and is usually reversible and does not progress to heart failure. Pathological cardiac hypertrophy is mediated by persistent neuroendocrine hormones and stimulated by mechanical forces and is accompanied by cell death, fibrous remodeling, and mitochondrial dysfunction, which ultimately leads to heart failure (Nakamura and Sadoshima, 2018). Cumulative evidence has demonstrated that miRNA-targeted mitochondrial function and morphological regulation play indispensable roles in cardiac hypertrophy (Jusic et al., 2020).
Mitochondrial Fusion-Related MicroRNAs in Cardiac Hypertrophy
MFN1/2 and OPA1 are the main contributors to the process of mitochondrial fusion and are important for maintaining the balance of mitochondrial dynamics. MiR-106 can downregulate the expression of MFN2, exacerbating cardiac hypertrophy induced by transverse aortic constriction (TAC) or angiotensin II (Ang II) pressure overload, which is associated with mitochondrial dysfunction, including mitochondrial cristae defects, the considerable depolarization of the mitochondrial membrane, and mtROS production, suggesting that high miR-106 expression levels promote mitochondrial dysfunction in cardiac hypertrophy (Guan et al., 2016). The same regulatory pathway was also associated with miR-195-5p and miR-20. MiR-195-5p was upregulated in vitro and in vivo Ang Ⅱ-induced hypertrophic models, and the high expression of miR-195-5p inhibited MFN2 activity, leading to abnormal mitochondrial fusion. MiR-20 is upregulated in hypertrophic cells, causing mitochondrial dysfunction by repressing MFN2 expression, and a similar expression phenomenon has been detected in clinical hypertrophic cardiomyopathy patients (Sun et al., 2019; Wang et al., 2019). Recently, miR-20b was found to be upregulated in an Ang II-induced primary cardiomyocyte hypertrophy model and a TAC-induced hypertrophy model in KM mice, resulting in mitochondrial fragmentation and a sharp decrease in fusion ability. MFN2 plays an important role connecting the sarcoplasmic reticulum to mitochondrial calcium transport, which weakens the mitochondrial buffering capacity and leads to increased cytosolic Ca2+, decreased mitochondrial Ca2+, and disturbed calcium homeostasis. This phenomenon can be reversed by inhibiting the miR-20b-targeted upregulation of MFN2, showing that the hypertrophic effects of miR-20b can be achieved by the targeted downregulation of MFN2 (Qiu et al., 2020). Additionally, studies have demonstrated that both miR-153-3p and miR-140 are involved in ISO-induced cardiac hypertrophy and ventricular hypertrophy in patients with pulmonary arterial hypertension (PAH), downregulating the expression of MFN1 mRNA and leading to excessive mitochondrial fission (Joshi et al., 2016; Wang et al., 2020). However, the role played by miRNAs in the regulation of OPA1 in cardiac hypertrophy has not yet been reported and represents an unexplored field for researchers looking to study the regulatory effects of miRNAs on mitochondrial fusion.
Mitochondrial Fission-Related MicroRNAs in Cardiac Hypertrophy
Drp1/Dynamin I (Dnm1), MFF, and Fis1 are the key genes involved in the regulation of mitochondrial fission. In vitro, miR-29a-3p was shown to improve cardiac hypertrophy induced by neuropeptide Y by inhibiting the expression of Drp1 and reducing the expression of the hypertrophy marker gene atrial natriuretic peptide (Xie et al., 2020). In the norepinephrine (NA)-induced cardiac hypertrophy model, the overexpression of miR-376b-3p and the knockdown of MFF attenuated NA-induced mitochondrial fission and cardiac hypertrophy, which suggested that miR-376b-3p could improve mitochondrial fission and reverse cardiac hypertrophy by inhibiting the expression of MFF by binding to its 3’UTR. These results indicated that miR-376b-3p is a novel regulator that affects mitochondrial morphology (Sun Y. L et al., 2018). MiR-485-5p can improve mitochondrial fission and reverse cardiac hypertrophy by activating MFN2 and causes the downregulation of mitochondrial anchored protein ligase (MAPL) in phenylephrine (PE)-induced cardiac hypertrophy models (Zhao et al., 2017). However, whether miRNAs are involved in the growth underlying cardiac hypertrophy by targeting other mitochondrial mitotic proteins, such as Dnm1 and Fis1, requires further exploration.
In hypertrophic cardiac diseases, miRNAs can regulate mitochondrial function through other signaling pathways. For example, the overexpression of miR-146a and the knockout of dihydrolipoyl succinyltransferase (DLST) can both lead to the downregulation of tricarboxylic acid cycle efficiency, causing impaired energy production, similar to the mechanism identified in Ang II- and TAC-induced cardiac hypertrophy and in clinical patients, suggesting that miR-146a and its target DLST are important regulators of the metabolic pathways involved in cardiac hypertrophy (Heggermont et al., 2017). In a spontaneous hypertensive rat (SHR) model, the high expression of miR-21 can rescue mitochondrial dysfunction and cardiac hypertrophy induced by the gene silencing of mtDNA-encoded cytochrome b (mt-Cytb) (Li H. et al., 2016). MiR-1 has been identified as a muscle-specific miRNA, and MCU is a prerequisite for mitochondrial functional homeostasis, ATP synthesis, and cell metabolism. Recently, miR-1 was shown to effectively bind to the 3′UTR of MCU, affecting mitochondrial Ca2+ uptake and leading to cardiac hypertrophy. This finding suggests a new role for miR-1/MCU signaling in mitochondrial calcium regulation and cardiac hypertrophy (Zaglia et al., 2017). MiR-142-3p overexpression was shown to silence the energy metabolism regulatory factor Src homology 2 (HS2B1), and protect mitochondrial function by restoring oxygen consumption rate and membrane potential, thus reversing Ang Ⅱ- and abdominal aorta ligation (AB)- mediated cardiac hypertrophy (Liu et al., 2018). MiR-28 can target the mitochondrial gene VDAC1, activate PPARγ, improve mitochondrial function, and induce cardiac hypertrophy mediated by the α1-adrenergic agonist PE in vitro (Kar and Bandyopadhyay, 2018).
Although increasing evidence has suggested that miRNAs participate in the development of cardiac hypertrophy by regulating the expression of mitochondria-related genes, more attention has been focused on the pathways involved in mitochondrial fusion and fission. However, the contributions of mitophagy regulation by miRNAs in cardiac hypertrophy should not be ignored and should be further explored.
Diabetic Cardiomyopathy
Diabetic cardiomyopathy (DCM) is a specific cardiomyopathy, independent of hypertension, coronary heart disease, valvular heart disease, and other cardiac diseases, that occurs in diabetic patients and is associated with ventricular pathological remodeling. DCM is the primary mediator of the increased incidence of heart failure and mortality in diabetic patients (Yin et al., 2019). The regulation of mitochondrial function by miRNAs is actively involved in the development and progression of DCM (Hathaway et al., 2018). In db/db mice and palmitate-induced DCM, the downregulation of miR-30c can inhibit the mitochondrial membrane potential of PPARα by activating PGC-1 β, inducing mitochondrial biogenesis and intensifying the occurrence of DCM (Yin et al., 2019). In the past, let-7 downregulation was shown to improve STZ-induced DCM by regulating the Akt/mTOR signal, but its key target has not been studied in-depth (Li J. et al., 2016).
Recently, both let-7b-5 and miR-92a-2-5p were found to inhibit mtROS overproduction, activate the mitochondrial respiratory chain, prevent lipid deposition, and ameliorate DCM by regulating mt-cytb (Li et al., 2019). In an STZ-induced DCM model, the expression of miR-1 was downregulated, and Junctin expression was upregulated, which induced mitochondrial swelling and the loss of the mitochondrial cistern and granule matrix. Junctin is a downstream target of miR-1, but the specific mechanism of Junctin regulation in DCM remains unclear (Yildirim et al., 2013). However, in a high-glucose (HG)-induced DCM model, the overexpression of miR-1 inhibited Fxra, resulting in the loss of the mitochondrial membrane potential and aggravating DCM damage (Cheng et al., 2018). Therefore, the elucidation of the specific role played by miR-1 and its mechanism of action in DCM is important for the prevention and treatment of DCM. MiR-141 was upregulated in the hearts of STZ-induced FVB mice, which inhibited the translation of mitochondrion phosphate carrier (Slc25a3) without affecting the transcription level, resulting in decreased ATP synthetase activity (Baseler et al., 2012). Recently, the overexpression of miR-144 was found to specifically inhibit Rac-1, regulating the AMPK-PGC-1 α signal, enhancing mitochondrial biogenesis, upregulating the copy number of mtDNA, and restoring the mitochondrial membrane potential, which improved the DCM induced by HG and STZ both in vitro and in vivo (Tao et al., 2020).
MiRNAs are involved in DCM by affecting mitochondrial function through a wide range of signaling pathways. However, little research has been performed to examine the direct targeting of mitochondrial functional proteins, especially those involved in mitochondrial dynamics and mitophagy.
Heart Failure
The pathological factors that contribute to heart failure are very complex and are often the cumulative effect of many diseases, including coronary heart disease, hypertension, and ischemic heart disease. Mitochondrial function is an important target for the treatment of heart failure, and the regulation of mitochondrial function by miRNAs contributes to the occurrence and development of heart failure (Pinti et al., 2017). MiR-696, miR-532, miR-690, and miR-345-3p are highly expressed in the mitochondria of C57BL/6 mice with TAC-induced heart failure. Enrichment analysis of these four miRNAs pathways by TarBase showed that these pathways were closely related to mitochondrial genesis, fission, and energy metabolism, which further revealed that the effects of miRNAs on mitochondrial function were closely related to heart failure (Wang et al., 2017). The mitochondrial deacetylase Sirtuin 3 (SIRT3) plays a key role in the maintenance of mitochondrial function by regulating mitochondrial acetylation. In patients with heart failure and TAC/MI- and Ang II-induced heart failure models, the high expression of miR-195 can downregulate SIRT3 activity, aggravating the excessive acetylation of pyruvate dehydrogenase complex (PDC) and ATP synthetase in patients—resulting in disordered mitochondrial energy metabolism (Zhang et al., 2018). Treatment with an miR-1a-3p agomir can improve the symptoms of heart failure in ISO-induced HF mice by increasing the expression of mitochondrial NADH dehydrogenase 1 (ND1) and mitochondrial cytochrome c oxidase I (COX Ⅰ) (He et al., 2019). In addition, in miR-29-deficient mice, cardiac dysfunction, abnormal cardiac metabolism, and the activation of PGC-1 α led to mitochondrial biological disorders. The expression of miR-29 can inhibit PGC-1 α, control mitochondrial biogenesis, and improve heart failure (Caravia et al., 2018). In a heart failure model induced by left coronary artery ligation (LCA), the high expression of miR-665 can reduce mitochondrial ATP enzymatic activity and damage cardiac function, whereas the inhibition of miR-655 can upregulate glucagon-like peptide 1 receptor (GLP1R) and cyclic adenosine monophosphate (cAMP) signaling to stabilize heart failure (Lin et al., 2019). In a TAC-induced heart failure model in C57BL/6 mice, the high expression of miR-152 resulted in the destruction of the mitochondrial ultrastructure and induced cardiac metabolic disorder, which was mediated by the targeted inhibition of FLRX5 (a key factor involved in the regulation of mitochondrial homeostasis). By contrast, the silencing of miR-152 could reverse the above pathological process and improve the heart failure caused by stress overload (LaRocca et al., 2020). In addition, nuclear-encoded miR-181c could be shifted toward mitochondrial targeting to inhibit the expression of the mitochondrial gene COX1, resulting in abnormal mitochondrial metabolism, the loss of OXPHOS, and heart failure (Das et al., 2014). These data suggested that miRNAs primarily contribute to heart failure by regulating mitochondrial metabolic pathways. Therefore, contributions of miRNAs on other mitochondrial functions associated with heart failure require additional study.
CHALLENGES AND DEVELOPMENT
Since the first miRNA was identified in 1993, research on miRNAs has received a great deal of attention, and miRNAs are the best-studied noncoding RNAs, especially relative to cardiovascular disease (Colpaert and Calore, 2019). One of the most characteristic features of the mitochondria is that it has its own genome, and mtDNA can participate in the synthesis, transcription, and replication of mitochondrial proteins (Gustafsson et al., 2016). Consequently, the discovery of mitochondrial genome-encoded miRNAs, which play key roles in cardiomyopathy, continues (Song et al., 2019). However, some challenges remain to be overcome, which provides avenues for future research:
1) The biosynthetic pathway of miRNAs is very complex, involving interactions among multiple enzymes and complex components. The roles played by each component in the miRNA synthesis pathway remain controversial, and how the passenger strand is degraded remains unclear (Jaé and Dimmeler, 2020). In addition to canonical synthetic pathways, non-canonical synthetic pathways are gradually being uncovered. Although these synthesis pathways bypass one or more steps of the canonical pathway, mature miRNAs synthesized by these pathways function similarly to those synthesized by canonical pathways (Ruby et al., 2007). Therefore, exploring and discovering the biosynthetic pathways used to generate additional miRNAs and elucidating the mechanisms of these miRNAs in cardiac disease remains a difficult and urgent problem to be solved.
2) The regulation of mitochondrial function by miRNAs has received increasing interest, and many mitochondrial-encoded miRNAs and nuclear-encoded miRNAs have been shown to translocate to the mitochondria to perform their biological functions (Fan et al., 2019). However, the extraction of uncontaminated mitochondria remains a challenge; therefore, the biosynthetic pathway and mode of action associated with mitochondrial miRNAs remain unclear. In addition, how nuclear-encoded miRNAs translocate to the mitochondria to perform their functions and the mediators of this process have yet to be determined. Thus, whether the mitochondrial genome can encode miRNAs and how the crosstalk between nuclear-encoded miRNAs and the mitochondria affects the development of cardiac disease remains to be further studied.
3) Generally, a single miRNA can target multiple genes, and multiple miRNAs can regulate the same gene, exerting different biological functions (Selbach et al., 2008). Both miR-106a and miR-20b can induce mitochondrial dysfunction and promote cardiac hypertrophy by inhibiting the expression of MFN2 (Guan et al., 2016; Qiu et al., 2020). MiR-140 improves I/R-induced myocardial apoptosis by inhibiting the expression of Drp1 and Fis1 through the targeting of YES1 (Li J. et al., 2014). However, in the Dox-induced cardiomyocyte apoptosis model, miR-140 was found to mediate cardiomyocyte apoptosis by inhibiting the expression of MFN1 (Li J. et al., 2014). Due to the large number of gene pools associated with mitochondrial function and the complex pathogenic factors that underlie cardiac diseases, research has both increased our understanding of the specific mechanisms and targets through which miRNAs regulated mitochondrial activity in cardiac diseases and introduced new challenges—which can be used to guide our future experimental studies.
4) MiRNA is also widely involved in other cardiac diseases, such as coronary artery disease (Hinkel et al., 2014), myocardial fibrosis (Yuan et al., 2017), and congenital heart disease (Smith et al., 2015). However, there is a lack of research on miRNA involved in these diseases by regulating mitochondrial function. Therefore, it is an urgent need to actively explore and study the specific regulatory mechanism of miRNA regulating mitochondrial function in more cardiac diseases.
CONCLUSION
Cardiovascular diseases are among the leading causes of death, and mitochondria represent promising potential therapeutic targets for cardiovascular diseases. The emergence of miRNAs has been a major breakthrough in the study of cardiac disease. In recent years, the miRNA-mediated regulation of the mitochondrial network has received much attention and has been verified in cardiac diseases. This review summarizes the biogenesis of miRNAs, their regulatory roles in mitochondrial functions, and the current research regarding miRNAs in cardiac disease, indicating that the regulation of mitochondrial function by miRNAs plays an important role in cardiomyocyte apoptosis, cardiac hypertrophy, diabetic cardiomyopathy, and cardiac failure. Based on the multiple targets downstream of miRNAs and the complexity of these diseases, a great deal of controversy remains regarding the miRNA-mediated regulation of mitochondria. Therefore, the continued vigorous exploration of miRNAs that regulate mitochondrial function remains necessary to elucidate downstream targets, especially those involved in mitophagy and mitochondrial dynamics. This research will improve our understanding of the biological functions of miRNAs and clarify the crosstalk that occurs between miRNAs and mitochondria. Understanding these networks will provide a theoretical basis for discovering new targets for drugs designed to prevent and treat cardiac disease and provide a new research avenue for clinical cardiac disease.
AUTHOR CONTRIBUTIONS
ZQ: consulting, collecting supporting materials, and writing the manuscript. WQ: collecting materials and architecture of figures. CY: providing professional opinions on writing reviews. FY: conducting beneficial discussions on the manuscript. XN: providing valuable opinions and suggestions on figures. LL: giving opinions and modifying forms on the table. TL: reviewing manuscripts and modifying word order. SC: providing ideas, critically reviewing the manuscript, and providing financial support. All authors contributed to the article and approved the submitted version.
FUNDING
This work was financially supported by the National Natural Science Foundation of China (No. 82060729 and U1812403-4-4), the Fund of High-Level Innovation Talents (No. 2015-4029), and the base of International Scientific and Technological Cooperation of Guizhou Province (No. (2017) 5802).
ACKNOWLEDGMENTS
We thank SC and other members from SC laboratory for helpful discussions and for providing professional opinions.
REFERENCES
 Abdelfattah, A. M., Park, C., and Choi, M. Y. (2014). Update on Non-canonical MicroRNAs. Biomol. Concepts. 5 (4), 275–287. doi:10.1515/bmc-2014-0012 
 Akhtar, M. M., Micolucci, L., Islam, M. S., Olivieri, F., and Procopio, A. D. (2016). Bioinformatic Tools for MicroRNA Dissection. Nucleic Acids Res. 44 (1), 24–44. doi:10.1093/nar/gkv1221 
 Ammirati, E., Veronese, G., Bottiroli, M., Wang, D. W., Cipriani, M., Garascia, A., et al. (2020). Update on Acute Myocarditis. Trends. Cardiovasc. Med. S1050-1738 (20), 30079–7. doi:10.1016/j.tcm.2020.05.008
 Babiarz, J. E., Ruby, J. G., Wang, Y., Bartel, D. P., and Blelloch, R. (2008). Mouse ES Cells Express Endogenous ShRNAs, SiRNAs, and Other Microprocessor-Independent, Dicer-Dependent Small RNAs. Genes Dev. 22 (20), 2773–2785. doi:10.1101/gad.1705308 
 Banavath, H. N., Roman, B., Mackowski, N., Biswas, D., Afzal, J., Nomura, Y., et al. (2019). MiR-181c Activates Mitochondrial Calcium Uptake by Regulating MICU1 in the Heart. J. Am. Heart Assoc. 8 (24), e012919. doi:10.1161/jaha.119.012919 
 Bartel, D. P. (2018). Metazoan MicroRNAs. Cell 173 (1), 20–51. doi:10.1016/j.cell.2018.03.006 
 Baseler, W. A., Thapa, D., Jagannathan, R., Dabkowski, E. R., Croston, T. L., Hollander, J. M., et al. (2012). MiR-141 as a Regulator of the Mitochondrial Phosphate Carrier (Slc25a3) in the Type 1 Diabetic Heart. Am. J. Physiology-Cell Physiol. 303 (12), C1244–C1251. doi:10.1152/ajpcell.00137.2012 
 Bayfield, M. A., and Maraia, R. J. (2009). Precursor-Product Discrimination by La Protein During tRNA Metabolism. Nat. Struct. Mol. Biol. 16 (4), 430–437. doi:10.1038/nsmb.1573 
 Blewett, N. H., and Maraia, R. J. (2018). La Involvement in tRNA and Other RNA Processing Events Including Differences Among Yeast and Other Eukaryotes. Biochim. Biophys. Acta (Bba) - Gene Regul. Mech. 1861 (4), 361–372. doi:10.1016/j.bbagrm.2018.01.013
 Borralho, P. M., Rodrigues, C. M. P., and Steer, C. J. (2015). MicroRNAs in Mitochondria: An Unexplored Niche. Adv. Exp. Med. Biol. 887, 31–51. doi:10.1007/978-3-319-22380-3_3 
 Bose, A., and Beal, M. F. (2016). Mitochondrial Dysfunction in Parkinson's Disease. J. Neurochem. 139, 216–231. doi:10.1111/jnc.13731 
 Brown, D. A., Perry, J. B., Allen, M. E., Sabbah, H. N., Stauffer, B. L., Shaikh, S. R., et al. (2017). Mitochondrial Function as a Therapeutic Target in Heart Failure. Nat. Rev. Cardiol. 14 (4), 238–250. doi:10.1038/nrcardio.2016.203 
 Cai, X., Hagedorn, C. H., and Cullen, B. R. (2004). Human microRNAs are processed from capped, polyadenylated transcripts that can also function as mRNAs. RNA 10 (12), 1957–1966. doi:10.1261/rna.7135204
 Cao, J., Cowan, D. B., and Wang, D. Z. (2020). tRNA-Derived Small RNAs and Their Potential Roles in Cardiac Hypertrophy. Front. Pharmacol. 11, 572941. doi:10.3389/fphar.2020.5729410.3389/fphar.2020.572941 
 Caravia, X. M., Fanjul, V., Oliver, E., Roiz-Valle, D., Morán-Álvarez, A., Desdín-Micó, G., et al. (2018). The microRNA-29/PGC1α Regulatory axis Is Critical for Metabolic Control of Cardiac Function. Plos Biol. 16 (10), e2006247. doi:10.1371/journal.pbio.2006247 
 Chaudhuri, A. D., Choi, D. C., Kabaria, S., Tran, A., and Junn, E. (2016). MicroRNA-7 Regulates the Function of Mitochondrial Permeability Transition Pore by Targeting VDAC1 Expression. J. Biol. Chem. 291 (12), 6483–6493. doi:10.1074/jbc.M115.691352 
 Cheloufi, S., Dos Santos, C. O., Chong, M. M. W., and Hannon, G. J. (2010). A Dicer-Independent miRNA Biogenesis Pathway that Requires Ago Catalysis. Nature 465 (7298), 584–589. doi:10.1038/nature09092 
 Chen, K., Guan, Y., Ma, Y., Quan, D., Zhang, J., Wu, S., et al. (2019). Danshenol A Alleviates Hypertension-Induced Cardiac Remodeling by Ameliorating Mitochondrial Dysfunction and Suppressing Reactive Oxygen Species Production. Oxidative Med. Cell Longevity 2019, 1–18. doi:10.1155/2019/2580409 
 Cheng, M., Liu, L., Lao, Y., Liao, W., Liao, M., Luo, X., et al. (2016). MicroRNA-181a Suppresses Parkin-Mediated Mitophagy and Sensitizes Neuroblastoma Cells to Mitochondrial Uncoupler-Induced Apoptosis. Oncotarget 7 (27), 42274–42287. doi:10.18632/oncotarget.9786 
 Cheng, Y., Zhao, W., Zhang, X., Sun, L., Yang, H., Wang, Y., et al. (2018). Downregulation of microRNA-1 A-ttenuates G-lucose-induced A-poptosis by R-egulating the L-iver X R-eceptor α in C-ardiomyocytes. Exp. Ther. Med. 16 (3), 1814–1824. doi:10.3892/etm.2018.6388 
 Chistiakov, D. A., Shkurat, T. P., Melnichenko, A. A., Grechko, A. V., and Orekhov, A. N. (2018). The Role of Mitochondrial Dysfunction in Cardiovascular Disease: A Brief Review. Ann. Med. 50 (2), 121–127. doi:10.1080/07853890.2017.1417631 
 Chowdhury, S. R., Reimer, A., Sharan, M., Kozjak-Pavlovic, V., Eulalio, A., Prusty, B. K., et al. (2017). Chlamydia Preserves the Mitochondrial Network Necessary for Replication via MicroRNA-Dependent Inhibition of Fission. J. Cel. Biol. 216 (4), 1071–1089. doi:10.1083/jcb.201608063 
 Cifuentes, D., Xue, H., Taylor, D. W., Patnode, H., Mishima, Y., Cheloufi, S., et al. (2010). A Novel MiRNA Processing Pathway Independent of Dicer Requires Argonaute2 Catalytic Activity. Science 328 (5986), 1694–1698. doi:10.1126/science.1190809 
 Colpaert, R. M. W., and Calore, M. (2019). MicroRNAs in Cardiac Diseases. Cells 8 (7), 737. doi:10.3390/cells8070737 
 Das, S., Bedja, D., Campbell, N., Dunkerly, B., Chenna, V., Maitra, A., et al. (2014). MiR-181c Regulates the Mitochondrial Genome, Bioenergetics, and Propensity for Heart Failure In Vivo. PLoS One 9 (5), e96820. doi:10.1371/journal.pone.0096820 
 Denli, A. M., Tops, B. B. J., Plasterk, R. H. A., Ketting, R. F., and Hannon, G. J. (2004). Processing of Primary MicroRNAs by the Microprocessor Complex. Nature 432 (7014), 231–235. doi:10.1038/nature03049 
 Du, J., Hang, P., Pan, Y., Feng, B., Zheng, Y., Chen, T., et al. (2019). Inhibition of miR-23a Attenuates Doxorubicin-Induced Mitochondria-dependent Cardiomyocyte Apoptosis by Targeting the PGC-1α/Drp1 Pathway. Toxicol. Appl. Pharmacol. 369, 73–81. doi:10.1016/j.taap.2019.02.016 
 Fan, S., Tian, T., Chen, W., Lv, X., Lei, X., Zhang, H., et al. (2019). Mitochondrial miRNA Determines Chemoresistance by Reprogramming Metabolism and Regulating Mitochondrial Transcription. Cancer Res. 79 (6), 1069–1084. doi:10.1158/0008-5472.CAN-18-2505 
 Feng, S., Gao, L., Zhang, D., Tian, X., Kong, L., Shi, H., et al. (2019). MiR-93 Regulates Vascular Smooth Muscle Cell Proliferation, and Neointimal Formation Through Targeting Mfn2. Int. J. Biol. Sci. 15 (12), 2615–2626. doi:10.7150/ijbs.36995 
 Forini, F., Kusmic, C., Nicolini, G., Mariani, L., Zucchi, R., Matteucci, M., et al. (2014). Triiodothyronine Prevents Cardiac Ischemia/Reperfusion Mitochondrial Impairment and Cell Loss by Regulating MiR30a/p53 Axis. Endocrinology 155 (11), 4581–4590. doi:10.1210/en.2014-1106 
 Gollmer, J., Zirlik, A., and Bugger, H. (2020). Mitochondrial Mechanisms in Diabetic Cardiomyopathy. Diabetes Metab. J. 44 (1), 33–53. doi:10.4093/dmj.2019.0185 
 Guan, X., Wang, L., Liu, Z., Guo, X., Jiang, Y., Lu, Y., et al. (2016). MiR-106a Promotes Cardiac Hypertrophy by Targeting Mitofusin 2. J. Mol. Cell Cardiol. 99, 207–217. doi:10.1016/j.yjmcc.2016.08.016 
 Guo, X., Wu, X., Han, Y., Tian, E., and Cheng, J. (2019). LncRNA MALAT1 Protects Cardiomyocytes from Isoproterenol‐induced Apoptosis through Sponging miR‐558 to Enhance ULK1‐mediated Protective Autophagy. J. Cel Physiol. 234 (7), 10842–10854. doi:10.1002/jcp.27925
 Gustafsson, C. M., Falkenberg, M., and Larsson, N.-G. (2016). Maintenance and Expression of Mammalian Mitochondrial DNA. Annu. Rev. Biochem. 85, 133–160. doi:10.1146/annurev-biochem-060815-014402 
 Ha, M., and Kim, V. N. (2014). Regulation of MicroRNA Biogenesis. Nat. Rev. Mol. Cel Biol 15 (8), 509–524. doi:10.1038/nrm3838
 Hammond, S. M. (2015). An Overview of MicroRNAs. Adv. Drug Deliv. Rev. 87, 3–14. doi:10.1016/j.addr.2015.05.001 
 Han, J., Lee, Y., Yeom, K.-H., Nam, J.-W., Heo, I., Rhee, J.-K., et al. (2006). Molecular Basis for the Recognition of Primary MicroRNAs by the Drosha-DGCR8 Complex. Cell 125 (5), 887–901. doi:10.1016/j.cell.2006.03.043 
 Hathaway, Q. A., Pinti, M. V., Durr, A. J., Waris, S., Shepherd, D. L., and Hollander, J. M. (2018). Regulating MicroRNA Expression: at the Heart of Diabetes Mellitus and the Mitochondrion. Am. J. Physiology-Heart Circulatory Physiol. 314 (2), H293–H310. doi:10.1152/ajpheart.00520.2017
 Havens, M. A., Reich, A. A., Duelli, D. M., and Hastings, M. L. (2012). Biogenesis of Mammalian MicroRNAs by a Non-canonical Processing Pathway. Nucleic Acids Res. 40 (10), 4626–4640. doi:10.1093/nar/gks026 
 He, R., Ding, C., Yin, P., He, L., Xu, Q., Wu, Z., et al. (2019). MiR-1a-3p Mitigates Isoproterenol-Induced Heart Failure by Enhancing the Expression of Mitochondrial ND1 and COX1. Exp. Cel Res. 378 (1), 87–97. doi:10.1016/j.yexcr.2019.03.012 
 Heggermont, W. A., Papageorgiou, A.-P., Quaegebeur, A., Deckx, S., Carai, P., Verhesen, W., et al. (2017). Inhibition of MicroRNA-146a and Overexpression of Its Target Dihydrolipoyl Succinyltransferase Protect Against Pressure Overload-Induced Cardiac Hypertrophy and Dysfunction. Circulation 136 (8), 747–761. doi:10.1161/CIRCULATIONAHA.116.024171 
 Hinkel, R., Ng, J. K. M., and Kupatt, C. (2014). Targeting MicroRNAs for Cardiovascular Therapeutics in Coronary Artery Disease. Curr. Opin. Cardiol. 29 (6), 586–594. doi:10.1097/HCO.0000000000000107 
 Hong, H., Tao, T., Chen, S., Liang, C., Qiu, Y., Zhou, Y., et al. (2017). MicroRNA-143 Promotes Cardiac Ischemia-Mediated Mitochondrial Impairment by the Inhibition of Protein Kinase Cepsilon. Basic Res. Cardiol. 112 (6), 60. doi:10.1007/s00395-017-0649-7 
 Hong, Z., Chen, K.-H., DasGupta, A., Potus, F., Dunham-Snary, K., Bonnet, S., et al. (2017). MicroRNA-138 and MicroRNA-25 Down-Regulate Mitochondrial Calcium Uniporter, Causing the Pulmonary Arterial Hypertension Cancer Phenotype. Am. J. Respir. Crit. Care Med. 195 (4), 515–529. doi:10.1164/rccm.201604-0814oc 
 Hutvágner, G., McLachlan, J., Pasquinelli, A. E., Bálint, E., Tuschl, T., and Zamore, P. D. (2001). A Cellular Function for the RNA-Interference Enzyme Dicer in the Maturation of the Let-7 Small Temporal RNA. Science 293 (5531), 834–838. doi:10.1126/science.1062961 
 Jaé, N., and Dimmeler, S. (2020). Noncoding RNAs in Vascular Diseases. Circ. Res. 126 (9), 1127–1145. doi:10.1161/CIRCRESAHA.119.315938 
 Jaquenod De Giusti, C., Roman, B., and Das, S. (2018). The Influence of MicroRNAs on Mitochondrial Calcium. Front. Physiol. 9, 1291. doi:10.3389/fphys.2018.01291 
 Jiang, S., Teague, A. M., Tryggestad, J. B., and Chernausek, S. D. (2017). Role of microRNA-130b in Placental PGC-1α/TFAM Mitochondrial Biogenesis Pathway. Biochem. Biophysical Res. Commun. 487 (3), 607–612. doi:10.1016/j.bbrc.2017.04.099 
 Jing, X., Yang, J., Jiang, L., Chen, J., and Wang, H. (2018). MicroRNA-29b Regulates the Mitochondria-Dependent Apoptotic Pathway by Targeting Bax in Doxorubicin Cardiotoxicity. Cell Physiol. Biochem. 48 (2), 692–704. doi:10.1159/000491896 
 Joshi, S. R., Dhagia, V., Gairhe, S., Edwards, J. G., McMurtry, I. F., and Gupte, S. A. (2016). MicroRNA-140 Is Elevated and Mitofusin-1 Is Downregulated in the Right Ventricle of the Sugen5416/Hypoxia/Normoxia Model of Pulmonary Arterial Hypertension. Am. J. Physiol.-Heart Circ. Physiol. 311 (3), H689–H698. doi:10.1152/ajpheart.00264.2016 
 Jusic, A., and Devaux, Y.EU-CardioRNA COST Action (CA17129) (2020). Mitochondrial Noncoding RNA-Regulatory Network in Cardiovascular Disease. Basic Res. Cardiol. 115 (3), 23. doi:10.1007/s00395-020-0783-5 
 Kar, D., and Bandyopadhyay, A. (2018). Targeting Peroxisome Proliferator Activated Receptor α (PPAR α) for the Prevention of Mitochondrial Impairment and Hypertrophy in Cardiomyocytes. Cel Physiol. Biochem. 49 (1), 245–259. doi:10.1159/000492875 
 Ketting, R. F., Fischer, S. E., Bernstein, E., Sijen, T., Hannon, G. J., and Plasterk, R. H. (2001). Dicer Functions in RNA Interference and in Synthesis of Small RNA Involved in Developmental Timing in C. elegans. Genes Dev. 15 (20), 2654–2659. doi:10.1101/gad.927801 
 Kim, J., Fiesel, F. C., Belmonte, K. C., Hudec, R., Wang, W.-X., Kim, C., et al. (2016). MiR-27a and MiR-27b Regulate Autophagic Clearance of Damaged Mitochondria by Targeting PTEN-Induced Putative Kinase 1 (PINK1). Mol. Neurodegeneration 11 (1), 55. doi:10.1186/s13024-016-0121-4 
 Kim, Y.-K., Kim, B., and Kim, V. N. (2016). Re-evaluation of the Roles of DROSHA, Exportin 5, and DICER in microRNA Biogenesis. Proc. Natl. Acad. Sci. USA 113 (13), E1881–E1889. doi:10.1073/pnas.1602532113 
 Kumar, A. A., Kelly, D. P., and Chirinos, J. A. (2019). Mitochondrial Dysfunction in Heart Failure with Preserved Ejection Fraction. Circulation 139 (11), 1435–1450. doi:10.1161/CIRCULATIONAHA.118.036259 
 LaRocca, T. J., Seeger, T., Prado, M., Perea-Gil, I., Neofytou, E., Mecham, B. H., et al. (2020). Pharmacological Silencing of MicroRNA-152 Prevents Pressure Overload-Induced Heart Failure. Circ. Heart Fail. 13 (3), e006298. doi:10.1161/CIRCHEARTFAILURE.119.006298 
 Lee, R. C., Feinbaum, R. L., and Ambros, V. (1993). The C. elegans Heterochronic Gene Lin-4 Encodes Small RNAs with Antisense Complementarity to Lin-14. Cell 75 (5), 843–854. doi:10.1016/0092-8674(93)90529-y 
 Lee, Y., Ahn, C., Han, J., Choi, H., Kim, J., Yim, J., et al. (2003). The Nuclear RNase III Drosha Initiates MicroRNA Processing. Nature 425 (6956), 415–419. doi:10.1038/nature01957 
 Lee, H., Tak, H., Park, S. J., Jo, Y. K., Cho, D. H., and Lee, E. K. (2017). MicroRNA-200a-3p Enhances Mitochondrial Elongation by Targeting Mitochondrial Fission Factor. BMB Rep. 50 (4), 214–219. doi:10.5483/bmbrep.2017.50.4.006 
 Lemecha, M., Morino, K., Imamura, T., Iwasaki, H., Ohashi, N., Ida, S., et al. (2018). MiR-494-3p Regulates Mitochondrial Biogenesis and Thermogenesis through PGC1-α Signalling in Beige Adipocytes. Sci. Rep. 8 (1), 15096. doi:10.1038/s41598-018-33438-3 
 Li, R., Yan, G., Li, Q., Sun, H., Hu, Y., Sun, J., et al. (2012). MicroRNA-145 Protects Cardiomyocytes against Hydrogen Peroxide (H2O2)-Induced Apoptosis through Targeting the Mitochondria Apoptotic Pathway. Plos. One. 7 (9), e44907. doi:10.1371/journal.pone.0044907 
 Li, H., Dai, B., Fan, J., Chen, C., Nie, X., Yin, Z., et al. (2019). The Different Roles of miRNA-92a-2-5p and Let-7b-5p in Mitochondrial Translation in Db/db Mice. Mol. Ther. - Nucleic Acids 17, 424–435. doi:10.1016/j.omtn.2019.06.013 
 Li, J., Li, Y., Jiao, J., Wang, J., Li, Y., Qin, D., et al. (2014). Mitofusin 1 Is Negatively Regulated by MicroRNA 140 in Cardiomyocyte Apoptosis. Mol. Cell Biol. 34 (10), 1788–1799. doi:10.1128/MCB.00774-13 
 Li, W., Zhang, X., Zhuang, H., Chen, H.-g., Chen, Y., Tian, W., et al. (2014). MicroRNA-137 Is a Novel Hypoxia-Responsive MicroRNA that Inhibits Mitophagy via Regulation of Two Mitophagy Receptors FUNDC1 and NIX. J. Biol. Chem. 289 (15), 10691–10701. doi:10.1074/jbc.M113.537050 
 Li, X., Wang, F. S., Wu, Z. Y., Lin, J. L., Lan, W. B., and Lin, J. H. (2014). MicroRNA-19b Targets Mfn1 to Inhibit Mfn1-Induced Apoptosis in Osteosarcoma Cells. neo 61 (3), 265–273. doi:10.4149/neo_2014_034
 Li, H., Zhang, X., Wang, F., Zhou, L., Yin, Z., Fan, J., et al. (2016). MicroRNA-21 Lowers Blood Pressure in Spontaneous Hypertensive Rats by Upregulating Mitochondrial Translation. Circulation 134 (10), 734–751. doi:10.1161/CIRCULATIONAHA.116.023926 
 Li, J., Ren, Y., Shi, E., Tan, Z., Xiong, J., Yan, L., et al. (2016). Inhibition of the Let-7 Family MicroRNAs Induces Cardioprotection Against Ischemia-Reperfusion Injury in Diabetic Rats. Ann. Thorac. Surg. 102 (3), 829–835. doi:10.1016/j.athoracsur.2016.02.016 
 Lin, B., Feng, D. G., and Xu, J. (2019). microRNA‐665 Silencing Improves Cardiac Function in Rats with Heart Failure through Activation of the cAMP Signaling Pathway. J. Cel. Physiol. 234 (8), 13169–13181. doi:10.1002/jcp.27987
 Liu, B.-l., Cheng, M., Hu, S., Wang, S., Wang, L., Tu, X., et al. (2018). Overexpression of MiR-142-3p Improves Mitochondrial Function in Cardiac Hypertrophy. Biomed. Pharmacother. 108, 1347–1356. doi:10.1016/j.biopha.2018.09.146 
 Liu, Y., Zou, J., Liu, X., and Zhang, Q. (2019). MicroRNA-138 A-ttenuates M-yocardial I-schemia R-eperfusion I-njury through I-nhibiting M-itochondria-mediated A-poptosis by T-argeting HIF1-α. Exp. Ther. Med. 18 (5), 3325–3332. doi:10.3892/etm.2019.7976 
 Long, B., Wang, K., Li, N., Murtaza, I., Xiao, J.-Y., Fan, Y.-Y., et al. (2013). MiR-761 Regulates the Mitochondrial Network by Targeting Mitochondrial Fission Factor. Free Radic. Biol. Med. 65, 371–379. doi:10.1016/j.freeradbiomed.2013.07.009 
 Lund, E., Güttinger, S., Calado, A., Dahlberg, J. E., and Kutay, U. (2004). Nuclear Export of MicroRNA Precursors. Science 303 (5654), 95–98. doi:10.1126/science.1090599 
 Ma, C., Zhang, C., Ma, M., Zhang, L., Zhang, L., Zhang, F., et al. (2017). MiR-125a Regulates Mitochondrial Homeostasis Through Targeting Mitofusin 1 to Control Hypoxic Pulmonary Vascular Remodeling. J. Mol. Med. 95 (9), 977–993. doi:10.1007/s00109-017-1541-5 
 Makhdoumi, P., Roohbakhsh, A., and Karimi, G. (2016). MicroRNAs Regulate Mitochondrial Apoptotic Pathway in Myocardial Ischemia-Reperfusion-Injury. Biomed. Pharmacother. 84, 1635–1644. doi:10.1016/j.biopha.2016.10.073 
 Mao, G.-X., Xu, X.-G., Wang, S.-Y., Li, H.-F., Zhang, J., Zhang, Z.-S., et al. (2019). Salidroside Delays Cellular Senescence by Stimulating Mitochondrial Biogenesis Partly through a miR-22/SIRT-1 Pathway. Oxidative Med. Cell Longevity 2019, 1–13. doi:10.1155/2019/5276096 
 Martinez, J., Patkaniowska, A., Urlaub, H., Lührmann, R., and Tuschl, T. (2002). Single-Stranded Antisense siRNAs Guide Target RNA Cleavage in RNAi. Cell 110 (5), 563–574. doi:10.1016/s0092-8674(02)00908-x 
 Mohamed, J. S., Hajira, A., Pardo, P. S., and Boriek, A. M. (2014). MicroRNA-149 Inhibits PARP-2 and Promotes Mitochondrial Biogenesis via SIRT-1/PGC-1α Network in Skeletal Muscle. Diabetes 63 (5), 1546–1559. doi:10.2337/db13-1364 
 Nakamura, M., and Sadoshima, J. (2018). Mechanisms of Physiological and Pathological Cardiac Hypertrophy. Nat. Rev. Cardiol. 15 (7), 387–407. doi:10.1038/s41569-018-0007-y 
 Neth, P., Nazari-Jahantigh, M., Schober, A., and Weber, C. (2013). MicroRNAs in Flow-Dependent Vascular Remodelling. Cardiovasc. Res. 99 (2), 294–303. doi:10.1093/cvr/cvt096 
 Nie, Y., Sato, Y., Wang, C., Yue, F., Kuang, S., and Gavin, T. P. (2016). Impaired Exercise Tolerance, Mitochondrial Biogenesis, and Muscle Fiber Maintenance in miR‐133a-Deficient Mice. FASEB j. 30 (11), 3745–3758. doi:10.1096/fj.201600529R 
 O'Brien, J., Hayder, H., Zayed, Y., and Peng, C. (2018). Overview of MicroRNA Biogenesis, Mechanisms of Actions, and Circulation. Front. Endocrinol. (Lausanne) 9, 402. doi:10.3389/fendo.2018.00402 
 O'Donnell, K. A., Wentzel, E. A., Zeller, K. I., Dang, C. V., and Mendell, J. T. (2005). c-Myc-Regulated MicroRNAs Modulate E2F1 Expression. Nature 435 (7043), 839–843. doi:10.1038/nature03677 
 Oberbauer, V., and Schaefer, M. (2018). tRNA-Derived Small RNAs: Biogenesis, Modification, Function and Potential Impact on Human Disease Development. Genes 9 (12), 607. doi:10.3390/genes9120607 
 Okamura, K., Hagen, J. W., Duan, H., Tyler, D. M., and Lai, E. C. (2007). The Mirtron Pathway Generates MicroRNA-Class Regulatory RNAs in Drosophila. Cell 130 (1), 89–100. doi:10.1016/j.cell.2007.06.028 
 Ouyang, H., Tan, Y., Li, Q., Xia, F., Xiao, X., Zheng, S., et al. (2020). MicroRNA-208-5p Regulates Myocardial Injury of Sepsis Mice via Targeting SOCS2-Mediated NF-Κb/hif-1α Pathway. Int. Immunopharmacol. 81, 106204. doi:10.1016/j.intimp.2020.106204 
 Paolillo, S., Marsico, F., Prastaro, M., Renga, F., Esposito, L., De Martino, F., et al. (2019). Diabetic Cardiomyopathy. Heart Fail. Clin. 15 (3), 341–347. doi:10.1016/j.hfc.2019.02.003 
 Picca, A., Mankowski, R. T., Burman, J. L., Donisi, L., Kim, J.-S., Marzetti, E., et al. (2018). Mitochondrial Quality Control Mechanisms as Molecular Targets in Cardiac Ageing. Nat. Rev. Cardiol. 15 (9), 543–554. doi:10.1038/s41569-018-0059-z 
 Pinti, M. V., Hathaway, Q. A., and Hollander, J. M. (2017). Role of MicroRNA in Metabolic Shift During Heart Failure. Am. J. Physiology-Heart Circulatory Physiol. 312 (1), H33–H45. doi:10.1152/ajpheart.00341.2016
 Pratt, A. J., and MacRae, I. J. (2009). The RNA-Induced Silencing Complex: A Versatile Gene-Silencing Machine. J. Biol. Chem. 284 (27), 17897–17901. doi:10.1074/jbc.R900012200 
 Puigserver, P., and Spiegelman, B. M. (2003). Peroxisome Proliferator-Activated Receptor-γ Coactivator 1α (PGC-1α): Transcriptional Coactivator and Metabolic Regulator. Endocr. Rev. 24 (1), 78–90. doi:10.1210/er.2002-0012 
 Purohit, P. K., Edwards, R., Tokatlidis, K., and Saini, N. (2019). MiR-195 Regulates Mitochondrial Function by Targeting Mitofusin-2 in Breast Cancer Cells. RNA Biol. 16 (7), 918–929. doi:10.1080/15476286.2019.1600999 
 Qiu, Y., Cheng, R., Liang, C., Yao, Y., Zhang, W., Zhang, J., et al. (2020). MicroRNA-20b Promotes Cardiac Hypertrophy by the Inhibition of Mitofusin 2-Mediated Inter-organelle Ca2+ Cross-Talk. Mol. Ther. - Nucleic Acids 19, 1343–1356. doi:10.1016/j.omtn.2020.01.017 
 Rossignol, P., Hernandez, A. F., Solomon, S. D., and Zannad, F. (2019). Heart Failure Drug Treatment. The Lancet 393 (10175), 1034–1044. doi:10.1016/S0140-6736(18)31808-7
 Ruby, J. G., Jan, C. H., and Bartel, D. P. (2007). Intronic MicroRNA Precursors that Bypass Drosha Processing. Nature 448 (7149), 83–86. doi:10.1038/nature05983 
 Schirone, L., Forte, M., Palmerio, S., Yee, D., Nocella, C., Angelini, F., et al. (2017). A Review of the Molecular Mechanisms Underlying the Development and Progression of Cardiac Remodeling. Oxidative Med. Cell Longevity 2017, 1–16. doi:10.1155/2017/3920195 
 Selbach, M., Schwanhäusser, B., Thierfelder, N., Fang, Z., Khanin, R., and Rajewsky, N. (2008). Widespread Changes in Protein Synthesis Induced by MicroRNAs. Nature 455 (7209), 58–63. doi:10.1038/nature07228 
 Shen, L., Chen, L., Zhang, S., Du, J., Bai, L., Zhang, Y., et al. (2016). MicroRNA-27b Regulates Mitochondria Biogenesis in Myocytes. PloS one 11 (2), e0148532. doi:10.1371/journal.pone.0148532 
 Shi, W., Deng, H., Zhang, J., Zhang, Y., Zhang, X., and Cui, G. (2018). Mitochondria-Targeting Small Molecules Effectively Prevent Cardiotoxicity Induced by Doxorubicin. Molecules 23 (6), 1486. doi:10.3390/molecules23061486 
 Smith, T., Rajakaruna, C., Caputo, M., and Emanueli, C. (2015). MicroRNAs in Congenital Heart Disease. Ann. Transl. Med. 3 (21), 333. doi:10.3978/j.issn.2305-5839.2015.12.25 
 Song, R., Hu, X.-Q., and Zhang, L. (2019). Mitochondrial MiRNA in Cardiovascular Function and Disease. Cells 8 (12), 1475. doi:10.3390/cells8121475 
 Stavast, C., and Erkeland, S. (2019). The Non-canonical Aspects of MicroRNAs: Many Roads to Gene Regulation. Cells 8 (11), 1465. doi:10.3390/cells8111465 
 Sun, Y., Su, Q., Li, L., Wang, X., Lu, Y., and Liang, J. (2017). MiR-486 Regulates Cardiomyocyte Apoptosis by P53-Mediated BCL-2 Associated Mitochondrial Apoptotic Pathway. BMC. Cardiovasc. Disord. 17 (1), 119. doi:10.1186/s12872-017-0549-7 
 Sun, D., Li, C., Liu, J., Wang, Z., Liu, Y., Luo, C., et al. (2019). Expression Profile of microRNAs in Hypertrophic Cardiomyopathy and Effects of microRNA-20 in Inducing Cardiomyocyte Hypertrophy Through Regulating Gene MFN2. DNA Cel Biol. 38 (8), 796–807. doi:10.1089/dna.2019.4731 
 Sun, T., Li, M.-Y., Li, P.-F., and Cao, J.-M. (2018). MicroRNAs in Cardiac Autophagy: Small Molecules and Big Role. Cells 7 (8), 104. doi:10.3390/cells7080104 
 Sun, Y. L., Li, S. H., Yang, L., and Wang, Y. (2018). MiR-376b-3p Attenuates Mitochondrial Fission and Cardiac Hypertrophy by Targeting Mitochondrial Fission Factor. Clin. Exp. Pharmacol. Physiol. 45 (8), 779–787. doi:10.1111/1440-1681.12938 
 Tahrir, F. G., Langford, D., Amini, S., Mohseni Ahooyi, T., and Khalili, K. (2019). Mitochondrial Quality Control in Cardiac Cells: Mechanisms and Role in Cardiac Cell Injury and Disease. J. Cel. Physiol. 234 (6), 8122–8133. doi:10.1002/jcp.27597
 Tao, L., Huang, X., Xu, M., Yang, L., and Hua, F. (2020). MiR‐144 Protects the Heart from Hyperglycemia‐induced Injury by Regulating Mitochondrial Biogenesis and Cardiomyocyte Apoptosis. FASEB j. 34 (2), 2173–2197. doi:10.1096/fj.201901838R 
 Tilokani, L., Nagashima, S., Paupe, V., and Prudent, J. (2018). Mitochondrial Dynamics: Overview of Molecular Mechanisms. Essays. Biochem. 62 (3), 341–360. doi:10.1042/EBC20170104 
 Vigié, P., and Camougrand, N. (2017). Mitophagie et contrôle qualité des mitochondries. Med. Sci. (Paris) 33 (3), 231–237. doi:10.1051/medsci/20173303008 
 Wan, G.-x., Cheng, L., Qin, H.-l., Zhang, Y.-z., Wang, L.-y., and Zhang, Y.-g. (2019). MiR-15b-5p Is Involved in Doxorubicin-Induced Cardiotoxicity via Inhibiting Bmpr1a Signal in H9c2 Cardiomyocyte. Cardiovasc. Toxicol. 19 (3), 264–275. doi:10.1007/s12012-018-9495-6 
 Wang, L., and Qian, L. (2014). MiR-24 Regulates Intrinsic Apoptosis Pathway in Mouse Cardiomyocytes. Plos. One. 9 (1), e85389. doi:10.1371/journal.pone.0085389 
 Wang, J.-X., Jiao, J.-Q., Li, Q., Long, B., Wang, K., Liu, J.-P., et al. (2011). MiR-499 Regulates Mitochondrial Dynamics by Targeting Calcineurin and Dynamin-Related Protein-1. Nat. Med. 17 (1), 71–78. doi:10.1038/nm.2282 
 Wang, K., Long, B., Jiao, J.-Q., Wang, J.-X., Liu, J.-P., Li, Q., et al. (2012). MiR-484 Regulates Mitochondrial Network Through Targeting Fis1. Nat. Commun. 3, 781. doi:10.1038/ncomms1770 
 Wang, K., Long, B., Zhou, L. Y., Liu, F., Zhou, Q. Y., Liu, C. Y., et al. (2014). CARL lncRNA Inhibits Anoxia-Induced Mitochondrial Fission and Apoptosis in Cardiomyocytes by Impairing MiR-539-Dependent PHB2 Downregulation. Nat. Commun. 5, 3596. doi:10.1038/ncomms4596 
 Wang, K., Liu, C.-Y., Zhang, X.-J., Feng, C., Zhou, L.-Y., Zhao, Y., et al. (2015a). MiR-361-Regulated Prohibitin Inhibits Mitochondrial Fission and Apoptosis and Protects Heart from Ischemia Injury. Cell. Death Differ. 22 (6), 1058–1068. doi:10.1038/cdd.2014.200 
 Wang, K., Zhang, D.-l., Long, B., An, T., Zhang, J., Zhou, L.-Y., et al. (2015b). NFAT4-Dependent MiR-324-5p Regulates Mitochondrial Morphology and Cardiomyocyte Cell Death by Targeting Mtfr1. Cell. Death Dis. 6 (12), e2007. doi:10.1038/cddis.2015.348 
 Wang, K., Zhou, L.-Y., Wang, J.-X., Wang, Y., Sun, T., Zhao, B., et al. (2015c). E2F1-Dependent MiR-421 Regulates Mitochondrial Fragmentation and Myocardial Infarction by Targeting Pink1. Nat. Commun. 6, 7619. doi:10.1038/ncomms8619 
 Wang, X., Yan, M., Zhao, L., Wu, Q., Wu, C., Chang, X., et al. (2016). Low-Dose Methylmercury-Induced Genes Regulate Mitochondrial Biogenesis via miR-25 in Immortalized Human Embryonic Neural Progenitor Cells. Ijms 17 (12), 2058. doi:10.3390/ijms17122058 
 Wang, X., Song, C., Zhou, X., Han, X., Li, J., Wang, Z., et al. (2017). Mitochondria Associated MicroRNA Expression Profiling of Heart Failure. Biomed. Res. Int. 2017, 1–10. doi:10.1155/2017/4042509 
 Wang, L., Qin, D., Shi, H., Zhang, Y., Li, H., and Han, Q. (2019). MiR-195-5p Promotes Cardiomyocyte Hypertrophy by Targeting MFN2 and FBXW7. Biomed. Res. Int. 2019, 1–10. doi:10.1155/2019/1580982 
 Wang, T., Zhai, M., Xu, S., Ponnusamy, M., Huang, Y., Liu, C.-Y., et al. (2020). NFATc3-Dependent Expression of MiR-153-3p Promotes Mitochondrial Fragmentation in Cardiac Hypertrophy by Impairing Mitofusin-1 Expression. Theranostics 10 (2), 553–566. doi:10.7150/thno.37181 
 Wen, J., Ladewig, E., Shenker, S., Mohammed, J., and Lai, E. C. (2015). Analysis of Nearly One Thousand Mammalian Mirtrons Reveals Novel Features of Dicer Substrates. Plos. Comput. Biol. 11 (9), e1004441. doi:10.1371/journal.pcbi.1004441 
 Westholm, J. O., and Lai, E. C. (2011). Mirtrons: MicroRNA Biogenesis via Splicing. Biochimie 93 (11), 1897–1904. doi:10.1016/j.biochi.2011.06.017 
 Wilson, R. C., Tambe, A., Kidwell, M. A., Noland, C. L., Schneider, C. P., and Doudna, J. A. (2015). Dicer-TRBP Complex Formation Ensures Accurate Mammalian MicroRNA Biogenesis. Mol. Cel 57 (3), 397–407. doi:10.1016/j.molcel.2014.11.030 
 Winter, J., Jung, S., Keller, S., Gregory, R. I., and Diederichs, S. (2009). Many Roads to Maturity: MicroRNA Biogenesis Pathways and Their Regulation. Nat. Cel. Biol. 11 (3), 228–234. doi:10.1038/ncb0309-228 
 World Health Organization (2019). Cardiovascular Disease. Available at: https://www.who.int/cardiovascular_diseases/about _cvd/en/ (Accessed on October 30, 2019).
 Xia, P. P., Zhang, F., Chen, C., Wang, Z. H., Wang, N., Li, L. Y., et al. (2020). Rac1 Relieves Neuronal Injury Induced by Oxygenglucose Deprivation and Re-Oxygenation via Regulation of Mitochondrial Biogenesis and Function. Neural Regen. Res. 15 (10), 1937–1946. doi:10.4103/1673-5374.280325 
 Xie, Y., Hu, J., Zhang, X., Li, C., Zuo, Y., Xie, S., et al. (2020). Neuropeptide Y Induces Cardiomyocyte Hypertrophy via Attenuating miR-29a-3p in Neonatal Rat Cardiomyocytes. Ppl 27 (9), 878–887. doi:10.2174/0929866527666200416144459 
 Xiong, H., Chen, S., Lai, L., Yang, H., Xu, Y., Pang, J., et al. (2019). Modulation of MiR-34a/SIRT1 Signaling Protects Cochlear Hair Cells Against Oxidative Stress and Delays Age-Related Hearing Loss Through Coordinated Regulation of Mitophagy and Mitochondrial Biogenesis. Neurobiol. Aging 79, 30–42. doi:10.1016/j.neurobiolaging.2019.03.013 
 Xu, Y., Zhao, C., Sun, X., Liu, Z., and Zhang, J. (2015). MicroRNA-761 Regulates Mitochondrial Biogenesis in Mouse Skeletal Muscle in Response to Exercise. Biochem. Biophysical Res. Commun. 467 (1), 103–108. doi:10.1016/j.bbrc.2015.09.113
 Xu, H., Cao, H., Zhu, G., Liu, S., and Li, H. (2017). Overexpression of MicroRNA-145 Protects Against Rat Myocardial Infarction Through Targeting PDCD4. Am. J. Transl. Res. 9 (11), 5003–5011.
 Yan, K., An, T., Zhai, M., Huang, Y., Wang, Q., Wang, Y., et al. (2019). Mitochondrial MiR-762 Regulates Apoptosis and Myocardial Infarction by Impairing ND2. Cel. Death Dis. 10 (7), 500. doi:10.1038/s41419-019-1734-7 
 Yang, F., Li, T., Dong, Z., and Mi, R. (2018). MicroRNA‐410 Is Involved in Mitophagy after Cardiac Ischemia/reperfusion Injury by Targeting High‐mobility Group Box 1 Protein. J. Cel. Biochem. 119 (2), 2427–2439. doi:10.1002/jcb.26405
 Yang, S., Li, H., and Chen, L. (2019). MicroRNA‐140 Attenuates Myocardial Ischemia‐reperfusion Injury through Suppressing Mitochondria‐mediated Apoptosis by Targeting YES1. J. Cel. Biochem. 120 (3), 3813–3821. doi:10.1002/jcb.27663
 Yi, R., Qin, Y., Macara, I. G., and Cullen, B. R. (2003). Exportin-5 Mediates the Nuclear Export of Pre-MicroRNAs and Short Hairpin RNAs. Genes Dev. 17 (24), 3011–3016. doi:10.1101/gad.1158803 
 Yildirim, S. S., Akman, D., Catalucci, D., and Turan, B. (2013). Relationship Between Downregulation of MiRNAs and Increase of Oxidative Stress in the Development of Diabetic Cardiac Dysfunction: Junctin as a Target Protein of MiR-1. Cell. Biochem. Biophys. 67 (3), 1397–1408. doi:10.1007/s12013-013-9672-y 
 Yin, Z., Zhao, Y., He, M., Li, H., Fan, J., Nie, X., et al. (2019). MiR-30c/PGC-1β Protects against Diabetic Cardiomyopathy via PPARα. Cardiovasc. Diabetol. 18 (1), 7. doi:10.1186/s12933-019-0811-7 
 Yuan, J., Chen, H., Ge, D., Xu, Y., Xu, H., Yang, Y., et al. (2017). MiR-21 Promotes Cardiac Fibrosis After Myocardial Infarction Via Targeting Smad7. Cell. Physiol. Biochem. 42 (6), 2207–2219. doi:10.1159/000479995 
 Zaglia, T., Ceriotti, P., Campo, A., Borile, G., Armani, A., Carullo, P., et al. (2017). Content of Mitochondrial Calcium Uniporter (MCU) in Cardiomyocytes Is Regulated by Microrna-1 in Physiologic and Pathologic Hypertrophy. Proc. Natl. Acad. Sci. USA 114 (43), E9006–E9015. doi:10.1073/pnas.1708772114 
 Zhang, Y., and Xu, H. (2016). Translational Regulation of Mitochondrial Biogenesis. Biochem. Soc. Trans. 44 (6), 1717–1724. doi:10.1042/BST20160071C 
 Zhang, J.-J., Liu, W.-Q., Peng, J.-J., Ma, Q.-L., Peng, J., and Luo, X.-J. (2017). Mir-21-5p/203a-3p Promote Ox-LDL-Induced Endothelial Cell Senescence Through Down-Regulation of Mitochondrial Fission Protein Drp1. Mech. Ageing Dev. 164, 8–19. doi:10.1016/j.mad.2017.03.009 
 Zhang, X., Ji, R., Liao, X., Castillero, E., Kennel, P. J., Brunjes, D. L., et al. (2018). MicroRNA-195 Regulates Metabolism in Failing Myocardium Via Alterations in Sirtuin 3 Expression and Mitochondrial Protein Acetylation. Circulation 137 (19), 2052–2067. doi:10.1161/CIRCULATIONAHA.117.030486 
 Zhang, C., Liao, P., Liang, R., Zheng, X., and Jian, J. (2019). Epigallocatechin Gallate Prevents Mitochondrial Impairment and Cell Apoptosis by Regulating Mir-30a/P53 Axis. Phytomedicine 61, 152845. doi:10.1016/j.phymed.2019.152845 
 Zhang, J., Pan, J., Yang, M., Jin, X., Feng, J., Wang, A., et al. (2019). Upregulating MicroRNA-203 Alleviates Myocardial Remodeling and Cell Apoptosis Through Downregulating Protein Tyrosine Phosphatase 1B in Rats with Myocardial Infarction. J. Cardiovasc. Pharmacol. 74 (5), 474–481. doi:10.1097/FJC.0000000000000733 
 Zhang, L., Ding, H., Zhang, Y., Wang, Y., Zhu, W., Li, P., et al. (2020). Circulating MicroRNAs: Biogenesis and Clinical Significance in Acute Myocardial Infarction. Front. Physiol. 11, 1088. doi:10.3389/fphys.2020.01088 
 Zhao, Y., Ponnusamy, M., Liu, C., Tian, J., Dong, Y., Gao, J., et al. (2017). MiR-485-5p Modulates Mitochondrial Fission Through Targeting Mitochondrial Anchored Protein Ligase in Cardiac Hypertrophy. Biochim. Biophys. Acta (Bba) - Mol. Basis Dis. 1863 (11), 2871–2881. doi:10.1016/j.bbadis10.1016/j.bbadis.2017.07.034 
 Zhou, B., and Tian, R. (2018). Mitochondrial Dysfunction in Pathophysiology of Heart Failure. J. Clin. Invest. 128 (9), 3716–3726. doi:10.1172/JCI120849 
 Zhou, S., Liu, Y., Prater, K., Zheng, Y., and Cai, L. (2013). Roles of MicroRNAs in Pressure Overload- and Ischemia-Related Myocardial Remodeling. Life Sci. 93 (23), 855–862. doi:10.1016/j.lfs.2013.08.023 
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Zhang, Wang, Chen, Fu, Xu, Li, Tao and Shen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 03 June 2021
doi: 10.3389/fphar.2021.673621


[image: image2]
miR-199a Overexpression Enhances the Potency of Human Induced-Pluripotent Stem-Cell–Derived Cardiomyocytes for Myocardial Repair
Weihua Bian1†, Wangping Chen1†, Thanh Nguyen2, Yang Zhou1 and Jianyi Zhang1,3*
1Department of Biomedical Engineering, School of Medicine and School of Engineering, University of Alabama at Birmingham, Birmingham, AL, United States
2Informatics Institute, The University of Alabama at Birmingham, Birmingham, AL, United States
3Department of Medicine/Cardiovascular Diseases, The University of Alabama at Birmingham, Birmingham, AL, United States
Edited by:
Hua Zhu, The Ohio State University, United States
Reviewed by:
Lukas Cyganek, University Medical Center Göttingen, Germany
Mahmood Khan, The Ohio State University, United States
Dongze Qin, Albert Einstein College of Medicine, United States
* Correspondence: Jianyi Zhang, jayzhang@uab.edu
†These authors have contributed equally to this work and share first authorship
Specialty section: This article was submitted to Cardiovascular and Smooth Muscle Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 28 February 2021
Accepted: 18 May 2021
Published: 03 June 2021
Citation: Bian W, Chen W, Nguyen T, Zhou Y and Zhang J (2021) miR-199a Overexpression Enhances the Potency of Human Induced-Pluripotent Stem-Cell–Derived Cardiomyocytes for Myocardial Repair. Front. Pharmacol. 12:673621. doi: 10.3389/fphar.2021.673621

Mammalian cardiomyocytes exit the cell cycle during the perinatal period, and although cardiomyocytes differentiated from human induced-pluripotent stem cells (hiPSC-CMs) are phenotypically immature, their intrinsic cell-cycle activity remains limited. Thus, neither endogenous cardiomyocytes nor the small number of transplanted hiPSC-CMs that are engrafted by infarcted hearts can remuscularize the myocardial scar. microRNAs are key regulators of cardiomyocyte proliferation, and when adeno-associated viruses coding for microRNA-199a (miR-199a) expression were injected directly into infarcted pig hearts, measures of cardiac function and fibrosis significantly improved, but the treatment was also associated with lethal arrhythmia. For the studies reported here, the same vector (AAV6-miR-199a) was transduced into hiPSC-CMs, and the cells were subsequently evaluated in a mouse model of myocardial infarction. AAV6-mediated miR-199a overexpression increased proliferation in both cultured and transplanted hiPSC-CMs, and measures of left ventricular ejection fraction, fractional shortening, and scar size were significantly better in mice treated with miR-199a–overexpressing hiPSC-CMs than with hiPSC-CMs that had been transduced with a control vector. Furthermore, although this investigation was not designed to characterize the safety of transplanted AAV6-miR-199a–transduced hiPSC-CMs, there was no evidence of sudden death. Collectively, these results support future investigations of miR-199a–overexpressing hiPSC-CMs in large animals.
Keywords: heart failure, cell cycle, microRNA, stem cells, myocardial infarction
INTRODUCTION
Patients who recover from myocardial infarction (MI) frequently progress to heart failure, which is the leading cause of mortality worldwide. In adult mammals, cardiomyocytes exit the cell cycle shortly after birth (Porrello et al., 2011; Gao et al., 2018; Ye et al., 2018) and, consequently, the proliferation rate of endogenous cardiomyocytes is far too low to effectively repair the heart. Cardiac stem cells were once considered capable of differentiating into cardiomyocytes, but only rarely, and the evidence is somewhat controversial (Gunthel et al., 2018). Thus, techniques for reactivating the cell cycle in endogenous cardiomyocytes and/or repopulating the myocardial scar with exogenous cells continue to be among the most promising strategies for cardiac repair (Geng et al., 2018; Giacca 2020; Kino et al., 2020). Several studies have shown that microRNAs (miRNAs) are key regulators of cardiomyocyte proliferation (Pandey and Ahmed 2015; Qu et al., 2017; Huang et al., 2018; Fan et al., 2019; Hu et al., 2019; Wang et al., 2020; Li et al., 2021), and an extensive list of candidate human miRNAs have been identified via unbiased functional screening in mice (Eulalio et al., 2012; Braga et al., 2021). At least one of these candidates, miR-199a has been investigated in porcine models of myocardial injury (Gabisonia et al., 2019); the miRNA sequence was expressed from an adeno-associated virus (AAV) to prevent genomic integration, and the vector (AAV6-miR-199a) was delivered to infarcted hearts via direct intramyocardial injection. One month later, AAV6-miR-199a treatment was associated with marked improvements in cardiac function, muscle mass, and scar size, but persistent uncontrolled miR-199a expression eventually led to lethal arrhythmia in most of the animals.
For the studies reported here, the same vector was used to overexpress miR-199a in cardiomyocytes, and the cells were subsequently evaluated in a mouse MI model. The cardiomyocytes were differentiated from human induced pluripotent stem cells (hiPSCs), which can be used to generate a theoretically unlimited number of cells and are expected to be minimally immunogenic, because they can be reprogrammed from the somatic cells of each individual patient (Burridge et al., 2015; Richards et al., 2016; Pioner et al., 2019; Deicher and Seeger 2021). We hypothesized that this approach would reproduce many of the benefits associated with direct AAV6-miR-199a injection while substantially reducing the risk associated with long-term, unregulated miR-199a expression. Our results confirmed that AAV6-mediated miR-199a overexpression increased the proliferation of both cultured and transplanted hiPSC-derived cardiomyocytes (hiPSC-CMs) and that AAV6-miR-199a–transduced hiPSC-CMs significantly improved cardiac function and scar size, with no evidence of sudden death, after transplantation into infarcted mouse hearts.
MATERIALS AND METHODS
All protocols were approved by the Institutional Animal Care and Use Committee of the University of Alabama at Birmingham and were implemented in accordance with the Guidelines for the Care and Use of Laboratory Animals issued by the United States National Institutes of Health (2011).
Human Induced-Pluripotent Stem Cells-Cardiomyocytes Differentiation and Purification
hiPSC-CMs were differentiated from a noncommercial line of hiPSCs that was generated in our laboratory as previously described in details (Zhang et al., 2015). The hiPSCs were reprogrammed from cardiac fibroblasts that had been isolated from the left atrium of an adult male patient with heart failure who had no known genetic disorders. Reprogramming was performed by transfecting the cardiac fibroblasts with Sendai virus encoding OCT4, SOX2, KLF4 and c-myc, and the hiPSCs were established from clone #5. The generation and complete characterization of this hiPSC line (hiPSC#5), including assessments of pluripotency, surface marker expression, karyotype, and the PSC cells’ evidently unlimited capacity for self-renewal, has been published previously (Zhang et al., 2015); (Zhang et al., Circ Heart Fail, 8 (2015) 156–166; Figures 1, 2). For hiPSC-CMs differentiation, hiPSCs were seeded in 6-well plates with mTeSR medium (STEMCELL Technologies), and the medium was changed daily. The cells were passaged three times and then cultured until 90% confluent before differentiation. Differentiation was induced by culturing the hiPSCs in RPMI 1,640 medium with 2% B27 minus insulin (RB-medium; Gibco), 10 μM CHIR99021 (STEMCELL Technologies), and 1 μg/ml insulin (Sigma) for 24 h; in RB-medium containing 2.5 μM CHIR99021 for 48 h; in RB medium containing 10 μM IWR1 (STEMCELL Technologies) for 48 h; and in RB medium for 48 h; then, the medium was replaced with 1,640 medium supplemented with 2% B27 supplement (Gibco). Differentiated hiPSC-CMs were purified via metabolic selection in glucose-free RPMI medium (Gibco) containing B27 supplement (Gibco) and 4 mM lactate (Sigma) for 5 days. hiPSC-CM identity was confirmed via the observation of beating cells, which typically appear ∼7 days after the differentiation protocol is initiated, and by analysis of the expression of cardiomyocyte markers (e.g., human cardiac troponin T [hcTnT]) (Zhu et al., 2018).
[image: Figure 1]FIGURE 1 | miR-199a overexpression upregulated the expression of markers for cell-cycle progression and proliferation in cultured hiPSC-CMs. hiPSC-CMs were transduced with AAV6 vectors coding for miR-199a (AAV6-miR-199a) or a control miR sequence (AAV6-Control). Ten days after transduction, the following experiments were performed. (A) miR-199a abundance in AAV6-miR-199a–and AAV6-Control–transduced hiPSC-CMs was compared via RT-qPCR. (B–E) AAV6-miR-199a and AAV6-Control hiPSC-CMs were stained for expression of the human isoform of cardiac troponin T (hcTnT) and for expression of (B) the proliferation marker Ki67, the M-phase markers (C) phosphorylated histone 3 (PH3), (D) Aurora B (AuB) and (E) the S-phase marker Brdu. Nuclei were identified by staining with DAPI and for Nkx2.5 expression; then, the number of cells that expressed each marker was quantified and presented as a percentage of the total number of cardiomyocytes. (F) hiPSC-CMs were stained with a quantitative DNA dye; then, the amount of DNA in each cell was measured via flow cytometry and used to determine the proportion of cells in the G0/G1, S, and G2/M phases of the cell cycle. (G) Apoptotic hiPSC-CMs were identified by TUNEL staining, and nuclei were counterstained with DAPI; then, apoptosis was quantified as the percentage of TUNEL-positive cells. (H) Apoptotic cells were identified by staining for the presence of Annexin V; then, the cells were evaluated via flow cytometry, and apoptosis was quantified as the percentage Annexin-V–positive cells. n = 3 independent experiments, 3 wells per experiment, and 5 images per well. *p < 0.05 vs. AAV6-Control; NS, not significant.
[image: Figure 2]FIGURE 2 | miR-199a overexpression reduced YAP phosphorylation and increased nuclear YAP abundance in hiPSC-CMs. hiPSC-CMs were transduced with AAV6-miR-199a or AAV6-Control. Ten days after transduction, the following experiments were performed. (A–B) YAP and phosphorylated YAP (p-YAP) protein abundance was (A) evaluated via Western blot, quantified via enhanced chemiluminescence, and (B) presented as the ratio of p-YAP to YAP. (C–D) hiPSC-CMs were (C) stained for the presence of YAP and hcTnT, nuclei were labeled with DAPI, and (D) YAP protein in the nucleus of AAV6-miR-199a was quantified by the fluorescence density of YAP-positive nuclei in AAV6-miR-199a normalized to that in the AAV6-Control group. n = 3 independent experiments, 3 wells per experiment, and 5 images per well. *p < 0.05 vs. AAV6-Control.
Production and Transduction of Recombinant Adeno-Associated Virus6 Viral Particles
All plasmids used to generate the miR-199a and Control adeno-associated virus vectors (AAV6-miR-199a and AAV6-Control, respectively), were kindly provided by Dr. Mauro Giacca (International Centre for Genetic Engineering and Biotechnology, Italy). AAV6-miR-199a and AAV6-Control viruses were packaged in 293AAV cells, viral stocks were obtained with an AAVpro® Purification Kit (Takara), and titration of the AAV particles was performed with an AAVpro® Titration Kit (Takara). hiPSC-CM transduction was conducted 17 days after differentiation was initiated with a multiplicity of infection (MOI) of 1,000. Briefly, the hiPSC-CMs were cultured to 80% confluence, and the medium was replaced with fresh medium containing the AAV6-miR-199a or AAV6-Control. The cells were incubated at 37°C for 12 h, and then the medium was replaced with 1,640 medium supplemented with 2% B27 supplement. miR-199a expression was analyzed via real-time quantitative polymerase chain reaction (RT-qPCR).
Real-Time Quantitative Polymerase Chain Reaction
Total RNA was extracted with an miRNeasy Mini Kit (Qiagen) as directed by the manufacturer’s instructions, quantified by Nanodrop, and converted into cDNA with a miRCURY LNA RT kit (Qiagen). qPCR was performed with a miRCURY LNA SYBR Green PCR Kit (Qiagen), and miR-199a amplification was performed with primers from the hsa-miR-199a miRCURY LNA miRNA PCR Assay (Qiagen). U6 snRNA miRCURY LNA miRNA PCR Assay (Qiagen) was used for normalization, and the relative fold change of miR-199a was determined via the 2−ΔΔCT method.
Immunofluorescence Analyses
10 days after AAV6-Control or AAV6-miR-199a transduction, cells were immobilized with 4% paraformaldehyde (PFA) for 10 min, permeabilized with acetone for 1 min, washed with phosphate-buffered saline (PBS) + 0.1% Tween 20 (PBST), blocked with 10% donkey serum (Life Technologies, Carlsbad, CA) for 30 min, and incubated at 4°C overnight with primary antibodies against Ki67, phosphorylated histone 3 (PH3), Aurora-B (AuB), Yes-associated protein (YAP), phosphorylated YAP (p-YAP), hcTnT, and/or human Nkx2.5 (Supplementary Table S1). Then, the cells were incubated for 1 h with fluorophore-linked secondary antibodies, and nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) at room temperature for 10 min. Imaging was performed with a confocal microscope.
Hearts of mice were dehydrated with 30% sucrose, cut into 10-μm sections, washed with PBST for 10 min, fixed with 4% PFA for 10 min, permeabilized with cold acetone for 3 min, blocked with 10% donkey serum for 30 min, and incubated at 4°C overnight with antibodies against Ki67, PH3, hcTnT, and/or human Nkx2.5; then, the sections were incubated for 1 h with fluorophore-linked secondary antibodies, and nuclei were stained with DAPI at room temperature for 10 min. Sections were sealed with Vectashield Antifade Mounting Medium (Vector Laboratories) and photographed with a confocal microscope.
Engraftment
Because the hiPSCs were derived from humans, hiPSC-CM engraftment was evaluated via immunofluorescence analysis of hcTnT expression. Hearts were embedded in OCT compound, frozen, and cut into sections at 10-μm intervals from the apex to base. hcTnT-expressing cells were counted in every twentieth section of the whole heart; then, the total was multiplied by 20 to determine the number of hiPSC-CMs in the entire heart, divided by the number of cells administered (3 × 105), and reported as a percentage.
Cell Cycle Analysis via Cellular DNA Quantification
Cell cycle analysis was performed as described previously (Li et al., 2020). Briefly, hiPSC-CMs were digested, washed with PBS, resuspended in 75% ethanol at 4°C overnight, washed with PBS, resuspended in propidium iodide (PI) staining solution (50 μg/ml PI in PBS with 0.1% Triton and 100 μg/ml RNase A) and incubated for 30 min at room temperature; then, PI fluorescence, which is proportional to DNA content, was monitored with a flow cytometer (BD Bioscience) to determine the cell-cycle phase for each cell. Data were analyzed with FlowJo software.
Annexin V-Phycoerythrin/7-Aminoactinomycin D Assay
hiPSC-CMs were cultured in six-well plates, digested, washed with PBS, and resuspended in 100 μL of binding buffer; then, 5 μL of 7-Aminoactinomycin D (7-AAD) solution and 5 μL of phycoerythrin-conjugated Annexin V solution were added, and the cells were incubated for 15 min before the addition of 400 µL binding buffer. Apoptosis (i.e., the proportion of Annexin-V–positive cells) was evaluated with a flow cytometer.
Terminal Deoxynucleotidyl Transferase (dUTP) Nick-End Labeling
TUNEL was performed with a TUNEL Assay Kit (Roche, Basel, Switzerland). Briefly, cultured hiPSC-CMs or frozen sections were fixed with 4% PFA, permeabilized with PBS containing 0.1% Triton X-100 and 0.1% sodium citrate, washed with PBST, stained with TUNEL solution for 1 h at 37°C, washed with PBST, and blocked with 10% donkey serum (Life Technologies, Carlsbad, CA) for 30 min; frozen sections were also incubated with hcTnT at 4°C overnight after TUNEL-staining was completed. Cells and sections were incubated with fluorophore-linked secondary antibodies at room temperature for 1 h, and nuclei were labeled with DAPI; then, hiPSC-CM apoptosis was evaluated by determining the proportion of cells (cultured hiPSC-CMs) or hcTnT-positive cells (frozen sections) that were TUNEL-positive.
Western Blotting
hiPSC-CMs were lysed with M-PER™ Mammalian Protein Extraction Reagent (Fisher Scientific); then, proteins were separated in 4–20% Precast Protein Gels (Bio-Rad) and transferred to a polyvinylidene fluoride (PVDF) membrane. The membranes were blocked with 5% nonfat dry milk for 1 h, incubated overnight at 4 °C with primary antibodies against YAP, p-YAP, and glyceraldehyde phosphate dehydrogenase (GAPDH), and then with secondary antibodies at room temperature for 1 h (Supplementary Table S1). Proteins on the membrane were detected with an enhanced chemiluminescence reagent kit (Millipore) and quantified with ImageJ software.
Mouse Myocardial Infarction (MI) Model and Human Induced-Pluripotent Stem Cells-Cardiomyocytes Transplantation
NOD/SCID Gamma mice (stock #005557; The Jackson Laboratory) were anesthetized with inhaled isoflurane (1.5–2%), intubated, and ventilated; then, the left thoracic cavity was opened, and the left anterior descending (LAD) coronary artery was ligated. The infarcted region was identified by blanching of the myocardium, and the border zone was identified by striations of red at the edges of the blanched region. The AAV6-miR-199a–transduced hiPSC-CMs or AAV6-Control–transduced hiPSC-CMs (suspended in PBS) were intramyocardially injected into three sites (1 × 105 cells in 5 μL medium/site, 3 × 105 cells in 15 μL medium/animal); one site was located in the infarcted zone, and the other two were located in the border zone of the infarct. After treatment was completed, the chest was closed, and animals were intraperitoneally injected with buprenorphine (0.1 mg/kg) every 12 h for three consecutive days, and with carprofen (5 mg/kg) every 12 h for one day after surgery. Control assessments were conducted in animals administered equivalent injections of cell-free PBS after MI and in animals that underwent all surgical procedures for MI induction except ligation of the LAD coronary artery (i.e., Sham surgery). Experiments were conducted in seven animals per treatment group.
Echocardiography
Echocardiography was performed as described previously (Fan et al., 2020). Mice were mildly anesthetized with 1.5–2% isoflurane, ensuring that the heart rate was maintained at 400–500 beats per minute; then, a Micro-Ultrasound system (Vevo 2100, VisualSonics Inc.) was used to obtain both parasternal long-axis (B-mode) and short-axis (M-mode) echocardiographic data, and the B-mode data were used to guide orientation of the M-mode data. The images were analyzed with Vevo software to determine the ventricular ejection fraction (EF) and fractional shortening (FS); results obtained from analyses of the long-axis and short-axis data were equivalent.
Infarct Size
Infarct size was assessed as described previously (Zhu et al., 2018). Briefly, hearts were embedded in OCT compound, frozen, and cut into sections at 1.0-mm intervals from the apex to base; then, five sections from each heart were fixed in Bouin’s solution and stained with Sirius red to identify the myocardial scar and with fast green to identify functional myocardium. Sections were photographed, and the ratio of the scar area to the total area of the left ventricle was calculated with Image J software (Kong et al., 2018).
Statistical Analysis
Statistical analyses were performed with Matlab software (version 2020a). Because the data were collected from a small number of samples, analyses were conducted via nonparametric statistics, and our results were presented as box plots. Comparisons between two groups with n > 3 were evaluated via the Wilcoxon-ranksum test (Mann and Whitney 1947), and comparisons among three or more groups were evaluated via Kruskal-wallis test (Kruskal and Wallis 1952). p < 0.05 was considered statistically significant.
RESULTS
miR-199a Overexpression Activated the Cell Cycle in Cultured hiPSC-CMs
To avoid genomic integration, miR-199a overexpression was induced via transduction with adeno-associated virus coding for miR-199a (AAV6-miR-199a). hiPSC-CMs were transduced 10 days after completion of the differentiation protocol (Zhu et al., 2018), and miR-199a overexpression was confirmed 10 days after AAV6-miR-199a transduction via RT-qPCR: miR-199a was 1,000-fold more abundant in hiPSC-CMs transduced with AAV6-miR-199a than in hiPSC-CMs transduced with the control AAV6 vector (AAV6-Control) (Figure 1A). Cells expressing markers for proliferation (Ki67) and for phase M (phosphorylated histone 3 [pH3] and Aurora B [AuB]) and phase S (bromodeoxyuridine [BrdU] incorporation) of the cell cycle were ∼2-fold more common after transduction with AAV6-miR-199a than with AAV6-Control (Figures 1B–E), while assessments of DNA content indicated that the percentage of G0/G1-phase cells was significantly lower among AAV6-miR-199a hiPSC-CMs (69.3%) than AAV6-Control hiPSC-CMs (77.0%, p < 0.05). AAV6-miR-199a transduction also tended to increase the proportion of S phase and G2/M phase cells, and the percentage of G2/M-phase cells between two groups was significant (Figure 1F), and assessments of apoptosis (TUNEL assay, Annexin V expression) (Figures 1G, H) did not differ significantly between the two cell groups. Thus, miR-199a overexpression promoted hiPSC-CM proliferation and cell-cycle progression without significantly altering measures of apoptosis or necrosis.
miR-199a Overexpression Activated the Yes-Associated Protein Signaling Pathway in hiPSC-CMs
Experiments in neonatal rat cardiomyocytes have shown that miR-199a directly targets the YAP inhibitory kinase TAOK1 and the E3 ubiquitin ligase β-TrCP, thereby impeding YAP degradation and promoting the translocation of YAP into the nucleus (Torrini et al., 2019). Furthermore, observations in mice suggest that increases in YAP abundance and nuclear localization are sufficient to induce the proliferation of cardiac cells and to improve cardiac performance after MI (Flinn, Link, and O'Meara 2020). Here, we found that the ratio of Serine-127–phosphorated YAP (p-YAP) to total YAP abundance was significantly lower (Figures 2A, B), while nuclear YAP levels were significantly greater, in AAV6-miR-199a–than in AAV6-Control–transduced hiPSC-CMs. (Figures 2C, D). The relative YAP protein level in the nucleus of AAV6-miR-199a was quantified by the fluorescence density of YAP-positive nuclei in AAV6-miR-199a and normalized to that in the AAV6-Control group. Thus, miR-199a overexpression likely reduced the ubiquitin-mediated proteasomal degradation of YAP and increased nuclear YAP abundance, which may have contributed to the enhanced proliferation and cell-cycle activity observed in AAV6-miR-199a–transduced hiPSC-CMs.
miR-199a Overexpression Enhanced the Potency of hiPSC-CMs for Myocardial Recovery in a Mouse MI Model
Whether miR-199a overexpression could enhance the potency of hiPSC-CMs for myocardial recovery was evaluated in a mouse MI model. MI was induced via ligation of the LAD coronary artery; then, animals in the AAV6-miR-199a group were treated with AAV6-miR-199a–transduced hiPSC-CMs, animals in the AAV6-Control group were treated with AAV6-Control–transduced hiPSC-CMs, and animals in the MI group were treated with an equivalent volume of PBS. A fourth group of animals, the Sham group, underwent all surgical procedures for MI induction except LAD artery ligation and recovered without either experimental treatment. Three animals died during treatment administration, and the overall survival rate was 85% at Week 4. Echocardiographic assessments (Figure 3A) of left-ventricular ejection fraction (EF, Figure 3B) and fractional shortening (FS, Figure 3C) were conducted both before and 4 weeks after MI induction and cell administration; then, the animals were sacrificed, and infarct sizes were determined in Sirius-red–and fast-green–stained sections from the left ventricle (Figures 3D, E). All three parameters (EF, FS, and infarct size) were significantly better in both hiPSC-CM treatment groups than in MI animals, and in AAV6-miR-199a animals than in AAV6-Control animals, at Week 4.
[image: Figure 3]FIGURE 3 | AAV6miR-199a–tranduced hiPSC-CMs were more potent than AAV6-Control–transduced hiPSC-CMs for myocardial recovery in a mouse MI model. MI was induced in mice via LAD coronary artery ligation, and then the animals were treated with AAV6-miR-199a–transduced hiPSC-CMs (the AAV6-miR-199a group), AAV6-Control–transduced hiPSC-CMs (the AAV6-Control group), or PBS (the MI group); Sham animals underwent all surgical procedures for MI induction except the ligation step and recovered without either experimental treatment. Treatments were administered via intramyocardial injection at one site in the infarcted region and two sites in the border zone of the infarct; 1 × 105 cells were administered per injection site (3 × 105 cells/animal). (A) Echocardiographic images were collected before MI (or Sham) surgery (pre-MI) and 4 weeks afterward (week 4) and evaluated for calculations of left-ventricular (B) ejection fraction (EF) and (C) fractional shortening (FS). *p < 0.05 vs. Sham, #p < 0.05 vs. MI, &p < 0.05 vs. AAV6-Control; n = 6 animals per group. (D–E) Left ventricular sections from hearts explanted 4 weeks after MI induction were (D) stained with Sirius red and fast green; functional myocardium appears green and scar tissue appears red. (E) Infarct size was calculated as the ratio of scar area to the total area of the left ventricular surface. *p < 0.05 vs. MI, #p < 0.05 vs. AAV6-Control; n = 6 per group.
miR-199a Overexpression Increased the Number of Engrafted and Proliferating hiPSC-CMs in Infarcted Mouse Hearts
The fundamental goal of cell-based cardiac therapies is to replace damaged myocardium with functional cardiac muscle; thus, since some evidence suggests that stem-cell–derived cardiomyocytes can become electromechanically integrated with the native myocardium after transplantation into infarcted mammalian hearts (Shiba et al., 2012; Chong et al., 2014; Shiba et al., 2016), we investigated whether the enhanced potency of miR-199a–overexpressing hiPSC-CMs for myocardial recovery was accompanied by an increase in the number, proliferation, and cell-cycle activity of engrafted cells. Four weeks after MI induction and treatment, hiPSC-CMs were identified in sections from the hearts of AAV6-miR-199a and AAV6-Control animals by expression of the human isoform of cardiac troponin T (hcTnT), proliferation was evaluated via Ki67 expression, and cell-cycle progression was evaluated via PH3 expression. When expressed as a percentage of the total number of cells administered, engrafted hiPSC-CMs were approximately twice as common in hearts from AAV6-miR-199a animals than from AAV6-Control animals (Figures 4A, B), and a significantly greater proportion of engrafted AAV6-miR-199a–transduced hiPSC-CMs than engrafted AAV6-Control–transduced hiPSC-CMs expressed Ki67 or PH3 (Figures 4C–F). Notably, the proportion of TUNEL-positive hiPSC-CMs in the hearts of animals from both groups did not differ significantly (Figures 4G, H). Collectively, these results are fully consistent with our observations in cultured cells and suggest that the enhanced engraftment of AAV6-miR-199a-transduced hiPSC-CMs was at least partially attributable to an increase in the proliferation of engrafted cells.
[image: Figure 4]FIGURE 4 | The number of engrafted and proliferating hiPSC-CMs was greater in the infarcted hearts of mice treated with AAV6-miR-199a–transduced than with AAV6-Control–transduced hiPSC-CMs. Four weeks after MI induction, hearts from animals in the AAV6-miR-199a and AAV6-Control groups were embedded in OCT compound, frozen, and cut into sections at 10-μm intervals from the apex to base. (A) Sections were stained with anti-hcTnT antibodies to identify transplanted hiPSC-CMs, and nuclei were labeled with DAPI; then, (B) the ratio of the number of hcTnT-positive cells to the total number of cells administered was calculated and presented as a percentage. (C–F) Engrafted hiPSC-CMs were identified via hcTnT expression, (C) proliferating cells were identified via Ki67 expression, (D) cells in phase M of the cell cycle were identified by the presence of PH3, and nuclei were labeled with DAPI; then, hiPSC-CM (E) proliferation and (F) cell-cycle activity was quantified as the percentage of hcTnT-expressing cells that also expressed Ki67 and PH3, respectively. (G) Engrafted hiPSC-CMs were identified via hcTnT expression, apoptotic cells were identified by TUNEL staining, and nuclei were labeled with DAPI; then, (H) hiPSC-CM apoptosis was quantified as the percentage of hcTnT-expressing cells that were positive for TUNEL. Quantified results were presented as mean ± SD. *p < 0.05 vs. AAV6-Control. Five randomly selected fields were evaluated in each of five sections from the border zone of infarction per animal; n = 6 animals per group.
DISCUSSION
miRNAs are crucially involved in numerous cellular processes, and as many as 96 have been at least tentatively linked to the regulation of DNA synthesis and cytokinesis in hiPSC-CMs (Diez-Cunado et al., 2018). Direct intramyocardial injections of AAV vectors coding for miR-199a overexpression significantly improved cardiac performance and fibrosis when evaluated in a porcine model of myocardial injury (Gabisonia et al., 2019); however, most of the animals died from lethal arrhythmias that were likely caused by persistent and uncontrolled miR-199a overexpression. Here, we show that many of the benefits associated with direct intramyocardial AAV6-miR-199a administration can also be induced via the transplantation of miR-199a-overexpressing hiPSC-CMs: AAV6-mediated miR-199a overexpression increased hiPSC-CM proliferation both in culture and after transplantation into infarcted mouse hearts, and measures of left ventricular EF, FS, and scar size were significantly better in mice treated with miR-199a–overexpressing hiPSC-CMs than with hiPSC-CMs in which miR-199a expression had not been manipulated. Notably, miR-199a overexpression was also associated with declines in YAP phosphorylation and increases in nuclear YAP abundance, which is consistent with previous reports that most of the miRNAs implicated in hiPSC-CM proliferation target components of the Hippo signaling pathway (Diez-Cunado et al., 2018). Furthermore, although this investigation was not designed to thoroughly characterize the safety concerns associated with the administration of AAV6-miR-199a–transduced hiPSC-CMs, we found no evidence of sudden death in treated animals.
Early cell-based approaches for the repair of injured heart tissue often involved the administration of bone marrow-derived cells, cardiac progenitor cells, or mesenchymal stem cells; however, improvements in myocardial recovery were only mild and are believed to be induced primarily via the cells’ paracrine activity. Researchers have also begun to develop techniques for transdifferentiating fibroblasts directly into cardiomyocytes (Sadahiro 2019), which suggests that endogenous cardiac fibroblasts could be a viable target for regenerative myocardial therapy, but the efficiency of the transdifferentiation procedure is exceptionally low. Thus, the transplantation of cardiomyocytes differentiated from human embryonic stem cells or, especially, hiPSCs (Romagnuolo et al., 2019; Sadahiro 2019; Yoshida et al., 2020) continues to be among the most promising strategies for regenerative myocardial therapy (Yoshida and Yamanaka 2017; Samak and Hinkel 2019; Weber et al., 2020). Nevertheless, despite substantial evidence that hiPSC-CMs tend to more closely resemble fetal cardiomyocytes than the cardiomyocytes of adult animals (Robertson, Tran, and George 2013), their intrinsic cell-cycle activity remains limited and, consequently, the small number of transplanted hiPSC-CMs that are typically retained and survive at the site of administration cannot substantially remuscularize the myocardial scar (Isomi, Sadahiro, and Ieda 2019). When hiPSC-CMs that had been engineered to overexpress the cell-cycle regulator CCND2 were administered to infarcted mouse hearts, the number of engrafted cells approximately tripled over a three week period (Zhu et al., 2018), and hiPSC-CMs occupied ∼50% of the scarred region by month 6 (Fan et al., 2019). However, since CCND2 was stably overexpressed, the transplanted cells could (at least in theory) proliferate indefinitely. Thus, AAV6-miR-199a–transduced hiPSC-CMs may be associated with fewer long-term safety concerns, because miR-199a expression is upregulated only transiently. miR-199a–overexpressing hiPSC-CMs may also be less immunogenic than intramyocardially administered AAV6-miR-199a (Barnes et al., 2019), but longer-term studies are needed to more thoroughly characterize the safety of this treatment strategy.
In conclusion, this study demonstrates that AAV6-miR-199a–tranduced hiPSC-CMs can reproduce many of the benefits observed when direct intramyocardial injections of AAV-miR-199a were evaluated in a porcine MI model, but with no evidence of sudden death. Collectively, these results support future investigations of this treatment strategy in large-animal models, particularly for the evaluation of arrhythmogenic complications, which have been observed in pigs and non-human primates, but are rarely reported in rodents.
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Loganin is an iridoid glycoside extracted from Cornus officinalis, which is a traditional oriental medicine, and many biological properties of loganin have been reported. Nevertheless, it is not clear whether loganin has therapeutic effect on cardiovascular diseases. Hence, the aim of the present study was to investigate the effect of loganin on Ang II–induced cardiac hypertrophy. In the present study, we reported for the first time that loganin inhibits Ang II–provoked cardiac hypertrophy and cardiac damages in H9C2 cells and in mice. Furthermore, loganin can achieve cardioprotective effects through attenuating cardiac fibrosis, decreasing pro-inflammatory cytokine secretion, and suppressing the phosphorylation of critical proteins such as JAK2, STAT3, p65, and IκBα. Besides, the outstanding findings of the present study were to prove that loganin has no significant toxicity or side effects on normal cells and organs. Based on these results, we conclude that loganin mitigates Ang II–induced cardiac hypertrophy at least partially through inhibiting the JAK2/STAT3 and NF-κB signaling pathways. Accordingly, the natural product, loganin, might be a novel effective agent for the treatment of cardiac hypertrophy and heart failure.
Keywords: loganin, angiotensin II, cardiac hypertrophy, cardiac fibrosis, inflammation, JAK2/STAT3, NF-kB
INTRODUCTION
Cardiac hypertrophy is an early feature of many cardiovascular diseases and plays a pivotal role in heart failure and sudden death (Messerli et al., 2017). Cardiac hypertrophy, driven by pathological stimulation or biomechanical overload, is characterized by the elevated mass and size of cardiomyocytes. Originally, cardiac hypertrophy is an essential compensatory mechanism to maintain normal heart function; sustained hypertrophic stimulation will cause pathological cardiac hypertrophy, which is accompanied by increased protein synthesis, enhanced reactive oxygen species (ROS) production, activation of fetal cardiac genes, arrhythmia, inflammation, and cardiac fibrosis (Molkentin et al., 1998; Burchfield et al., 2013; Schiattarella and Hill, 2015). Angiotensin II (Ang II), a pivotal ingredient of the renin–angiotensin system (RAS), plays an important role in triggering hypertension and myocardial hypertrophy. According to currently published research, Ang II infusion induces myocardial hypertrophy in vivo and in vitro, which is mainly mediated through angiotensin II type 1 receptor (AT1R). It is extensively known that activation of AT1R, stimulated by Ang II treatment, is featured by the increased release of catecholamine, triggered vasoconstriction and vascular hypertrophy, induced hypertensive effect, and caused pathological cardiac remodeling (Hernandez-Hernandez et al., 2002; Lee et al., 2020). Additionally, in terms of the molecular mechanisms through which activation of AT1R evokes cardiac hypertrophy, numerous signaling pathways are well known to regulate this process. For instance, JAK2/STAT3 and nuclear factor-κB (NF-κB) signaling pathways are closely involved in the development of cardiac hypertrophy (Crowley, 2014; Tham et al., 2015). Although copious studies have reported the pathophysiological mechanisms of myocardial hypertrophy in mammals, the effective treatment approach is still lacking for cardiac hypertrophy at present. Therefore, identifying new treatment approaches is crucial for cardiac hypertrophy therapy, which will provide novel effective therapeutic strategies to reverse heart failure fundamentally.
Loganin (Log) is a unique component of the iridoid glycosides extracted from Cornus officinalis, which is a traditional Chinese medicine (Zhao et al., 2016). To date, increasing studies have shown that loganin has widespread biological activities, including anti-inflammation, anti-oxidation, anti-shock, anti-amnesia, anti-osteoporosis, anti-diabetes, hepatoprotection, neuroprotection, promotion of peripheral nerve repair, sedative and hypnotic actions, inhibition of diabetic nephropathy, and low side effects (Lee et al., 2009; Park et al., 2011; Jiang et al., 2012; Kim et al., 2015; Tseng et al., 2016; Chao et al., 2017; Mo et al., 2019; Shi et al., 2019; Yang et al., 2019; Cheng et al., 2020; Hu et al., 2020). For example, a study by Yu et al. proved that loganin has novel neuroprotective properties. In their study, it was found that loganin dramatically relieved neurite injury and oxidative stress through elevation of neurotrophic signaling and suppression of the RhoA/ROCK pathway (Tseng et al., 2019). In addition, the effects of loganin on hepatoprotection and nephroprotection have been reported in a type 2 diabetic mouse model. The study demonstrated that loganin possesses protective effects against hepatic and renal damage and other diabetic complications via inhibiting oxidation stress and advanced glycation end product formation (Yamabe et al., 2010). Of note, many reports have confirmed that loganin could suppress inflammatory responses by repressing the secretion of inflammatory cytokines and downregulating the activation of JAK2/STAT3 and NF-κB signaling pathways (Cui et al., 2018; Liu et al., 2020; Wang et al., 2020; Yuan et al., 2020). However, the therapeutic effects and potential mechanisms of loganin on cardiac hypertrophy are still unknown. Accordingly, the aim of the present study was to design experimental models of cardiac hypertrophy in vivo and in vitro and to investigate the effect of loganin on cardiac hypertrophy induced by Ang II.
MATERIALS AND METHODS
Cell Culture
H9C2 rat embryonic cardiomyocytes were purchased from Procell Life Science & Technology Company (Wuhan, China). RLE-6TN rat alveolar type II epithelial cells were obtained from the cell bank of School of Medicine, Xiamen University (Xiamen, China). The H9C2 cells were cultured with high-glucose Dulbecco’s modified Eagle’s medium (DMEM). The RLE-6TN cells were maintained in DMEM/F-12. The media were supplemented with 10% fetal bovine serum (FBS), penicillin (100 U/mL), and streptomycin (100 μg/ml). Both of the cell lines were grown in a humidified incubator with 5% CO2 at 37°C. Based on previous literature reports and our preliminary test, we induced cardiomyocyte hypertrophy of H9C2 by applying angiotensin II (Ang II) (soluble in saline, cat.no. A9525, Sigma-Aldrich, United States) at 800 nM.
Cell Viability Assay
Cell viability was assessed by MTT assay. H9C2 and RLE-6TN cells were dispensed in 96-well plates at 1x104 cells per well. After 24 h of incubation, the cells were treated with loganin (Chengdu Ruifensi Biotech Co. Ltd., China, purity >98%) at serial concentrations (0, 6.25, 12.5, 25, 50, 100, 200, and 500 μM) for 24 h, and then, 20 μL of MTT solution (5 mg/ml) was added to each well and incubated at 37°C for 4 h. The medium was discarded carefully. Then, 150 μL of DMSO was added to each well. The absorbance at 490 nm was measured with a microplate reader to evaluate cell viability.
Animals and Treatments
Six-week male C57BL/6 mice, weighing approximately 20–25 g, were purchased from Beijing Vital River Laboratory Animal Technology Co. Ltd., China. Mice were kept in an SPF environment, maintained at constant temperature and humidity, and given sufficient water and feed. Animal experiments were approved by the Ethics Committee of Xiamen University Medical School. ALZET® Osmotic Pumps (2004 model, United States) were immersed in saline for 7 h in advance, and Ang II was dissolved in normal saline and injected into osmotic pumps. 1 cm transverse incision was made in the middle of the back in the mice, and the osmotic pump was implanted under the skin. The infusion rate of Ang II was 0.25 μL/h, and the concentration was 1.5 μg/kg per min. Meanwhile, the experiment was randomly divided into six groups with six mice in each group, which were the sham group, Ang II group, 50 mg/kg loganin group, 100 mg/kg loganin group, 200 mg/kg loganin group, and positive control group of 10 mg/kg telmisartan (cat.no. A8531, APExBIO Technology, Houston, Texas, United States). Loganin was dissolved in normal saline, and telmisartan was dissolved in 0.5% CMC-Na (sodium carboxylmethyl cellulose) solution. The mice were given 200 μL loganin or telmisartan in an intragastric gavage manner once every 2 days. The sham and Ang II groups received an equivalent volume of solvent. Tissue sampling was studied 30 days later.
Echocardiography Measurement
Mice were anesthetized with 1.5% isoflurane. Then, their anterior chest hair was removed, and the ultrasound coupling agent was evenly smeared. Echocardiographic parameters were obtained by a VisualSonics high-resolution Vevo 2100 system (VisualSonics, Toronto, Canada).
Blood Pressure Measurement
The blood pressure was detected by the tail-cuff method. The intelligent non-invasive blood pressure meter (softron BP-98AL, Japan) for mice was used for measurement and recording.
Histopathological Studies
The fixed cardiac tissues were embedded in paraffin and then cut into 5 μm thick sections. H&E staining was used to assess myocardial structural changes. The Masson trichrome staining kit (cat.no. D026-1-3, Nanjing Jiancheng, China) was used to assess the degree of fibrosis. Photomicrographs were taken at ×400 magnification by an intelligent biological microscope (OLYMPUS BX53). The percentage of collagen-stained area (blue) was calculated using a quantitative digital image analysis system (Image-Pro Plus 6.0 software).
Immunofluorescence
H9C2 cells were fixed with 4% paraformaldehyde for 30 min before permeabilization with 0.1% Triton X-100. Afterward, the cells were incubated with α-actin antibody (1:500, cat.no. sc-32251, Santa Cruz) at 4°C overnight and then with the secondary antibody for 1 h at 37°C. Nuclei were stained with DAPI (cat.no. S2110, Solarbio Science & Technology Co., Ltd., Beijing, China). Images were captured by an inverted fluorescence microscope (OLYMPUS IX51).
Enzyme-Linked Immunosorbent Assay
The serum levels of the cytokines IL-6 (cat.no. 88-7064-86), TNF-α (cat.no. 88-7324-86), and IL-1β (cat.no. 88-7013-86) were measured using the mouse ELISA kit (eBioscience, San Diego, CA, United States), and concrete experimental steps were performed according to the instructions of the ELISA kit.
Quantitative Real-Time Polymerase Chain Reaction
Total RNA was isolated from mouse heart tissues and H9C2 cells using TRIzol reagent (Takara, Japan) and reverse transcribed into cDNA with the Takara reverse transcription kit PrimeScript RT Master Mix (cat.no. RR036A). mRNA levels of genes were quantitatively examined using the fluorescence quantitative PCR instrument (Bio-Rad CFX96) with Fast SYBR™ Green Master Mix (cat.no. 4385610, Thermo Fisher, Waltham, MA, United States). For details regarding the primer sequence, refer to supplementary data (Supplementary Table S1). The relative expression of each gene was calculated with the 2−ΔΔCt method. GAPDH was used as an internal control.
Western Blot
The heart tissues and H9C2 cells were lysed with RIPA lysis buffer (Beyotime Institute of Biotechnology, Shanghai, China). Protein concentrations were determined using a BCA protein kit (Beyotime, China). The proteins were separated with 8% or 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to a polyvinylidene fluoride (PVDF) membrane. The PVDF membrane was laid in 5% skim milk for 1 h and then incubated with primary antibodies such as GAPDH (1:10,000, cat.no. 60004-1-Ig, Proteintech), ANP (1:1,000, cat.no. ab180649, Abcam), BNP (1:1,000, cat.no. ab239510, Abcam), COL3A1 (1:1,000, cat.no. 30565S, Cell Signaling Technology), COL1A1 (1:1,000, cat.no. 72026T, Cell Signaling Technology), β-MHC (1:1,000, cat.no. ab-50967, Abcam), JAK2 (1:1,000, cat.no. 3230S, Cell Signaling Technology), p-JAK2 (1:1,000, cat.no. 4406S, Cell Signaling Technology), STAT3 (1:1,000, cat.no. 9139S, Cell Signaling Technology), p-STAT3 (1:1,000, cat.no. 9145S, Cell Signaling Technology), IκBα (1:1,000, cat.no. 4812S, Cell Signaling Technology), p-IκBα (1:1,000, cat.no. 2859T, Cell Signaling Technology), p65 (1:1,000, cat.no. 8242S, Cell Signaling Technology), and p-p65 (1:1,000, cat.no. 3033S, Cell Signaling Technology) at 4°C overnight. After being washed with TBST thrice, the membranes were then incubated with horseradish peroxidase–conjugated goat anti-rabbit or goat anti-mouse secondary antibodies at room temperature for 1 h. The result was detected by an ECL detection kit (Millipore, United States). The dilution of antibodies (cat.no. W019-1-1) was purchased from Nanjing Jiancheng (Nanjing, China). The primary and secondary antibodies were diluted in a ratio of 1:500–10,000 using the dilution of antibodies.
Determination of Serum Biochemical Indexes
The following biochemical indexes were examined from the experimental mice serum sample: heart function indexes [lactate dehydrogenase (LDH)], liver function indexes [alanine aminotransferase (ALT) and aspartate aminotransferase (AST)], and kidney function indexes [urea formaldehyde (UREA) and creatinine sox (CREA-S)]. All the indexes were detected by the automatic chemistry analyzer (BS-240vet, Mindray Bio-Medical Electronics Co. Ltd., Shenzhen, China).
Statistical Analysis
All results are presented as mean ± SD and analyzed using GraphPad (version 8.0.1, GraphPad Prism Software). One-way analysis of variance (ANOVA) by Tukey’s multiple-comparisons test was used to compare each variable for differences among the groups. The statistical significance was expressed as p < 0.05.
RESULTS
Loganin Attenuates Cardiomyocyte Hypertrophy Induced by Ang II In Vitro
The molecular structure of loganin is shown in Figure 1A. To investigate the cytotoxic effect of loganin on normal cells, H9C2 and RLE-6TN cell lines were evaluated by MTT assay. As shown in Figures 1B,C, the cell viability was not significantly decreased compared with that in the control group in loganin-treated H9C2 and RLE-6TN cell lines. The MTT assay demonstrates that loganin barely suppresses normal cells. Based on these preliminary data, 6.25, 12.5, and 25 μM were selected in the subsequent experiments.
[image: Figure 1]FIGURE 1 | Loganin attenuates cardiomyocyte hypertrophy induced by Ang II in vitro.(A) Molecular structure of loganin. (B,C) H9C2 and RLE-6TN cells are treated with different concentrations of loganin (0–500 μM) for 24 h. The cell viabilities are measured by MTT assay (n = 3). (D) H9C2 cells are stained with α-actin (red) and DAPI (blue) to detect the size of cells, and immunofluorescence images are captured by fluorescence microscopy. Scale bars = 50 µm. (E) Statistical quantitative analysis of the area of H9C2 cells by ImageJ software (n = 3). (F–H) Loganin suppressed the mRNA expression levels of Ang II–induced hypertrophic markers, namely, ANP, BNP, and β-MHC, using RT-PCR analysis (n = 3). (I) Relative expression of ANP, BNP, and β-MHC proteins in the Ang II–treated H9C2 cells with or without loganin incubation. Data are expressed as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 vs the control group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs the Ang II–treated group (analyzed using one-way ANOVA). Telmisartan (Tel) is a positive control group.
To the best of our knowledge, Ang II, an important ingredient of the renin–angiotensin system (RAS), plays a key role in stimulating cardiac hypertrophy. Herein, we stimulated cardiomyocyte hypertrophy by incubation with 800 nM Ang II in H9C2 cells. As loganin has not been studied in hypertrophic H9C2 cells, we determined whether loganin possesses cytoprotective effects against cardiomyocyte hypertrophy. At first, we evaluated the size of myocardial cells induced by Ang II with or without loganin and telmisartan treatment via immunofluorescence assay. Under a fluorescence microscope, α-actin exhibited bright red fluorescence and the cell nucleus showed blue fluorescence (Figure 1D). In addition, the H9C2 cell surface area was quantified by ImageJ software. As shown in Figure 1E, treatment with Ang II caused enhancement of the cell surface area compared with that in the control group in H9C2 cells, and the surface area of the cells in the loganin-treated group was decreased in a dose-dependent manner compared with that in the Ang II–treated group (telmisartan, as a positive control). Similar morphological changes were obtained by optical microscopy, and the area of the H9C2 cells was calculated (Supplementary Figures S1A,B). In order to further confirm the anti-hypertrophic effect of loganin, we then examined cardiomyocyte hypertrophy markers, namely, ANP (atrial natriuretic peptide), BNP (brain natriuretic peptide), and β-MHC (β-myosin heavy chain), using RT-PCR and western blot analysis in Ang II–induced cells treated with or without loganin. The mRNA expression levels of ANP, BNP, and β-MHC were markedly up-regulated in H9C2 cells treated with Ang II, and loganin significantly decreased the levels upon Ang II stimulation in a concentration-dependent manner (Figures 1F–H). Concomitantly, we determined the protein expression levels of ANP, BNP, and β-MHC in Ang II–treated H9C2 cells. As presented in Figure 1I and Supplementary Figure S3A, loganin dramatically decreased the Ang II–induced protein expression of ANP, BNP, and β-MHC in H9C2 cells. Overall, our results certified that loganin alleviated Ang II–induced cardiomyocyte hypertrophy in vitro.
Loganin Alleviates Hypertension and Cardiac Hypertrophy Induced by Ang II In Vivo
As far as we know, Ang II acts as a critical effector peptide of RAS that is involved in hypertension, which is a major predisposing reason for the development of cardiac hypertrophy. Thus, we first examined the changes in blood pressure in Ang II–induced C57BL/6 mice treated with or without loganin. As described in Figure 2B, Ang II infusion triggered a hypertensive response, which was obvious elevation of systolic blood pressure (SBP) and diastolic blood pressure (DBP) compared to those in the sham group. Furthermore, mice administered loganin exhibited an evident decrease in blood pressure which was compared to that of the Ang II–treated mice.
[image: Figure 2]FIGURE 2 | Loganin suppresses cardiac hypertrophy and fibrosis induced by Ang II in vivo.(A) Representative echocardiography pictures. Echocardiography M-mode imaging obtained from C57BL/6 mice with or/and without Ang II and loganin treatment. M-mode images obtained from short-axis measurements are used to assess cardiac function. Vertical arrows represent the diameters of the left ventricle at end diastolic or systolic stages. (B) Statistical results for the systolic blood pressure (SBP) and diastolic blood pressure (DBP). (C) Morphological images of mouse hearts are obtained from the sham, Ang II, Ang II + Log (50 mg/kg), Ang II + Log (100 mg/kg), Ang II + Log (200 mg/kg), and Ang II + Tel (10 mg/kg) groups. (D) Ratio of heart weight (HW) to body weight (BW) and ratio of HW to tibia length in each group. (E) Paraffin sections of cardiac tissues are stained with H&E. Representative images are shown. Scale bar: 50 μm. (F) Masson’s trichrome staining of hypertrophic heart is shown. Collagen fibers are stained blue, and the myocardium is stained red. Scale bar: 50 μm. (G) Fibrotic areas are quantified in the hearts of mice using ImageJ software. (H–L) mRNA expression levels of collagen 1A1 (COL1A1), collagen 3A1 (COL3A1), ANP, BNP, and β-MHC are estimated by RT-PCR and normalized to those of GAPDH. (M) Western blot analysis showing ANP, BNP, COL1A1, and COL3A1 protein levels in mouse cardiac tissues. GAPDH is used as a loading control. Data are expressed as mean ± SD (n = 3–6). *p < 0.05, **p < 0.01, ***p < 0.001 vs the sham group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs the Ang II–treated group (analyzed using one-way ANOVA). Telmisartan (Tel) is a positive control group.
In order to further analyze whether loganin alleviates cardiac hypertrophy induced by Ang II in mice, the measurement of cardiac function was performed by echocardiography in vivo. As shown in Figure 2A and Table 1, our results exhibited that sustained exposure to Ang II significantly increased the interventricular septum in diastole (IVSd), interventricular septum in systole (IVSs), ejection fraction (EF), fractional shortening (FS), and left ventricular mass (LV mass)/body weight (BW) ratio, when compared with those in the saline-treated sham group. By contrast, treatment with loganin in the Ang II–induced group dramatically decreased the diastolic IVS, systolic IVS, EF, FS, and LV mass/BW ratio to normal levels as compared to those in the Ang II–stimulated group alone. Furthermore, the left ventricular diastolic posterior wall thickness (LVPWd) and left ventricular systolic posterior wall thickness (LVPWs) were remarkably increased in the Ang II–induced group compared to those in the sham group. Notably, a low dose of loganin did not exert apparent reduction in diastolic LVPW and systolic LVPW compared with those in the Ang II–treated group. However, loganin at 200 mg/kg effectively decreased the diastolic LVPW and systolic LVPW. Although the left ventricular diastolic internal diameter (LVIDd) and left ventricular systolic internal diameter (LVIDs) were not significantly different by Ang II stimulation, they tended to decrease. Moreover, the diastolic LVID and systolic LVID in the loganin-treated group were maintained at the same level as in the sham group. The body weight (BW) and heart rate (HR) were not distinctly different in various groups.
TABLE 1 | Echocardiographic parameters.
[image: Table 1]Next, anatomical parameters were measured in a mouse cardiac hypertrophic model induced by Ang II. First of all, we analyzed the ratio of heart weight (HW) to body weight (BW) and the ratio of HW to tibia length (TL) as indexes of cardiac hypertrophy. As depicted in Figure 2D, loganin treatment in Ang II–induced cardiac hypertrophic mice results in a significant reduction in HW/BW ratio (mg/g) and HW/TL ratio (mg/mm). In addition, we assessed the macroscopic difference in hearts stimulated by Ang II in the absence or presence of loganin treatment. The morphological changes are shown in Figure 2C; the size of hearts was obviously elevated when induced by Ang II, and the heart size was evidently smaller in the loganin-treated group. H&E staining of histological sections further demonstrated the inhibitory effect of loganin on cardiac hypertrophy induced by Ang II in the hearts of C57BL/6 mice (Figure 2E). Subsequently, we examined the left ventricular mRNA expression of fetal genes, ANP, BNP, and β-MHC, associated with cardiac hypertrophy. RT-PCR results showed that Ang II infusion induced a significant enhancement in the mRNA levels of these genes, which was strikingly suppressed by loganin treatment (Figures 2J–L). Besides, similar results were obtained when we detected the protein expression levels of ANP and BNP by western blot analysis. As expected, the protein expressions of hypertrophic markers ANP and BNP were apparently elevated in the Ang II–stimulated group when compared with the sham group, whereas these elevated expressions of ANP and BNP in the Ang II–stimulated group were again remarkably reduced in the loganin-treated group (Figure 2M and Supplementary Figure S3B).
On the basis of these experimental results, we suggested that loganin protects against hypertension and cardiac hypertrophy induced by Ang II in vivo. Interestingly, the improvements of cardiac function and left ventricular structure were comparable between loganin and telmisartan, which was applied in patients with hypertension and cardiac hypertrophy.
Loganin Ameliorates Ang II–Induced Cardiac Fibrosis and Inflammation
Pathological cardiac hypertrophy is a pivotal risk factor in the development of heart failure and usually causes cardiac fibrosis and inflammation. At first, to evaluate the effect of loganin on Ang II–caused cardiac fibrosis, paraffin-embedded slides were stained with Masson’s trichrome staining kit. Under normal circumstances, collagen fibers were stained blue and the myocardium was stained red. As shown in Figures 2F,G, striking cardiac fibrosis was observed in the Ang II–treated mice. In the loganin-treated mice, the extent of cardiac fibrosis was effectively decreased in a concentration-dependent manner compared with that in the Ang II–treated mice. Furthermore, we examined the expression of fibrosis marker genes. As depicted in Figures 2H,I, the mRNA expression levels of cardiac fibrosis markers, collagen 1A1 and collagen 3A1, were greatly elevated in the Ang II–treated group when compared to the sham saline-treated group, but loganin remarkably inhibited the elevation of COL1A1 and COL3A1 mRNA levels when compared with those in the Ang II–treated group. Likewise, western blots validated that protein levels of COL1A1 and COL3A1 apparently decreased in the loganin-treated group as compared to the Ang II–treated group alone (Figure 2M and Supplementary Figure S3B).
Elevated pro-inflammatory cytokine secretion in cardiac tissue is a critical characteristic of cardiac hypertrophy induced by Ang II (Forrester et al., 2018). Therefore, in order to explore the anti-inflammatory effects of loganin on cardiac hypertrophy caused by Ang II, RT-PCR analysis was performed in vivo. As shown in Figures 3A–C, loganin treatment remarkably blocked the mRNA expression of IL-1β, IL-6, and TNF-α compared to those in the Ang II–treated group. Moreover, ELISA results showed that treatment of Ang II clearly augmented circulating pro-inflammatory factors such as IL-1β, IL-6, and TNF-α serum levels, whereas loganin could effectively suppress the pro-inflammatory factor expression in vivo (Figures 3D–F; Supplementary Figures S4). Similar to the in vivo results, the mRNA expression levels of IL-1β, IL-6, and TNF-α were markedly reduced using RT-PCR analysis in H9C2 cells treated with loganin when compared with the Ang II treatment alone (Supplementary Figures S2A–C).
[image: Figure 3]FIGURE 3 | Loganin counteracts inflammation stimulated by Ang II in mice. (A–C) The mRNA expression of IL-1β, IL-6, and TNF-α is examined by RT-PCR (n = 3). (D–F) Circulating IL-1β, IL-6, and TNF-α serum levels. These pro-inflammatory factors are tested by ELISA (n = 3). Data are expressed as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 vs the sham group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs the Ang II–treated group. Telmisartan (Tel) is a positive control group.
Collectively, these results revealed that Ang II stimulation dramatically increased cardiac fibrosis and inflammation, which were largely blunted by loganin treatment.
Loganin Inhibits Ang II–Stimulated Activation of JAK2/STAT3 and NF-κB Signaling Pathways
To investigate the mechanisms of loganin acting on cardiac hypertrophy, we detected effects of loganin on the JAK2/STAT3 and NF-κB signaling pathways, which are involved in cardiac hypertrophy and inflammation induced by Ang II. Among the signaling pathway proteins, we found that the protein expression levels of phosphorylated JAK2, phosphorylated STAT3, phosphorylated p65, and phosphorylated IκBα induced by Ang II were markedly increased in H9C2 cells. However, this expression was apparently reduced following loganin treatment (Figure 4A). Consistent with the results in vitro, the phosphorylation of JAK2, STAT3, p65, and IκBα stimulated by Ang II was obviously decreased in vivo when treated with loganin (Figure 4C). Meanwhile, statistical results showed that the ratios of p-JAK2/JAK2, p-STAT3/STAT3, p-p65/p65, and p-IκBα/IκBα were dramatically reduced after treatment with various concentrations of loganin in vivo and in vitro (Figures 4B,D). As a whole, these findings indicated that loganin could inhibit Ang II–induced activation of JAK2/STAT3 and NF-κB signaling pathways by suppressing the phosphorylation of critical proteins.
[image: Figure 4]FIGURE 4 | Loganin inhibits Ang II–induced activation of the JAK2/STAT3 and NF-κB signaling pathways. (A,C) The expression levels of signaling pathway proteins (total and phosphorylation of JAK2, STAT3, p65, and IκBα) are determined by western blot in vitro and in vivo. (B,D) Quantification of the relative changes in phosphorylation of JAK2, STAT3, p65, and IκBα. GAPDH is used for normalization. Data are expressed as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 vs the control/sham group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs the Ang II–treated group (analyzed using one-way ANOVA). Telmisartan (Tel) is a positive control group.
Loganin Has No Obvious Toxicity or Side Effects on Normal Organs
Unexpected adverse effects are major obstacles of clinical applications of common therapeutic drugs, such as cardiotoxicity, hepatotoxicity, and nephrotoxicity. Consequently, we detected the possible toxicity or adverse effects of loganin. The biochemical indexes, including LDH, AST, ALT, CREA-S, and UREA, were measured with the blood serum of the various mice groups. As presented in Figures 5A–E, the levels of these biochemical indexes were elevated in the Ang II–exposed group compared with sham but were ameliorated or obviously diminished upon loganin treatment. These results showed that loganin had no damage to the heart, liver, and kidney and even had protective effect. Furthermore, the conclusion was supported by similar data from H&E staining analysis as no obvious hepatomegaly and significantly enhanced necrotic hepatocytes were observed (Figure 5F). Considering these findings, we suggested that loganin has no obvious toxicity or side effects on normal organs.
[image: Figure 5]FIGURE 5 | Loganin has no obvious toxicity or side effects on normal organs. (A–E) The levels of LDH, AST, ALT, CREA-S, and UREA are tested from the serum of various mice groups (n = 3). (F) Liver histopathology is done by H&E staining. Scale bar = 100 µm. Data are expressed as mean ± SD. *p < 0.05 vs the sham group; #p < 0.05, ##p < 0.01 vs the Ang II–treated group (analyzed using one-way ANOVA).
DISCUSSION
In this study, we reported for the first time that loganin inhibits Ang II–induced cardiac hypertrophy and cardiac damage in vivo and in vitro. Furthermore, our results suggested that loganin markedly ameliorates cardiac fibrosis and inflammation induced by Ang II. Our mechanism data revealed that the JAK2/STAT3 and NF-κB signaling pathways are closely associated with the cardioprotective effect of loganin (Figure 6). Besides, the outstanding findings of the present study were to prove that loganin has no distinct toxicity or side effects on normal organs. Collectively, our research indicated that loganin may be a promising candidate drug for the treatment of cardiac hypertrophy and heart failure.
[image: Figure 6]FIGURE 6 | Schematic diagram with roles of loganin in Ang II–induced cardiac hypertrophy. Angiotensin II (Ang II) can induce cardiac hypertrophy in vivo and in vitro, which is mainly mediated through angiotensin II type 1 receptor (AT1R). Given Ang II stimulation, in addition to the increase in IL-1β, IL-6, and TNF-α secretion, ANP, BNP, and β-MHC expressions are also augmented. Loganin ameliorates Ang II–provoked cardiac hypertrophy and cardiac damage through suppressing the JAK2/STAT3 and NF-κB signaling pathways.
Under pathological circumstances, cardiac hypertrophy is a critical risk factor in the progression of heart failure and usually results in cardiac injury and cardiac dysfunction (Jiang et al., 2018). Currently, although the pathophysiological mechanisms of cardiac hypertrophy have been investigated in many reports, the clinical therapeutic effect for patients with cardiac hypertrophy is still limited. Consequently, novel effective drugs need to be studied for the prevention and treatment of cardiac hypertrophy. In recent years, evidence from numerous studies indicated that natural products extracted from traditional Chinese medicine are shown to have cardioprotective effect and are generally used in therapy of cardiovascular diseases (Wu et al., 2017; Bian et al., 2020). As a monomer compound, loganin has been found in many medicinal plants, including Cornus officinalis, Flos Lonicerae, and Strychnos nux-vomica (Frederich et al., 2004; Li et al., 2016). There is increasing evidence that loganin exerted huge beneficial effects in different disease models. For instance, loganin could improve long-term learning-and-memory–deficit disorders induced by scopolamine and may have remarkable therapeutic value for the therapy of Alzheimer’s disease (Hwang et al., 2017). Similarly, Shirin and colleagues revealed that acute administration of loganin could enhance spatial memory in diabetic rats (Babri et al., 2013). Moreover, Wen et al. (2020) illustrated that loganin could ameliorate burn injuries and significantly reduce the production of inflammatory cytokines and oxidative stress by repressing the activation of the TLR4/NF-κB signaling pathway. To the best of our knowledge, only one study has implied that loganin appears to suppress the progression of atherosclerosis (Li et al., 2016). Thus, it is not clear whether loganin has therapeutic effect on cardiovascular diseases. In our experiments, we investigated the relationship between loganin and cardiac hypertrophy based on cell and animal models. Traditionally, telmisartan is one of the Ang II receptor blockers (ARBs), and it has been used to treat hypertension in the clinic. It is well-documented that hypertension generally enhances ventricular afterload and thereby promotes cardiac hypertrophy. A study of Li et al. (2017) manifested that telmisartan can effectively suppress cardiac hypertrophy and cardiomyocyte apoptosis through inhibiting the NFAT/ANP/BNP signaling pathways. Thence, we assessed the therapeutic effects of loganin on this model of cardiac hypertrophy, using telmisartan as a positive control. We found that loganin can inhibit Ang II–induced cardiac hypertrophy in vitro and in vivo, respectively. The therapeutic value of high-dose loganin was comparable to that of treatment with telmisartan.
Cardiac fibrosis is an important phenotype of pathological cardiac hypertrophy and usually characterized by enhanced levels of collagen (Nakamura and Sadoshima, 2018). In the current study, we found that loganin notably decreased cardiac fibrosis induced by Ang II. Further mRNA and protein detection revealed that loganin effectively reduced the expression of collagen 1A1 and collagen 3A1 in vivo. These findings suggested that loganin significantly ameliorated Ang II–induced cardiac fibrosis in mice.
The pro-inflammatory cytokines are small molecular proteins, which have been reported to exert detrimental effects on the heart and are involved in pathological cardiac hypertrophy (Oldfield et al., 2020). Over the past two decades, many studied have indicated that IL-1β, IL-6, and TNF-α are closely implicated in cardiac fibrosis, pathological cardiac remodeling, and cardiac hypertrophy (Sun et al., 2007; Coles et al., 2007; Cannon, 2000; Melendez et al., 2010). In the present study, we examined expression levels of the pro-inflammatory cytokines IL-1β, IL-6, and TNF-α in H9c2 cells and in mice. Our data certified that the levels of these cytokines were evidently reduced when treated with loganin compared with the Ang II incubation alone. Furthermore, Ang II employs the JAK2/STAT3 and NF-κB signaling pathways in mediating inflammatory response and cardiac hypertrophy (Mei et al., 2020; Han et al., 2017). According to published studies, TNF-α plays a critical role in triggering the activation of the NF-κB signaling pathway, and this activation was mediated by TNF-α receptors (Rohini et al., 2010). In addition, IL-6 activates the JAK2/STAT3 signaling pathway in cardiac hypertrophy, and it is produced by macrophages and cardiomyocytes in response to hypertrophic stimulus (Tham et al., 2015). Chen et al. (2020a) showed that loganin evidently alleviated diabetes mellitus (DM)–induced reproductive damage partially by regulating the NF-κB signaling pathway. Chu et al. (2020) reported that loganin can protect against chronic constriction injury–induced neuroinflammation and pain behavior by suppressing TNF-α/IL-1β–dependent NF-κB activation. Chen et al. (2020b) found that loganin effectively inhibited the apoptosis of podocytes upon diabetic nephropathy by downregulating the RAGE/p38 MAPK/NF-κB pathway. In our study, we have clearly proven that loganin dramatically reduced the expression of p-JAK2, p-STAT3, p-p65, and p-IκBα compared to those in the Ang II–treated group. Based on these results, we concluded that loganin mitigated Ang II–provoked cardiac hypertrophy at least partially through inhibiting the JAK2/STAT3 and NF-κB signaling pathways. Nevertheless, more rigorous and detailed studies are required to detect the precise molecular pathways for anti-hypertrophic effects of loganin in the future.
As we mentioned before, several studies have indicated that loganin possesses protective properties on some diseases. For example, a previous report inferred that loganin has protective effects on MPTP-triggered Parkinson’s disease (PD) mice via suppressing autophagy, inflammatory responses, and the loss of dopaminergic neurons (Xu et al., 2017). Analogously, a study by Kwon et al. (2011) implied that loganin exerts neuroprotective effects by inhibiting hydrogen peroxide–induced apoptosis in neuronal cells and that this compound might be developed as a clinical drug to alleviate neurodegenerative diseases. In this regard, we systematically investigated the possible toxic or undesirable side effects of loganin in our experiments. The results demonstrated that loganin did not cause obvious toxicity or adverse effects on normal organs such as the heart, liver, and kidney.
In summary, the present study illustrated for the first time that loganin distinctly suppressed Ang II–mediated cardiac hypertrophy in H9C2 cells and in mice. Moreover, loganin can achieve cardioprotective effects through attenuating cardiac fibrosis, decreasing pro-inflammatory cytokine secretion, and suppressing the activation of JAK2/STAT3 and NF-κB signaling pathways. Finally, we demonstrate that loganin has no significant toxicity or side effects on normal cells and organs. Accordingly, the natural product, loganin, might be a novel effective agent for the treatment of cardiac hypertrophy and heart failure.
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Supplementary Figure 1 | The area of H9C2 cells is detected by light microscopy. (A) H9C2 cells are treated with various concentrations of Log (0, 6.25, 12.5, and 25 μM) for 24 h in the presence of 800 nM Ang II. Representative images of H9C2 cells by light microscopy. Scale bars = 100 µm. (B) H9C2 cell area quantification by ImageJ software. All values are expressed as mean ± SD (n = 6). ***p < 0.001 vs the control group; #p < 0.05, ##p < 0.01 vs the Ang II–treated group. Tel is a positive group.
Supplementary Figure 2 | Loganin blocks the mRNA expression of pro-inflammatory cytokines in H9C2 cells. (A–C) The mRNA expression of IL-1β, IL-6, and TNF-α is examined by RT-PCR. Data are expressed as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 vs the control group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs the Ang II–treated group. Tel is a positive group.
Supplementary Figure 3 | Densitometric analysis is used to evaluate the relative ratios of each protein. GAPDH is used for normalization. Data are expressed as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs the control/sham group; #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs the Ang II–treated group (analyzed using one-way ANOVA). Telmisartan (Tel) is a positive control group.
Supplementary Figure 4 | Standard curve of mouse IL-1β, IL-6, and TNF-α. These pro-inflammatory factors are tested by the ELISA kit.
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Obesity affects over 42% of the United States population and exacerbates heart disease, the leading cause of death in men and women. Obesity also increases pro-inflammatory cytokines that cause chronic tissue damage to vital organs. The standard-of-care does not sufficiently attenuate these inflammatory sequelae. Angiotensin II receptor AT2R is an anti-inflammatory and cardiovascular protective molecule; however, AT2R agonists are not used in the clinic to treat heart disease. NP-6A4 is a new AT2R peptide agonist with an FDA orphan drug designation for pediatric cardiomyopathy. NP-6A4 increases AT2R expression (mRNA and protein) and nitric oxide generation in human cardiovascular cells. AT2R-antagonist PD123319 and AT2RSiRNA suppress NP-6A4-effects indicating that NP-6A4 acts through AT2R. To determine whether NP-6A4 would mitigate cardiac damage from chronic inflammation induced by untreated obesity, we investigated the effects of 2-weeks NP-6A4 treatment (1.8 mg/kg delivered subcutaneously) on cardiac pathology of male Zucker obese (ZO) rats that display obesity, pre-diabetes and cardiac dysfunction. NP-6A4 attenuated cardiac diastolic and systolic dysfunction, cardiac fibrosis and cardiomyocyte hypertrophy, but increased myocardial capillary density. NP-6A4 treatment suppressed tubulointerstitial injury marker urinary β-NAG, and liver injury marker alkaline phosphatase in serum. These protective effects of NP-6A4 occurred in the presence of obesity, hyperinsulinemia, hyperglycemia, and hyperlipidemia, and without modulating blood pressure. NP-6A4 increased expression of AT2R (consistent with human cells) and cardioprotective erythropoietin (EPO) and Notch1 in ZO rat heart, but suppressed nineteen inflammatory cytokines. Cardiac miRNA profiling and in silico analysis showed that NP-6A4 activated a unique miRNA network that may regulate expression of AT2R, EPO, Notch1 and inflammatory cytokines, and mitigate cardiac pathology. Seventeen pro-inflammatory and pro-fibrotic cytokines that increase during lethal cytokine storms caused by infections such as COVID-19 were among the cytokines suppressed by NP-6A4 treatment in ZO rat heart. Thus, NP-6A4 activates a novel anti-inflammatory network comprised of 21 proteins in the heart that was not reported previously. Since NP-6A4’s unique mode of action suppresses pro-inflammatory cytokine network and attenuates myocardial damage, it can be an ideal adjuvant drug with other anti-glycemic, anti-hypertensive, standard-of-care drugs to protect the heart tissues from pro-inflammatory and pro-fibrotic cytokine attack induced by obesity.
Keywords: obesity, cardiac dysfunction, inflammatory cytokines, myocardial strain, AT2 receptor, heart disease, NP-6A4
INTRODUCTION
Heart disease, the number one killer of men and women, is induced by obesity that affects 42.4% of the United States population (WHO 2020; Virani et al., 2021; Piché et al., 2020). Obesity induces pre-diabetes and cardiometabolic disease via increasing the levels of pro-inflammatory and pro-fibrotic cytokines that cause cardiac fibrosis, hypertrophy, reduction in capillary density (capillary rarefaction) and significant myocardial damage (Cavalera et al., 2014; Riaz et al., 2018; Strain and Paldánius, 2018; CDC: Centers for Disease Control and Prevention, 2020; CDC: Centers for Disease Control and Prevention, 2021). Obesity also increases the severity and lethality of infections by exacerbating the underlying cardiac damage (Mauvais-Jarvis., 2020; Tartof et al., 2020). Conventional cardio-protective and anti-inflammatory drugs are insufficient to attenuate this inflammatory onslaught and subsequent myocardial structural damage in obese patients. Thus, there is a critical need for new treatment paradigms to protect the heart from obesity-induced cardiometabolic disease (Fang et al., 2017; Levick and Widiapradja, 2020). Angiotensin II (Ang II) receptor (AT2R) is an anti-inflammatory molecule and a promising target for therapeutic intervention (Chow et al., 2016; Kaschina et al., 2017; Bennion et al., 2018). Transgenic overexpression of AT2R in murine models is cardioprotective, and its deficiency is implicated in myocardial damage in obese and diabetic rats and humans (Altarche-Xifró et al., 2009; Tousoulis et al., 2010; Qi et al., 2012; Chow et al., 2016; Lum-Naihe et al., 2017). There are no AT2R agonists in clinic for heart disease. We and others have shown that AT2R activates reparative signaling and attenuates inflammatory signaling by the AT1R subtype that induces hypertension, fibrosis and cardiac structural damage (Kumar et al., 2002; Kurisu et al., 2003). Therefore, we hypothesized that increasing the expression and anti-inflammatory signaling by AT2R would mitigate pathologic cardiac remodeling and cardiac dysfunction caused by obesity-induced increases in pro-inflammatory and pro-fibrotic cytokines.
NP-6A4 is a 768 Da, six amino acid peptide drug (Figure 1A) designed to specifically bind and activate AT2R and has an FDA designation for pediatric cardiomyopathy (FDA US Food and Drug Administration 2017). We showed that NP-6A4 treatment increased survival of mouse cardiomyocyte HL-1 cells, and human coronary artery vascular smooth muscle cells (hCAVSMCs) subjected to acute nutrient stress better than four β1-adrenergic receptor blockers (atenolol, metoprolol, carvedilol and nebivolol) and the AT1R blocker losartan (Mahmood and Pulakat, 2015). We also reported that NP-6A4 increases 1) AT2R expression and signaling in hCAVSMCs and endothelial cells (ECs), 2) cellular respiration of hCAVSMCs, 3) nitric oxide generation by ECs, and 4) reduces reactive oxygen species induced by exposure to Doxorubicin in hCAVSMCs (Toedebusch et al., 2018). The protective effects of NP-6A4 on hCAVSMCs and hCAECs were inhibited by pre-treatment with the AT2R-specific antagonist PD123319 or anti-AT2R siRNA, confirming NP-6A4-effects are mediated through AT2R (Mahmood and Pulakat, 2015; Toedebusch et al., 2018). Moreover, NP-6A4 reduced aortic stiffness and proteolytic activity in a mouse model (Sharma et al., 2020). Since NP-6A4 could increase AT2R expression and signaling, we tested whether NP-6A4 could mitigate pathologic cardiac remodeling and dysfunction caused by a combination of obesity and T2DM in a rat model.
[image: Figure 1]FIGURE 1 | NP-6A4 attenuates cardiac diastolic dysfunction and improves myocardial longitudinal and circumferential strain in ZO rats with untreated diabetes and obesity. (A) Structure of NP-6A4, a patented six amino acid peptide agonist of the AT2R with the orphan drug designation for pediatric cardiomyopathy from the FDA. (B) Representative Pulse Wave Doppler and Tissue Doppler spectra from a saline- (top panels) or NP-64A-treated (bottom panels) ZO rat. Note the lower E/e’ ratio in the NP-64A4 treated rat compared to the untreated rat, indicating lower LV filling pressure with NP-64A treatment. (C) Representative images taken in the parasternal long axis view from a saline-treated rat (top panes) taken at end-diastole and end-systole indicate endocardial longitudinal deformation during the cardiac cycle compared to those from an NP-64A4-treated rat (bottom panels). (D) Representative images taken in the short axis view from a saline-treated rat (top panels) taken at end diastole and end systole indicate endocardial circumferential deformation during the cardiac cycle compared to those from an NP-64A4-treated rat (bottom panels).
We chose male Zucker obese (ZO) rats (Strain Code 185 from Charles River) that harbor a leptin receptor mutation (fa/fa) that causes hyperphagia and exhibit reduction in capillary density (capillary rarefaction), and cardiac fibrosis as the rat model for this study (Zhou et al., 2010; Frisbee et al., 2014; Luck et al., 2017). By the age of nine weeks, ZO rats exhibit severe obesity and insulin resistance, cardiac dysfunction with preserved ejection fraction, a characteristic cardiac pathology of obese and pre-diabetic individuals (Zhou et al., 2010; Maack et al., 2018). Therefore, male ZO rat is an appropriate pre-clinical model for evaluating the cardioprotective effects of NP-6A4 in conditions of untreated obesity. Supplementary Table S1 confirms these metabolic features of 10-week old male ZO rats compared to non-diabetic lean rats. Since our goal was to test whether NP-6A4 could mitigate cardiac structural and functional damage in the presence of untreated obesity and pre-diabetes, we did not treat ZO rats used in this study with any of the established anti-glycemic, anti-hypertensive or anti-lipidemic drugs. At the age of 11-weeks ZO rats were treated with either saline or NP-6A4 (1.8 mg/kg/day) for a two-week period. To gain mechanistic insight into NP-6A4’s mode of action, we investigated how it modulated cardiac cytokines. Here we report that NP-6A4 attenuated cardiac functional and structural damage in obese and pre-diabetic ZO rats and suppressed a large array of inflammatory cytokines in the heart that are implicated in cytokine storm caused by chronic and acute cardiac inflammation caused by metabolic and infectious diseases.
MATERIALS AND METHODS
Animals, Fasting Plasma Profile, HbA1c, and Urine Chemistry
All animal procedures used in this study were approved prior to the beginning of these studies by the Harry S. Truman Memorial Veterans Hospital (HSTMVH) Subcommittee for Animal Safety and University of Missouri IACUC. All animals were cared for in accordance with the Guidelines for the Care and Use of Laboratory Animals (National Institutes of Health publication 85-23). Male ZO rats from Charles River Laboratories were used for these studies (n = 26 rats). All animals were given numbers after randomization based on body weight and before starting treatments and only the numbers were used for identifying the animals during procedures to ensure studies/analyses were performed in a blinded manner. Male Zucker lean (ZL) rats (n = 7) were used to compare metabolic parameters. 11-weeks of age, and presence of obesity and pre-diabetes as determined by body weight and fasting glucose levels before the beginning of treatments were the inclusion criteria. Only male ZO rats were used in this study since female ZO rats at this age and fed with normal chow do not develop hyperglycemia, and the goal of the study was to test the effect of NP-6A4 on obesity- and pre-diabetes-induced heart disease with preserved ejection fraction. To evaluate the effect of a 2-weeks treatment with NP-6A4 on cardiac structure and function, 11-week old ZO rats were used. NP-6A4 dissolved in saline (1.8mg/kg/day; 500µl volume) was delivered subcutaneously via daily injection and saline was used as control. Rats were maintained on ad libitum food and water and housed singly at the HSTMVH animal housing facility under standard laboratory conditions. Room temperature was maintained at 21–22°C. Light and dark cycles were for 12h, but animals were entrained to have dark cycle (awake time) during the day and light cycle (sleep time) during the night to prevent loss of their sleep time during the experiments. Fasting plasma profile was determined by collecting blood from the saphenous vein as described previously (Luck et al., 2017; Lum-Naihe et al., 2017). Percentage of HbA1c in blood was measured just before euthanasia in animals fasted for 6h using a DCA Vantage Analyzer (Siemens, Malvern, PA). Urine was collected by placing rats in metabolic chambers for 24h according to the protocol approved by the University of Missouri-Columbia IACUC and stored frozen at −80°C until further use. For glucose, enzymatic creatinine (Diazyme, Poway,California,United States), N-acetyl-β- glucosamynidase (β-NAG), urine protein (Beckman Coulter), and Gamma Glutamyl Transferase (GGT) measurements, commercially available assays were used on the AU680 automated clinical chemistry analyzer as reported previously (Nistala et al., 2017). Electrolytes (Na and K) were measured using ion-specific electrodes on the AU680 as well as we have done before (Nistala et al., 2017). Tissues were harvested at the time of euthanasia as described before (Luck et al., 2017), weighed, flash frozen in liquid nitrogen, and stored at −80°C for future use. Wet weights of heart, liver, lung and kidney were determined at the time of euthanasia.
Echocardiography
Transthoracic echocardiography on saline- or NP-6A4-treated ZO rats was performed under inhaled isoflurane anesthesia (1.5–2.0% maintenance) utilizing a Vevo2100 dedicated rodent ultrasound imaging system (FUJIFILMS, Visualsonics, Toronto) with an MS250S high frequency echo probe at the Small Animal Ultrasound Imaging Center at the Harry S Truman VA Research Center as described previously (Lum-Naihe et al., 2017). Speckle-tracking based strain analysis of B-Mode ultrasound images was performed in the parasternal long- and short-axis views (PLAX and SAX, respectively), as described previously (Lum-Naihe et al., 2017). Images were acquired at the highest frame rates possible (>200 frames per second). PLAX views were used for evaluation of longitudinal strain and strain rate. SAX views that were acquired at the mid-papillary level, were used for evaluation of circumferential and radial strain analyses. Strain analyses were conducted by following the procedure described previously (Lum-Naihe et al., 2017) by using the manufacturer supplied speckle-tracking algorithm (VevoStrain®, VisualSonics). Briefly, at least three of the highest quality B-mode loops were chosen, i.e., those with little gel artifact or obstruction from ribs, as well as those that display the endocardial and epicardial borders throughout the cine loop for each animal. Initially, the endocardial and epicardial borders were traced with the cine loop stopped at end diastole. Cine-loops were replayed to confirm good border tracking over all cardiac cycles and tracking adjustments were made as needed. The final tracked images were then evaluated for strain measurements. Strain measures were averaged over the cardiac cycles yielding curvilinear strain and strain rate data. Global strain values, peak strain and strain rate measurements of NP-6A4 treated rats were compared to those of saline-treated rats. These procedures for data analysis were repeated independently by two qualified individuals for additional confirmation. Blood pressure was measured non-invasively on conscious rats using a CODA volume pressure recording tail-cuff system (Kent Scientific Corporation, Torrington, CT) as described previously (Sharma et al., 2020). All analysis was done using animal numbers to ensure blinded data analysis.
Histopathology
Tissues from animals (randomly numbered) were fixed in 10% neutral buffered formalin (NBF), embedded into paraffin blocks, sections were cut at 4 µm thickness and used for histopathology as described previously (Luck et al., 2017). To determine interstitial fibrosis, heart sections were stained with Picrosirius Red at Research Animal Diagnostic Laboratory (RADIL), Columbia, MO. The stained sections were scanned using the Aperio CS Slide Scanner by WSI Analytics Lab, Department of Pathology and Anatomical Sciences, University of Missouri, Columbia, MO. Scanned sections were visualized using Aperio ImageScope (Leica Biosystems). Next, 10 interstitial (×20 magnification) images of the most fibrotic regions were selected per animal. Fibrotic area was quantified using the in-built Positive Pixel Count (V9) algorithm (settings were manually determined as follows: hue value = 0; hue width = 0.154; color saturation threshold = 0.04). Positivity (Positive/Total Pixels) was averaged over all regions from a single group to determine mean fibrotic area per group.
To determine cardiomyocyte size and capillary density, heart sections were dewaxed in CitriSolv (Fisher Scientific), rehydrated in an ethanol series and HEPES wash buffer, followed by a heat-mediated antigen retrieval step in sodium citrate buffer. To block non-specific binding sites, sections were incubated with blocking buffer (10% donkey serum, 1% BSA) for 2 h at room temperature, followed by incubation with Helix pomatia agglutinin (HPA) conjugated to Alexa Fluor 647 (Life Technologies; 1:400, 2.5 μg/ml) and Griffonia simplicifolia isolectin B4 (IB4) conjugated to Alexa Fluor 594 (Life Technologies; 1:200, 5 μg/ml) for 4 h at room temperature. Sections were thoroughly washed and slides were mounted using Fluoroshield with DAPI (Sigma). Imaging was performed using a Leica DMI4000B inverted confocal microscope at 40X and 63X. Cell size and capillary density analysis was done using code written in-house using the EBImage package in R (Pau et al., 2010). Briefly, for measuring cardiomyocyte cell size, HPA stained images were thresholded by intensity to produce binary masks. The masks were used to select closed contours as potential cells. Objects of interest were filtered by morphological parameters (such as area, perimeter, and eccentricity), and subsets of the remaining cells were randomly selected for inclusion in analysis. Following the initial segmentation, artifacts (such as merged cells, split cells, or recognition of non-cell objects) were identified and removed by a user. Area was then computed for approved cells. Cell sizes of a minimum of 65 cells per animal were determined and a minimum of five animals were used per group. A similar protocol was used to extract capillaries for IB4 stained images. Following initial extraction, errors in capillary recognition were manually corrected by a user. All capillaries present in an image were used to calculate the final density. Data are presented as mean ± SEM.
Immunohistochemistry
Five micrometer heart sections from the saline and NP-6A4 treated ZO rats were deparaffinized in xylene (Fisher Scientific), rehydrated in an ethanol series and HEPES wash buffer, followed by a heat-mediated antigen retrieval step in sodium citrate buffer. Following rehydration, sections were incubated with Wheat germ agglutinin (WGA) conjugated to Alexa Fluor 647 (Life Technologies; 1:200, 5.0 μg/ml). After washing, tissue sections were permeabilized with 0.2% Triton-X (Thermo-Fisher) in PBS and subsequently blocked as described above independently for each AT2R, ACE2, and MAS staining. Antibodies for AT2R (Ab19134), ACE2 (Ab87436), and MAS (Ab66030) were from Abcam Biotech. Sections were thoroughly washed and slides were mounted using Fluoroshield with the nuclear counterstain, DAPI (Sigma). Imaging was performed using a Leica DMI4000B inverted confocal microscope at 20X and 63X. Fluorescence intensity (relative to nuclei) was subsequently quantified using ImageJ software (NIH, Bethesda, MD) using a minimum of 10 regions of interest per section.
Intracardiac Cytokine Analysis Using Quantibody® Rat Cytokine Array 67 and IPA Analysis
Heart tissues that were frozen at −80°C were homogenized and lysates were prepared for Raybiotech’s Quantibody® Rat Cytokine Array 67 analysis as described previously (Lum-Naihe et al., 2017). Cytokine analysis of the heart tissue lysates was performed by Raybiotech according to their protocol and software analysis. Analysis was performed for 67 non-overlapping cytokines in quadruplicates per animal along with appropriate positive and negative controls. Cytokines that exhibited statistically significant differences (p < 0.05, Paired Student’s t-Test) between different groups and at least a 1.5-fold change in either direction (increased or decreased) were selected for input into Ingenuity Pathway Analysis (IPA, Qiagen, Germantown, MD) to identify diseases and functions that were affected. Heatmaps were generated using the ggplot2 package for R (Wickham 2016).
Intracardiac miRNA Expression Analysis
Total RNA was isolated from the frozen (−80°C) heart tissues of saline- or NP-6A4 treated rats using the mirVana™ miRNA isolation kit and GeneChipTM miRNA 4.0 array was used for determining the expression of cardiac miRNA in these isolated total RNA samples as described previously (Belenchia et al., 2018). Briefly, Affymetrix® FlashTag™ Biotin HSR RNA Labeling Kit specifically designed for GeneChipTM miRNA array (ThermoFisher Scientific catalog number 90911) was used for preparing the targets (n = 5 animals per group). Hybridization of the target to the GeneChipTM miRNA 4.0 array for 16 h followed by scanning of the fluorescence intensity emitted by the labeled cRNA/cDNA bound to the probe arrays using the Affymetrix GeneChip scanner 3,000 7Gw was performed at the University of Colorado Microarray Core Lab for a fee. Data were collected using Affymetrix Command Console Software at the University of Colorado Microarray Core Lab. Affymetrix Expression Console TM software was used to process the CEL files and normalize data. A two-sample t-test was used to compare the two groups for each miRNA and identify the differentially expressed miRNAs that showed statistical significance (p < 0.05). The heatmap was generated using the ggplot2 package for R (Wickham 2016).
RNA Isolation and Quantitative Real Time-PCR
Cardiac expression of Agtr2 (AT2R), Agtr1a (AT1A), Agtr1b (AT1B), miR-7a-1-3p, miR-138-5p, miR-148b-3p, and miR-101b-3p miRNAs were determined using mRNA and miRNA isolated from frozen ZO rat heart tissues (n = 5 per group) as described previously (Luck et al., 2017; Lum-Naihe et al., 2017; Belenchia et al., 2018). Agtr2, At1ra, At1rb, and 18s PCR reactions were performed in triplicate using TaqMan Fast Universal PCR Master Mix (2X) and TaqMan Assays with primers specific to the genes of interest (Applied Biosystems). miRNA real-time PCR reactions were performed in triplicate using either TaqMan Fast Universal PCR Master Mix (2X) (Applied Biosystems) or miScript II Mix (Qiagen). TaqMan Advanced MicroRNA Assays (Life Technologies) primers were used for miR-7a-1-3p and miR-138-5p. miScript II Assay Primers (Qiagen) were used for miR-148-3p, miR-101b-3p, and miR-190a-3p.
Statistical Analysis
All data were assessed for homoscedasticity and normality by Shapiro-Wilk test. For the comparison of the two groups, unpaired two-tailed t-tests were performed, with Mann-Whitney correction used in cases of non-parametric data. A p-value < 0.05 was deemed significant.
RESULTS
NP-6A4 Treatment Attenuated Cardiac Diastolic Dysfunction in ZO Rats Without Changing Their Blood Pressure or Other Metabolic Parameters
Mitral E/e′ ratio is a noninvasive measure of left ventricular filling pressure. Elevated E/e′ ratio is considered as a cardinal sign for heart failure with preserved ejection fraction (HFpEF) (Sharp et al., 2010; Zoppini et al., 2018). In diabetic humans, E/e’ ratio is significantly increased compared to non-diabetic controls indicating diastolic dysfunction (Zoppini et al., 2018). A unit rise in the E/e′ ratio was associated with a 17% increment in risk of a cardiac events as shown in a study of 980 participants in the Anglo-Scandinavian Cardiac Outcomes Trial (ASCOT) (Sharp et al., 2010). In healthy rats, E/e’ is in the range of 18–20. In 13-week old obese and pre-diabetic ZO rats treated with saline, average E/e’ was-31.94 ± 3.24. However, in ZO rats treated with NP-6A4, E/e’ was lowered by an average of 8.5 points and a maximum of 25 points compared to saline-treated ZO rats (Figure 1B; Supplementary Table S2). This observation indicated that NP-6A4 treatment mitigated diastolic dysfunction in ZO rats with untreated obesity and T2DM. The myocardial performance index (MPI) is a Doppler-derived index of global LV function and a negative prognostic marker for congestive heart failure when elevated (Arnlov et al., 2004). NP-6A4 treatment significantly lowered MPI also in ZO rats (Supplementary Table S2) further confirming that NP-6A4 is cardio-protective.
NP-6A4 treatment did not change body weight, fasting glucose, insulin, and triglycerides during the course of treatment (Figures 2A–D). Analysis of plasma at the time of euthanasia showed that no significant changes occurred in the levels of cholesterol, high density and low density lipoprotein (HDL and LDL), Hemoglobin A1c Alanine Aminotransferase, Asparatate Aminotransferase and uric acid in response to NP-6A4 treatment (Figures 2E–I). Previous reports show that central infusion with AT2R agonists could reduce blood pressure, however, systemic treatment did not change blood pressure (Sumners et al., 2015; Dai et al., 2016) in different murine models. To verify whether the improvement in cardiac functions of ZO rats resulted from any changes in blood pressure, we tested the effect of four-week NP-6A4 treatment on blood pressure in a separate cohort of ZO rats. Diastolic, systolic and mean arterial pressure were not significantly different between saline- and NP-6A4 treated ZO rats (Supplementary Table S2). This is consistent with other reports that show systemic administration of AT2R agonists are not effective in changing blood pressure. Moreover, this is also consistent with NP-6A4’s effect on blood pressure in a mouse model for aneurism (Sharma et al., 2020). Thus, the NP-6A4-mediated effects on cardiac functions are independent of blood pressure.
[image: Figure 2]FIGURE 2 | NP-6A4 treatment did not change levels of fasting plasma glucose, insulin, lipids, and aminotransferases, but reduced heart weight and alkaline phosphatase significantly. N = 6 for saline group and seven for NP-6A4 group. Heart weight (grams)/tibia length (cm) and plasma levels of alkaline phosphatase (U/L) at the end of treatment were significantly reduced (p values are marked). None of the other parameters showed any significant changes.
NP-6A4 Treatment Improved Myocardial Global Circumferential Strain and Longitudinal Strain, Reduced Cardiac Fibrosis, Heart Weight and Cardiomyocyte Hypertrophy in ZO Rats
In patients having heart disease with preserved ejection fraction, impairment of left ventricular global longitudinal strain (GLS) is associated with a 5.6-fold increase in mortality (Blomstrand et al., 2015; Krishnasamy et al., 2015). Moreover, impairment of circumferential strain is a negative prognosticator for heart failure in asymptomatic subjects without previous clinical CVD (Choi et al., 2013). Speckle tracking echocardiography analysis (Lum-Naihe et al., 2017) revealed that myocardial longitudinal strain and strain rate, and circumferential strain and strain rate were significantly improved in NP-6A4 treated rats compared to saline treated rats (Figures 1C,D and Supplementary Table S2).
The ZO rats are reported to exhibit cardiac fibrosis starting at the age of 9 weeks (Zhou et al., 2010). The ZO rats used in this study were 13-weeks old at the end of NP-6A4 treatment. Therefore, we tested whether NP-6A4 treatment modulated their cardiac fibrosis. Picrosirius red (PSR) staining (Vogel et al., 2015) was used to visualize collagen content in heart tissue sections from saline- and NP-6A4 treated ZO rats. There was significant reduction in PSR staining in NP-6A4-treated ZO rat hearts (Figures 3A,B). This suggests that NP-6A4 reduces excessive collagen and thereby attenuates cardiac fibrosis. The wet heart weight adjusted to tibia length was significantly reduced in response to NP-6A4 treatment in ZO rats (Figure 2J) indicating suppression of cardiac hypertrophy. Cardiomyocyte hypertrophy is often seen in obese and diabetic patients (Oktay et al., 2000) and reported in ZO rats (Martinelli et al., 2020). To test if NP-6A4 modulated cardiomyocyte hypertrophy in obese and pre-diabetic ZO rats, we performed immunofluorescent cell membrane staining using Helix pomatia agglutinin (HPA) conjugated to Alexa Fluor 647 to evaluate cardiomyocyte size (Lum-Naihe et al., 2017). As shown in Figures 3C,D, NP-6A4 treated hearts had a significant reduction in cardiomyocyte size indicating that the short-term NP-6A4 treatment could reduce cardiomyocyte hypertrophy.
[image: Figure 3]FIGURE 3 | NP-6A4 treatment attenuated cardiac fibrosis, hypertrophy and loss of cardiac microvascular density in ZO rats with untreated diabetes and obesity. (A) Representative images of PSR stained heart sections of ZO rats treated with saline or NP-6A4 taken at ×20 magnification (scale bars = 150 µm). (B) Graph shows the cumulative data for normalized fibrotic square area (n = 6 animals per group; 10 images per animal; 60 images per group). (C) Representative images of heart sections co-stained with HPA-Alexa Fluor (red) to visualize cardiomyocyte membrane IB4-Alexa Fluor 594 (green) to visualize capillaries (×40 magnification; scale bars = 100 µm). (D and E) Graphs show cumulative data for cardiomyocyte size and the number of capillaries per square area. n = 6 animals per group; 10 images per animal; and 65 cells per animal from multiple images.
NP-6A4 Treatment Increased Cardiac Capillary Density in ZO Rats
In patients with chronic heart failure clinical research has shown that there is a ∼20% reduction in their skeletal muscle capillary density and that was inversely related to their maximum oxygen consumption (Duscha et al., 1999). It is also shown that chronic diabetes induces loss of capillary density (capillary rarefaction) and that diabetic human myocardial explants exhibit significant capillary rarefaction and pericyte loss compared to nondiabetic explants (Hinkel et al., 2017). Therefore, we tested whether NP-6A4 treatment modulated cardiac capillary density in obese and pre-diabetic ZO rats. Co-staining of the HPA-stained sections with the vascular stain Isolectin B4 (IB4) to determine capillary presence showed that NP-6A4 treatment increased IB4 staining by 20.8% suggesting that NP-6A4 increased cardiac capillary density in ZO rats (Figures 3C,E). Given the significance of 20% capillary rarefaction in muscle pathology of diabetic patients, NP-6A4-mediated increase of 20.8% cardiac capillary density in ZO rats with untreated obesity and pre-diabetes is likely a significant contributor to their improved cardiac function in response to NP-6A4-treatment. Moreover, increase in capillary density is consistent with NP-6A4-induced improvement of human coronary endothelial cell function (Toedebusch et al., 2018).
NP-6A4 Activated a Feed-Forward Loop That Increased Cardiac AT2R Expression
AT2R agonists CGP42112A and C21 do not increase AT2R expression in the heart and are not used to treat heart disease (Wan et al., 2004; Chow et al., 2016). We reported that NP-6A4 increased AT2R expression in human cardiovascular cells (Toedebusch et al., 2018). Consistent with this, NP-6A4-treatment increased Agtr2 mRNA expression by at least 5-fold in ZO rat hearts as assessed by quantitative RT-PCR (Figure 4A). Immunohistochemistry analysis using anti-AT2R-antibody also showed an increase in AT2R protein expression in NP-6A4-treated ZO rat hearts (Figures 4B,C). However, protein expression levels of other RAAS components (Gul et al., 2012) such as AT1 receptor subtypes AT1A (Figure 4D) and AT1B (Figure 4E), or anti-inflammatory RAAS components such as MAS receptor (Figures 4F,G) and ACE2 (Figures 4H,I) did not change in response to NP-6A4 treatment in ZO rat hearts.
[image: Figure 4]FIGURE 4 | NP-6A4 treatment increased expression of cardiac AT2R, but not AT1 receptor subtypes, Mas receptor or ACE2. (A) Expression of cardiac Agtr2 (AT2R) mRNA as determined by qRT-PCR in Saline-and NP-6A4 treated rats. n = 6 per group. (B). Representative images of heart sections from immunohistochemistry analysis using anti-AT2R antibody as the probe (green), nuclei visualized by DAPI staining (blue) and cell membranes visualized by staining with WGA-Alexa Fluor 647 (red) (×63 magnification, scale bars = 50 µm). (C) Graphs show cumulative data for normalized anti-AT2R antibody staining. (D and E) Expression of cardiac AT1 receptor subtypes AT1a and AT1b mRNA expression as determined by qRT-PCR. (F and H) Representative images of heart sections from immunohistochemistry analysis using anti-MasR antibody or anti-ACE2 antibody as the probe (green), nuclei visualized by DAPI staining (blue) and cell membranes visualized by staining with WGA-Alexa Fluor 647 (red). (G and I) Graphs show cumulative data for normalized anti-MasR antibody and anti-ACE2 antibody staining.
NP-6A4 Induced Suppression of a Large Array of Inflammatory and Pro-fibrotic Cytokines and Chemokines in ZO Rat Heart
To gain a better understanding of the mechanisms underlying the cardioprotective effects of NP-6A4-AT2R signaling we analyzed the intracardiac cytokine profile using the Quantibody® Rat Cytokine Array 67 analysis of RayBiotech. Inc. (performed by RayBiotech). Twenty four cytokines were significantly differentially expressed in NP-6A4-treated compared to saline-treated ZO rat hearts (Figure 5A). Among them were 19 pro-inflammatory and pro-fibrotic cytokines indicating that NP-6A4 activates a unique anti-inflammatory signaling that coordinately suppresses several inflammatory cytokines that contribute to the complex cardiac pathology caused by obesity and pre-diabetes. Table 1 shows the roles of interleukins IL-1α and β, IL-2, IL-4, IL-6, and IL-13, Fractalkine, Interferon-γ (IFN-γ), Tumor necrosis factor-α (TNF-α), Monocyte chemotactic protein-1 (MCP-1), Galactin-3, Granulocyte-monocyte-colony stimulating factor (GM-CSF), Cytokine-induced neutrophil chemoattractant 1 (CINC-1, also known as CXCL1), and Intracellular Adhesion Molecule 1(ICAM-1), in cardiac pathology and are established from clinical and pre-clinical studies. These cytokines are specifically implicated in fibrosis, hypertrophy, cardiomyopathy, coronary heart disease, or heart failure in humans and animal models. LIX, also known as CXCL5, is increased in autoimmune diseases. As shown in Figure 5A, all of these inflammatory cytokines are significantly suppressed by NP-6A4 treatment in ZO rat heart. Interestingly, these same cytokines are also implicated in cytokine storm induced by infectious diseases including COVID-19 and they are drug targets for mitigating cytokine storm-induced tissue damage (Table 1). Additionally, interleukin-10 (IL-10) secreted by cardiac macrophages has a critical role in cardiac fibrosis specifically in heart failure with preserved ejection fraction (HFpEF) (Hulsmans et al., 2018). NP-6A4 treatment suppressed cardiac IL-10 also in ZO rats (Figure 5A). L-selectin is a cell adhesion molecule that shows increased expression in inflamed vascular tissues and is implicated in leukocyte infiltration in cardiovascular diseases (Weil and Neelamegham 2019). NP-6A4 treatment suppressed cardiac L-selectin levels also (Figure 5A). Platelet-derived growth factor A-chain (PDGF AA) that is increased during vascular hypertrophy and COVID-19 (Zhao et al., 2011; Petrey et al., 2021) and Tissue inhibitor of metalloproteinases (TIMP1) that promotes myocardial fibrosis (Takawale et al., 2017) are also suppressed by NP-6A4 (Figure 5). Other molecules suppressed by NP-6A4 include TCK1 and Prolactin receptor, however their potential roles in cardiac functions in conditions of obesity and pre-diabetes are yet to be elucidated.
[image: Figure 5]FIGURE 5 | NP-6A4 suppressed a large array of inflammatory and fibrotic cytokines implicated in both cardiac pathologies and cytokine storm and simultaneously increased expression of cardio-protective erythropoietin (EPO) and Notch1 that promote myocardial repair in the heart tissues of obese and pre-diabetic ZO rat. (A) Heat map shows a graphic representation of relative expression of 24 differentially expressed intracardiac cytokines significantly different between saline and NP-6A4 treated ZO rat hearts. Individual cardiac samples are arranged along the x-axis and cytokines along the y-axis. 19 cardiac molecules implicated in cardiac pathologies (Table 1) and suppressed by NP-6A4 are marked by red star. Fifteen cytokines that exhibited 1.5-fold differential expression in either direction were further selected for IPA analysis (see Supplementary Table S3). n = 5 animals per group. Yellow indicates the highest expression for each cytokine (1.0), while dark blue indicates lower expression relative to the sample with the highest expression. Expression was normalized for each cytokine across all animals (across each row). Statistical significance was determined using Student’s t-test. p < 0.05 for all proteins. (B) Top scoring IPA-predicted diseases and functions networks resulting from the comparison of cytokine proteins (Supplementary Table S3) of saline and NP-6A4 treated ZO rat hearts. Six diseases and functions were predicted to be suppressed (blue in color) by NP-6A4 treatment based on this cytokine profile. Additional details for each individual network in this group are provided in Supplementary Figure S2. (C) Immune cell specific functions that are predicted to be suppressed in NP-6A4 treated ZO rat hearts. Green cytokines indicate downregulation in NP-6A4-treated compared with saline-treated ZO rat hearts. The blue connecting lines show a known relationship between the cytokine and the cellular process/function. This figure was generated using IPA’s built in feature for “Diseases and Functions”, and then selecting “immune system related” processes.
TABLE 1 | Established roles of cytokines and chemokines suppressed by NP-6A4 in ZO rat heart in different pathologies.
[image: Table 1]NP-6A4 Treatment Increased the Expression of Cardioprotective Erythropoietin (EPO) and Notch1 in Addition to the Reparative AT2R
Cardiac levels of two molecules implicated in cardiac repair, Erythropoietin (EPO) (Santhanam et al., 2010; Zafiriou et al., 2014)) and Notch1 (Yu and Song 2014; Zhu et al., 2020; Li et al., 2021) were significantly increased by NP-6A4 in ZO rat heart (Figure 5A). Thus, NP-6A4 increased the expression of at least three cardioprotective molecules in the ZO rat heart, namely, AT2R, EPO and Notch1. Increase in the expression of these protective molecules combined with suppression of a large array of pro-inflammatory and pro-fibrotic molecules by NP-6A4 indicate that NP-6A4 treatment induces an unprecedented cardioprotective cytokine network in the heart tissues of ZO rats even in the presence of their untreated obesity and pre-diabetes.
Ingenuity Pathway Analysis Predicts NP-6A4-AT2R-Induced Cardiac Cytokine Network is Cardiovascular and Renal Protective
To gain a better insight into how NP-6A4 induced cytokine network modulates cardiovascular pathology, we selected cytokines that had at least 1.5-fold change in either direction (Supplementary Table S3) and used them as input for Qiagen’s Ingenuity Pathway Analysis (IPA) software. According to IPA prediction, NP-6A4-induced cytokine network could significantly suppress the following diseases and functions: 1) occlusion of artery, 2) atherosclerosis, 3) damage to kidney, 4) inflammation of joint, 5) proliferation of cancer cells and 6) dermatitis. (p > 0.001; Figure 5B). Details on activation Z score and number of molecules in each pathway are shown in Supplementary Figure S1). Additionally, IPA predicted significant suppression of inflammatory response by NP-6A4 in ZO rat heart (Figure 5C). These results of IPA analysis further suggest that there is activation of a unique cardioprotective and anti-inflammatory cytokine signature by NP-6A4 in ZO rat heart in conditions of untreated obesity, hyperlipidemia, and T2DM. This is a key mechanism for NP-6A4’s ability to attenuate myocardial functional and structural damage resulting from obesity and pre-diabetes.
Other Systemic Effects of NP-6A4: Suppression of Urinary β-NAG, Lung Weight Adjusted to Tibia Length, and Plasma Alkaline Phosphatase
While NP-6A4 treatment did not change the 24-h urine output significantly (Table 2), it reduced the total amount of N-acetyl-β- glucosamynidase (β- NAG) by 66% in 24-h urine sample of ZO rats (Table 2). Urinary β- NAG is a marker for tubulointerstitial injury in diabetes (Kim et al., 2016). Nephroprotective treatments such as with acetaminophen is shown to reduce β- NAG in the urine of ZO rats by 41% (89). Therefore, our observation that NP-6A4 reduced urinary β- NAG in a 24-h urine sample indicates that NP-6A4 treatment is nephroprotective in ZO rats. NP-6A4 also induced a modest, but significant reduction in total enzymatic creatinine in the 24-h urine sample (Table 2). Other urine metabolites (sodium, potassium, glucose, Gamma-Glutamyl-Transferase, and protein) did not change significantly (Table 2). Additionally, as shown in Figure 2; Table 2, heart, kidney and liver wet weights adjusted to tibia length were not significantly different between ZO rats treated with saline or NP-6A4. However, wet weight of lung was reduced by 15% (p = 0.023) in response to NP-6A4 in ZO rats (Table 2). This observation indicated that NP-6A4 treatment modulated lung weight in an animal model that exhibits diastolic dysfunction with preserved ejection fraction, obesity and pre-diabetes. Lung congestion is associated with chronic heart failure (Melenovsky et al., 2015). However, additional studies are needed to fully evaluate the role of NP-6A4 on lung complications induced by obesity and chronic inflammation. ZO rats are reported to have elevated plasma alkaline phosphatase, a marker of liver and bone injury (Gary-Bobo et al., 2007). NP-6A4 treatment significantly reduced fasting plasma alkaline phosphatase (Figure 2M) indicating that NP-6A4 treatment may be protective for liver and bone tissues.
TABLE 2 | Effects of NP-6A4 treatment on urine parameters and wet weights of other tissues than heart in Zucker obese rats with untreated diabetes, obesity, and metabolic syndrome.
[image: Table 2]NP-6A4 Increased miRNAs That Inhibits Cardiac Fibrosis and Hypertrophy and Suppress Inflammatory Cytokines
MicroRNAs have emerged as powerful diagnostic markers for heart disease and master regulators of gene expression. Therefore, we analyzed NP-6A4-induced changes in miRNA expression pattern in ZO rat hearts. Analysis of miRNA expression patterns using the Affymetrix miRNA GeneChip Version 4.0 identified 95 miRNAs that were significantly differentially expressed by at least 1.5-fold (Supplementary Tables S4A,B), of which 31 miRNAs showed a 2-fold differential expression (Figures 6A,B). Quantitative RT-PCR analysis was used to spot check the expression patterns of some of these miRNAs as an alternative method to verify the data from microarray. All miRNAs tested by qRT-PCR confirmed the differential expression pattern seen in microarray analysis (Figure 6C). Next we checked whether any of the miRNAs that showed increased expression were reported to have cardioprotective effects according to literature. We found that miR-101b-3p abrogates cardiomyocyte hypertrophy and fibrosis (Pan et al., 2012; Lee et al., 2017) and miR-148b-3p, is downregulated in mitral regurgitation and heart failure (Chen et al., 2016; Figure 6A; Table 3). Literature also showed that miR-101b-3p suppresses Stc1 (Stanniocalcin 1) implicated in macrophage differentiation, preferentially M1 polarization, and contributes to the increase in expression of multiple inflammatory cytokines (Table 3; De Martino et al., 2009; Leung and Wong, 2021) Similarly, miR-190a-3p is shown to target and suppress Tiam1 that activates il17 promoter and increase inflammatory cytokines (Table 3; Kurdi et al., 2016. Liu et al., 2019). It is conceivable that up-regulation of miRNAs that suppress different positive regulators of inflammatory cytokines can be one potential mechanism underlying this coordinated suppression of a large array of inflammatory cytokines by NP-6A4 (Figure 7). However, additional studies are needed to test this idea.
[image: Figure 6]FIGURE 6 | NP-6A4 modulates a cardiac microRNAs that can potentially regulate the anti-inflammatory protein network in ZO rat heart. (A and B) Heat maps show graphic representation of relative expression of intracardiac microRNAs that exhibited at least a two-fold increase (A) or two-fold decrease (B) in NP-6A4-vs. saline-treated ZO rat hearts. n = 5 animals per group. Yellow indicates the highest expression for each cytokine (1.0), while dark blue indicates lower expression relative to the sample with the highest expression. Expression was normalized for each microRNA across all animals (across each row). Statistical significance was determined using Student’s t-test. p < 0.05 for all differentially expressed miRNAs. Supplementary Tables S4A,B list all miRNAs that exhibited at least 1.5-fold differential expression. (C) Graph shows the results of quantitative RT-PCR analysis of some of the differentially expressed miRNAs in NP-6A4 vs. saline treated ZO rat hearts previously identified by microarray analysis. n = 6 animals per group and qRT-PCR was performed in triplicates. *p < 0.05 for saline-treated vs. NP-6A4 treated as determined by two-tailed paired t-test.
TABLE 3 | Differentially expressed cardiac miRNAs of ZO rats in response to NP-6A4 treatment may contribute to mitigating cardiac damage, suppressing inflammatory cytokines and regulating expression of AT2R, EPO and Notch1.
[image: Table 3][image: Figure 7]FIGURE 7 | NP-6A4 mitigates heart disease via a new multi-prong signaling that coordinates expression of cardioprotective protein and miRNA in conditions of untreated obesity and pre-diabetes. Cartoon diagram summarizes the key events underlying cardioprotection induced by NP-6A4-AT2R signaling in untreated diabetes and obesity. NP-6A4 treatment attenuated cardiac dysfunction as evidenced by reduced E/e’, improved GLS and GCS. NP-6A4 suppressed myocardial structural damage as evidenced by reduction in fibrosis, cardiomyocyte hypertrophy, and loss of microvascular density. These protective effects were mediated by a coordinated increase in the expression of cardio-reparative AT2R, EPO and Notch1 (marked in the diagram) and suppression of nineteen pro-inflammatory and/or pro-fibrotic cytokines. Expression of multiple miRNAs that can potentially target AT2R, EPO and Notch1 (shown in purple) are suppressed whereas miRNAs implicated in attenuating heart failure, hypertrophy and fibrosis and suppressing inflammatory cytokines (shown in light green) are increased by NP-6A4-AT2R signaling. Since all these cardioprotective effects are induced in conditions of untreated obesity, and without modulating blood pressure, NP-6A4 can be an exciting synergistic drug for anti-hyperglycemic, anti-lipidemic and anti-hypertensive drugs to mitigate severe cardiac inflammation and heart disease.
DISCUSSION
Results presented here show for the first time that NP-6A4, a peptide agonist of AT2R with an FDA designation for pediatric cardiomyopathy, could suppress an inflammatory cytokine network comprised of 21 proteins in the heart tissues of ZO rats with untreated obesity and T2DM, and ameliorate cardiac structural and functional damage. Previous studies have shown that the presence of either a high E/E′ ratio or an impaired myocardial global longitudinal strain (GLS) provides a useful negative predictive value of cardiovascular events in patients with type 2 diabetes (Liu et al., 2016).
We show that in young obese and pre-diabetic ZO rats that exhibit cardiac dysfunction with preserved ejection fraction, NP-6A4 treatment attenuated early myocardial deformation [as evidenced by improvement of myocardial GLS and circumferential strain (GCS)], and diastolic dysfunction (as evidenced by reduction in E/e’ and MPI). NP-6A4 also suppressed cardiac fibrosis and cardiomyocyte hypertrophy, and increased cardiac capillary density in ZO rats. The mode of action of NP-6A4 involves activating a positive feedback loop that increases expression of its receptor, the cardio-reparative AT2R. However, unlike AT1 receptor blockers (Igase et al., 2008), and other AT2R agonists (Sumners et al., 2015; Dai et al., 2016), NP-6A4 did not increase cardiac levels of ACE2 protein indicating that NP-6A4-AT2R-signaling is unique. Mas receptor protein levels in the heart were also unaffected by NP-6A4.
NP-6A4 treatment did not induce any significant changes in bodyweight, fasting plasma glucose, insulin, triglycerides, and cholesterol, indicating that cardioprotective effects of NP-6A4 did not stem from modulating these parameters. Although central activation of AT2R is involved in reducing blood pressure, systemically applied AT2R agonists do not change blood pressure and AT2R agonists are not used as anti-hypertensive drugs (Sumners et al., 2015; Dai et al., 2016). Consistent with this, we also did not see any significant changes in blood pressure in ZO rats in response to this sub-cutaneous NP-6A4 treatment (Supplementary Table S2). Thus, cardioprotective effects of NP-6A4 do not arise from significant blood pressure reduction. These observations suggest that NP-6A4 can be cardioprotective in the continuous presence of a toxic metabolic profile indicated by hyperglycemia, hyperinsulinemia, and hyperlipidemia.
Capillary loss or rarefaction is a dangerous cardiac pathology observed in human diabetic hearts and skeletal muscle biopsies of patients with chronic heart failure (Duscha et al., 1999; Hinkel et al., 2017). We have reported previously that NP-6A4 increased endothelial function as evidenced by increased expression of endothelial nitric oxide synthase and generation of nitric oxide in human coronary artery endothelial cells (Toedebusch et al., 2018). Therefore, the observed increase in cardiac capillary density in ZO rats could be the result of improved endothelial function induced by NP-6A4-AT2R signaling in ZO rat heart. Such improvement in capillary density is key to improved cardiac function.
Our data show that NP-6A4-AT2R signaling suppresses 19 cardiac cytokines and chemokines involved in pathologic remodeling of the heart (Figures 4A–C). Among them are the IL-1 ligands, IL-1α and β, that act through IL-1 receptor, and implicated in NRLP3 inflammasome-induced cardiac inflammation, diabetic cardiomyopathy, septic shock, myocardial infarction, heart failure and atherosclerosis (Peiró et al., 2017; Abbate et al., 2020). IL-1 receptor blockers or monoclonal antibodies against IL-1β are currently in clinical trials to mitigate cardiac inflammation. Moreover, Anakrina, an IL-1 receptor blocker, is in clinical trials to mitigate cardiac and pulmonary inflammation and death (Cauchois et al., 2020; Chen et al., 2020). IL-2 implicated in myocarditis, and IL-4, IL-6, and IL-13 implicated in fibrosis and cardiomyopathy are the other inflammatory interleukins suppressed by NP-6A4 (Table 1). Fractalkine and Galactin-3 are two other inflammatory cytokines that are implicated in cardiomyopathy and heart failure. Other prominent inflammatory cytokines suppressed by NP-6A4 are IFNγ, TNF-α, MCP-1, GM-CSF, CINC-1 (CXCL-1), ICAM-1, LIX (CXCL1), and PDGF-AA. These data suggest that NP-6A4-AT2R signaling activates a unique regulation of the large array of pro-inflammatory cytokines implicated in pathologic remodeling of cardiovascular tissues in response to metabolic and infectious diseases.
At the same time NP-6A4-AT2R signaling increases expression of Notch1 and EPO that promote cardiac repair. Notch1 signaling is activated in response to myocardial injury and is involved in suppression of cardiomyocyte apoptosis, cardiac repair and regeneration (Li et al., 2010; Yu and Song, 2014; Zhu et al., 2020). Erythropoietin (EPO) increases myocardial performance and induces cardiac repair after myocardial infarction (Santhanam et al., 2010; Zafiriou et al., 2014). Thus, NP-6A4-AT2R signaling induces a coordinated anti-inflammatory cytokine-network that mitigates cardiac pathologic remodeling in ZO rats with untreated obesity and pre-diabetes.
To gain insight into the relationship between the NP-6A4-induced increase in cardioprotective AT2R, EPO and Notch1 and the changes in intracardiac miRNAs, we performed an in silico analysis. Interestingly, analysis of 3′untranslated regions of mRNAs coding for human AT2R, EPO, and Notch1 using RegRNA 2.0 software (Chang et al., 2013) showed that multiple miRNAs that are suppressed by NP-6A4 treatment (Figure 6B) had binding sites on the these mRNAs (Table 3; Supplementary Table S5). In contrast, none of the miRNAs that showed increased expression over two-fold in NP-6A4-treated hearts (Figure 6A) had binding sites in the 3′-untranslated regions of these mRNAs. This observation suggested that NP-6A4 mediated suppression of some microRNAs can be one of the underlying mechanisms for the NP-6A4-induced increases in the expression of AT2R, EPO and Notch1 in ZO rat heart. Additional studies are warranted to test this idea.
At the age of 9 weeks, ZO rat heart exhibits diastolic dysfunction, cardiac fibrosis, abnormal cardiomyocyte histoarchitecture, and increased levels of 3-nitrotyrosine, and NADPH oxidase-dependent superoxide compared to Zucker lean rat heart (Zhou et al., 2010). Moreover, another study showed that at the age of 12-weeks, ZO rat heart exhibits increased levels of lipid-aldehyde 4-hydroxynonenal (4-HNE), platelet endothelial cell adhesion molecule-1 (PECAM-1) and vascular cell adhesion molecule-1 (VCAM-1) and TNF-α compared to lean Zucker rats indicating the highly inflammatory status of the ZO rat heart (Martinelli et al., 2020). The ZO rats in this study were 11-week old, an age when cardiac inflammation and damage caused by untreated obesity and pre-diabetes was progressing. NP-6A4-AT2R signaling seems to have mitigated this cardiac inflammation by activating a unique anti-inflammatory cytokine-miRNA network that suppressed 19 pro-inflammatory and pro-fibrotic molecules and increased cardio-reparative molecules (AT2R, EPO and Notch1) as shown in Figure 7. While the change in expression of each individual molecule was modest in response to NP-6A4 treatment in ZO rat heart, the coordinated change in their expression that results in an anti-inflammatory network underlies the powerful anti-inflammatory mode of action of NP-6A4. This is the key mechanism that causes the observed multifactorial improvement in cardiac structure and function (attenuation of hypertrophy and fibrosis, improvement of GLS, GCS, E/e’, MPI and cardiac capillary density) in response to NP-6A4 treatment in ZO rats. To our knowledge, this is the first report that defines an AT2R-induced intracardiac anti-inflammatory cytokine-miRNA network (Figure 7) with cardiovascular and renal protective effects (as predicted by IPA). Suppression of tubulointerstitial injury marker urinary β-NAG in ZO rats by NP-6A4-AT2R signaling is nephroprotective and is in agreement with the IPA prediction that the anti-inflammatory cytokine network activated by NP-6A4 can potentially suppress kidney damage (Figure 4B).
Additional studies are needed to fully understand the role NP-6A4-mediated suppression of ciliary neurotrophic factor (CNTF) that usually exhibit protective effects on the heart. This is also true for Prolactin receptor and TCK1 (Creatine kinase, testis isozyme), two other molecules suppressed by NP-6A4 treatment since their roles in cardiac functions in conditions of untreated obesity and pre-diabetes are not known. Additional studies on NP-6A4-induced structural and functional changes in kidney are also needed to fully understand the impact of NP-6A4 treatment on the pre-diabetic kidney.
We reported previously that NP-6A4 increases cellular respiration and attenuates doxorubicin-induced increase in reactive oxygen species in human VSMCs and protects them from acute serum starvation better than four beta-adrenergic receptor blockers and an AT1R blocker (Mahmood and Pulakat, 2015; Toedebusch et al., 2018). Moreover, NP-6A4-mediated increase in AT2R expression was observed in human VSMCs, and coronary artery and umbilical vein endothelial cells (Toedebusch et al., 2018). Thus, NP-6A4-AT2R signaling renders protective effects on human cardiovascular cells and improves endothelial function by increasing expression of eNOS and nitric oxide. Data presented here show that NP-6A4-induced cardiovascular protective effects also occur in a pre-clinical model for untreated obesity, pre-diabetes, and cardiac dysfunction. Based on our collective in vitro and in vivo data, we propose that NP-6A4 is a novel therapeutic that can be used alone or synergistic with existing therapeutics (e.g., statins, anti-hyperglycemics and antihypertensives) to treat heart disease presented with preserved ejection fraction, fibrosis and microvascular damage in conditions of obesity and pre-diabetes. It is important to note that patients with obesity and pre-diabetes have an underlying chronic inflammation that makes them highly vulnerable to infectious diseases such as COVID-19, and high morbidity and mortality is seen in both young and old patients with these conditions. It is also noteworthy that while NP-6A4 protected the heart in a pre-clinical model with severe obesity and pre-diabetes (ZO rat), it did not increase expression levels of ACE2, the receptor for SARS-CoV2 in this model. This makes NP-6A4 an ideal adjuvant drug candidate that can provide cardioprotection and mitigate complications arising from severe and/or chronic inflammation in obese and pre-diabetic patients and in pathologies in which increase in ACE2 levels in response to drug treatment is undesirable.
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Cardiac hypertrophy is a common pathological process of various cardiovascular diseases, which is often accompanied with structural and electrical remodeling, and can even lead to sudden cardiac death. However, its molecular mechanism still remains largely unknown. Here, we induced cardiomyocyte hypertrophy by angiotensin II (Ang II), and found that miR-27a-3p and hypertrophy-related genes were up-regulated. Further studies showed that miR-27a-3p-inhibitor can alleviate myocardial hypertrophy and electrical remodeling. Moreover, luciferase assay confirmed that miR-27a-3p could regulate the expression of downstream Hoxa10 at the transcriptional level by targeting at its 3′UTR. At the same time, the protein expression of Hoxa10 was significantly reduced in Ang II-treated cardiomyocytes. Furthermore, overexpression of Hoxa10 can reverse myocardial hypertrophy and electrical remodeling induced by Ang II in cardiomyocytes. Finally, we found that Hoxa10 positively regulated the expression of potassium channel protein Kv4.3 which was down-regulated in hypertrophic cardiomyocytes. Taken together, our results revealed miR-27a-3p/Hoxa10/Kv4.3 axis as a new mechanism of Ang II-induced cardiomyocyte hypertrophy, which provided a new target for clinical prevention and treatment of cardiac hypertrophy and heart failure.
Keywords: cardiac hypertrophy, electrical remodeling, HOXA10, miRNA-27a-3p, Ang II
INTRODUCTION
Myocardial hypertrophy is a common pathological process of cardiovascular diseases such as hypertension. Long-term myocardial hypertrophy leads to cardiac function decompensation, aggravates cardiac electrical remodeling, greatly increases the susceptibility to arrhythmia (Thompson, 2009; Dey et al., 2018), and even leads to heart failure and sudden cardiac death (SCD) (Coyne et al., 2001). Epidemiological investigation has confirmed that the incidence of arrhythmia, heart failure and sudden cardiac death in patients with myocardial hypertrophy is much higher than normal cohorts (Berger et al., 2002; John et al., 2012). However, current medication or surgery therapy cannot effectively improve the long-term survival rate of patients with myocardial hypertrophy. Therefore, the pathogenesis of cardiac hypertrophic has increasingly become a focus and difficulty in the field of cardiovascular diseases, and it is also of great importance to reveal the mechanism of myocardial remodeling and new targets for clinical treatment of cardiac hypertrophy (Gatzoulis et al., 2012). Although more and more researchers are interested in the study of myocardial hypertrophy and electrical remodeling, the molecular mechanisms of myocardial hypertrophy and electrical remodeling still remain largely unknown (Bacharova, 2019).
Micro-RNA (microRNA, miRNA) is a kind of non-coding RNA with approximately 22 nucleotides, which can inhibit the translation of target gene mRNAs by incomplete complementary binding to the 3′UTR region of target gene mRNAs, and then degrade the expression of mRNA (Yang et al., 2007). A large number of studies have shown that miRNAs play an important role in the occurrence and development of heart diseases, especially in cardiomyopathy such as myocardial hypertrophy and arrhythmia (Wang et al., 2008; Samidurai et al., 2018). For example, muscle-specific microRNA miR-1 has been shown to promote the development of myocardial ischemia and apoptosis in mice. MiRNAs such as miR-101 was linked to cardiac fibrosis and fibroblast transdifferentiation via targeting c-Jun (Pan et al., 2012). Although several studies have revealed that miR-27a-3p is associated with several cardiovascular diseases, its roles in myocardial hypertrophy and electrical remodeling still needs to be further clarified (Chen et al., 2012).
In this study, we observed that the expression of miR-27a-3p was up-regulated in cardiac hypertrophy. MiR-27a-3p-inhibitor could inhibit myocardial hypertrophy and electrical remodeling induced by Ang II. Further studies showed that miR-27a-3p binded to 3′UTR of Hoxa10 which was down-regulated in cardiac hypertrophy. The overexpression of Hoxa10 could reverse cardiac hypertrophy and electrical remodeling by targeting Kv4.3 protein. Therefore, our results revealed for the first time that the miR-27a-3p/Hoxa10/Kv4.3 axis is involved in the pathogenesis of myocardial hypertrophy and electrical remodeling, and these results provided a new therapeutic strategy for myocardial hypertrophy and electrical remodeling clinically.
MATERIALS AND METHODS
Animals and Ethical Approval
Sprague-Dawley rats (1–3 days, SPF grade, Certification No. 11400700368598) were obtained from the Beijing Huafukang Biological Technology Co. Ltd. (Beijing, China). The experimental protocols were approved by the Ethics Committee of the Ethics of Animal Experiments of Chengde Medical College (Approval ID: CDMULAC-20191031-009). The animal experiments were approved by the Research Ethics Committee of Chengde Medical College, and were in accordance with the Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised 1996).
Primary Culture and Treatment of Neonatal Rat Cardiomyocytes
Cardiomyocytes were obtained from 1 to 3-day-old neonatal rats as previously described, with a few minor modifications (Cai et al., 2018). Briefly, after being digested in 0.25% trypsin solution, myocytes were isolated by selective adhesion of myocytes at a 2 h pre-plating interval. Cardiomyocytes were cultured in DMEM supplemented with 1% penicillin and streptomycin, 10% fetal bovine serum and 0.1 mM 5-bromo-2-deoxyuridine in a 37°C incubator with 5% CO2. MiR-27a-3p-mimics (5′-UUC​ACA​GUG​GCU​AAG​UUC​CGC-3′), miR-27a-3p-inhibitor (5′-GCG​GAA​CUU​AGC​CAC​UGU​GAA-3′), Hoxa10-overexpress and corresponding NC were synthesized by Shanghai Sangon Biotechnology, and transiently transfected with liposome3000 transfection reagent (Invitrogen, Carlsbad, CA, United States) and serum-free medium. Eight hours after transfection, a new serum-free medium with or without Ang II (10 μM) was used instead. After 48 h of culture, the cells were collected for protein/total RNA extraction (Ma et al., 2018).
Western Blot Analysis
After treatments, the cardiomyocytes were washed with PBS for three times, then the protein lysate was added and stored at −80°C. Place cells on the ice to dissolve, scrape off the cells with a protein scraper and centrifuge at 13,500 rpm/min × 15 min, 4°C. Collect the supernatant protein solution. Determination of protein concentration by BCA method, proteins were separated by SDS-PAGE and transferred to a PVDF membrane. After blocking with 5% fat-free milk at room temperature for 120 min, the membranes were incubated overnight with the corresponding primary antibody at 4°C, including anti-Kv4.3 (1:1,000, CST), anti-Hoxa10 (1:500, Sigma), anti-ANP (1:1,000, SANTA), anti-BNP (1:1,000, SANTA), anti-MHC (1:1,000, SANTA) and anti-GAPDH (1:10,000, ABclonal). After being washed with TBST by three times, each time 10 min, the membranes were incubated with secondary antibodies (1:8,000, ABclonal) for 2 h at room temperature and washed with TBST again. The proteins were scanned using Odyssey version 1.2 (LI-COR Biosciences, Lincoln, NE, United States) and Image Studio software.
Real-Time Quantitative RT-PCR
Total RNA samples from different groups of cardiomyocytes were extracted and treated with DNA enzyme 1, and then routine quantitative RT-PCR (qRT-PCR) was used for detection. Real-time quantitative RT-PCR was determined by Taqman probe method (ABI 7500 fast). In the determination of mRNA, GAPDH was used as the internal reference, and U6 was used as the internal reference for microRNAs. Compared with the control group, the related expressions of microRNAs and mRNAs under different treatments were calculated.
Immunofluorescent Chemical Staining
Cardiomyocytes in different treatment groups were washed with PBS for three times, and 15 min was fixed with 4% paraformaldehyde at 37°C. Get rid of paraformaldehyde, wash the cells with PBS, then add a mixed solution (0.4% Triton + 10 mg BSA +1 ml PBS) and place 90 min at room temperature. After that, goat serum blocked 30 min at 37°C, then α-actinin was added and incubated at 4°C for 48 h. Finally, after incubated with fluorescent second antibody for 1 h, the cells were washed by PBS for three times, and the morphological changes of cells were observed by fluorescence microscope.
Statistical Analysis
GraphPad Prism software was used for statistical analysis. Values were expressed as the mean ± SEM. Differences between two groups were analyzed using t-test. The significance of the difference between groups in review were analyzed by one-way analysis of variance (ANOVA). A value of *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 were considered statistically significant difference for all analyses.
RESULTS
Abnormal Expression of MiR-27a-3p During Cardiomyocyte Hypertrophy Induced by Ang II
Firstly, the cardiomyocytes from rats were extracted and exposed to Ang II (10 μM) for 48 h to established cardiac hypertrophy cell model in vitro. Then the expressions of myocardial hypertrophy-related genes and miRNAs in cardiomyocytes were detected. Results showed that the expressions of myocardial hypertrophy-related genes and proteins including ANP, BNP and β-MHC were markedly up-regulated in Ang II-treated cardiomyocytes compared with control group (Figures 1A,B,C,E). Immunofluorescence results showed that the area of cardiomyocytes in Ang II treatment group was significantly larger than the control group (Figure 1F), indicating that Ang II induced cardiac hypertrophy cell model in vitro was successfully established. At the same time, we also found that the expression of miR-27a-3p was up-regulated in cardiomyocytes after Ang II treatment compared with control group (Figure 1D). This result suggested that miR-27a-3p might be involved in myocardial hypertrophy induced by Ang II.
[image: Figure 1]FIGURE 1 | Ang II induced cardiac hypertrophy in neonatal rat cardiomyocytes. (A–C) The expressions of cardiac hypertrophy related genes NPPA, NPPB and MHY7 were increased after Ang II treatment. (D) The expression of miR-27a-3p increased after Ang II treatment. (E) The protein expressions of cardiac hypertrophy related genes ANP, BNP and β-MHC were increased after Ang II treatment. (F) Morphological changes after Ang II treatment in neonatal rat cardiomyocytes. Scale bar, 50 μm. All the values are the mean of three independent experiments (n = 3). ****p < 0.0001, ***p < 0.001 vs. control.
MiR-27a-3p-Inhibitor Mitigates Cardiomyocyte Hypertrophy Induced by Ang II
To clarify whether miR-27a-3p was involved in cardiac hypertrophy, miR-27a-3p-inhibitor, a specific antagonist of miR-27a-3p, was used in the following experiments. Four hours after the transfection of miR-27a-3p-inhibitor, the serum-free culture medium was replaced and co-cultured with Ang II (10 μM) for 48 h. PCR results showed that the expressions of NPPA, NPPB, and MHY7 in miR-27a-3p-inhibitor + Ang II group was significantly lower than Ang II group, while KCND3 was higher than Ang II group (Figures 2A–D), and the protein expressions showed similar tendencies (Figure 2F). The α-actinin staining showed that the area of cardiomyocytes in miR-27a-3p-inhibitor + Ang II group was significantly smaller than Ang II group (Figure 2E). These results indicated that the inhibition of miR-27a-3p mitigated the process of myocardial hypertrophy and structural remodeling induced by Ang II.
[image: Figure 2]FIGURE 2 | MiR-27a-3p is involved in the process of myocardial hypertrophy induced by Ang II. (A–C) The expressions of cardiac hypertrophy related genes NPPA, NPPB, and MHY7 were decreased after Ang II + miR-27a-3p inhibitor treatment compared with the Ang II treatment. (D) The expression of KCND3 decreased after Ang II treatment, while increased in Ang II + miR-27a-3p inhibitor treatment. (E) Morphological changes after Ang II and miR-27a-3p inhibitor treatment in neonatal rat cardiomyocytes. Scale bar, 50 μm. (F) The protein expressions of cardiac hypertrophy related genes ANP, BNP and β-MHC were decreased, while the expression of Kv4.3 increased after Ang II + miR-27a-3p inhibitor treatment. All the values are the mean of three independent experiments (n = 3). ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 vs. control. ###p < 0.001, ##p < 0.01, #p < 0.05 vs. Ang II.
MiR-27a-3p-Mimics Promotes Hypertrophic Growth in Rat Cardiomyocytes
In addition, we detected the effects of miR-27a-3p-mimics and inhibitor on cultured rat ventricular cardiomyocytes. PCR results showed that the expression of miR-27a-3p in miR-27a-3p-mimics group was significantly increased compared with control group, while the expression of miR-27a-3p in miR-27a-3p-inhibitor group was significantly decreased compared with miR-27a-3p-mimics group and the control group (Figure 3A). Furthermore, the expressions of NPPA, NPPB, and MHY7 were significantly up-regulated after miR-27a-3p-mimics treatment, which were effectively alleviated by miR-27a-3p-mimics and miR-27a-3p-inhibitor co-treatment (Figures 3B–D). These results suggested that the overexpression of miR-27a-3p owned the potential to promote cardiomyocyte hypertrophy.
[image: Figure 3]FIGURE 3 | Effects of miR-27a-3p-mimics and inhibitor on cardiomyocytes. (A) The expression of miR-27a-3p in miR-27a-3p-mimics and miR-27a-3p-inhibitor treatment group. (B–D) The expressions of NPPA, NPPB, and MHY7 in miR-27a-3p-mimics treatment group and miR-27a-3p-mimics + miR-27a-3p-inhibitor co-treatment group. All the values are the mean of three independent experiments (n = 3). ****p < 0.0001, ***p < 0.001 vs. control, ###p < 0.0001, ##p < 0.01 vs. mimics.
MiR-27a-3p Regulates the Expression of Kv4.3 in Rat Ventricular Cardiomyocytes
The results above proved that miR-27-3p was involved in hypertrophic growth of cardiomyocytes, but its mechanism still needs to be elucidated. Recent study revealed that potassium channel gene KCND3 acts as an important mediator in cardiomyocyte hypertrophy (Wang et al., 2019). Consistently, we found that the expressions of Kv4.3 protein and KCND3 gene were down-regulated in Ang II-induced cardiomyocyte hypertrophy (Figures 4A,B). Furthermore, miR-27-3p-mimics transfection induced a reduction expression of Kv4.3 channel protein in cardiomyocytes. On the contrary, miR-27-3p-mimics and miR-27-3p-inhibitor co-treatment attenuated the reduction of Kv4.3 protein expression in hypertrophic cardiomyocytes, and PCR results showed the similar tendencies (Figures 4C,D). These results indicated that miR-27-3p regulated cardiomyocyte hypertrophy by affecting the expression of Kv4.3 channel protein. However, no binding sites of miR-27-3p in the 3′UTR region of KCND3 gene were found.
[image: Figure 4]FIGURE 4 | MiR-27a-3p negatively regulates the expression of Kv4.3 in rat ventricular cardiomyocytes. (A–B) The expressions of Kv4.3 channel protein and KCND3 gene were down-regulated in Ang II-induced cardiomyocyte hypertrophy. (C–D) MiR-27a-3p-inhibitor can abrogate the changes in the expression of KCND3/Kv4.3 induced by miR-27a-3p-mimics. All the values are the mean of three independent experiments (n = 3). ****p < 0.0001, ***p < 0.001 vs. control, ##p < 0.01 vs. mimics.
MiR-27a-3p Negatively Regulates Hoxa10 Expression by Directly Binding to 3ʹUTR of Hoxa10
Next, we further searched the downstream targets of miR-27a-3p in the pathogenesis of cardiac hypertrophy and electrical remodeling. The TargetScan prediction showed that there was a binding sequence between miR-27a-3p and Hoxa10-mRNA 3′UTR region (Figure 5A). As shown in Figure 5B, we designed wild and mutant types of plasmids of Hoxa10 3′UTR region and transfected into HEK293T cells. Luciferase assay showed that the fluorescence intensity of miR-27a-3p group was significantly lower than the NC group in wild type, but there was no change in mutant type (Figure 5C). In addition, compared with NC group, the mRNA expression of Hoxa10 was significantly inhibited by miR-27a-3p-mimics in cardiomyocytes (Figure 5D). These results confirmed that there was a binding between miR-27a-3p and Hoxa10-mRNA 3′UTR region. Furthermore, miR-27a-3p-mimics significantly inhibited the expression of Hoxa10, while this process could be alleviated by miR-27a-3p-mimics and miR-27a-3p-inhibitor co-treatment. Besides, miR-27a-3p-inhibitor can also alleviate the decreased expression of Hoxa10 induced by Ang II treatment (Figure 5E). These results suggested that miR-27a-3p could negatively regulate the expression of Hoxa10.
[image: Figure 5]FIGURE 5 | MiR-27a-3p can negatively regulate the expression of Hoxa10. (A) The binding sequence of miR-27a-3p and 3′UTR region of Hoxa10 was predicted by TargetScan. (B) Wt 3′UTR and Mut 3′UTR of Hxoa10 were constructed. (C) Luciferase assay confirmed that miR-27a-3p had transcriptional regulation effect on Hoxa10. (D) The expression of Hoxa10 was decreased in miR-27a-3p-mimics treatment group compared with the control and NC group. (E) Western blot was applied to detect the protein expression of Hoxa10 after treatment with miR-27a-3p-mimics and miR-27a-3p-inhibitor, as well as the Ang II and Ang II + miR-27a-3p inhibitor treatment. All the values are the mean of three independent experiments (n = 3). ****p < 0.0001, ***p < 0.001 vs. NC.
Hoxa10 Reversed the Process of Myocardial Hypertrophy and Kv4.3 Reduction Induced by Ang II
In order to confirm whether Hoxa10 was involved in myocardial hypertrophy process. The cardiomyocytes were cultured with Hoxa10-overexpress for 8 h, then the serum-free medium was replaced, and the cells were co-cultured with Ang II for 48 h. PCR results showed that the mRNA expression of Hoxa10 in Hoxa10-overexpress group was significantly higher than that in NC group (Figure 6A). Compared with NC group, the expression of cardiac hypertrophy related genes including NPPA, NPPB, and MHY7 in NC + Ang II group was significantly up-regulated, while KCND3 was down-regulated (Figures 6B–E). As shown in Figure 6F, the protein expressions showed similar tendencies. Moreover, the protein expression of Hoxa10 was also down-regulated synchronously in NC + Ang II group. While this process could be inhibited by Hoxa10-overexpress (Figure 6B–F). The α-actinin staining showed that the area of cardiomyocytes in Ang II + Hoxa10-overexpress group was significantly smaller in NC + Ang II group, indicating that Hoxa10-overexpress reversed the process of myocardial hypertrophy induced by Ang II (Figure 6G). To sum up, these results suggested that by targeting the miR-27a-3p/Hoxa10/Kv4.3 axis could effectively inhibit the process of myocardial hypertrophy and cardiomyocyte hypertrophy, which provided us a new therapeutic strategy for myocardial hypertrophy and electrical remodeling.
[image: Figure 6]FIGURE 6 | Hoxa10 reverses the process of myocardial hypertrophy and Kv4.3 reduction induced by Ang II. (A) The expression of Hoxa10 in Hoxa10-overexpress group was significantly increased compared with the NC group. (B–D) The expression of cardiac hypertrophy related genes NPPA, NPPB, and MHY7 in NC + Ang II group was significantly up-regulated compared with the NC group, while down-regulated after treatment with Hoxa10 overexpression. (E) The expression of KCND3 in NC + Ang II group was significantly down-regulated compared with the NC group, while up-regulated after Hoxa10 overexpression treatment. (F) The protein expressions of ANP, BNP, β-MHC, and Kv4.3 showed similar tendencies as PCR results. The protein expression of Hoxa10 was down-regulated in NC + Ang II group, while up-regulated in Hoxa10-overexpress treatment group (G) Morphological changes after the overexpression of Hoxa10 showed that the area of cardiomyocytes in Ang II + Hoxa10-overexpress group was significantly smaller than that in NC + Ang II group. Scale bar, 50 μm. All the values are the mean of three independent experiments (n = 3). ***p < 0.001, **p < 0.01, *p < 0.05 vs. NC, ###p < 0.001, ##p < 0.01, #p < 0.05 vs. NC + Ang II.
DISCUSSION
This study confirmed that Ang II can lead to cardiomyocyte hypertrophy and electrophysiological remodeling. This process is related to the up-regulation of miR-27a-3p and the down-regulation of Hoxa10. We found that miR-27a-3p-inhibitor could mitigate the abnormal mRNA and protein expressions of NPPA/NPPB/MHY7/KNCD3 and ANP/BNP/β-MHC/Kv4.3 induced by Ang II. Further study confirmed that miR-27a-3p-mimics could inhibit the expression of Hoxa10. Overexpression of Hoxa10 could reverse the myocardial hypertrophy process induced by Ang II. Collectively, miR-27a-3p and Hoxa10 are involved in cardiac hypertrophy and electrical remodeling induced by Ang II, and the reversal of this process was closely related to targeting miR-27a-3p, Hoxa10 and Kv4.3.
Recent studies have shown that HOX is involved in the regulation of embryonic development, cell differentiation, cell cycle, apoptosis and other biological processes (Sanchez-Herrero, 2013). A large number of reports have pointed out that Hox is related to the occurrence and development of a variety of tumors, such as breast cancer, colorectal cancer, gastric cancer, lung cancer, ovarian cancer and so on (Grier et al., 2005). Although some studies have found that Hoxa10 was closely associated with the occurrence and development of cardiovascular diseases, there are no reports about its implication in myocardial hypertrophy and electrical remodeling (Ng et al., 2016; Souilhol et al., 2020). Our research demonstrated that the overexpression of Hoxa10 can reverse the expressions of hypertrophy-related genes and electrical remodeling, which is the first time to report the correlation between Hoxa10 and myocardial hypertrophy at home and abroad.
Previous studies have shown that miRNA plays an important role in the occurrence and development of heart disease, especially in cardiomyopathy such as myocardial hypertrophy and arrhythmia (Austin et al., 2019; Colpaert and Calore, 2019). Some abnormally expressed miRNA can regulate the target genes through incomplete complementary binding with the 3′UTR of the target mRNA. Previous studies have shown that the application of arsenic trioxide injection in the treatment of acute promyelocytic leukemia is often accompanied by cardiac side effects, which seriously limits the clinical application of arsenic trioxide (Bao et al., 2019). miR-1 and miR-133 are important targets for cardiac side effects such as arrhythmia and sudden cardiac death caused by arsenic trioxide (Shan et al., 2013). In addition, the expression of miR-133 and miR-590 in the atrium of smokers with atrial fibrillation and nicotine-induced atrial fibrillation was down-regulated, and the protein expressions of target genes TGF-β1 and TGF-β RII was up-regulated, resulting in increased collagen production of atrial fibroblasts, which in turn induced atrial fibrosis and atrial fibrillation (Shan et al., 2009). These reports confirmed that miRNA is closely related to the pathophysiological process of cardiovascular system. In recent years, the role of miR-27a-3p in cardiovascular diseases has become more and more prominent. Researches showed that miR-27a-3p can not only reduce cardiomyocyte injury induced by hypoxia/reoxygenation and lipopolysaccharide (Lozano-Velasco et al., 2015; Zhang et al., 2019), but also promote vascular maturation and angiogenesis by inhibiting SEMA6A and SEMA6D (Zhou et al., 2011; Urbich et al., 2012; Demolli et al., 2017). In addition, it has been reported that miR-27a-3p is closely related to ventricular formation, obesity and cardiac effects in mice (Chinchilla et al., 2011; Sassoon et al., 2016). Our research confirmed that miR-27a-3p could bind to the 3′UTR region of Hoxa10, regulate its transcription and inhibit the protein expression, which further led to cardiomyocyte hypertrophy and electrical remodeling. We firstly demonstrated that miR-27a-3p/Hoxa10 axis was involved in myocardial hypertrophy and electrical remodeling.
The limitations of our study are as followings: first of all, we only discussed myocardial hypertrophy and electrical remodeling from the miR-27a-3p/Hoxa10/Kv4.3 axis, but did not further study myocardial regeneration and myocardial fibrosis. Secondly, we only detected the change of miR-27a-3p/Hoxa10/Kv4.3 in vitro, but did not verify the changes in vivo. Due to the reason of time, we did not further carry out this study.
In summary, our study suggested that miR-27a-3p/Hoxa10/Kv4.3 axis regulated myocardial hypertrophy and electrical remodeling caused by Ang II, thus providing new therapeutic strategies for myocardial hypertrophy and arrhythmias clinically, as well as opening up new fields and expanding new horizons for researchers.
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Breast cancer remains the most common cause of cancer deaths among women globally. Ehrlich solid tumor (EST) is a transplantable tumor model for simulating breast cancer. This study aims to describe the protective role of costus (Saussurea lappa) root against EST-induced cardiac toxicity. Forty female mice were randomly and equally divided into four groups (G1, control group; G2, costus group; G3, EST group; G4, EST + costus). The results showed that compared to the control, EST induced a significant increase in lactate dehydrogenase, creatine kinase, creatine kinase myoglobin, aspartate aminotransferase, and alkaline phosphatase activities; in potassium, chloride ion, cholesterol, triglyceride, and low density lipoprotein levels; in DNA damage and cardiac injury; and in p53 and vascular endothelial growth factor expression. Conversely, EST induced a significant decrease in sodium ion and high density lipoprotein levels and Ki67 expression compared to the control. Treatment of EST with costus improved cardiac toxicity, lipid profiles, electrolytes, and apoptosis, and protected against EST. This indicates the potential benefits of costus as an adjuvant in the prevention and treatment of cardiac toxicity.
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INTRODUCTION
Cardiac dysfunction is a sign of multi-factorial diseases, such as cancer and heart failure (Alotaibi et al., 2020; Alotaibi et al., 2021). Over 100 different types of cancer exist, each categorized by the type of cell initially affected. In many countries, the second most common cause of death after cardiovascular disease is cancer (Jemal et al., 2007). New cases of cancer are estimated to jump from 11.3 million in 2007 to 15.5 million in 2030, influenced in part by an increasing and aging global population (Wang et al., 2018; Ferlay et al., 2019).
Breast cancer remains the most common cause of cancer deaths among women worldwide, regardless of the emergence and evolution of new therapeutic approaches (Mutar et al., 2020). Ehrlich solid tumor (EST) is simulated breast cancer and has been used as a transplantable tumor model (Aldubayan et al., 2019; Tousson et al., 2020). The most important problem to solve in cancer treatment is the destruction of tumor cells without damaging surrounding natural cells. Recent studies have suggested that various anti-cancer agents act by inducing apoptosis in cancer cells (Abd Eldaim et al., 2021).
Medicinal herbs produce a wide range of chemical compounds that are important for treating various diseases, including cancer (Altwaijry et al., 2020). Costus (Saussurea lappa) is an aromatic perennial plant that is widely utilized in various indigenous medical systems globally for treating a variety of disorders, e.g., diarrhea, tenesmus, dyspepsia, vomiting, and inflammation (Tousson et al., 2019; Tousson et al., 2020). Costus is rich in antioxidants and has anti-hepatotoxic, anti-diabetic, antifungal, anthelmintic, anti-tumour, anti-inflammatory, anti-ulcer, antimicrobial, and immunostimulant effects (Nadda et al., 2020). Therefore, this study aimed to describe the protective role of costus root extract against EST-induced cardiac toxicity, injury, and alterations in apoptotic p53, pro-apoptotic Bax, and VEGF expression.
MATERIAL AND METHODS
Plant Material
Costus: Dry roots of Saussurea lappa were purchased from the local market of medicinal plant, Alexandria, Egypt. Root specimens were grounded into a fine powder.
Determination of Total Phenolic Contents in Costus Roots Extracts
To determine the phenolic compounds from extract, the Folin-Ciocalteu method was used according to Mohsen and Ammar (2009).
Determination of Total Flavonoids in Costus Roots Extracts
Total flavonoids content was determined using the aluminum chloride colorimetric method with quercetin as a standard and expressed (mg) as quercetin equivalent per gram of extract according to Zhishen et al. (1999).
Determination of Total Antioxidant Capacity of Costus Roots Extracts
Total antioxidant activity was estimated by phosphomolybdenum assay according to Mohsen and Ammar (2009).
Determination of DPPH Scavenging Activity of Costus Roots Extracts
The DPPH free radical solution is one of the most popular techniques for evaluation of radical scavenging activity, the method used that reported by (Brand-Williams et al., 1995) to evaluate the antioxidant activity spectrophotometrically.
Experimental Animals
Experiments were performed on 60 female Swiss albino mice weighing 20–25 g obtained from the animal house colony of the Egypt Vaccine Company, Giza, Egypt. The animals were randomized and housed under ambient temperature (22–25°C) and relative humidity conditions, a 12 h light/12 h dark cycle, and two-week supply of a commercial diet and water ad libitum. Mice rearing and treatment throughout the experimental period were conducted in accordance with the Faculty of Science, Tanta University guide for animals, which was approved by the Institutional Animal Care and Use Committee (IACUC-SCI-TU-0047).
Induction of Ehrlich Solid Tumor
The Egyptian National Cancer Institute (NCI; Cairo University, Egypt) provided the mice that carried Ehrlich ascites carcinoma (EAC). To maintain the tumor line and evaluate EST, viable cells (2.5–3 × 106 cells/mouse) were implanted subcutaneously into the left thigh of each recipient mouse (Aldubayan et al., 2019).
Experimental Design and Mice Groups
The mice were equally divided into four groups.
1st group: Control group in which mice did not receive any treatment.
2nd group: Costus group in which mice received costus extract (300 mg/kg body weight/day) orally via a stomach tube for 2 weeks (Abd Eldaim et al., 2019a).
3rd group: EST group, including mice, each injected subcutaneously with 2.5–3 × 106 EAC cells (Aldubayan et al., 2019).
4th group: Post-treated EST with costus group, including mice, each first injected subcutaneously with 2.5–3 × 106 EAC cells for 2 weeks to induce EST, before treatment with costus (300 mg/kg body weight/day) orally via a stomach tube for another 2 weeks.
Blood Sampling
By the end of the experiment, mice were sacrificed via intraperitoneal injection of sodium pentobarbital, and subjected to complete necropsy. Blood samples were individually collected from the inferior vena cava of each mouse in non-heparinized glass tubes for estimation of cardiac function biomarkers and electrolytes.
Cardiac Function Biomarkers
Serum lactate dehydrogenase (LDH) activity was measured by a kinetic method using kits (Vitro Scient, Cairo, Egypt) as described by Whitaker (1969). Serum creatine kinase (CK) levels were determined via an akinetic method using kits (Vitro Scient) as described by Zilva and Pannall (1985). Serum creatine kinase myoglobin (CK-MB) activity was determined using an assay kit (Bioassay Systems, Hayward, CA, United States ) as described by Bishop et al. (1971). Serum aspartate aminotransferase (AST) and alkaline phosphatase (ALP) activities were detected using a colorimetric method according to Moustafa et al. (2014) and Saggu et al. (2014), respectively.
Electrolyte Estimation
Serum electrolyte (potassium, sodium, and chloride ions) levels were estimated using commercial kits (Sensa core electrolyte, India).
Lipid Profile Estimation
Cholesterol, triglyceride, high-density lipoprotein-cholesterol (HDL-C) and low density lipoprotein-cholesterol (LDL-C) levels were determined using kits from ELLTECH.
Comet Assay
One gram of crushed heart tissue was transferred to 1 ml ice-cold phosphate buffered saline (PBS) and the assay was performed according to Abd Eldaim et al. (2019b) for visualization of DNA damage.
Histological Preparation
After necropsy the heart was immediately removed and fixed by immersion in 10% neutral buffered formalin solution for 24–48 h. The specimens were then dehydrated, cleared, and embedded in paraffin. Serial sections (5 µm thick) were sliced using a rotary microtome (Litz, Wetzlar; Germany) and stained with hematoxylin and eosin (Tousson, 2016). Histological changes scored on a 4-point scale: (−) none, (+) mild, (++) moderate, and (+++) severe damage.
Immunohistochemical Detection for Apoptotic p53 Markers
Sections were incubated overnight at 4°C with anti-rabbit p53 monoclonal antibody to detect p53 expression (dilution 1:80; DAKO Japan Co., Ltd., Tokyo, Japan) according to Tousson et al. (2016).
Immunohistochemical Detection of Vascular Endothelial Growth Factor Protein Expression in Heart Tissues.
The deparaffinized heart tissues sections were incubated overnight at 4°C with anti-rabbit VEGF monoclonal antibody (dilution 1:20; DAKO) to detect VEGF expression according to Youssef and Said (2014).
Immunohistochemical Detection of Ki67
Ki67 immunoreactivity (Ki67-ir) was detected using avidin biotin complex (ABC) kits according to Al-Rasheed et al. (2018). The sections were incubated with anti-mouse Ki67 monoclonal antibody (dilution 1:50; DAKO) for 1–2 h at room temperature.
Statistical Analysis
Data were expressed as mean values ± SD and statistical analysis was performed using one-way analysis of variance (ANOVA) followed by least significant difference (LSD) tests to assess significant differences among treatment groups. The criterion for statistical significance was set at p < 0.05. All statistical analyses were performed using SPSS statistical version 16 software package (SPSS® Inc., United States ). The P53, VEGF and Ki67 positive cells were determined. Ten fields of vision selected randomly and the positive cells were scored (−) negative, (+) faint, (++) mild, (+++) moderate, and (++++) severe expressions according to Aldubayan et al. (2019).
RESULTS
Total Phenolic and Total Flavonoid Contents in Costus Roots
The total phenols content in costus extracts showed the high amount of these compounds, with 3.502 mg/g of GAE, in contrast; total flavonoids contents, which are believed to be another determinant of the overall antioxidant activities, were measured, the quantities of flavanoids in the ethanolic extract of costus were found to be 6.377 mg CE/g.
Total Antioxidant Activity in Costus Roots
DPPH
The ethanolic costus roots extract possessed radical-scavenging and antioxidant activities which figured out from the result 6.640 mg TE/g.
Changes in Cardiac Function
Table 1 shows changes in cardiac functions in different groups under study. Compared to the control, significant increases were detected in CPK, LDH, CK-Mb, AST, and ALP levels in the EST group. Compared to the EST group, treatment of EST with costus (EST + costus) revealed significant decreases in CPK, LDH, CK-Mb, AST, and ALP levels.
TABLE 1 | Effect of costus treatments on cardiac enzyme levels in the different groups studied.
[image: Table 1]Changes in Electrolytes
Table 2 shows the changes in electrolytes in the different groups studied. A significant increase in k+ and Cl− levels was detected in the EST group compared to the control. In contrast, Na+ level decreased significantly in the EST group compared to that in the control. Treatment of EST with costus resulted in significant decreases in k+ and Cl− levels, and increase in Na+ level, compared to the EST group.
TABLE 2 | Effect of costus treatments on electrolytes levels in the different groups studied.
[image: Table 2]Changes in Lipid Profiles
Table 3 shows changes in the lipid profiles of the different groups studied. Significant increases in cholesterol, triglyceride, and LDL levels were detected in the EST group compared to the control. Conversely, HDL level decreased significantly in the EST group than in the control. Treatment of EST with costus resulted in significant decreases in cholesterol, triglyceride, and LDL levels, and increase in HDL level compared to the EST group.
TABLE 3 | Effect of costus treatments on lipid profiles in the different groups studied.
[image: Table 3]DNA Fragmentation
A comet assay was performed to evaluate DNA damage in the heart of EST mice compared to the control. The results of the comet assay are shown in Table 4 and Figure 1. Administration of EST (G3) led to significant increase in DNA damage (p < 0.05), indicated by increased tail length, tail DNA%, and tail moment compared to the control (G1) and costus (G2) groups. This increased DNA damage was reduced after administration of costus in the post-treatment (G4) group for 2 weeks. Conversely, no significant difference in DNA damage (tail length) was observed between normal control and costus groups.
TABLE 4 | Comet assay parameters obtained by image analysis in cells of all groups after treatment experiment.
[image: Table 4][image: Figure 1]FIGURE 1 | Comet assay for evaluation of heart tissue DNA damage. (A–D) Control, costus, EST, and EST + costus groups, respectively. EST, Ehrlich solid tumor.
Histological Changes in Heart
Figures 2A–D and Table 5 revealed the changes in mice heart histological structure in different groups. Light microscopy of heart sections from mice in the control and costus groups revealed a normal myofibrillar structure with striations (Figures 2A,B). Figure 2C shows marked hydrophobic changes in the myofibrillar structure with striations, moderate myocardial atrophy, nuclear pyknosis, and leukocyte infiltration in heart sections in the EST group. Conversely, heart sections in the EST + costus group revealed a normal myofibrillar structure with striations and only mild myocardial atrophy (Figure 2D).
[image: Figure 2]FIGURE 2 | Photomicrographs of heart sections from different experimental groups stained with H&E. The (A) control (G1) and (B) costus (G2) groups show a normal myofibrillar structure with striations. (C) The EST group (G3) shows moderate myocardial atrophy and leukocyte infiltration (arrows). (D) The EST group treated with costus (G4) shows mild myocardial atrophy. H and E, hematoxylin and eosin; EST, Ehrlich solid tumor.
TABLE 5 | Effect of costus treatments on heart histological structure in the different groups studied.
[image: Table 5]p53 Immuohistochemical Changes in Heart
Figures 3A–D and Table 6 show changes in mice heart sections stained for apoptotic p53 expression in different groups. Negative and faint positive reactions for p53 expression were observed in heart sections in the control and costus groups, respectively. In contrast, heart sections in the EST group showed severe positive reaction for p53 expression, while heart sections in the post-treated EST + costus group showed a mild reaction.
[image: Figure 3]FIGURE 3 | Photomicrographs of heart sections from the different experimental groups stained with p53-ir. Faint p53-ir reactions (arrows) are shown in the (A) control and (B) costus groups. (C) Severe positive reactions (arrows) for p53-ir are shown in the EST group. (D) Mild reactions (arrows) for p53-ir are shown in the EST group treated with costus. p53-ir, p53 immunoreactivity; EST, Ehrlich solid tumor.
TABLE 6 | Effect of costus treatments on P53, VEGF and Ki67 expressions on cardiac tissues in the different groups studied.
[image: Table 6]VEGF Immuohistochemical Changes in Heart
Figures 4A–D and Table 6 show changes in mice heart sections stained for VEGF expression in different groups. A faint positive reaction for VEGF expression was observed in cardiac sections in the control and costus groups respectively. Heart sections in the EST group revealed severe positive reaction for VEGF expression while the EST + costus group showed a moderate reaction.
[image: Figure 4]FIGURE 4 | Photomicrographs of heart sections from the different experimental groups stained with VEGF-ir. Faint positive reactions for VEGF expression in the (A) control and (B) costus groups. (C) EST group shows moderate to severe positive reactions (arrows) for VEGF expression. (D) EST group treated with costus shows moderate reactions (arrows) for VEGF expression. VEGF-ir, vascular endothelial growth factor immunoreactivity; EST, Ehrlich solid tumor.
Ki67 Immuohistochemical Changes in Heart
Figures 5A–D and Table 6 show changes in mice heart sections from different groups stained for Ki67 expression. Severe positive reaction for Ki67 expression was observed in cardiac sections in the control and costus groups. Heart sections in the EST group showed a mild positive reaction for Ki67 expression, while the EST + costus showed a moderate reaction.
[image: Figure 5]FIGURE 5 | Photomicrographs of heart sections from the different experimental groups stained with Ki67-ir. Severe positive reactions (arrows) are shown for Ki67 expression in cardiac sections in the (A) control and (B) costus groups. (C) The EST group shows mild positive reactions for Ki67 expression. (D) The EST group treated with costus shows moderate reactions (arrows) for Ki67 expression. Ki67-ir, Ki67 immunoreactivity; EST, Ehrlich solid tumor.
DISCUSSION
Cardiac dysfunction often occurs as the manifestation of multifactorial diseases, such as cancer (Murphy, 2016; Nguyen et al., 2016). No other human disease is more severe or associated with a greater mortality rate than cancer. The onset of cancer is triggered by cell DNA mutations resulting in the formation of an extraneous tissue mass known as a tumor (Wang et al., 2018). This current study aimed to describe the protective role of costus root extract against EST-induced cardiac toxicity.
This study showed that treatment with costus extract can decrease elevated EST-induced cardiac enzyme (LDH, CK, and CK-MB) levels. This result agrees with reports that EST (Aldubayan et al., 2019) and EAC (Noureldeen et al., 2017) induce increases in cardiac enzyme levels, and that methanol extract of costus has cardioprotective potential against carbon tetrachloride-induced cardiac toxicity (Njoku et al., 2017). In the current study, a significant increase in serum ALP and AST levels was observed, indicating liver and cardiac toxicity. The increase in liver enzymes may have arisen from a generalized destruction of hepatocytes and the release of AST into the plasma following tumor induction. These findings support previous reports (Abou Zaid et al., 2011; Aldubayan et al., 2019; El-Masry et al., 2020) that increased AST and ALP levels in EST can be interpreted as a consequence of liver and heart damage. In another study the protective effects of Costus afer leaf extract against CCl4-induced cardiotoxicity in rats were attributed to its antioxidant components (Njoku et al., 2017). Our study outcome is further consistent with the previous finding, that costus root aqueous extract modulates rat liver toxicity, and DNA damage, injury, and proliferation alterations induced by the plant growth regulator, Ethephon (Tousson et al., 2020).
Further, our study showed that EST significantly increased serum potassium and chloride ions levels, and significantly depleted sodium ions. Whereas, treatments with EST and costus decreased potassium and chloride ion levels, and increased sodium ion levels. These results agree with a report by Abd Eldaim et al. that EST-induced changes in kidney function and electrolytes, and was consistent with other reports that costus extract improved electrolyte levels against ethephon-induced kidney and testicular toxicity (Abd Eldaim et al., 2019a; Tousson et al., 2019).
The current results show a significant elevation in serum cholesterol, triglyceride, and LDL levels, but a significant decrease in HDL levels in EST mice compared to those in the control. Conversely, EST + costus treatment modulated reverse changes in lipid profiles. These results agree with Aldubayan et al. who reports that; EST decreases cholesterol and triglycerides levels (Aldubayan et al., 2019), and methanoic extracts of costus has hypolipidemic effects in diabetic rats (Jayasri et al., 2008; Eliza et al., 2009). Further, Anyasor et al. reported that costus treatments induced the depletion of the hematological and lipid profiles in arthritic rats after evaluation of a hexane fraction from the rat samples (Anyasor et al., 2014). These findings are parallel to those of Shediwah et al. who studied the antioxidant and antihyperlipidemic activity of Costus speciosus against atherogenic diet-induced hyperlipidemia in rabbits (Shediwah et al., 2019).
Hence, we suggest that EST induction leads to cardiac injuries by interfering with lipid metabolism. In addition to EST-induced changes in cardiac enzyme, electrolyte, cholesterol, and triglyceride levels, DNA damage may also induce myocardial infarction, and our study showed that cardiac injury sustained was ameliorated by EST + costus treatment. Our results agree with Aldubayan et al. who observed that EST induced cardiac injury, alteration in cardiac enzymes, and apoptosis (Aldubayan et al., 2019), but were parallel to reports by Mishra et al. that EAC induced cardiomyopathy in mice (Mishra et al., 2018). Inhibition of apoptosis is a vital previous step in tumor formation (Tousson et al., 2016). Our results show elevated p53 and VEGF expression and depleted Ki67 expression in heart tissues of EST mice compared to those in the control, indicating that EST induced apoptosis. Treatment of EST with costus modulated these alterations in p53, Ki67, and VEGF, consistent with a previous report Aldubayan et al. that EST induced elevation in p53 expression (Aldubayan et al., 2019). These findings indicate that EST induces cellular and molecular changes in mice hearts, which mimic changes in the hearts of patients with cancer. The inhibitory effect of costus on apoptosis may have played a role in the inhibition of the carcinoma and caused a reduction in their volumes.
CONCLUSION
Summarily, our study showed that costus administration in EST-bearing mice improved cardiac function and structure and may kill the cancer cells through apoptosis, thereby regulating cancer cell proliferation and inhibiting its spread to other organs. Thus, costus may be used as a therapy that has been adapted to conform to human metabolic regulation, with the potential to constitute a natural chemotherapy.
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Diabetic cardiomyopathy (DCM) is a serious complication of diabetes mellitus (DM). One of the hallmarks of the DCM is enhanced oxidative stress in myocardium. The aim of this study was to research the underlying mechanisms involved in the effects of dapagliflozin (Dap) on myocardial oxidative stress both in streptozotocin-induced DCM rats and rat embryonic cardiac myoblasts H9C2 cells exposed to high glucose (33.0 mM). In in vivo studies, diabetic rats were given Dap (1 mg/ kg/ day) by gavage for eight weeks. Dap treatment obviously ameliorated cardiac dysfunction, and improved myocardial fibrosis, apoptosis and oxidase stress. In in vitro studies, Dap also attenuated the enhanced levels of reactive oxygen species and cell death in H9C2 cells incubated with high glucose. Mechanically, Dap administration remarkably reduced the expression of membrane-bound nicotinamide adenine dinucleotide phosphate (NADPH) oxidase subunits gp91phox and p22phox, suppressed the p67phox subunit translocation to membrane, and decreased the compensatory elevated copper, zinc superoxide dismutase (Cu/Zn-SOD) protein expression and total SOD activity both in vivo and in vitro. Collectively, our results indicated that Dap protects cardiac myocytes from damage caused by hyperglycemia through suppressing NADPH oxidase-mediated oxidative stress.
Keywords: diabetic cardiomyopathy, dapagliflozin, oxidative stress, nicotinamide adenine dinucleotide phosphate oxidase, myocardial apoptosis
INTRODUCTION
Diabetes mellitus (DM) with hyperglycemia as the main feature has become a global public health problem (Wild, 2004). Diabetes-related cardiovascular complications are major factors in the population mortality and morbidity of diabetes (Melin et al., 2018). Diabetic cardiomyopathy (DCM) is marked by myocardial left ventricular dysfunction without obvious atherosclerosis and coronary artery disease (Dillmann, 2019). Although the pathogenesis and clinical features of DCM have been fully elucidated in the past decade, no consensus has been reached regarding the most effective preventive or therapeutic approaches to treat this disease.
Sodium glucose cotransporter-2 (SGLT2) inhibitors are anti-diabetic drugs that can reduce blood glucose of diabetic patients through inhibiting renal glucose reabsorption (Heerspink et al., 2016). SGLT2 inhibitors have shown superiority in cardiovascular diseases than other hypoglycemic agents (Ren and Zhang, 2018). Dapagliflozin (Dap), a highly selective SGLT2 inhibitor, is used as an effective treatment against type 2 DM and prevents the development of diabetic nephropathy (Wheeler et al., 2020; Wheeler et al., 2021). Rising evidences have proved that Dap declines the rate of both cardiovascular death and heart failure hospitalization (McMurray et al., 2019; Wiviott et al., 2019). Recently, Dap has been proved to reduce myocardial NLRP3 inflammasome activation, and to improve the aggravation of left ventricular ejection fraction in ob/ob type 2 DM mice (Ye et al., 2017; Chen et al., 2020). Arow et al. (2020) reported that Dap decreases myocardial inflammation and reactive oxygen species (ROS) production in db/db type 2 DM mice and isolated cardiomyocytes. These data indicate that Dap is a possible therapeutic agent in the treatment of DCM through anti-inflammation and anti-oxidative stress. However, the molecular mechanisms of Dap treatment resulting in the decrease of myocardial ROS levels has not been completely elucidated.
Oxidative stress defined as an increase of ROS content, is resulted from the imbalance between the ROS generation and the antioxidant defense system and has a close relationship with the progression of cardiovascular diseases (Wold et al., 2005). NADPH oxidases (NOXs) are key enzymes that produce ROS and up-regulated in the heart of DCM (Hansen et al., 2018; Lu et al., 2020). Little evidence has suggested whether Dap ameliorates DCM by restraining the NADPH oxidases and/or regulating the antioxidant enzymes such as superoxide dismutase (SOD), glutathione peroxidase (GPx) and catalase (CAT). In light of the knowledge gap in the field, the present study was designed to clarify the mechanisms of Dap on the myocardial oxidative stress both in streptozotocin (STZ)-induced DCM rats and H9C2 cells exposed to high glucose.
MATERIALS AND METHODS
Animals Studies
7-week-old male Sprague-Dawley (SD) rats were obtained from the Experimental Animal Center of Qinglongshan (Nanjing, China), and allowed to acclimatize for 1 week in their cages before experiments. All rats can freely have standard chow and water with a 12 h light–dark cycle in a controlled temperature of 24°C. Meanwhile, all experimental protocols were approved by the Animal Ethics Committee of Yijishan Hospital.
After 12 h of fasting, STZ (freshly dissolved in 0.1 M citrate buffer, pH 4.5) was given to the rats by intraperitoneal injection at a single dose of 60 mg/ kg. Fasting blood glucose (FBS) was gauged by a glucometer (One Touch Ultra, United States). Rats with FBS level >16.7 mM at 3 days after STZ injection were considered as diabetic model. The rats of control and hyperglycemic group were randomly divided into four groups (n = 7 each group) as follows: the untreated control group (Con), the Dap-treated control group (Con + Dap), the untreated STZ-induced diabetic group (STZ) as well as the Dap-treated diabetic group (STZ + Dap). Dap was provided by AstraZeneca Pharmaceutical Co. Ltd. Rats in the two treatment groups were orally administrated with Dap dissolved in pure water (average 1 mg/ kg/ day) for 8 weeks. Dap dosage was selected on the basis of previous studies, and 1 mg/ kg Dap has the sufficient in vivo cardioprotective effects (Tanajak, 2018; Gong et al., 2021). Body weight was recorded every week. Non-fasting blood glucose levels were measured at 9 AM every 2 weeks.
Echocardiographic Evaluation
Two days before the end of the study period, echocardiographic measurement was done. 1.5% isoflurane was used to anesthetize rats. Left ventricular (LV) ejection fraction was obtained by M-mode echocardiography. We used 17.5 MHz liner array transducer system and then measured at least five cardiac cycles on the M-mode tracings. All LV tracings were manually measured by the same observer.
Rats Myocardial Masson and TUNEL Staining
When the study was ended, all rats were fasted overnight. Then they were anaesthetized by sodium pentobarbital. The dose was 30 mg/ kg by intraperitoneal injection. Hearts were rapidly removed, washed, dried and weighed. Part of the LV tissues were fixed in 10% neutral buffered formalin for histological analysis later. A portion of LV tissues were quickly frozen in OCT embedding medium (Sakura Finetek, United States). We used them for superoxide anion detection. The remaining heart tissues were immediately stored at–80°C. Sections (5 μm thick) of paraﬃn-embedded rat heart tissues were used for Masson trichrome and TUNEL staining according to standard protocols.
Isolation of RNA and qRT-PCR in Rat Myocardium
The heart tissues were added suitable TRIzol reagent (Invitrogen). Hifair® III 1st Strand cDNA Synthesis Kit (11139ES60, Yeasen, China) was used to synthesize cDNA. Quantitative real-time PCR (qRT-PCR) was performed with Hieff® qPCR SYBR Green Master Mix (No Rox) (11201ES08, Yeasen, China) according to the instruction. The mRNA expression of GAPDH was used as a reference. The primer sequences used for sodium-hydrogen exchanger 1 (NHE-1) and GAPDH were as follows: NHE-1, forward 5′-ACA​TTC​AAC​AGT​GGA​GTG ACT-3′ and reverse 5′-TGGCAGGGAAGA TTCAAAGG-3′. GAPDH, forward 5′-TGC​ACC​ACC​AAC​TGC​TTA​GC-3′ and reverse 5′-GCC​CCA​CGG​CCA​TCA-3′.
Measurement of Superoxide Anion Generation in Rat Myocardium
Dihydroethidium (DHE) specifically reacts with superoxide to form ethidium, which stains DNA, showing a red fluorescence. 6 μm sections of rat LV tissues were taken in a freezing microtome. Then, the slides were incubated in 5 µM DHE (Beyotime Biotechnology Inc., China) in PBS at 37°C for 30 min in a damp and dark container. The images of thidium fluorescent were obtained with a fluorescence microscope (Leica Microsystems, Germany).
Detection of Malondialdehyde Level in Rat Myocardium
The level of MDA in rat LV tissues was quantified using a Lipid Peroxidation MDA Assay Kit (Beyotime Biotechnology Inc., China). Briefly, the LV tissues were lysed in RIPA lysis buffer. Then the supernatant was collected after centrifuging at 10,000 × g for 10 min and was used to quantify MDA concentration according to the thiobarbituric acid (TBA) method. The absorbance of the product of MDA-TBA was finally determined at 535 nm using the Multi-Mode Microplate Reader (Bio Tek Instruments Inc., United States).
Cell Culture and Processing
Rat embryonic cardiac myoblasts H9C2 cells were purchased from the Shanghai Institute of Biochemistry and Cell Biology (Shanghai, China) and maintained at 37°C (5% CO2 and 95% O2) in Dulbecco's modified Eagle’s medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS) (LONESERA, Uruguay in South America). DAP was dissolved in pure water and used at a final concentration of 10 µM. The dosage of Dap was selected based on previous studies (Huang et al., 2019; Arow et al., 2020), and our preliminary experiment showed that 10 µM Dap has the sufficient in vitro antioxidant capacity.
H9C2 cells were put in suitable plates and treated as follows for 36 h, namely the normal glucose (5.5 mM, Con) group, the normal glucose with 10 µM Dap (Con + Dap) group, the mannitol (33.0 mM, Man) group, the high glucose (33.0 mM, HG) group, and the high glucose with 10 µM Dap (HG + Dap) group. The Man group was used to estimate the influence of osmotic pressure.
Calcein Acetoxymethyl Ester/Propidium Iodide Staining in H9C2 Cells
H9C2 cells were cultured in 96-well plates. Given different treatments, they were cultured in assay buffer mixed with 1 µM calcein acetoxymethyl ester and 1 µM PI per well at 37°C for 30 min according to the introduction of Calcein-AM/PI Cell Viability/Cytotoxicity Assay Kit (Beyotime Biotechnology Inc., China). Green fluorescence by Calcein-AM indicates living cells. Red fluorescence by PI represents dead cells. The images were acquired with a fluorescence microscope (Leica Microsystems, Germany). The percentage of positive cells was counted with Image J software and each group had more than 10,000 cells.
Measurement of Hydrogen Peroxide Generation in H9C2 Cells
Intracellular generation of hydrogen peroxide was assayed using fluorescent probe 2′,7′-dichlorodihydrofluorescin diacetate (DCFH-DA, Beyotime Biotechnology Inc., China). If there exists hydrogen peroxide, DCFH-DA is oxidized into the fluorescent DCF, which can be detected by flow cytometry and fluorescence microscope.
H9C2 cells were placed in six-well plates. After various treatments for the indicated time, the cells with 10 µM DCFH-DA were put in the dark with 37°C for at least 30 min. Then, the cells were rinsed with DMEM medium without fetal bovine serum. The images were photographed by a fluorescence microscope (Leica Microsystems, Germany) using 488 nm excitation and 525 nm emission wavelength. Furthermore, cellular fluorescence was detected by flow cytometry (Beckman Coulter, United States) analysis and analyzed with FlowJo software.
Measurement of Superoxide Production in H9C2 Cells
As mentioned before, H9C2 cells were plated in six-well plates. After treatments for the indicated time, the cells were incubated with 5 µM DHE and put in the dark with 37°C for 30 min. Fluorescent images were obtained using a fluorescence microscope (Leica Microsystems, Germany).
Intracellular superoxide level was measured using the Superoxide Assay Kit (Beyotime Biotechnology Inc., China) in the H9C2 cells after different treatments (Wang et al., 2018; Zhang et al., 2019). The cells were incubated with the superoxide test solution at 37°C for 3 min. After that, the absorbance was finally assessed at 450 nm using the Multi-Mode Microplate Reader (Bio Tek Instruments Inc., United States).
Detection of Total SOD Activity in Rat Myocardium and H9C2 Cells
Total SOD activity was analyzed by a WST-8 method according to the instructions (Beyotime Biotechnology Inc., China). Briefly, 20 μL supernatant obtained from the rat LV tissues or H9C2 cells was mixed with 160 μL working solution of WST-8/enzyme. Next, add 20 μL reaction starter working solution in each well and incubate for 30 min at 37°C. Measure absorbance at 450 nm using the Multi-Mode Microplate Reader (Bio Tek Instruments Inc., United States).
Western Blot Analysis
The samples of rat LV tissues or H9C2 cells were lysed in RIPA lysis buffer and centrifuged at 10,000 × g for 10 min at 4°C. Cytoplasm and membrane proteins were isolated by MinuteTM Plasma Membrane Protein Isolation and Cell Fractionation Kit (Invent Biotechnologies, United States).
As described in our previous studies (Kong et al., 2015a; Kong et al., 2015b), equal protein (30 or 40 μg) of rat LV tissues or H9C2 cells was separated by SDS-PAGE, transferred to a nitrocellulose membrane (PALL BioTrace, China) and then blocked with 5% skim milk. After that, the membrane was put in primary antibody overnight and appropriated secondary antibodies for 2 h. Antibodies against caspase 3, gp91phox, Na, K-ATPase, Cu/Zn-SOD, Mn-SOD, and CAT were purchased from ABclonal Technology Inc. (China). Antibodies against p22phox, p67phox, and GPx were bought from Santa Cruz Inc (United States). The total protein reference was β-actin. Meanwhile, the reference of membrane protein was Na, K-ATPase. Results were assessed by densitometry using Image J software.
Statistical Analysis
Data were presented as mean ± standard deviation (S.D.). One-way analysis of variance followed by the Newman-Keuls test was used to compare the difference among different groups. Significance was set at a value of p < 0.05.
RESULTS
Effects of Dap on Body Weight, Blood Glucose and Cardiac Function in STZ-Induced Diabetic Rats
As indicated in Figures 1A,B, no significant differences in basal body weight and blood glucose were observed in four groups. The body weight in the STZ group was obviously decreased compared with the Con group. The diabetic rats had the tendency of weight gain after DAP treatment, but the difference was not statistically significant. As expected, the blood glucose of the STZ rats was notably higher compared with the Con rats, and Dap treatment significantly reduced the level of blood glucose. Echocardiographic evaluation revealed that the STZ rats developed less cardiac dysfunction in response to Dap treatment as was indicated by higher LV ejection fraction (Figures 1C,D). The mRNA level of NHE-1 in the STZ group was enhanced whereas that was obviously declined after DAP treatment (Figure 1E).
[image: Figure 1]FIGURE 1 | Effects of dapagliflozin (DAP) on body weight, non-fasting blood glucose and left ventricular (LV) dysfunction in diabetic rats. Control (Con + Dap) and STZ-induced diabetic rats (STZ + Dap) were administrated Dap by gavage at the daily dose of 1 mg/ kg for 8 weeks (A) Body weight was recorded weekly (B) Non-fasting blood glucose was measured at 9 AM on a bi-weekly basis (C) Echocardiography was used to measure LV ejection fraction (D) LV echocardiographic representative images from each group. n = 7 (E) The mRNA expression of myocardial NHE-1. n = 7. Data are expressed as the mean ± SD. *p < 0.05 vs. Con; #p < 0.05 vs. STZ.
Effects of Dap on Myocardial Fibrosis, Apoptosis and Oxidative Stress in STZ-Induced Diabetic Rats
The Masson’s trichrome staining was measured for purpose of detecting the myocardial fibrosis degree of rats, and results demonstrated that the STZ rats had excess collagen matrix accumulation in the LV tissues. Treatment with Dap significantly ameliorated the myocardial fibrosis in STZ rats (Figure 2A). Compared with the Con rats, TUNEL-positive cardiomyocytes were increased in the heart tissues of diabetic rats, whereas those were remarkedly reduced in the Dap-treated STZ rats (Figure 2A). DHE was used to evaluate superoxide anion in the LV tissues and the content of superoxide anion in the STZ rat myocardium was obviously higher than that in the Con rats. The cardiac superoxide anion content was decreased after treatment with Dap (Figure 2A). Moreover, an increase of cardiac MDA level confirmed that oxidative damage had been induced in the STZ rats. The content of MDA in the Dap-treated STZ rats was notably reduced (Figure 2B). In addition, immunoblotting analysis showed the expression of cleaved caspase 3 protein was elevated in the heart of STZ rats. Treatment with Dap markedly decreased the myocardial cleaved caspase 3 expression (Figures 2C,D).
[image: Figure 2]FIGURE 2 | Effects of DAP on myocardial fibrosis, apoptosis and oxidative stress in diabetic rats (A) Upper panel, Masson’s trichrome staining of myocardium sections. Middle panel, TUNEL detection of apoptotic cells in the myocardium. Arrows point to TUNEL positive cells. Lower panel, heart sections were incubated with dihydroethidium (DHE) to evaluate superoxide anion. Scale bar = 100 µm (B) Myocardial malondialdehyde (MDA) concentration was assessed. n = 7 (C,D) Panel and histogram represent the expression of cleaved caspase 3 in myocardial tissues of rats. n = 3–4. Data are expressed as the mean ± SD. *p < 0.05 vs. Con; #p < 0.05 vs. STZ.
Effects of DAP on Myocardial NADPH Oxidases and Antioxidant Enzymes in STZ-Induced Diabetic Rats
As mentioned above, NADPH oxidases are major origin of ROS in the heart tissues (Hansen et al., 2018; Lu et al., 2020). We measured the myocardial protein levels of NADPH oxidase subunits gp91phox, p22phox, and p67phox. Compared to the Con rats, the expression of gp91phox and p22phox in membrane fraction of myocardial tissue was up-regulated in the STZ rats, while Dap treatment down-regulated the gp91phox and p22phox expression in the diabetic rats (Figures 3A–C). Consistently, the expression of p67phox in the STZ rat heart tissues was significantly increased in membrane fraction while sharply reduced in cytosolic fraction, namely the ratio of p67phox level in membrane to cytosol which was significantly increased in diabatic rats. Dap treatment inhibited p67phox translocation to cardiac myocytes membrane in the STZ rats (Figures 3A,D–F).
[image: Figure 3]FIGURE 3 | Effects of DAP on myocardial NADPH oxidases and antioxidant enzymes in diabetic rats (A) Panel shows representative bands of NADPH oxidases. Histograms represent densitometry analysis of the membrane gp91phox (B), p22phox (C), and p67phox (D) protein, the cytosol p67phox (E) protein, and the ratio of p67phox protein expression in membrane to cytosol (F) (G) Panel shows representative bands of antioxidant enzymes. Histograms represent densitometry analysis of the copper, zinc superoxide dismutase (Cu/Zn-SOD, H), manganese superoxide dismutase (Mn-SOD, I), glutathione peroxidase (GPx, J), catalase (CAT, K) (L) Myocardial levels of total SOD activity were measured. n = 3–4. Data are expressed as the mean ± SD. *p < 0.05 vs. Con; #p < 0.05 vs. STZ.
As displayed in Figure 3G–L, the myocardial protein expression of Cu/Zn-SOD and total SOD activity were higher in the STZ group than those in the Con group. Dap treatment evidently reduced the elevated Cu/Zn-SOD expression and T-SOD activity in the heart tissues of STZ rats. However, there was no observed difference in the protein expression of Mn-SOD, GPx, and CAT among all experimental groups.
Effects of DAP on High Glucose-Induced Cell Death of H9C2 Cells
Calcein-AM/PI staining was used to reveal the effects of Dap on hyperglycemia-induced cardiomyocyte death. Compared to the Con cells, the cardiomyocyte mortality was remarkedly increased in H9C2 cells exposed to 33.0 mM glucose for 36 h. This increase was obviously ameliorated by Dap treatment (Figures 4A,B). Moreover, the expression of cleaved caspase 3 was obviously enhanced in high glucose-incubated H9C2 cells, and this change was decreased by Dap treatment (Figures 4C,D).
[image: Figure 4]FIGURE 4 | Effects of DAP on high glucose-induced death of H9C2 cells. H9C2 cells were treated with 5.5 mM glucose (Con), 5.5 mM glucose plus 10 µM Dap (Con + Dap), 33.0 mM mannitol (Man), 33.0 mM glucose (high glucose, HG) or 33.0 mM glucose plus 10 µM Dap (HG + Dap) for 36 h. Calcein acetoxymethyl ester (Calcein-AM)/propidium iodide (PI) staining was used to detect live/dead H9C2 cells (A) Panel shows representative photomicrographs of Calcein-AM/PI staining. Green fluorescence by Calcein-AM indicates living cells. Red fluorescence by PI represents dead cells. Scale bar = 100 µm (B) Histogram represents quantitative analysis of PI positive cells (C,D) Panel and histogram represent the expression of cleaved caspase 3 in H9C2 cells. n = 3–4. Data are expressed as the mean ± SD. *p < 0.05 vs. Con; #p < 0.05 vs. HG.
Effects of DAP on High Glucose-Induced Oxidative Stress in H9C2 Cells
As shown in Figures 5A–C, the hydrogen peroxide level measured by immunofluorescence and flow cytometry analysis was significantly elevated in H9C2 cells exposed to 33.0 mM glucose for 36 h, whereas Dap treatment decreased the hydrogen peroxide production. As indicated in Figures 5A,D, the superoxide was consistently increased in high glucose-incubated H9C2 cells, and this increase was obviously reversed by Dap treatment.
[image: Figure 5]FIGURE 5 | Effects of DAP on high glucose-induced oxidative stress in H9C2 cells. The treatment protocol of H9C2 cells is the same as that in Figure 4(A) Upper panel, the generation of hydrogen peroxide was assessed using a DCFH-DA probe. The green signal of DCF was captured by a fluorescence microscope as presented. Lower panel, the generation of superoxide anion was assessed using a DHE probe. The red signal of ethidium was captured by a fluorescence microscope as presented. Scale bar = 100 µm (B) Representative pictures of ROS (hydrogen peroxide) generation in H9C2 cells measured by flow cytometry using the DCFH-DA probe (C) Histogram represents quantitative analysis of mean fluorescence intensity (MFI) of DCF in H9C2 cells (D) The levels of superoxide in H9C2 cells were assessed. n = 3–4. Data are expressed as the mean ± SD. *p < 0.05 vs. Con; #p < 0.05 vs. HG.
Effects of DAP on NADPH Oxidases and Antioxidant Enzymes in H9C2 Cells Incubated with High Glucose
The expression of membrane gp91phox, p22phox, and p67phox was increased in high glucose-treated H9C2 cells, while the p67phox protein level in cytosolic fraction was significantly decreased. After treatment of Dap, the expression of gp91phox and p22phox in membrane fraction as well as the ratio of p67phox expression in membrane to cytosol were obviously declined (Figures 6A–F). The expression of Cu/Zn-SOD and the activity of total SOD were elevated in high glucose-treated H9C2 cells. The protein levels of Mn-SOD, GPx, and CAT had no significant difference between each experimental group. Dap treatment significantly reduced the elevated Cu/Zn-SOD expression and T-SOD activity in high glucose-incubated H9C2 cells (Figures 6G–L).
[image: Figure 6]FIGURE 6 | Effects of DAP on NADPH oxidases and antioxidant enzymes in high glucose-treated H9C2 cells. The treatment protocol of H9C2 cells is the same as that in Figure 4(A) Panel shows representative bands of NADPH oxidases. Histograms represent densitometry analysis of the membrane gp91phox (B), p22phox (C), and p67phox (D) protein, the cytosol p67phox (E) protein, and the ratio of p67phox protein expression in membrane to cytosol (F) (G) Panel shows representative bands of antioxidant enzymes. Histograms represent densitometry analysis of the copper, zinc superoxide dismutase (Cu/Zn-SOD, H), manganese superoxide dismutase (Mn-SOD, I), glutathione peroxidase (GPx, J), catalase (CAT, K) (L) Levels of total SOD activity were measured. n = 3–4. Data are expressed as the mean ± SD. *p < 0.05 vs. Con; #p < 0.05 vs. HG.
DISCUSSION
Although the knowledge accumulated over the past decades, the effective treatment strategies of DCM still remain lacking. In spite of initially considered to be a hypoglycemic agent, the effects of Dap have extended far beyond that which is now being considered for improving chronic kidney disease and heart failure, even in people without DM. Similarly with the results acquired from the high fat diet and low dose STZ-induced diabetic rats, ob/ob mice, and db/db mice (Ye et al., 2017; Giuliani, 2019; Arow et al., 2020; Chen et al., 2020), the present study demonstrated that treatment with Dap for 8 weeks successfully improved cardiac dysfunction and reduced myocardial fibrosis and apoptosis in STZ-induced diabetic mice. Recent studies show that SGLT2 inhibitors increase the excretions of urinary glucose and urinary sodium in type 2 diabetic GK and OLETF rats (Chung et al., 2019; Masuda et al., 2020). The same phenomenon can be found in the Dap-treated STZ-induced diabetic rats (Chen et al., 2016), which shows that the Dap treatment may play a protective role in DCM via promoting the urinary glucose and urinary sodium excretion in vivo. Sodium–hydrogen exchanger (NHE) is an essential adjuster of intracellular PH and the main isoform in the heart tissues is NHE-1 (Karmazyn, 2013). There has been reported that the expression of NHE-1 was enhanced in cardiomyocytes exposed to high glucose and cariporide, a NHE inhibitor, could ameliorate the high glucose-induced myocardial hypertrophy (Chen et al., 2007). Meanwhile, NHE-1 activity was increased in the GK rats and the inhibition of NHE-1 evidently attenuated diabetic LV myocyte hypertrophy in the heart tissues of GK rats (Darmellah, et al., 2007). As shown in our study, Dap treatment declined the mRNA level of NHE-1 compared with STZ group, reflecting that the mechanism of Dap treatment improving the cardiac dysfunction might be through inhibiting the cardiac NHE-1. Furthermore, Dap incubation remarkedly reduced the mortality of H9C2 cells treated with high glucose. Our data indicate that Dap alleviates the high glucose-induced myocardial damage both in vivo and in vitro.
A large volume of evidence suggests that the enhanced ROS levels accompanied with excitation of multiple downstream pro-inflammatory and cell death pathways occupied a key position in the development of DCM (Frustaci, 2000; Westermann et al., 2007; Rajesh et al., 2010). MDA determination (a product of lipid peroxidation), superoxide anion fluorescent probe (DHE) and hydrogen peroxide fluorescent probe (DCFH-DA) were used in this study to reflect the myocardial oxidative stress status. Consistently with previous reports (Guo et al., 2007; Tsai et al., 2012; Atale et al., 2013), accumulation of ROS was detected in the LV tissues of STZ-diabetic rats and high glucose-incubated H9C2 cells. Administration of Dap for 8 weeks significantly decreased the MDA level and relieved the superoxide anion generation in heart tissues of STZ rats. However, glucose-lowering per se and other properties might contribute to the myocardial anti-oxidant stress effects of Dap. SGLT1 is the primary isoform expressed in the cardiomyocytes and there is little evidence for the expression of SGLT2 in cardiac muscle, namely Dap does not lead to reduction of glucose influx into the cardiomyocytes (Gallo et al., 2015; Oh et al., 2019). Therefore, further in vitro experiments were performed in cultured cardiac H9C2 cells to address the direct effects of Dap on ROS generation. As revealed by flow cytometric analyses and microscopy observations, Dap treatment markedly decreased the levels of hydrogen peroxide and superoxide anion in H9C2 cells induced by high sugar. These findings manifest the cardioprotection of Dap may be attributed, at least in part, to the direct inhibition of ROS production.
Compared with xanthine oxidases and mitochondrial respiration, NADPH oxidases have been proven to be an importance origin of ROS in heart tissues (MacCarthy et al., 2001; Hansen et al., 2018; Lu et al., 2020). Recently, it’s reported that another SGLT2 inhibitor empagliflozin ameliorates the microvascular injury of DCM by regulating AMPK signaling pathways to inhibit the mitochondrial fission (Zhou et al., 2018). Li et al. (2019) discovered that empagliflozin reduced the NADPH oxidase isoform NOX4 expression in the heart tissues of KK-Ay mice. However, the in vivo and in vitro effects of Dap on the myocardial NADPH oxidases were not addressed. Among the isoforms of NADPH oxidases, the most critical ones during the process of regulating cardiac function are gp91phox and NOX4 (Hansen et al., 2018). Interestingly, these two isoforms which mainly express in the heart have different physiological and pathophysiological effects. In the setting of sustained stress, gp91phox-dependent signaling promotes cardiomyocyte hypertrophy, contractile dysfunction, interstitial fibrosis and cell death as reviewed by Zhang et al. (2013). Contrastly, NOX4 has been attested to have protective effects, for instance, adaptively remodeling with better preserved function and improving hypertrophy following chronic hemodynamic stress (Zhang et al., 2010; Matsushima et al., 2013). Therefore, we specifically assessed the effects of Dap on changes of gp91phox isoform, p22phox subunit (regulating the stability of NADPH oxidases) and p67phox subunit (regulating the activation of NADPH oxidases) in the diabetic rats and H9C2 cells. The main new findings of the current study were that Dap treatment reduced the membrane gp91phox and p22phox expression and restrained translocation of the p67phox subunit to the membrane fraction both in STZ-induced DCM rats and H9C2 cells exposed to high glucose. Therefore, mechanisms of NADPH oxidase restraint by Dap may be the suppression of cytosolic p67phox recruitment and decrease expression of its anchor p22phox, which result in inhibiting the activation of gp91phox isoform.
SOD, GPx, and CAT are significant parts of the antioxidant defense system. Overproduction of ROS, if not controlled by these enzymes, can cause oxidative stress. The present study was designed to assess the in vivo and in vitro effects of Dap on the myocardial antioxidant enzymes. Similar with previous studies (Guo et al., 2007; Lei et al., 2012), the activity of T-SOD and the expression of Cu/Zn-SOD were obviously enhanced in the STZ rat myocardial tissues and high glucose-treated H9C2 cells, while protein expression of Mn-SOD, GPx, and CAT were not altered. SOD participates in the removal of superoxide anion and plays key roles in counterpoising the generation of ROS. The up-regulation of SOD might be a compensatory response when superoxide anion originated from NADPH oxidases was elevated. The increase production of superoxide anion may highly outnumber that of antioxidant enzyme SOD. Consequently, the enhanced expression and activity of SOD in the STZ rat myocardial tissues and high glucose-treated H9C2 cells do not entirely prevent but may delay the progress of cardiac oxidative damage. Dap treatment did not change the expression of Mn-SOD, GPx and CAT but evidently declined the compensatory elevated T-SOD activity and the expression of Cu/Zn-SOD. Although SOD was decreased after administration with Dap, the production of superoxide anion was greatly depressed by Dap treatment, bringing about the correction of oxidant and antioxidant imbalance and improvement of myocardial oxidative stress.
There are some limitations of our study. The cell type investigated in vitro is H9C2 cell, which is easy to obtain. However, it’s a rat cardiomyoblast cell line, not a cardiomyocyte. In our study, the reasons why we chose the H9C2 cell line are as follows. On the one hand, compared with neonatal rat cardiomyocyte, H9C2 cell culture is more convenient and the phenotype of H9C2 cell is more stable. On the other hand, it has been reported that the transporting system of glucose in H9C2 cells has no difference with neonatal rat cardiomyocyte and this cell line may be useful as a model for cardiocytes in aspects of transmembrane signal transduction (Hescheler et al., 1991; Yu, 1999; Yu, 2000). In addition, there are many signaling pathways of oxidative stress which play essential roles in the Dap treatment of DCM. The further underlying mechanisms how Dap influences NADPH oxidases and antioxidant enzymes need to be explored in subsequent experiment.
In summary, the cardioprotective effects of DAP in previous evidence is confirmed and extended in this study. These effects seem to be related to improvement of high glucose-induced cardiac dysfunction, myocardial fibrosis, cell death and oxidase stress, resulting from suppressing the activation of gp91phox isoform and correcting the myocardial imbalance of oxidant and antioxidant (Figure 7). Collectively, our results strongly indicate that Dap may be a potential therapeutic approach for the treatment of DCM.
[image: Figure 7]FIGURE 7 | Summary of the mechanisms of Dap that suppress high glucose-induced oxidative stress in vivo and in vitro.
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Coronary atherosclerotic heart disease, cerebrovascular disease, and peripheral artery disease are common diseases with high morbidity and mortality rates and must be addressed. Their most frequent complications, including myocardial infarction and stroke, are caused by spontaneous thrombotic occlusion and are the most frequent cause of death worldwide. Atherosclerosis (AS) is the most widespread underlying pathological change for the above diseases. Therefore, drugs that interfere with this pathophysiological process must be incorporated in the treatment. Chinese traditional and herbal drugs can effectively treat AS. With the development of traditional Chinese medicine, the active ingredients in common Chinese medicinal materials must be thoroughly purified prior to their application in western medicine. Various proprietary Chinese medicine preparations with remarkable effects have been used in AS treatment. Catalpol, the active component of Rehmannia glutinosa, belongs to iridoid terpene and has anti-inflammatory, antioxidant, insulin resistance improvement, and other related effects. Several reviews have been conducted on this compound and its actions against osteoporosis, neurodegenerative diseases, Alzheimer's disease (AD), Parkinson's disease (PD) and diabetes and its complications. The current review focused on catalpol’s effect on atherosclerotic plaque formation in different animal models. The potential mechanisms of catalpol to ameliorate AS were also summarized in terms of oxidative stress, inflammation, cell aging, apoptosis, and activation of the silent information regulator factor 2-related enzyme 1 (SIRT1) pathway.
Keywords: atherosclerosis, catalpol, inflammation, oxidative stress, cell senescence, SIRT1
INTRODUCTION
Coronary atherosclerotic heart disease, cerebrovascular disease, and peripheral artery disease are common diseases with high morbidity and mortality rates and must be addressed. Their most common complications, including myocardial infarction and stroke, are caused by spontaneous thrombotic occlusion and are the most frequent cause of death worldwide (Kruk et al., 2018). AS is the most widespread underlying pathological change for these diseases (Gallino et al., 2014). Endothelial dysfunction is the primary prerequisite and important link for atherosclerotic plaque formation and is one of the important indicators for predicting the incidence and prognosis of cardio-cerebrovascular diseases (Daiber et al., 2017). For AS treatment, the reduction of low density lipoprotein cholesterol (LDL-C) level by statins and proprotein converting enzyme subtilisin/kexin 9 monoclonal antibody can reduce major cardiovascular adverse events by approximately 50% (Ridker et al., 2008). Angiotensin converting enzyme inhibitor (ACEI), angiotensin II type 1 receptor (AT1 receptor) antagonist, endothelin-1 receptor antagonist, and many other cardiovascular drugs show multiple indirect antioxidant properties and anti-inflammatory effects that can stabilize vascular endothelial function and ameliorate AS (Gori and Munzel, 2011; Steven et al., 2015). With the development of traditional Chinese medicine, the purification of active components in many common bulk medicinal materials in China has been further studied. Among which, catalpol, the active ingredient in Rehmannia glutinosa and a common medicinal material in China, has been widely explored for its pharmacological action.
Catalpol (C15H22O10, Figure 1.) is an iridoid compound widely distributed in many plant families and is mainly extracted from the roots of R. glutinosa, one of the common bulk medicinal materials in China with the functions of nourishing yin, tonifying blood, enhancing essence, and tonifying marrow. Clinical trials for this plant have been conducted to verify its ameliorating effects on osteoporosis, such as increasing bone mineral density and maintaining the balance between osteoclasts and osteogenesis (Liu et al., 2017). The bone-protecting effect of R. glutinosa may be related to its high content of iridoid glycosides such as catalpol (Lim and Kim, 2013). Catalpol also has important neuroprotective effects on AD and PD (Dinda et al., 2019), exhibits anti-diabetic activity on different animal models, and prevents diabetic nephropathy, heart, central nervous system, and bone complications (Bai et al., 2019). Several reviews have been conducted on its actions against osteoporosis, neurodegeneration, AD, PD, and diabetes and its complications. This article summarized the effect and mechanism of catalpol against AS.
[image: Figure 1]FIGURE 1 | The chemical structure of catalpol.
ANIMAL AND CELL MODELS USED IN RESEARCH ON CATALPOL FOR ATHEROSCLEROSIS TREATMENT
Various atherosclerotic models have been used to prove the effect of catalpol on atherosclerotic plaque formation. Table 1lists the reviewed in vivo AS models, drug administration routes, catalpol dosages, and intervention times. The models include the following: 1) the AS model induced in male New Zealand white rabbits by feeding high cholesterol diet (containing 1% cholesterol), 2) the diabetic AS model in diabetic rabbits induced by high fat diet combined with intravenous injection of alloxan, 3) the AS model in LDLr−/− mice induced by high fat diet, and 4) the AS model in ApoE−/− mice induced by high fat diet combined with ovariectomy. Oral administration was generally used in the studies. Catalpol dosage varied for different models, that is, 5 mg/kg/day for 4 month-old male New Zealand white rabbits, 100–200 mg/kg/day for LDLr−/− male mice, and 20 mg/kg/day for ApoE−/− female mice. Endothelial dysfunction is a preliminary pathophysiological event in AS development (Suwaidi et al., 2000). Macrophages and smooth muscle cells migrate, proliferate, differentiate, and phagocytize lipids into foam cells, an essential link of AS plaque formation. Table 2 shows the construction of in vitro model and the concentration and treatment time of catalpol.
TABLE 1 | Different animal models have been used to prove that catalpol improves AS.
[image: Table 1]TABLE 2 | Different cell models were used to explore the potential mechanism of catalpol in improving AS.
[image: Table 2]Using the atherosclerotic model of rabbits with high cholesterol, Liu et al. observed the area of aortic AS and found a lesion in the high cholesterol chow (HCC) group accounting for 54% of the total area but not in the normal diet group. Compared with the HCC group, the catalpol and atorvastatin groups had reductions in the area of atherosclerotic lesions by 58 and 45%, respectively. In addition, oral catalpol administration for 12 weeks (5 mg/kg/day) substantially inhibited neointimal hyperplasia and the infiltration of smooth muscle cells and macrophages in plaques (Liu and Zhang., 2015). Zhang et al. fed LDLr−/− mice with high-fat diet for 16 weeks and stripped the aorta for oil red staining, HE staining, and immunohistochemical staining. In the HFD group, the area of subintimal lesion was enlarged and contained a necrotic core rich in foam cells derived from macrophages. In the catalpol intervention group, the number of foam cells derived from subendothelial macrophages was decreased. This effect became highly pronounced when the dose of catalpol was 200 mg/kg/day (Zhang et al., 2018). Another study showed that catalpol can reduce the AS of alloxan-induced diabetic rabbits and delay AS progression (Liu et al., 2016). In a recent study simulating postmenopausal AS, female ApoE−/− mice were ovariectomized and fed with a high-fat diet to induce atherosclerotic plaque formation and stop estrogen production to mimic postmenopausal behavior. The area of atherosclerotic plaque in the oral catalpol group was smaller than that in the ovariectomized high-fat diet group. Catalpol also promoted the expression of estrogen receptors (ERs) in HFD-ovariectomy (Ovx)-treated ApoE−/− mice (Chen et al., 2021).
POTENTIAL MECHANISM OF CATALPOL IN IMPROVING ATHEROSCLEROSIS
Catalpol is a naturally occurring 7, 8-cyclopentane iridoid and one of the metabolites formed by the fusion of cyclopentane ring and pyran ring skeleton (including acetal structure) mainly in the form of glycosides. Catalpol improves AS plaque formation. Discussion on its potential mechanism is helpful to further understand the biological role of catalpol and find evidence to support its clinical application.
Catalpol Plays an Anti-AS Role by Inhibiting Oxidative Stress and Endoplasmic Reticulum Stress
OS is one of the most common pathophysiological processes in AS formation (Libby et al., 2011). Catalpol decreases the concentration of oxidative factors including malondialdehyde, protein carbonyl, advanced glycation end products, and oxidized LDL-C in the serum and liver of hypercholesterolemic rabbit AS, diabetic rabbit AS, and hyperlipidemic AS models. However, this compound also increases the concentration of some antioxidant factors such as superoxide dismutase and glutathione peroxidase and the total antioxidant capacity (Liu and Zhang, 2015; Liu et al., 2016; Zhang et al., 2018). Relevant OS indicators were detected to reflect the level of oxidation in vivo, and the results verified that catalpol could partially improve AS plaque formation by reducing OS degree.
Nuclear factor erythroid related factor 2 (Nrf2) is an important redox sensitive transcription factor in cellular antioxidant defense. Under OS, Nrf2 enters the nucleus and upgrades various antioxidants, including heme oxygenase (HO-1). Liu et al. found that catalpol promotes Nrf2 nuclear translocation and HO-1 expression in EA.hy926 cells, thus implying its antioxidant role (Liu and Zhang, 2015).
Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase family composed of nitrogenoxide (NOX) 1-5 is the most important source of ROS. P22phox is an important component of the NADH/NADPH oxidase system that produces superoxides (Ushio-Fukai et al., 1996). Zhang et al. reported that catalpol has a potential inhibitory effect on P22, NOX2, and NOX4 protein expression and ROS production in AS mice and oxLDL-treated macrophages (Zhang et al., 2018).
ER is an important organelle that regulates several basic cellular processes, controls all important connections to the cellular external environment, and responds to systemic metabolism, inflammation, and endocrine and mechanical stimuli (Ochoa et al., 2018). Chronic ER stress is induced by various in vivo factors, interact with OS and inflammasome activation, and finally aggravate AS formation (Ochoa et al., 2018). The molecules commonly used to reflect the OS level in the body include protein kinase R-like endoplasmic reticulum kinase (PERK), activated transcription factor 6, IRE1 α, and GRP78.
The increase in the pathophysiological level of homocysteine (HCY) in circulation is related to the accelerated production of superoxide and peroxynitrite and the inhibited antioxidant defense of cardiovascular system (Suematsu et al., 2007). HCY can trigger ER stress by interfering with the formation of disulfide bonds and inducing unfolded protein response (Yu et al., 2013). Severe and persistent ER stress mediates the apoptosis induced by CHOP, JNK, and caspase-12 (Lu et al., 2014; Sisinni et al., 2019). Hu et al. found that catalpol reduces the level of OS and ER stress induced by HCY in human aortic endothelial cells, thus partly protecting endothelial cells from HCY toxicity by inhibiting NOX4 expression and blocking NF-κB/p65 signal pathway (Hu et al., 2019).
Catalpol Reduces the Degree of Inflammatory Response in Atherosclerosis
Inflammation runs through AS formation and plays an important role in every link of this condition. NF-κB activation is related to the expression of many pro-inflammatory cytokines, inflammatory cytokines, and adhesion molecules, such as interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), monocyte chemoattractant protein-1 (MCP-1), intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), inducible nitric oxide synthase (iNOS), and matrix metalloproteinase-9 (MMP-9) (Randolph, 2014). These cytokines promote the adhesion of neutrophils and monocytes to the endothelium and the remodeling of extracellular matrix, thus affecting the production of endothelium-derived nitric oxide (NO), reducing endothelium-dependent vasodilation, and finally initiating AS aggravation.
Liu et al. found that catalpol alleviates the inflammatory response of AS in hypercholesterolemic rabbits by reducing the levels of circulating TNF-α, IL-6, soluble VCAM-1, soluble ICAM-1, and MCP-1 and the expression levels of VCAM-1, MCP-1, TNF- α, iNOS, MMP-9, and nuclear factor-κ B protein 65 (NF- κ B p65) in thoracic (Liu and Zhang, 2015). Catalpol also inhibits I-κB protein degradation, NF-κB trans-activation, and NF-κB p65 binding activation in oxLDL-induced EA.hy926 cells, suggesting its regulating role in inflammation through the NF-κB-dependent pathway (Liu and Zhang, 2015). In their other study, catalpol suppressed alloxan-induced inflammation in diabetic rabbits by reducing the overexpression of TNF- α, MCP-1, and VCAM-1 during circulation (Liu et al., 2016).
Chen et al. found that catalpol inhibits the increased polarization, inflammatory response, and oxidative stress of macrophages induced by lipopolysaccharides (LPS) and interferon-γ (IFN-γ) and improves the function of macrophages activated by classical pathways. A postmenopausal mouse AS model was established by ovariectomizing the treated ApoE−/− mice and feeding them with a high-fat diet. The serum of ApoE−/− mice was collected in the in vivo experiment. The levels of proinflammatory cytokines (C-reactive protein, TNF-α, and IL-1β) were decreased, whereas those of anti-inflammatory cytokines (IL-10) were increased in the catalpol-treated group. These protective effects were inhibited after Erα was blocked, indicating that catalpol exerts its anti-inflammatory effects by regulating ERα (Chen et al., 2021).
Nucleotide binding domain-like receptor protein 3 (NLRP3) inflammatory body is a multiprotein complex that combines with ASC (apoptosis-related spot-like protein containing caspase1 activation domain, CARD) and caspase-1 to regulate the maturation of pro-inflammatory cytokines IL-1 β and IL-18 (Kelley et al., 2019). Zhu et al. found that catalpol treatment could reduce the expression of LPS-induced inflammatory body NLRP3 and then inhibit the mRNA and protein levels of pro-inflammatory cytokines such as IL-1 β, pro-IL-1 β, TNF-α, and IL-32, thus improving the inflammatory response in THP-1 cells (Zhu et al., 2014). By using the in vitro model of acute lung injury induced by LPS in MH-S alveolar macrophages, Fu et al. found the decreased expression of inflammatory cytokines TNF- α, IL-6, IL-4, and IL-1 β induced by LPS after treatment with different catalpol (0.1–0.5 mM) concentrations, thereby proving that catalpol has an anti-inflammatory effect (Fu et al., 2014).
SIRT1 deletion in endothelial cell (ECs), vascular smooth muscle cells (VSMCs), and monocytes/macrophages can increase OS, inflammation, foam cell formation, aging damage nitric oxide production, and autophagy and thus promote vascular aging and AS (Kitada et al., 2016). Liu et al. found that catalpol inhibits NF-κB and MAPK signaling pathways by up-regulating the expression of SIRT1 mRNA and consequently reducing OS and TNF-α-induced inflammation response (Liu et al., 2021). Endogenous SIRT1 remarkably reduces endothelial activation without affecting the vasoconstriction and dilation function of ApoE−/− mice. Continuous endothelial activation by various risk factors leads to the occurrence and development of AS. Therefore, SIRT1 activation can produce an anti-atherosclerotic effect (Stein et al., 2010). Zhang et al. used molecular docking simulation to explore the bioactive conformations of catalpol and common SIRT1 activators (resveratrol, SRT2140, and quercetin) with SIRT1. Their total integral values were 6.4519, 4.1586, 6.0038, and 5.4237, respectively. These results showed that the bioactive conformations of catalpol and SIRT1 have higher total integral values than other SIRT1 activators, indicating that catalpol has higher affinity with SIRT1 than other common SIRT1 activators and is likely to become a SIRT1 agonist (Zhang et al., 2019). Exploration of the mutual regulation relationship between catalpol and SIRT1 proved that microRNA-132 (miR-132) regulates the inflammatory process by negatively controlling SIRT1 expression (Varma-Doyle et al., 2021). Xiong et al. reported that catalpol can resist ER stress induced by breviscapine A, a specific ER stress inducer, by activating SIRT1 through miR-132 down-regulation. The protective effect of catalpol is concentration-dependent (Xiong et al., 2017). Based on the above findings, our experimental group is currently conducting a study entitled “catalpol exerts its anti-AS effect by activating SIRT1” to further explore the clinical application feasibility and related protective mechanism of catalpol in AS.
Catalpol Slows Down the Progress of Vascular Cell Senescence in Atherosclerosis
Atherosclerotic plaques show characteristics of cell aging, such as reduced cell proliferation (Bennett et al., 1995), irreversible growth arrest and apoptosis (Lutgens et al., 1999), increased DNA damage (Botto et al., 2001), epigenetic modification (Lund and Zaina, 2011), and shortening and dysfunction of telomeres (Matthews et al., 2006; Ogami et al., 2004). Telomere length and integrity are regulated by telomerase interaction (De Lange, 2005). Telomerase reverse transcriptase (TERT) maintains the telomere terminal by catalyzing the increase in short telomere repeat sequence during DNA replication (Bressler et al., 2015). Zhang et al. used the comet test and measured 8-hydroxydeoxyguanosine (8-OHdG) levels to indirectly reflect the extent of DNA damage. In vivo and in vitro results verified that catalpol can reduce the level of 8-OHdG and shorten the length of comet tail, indicating its partial mitigating action on the degree of DNA oxidative damage. In addition, the telomerase activity of macrophages decreased after treatment with oxLDL. Catalpol could concentration-dependently increase the telomerase activity and partially inhibit the senescence of macrophages (Zhang et al., 2018). Peroxisome proliferator-activated receptor-γ coactivator α (PGC-1 α) is a key molecule connecting OS and telomere function (Miao et al., 2016). PGC-1 α upregulation in aortic smooth muscle cells can enhance telomere function, reduce DNA damage, and thus inhibit AS (Xiong et al., 2015). Zhang et al. reported that in the AS model of LDLr−/− mice induced by high-fat diet, the expression of PGC-1α and TERT decreased to 37 and 45%, respectively, in the HFD group. On the contrary, the expression levels of PGC-1 α and TERT protein were substantially up-regulated in the catalpol group. oxLDL-treated macrophages were used to form a cell injury model by applying the cell transfection technique. The results proved that catalpol reduces ROS accumulation and DNA damage and improves telomere function through the PGC-1 α/TERT pathway. Zhang et al. reported that catalpol can directly enhance the activity of PGC-1 α promoter as indicated by the luciferase activity assay (Zhang et al., 2018).
Catalpol Plays an Anti-apoptotic Role in Atherosclerosis
Bcl-2 family members located on the mitochondrial membrane can change mitochondrial permeability and eventually induce apoptosis (Zamzami et al., 1998). Some members of the Bcl-2 family induce cell survival (Bcl-2 and Bcl-xL) or promote apoptosis (Bad and Bax) (Datta et al., 1997; Olivetti et al., 1997). Using the AS model of LDLr−/− mice fed with high-fat diet, Zhang et al. found that catalpol upregulates the protein level of anti-apoptotic protein B-cell lymphoma-2 (Bcl-2) and downregulates the level of apoptotic protein caspase3 and caspase9, thereby suggesting its potential anti-apoptotic effect (Zhang et al., 2018). Intracellular signaling pathway-Akt is involved in the regulation of cell survival and apoptosis. Its activation phosphorylates Bad and thus inhibit cell apoptosis (Datta et al., 1997). Hu et al. reported that after HUVECs were treated with 100 μM H2O2 for 24 h, apoptotic protein Bax was up-regulated, Bad phosphorylation was inactivated, and anti-apoptotic protein Bcl-2 was down-regulated, thus resulting in an increased rate of apoptosis. However, catalpol could also play an anti-apoptotic effect by activating Akt to phosphorylate Bad, down-regulate Bax, and up-regulate Bcl-2. These protective effects can be partially inhibited by phosphatidylinositol 3-kinase (PI3K) antagonist (Wortmannin or LY294002). Therefore, catalpol may partially regulate the Bcl-2 family through the PI3K/Akt pathway and then protect HUVECs from H2O2 toxicity (Hu et al., 2010).
EFFICACY AND SAFETY OF CATALPOL
Acute toxicity experiments related to catalpol have been conducted in mouse models to determine its safety (Bai et al., 2019). The 50% lethal dose of catalpol in mice was determined as 206.5 mg/kg after intraperitoneal catalpol injection. After a long-term intravenous catalpol injection (10, 20, and 40 mg/kg/day; 90 days), no toxic changes were observed in the biochemical indexes and physiological structure of rat organs (Jang et al., 2008). This finding indicated that catalpol has no side effects. A preliminary clinical experimental study explored the safety of catalpol treatment in patients with colon cancer by intraperitoneally injecting 10 mg/kg catalpol twice a day for 12 weeks. Only mild non-fatal adverse reactions, such as nausea, vomiting, gastrointestinal ulcers, and constipation, were observed (Fei et al., 2018). Therefore, catalpol performs well in terms of safety. With regard to its effectiveness, four independent in vivo experiments revealed that this compound could substantially reduce the area of subintimal atherosclerotic plaque and inhibit the thickening of neointima and the formation of foam cells. In many in vitro models, catalpol reduces cell injury and improves cell function through its anti-inflammatory, anti-oxidative stress, anti-apoptosis, and other effects. Therefore, this ingredient shows efficacy for AS treatment to a certain extent. The specific protective mechanism, efficacy, and safety of catalpol for AS treatment still need to be further explored and improved. As an effective ingredient of R. glutinosa, catalpol is expected to be a new drug for AS treatment.
PHARMACOKINETICS OF CATALPOL
Differences in pharmacokinetics were observed for catalpol administered through various routes. The bioavailability of intramuscular injection was 71.63%, whereas that of oral administration was only 49.38% (Bai et al., 2019). This difference may be related to its chemical properties, that is, catalpol is easily destroyed in acidic environment and is relatively stable in alkaline condition. This phenomenon confirmed the instability of catalpol in the gastrointestinal tract. In all the animal models in this review, catalpol was administered through oral administration. The results also showed that catalpol had a good anti-AS effect. The reason may be related to the production of some active metabolites of catalpol after metabolic transformation in vivo. UHPLC-Q-Exactive MS was used to analyze the metabolites of catalpol in rats, and 29 metabolites (including catalpol) were detected, including 19 metabolites in urine, 3 metabolites in plasma, and 14 metabolites in feces (Xiang et al., 2021). Most of these metabolites existed in the form of catalpol aglycone. Investigation on its biotransformation pathway revealed that catalpol was first transformed into catalpol aglycone through deglycosylation after oral administration. A series of phase I metabolic reactions subsequently occurred, including hydroxylation, dihydroxylation, hydrogenation, dehydrogenation, and oxidation of methylene to ketone, followed by phase II metabolic reactions, including glucuronidation and glycine and cysteine conjugation.
Abundant metabolites were detected in rat feces. This finding indicated the presence of copious intestinal microflora in the intestinal tract, which might be one of the main metabolic organs of catalpol. Another study speculated that catalpol id first metabolized into catalpol aglycone by β-D-glucosidase from different human intestinal bacteria; catalpol aglycone is then metabolized into acetylated, demethylated, and hydroxylated catalpol (Tao et al., 2016).
Catalpol may be the precursor of the above active metabolites. Biotransformation has its unique advantages over traditional prodrug transformation. Although catalpol is unstable in the gastrointestinal tract, oral administration of this drug is still the most common route. Unique biotransformation to metabolize catalpol into active metabolites could be applied to ensure its exceptional biological role.
CONCLUSION
AS is the most common pathophysiological process in coronary atherosclerotic heart disease, cerebrovascular disease, and peripheral artery disease, all of which have high morbidity and mortality. Given that statins regulate lipid metabolism, ACEI, AT1 receptor antagonists, and other drugs. Therefore, the application of Chinese medicine adjunctive therapy for AS is also an essential link. At present, many kinds of Chinese patent medicines, including “Xuezhikang,” “Shensong Yangxin Capsule,” “Compound Danshen Dropping Pill,” “Tongxinluo,” and “Xuesaitong”, have been used in the clinical adjuvant treatment of coronary atherosclerotic heart disease. With the wide clinical application of traditional Chinese medicines and their good curative effect, their Western usage is currently on a gradual rise. Further exploration on their effective ingredients of traditional Chinese medicine for clinical application has become the top priority to carry forward the culture of traditional Chinese medicine.
Catalpol, the active ingredient of R. glutinosa, has been widely studied. Through its anti-inflammation, antioxidation, ER stress, cell injury reduction, and anti-apoptosis effects in vivo and in vitro, this compound can improve the degree of vascular cell injury, atherosclerotic plaque area, media thickness, plaque lipid content, and vascular smooth muscle cell and macrophage infiltration in different AS models (Figure 2.) However, the clinical application of catalpol for coronary atherosclerotic heart disease still require further exploration, particularly its safety and efficacy.
[image: Figure 2]FIGURE 2 | The detailed mechanism of catalpol’s protective effect on AS.
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MMP matrix metalloproteinase
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MMP-9 matrix metalloproteinases-9
MAPK mitogen-activated protein kinase
Nrf2 nuclear factor erythroid 2-related factor 2
NOX nitrogen oxide
NADPH nicotinamide adenine dinucleotide phosphate
NF-κB p65 nuclear factor-κB protein65
NF-κB nuclear factor-κB
NLRP3 nucleotide-binding domain-like receptor protein 3
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PCG protein carbonyl groups
PGC-1α Peroxisome proliferator-activated receptor-γ coactivator α
PERK proteinkinaseR—likeERkinase
PI3K phosphatidylinositol 3-kinase
ROS Reactive oxygen species
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sVCAM-1 soluble vascular cell adhesion molecule-1
sICAM-1 soluble intercellular adhesion molecule-1
TNF-α tumor necrosis factor-α
TAS total antioxidant status
TERT telomerase reverse transcriptase
UPR unfolded protein response
VCAM-1 vascular cell adhesion molecule-1
8-OHdG 8-Hydroxydeoxyguanosine
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 He, Zhao, Wang, Liu and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 15 July 2021
doi: 10.3389/fphar.2021.649398


[image: image2]
LncRNA Chaer Prevents Cardiomyocyte Apoptosis From Acute Myocardial Infarction Through AMPK Activation
Zhiyu He1†, Xiaojun Zeng1†, Deke Zhou1,2, Peiying Liu1, Dunzheng Han1, Lingling Xu1, Tong Bu1, Jinping Wang1, Mengmeng Ke1, Xiudi Pan1, Yipeng Du1, Hao Xue1, Dongfeng Lu1 and Bihui Luo1*
1Department of Cardiology, The First Affiliated Hospital of Guangzhou Medical University, Guangzhou, China
2Traditional Chinese Medicine Hospital of Gaozhou, Department of Cardiology, Gaozhou, China
Edited by:
Benzhi Cai, The Second Affiliated Hospital of Harbin Medical University, China
Reviewed by:
Tianyi Liu, University of Cincinnati, United States
Xiaohui Li, Central South University, China
* Correspondence: Bihui Luo, 932067133@qq.com
Specialty section: This article was submitted to Cardiovascular and Smooth Muscle Pharmacology, a section of the journal Frontiers in Pharmacology
†These authors share first authorship
Received: 04 January 2021
Accepted: 04 March 2021
Published: 15 July 2021
Citation: He Z, Zeng X, Zhou D, Liu P, Han D, Xu L, Bu T, Wang J, Ke M, Pan X, Du Y, Xue H, Lu D and Luo B (2021) LncRNA Chaer Prevents Cardiomyocyte Apoptosis From Acute Myocardial Infarction Through AMPK Activation. Front. Pharmacol. 12:649398. doi: 10.3389/fphar.2021.649398

Long non-coding RNA (lncRNA) is widely reported to be involved in cardiac (patho)physiology. Acute myocardial infarction, in which cardiomyocyte apoptosis plays an important role, is a life-threatening disease. Here, we report the lncRNA Chaer that is anti-apoptotic in cardiomyocytes during Acute myocardial infarction. Importantly, lncRNA Chaer is significantly downregulated in both oxygen-glucose deprivation (oxygen-glucose deprivation)-treated cardiomyocytes in vitro and AMI heart. In vitro, overexpression of lncRNA Chaer with adeno virus reduces cardiomyocyte apoptosis induced by OGD-treated while silencing of lncRNA Chaer increases cardiomyocyte apoptosis instead. In vivo, forced expression of lncRNA Chaer with AAV9 attenuates cardiac apoptosis, reduces infarction area and improves mice heart function in AMI. Interestingly, overexpression of lncRNA Chaer promotes the phosphorylation of AMPK, and AMPK inhibitor Compound C reverses the overexpression of lncRNA Chaer effect of reducing cardiomyocyte apoptosis under OGD-treatment. In summary, we identify the novel ability of lncRNA Chaer in regulating cardiomyocyte apoptosis by promoting phosphorylation of AMPK in AMI.
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INTRODUCTION
Cardiovascular disease, especially ischemic heart disease, is the leading cause of morbidity and mortality around the world (McAloon et al., 2016). And elevating incidence of cardiovascular disorders brings a huge burden to thousands of families (Heusch and Gersh, 2017). The increasing cardiomyocyte apoptosis has a considerable contribution to cardiomyocyte death at the early stage of AMI, thus triggers cardiac injury (Matsui et al., 2010) (Teringova and Tousek, 2017). Furthermore, cardiomyocyte apoptosis takes part in cardiac remodeling and heart failure process after myocardial infarction (Orogo and Gustafsson, 2013). Hence, it is worthy to inhibit the cardiomyocytes apoptosis against AMI-induced cardiac injury. However, the regulating mechanism of apoptosis that contributes to the cardiac injury in AMI remains to be elucidated. AMP-activated protein kinase (AMPK), consisting of α, β, γ subunits, is considered as an important regulator in underlying mechanisms of myocardial infarction (Gu et al., 2018). Sun et al. had proved AMPK a protective molecule in myocardial infarction by reducing cardiac apoptosis and interstitial fibrosis (Sun et al., 2013). Loss of AMPK may accelerate ischemia/reperfusion injury while its activation can protect heart again ischemia (Zhang et al., 2017) (Duan et al., 2017). Targeting AMPK may be a promising treatment in ameliorating cardiac ischemia injury.
Long noncoding RNA (lncRNA), made up of more than 200 nucleotides, can directly bind to DNA for the recruitment of epigenetic modulators and act as a decoy for transcription factors. Thus, this in turn modulates splicing or interact with proteins fir achieving specific functions (Wang and Chang, 2011; Moran et al., 2012). In addition, some lncRNAs serve as sponges for microRNAs to regulate specific process (Paraskevopoulou and Hatzigeorgiou, 2016). Recently, lncRNA has been proved as a powerful epigenetic regulator in cardiovascular diseases (Poller et al., 2018; Sallam et al., 2018). Researchers have investigated the roles of lncRNA in regulating cardiomyocyte apoptosis after AMI to reduce cardiac injury and improve cardiac functions. Li X et al. reported lncRNA Mirt1 attenuated AMI injury by reducing cardiomyocytes apoptosis and inflammatory cell infiltration through inhibition of the NF-κB cell signaling pathway (Li et al., 2017). Another lncRNA, named ZFAS1, was found to be involved in the modulation of cardiomyocyte apoptosis in AMI through a ZFAS1-miR-150-C-reactive protein axis (Wu et al., 2017). These studies suggest that lncRNA is a potential therapeutic target to inhibit cardiomyocytes apoptosis thus attenuate cardiac injury in AMI.
LncRNA Chaer was reported to accelerate the process of cardiac hypertrophy. LncRNA Chaer combined with PRC2 promotes the transcription of pro-hypertrophy genes which should have been inhibited by the PRC2 complex at basal condition (Wang et al., 2016). Interestingly, researchers have identified that the activation of intrinsic-mediated caspase is highly linked with cardiomyocytes hypertrophy. The intrinsic apoptotic pathway can be inhibited at several points and can serve a leading role in the prevention of cardiomyocytes hypertrophy during agonist stimulations which form a close relationship between apoptosis and hypertrophy (Putinski et al., 2013). Studies have suggested that there are multiple parallel and staggered signaling pathways between hypertrophy and apoptosis (Fortuño et al., 2003; Vanempel and De Windt, 2004). The hypertrophy-related signal pathways affect cardiomyocytes apoptosis to a certain extent (Shiraishi et al., 2004; Vanempel and De Windt, 2004; Pillai et al., 2014; Ikeda and Sadoshima, 2016). According to the reported data, JAK/STAT, and calcineurin/NFAT pathways exert a pro‐survival regulatory effect and also have a link in cardiac hypertrophy (Manukyan et al., 2010). So, it is reasonable to believe that hypertrophy-related lncRNA Chaer might have a significant contribution in modulating cardiomyocytes apoptosis. As we mentioned above, cardiomyocytes apoptosis is an important process at the early stage of AMI, it is of great interest that whether hypertrophy-related lncRNA Chaer is involved in this process. Here, we investigate whether hypertrophy-related lncRNA Chaer takes part in the modulation of cardiomyocytes apoptosis at the early stage of AMI and the mechanism behind.
METHODS AND MATERIALS
NMCMs
Isolation, Cell Culture
Neonatal mice cardiac myocytes (NMCMs) were taken from 1 to 3 days old mice pups (C57BL/6) (Li et al., 2017). The hearts of pups were adequately minced and were digested enzymatically, using trypsin (0.25%) and collagenase I (0.15%, Gibco). The cell suspension was centrifuged, followed by suspending in DMEM, supplemented with FBS (10%). Then the suspension (cells) was added into each Petri plate. The plates were incubated for 90 min to attach the fibroblasts to the bottom of the plates. Non-adherent NMCMs were separated and seeded in another Petri plate, followed by two days of incubation in a humidified incubator (37°C with 95% air and 5% CO2). For the oxygen-glucose deprivation (OGD) treatment, cells were seeded in serum-free medium. The seeded cells were then kept in an incubator, set at 37°C, 5% CO2, 1% O2, and 94% N2 for 6, 12, and 24 h.
Adenovirus and Small Interfering RNA Transfection
The adenovirus overexpression Chaer was synthesized by Genechem (Shanghai, China). Isolated NMCMs were seeded at 90% confluence and cultured for 48 h. For adenovirus transfection, adenovirus-Chaer (Adv-Chaer) or adenovirus-negative control (Adv-NC) was treated with the cells with a multiplicity of infections (50 MOI). Small interfering RNA (siRNA) for silencing Chaer (siRNA-Chaer) and the corresponding negative controls (siRNA-NC) were designed and constructed by GenePharma (Shanghai China) (Li et al., 2019). The siRNA sequences targeting the sequence of Chaer transcript were as follows: 5’-GAG​CCA​AAA​ACC​AA-CAA​GGA-3’. Lipofectamine® RNAiMAX reagent (Invitrogen, Carlsbad, United States) was employed for NMCMs transfection, as suggested by the manufacturer’s protocol.
Acute Myocardial Infarction Models
8 to 10 weeks-old mice (C57BL/6) were provided by Guangzhou University of Chinese Medicine. The underline in-vivo experiments on mice were carried out following the Guidelines for the Care and Use of Laboratory Animals, and its approval was provided by the Animal Ethics Review Committee of Guangzhou Medical University Hospital. Mice were randomly divided into a sham-operated group, a MI group, an AAV9-NC group and an AAV9-Chaer group (n = 7–11). AMI models were evoked via permanent ligation of the left anterior descending coronary artery (LADCA) (Wu et al., 2017). Firstly, isoflurane was used to anesthetize the mice and was then placed on a heating pad (37°C) to keep the mice warm. To expose the heart, the thoracic cavity was open at the third costal space, while the LADCA branches were ligated at the inferior edge of the left atrial auricle (2 mm) with an 8–0 suture needle. Sham-operated mice underwent the same protocol with no ligation. After AMI for 24 h, the infarct border zones of myocardial tissues were excised to evaluate qRT-PCR and immunoblotting experiments.
Injection of AAV9 Into Adult Mice
Adenoviral-associated vector 9 (AAV9), overexpression lncRNA Chaer was synthesized by Genechem (Shanghai, China) (Prasad et al., 2011). Five-week-old mice were anesthetized with isoflurane. Then, 20 μl containing 3.15×109 viral genomes (vg) of AAV9 negative controls (AAV9-NC) (n = 7–11) or AAV9 overexpression Chaer (AAV9-Chaer) (n = 7–11) were randomly injected into each mouse from the external jugular vein. At 4 weeks post-injection, a model of acute myocardial infarction was established in mice.
Examination of Cardiomyocytes Apoptosis
The TUNEL assay was used for the evaluation of apoptotic cells in cultured cells as well as tissue sections, as suggested by the procedure, established by the manufacturer (In Situ Cell Death Detection Kit, TMR red, Sigma-Aldrich, United States). Confocal microscopy (Nikon Eclipse Ni-u, Japan) was employed for the visualization of apoptotic and non-apoptotic cardiac myocytes. For every sample, the nuclear density was identified through the counting of nuclei (stained with DAPI) in five various fields. The apoptotic myocytes were counted and then results were identified by dividing the total number of TUNEL-positive cells by the total number of DAPI-positive cells.
CCK-8 Assay
In a 96-well plate, the suspension (100μL/well) of cells was added and incubated at 37°C for 24 h. This was followed by addition of 10 μL CCK8 (Glpbio, United States) to each well and further incubated for 1–4 h. The absorption and reference wavelengths were 450 nm and 600–650 nm respectively. Each sample was tested in triplicate.
Echocardiography
One day post-MI and before surgery, a Vevo 770 Imaging System of Visual Sonics (Toronto, Canada) was employed with a 30-MHz linear array transducer for the evaluation of two-dimensional and M-mode echocardiograms of the mice (n = 10–11). The percent ejection fraction (EF) and fractional shortening (FS) were measured using M-mode PSAX (parasternal short axis) view while left ventricular anterior wall; diastolic (LVAWd), left ventricular anterior wall; systolic (LVAWs), left ventricular posterior wall; diastolic (LVPWd), left ventricular posterior wall; systolic (LVPWs) were measured via PLAX (parasternal long axis).
Measurement of Myocardial Infarct Size
24-h post-AMI, 200 μL Evans Blue (1%) was administered through the external jugular vein and then after 5 min, the hearts were rapidly taken and were kept at −40°C and then were cut into slightly thicker sections (2 mm) transversely, followed by incubation at 37°C for 40 min in 1-percent 2, 3, 5-triphenyltetrazoliumchloride (TTC, Sigma-Aldrich, United States) (Rong et al., 2020) (n = 7). The infarct area (INF, pale white) and the area at risk (AAR, brick red) were evaluated digitally via ImageJ software (Media Cybernetics, United States). The ratio of INF to AAR and AAR to LV was then recorded.
Quantitative Real-Time PCR
TRIzol Reagent (Invitrogen, Carlsbad, United States) was used for the isolation of total RNA from NMCMs, followed by the cDNA construction with the help of Reverse Transcription Kit (Takara, Shanghai, China), as suggested by the manufacturer’s protocol. To evaluate the lncRNAs and mRNAs expressions, qRT-PCR experiments were conducted via SYBR Green PCR Kit (Takara, Shanghai, China). The underlined primer sequences were used for lncRNA Chaer: forward: 5′-TCC AAT GAG GGA AGC GAA GC-3′, reverse 5′-GTC CGA TGC CAG TTC CAG TT′; 18S: forward 5′-GGT GCA TGG CCG TTC TTA-3′, reverse 5′-TGC CAG AGT CTC GTT CGT TA-3′. The relative expression level was determined via the 2−△△Ct method.
Western Blot Analysis
RIPA buffer along with phosphatase and PMSF were used for the digestion of Cardiac cells and tissues for 0.5-h, followed by centrifugation. Total protein quantification and separation were carried out via SDS-PAGE (12%). Then proteins were moved onto a PVDF-membrane, followed by blockage with skimmed milk (5%). The proteins were treated with primary antibodies (at 4°C) along with the CST, United States products including β-Tubulin (1:2,000), Cleaved caspase 3 (1:500), caspase 3 (1:1,000), AMPK (1:1,000) and p-AMPK (1:1,000). After overnight incubation, membranes were incubated with secondary antibodies for 2 h. Blots were visualized by Chemiluminescence kit (Invitrogen, Carlsbad, United States) and analyzed by ImageJ software (Media Cybernetics, United States).
Statistical Analysis
Graphpad Prism-6 and SPSS 16.0 statistical package (SPSS, Inc., Chicago, IL, United States) were employed for the evaluation of statistical data. The obtained data were indicated as mean ± SEM (standard error mean). All assays were repeated (at least 3 times). The one-way analysis of ANOVA was employed to compare several groups and then a student’s t-test was conducted to identify the p-value between two groups. A p-value of less than 0.05 was found to be considerable.
RESULTS
Downregulation of LncRNA Chaer in the Infarct Border Zone of AMI Induced Mice and the Cardiomyocytes Under OGD Treatment
For the investigation of lncRNA Chaer expression in AMI induced mice, first, we developed the AMI model in mice. Evans blue and TTC staining results showed that the myocardial infarct zone was found to be clear at 24 h after AMI surgery (Supplementary Figure S1A). The heart undergoes an inflammatory phase and can be distinguished with enhanced cardiomyocyte death, including apoptosis in the first few days after AMI (Liehn et al., 2011). A comparatively elevated level of apoptotic process was observed in the border zones (Wang et al., 2018). Similarly, the expression of cleaved caspase 3 was considerably upregulated in the infarct border zones (Supplementary Figure S1B). It's meaningful to inhibit the apoptosis in the border zones to save the heart function. Then we tried to figure out the relative potential regulator. Here, we observed the expression of lncRNA Chaer was significantly reduced and obtained its lowest levels at 24 h post-AMI injury in the infarct border zones (Figure 1A) which revealed that lncRNA Chaer has a possible role in the regulation of apoptosis in border zones.
[image: Figure 1]FIGURE 1 | LncRNA Chaer expression was downregulated both in the infarct border zone after AMI and in the cardiomyocytes under OGD treatments. (A) mice were subjected to AMI, and sacrificed after 6, 12 and 24 h, then qRT-PCR was conducted to test the relative levels of lncRNA Chaer in the border zone of mouse heart. ***p < 0.001 vs. sham, n = 6.(B) Expression of lncRNA Chaer in primary cultured cardiomyocytes and fibroblasts. ***p < 0.001 CMs vs. CFs, n = 6.(C) Primary cultured CMs were treated with OGD for 6, 12, 24 h, then qRT-PCR was performed to value the expression of lncRNA Chaer in each group. ***p < 0.001 vs. sham, n = 5.
To further determine the expression of lncRNA Chaer in specific cell types, qRT-PCR was conducted for samples derived from primary cultured cardiomyocytes and fibroblasts. Results indicated that the expression of lncRNA Chaer in cardiomyocytes was more than 60 folds higher as compared to cardiac fibroblasts, suggesting a potential role of lncRNA Chaer in cardiomyocytes (Figure 1B). In this study, we used an oxygen-glucose deprivation (OGD) model of cardiomyocytes to study ischemic cell death under hypoxic conditions and simulate the conditions of myocardial ischemia in-vivo. Immunoblot analysis demonstrated that the expression of cleaved caspase 3 was considerably upregulated in cardiomyocytes treated with OGD (Supplementary Figure S1D). Meanwhile, the expression of lncRNA Chaer decreased significantly and reached the lowest level at 24 h in cardiomyocytes treated with OGD (Figure 1C). These data showed differential expression of lncRNA Chaer after OGD treatment or AMI surgery and imply that lncRNA Chaer may play a role in the related process of cardiomyocyte death.
Downregulation of lncRNA Chaer Increases Apoptosis in Cardiomyocytes Treated With OGD
To examine the function of lncRNA Chaer in cardiomyocytes treated with OGD, siRNA was used to knock down the expression of lncRNA Chaer in cardiomyocytes. Transfection of siRNA-Chaer was found to be successfully decreased the expression of lncRNA Chaer in cardiomyocytes, compared to the negative control (NC) group (Figure 2A). And we found that the downregulation of lncRNA Chaer significantly augmented the expression of cleaved caspase 3 (Figures 2B,C) and the BAX/Bcl-2 ratio (Supplementary Figures S2A,B) under OGD treatments vs. the NC group. Correspondingly, the TUNEL assay confirmed that siRNA-Chaer groups were more vulnerable to cardiomyocytes apoptosis under OGD treatments than that in the NC group (Figures 2D,E). Furthermore, CCK-8 assay demonstrated that knockdown of lncRNA Chaer aggravated OGD-induced cardiomyocytes injury (Figure 2F). These results indicated that the downregulation of lncRNA Chaer could increase OGD-induced cardiomyocytes apoptosis.
[image: Figure 2]FIGURE 2 | Downregulation of lncRNA Chaer increases apoptosis in cardiomyocytes treated with OGD. (A) Knockdown of lncRNA Chaer with SiRNA Chaer in cardiomyocytes. ***p < 0.001 vs. siRNA-NC, n = 4.(B, C) After SiRNA transfection, CMs were treated with OGD for 24 h, then western blotting was applied to test the expression of apoptosis-related protein caspase 3 and cleaved caspase 3 in cardiomyocytes. *p < 0.05, **p < 0.01, n = 5.(D, E) Representative TUNEL-stained images of siRNA-Chaer-infected cardiomyocytes after treatments of OGD. Red, TUNEL-positive nuclei; blue, DAPI; scale bar = 50 μm. Quantification of TUNEL-positive cardiomyocytes. *p < 0.05, **p < 0.01, n = 4.(F) Effect of siRNA-Chaer on cell viability after 24 h OGD treatments by CCK8 analysis. **p < 0.01, ***p < 0.001, n = 7.
Overexpression of lncRNA Chaer Decreases Apoptosis in Cardiomyocytes, Treated With OGD
To further validate the role of lncRNA Chaer in cardiomyocytes treated with OGD, we transfected the cardiomyocytes with adenoviral vectors encoding lncRNA Chaer (Adv-Chaer). Quantitative real-time PCR was conducted to validate that the lncRNA Chaer expression was effectively upregulated with 50 MOI Adv-Chaer (Figure 3A). LncRNA Chaer elevated expression considerably halted cleaved caspase 3 stimulation (Figures 3B,C) and the BAX/Bcl-2 ratio (Supplementary Figures S2C,D) under OGD treatments. Additionally, the TUNEL assay showed that overexpression of lncRNA Chaer exhibited more resistance to cardiomyocytes apoptosis under OGD treatments (Figures 3D,E). Moreover, the high expression of lncRNA Chaer elevated the viability of cardiomyocytes under OGD treatments (Figure 3F). It is clear from the results that overexpression of lncRNA Chaer could block OGD‐induced cardiomyocytes apoptosis. Taken together, lncRNA Chaer could effectively modulate cardiomyocytes apoptosis in response to OGD conditions.
[image: Figure 3]FIGURE 3 | Overexpression of lncRNA Chaer decreases apoptosis in cardiomyocytes treated with OGD. (A) Elevated expression of lncRNA Chaer by Adv-Chaer in cardiomyocytes. **p < 0.01 vs. Adv-NC, n = 3.(B, C) After Adv-Chaer/Adv-NC transfection, CMs were treated with OGD for 24 h, then Western blotting was performed to test the expression of Cleaved caspase3 expression in cardiomyocytes. **p < 0.01, ***p < 0.001, n = 5. (D, E) Representative TUNEL-stained images of Adv-Chaer-infected cardiomyocytes after treatments of OGD. Red, TUNEL-positive nuclei; blue, DAPI; scale bar = 50 μm. Quantification of TUNEL-positive cardiomyocytes. **p < 0.01, ***p < 0.001, n = 4.(F) Effect of Adv-Chaer on cell viability after 24h OGD treatments by CCK8 analysis. **p < 0.01, ***p < 0.001, n = 5.
Overexpression of lncRNA Chaer Inhibits Cardiomyocytes Apoptosis From Acute Myocardial Infarction in Mice
To further investigate whether lncRNA Chaer has cardioprotective effects in-vivo, the method of adenovirus-associated vector 9 (AAV9)-Chaer-mediated gene delivery was adopted. This method been reported to be effective in providing cardiac genetic intervention. Through injecting AAV9 into the external jugular vein of mice for four weeks, 6 μm cryosections were prepared and evaluation of eGFP expression via fluorescence microscopy suggested that AAV9 efficiently transduced into cardiomyocytes (Figure 4A). In parallel, lncRNA Chaer was significantly upregulated in ventricular myocardium (Figure 4B). Next, the size of myocardial infarction in mouse cardiac tissue was identified by Evans blue and TTC dual staining (Figure 4C). Overexpression of lncRNA Chaer did not make a significant difference in the cardiac remodeling among sham-operated mice. However, the area of myocardial infarction was found to be decreased in AMI mice following AAV9-Chaer treatment, as compared with the AMI mice upon AAV9-NC treatment (Figure 4D). Afterward, cardiac function was evaluated via echocardiography in mice after AMI injury. The percentage of EF and FS of left ventricular was reduced after AMI injury, while it was increased in AAV9-Chaer mice in comparison with that of AAV9-NC mice (Figures 4E,F). Furthermore, the left ventricular diastolic anterior wall (LVAWd) and left ventricular systolic anterior wall (LVAWs) were significantly reduced in AMI mice, compared with the sham-operated mice. Importantly, overexpression of lncRNA Chaer enlarged LVAWd and LVAWs in comparison with the AAV9-NC treatment group (Figures 4G,H). There was no significant difference in the left ventricular diastolic posterior wall (LVPWd) and left ventricular systolic posterior wall (LVPWs).
[image: Figure 4]FIGURE 4 | Overexpression of lncRNA Chaer protects cardiomyocytes apoptosis from acute myocardial infarction in mice (A)AAV9-mediated LncRNA Chaer was injected into the external jugular vein before LAD coronary ligation. After 4 weeks, the hearts were harvested for GFP fluorescence measurement to confirm the successful AAV9 transfection. (B) qRT-PCR analysis of lncRNA Chaer expression in mouse cardiac tissue. ***p < 0.001 vs. AAV9-NC, n = 7.(C, D) Representative images of middle cross sections of cardiac Evans blue/TTC staining. Blue color represents the non-infarct area, red indicates the area at risk and white indicates the infarct area. Quantification of infarct area. AAR, Area at risk; INF, Infarct size; LV, Left ventricle; **p < 0.01, n = 7.(E–H) Functional and quantitative echocardiographic analysis of the left ventricle in mice. The EF%, FS%, LVAWd and LVAWs are shown, **p < 0.01, n = 10–11. (I, J) Representative Western blotting and quantification of Cleaved caspase3 expression in myocardial tissues of each group. ***p < 0.001, n = 7.(K, L) TUNEL staining of cell apoptosis in myocardial tissues of each group. Red, TUNEL-positive nuclei; blue, DAPI; scale bar = 50 μm. Quantification of TUNEL-positive cardiomyocytes. *p < 0.05, n = 6.
Subsequently, the obtained data from immunoblot analysis revealed an elevation in cleaved caspase 3 expression in the AMI mice in comparison with the mice with the sham operation. The AMI mice upon AAV9-Chaer treatment were found to be decreased in the expression of cleaved caspase 3 when compared to AMI mice upon AAV9-NC treatment (Figures 4I,J). Furthermore, TUNEL staining indicated that the apoptosis rate of cardiomyocytes in the AMI mice upon AAV9-Chaer treatment presented a decline in correlation with the AMI mice upon AAV9-NC treatment (Figures 4K,L).
In short, overexpression of lncRNA Chaer, serving as a cardioprotective regulator, could inhibit cardiomyocytes apoptosis from acute myocardial infarction and reduce infarction area, thus improved the heart function in AMI mice.
LncRNA Chaer Attenuates Cardiomyocytes Apoptosis Through Its Ability to Promote Activation of AMPK
To investigate the potential pathways regulated by lncRNA Chaer in AMI‐induced cardiomyocytes apoptosis, we evaluated the phosphorylation of various molecules linked to apoptotic process with the overexpression of lncRNA Chaer in cardiomyocytes. Overexpression of lncRNA Chaer in cardiomyocytes stimulated the phosphorylation of AMPK (AMP-activated protein kinase) and inactivated its downstream target mTOR. In contrast, overexpression of lncRNA Chaer did not affect the phosphorylation of ERK (extracellular signal-regulated kinase), JNK (Jun N-terminal kinase), and Akt in cardiomyocytes (Figures 5A–C). To evaluate whether AMPK is involved in the antiapoptotic properties of lncRNA Chaer, cardiomyocytes were treated with compound-C, an AMPK inhibitor commonly used to suppress the AMPK pathway. As expected, AMPK phosphorylation in cardiomyocytes treated with Compound C was inhibited in a dose-dependent manner (Figures 5D,E). Overexpression of lncRNA Chaer in cardiomyocytes under OGD treatments significantly increased the levels of AMPK phosphorylation and eliminated the stimulating effects on mTOR, while treatment with Compound C reversed the inhibitory effects of lncRNA Chaer on OGD-induced cardiomyocytes apoptosis (Figures 5F–I). Therefore, lncRNA Chaer could attenuate cardiomyocytes apoptosis, at least in part, though its ability to promote the phosphorylation of AMPK.
[image: Figure 5]FIGURE 5 | LncRNA Chaer attenuates cardiomyocytes apoptosis through its ability to promote activation of AMPK (A)LncRNA Chaer-stimulated phosphorylation signaling in cardiomyocytes. Changes in the phosphorylation levels of AMPK (p-AMPK), mTOR (p-mTOR), JNK(p-JNK), ERK(p-ERK) and Akt (p-Akt) under OGD treatments with overexpression of lncRNA Chaer were determined by Western blot analysis. (B, C) Quantitative data of AMPK (p-AMPK) and mTOR (p-mTOR) under OGD treatments with overexpression of lncRNA Chaer. ***p < 0.001, n = 7.(D, E) Representative Western blotting results and quantitative data of AMPK (p-AMPK) after Compound C (0,4,20,100 μM) treatment. **p < 0.01, n = 3. (F–I) Representative Western blotting and quantification of AMPK (p-AMPK), mTOR (p-mTOR) and Cleaved caspase3 expression in cardiomyocytes with Compound C and OGD treatments. *p < 0.05, **p < 0.01, ***p < 0.001, n = 4.
DISCUSSION
LncRNA Chaer was originally discovered in the study of cardiac hypertrophy (Wang et al., 2016), which inhibited the functions of PRC2 by binding with the PRC2 complex, interfered with the targeting of the PRC2 genome, thereby regulated the transcription of its neighboring hypertrophic genes to promote cardiac hypertrophy. In pathophysiology, the balance between cell death and survival is a strictly controlled process (Vanempel and De Windt, 2004), especially in terminally differentiated cells, such as cardiomyocytes. Studies have suggested that there are multiple parallel and staggered signaling pathways between hypertrophy and apoptosis (Fortuño et al., 2003). The signaling cascades linked with hypertrophy regulates the balance between cardiomyocytes' survival and death. There is a balance between survival and hypertrophic signals on one hand, while apoptotic signals are on the other hand, and a persistent shift in this regulation results in the elevation of the apoptotic process (Shiraishi et al., 2004; Manukyan et al., 2010; Pillai et al., 2014; Ikeda and Sadoshima, 2016). Studies have suggested that stimulation of the survival pathway transduced by the IL6 receptor IL6st to the transcription factor STAT3 is important for the survival of cardiomyocytes in the face of acute oxidative stress (Sharma et al., 2012). Therefore, it is reasonable to believe that hypertrophy-related lncRNA Chaer may play a role in modulations of cardiomyocytes apoptosis. In current study, we revealed the pivotal role of lncRNA Chaer in acute myocardial infarction. First, we found that lncRNA Chaer was downregulated in both the tissues of myocardial infarction and cardiomyocytes treated with OGD. LncRNA Chaer modulated cardiomyocytes apoptosis and cell viability. Overexpression of lncRNA Chaer augmented cardiomyocytes viability after OGD treatment, whereas knockdown of lncRNA Chaer aggravated OGD-induced cardiomyocytes injury. In addition, we found that overexpression of lncRNA Chaer reduced the cardiomyocytes apoptosis and infarct area and enhanced cardiac functions in mice after AMI. Previous studies reported that lncRNA Chaer promoted cell proliferation and suppressed apoptosis, while down-regulation of lncRNA Chaer facilitated cell death under pathological stress. Therefore, lncRNA Chaer was suggested to be a factor that mediated cell fate, which is consistent with our discovery that lncRNA Chaer regulated cardiomyocytes apoptosis.
When cardiomyocytes are irreversibly injured, they are eliminated from the heart via activating intracellular apoptosis (Teringova and Tousek, 2017). This apoptotic process can lead to cellular shrinkage, chromatin condensation, the formation of apoptotic bodies, and DNA fragmentation. The elevated level of myocardial apoptosis results in loss of contractile units, which is highly associated with cardiac remodeling and cardiac dysfunction (Orogo and Gustafsson, 2013; Del Re et al., 2019). AMP-activated protein kinase (AMPK) is an important regulator of cellular metabolism and has an important contribution in myocardial apoptosis in ischemic heart disease (Qi and Young, 2015). AMPK, a serine-threonine kinase that is mainly used as a metabolic sensor to coordinate anabolic and catabolic processes in the heart (Shirwany and Zou, 2010). Studies have indicated that stimulation of AMPK during myocardial ischemia is useful for cardiomyocytes' survival, which may be due to decreased apoptotic process, elevated ATP production, and enhanced glucose and fatty acid metabolism (Bairwa et al., 2016). Indeed, earlier work indicated that neonatal cardiomyocytes treated with resveratrol to stimulate AMPK became resistant to high glucose-induced apoptosis and that this anti-apoptotic impact weakens when cardiomyocytes are exposed to Compound C to inhibit AMPK (Guo et al., 2015). Consistent with this, continuous isoproterenol stimulation inhibits AMPK phosphorylation, leading to increased apoptosis, and pharmacological stimulation of AMPK via metformin eliminates apoptosis in isoproterenol-induced (Zhuo et al., 2013). Our study showed that lncRNA Chaer significantly enhanced the activity of AMPK in cardiomyocytes treated with OGD, thus reduced cardiomyocyte apoptosis. However, this effect could be reversed by the administration of AMPK inhibitor, Compound C. These results suggested that lncRNA Chaer might reduce cardiomyocytes apoptosis by enhancing the activity of AMPK.
Additionally, mTOR is mainly considered to be downstream of AMPK (Yan et al., 2019), a nutrition and growth factor sensing complex that has a considerable role in cell growth and development (Sciarretta et al., 2018). The reported studies have indicated that oxidative stress activated the mTOR cascade, leading to cell death of cardiomyocytes, while AMPK activation protected against oxidative stress by reducing mTOR-regulated anabolic growth to reduce energy requirements (Zhu et al., 2019). Accordingly, Li FP et al. validated that lncRNA Chaer could accelerate cell growth and block the apoptotic process in vascular endothelial cells. While Chaer-PRC2 interactions were found to be transiently induced via stress or hormonal stimulation in an mTOR dependent manner. The blockage of the mTOR signaling cascade could reduce PRC2 activity, thereby promoting cell proliferation and inhibiting apoptosis (Wang et al., 2016). Consistent with the above studies, we found that OGD-treated cardiomyocytes blocked the AMPK phosphorylation and elevated the mTOR phosphorylation, while lncRNA Chaer stimulated AMPK phosphorylation and blocked mTOR phosphorylation to reduce cardiomyocytes apoptosis.
There are still some questions in this study that have not been addressed. First, although the data indicated that lncRNA Chaer protected cardiomyocytes from AMI injury by stimulation of the AMPK/mTOR cascade, whether lncRNA Chaer directly acts on specific subunits of AMPK (Sun et al., 2018) remains to be investigated, and this will be our further studies. Second, studies have shown that Chaer-PRC2 interaction-mediated apoptosis was an mTOR-dependent event, and the activity of mTOR could be inhibited by AMPK, thereby inducing the activation of cell autophagy (Ouyang et al., 2014; Dong et al., 2019). Therefore, we hypothesized that lncRNA Chaer might regulate cardiomyocytes apoptosis by inducing cardiomyocytes autophagy, but the specific mechanism requires further elucidation. The detailed mechanism through which lncRNA Chaer stimulates AMPK to regulate cardiomyocytes apoptosis will be the key objective of our future studies.
In conclusion, our study indicated that the overexpression of lncRNA Chaer showed cardioprotective effects against myocardial AMI injury via positively stimulating the AMPK/mTOR cascade and preventing the cell death of cardiomyocytes. LncRNA Chaer might be a candidate target to overcome and cure myocardial ischemic diseases.
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The aim of this study was to investigate the effects of the GSK-3β/NF-κB pathway on integrin-associated protein (CD47) expression after myocardial infarction (MI) in rats. An MI Sprague Dawley rat model was established by ligating the left anterior descending coronary artery. The rats were divided into three groups: Sham, MI, and SB + MI (SB216763) groups. Immunohistochemistry was used to observe the changes in cardiac morphology. A significant reduction in the sizes of fibrotic scars was observed in the SB + MI group compared to that in the MI group. SB216763 decreased the mRNA and protein expression of CD47 and NF-κB during MI. Primary rat cardiomyocytes (RCMs) and the H9c2 cell line were used to establish in vitro hypoxia models. Quantitative real-time PCR and western blotting analyses were conducted to detect mRNA and protein expression levels of CD47 and NF-κB and apoptosis-related proteins, respectively. Apoptosis of hypoxic cells was assessed using flow cytometry. SB216763 reduced the protein expression of CD47 and NF-κB in RCMs and H9c2 cells under hypoxic conditions for 12 h, and alleviated hypoxia-induced apoptosis. SN50 (an NF-κB inhibitor) also decreased CD47 protein expression in RCMs and H9c2 cells under hypoxic conditions for 12 h and protected cells from apoptosis. GSK-3β upregulates CD47 expression in cardiac tissues after MI by activating NF-κB, which in turn leads to myocardial cell damage and apoptosis.
Keywords: glycogen synthase kinase 3 beta, integrin-associated protein, myocardial infarction, primary rat cardiomyocytes, NF-κB signaling pathway, hypoxia
INTRODUCTION
Myocardial infarction (MI) and subsequent congestive cardiac failure remain the leading cause of mortality and morbidity worldwide (Montecucco et al., 2016). Although early management and advancements in modern medicine have significantly improved prognosis for acute myocardial infarction (AMI), post-MI complications, including recurrent cardiac arrhythmias and reduced cardiac function, remain a leading cause of heart failure (HF) (Velagaleti et al., 2008). Myocardial tissues damaged by ischemia and hypoxia release large quantities of inflammatory cytokines and chemokines, leading to irreversible cardiomyocyte apoptosis (Jhund and McMurray, 2008).
CD47 is a highly glycated, anti-phagocytic molecule expressed on macrophages that is also widely distributed on the surfaces of various cells (Engelbertsen et al., 2019), such as tumor cells (Lo et al., 2015; Zhao et al., 2016; Betancur et al., 2017), red blood cells (Velliquette et al., 2019), and cardiomyocytes (Wang et al., 2016). Recently, multiple studies reported that CD47 is abnormally expressed in various heart diseases (Heidt et al., 2014; Chen et al., 2019; Engelbertsen et al., 2019), resulting in damage to the cardiomyocyte surface, impaired macrophage phagocytotic activity, and reduced clearance of dead cells in the infarct area. Meanwhile, treatment with a CD47 antibody served to augment the clearance of apoptotic bodies in plaque, while decreasing accumulation of apoptotic debris in the necrotic zone and reducing the infarct size (Kojima et al., 2016). Although these studies suggest a new approach for the repair and management of damaged cardiomyocytes, the mechanism underlying CD47 activation during the pathological development of MI remains unclear.
Glycogen synthase kinase 3 beta (GSK-3β), a serine/threonine kinase, contributes to various biological functions (Jope et al., 2007; Hur and Zhou, 2010; Abe et al., 2020), including cell growth, cytoskeleton integrity, cell cycle, and metabolism (Karyo et al., 2010; Shin et al., 2011; Shin et al., 2014). GSK-3β/NF-κB pathway is essential in many processes, including apoptosis, inflammation, and tumorigenesis (Hoeflich et al., 2000; Schwabe and Brenner, 2002). In cardiovascular diseases, GSK-3β is involved in the regulation of cardiomyocyte proliferation (Kerkela et al., 2008), cardiac fibrosis (Lal et al., 2014), myocardial remodeling (Woulfe et al., 2010), and cardiomyocyte apoptosis (Kaga et al., 2006). NF-κB is also a core response regulator of myocardial ischemia and reperfusion injury, the activation of which is involved in the MI post-ventricular remodeling process (Hausenloy et al., 2012). Moreover, NF-κB signaling reportedly regulates CD47 expression in breast cancer cells (Liu et al., 2018). Therefore, in this study, we investigated whether GSK-3β participates in CD47 expression by activating NF-κB signaling after MI. Deciphering the underlying mechanism associated with MI in an effort to identify new treatment targets, has the potential to reduce MI-associated mortality.
MATERIALS AND METHODS
Animals
Eight-week-old male Sprague Dawley rats, weighing 220–250 g, were housed under standard conditions at the experimental animal center of Zhengzhou University (Zhengzhou, Henan, China) at room temperature (25°C), with a humidity of 40 ± 60% and 12-h light-dark cycles. Rats were fed a standard diet and water ad libitum. All animal experiments were approved by the Animal Experiments Committee of Zhengzhou University and performed according to the guideline for the Care and Use of Laboratory Animals (NIH Publication, No. 85–23, revised 1996).
Myocardial Infarction Model
The protocol for the Sprague Dawley rat MI model and drug rationale (SB216763, a potent irreversible and cell-permeable pharmacological inhibitor of GSK-3 which is highly selective for GSK-3β and has no significant influence on the activity of other kinases (Coghlan et al., 2000), 0.6 mg/kg−1, administered intravenously 1 h before surgery) were based on our recent report (Wang et al., 2020). Rats were randomly divided into three groups (n = 10 each) namely Sham, MI and SB + MI. Following the loss of corneal reflex in all rats, we opened the thoracic cavity and ligated the left anterior descending artery (Sham group: The thread was inserted without ligation after SB216763; the SB + MI group: SB216763 was injected through the tail vein 1 h before ligation). Three heart samples were fixed in 4% formalin for histopathological examination, and seven samples were used for quantitative real-time (qPCR) and western blotting analyses at 7 days.
Echocardiographic Measurements
Cardiac function was evaluated at seven post-operation by transthoracic echocardiography. The left ventricular ejection fraction (LVEF), left ventricular fractional shortening (LVFS), left ventricular end-diastolic (LVED), and stroke volume (SV) were calculated using M-mode tracing (Vevo 2,100; Visual Sonics, Toronto, Canada).
Hematoxylin and Eosin (H&E) Staining
Hearts were individually excised and immediately immersed in 4% formaldehyde for 24 h. After fixation and paraffin-embedding, 4-μm-thick sections were cut and stained with H&E for overall morphological evaluation using an optical microscope (BX60; Olympus, Japan). Image acquisition and analysis were performed using ImageJ Launcher (National Institutes of Health, Bethesda, United States). All measurements were performed in a double-blinded manner by two independent researchers.
Immunohistochemistry
Immunohistochemistry staining of paraffin sections was performed using a microwave-based antigen retrieval method. The heart tissues were fixed in 4% paraformaldehyde and embedded in paraffin. The sections were subsequently cut at 6-μm intervals perpendicular to the long axis of the heart. The primary antibody-rat CD47 (1:200, Abcam, Cambridge, MA, United States) was visualized using Alexa Fluor 550 secondary antibody (1:200, Servicebio, Wuhan, China). The primary antibody-rat CD68 (1:200, Abcam) for macrophages detection was visualized using HRP-labeled secondary antibody (1:200, Servicebio). The nuclei were stained with 4′, 6-diamidino-2-phenylindole dihydrochloride (Invitrogen, New York, United States). CD47/CD68-positive cells per square millimeter were counted under a 20× power field of the microscope in five random areas of LV tissues.
Apoptosis Assay
For cell apoptosis assays, the FITC-Annexin V apoptosis detection kit (Tianjin Sungene Biotech Co., Ltd.) was used according to the manufacturers’ instructions. Briefly, cells (2 × 105 cells/plate) were incubated in 6-well plates for 48 h. Cells were subsequently collected by mild trypsinization, stained with FITC-Annexin V and propidium iodide on ice for 5 min, and subjected to flow cytometric analysis using analytical flow cytometry (BD FACSymphony™ A5, New Jersey, United States).
H9c2 Cell Culture
The H9c2 (rat embryonic ventricle) cell line was purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China) and cultured in Dulbecco’s modified Eagle medium (DMEM, Corning Inc., Corning, NY, United States of America) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin.
Isolation and Culture of Primary Rat Neonatal Cardiomyocytes
Rat neonatal cardiomyocytes were harvested according to a previously described method (Wang et al., 2020). Briefly, heart ventricles from newborn rats were used within 24 h of birth. The ventricles were minced and digested with 0.1 mg/ml trypsin (Solarbio, Beijing, China) and 0.1 mg/ml collagenase II (Worthington, Lakewood, NJ, United States). The cell suspensions were plated for 2 h at 37°C to separate rat cardiac fibroblasts from RCMs. The supernatant containing RCMs was collected and inoculated into a 6-well plate, which was treated experimentally 24 h later. The cells were then cultivated in DMEM with 10% FBS and 1% penicillin/streptomycin.
Transient siRNA Transfection
Rat GSK-3β siRNA and negative control siRNA were obtained from Thermo Fisher Scientific (Invitrogen). H9c2 cells were transiently transfected with 40 pM siRNA using 3.75 µL lipofectamine RNAiMAX (Invitrogen), following the manufacturer’s instructions.
Cell Hypoxia Model
An anaerobic workstation was maintained to establish the cell hypoxia model (Research Scientific Services, Derwood, MD, United States). RCMs or H9c2 cells were placed in the transfer chamber and exposed to high-purity N2. Then, the cells were transferred to the anaerobic working chamber, followed by introduction of mixed gas (10% H2 + 10% CO2 + 80% N2). The cells were subsequently divided into three groups, control (CT); hypoxia model, hypoxia model with SB216763 (10 µM) (Kirby et al., 2012), or SN50 (an NF-κB inhibitor, 18 μM) (Zhao et al., 2013), or CD47 monoclonal antibody (10 μM) (Mohanty et al., 2019) pretreatment for 1 h before hypoxia was performed at various time points (6, 12, and 24 h).
Quantitative Real-Time PCR
Total RNA was isolated from rat heart tissues using TRIzol (Roche, Germany) and reverse transcribed, following the manufacturer’s protocol (RR047A, Takara Bio, China). Subsequently, qPCR was performed using SYBR Green Master mix (Thermo Fisher Scientific, United States) on the 7,500 Fast Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, United States). The thermocycling conditions were as follows: holding at 50°C for 2 min; pre-denaturation at 95°C for 2 min, followed by 15 s at 95°C and then 1 min at 60°C for 40 cycles. The melt curve was at 95°C for 15 s, 1 min at 60°C, 15 s at 95°C, and 15 s at 60°C. The mRNA levels were normalized to GAPDH levels. The relative expression was calculated using the change-in-quantification (2−ΔΔCT) method. The following primers were used: rat CD47: forward, 5′-GCT​TGC​TGG​ATA​CCC​CTG​TT-3′; reverse, 5′-TGC​ATA​GGA​AGT​AGG​CGT​GAG-3′; rat NF-κB: forward, 5′-TCT​TGA​GGT​GGC​TGC​TTA​CC-3′; reverse, 5′- CAC​CGT​GTT​CAT​TCC​AGT​GTC-3′; rat GAPDH: forward, 5′-TCC​CTC​AAG​ATT​GTC​AGC​AA-3′; reverse, 5′-AGA​TCC​ACA​ACG​GAT​ACA​TT-3′.
Western Blot Analysis
Samples were solubilized in ice-cold RIPA lysis buffer (Solarbio, Beijing, China) containing a protease inhibitor cocktail (MedChemExpress, Shanghai, China). The protein concentrations were determined using the bicinchoninic acid method (Beyotime, Shanghai, China). Membrane proteins were subjected to SDS-PAGE (Solarbio, Beijing, China) and electrophoretically transferred onto polyvinylidene fluoride membranes (Millipore, United States) and blocked with 5% non-fat dry milk in tris-buffered saline containing 0.1% tween-20 (TBST) for 1 h before incubation with rabbit anti-CD47 antibody (1:1,000, Abcam), anti-NF-κB (p65; 1:1,000, Cell Signaling, Danvers, MA, United States), anti-p-NF-κB (p-p65; 1:1,000, Cell Signaling), anti-Bcl-2 (1:1,000; Proteintech, Rosemont, IL, United States), anti-GSK-3β (1:1,000, Cell Signaling), anti-p- GSK-3β (Ser9; 1:1,000, Cell Signaling), anti-Bax (1:1,000; Proteintech), anti-caspase-3 (1:2,000; Invitrogen), and mouse anti-GAPDH (1:10,000, Proteintech) in 5% non-fat dry milk/TBST overnight. Then, the membranes were incubated with alkaline phosphatase conjugated Affinipure goat anti-rabbit IgG (H + L; 1:10,000, Proteintech) in TBST for 2 h at 37°C. The membranes were visualized using an ECL detection kit (Pierce Biotech, Rockford, IL, United States). The blots were analyzed and quantified using the ImageJ analysis software.
Co-immunoprecipitation
Whole-cell lysates were obtained through RIPA buffer lysis and incubated with anti-CD47/anti-p65 at 4°C for 12 h, and with protein A/G magnetic beads (Invitrogen) for an additional 2 h. After three washes with cold PBS, the immunocomplexes were analyzed using western blotting.
Statistical Analysis
Data are presented as mean ± SD. All data were analyzed using SPSS 21.0 (SPSS Inc., Chicago, IL, United States). Statistical comparisons were conducted using unpaired t tests between two groups. Statistical differences between multiple groups were compared using ANOVA test followed by Bonferroni post hoc tests. p values <0.05 were considered statistically significant. This study followed the principles of blinding and randomization.
RESULTS
GSK-3β Inhibition Alleviates Myocardial Dysfunction After Myocardial Infarction
As shown in Figure 1A, the heart cells of the Sham group were regular in shape and arranged in a tight, orderly configuration. Alternatively, the myocardial structure of the MI group exhibited significant damage, with a loose cell arrangement, broken fibers and blood-filled intercellular spaces. SB216763 pretreatment significantly reduces the myocardial damage caused by the above-mentioned MI.
[image: Figure 1]FIGURE 1 | GSK-3β inhibition alleviates cardiac function damage after MI. (A). Representative images of heart sections obtained 7 days after MI and stained with H&E (n = 3/group). Scale bars: first row, 100 μm (H&E × 100) and second row, 50 μm (H&E × 200). (B) Cardiac function was evaluated using a Vevo 2,100 high-resolution micro-imaging system at 7 days after MI. M-mode echocardiographic imaging obtained 7 days after MI. (C–F) Echocardiographic parameter analysis of LVEF (C), LVFS (D), LVED (E), and SV (F) (n = 7/group). Data are presented as the mean ± SD. **p < 0.01 vs. Sham group; #p < 0.05, ##p < 0.01 vs. MI group.
The number of CD68+ cells (a marker of macrophages) in the MI group showed increased compared to those in the Sham group (Supplementary Figure S1A). SB216763 pretreatment significantly reduces the number of CD68+ cells (Supplementary Figure S1B).
We then assessed cardiac function after MI using echocardiography (Figure 1B). LVEF (Figure 1C), LVFS (Figure 1D), and SV (Figure 1F) were decreased in the MI group at 7 days post-surgery, while SB216763 treatment significantly reversed these effects. Additionally, the LVED (Figure 1E) was significantly increased in the MI group and decreased by SB216763.
GSK-3β Participates in CD47 Upregulation in Myocardial Infarction Rats
To explore the effect of GSK-3β on CD47 expression in MI tissues, we determined CD47 expression by performing immunofluorescence assays (Figure 2A). The number of CD47-positive cells in the MI group was higher than that in the Sham group, however, decreased after SB216763 pretreatment (Figure 2B). CD47 mRNA was also significantly upregulated in ischemic tissues compared to the Sham group. SB216763 pretreatment significantly decreased CD47 mRNA levels compared to those in the MI group (Figure 2C). Similarly, SB216763 pretreatment also decreased the upregulated CD47 protein expression induced by MI (Figures 2D,E).
[image: Figure 2]FIGURE 2 | GSK-3β inhibition decreases CD47 expression in rat MI tissues. (A, B) Representative immunofluorescence microscopy image of the heart section at 7 days after MI. Immunofluorescence parameter analysis (n = 3/group). (C) Real-time fluorescence quantitative PCR analysis of CD47 expression in MI tissues of rats at 7 days (n = 7/group). (D, E) Western blot analysis of CD47 expression in MI tissues of rats at 7 days (n = 7/group). Data are presented as the mean ± SD. **p < 0.01 vs. Sham group; #p < 0.05, ##p < 0.01 vs. MI group.
GSK-3β Inhibition Suppresses CD47 Upregulation and Apoptosis Under Hypoxic Conditions in vitro
To further investigate the eﬀects of GSK-3β on CD47 expression, we used RCMs and H9c2 cells to establish an in vitro cell hypoxia model. Western blotting results showed that hypoxic stimulation increased the expression of CD47 protein, while SB216763 pretreatment decreased its expression in RCMs (Figures 3A,B) and H9c2 cells (Figures 3H,I). In addition, GSK-3β inhibition downregulated apoptosis-related proteins (caspase-3 and Bax/Bcl-2) in RCMs (Figures 3C–E) and H9c2 cells (Figure 3J–L) under hypoxic conditions. Moreover, flow cytometric analysis showed that SB216763 pretreatment reduced the number of apoptotic RCMs (Figures 3F,G) and H9c2 cells (Figures 3M,N).
[image: Figure 3]FIGURE 3 | GSK-3β inhibition downregulates CD47 expression and apoptosis in hypoxic cardiomyocytes and H9c2 cells. Western blot analysis of CD47 expression in RCMs (A, B) and H9c2 cells (H, I). Western blot analysis of caspase-3, Bcl-2, and Bax expressions in hypoxic RCMs (C–E) and H9c2 cells (J-L). Flow cytometry showed a decrease in the apoptosis rate in hypoxic RCMs (F, G) and H9c2 cells (M, N) (n = 3/group). Data are presented as the mean ± SD. *p < 0.05, **p < 0.01 vs. NC; #p < 0.05 vs. 12 h, 24 h, ##p < 0.01 vs. 12 h.
GSK-3β Participates in CD47 Upregulation via NF-κB Signaling
Next, we explored whether GSK-3β affects CD47 expression after MI via NF-κB signaling. NF-κB represents a group of structurally related and evolutionarily conserved proteins, with five members in mammals, namely Rel (c-Rel), RelA (p65), RelB, NF-κB1 (p50 and its precursor p105), and NF-κB2 (p52 and its precursor p100), forming homo- or heterodimers that bind the IκB family of proteins in unstimulated cells (Ghosh and Karin, 2002). When cells become stimulated, NF-κB is activated and translocates to the nucleus, through the exposed nuclear localization signal (subunit p65), where it functions to regulate inflammation, cell proliferation, and apoptosis (Silverman and Maniatis, 2001). We, therefore, sought to primarily quantify the expression of the p65 subunit.
As shown in Figure 4A, NF-κB mRNA expression increased 7 days after MI, while SB216763 pretreatment reduced this effect. Moreover, ischemic tissues, induced by MI, exhibited an upregulated p-p65/p65 ratio and NF-κB protein levels compared with those in the Sham group. This effect was reversed by SB216763 pretreatment 7 days after MI (Figures 4B,C). Similarly, the level of NF-κB protein increased under hypoxic conditions in vitro. Meanwhile, SB216763 pretreatment was found to effectively decrease the upregulated p-p65/p65 ratio and NF-κB protein expression in RCMs (Figures 4D,E) and H9c2 cells (Figures 4F,G).
[image: Figure 4]FIGURE 4 | GSK-3β inhibition downregulates NF-κB expression in MI tissues, hypoxic cardiomyocytes and H9c2 cells. (A) Real-time fluorescence quantitative PCR analysis of NF-κB expression in MI tissues of rats at 7 days (n = 7/group). (B, C) Western blot analysis of p-p65/p65 NF-κB in MI tissues of rats at 7 days (n = 7/group). Data are presented as the mean ± SD. **p < 0.01, <0.001 vs. Sham group; #p < 0.05, ##p < 0.01 vs. MI group. (D–G) Western blot analysis of p-p65/p65NF-κB in RCMs (D, E) and H9c2 cells (F, G). Data are presented as the mean ± SD. *p < 0.05, **p < 0.01 vs. NC; #p < 0.05 vs. 6 h; $p < 0.05 vs. 12 h; &p < 0.05 vs. 24 h.
Subsequently, SN50 pretreatment decreased CD47 and NF-κB protein expression (Figures 5A–C), without significantly affecting p-GSK-3β/GSK-3β (Figures 5D,E) under hypoxic conditions. Moreover, SN50 pretreatment reduced apoptosis-related protein expression in RCMs (Figures 5F–H), which was confirmed via flow cytometric analysis (Figures 5I,J).
[image: Figure 5]FIGURE 5 | NF-κB inhibition decreases the CD47 expression and apoptosis rate in RCMs. (A–E). Expressions of CD47, p-p65/p65 NF-κB, and p-GSK-3β/GSK-3β in RCMs under hypoxic conditions, as measured using western blot following SN50 pretreatment (18 μM). (F–H) Western blot analysis of caspase-3, Bcl-2, and Bax expressions in hypoxic RCMs. (I, J) Flow cytometry detected a decrease in the apoptosis rate in hypoxic RCMs following SN50 pretreatment (n = 3/group). Data are presented as the mean ± SD. *p < 0.05, **p < 0.01 vs. NC; #p < 0.05, ##p < 0.01 vs. 12 h.
In addition, SN50 elicited similar effects on H9c2 cells in inhibiting CD47 protein upregulation (Figures 6A–C), apoptosis-related proteins (Figures 6F–H), and cells apoptosis (Figures 6I,J) under hypoxic conditions. Meanwhile, SN50 pretreatment did not affect upregulation of hypoxia-induced GSK-3β protein expression (Figures 6D,E). Co-immunoprecipitation further demonstrated the protein interaction between CD47 and p65 NF-κB (Figure 6K). Hence, consistent with our assumption, inhibition of GSK-3β would reduce its interaction with p65.
[image: Figure 6]FIGURE 6 | GSK-3β participates in CD47 upregulation and apoptosis via NF-κB signaling in H9c2 cells. (A–E). Expressions of CD47, p-p65/p65 NF-κB, and p-GSK-3β/GSK-3β in H9c2 cells under hypoxic conditions, as measured using western blot following SN50 pretreatment. (F–H) Western blot analysis of caspase-3, Bcl-2 and Bax expressions in hypoxic H9c2 cells. (I, J) Flow cytometry showed a decrease in the apoptosis rate in hypoxic H9c2 following SN50 pretreatment (n = 3/group). (K) H9c2 cell lysates were immunoprecipitated with anti-CD47 antibody or anti-p65 antibody, and the resulting immune complexes were analyzed by western blot using various antibodies, as indicated. Data are presented as the mean ± SD. *p < 0.05, **p < 0.01 vs. NC; #p < 0.05, ##p < 0.01 vs. 12 h.
Knockdown of GSK-3β Decreases CD47 Upregulation via NF-κB Signaling
To examine whether basal GSK-3β depletion exerts protective effects similar to those observed for SB216763, GSK-3β expression was knocked down through transfection with siRNA (siRNAGSK-3β-1, 2, and 3) in H9c2 cells. GSK-3β siRNA knockdown was confirmed by the significant depletion of GSK-3β (Figures 7A,B) and we selected siRNAGSK-3β-1 for further experiments. As shown in Figures 7C–F, knockdown of GSK-3β also decreased NF-κB and CD47 protein upregulation in H9c2 cells.
[image: Figure 7]FIGURE 7 | siGSK-3β reduces the expression of CD47 in hypoxia-induced H9c2 cells. (A, B). siGSK-3β-interference efficiency was examined using western blot. **p < 0.01 vs. siNC. (C) H9c2 cell lysates of siGSK-3β, siNC, and vehicle control groups after hypoxia induction were analyzed using western blot. (D–F) Bar graphs showing fold-changes. “O” stands for hypoxia treatment. **p < 0.01 vs. NS; #p < 0.05, ##p < 0.01 vs. NC; &p < 0.05, &&p < 0.01 vs. NC/O.
Simultaneous Targeting of GSK-3β and CD47 can Significantly Reduce the Apoptosis of Hypoxic Cardiomyocytes
RCMs and H9c2 cells were treated with anti-CD47 antibody alone or in combination with SB216763 to evaluate the effect on cell apoptosis. When compared with the NC and 12-h-hypoxia groups, we observed that treatment with anti-CD47 antibody alone sensitized RCMs (Figures 8A–E) and H9c2 cells (Figures 8F–J), while combined anti-CD47 antibody and SB216763 pretreatment exhibited an additive effect on cell apoptosis inhibition.
[image: Figure 8]FIGURE 8 | Simultaneous targeting of GSK-3β and CD47 can significantly reduce the apoptosis of hypoxic cardiomyocytes. Western blot analysis of caspase-3, Bcl-2, and Bax expressions in hypoxic RCMs (A–C) and H9c2 (F–H) cells with inhibited CD47 and GSK-β expression. Flow cytometry showed a decrease in the apoptosis rate in hypoxic RCMs (D, E) and H9c2 (I, J) cells with inhibited CD47 and GSK-3β expression (n = 3/group). Data are presented as the mean ± SD. *p < 0.05, **p < 0.01 vs. NC; $p < 0.05, $$p < 0.01 vs. 12 h; &p < 0.05 vs. CD47/12 h.
DISCUSSION
In this study, we found that targeting GSK-3β can ameliorates acute cardiac injury, improves myocardial dysfunction, and prevents infiltration of inflammatory cells after MI. Moreover, targeting GSK-3β can reduce CD47 expression in MI rats through the NF-κB pathway. In addition, the simultaneous targeting of GSK-3β and CD47 effectively reduced the apoptosis rate of hypoxic cardiomyocytes. Therefore, targeting GSK-3β might represent an attractive therapeutic option for cardiomyocyte repair after MI.
As myocardial cells are highly terminally differentiated and lack proliferation and differentiation ability in a mature state, it is not possible to restore myocardial damage through cell regeneration (Isomi et al., 2019). Although drugs, coronary intervention, and bypass surgery can restore coronary blood flow, myocardial function within the infarct range cannot be restored. It is difficult to reverse the HF process after MI with existing treatments (Braunwald, 2013). Therefore, it is important to identify strategies to overcome the loss of myocardial cells, reduce infarct size, and promote restoration of cardiac function after MI to restrict HF occurrence and development.
CD47 is a ubiquitously expressed transmembrane protein that belongs to the immunoglobulin superfamily and functions as both a receptor for the matricellular protein thrombospondin-1 and a ligand for signal-regulatory protein alpha (SIRPa) (Cheng et al., 2020). Recently, it was found that CD47 is paradoxically upregulated in different cancers (Chao et al., 2011; Willingham et al., 2012). Many studies have reported that tumors evade macrophage phagocytosis and immune surveillance by activating the inhibitory signal via the ligation of SIRPα (which is expressed on phagocytes as a receptor) with CD47 (which is highly expressed on cancer cells as a ligand) (Zhao et al., 2018). Subsequently, CD47 was reported to be highly expressed in cardiovascular diseases, such as atherosclerosis (Kojima et al., 2016), ischemia/reperfusion (I/R) injury (Wang et al., 2016), and HF (Sharifi-Sanjani et al., 2014). Further, continuous upregulation of CD47 has been reported in necrotic cells in carotid and coronary atherosclerosis in both humans and animal models (Chen et al., 2019). Meanwhile, another study reported an increase in CD47 expression in a mouse model of renal I/R injury (El-Rashid et al., 2019). Hence, exploring the regulatory mechanism of CD47 expression might provide a new therapeutic target for heart diseases.
Here, we observed that CD47 expression became upregulated following MI, which is consistent with previously reported data (Chen et al., 2019; El-Rashid et al., 2019). Notably, our results showed that CD47 expression decreased after GSK-3β inhibition. The roles of GSK-3β in cardiac biology are well recognized (Beurel et al., 2015; Lal et al., 2015; Zhou et al., 2016; Sharma et al., 2020). GSK-3β is involved in the development of many cardiovascular diseases via multiple signal transduction pathways, such as Wnt/β-catenin (Guo et al., 2012), TGF-β1-SMAD-3 (Jope et al., 2007; Lal et al., 2014) and apoptosis (Lal et al., 2015; Su et al., 2019). Recently, a study has revealed that targeting GSK-3β by microRNA-99b-3p promotes cardiac fibrosis (Yu et al., 2020). Our present study showed that GSK-3β regulates myocardial fibrotic remodeling in MI via the activation of NLRP3 inflammasome (Wang et al., 2020). Moreover, another study from our lab indicated that inhibition of GSK-3β improved myocardial electrical remodeling by enhancing Kir2.1 expression after MI (Chang et al., 2021). In addition, GSK-3β is critical to cardiac function in high-fat diet-induced obesity (Gupte et al., 2018). Therefore, it is important to better understand the role and regulation of GSK-3β in the pathogenesis of cardiovascular diseases. However, whether, and how, GSK-3β participates in CD47 expression in MI has not yet been elucidated.
NF-κB is a highly conserved nuclear transcription factor that is ubiquitously present in a myriad of cell types. It is involved in specific biological responses that regulate the transcription of target genes and plays an important role in various processes such as immune responses, inflammation, and cell survival (D'Ignazio et al., 2016). A study reported that TNF-NFKB1 signaling can directly regulate CD47 by interacting with a constituent enhancer located within a CD47-associated super-enhancer specific to breast cancer (Liu et al., 2018). Furthermore, the GSK-3β/NF-κB pathway plays important roles in many processes, including I/R injury (Xia et al., 2012), apoptosis, and inflammation (Medunjanin et al., 2016). Our results showed that CD47 and NF-κB protein expression both increased in the infarct area during MI. SB216763 pretreatment decreased the expression of the two proteins. We further observed the same results at the cellular level under hypoxic conditions. To further verify that GSK-3β induced upregulation of CD47 through the NF-κB pathway, we also used inhibitors to limit the NF-κB function and found that inhibiting NF-κB can also reduce CD47 activation and cell apoptosis (Figures 5, 6), without altering the upregulation of hypoxia-induced GSK-3β protein expression (Figures 5D,E, 6D,E), which strongly supports the function of GSK-3β/NF-κB/CD47 axis. Moreover, previous studies have reported that GSK-3β is a regulatory protein upstream of NF-κB (Sathiya Priya et al., 2019; Yang et al., 2020; Yao et al., 2020), which is in line with our findings. We used co-immunoprecipitation to confirm that NF-κB interacts with CD47, and that GSK-3β inhibitor can weaken that interaction. The specific underlying mechanism warrants further investigation. In these experiments, we pharmacologically inhibited GSK-3β and used a siRNA for GSK-3β to validate our findings at the cellular level. Results also indicated that GSK-3β knockdown decreases CD47 upregulation via NF-κB and that CD47 upregulation can be attenuated upon GSK3β inhibition.
Meanwhile, CD47-blockade has only exhibited modest anti-tumor activity, as a monotherapy (Cioffi et al., 2015), since the effect of CD47-blockade is limited (Chen et al., 2017). However, when administered in combination with other target drugs CD47 antibody therapy increases the therapeutic effect (Weiskopf et al., 2013; Martinez-Torres et al., 2015; Liu et al., 2019); hence, we evaluated the effects of anti-CD47 antibody alone or in combination with SB216763 on the apoptosis of hypoxic RCMs and H9c2 cells. Our results showed that the rate of cell apoptosis was reduced following SB216763 treatment alone or anti-CD47 antibody treatment alone, while combination treatment further reduced the rate of apoptosis. These results indicate that targeting GSK-3β (with SB216763 alone or combined with anti-CD47 antibody treatment) can decrease the CD47 expression and apoptosis rate during MI, thereby preserving cardiac function. Recently, studies showed that CD47 inhibition protects against myocardial I/R injury and heart failure (Sharifi-Sanjani et al., 2014; Wang et al., 2016; Zhang et al., 2017; Zuo et al., 2019). Consistent with these observations, our results may provide a novel treatment strategies against ischemic cardiac diseases. We believe that targeting GSK-3β might be a promising target for treating cardiac diseases with more advances in the field and clinical trials.
Certain limitations were noted in this study. First, there are differences in the pathophysiological process of rat and human MI. Although myocardial cell necrosis and scar formation after MI in rats have many of the same characteristics as those in other mammals, it is important to note the limitations of rat models. Second, although primary neonatal cardiomyocytes have been widely used to explore the mechanisms of cardiovascular disorders, differences might exist between neonatal and adult cardiomyocytes. Therefore, we used both RCMs and H9c2 cells to improve the experimental results. Thus, further investigations are necessary to understand the specific roles of CD47 in MI injury.
In conclusion, our results demonstrated that GSK-3β can upregulate CD47 in ischemic tissues and hypoxic myocardial cells by activating NF-κB, resulting in myocardial cell damage and apoptosis (Supplementary Figure S2). Hence, targeting only GSK-3β, or simultaneously targeting GSK-3β and CD47, could significantly reduce hypoxic cardiomyocyte apoptosis. Overall, the findings of this study suggest a new therapeutic target for the repair of myocardial cells following MI to reduce associated mortality.
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Septic cardiomyopathy is a common complication of severe sepsis, which is one of the leading causes of death in intensive care units. Therefore, finding an effective therapy target is urgent. Neferine is an alkaloid extracted from the green embryos of mature seeds of Nelumbo nucifera Gaertn., which has been reported to exhibit various biological activities and pharmacological properties. This study aims to explore the protective effects of neferine against lipopolysaccharide (LPS)-induced myocardial dysfunction and its mechanisms. The LPS-induced cardiac dysfunction mouse model was employed to investigate the protective effects of neferine. In this study, we demonstrated that neferine remarkably improved cardiac function and survival rate and ameliorated morphological damage to heart tissue in LPS-induced mice. Neferine also improved cell viability and mitochondrial function and reduced cell apoptosis and the production of reactive oxygen species in LPS-treated H9c2 cells. In addition, neferine significantly upregulated Bcl-2 expression and suppressed cleaved caspase 3 activity in LPS-induced mouse heart tissue and H9c2 cells. Furthermore, neferine also upregulated the phosphatidylinositol 3-kinase/protein kinase B/mechanistic target of rapamycin (PI3K/AKT/mTOR) signaling pathway in vivo and in vitro. Conversely, LY294002 (a PI3K inhibitor) reversed the protective effect of neferine in LPS-induced H9c2 cells. Our findings thus demonstrate that neferine ameliorates LPS-induced cardiac dysfunction by activating the PI3K/AKT/mTOR signaling pathway and presents a promising therapeutic agent for the treatment of LPS-induced cardiac dysfunction.
Keywords: neferine, apoptosis, oxidative stress, mitochondria, lipopolysaccharide, cardiac dysfunction, sepsis
INTRODUCTION
Sepsis is caused by the host’s inadequate immune response to infection, which can lead to life-threatening organ dysfunction (Singer et al., 2016). Septic cardiomyopathy is an acute myocardial injury induced by sepsis and characterized by impaired left ventricular systolic and diastolic functions (Beesley et al., 2018). The related mechanisms include inflammatory response, oxidative stress, calcium disorders, autophagy, apoptosis, and mitochondrial dysfunction (Hollenberg and Singer, 2021). Despite extensive advances in intensive care and support technology, septic cardiomyopathy is still the leading cause of death in non-coronary intensive care units (Merx and Weber, 2007; Levy et al., 2018; Wang et al., 2021). Although more aggressive approaches have been taken to prevent the progression of septic cardiomyopathy, these strategies are often disappointing, and the mechanisms underlying septic myocardiopathy remain unclear. Therefore, further elucidation of the mechanisms is crucial to finding an effective treatment for septic cardiomyopathy. Recent studies have demonstrated that herbal Chinese medicines are therapeutic against cardiovascular diseases. For example, Shikonin (extracted from Chinese herb radix arnebiae) ameliorated cardiac dysfunction and inhibited the activation of NLRP3 inflammasome in lipopolysaccharide (LPS)-induced cardiac dysfunction (Guo et al., 2020). Additionally, Songorinea (napelline-type C20-diterpene alkaloid in Aconitum carmichaelii Debx.) promoted cardiac mitochondrial biogenesis and inhibited oxygen free radicals in septic cardiomyopathy mice (Li et al., 2021).
Neferine is an alkaloid (molecular formula C38H44N2O6) extracted from the green embryos of mature seeds of Nelumbo nucifera Gaertn. It has been reported to exhibit various biological activities and pharmacological properties, including anti-inflammatory (Zhong et al., 2020), anti-arrhythmic (Qian, 2002), anti-platelet aggregation (Yang et al., 2019), antioxidant (Wu et al., 2019), anti-hypertensive (Wicha et al., 2020), and anti-atherosclerotic effects (Zhou et al., 2013), and confer a protective effect against hypoxia-induced oxidative stress by reactive oxygen species (ROS) scavenging and prevention of NF-kB nuclear translocation (Baskaran et al., 2016). In addition, neferine plays an important role in doxorubicin-treated H9c2 cardiomyoblasts, as shown by increased H9c2 cell viability, inhibited mitochondrial superoxide generation, and reduced inflammatory response (Priya et al., 2017; Bharathi Priya et al., 2018). However, no studies have reported the effects and molecular mechanisms of neferine against LPS-induced cardiac dysfunction, to the best of our knowledge. The phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) pathway can be activated by external stimuli to phosphorylate the downstream signaling molecule AKT, then phosphorylate the downstream signaling molecule mechanistic target of rapamycin (mTOR), thereby regulating a wide variety of biological responses, including inflammation, cellular proliferation, autophagy, and apoptosis, all of which may be involved in cardiac disease (Wang et al., 2019). Therefore, elucidating the signaling pathways activated by neferine could identify a potential therapeutic target for septic cardiomyopathy.
The aim of this study was to examine whether neferine had a cardioprotective effect against septic cardiomyopathy and to explore the related molecular mechanisms. Our results indicate that neferine treatment significantly reduced cardiomyocytes apoptosis, improved cardiac dysfunction, and ameliorated ROS production. These beneficial effects are most likely mediated by upregulating the PI3K/AKT/mTOR signaling pathway. Collectively, these findings indicate the efficacy of neferine treatment for septic cardiomyopathy.
MATERIALS AND METHODS
Reagents
Neferine (purity ≥99%) and LY294002 (purity ≥99%) were purchased from MedChemExpress (Brea, CA, United States ). The structure of neferine is shown in Figure 1. LPS (L2880) was bought from Sigma (St. Louis, MO, United States).
[image: Figure 1]FIGURE 1 | The chemical structure of neferine.
Animals
All animal-related experimental procedures were approved by the Animal Care and Use Committee of Renji Hospital, School of Medicine, Shanghai Jiao Tong University. Male C57BL/6J mice aged 6–8 weeks (20–24 g) were purchased from the Institute of Laboratory Animal Science, Chinese Academy of Medical Sciences (Shanghai, China). The mice were housed in constant temperature (24°C ± 2°C) and humidity (50–60%) under a 12-h light/dark cycle with free access to standard food and water. Mice were randomly divided into four groups as follows: control (Ctrl group), neferine (Nef group), septic myocardial injury (LPS group), and neferine combined with LPS (LPS + Nef group).To establish the septic myocardial injury model, mice were intraperitoneally injected with 10 mg/kg LPS (Liu et al., 2021). In the Ctrl group, the same amount of normal saline was injected intraperitoneally. The LPS + Nef group were injected intraperitoneally with 20 mg/kg neferine 2 h before LPS injection, and the Nef group were injected with 20 mg/kg neferine as described previously (Liu et al., 2018). After 12 h, the mice were sacrificed. Serum and heart tissue were collected and stored at −80°C for subsequent experiments. To measure mortality rate, mice were intraperitoneally injected with 15 mg/kg LPS. Neferine (20 mg/kg) was intraperitoneally administered 2 h before LPS challenge and then administered for three consecutive days. The mortality was recorded for 72 h.
Echocardiography
After 12 h of LPS injection, echocardiography was performed using a high-resolution imaging system for small animals (Vevo 3,100 Imaging System, Visual Sonics, Japan). Heart rate (HR), fractional shortening (FS), ejection fraction (EF), left ventricular internal systolic dimension (LVIDs), left ventricular internal diastolic dimension (LVIDd), left ventricular posterior wall systolic thickness (LVPWs), and left ventricular posterior wall diastolic thickness (LVPWd) were analyzed using Vevo3100 software (Visual Sonics).
Cell Culture and Modeling
H9c2 cells were procured from Stem Cell Bank, Chinese Academy of Sciences and maintained in Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine serum and antibiotics (100 U/mL penicillin, 100 μg/ml streptomycin) at 37°C with 5% CO2 and 95% O2. Cells were grown on 6-well culture dishes until 70–80% confluence. To examine the protective effects of neferine on apoptotic damage and oxidative stress, H9c2 cells were initially preincubated with neferine (2 μM) for 24 h. After refreshing the medium, the cells were treated with LPS (10 μg/ml) for 12 h to create the LPS-induced cardiac injury cell model. The cells were divided into six groups: Ctrl group, Nef group, LPS group, LPS + Nef group, LY294002 group, and LPS + Nef + LY294002 group. Cells were collected for further analysis.
Cell Counting Kit-8 Assay (CCK 8)
Cell viability was evaluated using the Cell Counting Kit-8 (CCK 8) Assay Kit (Vazyme, China). 5 × 103 H9c2 cells/well were cultured in 96-well plates and incubated overnight. After the cells achieved 70% confluence, they were incubated with different LPS or neferine concentrations (5, 10, 20, and 50 μg/ml) for 24 h. Subsequently, 10 μl CCK-8 solution was added to each well. After incubation at 37°C for 2 h, the absorbance was measured at 450 nm.
Measurement of the Mitochondrial Membrane Potential (ΔΨm)
The mitochondrial membrane potential (MMP) of H9c2 cells was evaluated by staining with JC-1, an MMP-specific fluorescent dye. The JC-1 Mitochondria Membrane Potential Assay Kit was obtained from Beyotime Biotechnology (Shanghai, China). When the mitochondrial membrane potential is high, JC-1 aggregates in the matrix of the mitochondria to form a polymer (J-aggregates), which produces red fluorescence. When the mitochondrial membrane potential is low, JC-1 cannot aggregate in the matrix of mitochondria and produces green fluorescence as a monomer. This provides a convenient way to detect the change of mitochondrial membrane potential through the change of fluorescence color. All experimental procedures were performed according to the manufacturer’s instructions. Briefly, H9c2 cells were washed twice with phosphate buffer saline (PBS), and then incubated with JC-1 for 30 min at 37°C, covered to prevent exposure to light. After washing twice with JC-1 washing buffer, images were captured by fluorescence microscopy. Red fluorescence means the normal mitochondrial potential, whereas green fluorescence indicates damaged mitochondrial potential. The red-to-green ratio of fluorescence intensity was used to evaluate the mitochondrial membrane potential. The relative fluorescence intensity was measured using Image J software (NIH, MD, United States).
Intracellular ROS Determination
The intracellular ROS levels of H9c2 cells were determined using the ROS Assay Kit (Beyotime Biotechnology). Briefly, H9c2 cells were plated in 6-well plates and pretreated with neferine at 2 μM for 24 h before incubating with LPS for 12 h. Then, 2–7′ dichlorodihydrofluorescein diacetate (DCFH-DA; 10 μM) was added to the wells for 20 min at 37°C in the dark. The cells were observed by fluorescence microscopy. The relative intensity of DCFH-DA fluorescence was measured using Image J software.
Terminal Deoxynucleotidyl Rransferase dUTP Nick End Labeling Fluorescent Staining
Terminal deoxynucleotidyl transferase (TdT) dUTP nick end labeling (TUNEL) was determined using the TUNEL Apoptosis Assay Kit (Beyotime Biotechnology) in vivo and in vitro, according to the manufacturer’s instructions. The H9c2 cells were cultured in 12-well plates, washed twice with PBS, and fixed in 4% paraformaldehyde for 30 min. After immersing in 0.3% Triton X-100 for 5 min, the cells were stained with 50 μl TdT solution and 450 μl fluorescein-labeled dUTP solution for 60 min at 37°C in the dark. Cells were washed and incubated with 4′,6-diamidino-2-phenylindole (DAPI) for 15 min.Cells were then analyzed for positivity by fluorescence microscopy at 450–550 nm. Blue fluorescence (DAPI) labeled the cell nuclei, whereas green fluorescence (TUNEL) labeled the apoptotic cells. The TUNEL-positive cell count is the ratio of the number of cells labeled by TUNEL to the number of cells labeled by DAPI.
Hematoxylin and Eosin (H and E) Staining and Heart Injury Score
The heart tissues were fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned into 5-μm slices. For morphological analysis, the paraffin sections were stained with hematoxylin and eosin (H and E) solution (Beyotime Biotechnology) and analyzed under an optical microscope. Myocardial edema and the numbers of inflammatory cell infiltration, myocardial fiber rupture, and necrotic cells were determined. Heart tissue sections were evaluated as previously described (Braun et al., 2017) using the scoring system explained subsequently to grade the degree of heart injury. The severity of myocardial tissue damage was assessed using pathological score = edema score + necrosis score + neutrophilic infiltration score + myocardial fiber rupture score. Five slices were evaluated in each group.
Western Blot Detection
H9c2 cells and heart tissue lysates were harvested by radioimmunoprecipitation assay (RIPA) lysis (Beyotime Biotechnology) supplemented with phenylmethylsulfonyl fluoride and a phosphatase inhibitor, and the concentration was measured using the BCA Protein Assay Kit (Thermo Fisher Scientific, United States). An equivalent amount of protein was separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis and then transferred to polyvinylidene fluoride membranes (Millipore, United States). After blocking with 5% non-fat milk in Tris-buffered saline with Tween 20 at room temperature for 1 h, the membranes were incubated with primary antibodies at 4°C overnight. After that, they were probed with the corresponding horse-radish peroxidase-conjugated secondary antibodies (Beyotime Biotechnology) for 1 h at room temperature. For immunoreactive detection, enhanced chemiluminescence (ECL, Vazyme, China) was performed, and images were analyzed using Image J software. The following primary antibodies were utilized at 1:1,000 dilution: cleaved caspase 3 (Cell Signaling Technology, United States), Bcl-2 (Abcam, United Kingdom), Tubulin (Cell Signaling Technology), GAPDH (Cell Signaling Technology), P-PI3K (Cell Signaling Technology), PI3K (Cell Signaling Technology), P-AKT (Cell Signaling Technology), AKT (Cell Signaling Technology), P-mTOR (Cell Signaling Technology), mTOR (Cell Signaling Technology), SOD2 (Abcam, United Kingdom), SOD1 (Santa Cruz, United States), and iNOS (Abcam, United Kingdom). The detailed antibodies information in our research were given in Table 1.
TABLE 1 | Antibodies used for protocols. Cat.-No: catalogue number of manufacturer; pc: polyclonal; mc: monoclonal; WB: western blotting.
[image: Table 1]Intracellular Adenosine Triphosphate Assay
Intracellular adenosine triphosphate (ATP) levels were determined using the Enhanced ATP Assay Kit (Beyotime Biotechnology). Briefly, the cells were lysed, then centrifuged at 4°C and 12,000 g for 5 min. After centrifugation, the supernatant was collected. Detecting solution was added to a 96-well plate incubated at room temperature in the dark for 5 min. After incubation, the supernatant was added to the plate. The total ATP levels were analyzed by luminescence and normalized by the protein concentrations.
Cardiac Troponin Assay
Blood was collected and centrifuged at 3,000 rpm for 15 min. The supernatant was collected. The cardiac troponin (cTnI) levels in serum were determined using the cTnI ELISA Kit (Lengton, China) according to the manufacturer’s instructions.
Statistical Analysis
All data were presented as mean ± standard deviation (SD). Comparisons between the two groups were performed using Student’s t-test. Comparisons between multiple groups were performed using one-way analysis of variance. For survival analysis, the Kaplan–Meier survival curve was used with a log-rank test. p values <0.05 were considered statistically significant, and statistical analyses were performed with GraphPad Prism 8.0.
RESULTS
Neferine Improved Survival Rate and Cardiac Function in Septic Mice
The 72-h mortality of the LPS group was 67%, whereas the LPS + Nef group was 30%, which showed prolonged survival (Figure 2A). To investigate the effects of neferine on cardiac function in LPS-induced sepsis mice model, cardiac function parameters were evaluated by echocardiography (Figure 2B). The echocardiography results revealed that LPS-treated mice had significantly impaired cardiac function, as evidenced by the markedly reduced HR (Figure 2C), FS% (Figure 2D), EF% (Figure 2E), and LVPWs (Figure 2H) and markedly increased LVIDs (Figure 2F). Neferine treatment markedly reversed these adverse effects. No significant differences were found in LVIDd (Figure 2G) and LVPWd (Figure 2I) among the groups. These results demonstrate that neferine treatment protected cardiac function and improved the survival rate in LPS-induced cardiomyopathy mice.
[image: Figure 2]FIGURE 2 | Neferine preserved cardiac function and improved the survival rate in LPS-treated mice (A) Neferine (20 mg/kg) was intraperitoneally administered 2 h before LPS injection (15 mg/kg) and then administered for three consecutive days. The mortality of mice within 72 h was recorded (n = 15 mice) (B–I) the mice were treated with neferine (20 mg/kg, intraperitoneally (i.p.) 2 h before LPS challenge (10 mg/kg, i.p.), and cardiac function was examined (n = 6) (B) Representative echocardiographic images (C) Heart rate (HR) (D) Fractional shortening (FS) (E) Ejection fraction (EF) (F) Left ventricular internal systolic dimension (LVIDs) (G) Left ventricular internal diastolic dimension (LVIDd) (H) Left ventricular posterior wall systolic thickness (LVPWs) (I) Left ventricular posterior wall diastolic thickness (LVPWd). Data are expressed as mean ± standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001; ns: no significant difference.
Neferine Prevented Myocardial Injury and Apoptosis in Septic Mice
Extensive inflammatory damage of cardiomyocytes is the basic pathologic feature of sepsis myocardiopathy. We investigated the effects of neferine on cardiomyocytes in LPS-induced myocardial dysfunction. H and E staining showed that neferine pretreatment significantly inhibited histological alterations including interstitial edema, myocardial fiber rupture, and inflammatory cell infiltration in heart tissue sections of LPS-treated mice (Figure 3A,B). In addition, neferine also reduced the heart weight/body weight ratio (Figure 3C) and reversed the LPS-induced elevation of serum cardiac troponin (cTnI) levels (Figure 3D). Western blot analysis showed that in septic mice heart tissue, cleaved caspase 3 expression was upregulated whereas Bcl-2 was downregulated. However, pretreatment with neferine upregulated Bcl-2 protein expression and downregulated that of cleaved caspase 3 in septic mice heart tissue (Figures 3E–G). LPS treatment caused significantly increased TUNEL-positive cells, which was apparently reduced by neferine pretreatment (Figure 3H,I). Thus, neferine prevented myocardial morphology injury and cardiomyocyte apoptosis in septic mice.
[image: Figure 3]FIGURE 3 | Neferine prevented myocardial injury and apoptosis in septic mice (A) Hematoxylin and eosin staining (n = 6 mice; Scale bar, 50 μm) (B) Pathological score of heart injury (C) Heart weight/body weight ratio (HW/BW; n = 10) (D) Serum cardiac troponin (cTnI) levels detected by ELISA (n = 6) (E) Protein expression levels of cleaved caspase 3 and Bcl-2 detected by Western blot (n = 6) (F–G) Densitometric quantification of the protein expression levels of cleaved caspase 3 and Bcl2 (H) Representative images of TUNEL staining of mice heart tissue. Scale bar, 50 μm (I) Measurement of TUNEL-positive cell ratio. Data are expressed as mean ± standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001; ns: no significant difference; ELISA, enzyme-linked immunosorbent assay; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.
Neferine Attenuated Cytotoxicity and Apoptosis in LPS-Treated H9c2 Cells
The results of the induction of sepsis cardiomyopathy by LPS showed that LPS treatment reduced the viability of H9c2 cells to 60% at 10 μg/ml (p < 0.01) (Figure 4A). Therefore, we used this concentration in subsequent experiments. To identify the effects of neferine on cytotoxicity, H9c2 cells were incubated with neferine for 24 h. The CCK 8 assay revealed that neferine had no effect on cell viability at low concentrations (0.25–8 μM) but severely affected cell viability at high concentrations (>16 μM). Thus, a high concentration of neferine has an adverse effect on H9c2 cells (Figure 4B). However, pre-incubation with neferine at 1–8 μM can improve cell viability, whereas 2 μM concentration can significantly improve the viability (93%) of H9c2 cells treated with LPS (10 μg/ml) (Figure 4C). Therefore, 2 μM neferine was used in subsequent experiments. Next, we evaluated the effect of neferine on apoptosis in LPS-induced H9c2 cells. Western blot analysis revealed that cleaved caspase 3 expression was upregulated, whereas Bcl-2 expression was downregulated in the LPS group. However, neferine treatment (LPS + Nef) upregulated Bcl-2 protein expression and downregulated cleaved caspase3 expression in LPS-induced H9c2 cells. We preincubated H9c2 cells with neferine for 24 h with no LPS stimulation to eliminate the influence of confounding factors on the results. The Nef group showed no significant differences from the Ctrl group (Figures 4D–F). TUNEL staining showed that neferine significantly reduced the ratio of TUNEL-positive cells in LPS-induced H9c2 cells (Figure 4G,H). These data indicate that neferine exhibited protective effects against LPS-induced apoptosis in vitro.
[image: Figure 4]FIGURE 4 | Neferine suppressed apoptosis in LPS-treated H9c2 cells (A) Cell Counting Kit-8 Assay (CCK8) was performed to assess cell viability in H9c2 cells that were treated with a concentration gradient of LPS (5, 10, 20, and 50 μg/ml) for 24 h (B) The cytotoxicity of different neferine concentrations (0.25, 0.5, 1, 2, 4, 8, 16, 32, and 64 μM) in H9c2 cells was detected by CCK8 assay (C) Pretreatment with neferine (0.25, 0.5, 1, 2, 4, and 8 μM) for 2 h prior to LPS exposure (10 μg/ml) for 12 h; cell viability was tested by CCK8 assay (D–F) Western blot analysis and densitometric quantification of the protein expression levels of cleaved caspase 3 and Bcl-2 (G) TUNEL staining-positive cells (green) labeled apoptotic cells, DAPI (blue) labeled H9c2 cells nuclei. Scale bar, 100 μm (H) Measurement of TUNEL-positive cell ratio. All data are expressed as mean ± standard deviation. All experiments were repeated at least three times. *p < 0.05, **p < 0.01, ***p < 0.001; ns: no significant difference; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; DAPI, 4′,6-diamidino-2-phenylindole.
Neferine Mitigated Mitochondrial Damage and Inhibited the Production of Reactive Oxygen Species In Vivo and In Vitro
In the evaluation of intracellular ROS generation in H9c2 cells, DCFH-DA staining revealed that the ROS level was higher in the LPS group than in the Ctrl group. Pre-incubation with neferine (LPS + Nef) reduced ROS generation after LPS treatment, and no significant difference was found between the Ctrl and Nef groups (Figure 5A). The analysis of the mitochondrial function in LPS-induced H9c2 cells demonstrated that the MMP decreased with LPS treatment. This adverse effect was reversed by neferine pretreatment. Conversely, the Nef group did not show any significant difference in MMP from the Ctrl group (Figure 5B). Western blot analysis showed that SOD2 protein expression was downregulated, whereas iNOS protein expression was upregulated in the LPS treatment group. However, pre-culture with neferine (LPS + Nef) upregulated SOD2 protein expression but downregulated iNOS protein expression in LPS-induced H9c2 cells. No significant difference was found between the Ctrl and Nef groups (Figures 5C–E). Consistent with the findings, SOD1 protein expression was downregulated, whereas iNOS protein expression was upregulated in septic mice (LPS group). Neferine pretreatment (LPS + Nef) could upregulate SOD1 protein expression and downregulate iNOS protein expression in the heart tissues of septic mice (Figures 5F–H). Next, ATP assay was applied after Nef + LPS treatment. As shown in Figure 5I, LPS markedly decreased the ATP level, but neferine pretreatment partly reversed this in LPS-induced H9c2 cells. These data suggest that the protective effect of neferine involved the alleviation of mitochondrial dysfunction.
[image: Figure 5]FIGURE 5 | Neferine reduced the production of reactive oxygen species (ROS) and prevented mitochondrial dysfunction (A) DCFH-DA staining was used to evaluate the intracellular ROS level in H9c2 cells. Fluorescence intensity was measured. Scale bar, 50 μm (B) Representative images of JC-1 staining in LPS-induced H9c2 cells. Fluorescence intensity was measured. Scale bar, 50 μm (C–E) Western blot analysis and densitometric quantification of SOD2 and iNOS protein expression in H9c2 cells (F) SOD1 and iNOS protein expression levels in septic mice were detected by Western blot (n = 6) (G, H) Densitometric quantification of SOD1 and iNOS protein expression levels (I) ATP levels in H9c2 cells were analyzed. All data are expressed as mean ± SD. All experiments were repeated at least three times. *p < 0.05, **p < 0.01, ***p < 0.001; ns: no significant difference; DCFH-DA, 2′-7′dichlorofluorescein diacetate.
Neferine Activated the PI3K/AKT/mTOR Signaling Pathway In Vivo and In Vitro
The PI3K/AKT/mTOR signaling pathway mainly modulates intracellular signal transduction and various biological processes such as inflammation, cell proliferation, apoptosis, metabolism, and angiogenesis and is one of the main signal targets of neferine administration. Western blot analysis revealed that the expression levels of phosphorylated p-PI3K, p-AKT, and p-mTOR protein were downregulated in the LPS group. However, neferine pretreatment (LPS + Nef group) upregulated the expression level of these proteins in vivo and in vitro. (Figures 6A–D). Thus, neferine administration restored the phosphorylation status of PI3K, AKT, and mTOR in vivo and in vitro. To further investigate the relative signal mechanisms of neferine in LPS-induced H9c2 cells apoptosis, the PI3K/AKT inhibitor LY294002 was added. The relative expression levels of p-PI3K, p-AKT, and p-mTOR proteins in neferine with LY294002 (LPS + Nef + LY294002 group) were remarkably decreased (Figure 6E,F). Thus, LY294002 could reverse the protective effect of neferine on the PI3K/AKT/mTOR signaling pathway.
[image: Figure 6]FIGURE 6 | Neferine reversed the LPS-induced downregulation of the PI3K/AKT/mTOR signaling pathway in vivo and in vitro(A) Representative Western blot images of p-PI3K, PI3K, p-AKT, AKT, p-mTOR, and mTOR in mice (B–E) Representative Western blot images of p-PI3K, PI3K, p-AKT, AKT, p-mTOR, and mTOR in H9c2 cells (C) Densitometric quantification analysis of the protein expression levels of p-PI3K, PI3K, p-AKT, AKT, p-AKT, and mTOR in mice (D–F) Densitometric quantification analysis of the protein expression levels of p-PI3K, PI3K, p-AKT, AKT, p-mTOR, and mTOR in H9c2 cells. All data are expressed as mean ± standard deviation. All experiments were repeated at least three times. *p < 0.05, **p < 0.01, ***p < 0.001; ns: no significant difference.
LY294002 Reversed the Protective Effect of Neferine on Apoptosis In Vitro
Bcl-2 protein is associated with mitochondria-dependent apoptotic signaling. Therefore, the expression levels of Bcl-2 and cleaved caspase 3 were detected by Western blotting. Pre-incubation with neferine restored Bcl-2 expression and reduced cleaved caspase 3 expression in LPS-induced H9c2 cells, but LY294002 reversed this protective effect (Figures 7A–C). TUNEL staining showed that the ratio of TUNEL-positive cells in the LPS + Nef + LY294002 group were remarkably increased compared with that in the LPS + Nef group (Figure 7D,E). These results demonstrate that LY294002 can reverse the protective effects of neferine on H9c2 cell apoptosis.
[image: Figure 7]FIGURE 7 | LY294002 impeded the protective effect of neferine on LPS-induced apoptosis in H9c2 cells (A–C) Western blot analysis and densitometric quantification of the protein expression levels of cleaved caspase 3 and Bcl-2 (D) Representative images of TUNEL staining in H9c2 cells (E) Quantification of TUNEL-positive cells. Scale bar, 100 μm. All data are expressed as mean ± standard deviation. All experiments were repeated at least three times. *p < 0.05, **p < 0.01, ***p < 0.001; ns: no significant difference.
LY294002 Reversed the Protective Effect of Neferine on Mitochondrial Dysfunction In Vitro
DCFH-DA staining revealed that the ROS level was higher in the LPS + Nef + LY294002 group than in the LPS + Nef group (Figure 8A). Likewise, the mitochondrial JC-1 assay demonstrated that the ROS level decreased with LPS treatment. This adverse effect was restored by neferine treatment (LPS + Nef group) but worsened by LY294002 treatment (LPS + Nef + LY294002) (Figure 8B). Western blot analysis showed that SOD2 protein expression was downregulated, whereas iNOS protein expression was upregulated in the LPS + Nef + LY294002 group (Figures 8C–E). Thus, LY294002 reverses the protective role of neferine on mitochondrial dysfunction in LPS-induced H9c2 cells.
[image: Figure 8]FIGURE 8 | LY294002 inhibited the protective effect of neferine against LPS-induced mitochondrial dysfunction in H9c2 cells (A) DCFH-DA staining was used to evaluate the intracellular reactive oxygen species (ROS) level. Fluorescence intensity was measured. Scale bar, 50 μm (B) Representative images of JC-1 staining in H9c2 cells. Fluorescence intensity was measured. Scale bar, 50 μm (C–E) Western blot analysis and densitometric quantification of the protein expression levels of SOD2 and iNOS. All data are expressed as mean ± standard deviation. All experiments were repeated at least three times. *p < 0.05, **p < 0.01, ***p < 0.001; ns: no significant difference; DCFH-DA, 2′-7′dichlorofluorescein diacetate.
DISCUSSION
Overall, our study demonstrates that neferine has a protective effect against LPS-induced myocardial dysfunction. In vivo, neferine improved survival rate and cardiac function and reduced myocardial pathological damage and myocardial cell apoptosis. In vitro, neferine alleviated the apoptosis of H9c2 cells treated with LPS, inhibited ROS production, and improved mitochondrial function. In addition, the data show that neferine activated the PI3K/AKT/mTOR signaling pathway. Conversely, the PI3K/AKT pathway inhibitor LY294002 reversed the inhibitory effect of neferine on LPS-induced apoptosis in H9c2 cells. Therefore, this study provides evidence that neferine ameliorates LPS-induced myocardial dysfunction through anti-apoptosis and antioxidative stress by regulating the PI3K/AKT/mTOR pathway.
The protection of heart function is pivotal in the occurrence and development of sepsis. Cardiomyocyte damage and cell death caused by sepsis are mainly mediated by the body’s detection and response to LPS (Pfalzgraff and Weindl, 2019). Blocking LPS-induced apoptosis may increase cell viability, reduce oxidative stress, and improve mitochondrial damage (Han et al., 2020; Xu et al., 2020). Therefore, finding key compounds resistant to LPS-induced cell apoptosis is very important for protecting cardiomyocytes. The heart is a major source of hemodynamic forces in the human body, and mitochondria are the primary source of energy supply in the heart. Mitochondria play a vital role in maintaining the homeostasis of cardiomyocytes, which could be disrupted by excessive ROS. Accumulating evidence demonstrates that septic cardiomyopathy involves mitochondrial dysfunction (Chen et al., 2019; Stanzani et al., 2019; Joseph et al., 2020). Mitochondrial ROS are the driving force of mitochondrial dysfunction in septic cardiomyopathy (Joseph et al., 2020). Studies have found that in septic cardiomyopathy, mitochondrial dysfunction is a key contributor to impaired mitochondrial function and increased mitochondrial fission, leading ultimately to mitochondrial dysfunction and cardiomyocyte apoptosis (Haileselassie et al., 2019). When mitochondria are attacked, excessive ROS are released, and lipid molecules, proteins, and DNA are rapidly destroyed by oxygen free radicals, which eventually lead to cell death (Joseph et al., 2017).
Studies have demonstrated that free radicals cause loss of membrane integrity and lipid membrane peroxidation (Jing et al., 2015). Therefore, various myocardial enzymes are released from damaged tissues into the circulation (Hu et al., 2015). The physiological activities exerted by SODs include antioxidative and anti-inflammatory effects (Güleç et al., 2006). SOD2 is the primary antioxidant enzyme found in mitochondria, which can neutralize oxygen free radicals (Zhang et al., 2017). On the contrary, iNOS is a critical enzyme involved in the progression of inflammation and oxidative dysfunction (You et al., 2013). Evidence has indicated that SOD2 and iNOS are closely involved in LPS-induced myocardial dysfunction (Tsai et al., 2012; Yang et al., 2013). Our findings suggest that neferine pretreatment reduced ROS levels and iNOS protein expression and improved mitochondrial function by upregulating MMP and the expression lof SOD2 and SOD1. In addition, neferine pretreatment also improved ATP levels.
Next, we explored the potential mechanisms by which neferine protects against LPS-induced myocardial injury. PI3K/AKT/mTOR is a classic signaling pathway that regulates intracellular processes, including cell survival, metabolism, proliferation, differentiation, and apoptosis (Franke et al., 1997; Vanhaesebroeck et al., 2012). Recent studies have shown that autophagy and apoptosis play a vital role in the cell survival signaling pathway and that PI3K/AKT/mTOR signaling regulates autophagy (Poornima et al., 2013). Chen et al. (2017) demonstrated that PI3K/AKT/mTOR signaling was significantly changed in sepsis myocardial injury, whereas Shang et al. (2019) found that resveratrol protected the myocardium in septic rats by activating the PI3K/AKT/mTOR signaling pathway and inhibiting the NF-κB signaling pathway and related inflammatory factors. However, the mechanism related to cell apoptosis is still uncertain in LPS-induced cardiac dysfunction. Our study found that neferine increased p-PI3K, p-AKT, and p-mTOR levels. In addition, neferine reversed LPS-induced decreases in PI3K, AKT, and mTOR phosphorylation, which indicates that neferine activates the PI3K/AKT/mTOR signaling pathway in vivo and in vitro. These findings are in accordance with the previous observation that neferine upregulates the PI3K/AKT/mTOR signaling pathway in doxorubicin-treated H9c2 cardiomyoblasts (Bharathi Priya et al., 2018).
To confirm that neferine indeed regulated LPS-induced H9c2 cells apoptosis through the PI3K/AKT/mTOR signaling pathway, we introduced the PI3K-specific inhibitor LY294002. The levels of apoptosis-related proteins and TUNEL-positive cells were assessed. The results showed that LY294002 reversed the protective effect of neferine on LPS-induced H9c2 cell apoptosis. In addition, we found that neferine treatment reduced ROS production, increased mitochondrial membrane potential, and preserved mitochondrial function. However, LY294002 reversed the protective effects of neferine on mitochondrial function in vitro. The results showed that the PI3K/AKT/mTOR pathway was involved in the protective role of neferine against LPS-induced myocardial injury by regulating the expression of apoptosis- and oxidation-related proteins. These proteins play an important role in inhibiting cell apoptosis, reducing oxidative stress, and thus alleviating septic cardiomyopathy. However, further research is still needed to explore the specific mechanisms involving neferine in regulating the PI3K/AKT/mTOR pathway.
This study provides preliminary evidence that neferine exerts protective effects against LPS-induced cardiac dysfunction in vivo and in vitro. Neferine suppressed cell apoptosis and oxidative damage via the PI3K/AKT/mTOR signaling pathway (Figure 9). Consequently, neferine may be a promising therapeutic strategy for preventing sepsis-related myocardiopathy.
[image: Figure 9]FIGURE 9 | Schematic representation of the effects of neferine on sepsis-induced myocardial dysfunction. Neferine suppressed LPS-induced cells apoptosis by regulating the PI3K/AKT/mTOR signaling pathway, which attenuates oxidative damage.
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This study investigated the effects of reynoutrin on the improvement of ischemic heart failure (IHF) and its possible mechanism in rats. The rat heart failure model was established by permanently ligating the left anterior descending coronary artery (LAD) and administering different doses of reynoutrin. Cardiac function, inflammatory factors releasing, oxidative stress, cardiomyocytes apoptosis, and myocardial fibrosis were evaluated. Western blotting was used to determine protein expression levels of S100 calcium-binding protein A1 (S100A1), matrix metallopeptidase 2(MMP2), MMP9, phosphorylated (p-) p65, and transforming growth factor -β1 (TGF-β1) in myocardial tissue of the left ventricle. Results showed that reynoutrin significantly improved cardiac function, suppressed the release of inflammatory factors, reduced oxidative stress, inhibited cardiomyocytes apoptosis, and attenuated myocardial fibrosis in rats with IHF. In rat myocardial tissue, permanent LAD-ligation resulted in a significant down-regulation in S100A1 expression, whereas reynoutrin significantly up-regulated S100A1 protein expression while down-regulating MMP2, MMP9, p-p65, and TGF-β1 expressions. However, when S100A1 was knocked down in myocardial tissue, the above-mentioned positive effects of reynoutrin were significantly reversed. Reynoutrin is a potential natural drug for the treatment of IHF, and its mechanism of action involves the up-regulation of S100A1 expression, thereby inhibiting expressions of MMPs and the transcriptional activity of nuclear factor kappa-B.
Keywords: reynoutrin, ischemic heart failure, myocardial fibrosis, inflammation, S100A1
INTRODUCTION
Heart failure is a myocardial injury caused by several factors, such as myocardial infarction, hypertension, and myocarditis. Its main clinical feature is the attenuation of the heart’s pumping capacity, resulting in insufficient blood to meet the body’s metabolic needs. Ischemic heart failure (IHF) is a type of heart failure caused by short-term or continuous interruption of coronary circulatory perfusion and insufficient blood supply to the myocardium due to blood flow obstruction. Coronary artery disease due to atherosclerosis is a common cause of IHF, which is often accompanied by an elevation in the ST-segment of an electrocardiogram (ECG) (Sekulic et al., 2019). Myocardial injury, regardless of the causes, always results in myocardial inflammation. The body’s anti-inflammatory response triggers pro-fibrotic signals, leading to myocardial fibrosis (Frangogiannis, 2008; Yajima and Knowlton, 2009). The hallmark of pathological fibrosis is the excessive deposition of extracellular matrix (ECM) proteins and key pro-fibrotic stimuli, such as matrix metallopeptidase proteins (MMPs) and transforming growth factors (TGFs), which greatly contribute to the progression of myocardial fibrosis (Kong et al., 2014). The global morbidity and mortality rates of IHF are rising, posing a serious public health threat. Despite many breakthroughs in heart failure research, effective treatment strategies for IHF in clinical practice are still inadequate. Therefore, the development of new drugs and methods for the treatment of IHF is imperative.
Reynoutrin (Figure 1) is a natural flavonoid that exists in the leaves and fruits of a variety of natural plants and has been shown to have potential antioxidant and antiviral properties (Ho et al., 2012; Rehman et al., 2018; Butkevičiūtė et al., 2020; Santos et al., 2021). In the preliminary experiments, we found that reynoutrin can effectively improve cardiac function in rats with IHF caused by permanent left anterior descending coronary artery (LAD) ligation, as well as significantly up-regulate the protein expression of S100 calcium-binding protein A1 (S100A1) in myocardial tissue. S100A1 is a Ca2+ binding protein that belongs to the S100 protein family (Most et al., 2001). Studies have shown that S100A1 protein levels in the heart tissue of patients with end-stage heart failure are reduced, and the lack of S100A1 accelerates heart failure in laboratory animals (Soltani et al., 2021). S100A1 plays an important role in the occurrence and development of heart failure. This study investigated the anti-IHF effect of reynoutrin as well as the relationship between its mechanism of action and S100A1.
[image: Figure 1]FIGURE 1 | Effects of reynoutrin on cardiac function of rats. (A) The chemical structure of reynoutrin (PubChem CID: 5320861). (B) The representative image of echocardiogram in each group. (C) LVEF histogram of each experimental group. (D) LVFS histogram of each experimental group. (E) LVEDD histogram of each experimental group. (F) LVESD histogram of each experimental group. The values were presented as the means ± standard error in each experiment group (n = 10). *p < 0.05 vs. Sham group; #p < 0.05 vs. IHF group.
MATERIALS AND METHODS
Reagents
Reynoutrin was purchased from Macklin (Shanghai, China) and dissolved in dimethylsulfoxide (DMSO) (20 mg/ml). Antibodies of S100A1, matrix metallopeptidase 2 (MMP2), MMP9, transforming growth factor -β1 (TGF-β1) and GAPDH were purchased from Proteintech (Rosemont, IL, United States). Antibodies of p65 and phosphorylated (p-) p65 were purchased from Abcam (Cambridge, United Kingdom). ELISA detection kits for tumor necrosis factor α (TNF-α) and interleukin 6 (IL-6) were purchased from Proteintech (Rosemont, IL, United States). Malondialdehyde (MDA) and total superoxide dismutase (SOD) detection kits were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
Measurement of Cytotoxicity
Rat cardiomyocytes H9c2 purchased from Procell (Wuhan, CHN), and cultured in DMEM with 10% fetal bovine serum. The cytotoxicity of reynoutrin on H9c2 was evaluated by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTT; Promega, WI, United States) assay. Briefly, after 24 h treatment with different concentrations of reynoutrin in 96-well plates, the H9c2 cells were incubated with 20 μl MTT (5 mg/ml) in 100 μlcell culture medium for 4 h at 37°C, and the absorbance of each well was measured at a wavelength of 490 nm.
Animals
Specific-pathogen-free male Sprague Dawley rats (180–220 g) were obtained from the Experimental Animal Center of Guangdong Medical University, and they were usually kept in a 22–25 C constant temperature room with an electric lamp to simulate natural light. Experiments were carried out according to the Guide for the Care and Use of Laboratory Animals published by the U.S. National Institutes of Health (NIH Publication No.85–23, revised in 1996), and have been approved by the Ethics Committee.
Construction of Recombinant Lentivirus
The RNA interference target sequences were designed based on S100A, and the single-stranded DNA oligo containing interference sequences was synthesized. An annealing reaction was performed to obtain double-stranded DNA, which was then ligated to the digested lentiviral vector. The product was transformed into Escherichia coli competent cells and the positive recombinant was determined using PCR. Next, the insert sequence was verified and the plasmids were purified. Homologous recombination was performed to generate recombinant lentivirus and 293 T cells were used to amplify the virus particles. The virus particles were harvested from the supernatant by density gradient centrifugation and then stored at −80 C. The interference efficiency of S100A1 was confirmed by fluorescence observation from green fluorescent protein (GFP) and western blotting (Supplementary Figure 2).
Experimental Grouping and Treatment
The rats were randomly divided into the following groups: 1) Normal control group (NC), in which the rats were injected intraperitoneally with 0.2 ml/rat/day vehicle for 35 days. 2) Reynoutrin low-, medium-, and high-dose intervention groups, in which the rats were injected intraperitoneally with 12.5, 25, and 50 mg/kg reynoutrin respectively, for 35 days. 3) Sham control group (Sham), in which the rats were injected intraperitoneally with 0.2 ml/rat/day vehicle for 7 days, followed by exposure of the LAD by thoracotomy 1 hour after the seventh injection. Rats received subcutaneous injections of 0.1 mg/kg buprenorphine for analgesia after surgery, once every 12 h, for three consecutive days (Foley et al., 2019). In addition, 1 hour after the operation, the rats were injected with 0.2 ml/rat/day vehicle for 28 consecutive days. 4) Ischemic heart failure group (IHF), in which the rats were injected intraperitoneally with 0.2 ml/rat/day vehicle for 7 days, and permanent LAD-ligation was performed 1 hour after the seventh injection. As previously described (Bacmeister et al., 2019), the rats were anesthetized with pentobarbital sodium (50 mg/kg) intraperitoneally and mechanically ventilated. The heart was dissected and exposed in the third left intercostal space, and sutures were used to permanently ligate the left anterior descending coronary artery. During this time, whitening of the distal myocardial tissue can be observed, and there is an elevation in the ST segment of the ECG. Rats received buprenorphine subcutaneous injections for analgesia after surgery as above described. One hour after the operation, the rats were injected with 0.2 ml/rat/day vehicle for 28 consecutive days. 5) Reynoutrin low-, medium-, and high-dose treatment groups, in which the rats were injected intraperitoneally with 12.5, 25, and 50 mg/kg reynoutrin, respectively, for 7 days, with the permanent LAD-ligation performed as described above 1 h after the seventh injection. One hour after the operation, the corresponding doses of reynoutrin were injected intraperitoneally for 28 consecutive days. 6) Reynoutrin combined with S100A1 knock-down group (Reynoutrin + shS100A1), in which 2 × 107 transduction units of lentiviral vectors encoding S100A1 interfering RNA were injected into the left ventricular wall of rats 1 week before LAD-ligation. Based on a previously described method (Liu et al., 2018), the rats were anesthetized by intraperitoneal injection of pentobarbital sodium (50 mg/kg) and mechanically ventilated. In order to expose the heart, dissection was performed in the third left intercostal space, and then lentiviral vectors were injected at multiple points in the myocardium of the left ventricle using a micro-syringe (Hamilton, Reno, NV, United States). The rats were pretreated with reynoutrin daily and LAD-ligation was performed 1 hour after the seventh reynoutrin injection, with reynoutrin treatment continuing for 28 consecutive days postoperatively. In addition, 1 week after lentivirus infection, the left ventricular myocardial tissue was taken for frozen section and extensive expression of green fluorescent protein (GFP) was observed under a fluorescence microscope, indicating that the virus infection was successful, as shown in Supplementary Figure 1. Subsequently, observations were carried out once a week, and stable expression of FGP was observed. 7) S100A1 knock-down group (shS100A1), in which the rats were treated similarly to the Reynoutrin + shS100A1 group, but vehicle instead of reynoutrin. Taking into account the high mortality rate caused by LAD-ligation, each experimental group was allocated 20–25 rats to ensure that at least 10 rats in each experimental group survived.
Assessment of Cardiac Function
The rats were anesthetized with pentobarbital sodium 12 h after the last administration, and the myocardial contractility of the rats in each group was evaluated using the Vevo2100 imaging system (VisualSonics, Toronto, ON, Canada), and the left ventricular end-diastolic diameter (LVEDD), the left ventricular end-systolic diameter (LVESD), the left ventricular fractional shortening (LVFS) and the left ventricular ejection fraction (LVEF) were measured.
Measurement of Myocardial Infarct Size
Tissue death was determined using triphenyltetrazolium chloride (TTC, Sigma-Aldrich, United States) staining. The hearts of the rats were completely removed and quickly frozen with liquid nitrogen. Following that, the heart was sectioned at the point of 2 mm below the ligation point with a thickness of less than 1 mm and soaked in 1% TTC at 37°C for 10–15 min. After fixation with 10% formaldehyde, the infarct area was white, while the normal area was red. After images were taken, the semi-quantitatively infarct size of the particular section of left ventricular was calculated using the Image Pro Plus 6.0 software (Media Cybernetics, Bethesda, MD, United States).
Assessment of Inflammatory Factors and Oxidative Stress
The obtained peripheral blood was centrifuged to obtain serum, and the levels of TNF-α and IL-6 in serum were detected by ELISA detection kits. The left ventricular myocardial tissue was thoroughly ground with liquid nitrogen and dissolved with normal saline, and the levels of SOD and MDA in the homogenate were detected by detection kits. The above-mentioned testing operations were strictly performed in accordance with the instructions provided by the manufacturers.
Tunel Staining
Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate-biotin nick end labeling (Tunel) was used to evaluate the apoptosis of cardiomyocytes. Briefly, the myocardial paraffin sections were incubated with 10 mM proteinase K for 15 min, then incubated with the TUNEL reaction mixture at a constant temperature of 37 C in the dark for 60 min, and finally incubated with DAPI for 10 min. The staining results were observed under a fluorescence microscope, and the apoptotic cardiomyocyte nucleus was green. Five regions were randomly selected in each section to count the apoptotic cells.
Masson Staining
The paraffin sections were obtained from the myocardial tissues of rats in each group after formaldehyde fixation and paraffin embedding, and then the Masson staining was performed. Collagen deposition was observed under a microscope and photographed. Image Pro Pius 6.0 software (Media Cybernetics, Rockville, MA, United States) was used to quantitatively analysis of Masson staining images.
Western Blotting
Proteins were extracted from left ventricular myocardial tissue by using radioimmunoprecipitation assay (RIPA) lysis buffer and size fractionated by SDS polyacrylamide gel electrophoresis. Membranes were incubated with target antibodies at 4 C overnight. Then membranes were incubated with the horseradish peroxidase-conjugated secondary antibodies for 2 h at room temperature after washed by tris-buffered saline and tween 20. The immune complexes were visualized by enhanced chemiluminescence after washing again and the band intensity was measured quantitatively and analyzed with the Image J v2.1.4.7 software (National Institutes of Health, Bethesda, MD, United States).
Immunofluorescence Staining
As previously reported, paraffin sections of the left ventricular myocardial tissue were incubated with bovine serum albumin, followed by incubation with anti-TGF-β1 (1:400) overnight at 4°C. The sections were then washed and incubated with Texas red conjugated anti-mouse IgG (1:200; Abcam) for 1 h in the dark. After further washing, the sections were stained with DAPI for 5 min, washed, and mounted. An inverted fluorescence microscope (Leica, Wetzlar, GER) was used to observe the samples and capture images, and images were analyzed using the Image Pro Plus 6.0 software (Media Cybernetics, Bethesda, MD, United States).
Statistical Analysis
All data were presented as the mean ± standard error of the mean and analyzed using SPSS version 20.0 (IBM Corp., Armonk, NY, United States). Shapiro—Wilk was used to test the assumption of normality for normality prior to additional analysis. Student’s unpaired, two—tailed t—test (2 groups), or one - or two—way ANOVA (>2 groups) were used to analyze the normally distributed data followed by Dunnett’s or Tukey’s post—hoc test. A p-value < 0.05 was considered to be statistically significant.
RESULTS
The Cytotoxicity Assessment of Reynoutrin on H9c2 Cells
As shown in Figure 2, the inhibitory effect of reynoutrin on H9c2 cells showed an obvious dose and time dependence. The calculated IC50 value of reynoutrin in H9c2 cells was 129.9 μM > 100 μM (Garifullin et al., 2019), suggesting that the cytotoxicity of reynoutrin could be ignored.
[image: Figure 2]FIGURE 2 | Effect of reynoutrin on H9c2 cells viability. MTT was used to detect the cytotoxicity of reynoutrin on H9c2 cells. (A) The inhibition rate of different concentrations of reynoutrin on H9c2 cells for 24 h (B) Logarithmic function dose-effect curve of reynoutrin on H9c2 cells. The values were presented as the means ± standard error for six independent experiments
The Effects of Reynoutrin on Cardiac Function in Rats With Ischemic Heart Failure
As shown in Table 1, different doses of reynoutrin had no significant effect on LVEF, LVFS, LVEDD, and LVESD in normal rats (p > 0.05 vs. NC group). Permanent LAD-ligation resulted in significant decreases in LVEF and LVFS, while significantly increasing LVEDD and LVESD in rats (p < 0.05 vs. Sham group), as seen in Figures 1B–F. Different doses of reynoutrin improved abnormal cardiac function in rats caused by LAD-ligation to varying degrees. At reynoutrin doses of 25 and 50 mg/kg, the LVEF and LVFS of the rats were significantly increased, while their LVEDD and LVESD were significantly decreased when compared to the IHF rats (p < 0.05). It was worth noting that 50 mg/kg reynoutrin displayed the most obvious improvement.
TABLE 1 | The effects of reynoutrin on normal rats (means ± S.E.M).
[image: Table 1]The Effects of Reynoutrin on the Levels of Inflammatory Factors and Oxidative Stress in Rats With Ischemic Heart Failure
Different doses of reynoutrin had no significant effect on serum inflammatory factor levels (TNF-α and IL-6) and myocardial oxidative stress levels (SOD and MDA) in normal rats (p > 0.05 vs. NC group), as seen in Table 1. As shown in Figures 3A,B, permanent LAD-ligation led to a significant increase in serum TNF-α and IL-6 in rats (p < 0.05 vs. Sham group). Different doses of reynoutrin treatments were able to suppress the levels of inflammatory factors in rats with IHF in a dose-dependent manner. Reynoutrin had the most significant effect on inhibiting the release of inflammatory factors at 50 mg/kg. In the left ventricular myocardium of the rats, LAD-ligation resulted in a significant decrease in SOD level and a significant increase in MDA level (p < 0.05 vs. Sham group). Furthermore, different doses of reynoutrin could inhibit the oxidative stress in the myocardium tissue of rats with IHF in a dose-dependent manner. The effect of reducing oxidative stress was most obvious when reynoutrin was administered at 50 mg/kg. In subsequent experiments, reynoutrin was consistently used at 50 mg/kg.
[image: Figure 3]FIGURE 3 | Effects of reynoutrin on the levels of TNF-α, IL 6, SOD and MDA in rats. (A) The concentration of TNF-α in serum of each group. (B) The concentration of IL six in serum of each group. (C) The concentration of SOD in myocardium of each group. (D) The concentration of MDA in myocardium of each group. The values presented as the means ± standard error in each experiment group (n = 10). *p < 0.05 vs. Sham group; #p < 0.05 vs. IHF group.
S100A1 Knock-Down Attenuated the Effect of Reynoutrin on Improving Cardiac Function in Rats With Ischemic Heart Failure
As shown in Figure 4, permanent LAD-ligation resulted in significant decreases in LVEF and LVFS, as well as significant increases in LVEDD and LVESD in rats (p < 0.05 vs. Sham group). On the other hand, reynoutrin treatment significantly increased LVEF and LVFS, while decreasing LVEDD and LVESD in rats with IHF (p < 0.05 vs. IHF group). However, when S100A1 was knocked down in the myocardial tissue of rats, the effect of reynoutrin on improving the cardiac function in IHF rats was significantly reversed (p < 0.05 vs. Reynoutrin group). In addition, S100A1 knock-down alone could significantly aggravate heart failure in rats with permanent LAD-ligation (p < 0.05 vs. IHF group).
[image: Figure 4]FIGURE 4 | Effects of reynoutrin and S100A1 knock-down on cardiac function of rats. The dose of reynoutrin here was 50 mg/kg. (A) The representative images of echocardiogram of each group. (B) LVEF histogram of each experimental group. (C) LVFS histogram of each experimental group. (D) LVEDD histogram of each experimental group. (E) LVESD histogram of each experimental group. The values presented as the means ± standard error in each experiment group (n = 10). *p < 0.05 vs. Sham group; #p < 0.05 vs. IHF group; ▲p < 0.05 vs. Reynoutrin group.
S100A1 Knock-Down Attenuated the Effects of Reynoutrin on Improving Inflammation Response and Oxidative Stress in Rats With Ischemic Heart Failure
Permanent LAD-ligation caused a significant increase in serum TNF-α and IL-6 in rats (p < 0.05 vs. Sham group), while reynoutrin treatment significantly inhibited the releases of inflammatory factors (p < 0.05 vs. IHF group), as seen in Figure 5 A and B. However, when S100A1 in rat myocardial tissue was knocked down, the effect of reynoutrin on inhibiting the release of inflammatory factors in IHF rats was significantly reversed (p < 0.05 vs. Reynoutrin group). In addition, the knock-down of S100A1 alone could significantly increase the levels of inflammatory factors in rats with IHF (p < 0.05 vs. IHF group).
[image: Figure 5]FIGURE 5 | Effects of reynoutrin and S100A1 knock-down on the levels of TNF-α, IL 6, SOD and MDA in rats. The dose of reynoutrin here was 50 mg/kg. (A) The concentration of TNF-α in serum of each group. (B) The concentration of IL six in serum of each group. (C) The concentration of SOD in myocardium of each group. (D) The concentration of MDA in myocardium of each group. The values presented as the means ± standard error in each experiment group (n = 10). *p < 0.05 vs. Sham group; #p < 0.05 vs. IHF group; ▲p < 0.05 vs. Reynoutrin group.
In the myocardial tissue of rats with IHF, the level of SOD was significantly decreased, while the level of MDA was significantly increased (p < 0.05 vs. Sham group), as shown in Figures 5 C,D. Furthermore, the administration of reynoutrin significantly increased SOD and inhibited MDA (p < 0.05 vs. IHF group). The abovementioned effects of reynoutrin were significantly reversed (p < 0.05 vs. Reynoutrin group) when S100A1 in cardiomyocytes was knocked down. In addition, the knock-down of S100A1 alone was found to significantly elevate the oxidative stress level in the myocardium of rats with LAD-ligation (p < 0.05 vs. IHF group).
Reynoutrin Improved Infarction, Fibrosis, and Apoptosis in the Myocardium of Rats With Ischemic Heart Failure
The area of myocardial infarction was evaluated using TTC staining while the level of myocardial apoptosis was determined using Tunel staining. Masson staining was used to evaluate collagen deposition in myocardial tissue. As illustrated in Figure 6, permanent LAD-ligation resulted in a significant myocardial infarction, myocardial apoptosis, and myocardial fibrosis in rats as compared to the sham group. Reynoutrin treatment significantly reduced the area of myocardial infarction, inhibited cardiomyocyte apoptosis, and improved myocardial fibrosis in rats with IHF. However, the abovementioned positive effects of reynoutrin were significantly attenuated after S100A1 was knocked down in myocardial tissue. Furthermore, the knock-down of S100A1 alone significantly increased the area of myocardial infarction, the level of cardiomyocytes apoptosis, and the degree of myocardial fibrosis in IHF rats.
[image: Figure 6]FIGURE 6 | Effects of reynoutrin and S100A1 knock-down on infarction, fibrosis and apoptosis of myocardium in rats. The dose of reynoutrin here was 50 mg/kg. (A) The representative images of TTC staining of each group. (B) The histogram of infarct size in each experimental group, which in percent of the surface of the stained slices. (C) The histogram of apoptosis index in each experimental group. (D) The histogram of myocardial fibrosis area proportion in each experimental group. (E) The representative images of Masson and Tunel staining of each group. The values presented as the means ± standard error in each experiment group (n = 10). *p < 0.05 vs. Sham group; #p < 0.05 vs. IHF group; ▲p < 0.05 vs. Reynoutrin group.
The Effects of Reynoutrin and S100A1 Knock-Down on Protein Expressions in Myocardial Tissue of Rats With Ischemic Heart Failure
The expression levels of S100A1, MMP2, MMP9, p-p65, and TGF-β1 in left ventricular myocardial tissue of rats were detected using Western blotting, as shown in Figure 7. Compared to the sham operation group, the expression of S100A1 protein in the myocardial tissue of rats in the IHF group was significantly down-regulated (p < 0.05), whereas reynoutrin intervention significantly up-regulated the level of S100A1 protein in the myocardial tissue of rats with IHF (p < 0.05 vs. IHF group). S100A1 knock-down inhibited the expression of S100A1 in rat myocardial tissue and significantly reversed the effect of reynoutrin on up-regulating the expression of S100A1 protein (p < 0.05 vs. Reynoutrin group).
[image: Figure 7]FIGURE 7 | Effects of reynoutrin and S100A1 knock-down on protein expressions in myocardial tissue of rats. The dose of reynoutrin here was 50 mg/kg. (A) The representative blots of S100A1, MMP2, MMP9, p-p65, p65, TGF-β1 and GAPDH in each group. (B) Semi quantitative analysis of S100A1 in each group. (C) Semi quantitative analysis of MMP2 in each group. (D) Semi quantitative analysis of MMP9 in each group. (E) Semi quantitative analysis of p-p65 in each group. (F) Semi quantitative analysis of TGF-β1 in each group. The values presented as the means ± standard error in each experiment group (n = 10). *p < 0.05 vs. Sham group; #p < 0.05 vs. IHF group; ▲p < 0.05 vs. Reynoutrin group.
Permanent LAD-ligation resulted in a significant up-regulation of MMP2, MMP9, p-p65, and TGF-β1 expression levels in rat myocardial tissue (p < 0.05 vs. Sham group). After treatment with reynoutrin, the expression levels of MMP2, MMP9, p-p65, and TGF-β1 in the myocardial tissue of rats with IHF were significantly down-regulated (p < 0.05 vs. IHF group). However, the abovementioned effects of reynoutrin on protein expressions were significantly reversed after S100A1 was knocked down (p < 0.05 vs. Reynoutrin group). In addition, after knocking down S100A1 alone, the expression levels of MMP2, MMP9, p-p65, and TGF-β1 in the myocardial tissue of IHF rats were significantly up-regulated compared to the IHF group (p < 0.05).
Furthermore, immunofluorescence staining revealed the expression and distribution of TGF-β1, a protein directly involved in myocardial fibrosis, in the left ventricular myocardium of rats in each experimental group. Compared to the sham operation group, higher levels of TGF-β1 protein expression could be detected in the myocardial tissue of rats in the IHF group (p < 0.05), while the TGF-β1 protein level in the myocardial tissue of rats with heart failure treated with reynoutrin was significantly reduced (p < 0.05 vs. IHF group), as seen in Figure 8. However, after S100A1 was knocked down, the effect of reynoutrin on the TGF-β1 protein level was significantly reversed (p < 0.05). Furthermore, knocking down S100A1 alone further induced protein expression of TGF-β1 in myocardial tissue (p < 0.05 vs. IHF group).
[image: Figure 8]FIGURE 8 | Effects of reynoutrin and S100A1 knock-down on TGF-β1 expression in paraffin sections of myocardial tissues. Immunofluorescence staining was used to observe the expression and distribution of TGF-β1 expression in paraffin sections of myocardial tissues. The TGF-β1 emited red under the red excitation light of fluorescence microscope. (A) The representative images of immunofluorescence staining of each group. (B) The histogram of relative fluorescence density in each experimental group. The values presented as the means ± standard error in each experiment group (n = 10). *p < 0.05 vs. Sham group; #p < 0.05 vs. IHF group; ▲p < 0.05 vs. Reynoutrin group.
DISCUSSION
At present, there are limited studies on reynoutrin. A study by Ho et al. isolated and identified reynoutrin from Psidium cattleianum J. Sabine (Myrtaceae), a traditional medicinal plant in French Polynesia, and discovered that it has antioxidant and free radical scavenging properties (Ho et al., 2012). Rehman et al. reported that reynoutrin has certain anti-hepatitis C virus activity (Rehman et al., 2018), while Elhawary et al. investigated the extracts from different parts of Syzygium cumini (L.) containing reynoutrin and found that the extracts have certain anti-tumor and anti-diabetic properties; however, the status of reynoutrin in the extracts was not evaluated (Elhawary et al., 2020). Permanent coronary artery ligation leads to myocardial ischemic injury in rats, which is similar to the occurrence of human myocardial infarction caused by rupture of the atherosclerotic plaque (Thygesen et al., 2018). Since the main feature of myocardial infarction in mice is ventricular dilation, their heart failure is similar to human heart failure with reduced ejection fraction (HFrEF) (Hinrichs et al., 2018). In this study, we discovered that reynoutrin improved IHF caused by permanent LAD-ligation in rats. This was achieved by reducing infarct size, inhibiting cardiomyocytes apoptosis, alleviating the degree of myocardial fibrosis, and suppressing the release of inflammatory factors and oxidative stress. In addition, the different doses of reynoutrin used in this study had no obvious toxic effects on cardiomyocytes and normal rats. Our findings indicate that reynoutrin is a potential drug for the prevention and treatment of IHF.
Prolonged ischemia caused by myocardial infarction leads to the death of cardiomyocytes, releasing alarm signals, such as mitochondrial DNA and S100 protein (Frangogiannis, 2018). Then, sentinel cells, such as resident macrophages, endothelial cells, and white blood cells are alerted. The main pattern recognition receptors (PRRs) of cardiac sentinel cells include a variety of Toll-like receptors (TLRs), advanced glycation end product receptors (RAGE), and NOD-like receptors (NLRs) (Hinrichs et al., 2018). The downstream signals of PRRs activate nuclear factor kappa-B (NF-κB), which promotes the expression of chemokines, cytokines, and cell adhesion molecules (CAMs) in the infarct wall (Hinrichs et al., 2018). Proinflammatory cytokines, such as TNF-α, IL-1β, IL-6, and IL-18, amplify the inflammatory response by activating resident and invading effector cells, as well as promote cardiomyocyte apoptosis (Prabhu and Frangogiannis, 2016). Increased expression of MMPs, particularly MMP2 and MMP9, promotes the release of TGF-β1, inducing fibroblasts to differentiate into myofibroblasts by enhancing the expression of SMAD3-dependent α-SMA in cardiac fibroblasts, participating in the inflammatory response of injury, depositing a large amount of extracellular matrix protein during the proliferation phase, and finally resulting in pathological fibrosis (Bacmeister et al., 2019; Mouton et al., 2018). Furthermore, ischemic injury can also impair mitochondrial function, leading to excessive oxidative stress, insufficient synthesis of antioxidants such as SOD, and increased production of harmful products such as MDA, which interacts with inflammation and apoptosis, aggravating myocardial injury and fibrosis (Dong et al., 2016; Mukhopadhyay et al., 2018). In this study, we discovered that reynoutrin significantly inhibited the release of TNF-α and IL-6, increased the level of SOD, inhibited the level of MDA, and significantly alleviated apoptosis and fibrosis of the myocardium in rats with IHF. All these indicated that reynoutrin has significant anti-inflammatory, anti-oxidative stress, anti-apoptosis, and anti-fibrosis effects in IHF. Western blotting results showed that LAD-ligation caused a decrease in S100A1 protein expression in the myocardial tissue of the rats, whereas reynoutrin significantly up-regulated the expression of S100A1 and down-regulated the expressions of MMP2, MMP9, p-p65, and TGF-β1. These results suggested that the inhibitory effects of reynoutrin on inflammation, oxidative stress, cardiomyocyte apoptosis, and myocardial fibrosis may be related to its ability to up-regulate the S100A1 protein.
S100 protein participates in the regulation of cellular proliferation, differentiation, apoptosis, and Ca2+. Its interaction with various target proteins such as enzymes, cytoskeleton subunits, receptors, transcription factors, and nucleic acids can result in homeostasis, energy metabolism, inflammation, and migration or invasion (Duarte-Costa et al., 2014). Certain S100 proteins are also present in serum and other biological fluids during pathological processes and are used as disease markers (Gonzalez et al., 2020). A growing number of studies have shown that the S100 protein can be used as a potential target for the treatment of various diseases (Gonzalez et al., 2020). S100A1, a member of the S100 protein family, is involved in the regulation of Ca2+ homeostasis and is an important regulator of myocardial contraction (Rohde et al., 2010). Among the S100 family, S100A1 has the highest concentration in the myocardium, and its protein concentration level determines the likelihood of heart failure and contractile function following myocardial infarction (Rohde et al., 2014). Studies have shown that an elevated plasma S100A1 level is a significant predictor of ST-segment elevation myocardial infarction, while there is reduced S100A1 expression in failing and hypertrophic heart tissues (Fan et al., 2019). The restoration of S100A1 expression to normal levels in failing cardiomyocytes using gene therapy can improve myocardial contractile function (Bennett et al., 2014; Brinks et al., 2011). In animal experiments, overexpression of S100A1 improved the cardiac function of IHF animal models, whereas a lack of S100A1 led to increased arterial pressure and mortality after myocardial infarction in mice (Jungi et al., 2018; Pleger et al., 2011; Soltani et al., 2021). However, the specific mechanism of S100A1 involved in the pathophysiological regulation of IHF is still not fully understood. In this study, we found that knocking down the expression of S100A1 significantly attenuated the effects of reynoutrin on improving cardiac function, cardiomyocytes apoptosis, myocardial inflammation and fibrosis, and down-regulating the expressions of MMP2, MMP9, p-p65, and TGF-β1 in rats with IHF. The findings indicated that reynoutrin inhibited MMP2 and MMP9 expressions, as well as NF-κB transcription activity by targeting S100A1, thereby alleviating myocardial inflammation and oxidative stress, reducing infarct size and cardiomyocytes apoptosis, reducing myocardial fibrosis, and show improvements in heart failure caused by ischemia.
In conclusion, reynoutrin is a potential natural drug for the treatment and improvement of IHF, which showed a significant therapeutic effect in rats with heart failure caused by permanent LAD-ligation. The effect of reynoutrin on improving IHF is related to its ability in improving myocardial inflammation, inhibit oxidative stress, reduce infarct size and cardiomyocytes apoptosis, and improve myocardial fibrosis. This study further confirmed that S100A1 is a potential target of reynoutrin, and that knocking down the expression of S100A1 in the myocardium can significantly reverse the therapeutic effect of reynoutrin. We believe that the anti-IHF effect of reynoutrin can be achieved by up-regulating the expression of S100A1, which inhibits the expressions of MMP2 and MMP9, as well as the transcriptional activity of NF-κB. However, this study lacks of positive control and is not comprehensive enough to explore the process of reynoutrin improving inflammation and remodeling after myocardial infarction. In addition, the molecular mechanism of reynoutrin is also not in-depth enough. We should further explore the protective effects of reynoutrin on cardiomyocytes in vitro, combined with in vivo research, to provide more comprehensive data support for the positive effects of reynoutrin in improving IHF.
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Elderly patients are more susceptible to ischemic injury. N6-methyladenosine (m6A) modification is the most abundant reversible epitranscriptomic modification in mammalian RNA and plays a vital role in many biological processes. However, it is unclear whether age difference impacts m6A RNA methylation in hearts and their response to acute myocardial ischemia/reperfusion (I/R) injury. In this study, we measured the global level of m6A RNA methylation as well as the expression of m6A RNA “writers” (methylation enzymes) and “erasers” (demethylation enzymes) in the hearts of young and elderly female mice undergone sham surgery or acute MI/R injury. We found that m6A RNA level and associate modifier gene expression was similar in intact young and old female hearts. However, young hearts show a significant reduction in m6A RNA while elderly hearts showed only a slight reduction in m6A RNA in response to acute I/R injury. To explore the mechanism of differential level of m6A RNA modification, we use qRT-PCR and Western blotting to compare the mRNA and protein expression of major m6A-related “writers” (Mettl3, Mettl14, and WTAP) and ‘erasers” (ALKBH5 and FTO). Mettl3 mRNA and protein expression were significantly reduced in both young and elderly hearts. However, the levels of FTO’s mRNA and protein were only significantly reduced in ischemic elderly hearts, and age-related downregulation of FTO may offset the effect of reduced Mettl3 on reduced m6A RNA level in the hearts of aging mice hearts with acute I/R injury, indicating aging-related differences in epitranscriptomic m6A regulation in hearts in response to acute I/R injury. To further investigate specific I/R related targets of Mettl3, we overexpressed Mettl3 in cardiomyocyte line (HL1) using lentiviral vector, and the m6A enrichment of Bcl2, Bax and PTEN were quantified with m6A RIP-qPCR, we found that m6A modification of PTEN mRNA decreased after in vitro hypoxia/reperfusion injury (iH/R) while Mettl3 augments m6A levels of both Bax and PTEN after iH/R, indicating that Bax and PTEN are target genes of Mettl3 under iH/R stress.
Keywords: aging, epitranscriptomics, M6A RNA methylation, myocardial ischemia/reperfusion, METTL3, FTO, pten
INTRODUCTION
The aging process is associated with progressive functional decline and reduced stress tolerance (Leon and Gustafsson, 2016). Compared with a young adult, the elderly are at increased risk for various diseases, including neurodegeneration, diabetes, osteoporosis, cancer, and cardiovascular disease (Xu et al., 2016; Xu et al., 2017; Sun et al., 2019). Despite advances in pharmacologic and interventional therapies, cardiovascular disease remains the leading cause of death in the United States, with an increased prevalence and mortality during aging (Maggioni et al., 1993; Aguirre et al., 1994; Turner et al., 2013; Benjamin et al., 2018). One reason for the poor outcome in aged hearts might be reduced myocardial resistance to ischemia-reperfusion (I/R) injury (Li et al., 2015), which is a complex mechanism involving aberrant mitochondrial function (Korzick and Lancaster, 2013), Ca2+ sensitivity (Hano et al., 1995), oxidative stress response (Abete et al., 1999), and cardioprotective signaling (Randhawa et al., 2018).
N6-methyladenosine (m6A) modification is the most abundant reversible posttranscriptional modification on mammalian mRNA (Fu et al., 2014; Zeng et al., 2018), and it is dynamically regulated by a family methyltransferase enzymes (writers) that catalyze addition of m6A. Family members include Methyltransferase Like 3 (METTL3), Methyltransferase Like 14 (METTL14), WT1 Associated Protein (WTAP). M6A modifications are also regulated by demethylase enzymes (erasers) that catalyze removal of m6A; these enzymes include alpha-ketoglutarate-dependent dioxygenase AlkB homolog 5 (ALKBH5) and fat mass and obesity-associated protein (FTO) (Jia et al., 2019) (Roignant and Soller, 2017; Zhao et al., 2017; Tuncel and Kalkan, 2019). m6A RNA modifications have been reported to modulate stem cell proliferation and differentiation (Klungland et al., 2016), tumorigenesis (Cui et al., 2017), heat shock response (Zhou et al., 2015), and DNA damage response (Xiang et al., 2017). These findings indicate that m6A RNA methylation participates in numerous biological processes (Engel et al., 2018).
The role of m6A RNA modifications in cardiac aging has not been investigated. Since aged patients are more suspectable to myocardial ischemia-reperfusion (I/R) injury, we hypothesized that key functional responses controlled by m6A RNA methylation, such as heat shock and DNA damage responses, differ in aged compared to young hearts and contribute to the disparate responses. To begin to test this hypothesis, we compared age-related differences in m6A RNA methylation and the expression of m6A RNA modification enzymes under physiological and stress conditions to identify candidate genes responsible for the increased susceptibility to acute I/R injury in aged hearts. We detected significant aging-related differences in epitranscriptomic m6A regulation in acute I/R hearts which might contribute to the age-related intolence to myocardial ischemia. Further, to identify specific targets of Mettl3 during I/R, we overexpressed Mettl3 in cardiomyocyte line (HL1) using lentiviral vector and found that Bax and PTEN are target genes of Mettl3 under in vitro conditions of hypoxia/reperfusion injury.
METHODS
Animals
The experimental protocols were conducted following the Guide for the Care and Use of Laboratory Animals (National Research Council Committee for the Update of the Guide for the, and A. Use of Laboratory Animals, 2011) and approved by the Institutional Animal Care and Use Committee of the Medical College of Georgia at Augusta University. Two to three month-old C57BL/6 female mice (The Jackson Laboratory) and 20 to 24 month-old C57BL/6 female mice (National Institute on Aging) were used in this study. To avoid the influence of gender, female mice were used in the present study. All mice were maintained under controlled environmental conditions and allowed to acclimate for at least 2 weeks in our facilities before use.
Mouse Model of Acute Myocardial Ischemia and Reperfusion (I/R)
The surgical procedure used to induce myocardial I/R in mice was performed as previously described (Chen et al., 2019). After anesthetization with the intraperitoneal injection of 100 mg/kg body weight (BW) of ketamine and 10 mg/kg BW of xylazine, endotracheal intubation was performed with a 24-gauge catheter and mice were ventilated with room air at a rate of 195 breaths/min using a Harvard Rodent Ventilator (Model 55–7058, Holliston, MA, United Kingdom). A left thoracotomy was performed at the level of the fourth intercostal space, and the heart was briefly everted from the thoracic cavity by a pericardial incision. An 8–0 nylon suture was placed under the left coronary artery and then threaded through plastic PE10 tubing to form a snare for reversible left coronary artery occlusion. The thoracic cavity, pectoralis muscles, and skin were then closed in order using 6–0 nylon suture. Ischemia was induced by occlusion of the left coronary artery for 45 min, followed by removing the tubing to induce reperfusion for 2 hrs. Sham-operated control mice were subjected to the thoracotomy procedure without the ischemia and reperfusion (n = 5 per group). The chest was closed and the mice allowed to recover. Mice were sacrificed at 2 hours after reperfusion.
Total RNA Extraction
Total RNA was extracted by RNAzol (Molecular Research Center, Inc., Cincinnati, OH, United States) from the homogenates of the peri-ischemic areas of the heart tissues following the manufacturer’s protocol. RNA quantity and purity were assessed with a Nanodrop 2000 spectrophotometer (Thermo Scientific).
Quantification of m6A Modification
For quantification of m6A in total RNA, we used the EpiQuik m6A RNA Methylation Quantification Kit (Colorimetric, Epigentek) following the manufacture’s instructions. Briefly, 300 ng of RNA per sample was added to the assay well and incubated with a binding solution. Capture antibody, detection antibody, and enhancer solutions were then added to assay wells separately in a suitable diluted concentration as recommended by the manufacturer’s protocol. After that, the developer solution and stop solution were added. The m6A levels were quantified using the colorimetrical analysis by reading the absorbance at 450 nm, and then calculations were performed based on corresponding control samples.
Reverse Transcription Reaction and Quantitative Real-Time PCR
Reverse transcription was performed with 1 μg total RNA using RevertAid First Strand cDNA Synthesis kits (Thermo Scientific). The cDNA was used to perform qRT-PCR on a CFX96 Touch Real-Time PCR Detection System (Bio-Rad Laboratories) using PowerUp SYBR Green Master Mix (Thermo Fisher). Amplification was performed at 50°C for 2 min, 95°C for 2 min, followed by 50 cycles of 95°C for 15 s, and 60°C for 1 min with the primers listed in Table 1. The relative gene expression levels were normalized to β-actin and subsequently calculated using the comparative cycle threshold method (ΔΔCt).
TABLE 1 | Primer list.
[image: Table 1]Western Blot
The protein component of the heart tissue was lysed with RIPA lysis buffer (Alfa Aesar). After quantifying by BCA protein kit (Thermo Scientific), equal amounts of protein were loaded on a 10% or 12% sodium dodecyl sulfate-polyacrylamide gel and separated by electrophoresis. Then, the protein was transferred to a nitrocellulose membrane. After blocking with Odyssey blocking buffer (LI-COR Biosciences), membranes were incubated with rabbit anti-Mettl3 (1:1,000, Proteintech), rabbit anti-Mettl14 (1:1,000, ABclonal), rabbit anti-WTAP (1:1,000, Cell Signaling Technology), rabbit anti-ALKBH5 (1:1,000, NOVUS Biologicals), rabbit anti-FTO (1:1,000, NOVUS Biologicals), and mouse anti-GAPDH (1:5,000, MilliporeSigma) overnight on a rocker at 4°C. Membranes were then incubated for 1 h at room temperature with IRDye 680 goat anti-rabbit IgG and IRDye 800 Goat anti-mouse IgG (1:10,000, LI-COR Biosciences). The probed blots were scanned using an Odyssey infrared imager (LI-COR Biosciences).
Cell Culture
Mouse HL1 cardiomyocytes (a generous gift from Dr. Claycomb) were cultured in Claycomb medium (Sigma-Aldrich) containing 10% fetal bovine serum (Thermo Fisher Scientific), 100 μg/ml penicillin/streptomycin (Thermo Fisher Scientific), 0.1 mM norepinephrine (Sigma-Aldrich) and 2 mM GlutaMAX (Thermo Fisher Scientific). Cells were plated in 6-well cell culture plates pre-coated with 0.5% (ml/ml) fibronectin and 0.2% gelatin (Sigma-Aldrich).
Construction of Mettl3 Overexpression Lentiviral Vector for Cardiomyocyte Line Cell Transduction
To investigate specific targets of Mettl3 in cardiomyocyte cell lines following simulated I/R we constructed a pLV-EF1a-Flag-Mettl3-Neo plasmid by amplifying the full-length wild type human flag-Mettl3 cDNA from pcDNA3/Flag-METTL3 (a gift from Chuan He, Addgene plasmid # 53739) by PCR using the primers: forward 5′-GGT​GTC​GTG​AGG​ATC​GCC​ACC​ATG​GAT​TAC​AAG​GAT​GAC-3′, reverse 5′-CGC​CCT​CGA​GGA​ATT​CTA​TAA​ATT​CTT​AGG​TTT​AGA​GAT​GAT​ACC​ATC​TGG​GT-3’. The amplified DNA bands were then excised and purified from gel using QIAquick PCR gel purification kit (Qiagen). Purified DNA was in-framed cloned into the BamH1 and EcoR1 sites of pLV-EF1a-IRES-Neo (a gift from Tobias Meyer, Addgene plasmid # 85139) using Infusion Cloning kit (Clontech).
Lentiviral particles were packaged in HEK293FT cells (Thermo Fisher) by co-transfecting pLV-EF1a-Flag-Mettl3-IRES-Neo or empty pLV-EF1a-IRES-Neo plasmids and helper plasmids including pMD2. G (Addgene #12259) and psPAX2 (Addgene #12260) using lipofectamine 3000 reagents (Thermo Fisher). After 48 h, the viral supernatant was collected and filtered through a 0.45 μm filter to remove cells debris. The lentiviral vectors were purified by adding polyethylene glycol 6000 (PEG6000) (final concentration 8.5%) and NaCl (final concentration 0.4 M) to the supernatant as previously reported (Jin et al., 2020). When HL1 cells reached 80% confluence, they were infected with purified empty lentivirus and Mettl3 lentivirus in complete culture medium containing 8 μg/ml of polypropylene. Three days after lentiviral transduction, G418 (500 μg/ml) was added for cell selection to get HL1 ctrl (HL1 with empty lentivirus infection), and HL1 Mettl3 (HL1 with Mettl3 lentivirus infection).
In vitro Hypoxia/Reperfusion Model
To mimic the pathological process of ischemia/reperfusion in vitro, we developed a protocol in which HL1 cardiomyocytes were subjected to oxygen-glucose deprivation (0% O2 for 45 min in serum-free, glucose-free DMEM media using an anoxia pouch) followed by application of oxidative stress (500 µM H2O2 for 2 h).
RNA Fragmentation and MeRIP-qRT-PCR
RNA was extracted from HL1 ctrl and HL1 Mettl3 with/without iH/R treatment using RNAzol®RT (Molecular Research Center, Inc.). RNA was then fragmented using NEBNext® Magnesium RNA Fragmentation Module (New England Biolabs). The m6A methylRNA immunoprecipitation (MeRIP) was performed using EpiMark® N6-Methyladenosine Enrichment Kit according to instructions with modification as follows. Briefly, 2 µl N6-Methyladenosine Antibody was added to protein G magnetic beads (Thermo Fisher) and incubated at 4°C for 2 h. Following two washes in reaction buffer, the RNA was added to the antibody–bead mixture containing RNasin Plus RNase Inhibitor (Promega) and incubated at 4°C for 2 h. Next, RIP-enriched RNAs were isolated from the antibody-immobilized protein G beads using Monarch RNA cleanup binding buffer from Monarch RNA Cleanup kit (New England Biolabs). RT-qPCR was performed to evaluate the relative abundance of specific mRNA in m6A RIP complexes, as well as input samples from HL1 ctrl and HL1 Mettl3 with/without iH/R treatment. We assessed the m6A level of Bcl2, Bax and PTEN, which are recognized as key regulators of cardiomyocyte apoptosis and survival (Shukla et al., 2011). We designed RT-qPCR primers according to m6A-Atlas (www.xjtlu.edu.cn/biologicalsciences/atlas), which presents a detailed analysis of the m6A epitranscriptome (Tang et al., 2021).
Statistical Analysis
GraphPad Prism vision 8.0 software was used for the statistical analysis. Results were presented as the mean ± standard error of the mean (SEM). All results were analysed by one-way ANOVA with multiple comparisons, and Tukey's multiple comparison test was applied. The two-tailed Student’s t-test was performed to compare two groups. A p-value of less than 0.05 was considered statistically significant.
RESULTS
Global m6A RNA Methylation in the Heart did Not Differ According to Age Under Physiological Conditions
We quantified and compared m6A levels in total RNA isolated from young and aged mouse hearts under physiological conditions. No significant difference in levels of m6A RNA was observed between young hearts and aged hearts (Figure 1).
[image: Figure 1]FIGURE 1 | Global m6A RNA methylation in the heart did not differ according to age under physiological conditions. n = 5. Results are presented as mean ± standard error of the mean (SEM). NS, p > 0.05.
Expression of m6A RNA Methylases and Demethylases in the Heart did Not Differ According to Age
To investigate whether there is a difference in the expression of enzymes that control m6A RNA modifications, we examined the expression of “writers” (methyltransferases, including Mettl3, Mettl14 and WTAP) and “erasers” (demethylases, including Alkbh5 and FTO) in young and aged hearts. The expression of Mettl3, Mettl14, WTAP, Alkbh5 and FTO showed no significant difference at the mRNA level in aged hearts compared to young hearts (Figure 2A). At the protein level, there was also no significant difference in the expression of Mettl3, Mettl14, WTAP, Alkbh5 or FTO in young and aged hearts (Figures 2B,C). Collectively, these data suggest the expression of m6A RNA methylases and demethylases was stable in hearts during aging under physiological conditions.
[image: Figure 2]FIGURE 2 | Expression of m6A RNA methylases and demethylases in the heart did not differ according to age. (A). Quantification of mRNA for m6A RNA methylases and demethylases, n = 5. (B). Representative immunoblots for m6A RNA methylases and demethylases. (C). Densitometry quantification of protein for m6A RNA methylases and demethylases, n = 3. Results are presented as mean ± standard error of the mean (SEM). NS, p > 0.05.
Age-Related Differences in Global m6A RNA Methylation in Response to Acute Myocardial I/R Injury
To test the impact of aging on m6A RNA modifications in response to acute myocardial I/R injury, we examined the m6A levels in RNA extracted from young and aged hearts at 2 h after I/R injury. In young mice, I/R injury led to a 45% decrease of m6A RNA levels in comparison with sham control, while there was only a 16% decrease detected in aged mice under these conditions (Figures 3A,B). These results suggest that acute myocardial I/R injury-induced decrease of m6A RNA level occurs in both young and aged mice. Notably, however, the magnitude of reduction of m6A RNA is less in aged hearts following acute myocardial I/R injury.
[image: Figure 3]FIGURE 3 | Age-related differences in global m6A RNA methylation in response to acute myocardial I/R injury. n = 5. Results are presented as mean ± standard error of the mean (SEM). *p < 0.05; ***p < 0.001.
Age-Related Differences in the Expression of m6A RNA Methylases and Demethylases in Response to Acute Myocardial I/R Injury
To identify the expression pattern of m6A RNA methylases and demethylases in governing the age-related differences in m6A RNA methylation post-acute myocardial I/R injury, we measured the expression of three m6A RNA methylases (Mettl3, Mettl14, and WTAP) and two demethylases (Alkbh5 and FTO). The expression of Mettl14, WTAP and Alkbh5 (mRNA or protein) did not change significantly in young versus aged hearts in response to acute cardiac I/R injury. After acute cardiac I/R injury, both young and aged hearts exhibited reduced levels of Mettl3 mRNA and protein by qRT-PCR and Western blotting (Figure 4A–F), in accordance with reduced m6A RNA levels (Figures 3A,B). In addition, we only observed significant downregulation of FTO mRNA and protein levels in aged ischemic hearts (Figures 4B,D,F), suggesting that age-related downregulation of FTO may offset the effect of reduced Mettl3 on m6A RNA levels following acute I/R injury.
[image: Figure 4]FIGURE 4 | Age-related differences in the expression of m6A RNA methylases and demethylases in response to acute myocardial I/R injury. (A). Quantification of mRNA level of m6A RNA methylases and demethylases in young mice, n = 4 to 5. (B). Quantification of mRNA for m6A RNA methylases and demethylases in aged mice, n = 4 to 5. (C). Representative immunoblots for m6A RNA methylases and demethylases in young mice undergoing sham and I/R injury. (D). Representative immunoblots for m6A methylases and demethylases in aged mice undergoing sham and I/R injury. (E). Densitometry quantification of protein for m6A RNA methylases and demethylases in young mice, n = 3. (F). Densitometry quantification of protein for m6A methylases and demethylases in aged mice, n = 3. Results are presented as mean ± standard error of the mean (SEM). NS, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.
In vitro Hypoxia/Reperfusion Stress Regulates m6A Levels of Key Anti-apoptotic and Pro-apoptotic Genes
We selected Bcl2, Bax and PTEN to investigate the effects of iH/R on m6A methylation of key anti-apoptotic and pro-apoptotic genes, as public m6A databases show that they have m6A peaks near the stop codon or in their 3′UTR region (Chen et al., 2020; Yang et al., 2020). As shown in Figures 5A–C, iH/R stress significantly reduced m6A methylation of PTEN compared to sham-treated cardiomyocytes while having smaller and less consistent effects on the m6A level of Bax and Bcl2 mRNAs.
[image: Figure 5]FIGURE 5 | In vitro hypoxia/reperfusion (iH/R) stress regulates m6A levels of key anti-apoptotic and pro-apoptotic genes. (A–C). Ctrl and Mettl3 mofified HL1 cardiomyocytes were subjected to sham or iH/R, and total RNA was subjected to m6A RIP, followed by RT-qPCR using primers for the indicated pro-apoptotic genes (Bax and PTEN) and anti-apoptitic gene (Bcl2). Values are normalized to input. n = 3–5, *p < 0.05; **p < 0.01; ***p < 0.001.
Next, we tested the effects of Mettl3 overexpression on regulating m6A methylation levels of the three key anti-apoptotic and pro-apoptotic genes in the absence and presence of iH/R. As shown in Figures 5A–C, HL1 Mettl3 did not exhibit differences in m6A levels of Bcl2, Bax, or PTEN levels compared to control HL1 ctrl in sham-treated cells (i.e., in the absence of iH/R). However, iH/R led to significantly increased m6A levels of both Bax and PTEN mRNA in HL1 Mettl3, indicating that Mettl3-mediated m6A methylation is selectively dependent on hypoxic stress.
DISCUSSION
In the present study, we studied the age-related differences in m6A RNA methylation in the hearts of young and aged female mice under physiological and pathological conditions. Our results suggest that aging affects global m6A RNA methylation, and associated methylation and demethylation enzyme expression, only under pathological conditions. Aging-associated FTO downregulation might be associated with impaired myocardial ischemia tolerance in elderly patients.
We employed a model of acute myocardial I/R injury in young and aged mice. The age of sexual maturity in C57BL/6 mice is around 35 days. Thus, the young age group (2–4 months of age) could be considered as developed young adults. According to the life-span, C57BL/6 mice 18–24 months of age can be considered aged mice, while mice older than 24 months of age are senescent. A previous study demonstrated that age-related ischemic intolerance develops well before senescence, and there is a modest improvement of ischemic tolerance in senescent mice (Willems et al., 2005). Thus, mice aged between 20 and 24 months were chosen in our study to investigate the effect of aging on ischemic tolerance and m6A levels in comparison to young mice.
As the most prevalent RNA modification, m6A marks can dynamically regulate RNA metabolism and cardiomyocyte responses to stress, such as ischemia/reperfusion.
Our results demonstrate that the levels of global m6A RNA decreased after myocardial I/R injury in both young and aged mice, in conjunction with the downregulation of Mettl3, a key RNA methyltransferase, suggesting that Mettl3 plays a role in response to the myocardial I/R injury. Supporting our findings, decreased levels of m6A and Mettl3 have been reported previously in acute stress models in mouse brain (Engel et al., 2018) and kidney (Wang et al., 2019). Additionally, Mettl3 was reported to modulate cardiac homeostasis through m6A modifications, and Mettl3 knockdown in cardiomyocytes promoted the progression of heart failure (Dorn et al., 2019). On the other hand, METTL3 was reported to be upregulated in neonatal cardiomyocytes in subjected to hypoxia/reoxygenation (Song et al., 2019). As for the difference of Mettl3 expression in hearts between the present and prior study, we assume that this can be explained on the basis of differences between neonatal versus adult hearts, which are well documented with regard to cardioprotective responses (Chen et al., 2017; Ionio et al., 2021).
Previous studies reported that aged mice are less tolerant of acute ischemic stress than young mice (Headrick, 1998; Willems et al., 2005). It is interesting to note that a significant decrease of FTO was only observed in the aged mouse hearts subjected to I/R injury, in conjunction with less decrease of m6A in total RNA in comparison to young mice. A recent study reported that FTO is downregulated in failing human and mouse hearts, and FTO plays a protective role under ischemia by selectively demethylating cardiac contractile transcripts (Mathiyalagan et al., 2019). Moreover, Zhang et al. (2019) reported that FTO is required for the maintenance of bone mass, and loss of FTO leads to increased susceptibility to apoptosis in murine osteoblasts. Therefore, age-related loss of FTO might be associated with ischemia intolerance in aged hearts as well as other aspects of aging-related organ and tissue dysfunction.
To investigate dynamic changes in m6A modifications in a cardiomyocyte cell line under iH/R, we analyzed m6A-modifications of key anti-apoptotic (Bcl2) and pro-apoptotic (Bax and PTEN) genes using m6A RIP-RT-qPCR. We analyzed the m6A methylation level of these gene transcripts by designing PCR primers targeting unique m6A sites identified from m6A-Atlas (www.xjtlu.edu.cn/biologicalsciences/atlas), which features a high-confidence collection of 442,162 reliable m6A sites identified from seven base-resolution technologies and the quantitative (rather than binary) epitranscriptome profiles estimated from 1,363 high-throughput sequencing samples (Tang et al., 2021). We found that iH/R injury significantly reduced the m6A methylation level of PTEN transcript, without significantly changing m6A methylation of Bcl2 or Bax. In addition, to investigate specific I/R related targets of Mettl3, we employed a lentiviral vector to overexpress Mettl3 in HL1 cells. We found that Mettl3 overexpression does not significantly change m6A Bcl2, m6A Bax or m6A PTEN level in comparison to control vector modified cardiomyocyte lines under baseline conditions. However, Mettl3 overexpression significantly increased both m6A PTEN and m6A Bax levels after iH/R injury, without consistently impacting m6A Bcl2 levels, suggesting that the effect of Mettl3-medated m6A methylation modulation is selective and iH/R dependent. A recent study demonstrated that METTL3 knockdown strongly induces the mitochondrial apoptotic pathways in lung cancer cells by increasing the levels of cleaved caspase3 and PARP (Wei et al., 2019), and Luo et al. (2021) recent reported that METTL3 knockdown induced cell apoptosis and senescence of dental pulp stem cells. M6A modification has been reported to facilitate mRNA degradation via binding to a specific degradative protein complex (Yue et al., 2015). Thus, Mettl3 overexpression-induced increases in m6A of Bax and PTEN mRNAs might protect cardiomyocytes from iH/R induced apoptosis via downregulation of pro-apoptotic gene expression. We plan to study this possibility in our future experiments.
There are several limitations of this study. First, we measured m6A levels in total RNA instead of purified mRNA. However, most of the m6A measured in total RNA is in rRNA, which is generated by different enzymes. For example, m6A in structural RNAs and U6 snRNAs can be methylated by METTL16, and METTL5 mediates m6A modification of 18 S rRNA and participates with ZCCHC4 in 28S rRNA modifications (Pan et al., 2021). We attempted to measure m6A in mRNA in heart tissue but could not isolate enough purified mRNA after two rounds of polyA selection for m6A RNA quantification using an ELISA-based protocol. Second, we did not perform m6A RNA-seq, which could provide more comprehensive information. To mitigate this weakness, we investigated specific targets of Mettl3 using m6A RIP-qPCR, and demonstrated that Bax and PTEN are target genes of Mettl3 under iH/R stress. Finally, we only investigated female mice in this study, and estrogen has significant effects on cardiac ischemia. Thus, it is possible that different m6A RNA profiles might be observed in male mice in the setting of I/R.
In conclusion, for the first time we demonstrate age-related differences in m6A RNA methylation in response to acute myocardial I/R injury. In addition, age-related downregulation of FTO expression in response to acute myocardial I/R injury was only detected in aged hearts. Most importantly, we identified Bax and PTEN as target genes of Mettl3 under iH/R stress. Further research is necessary to understand the mechanisms of FTO dysregulation in ischemic aging hearts, and the relationship between FTO and cardiac apoptosis post cardiac injury.
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Catecholaminergic polymorphic ventricular tachycardia is a primary arrhythmogenic syndrome with genetic features most commonly seen in adolescents, with syncope and sudden death following exercise or agitation as the main clinical manifestations. The mechanism of its occurrence is related to the aberrant release of Ca2+ from cardiomyocytes caused by abnormal RyR2 channels or CASQ2 proteins under conditions of sympathetic excitation, thus inducing a delayed posterior exertional pole, manifested by sympathetic excitation inducing adrenaline secretion, resulting in bidirectional or polymorphic ventricular tachycardia. The mortality rate of the disease is high, but patients usually do not have organic heart disease, the clinical manifestations may not be obvious, and no significant abnormal changes in the QT interval are often observed on electrocardiography. Therefore, the disease is often easily missed and misdiagnosed. A number of genetic mutations have been linked to the development of this disease, and the mechanisms are different. In this paper, we would like to summarize the possible genes related to catecholaminergic polymorphic ventricular tachycardia in order to review the genetic tests currently performed, and to further promote the development of genetic testing techniques and deepen the research on the molecular level of this disease.
Keywords: catecholaminergic polymorphic ventricular tachycardia, genes, pathogenesis, treatments, diagnosis
Catecholaminergic polymorphic ventricular tachycardia is a primary arrhythmia syndrome with genetic features. It is most common in children, and averagely, the first onset usually occurs at the age of 7–9 yr (Priori et al., 2002). The main clinical manifestation of CPVT is syncope after exercise or emotional excitement, or the progression to sudden cardiac death (Tester et al., 2019). Related studies show that the incidence of CPVT is about 1/10,000 (Leenhardt et al., 2012), the mechanism of its occurrence primarily involves abnormal calcium homeostasis in cardiomyocytes, usually caused by delayed posterior depolarization induced by abnormal RyR2 channels or CASQ2 proteins under conditions of sympathetic excitation, which proceeds to the development of bidirectional or polymorphic ventricular tachycardia (Priori et al., 2013). The lethality rate of CPVT is around 30–50% (Laitinen et al., 2001), and a related study shows that about 15% of sudden unexplained deaths with negative autopsy reports may have died from CPVT (Dharmawan et al., 2019). Patients with CPVT usually do not have organic heart disease and may have no obvious clinical symptoms and no obvious abnormal changes in the QT interval on ECG. Therefore, this disease is often easily missed and misdiagnosed. Several studies have suggested that CPVT has become an important cause of sudden cardiac death in children (van der Werf et al., 2010). Thus, gene screening plays a crucial role in assisting in the diagnosis of CPVT.
PATHOGENESIS
There are two types of genes that have been found to be associated with the occurrence of CPVT: one is related to the gene mutations of cardiomyocyte ryanodine receptor (RyR2), which is CPVT1, accounts for about 50–60%; the other is related to the gene mutations of cardiomyocyte calcium collecting protein (CASQ2), which is CPVT2, accounts for about 3–5%. Hayashi et al. (Hayashi et al., 2009) have shown that the regulation of calcium ions (Ca2+) inside and outside of cardiomyocytes is precisely by the involvement of sodium-calcium exchangers, cell membrane voltage-gated calcium channels aslo called L-type calcium channels (LTCC), and RyR2 on the sarcoplasmic reticulum in conjunction with calcium collecting proteins in the sarcoplasmic reticulum lumen.
Catecholamines activate GTP-binding proteins by activating β-adrenoceptors, and the protein can activate adenylate cyclase, increasing intracellular cyclophosphate adenosine concentrations and activating protein kinase A (PKA). Also, PKA will bind to RyR2 and activates it through the interaction of regulatory subunits with cyclic adenosine phosphate, which regulates the cardiomyocyte intracellular Ca2+ release (Bovo et al., 2017). Fabiato et al. (Fabiato and Fabiato, 1978) found that voltage-gated L-type calcium channels (LTCC) in cardiomyocyte membranes open in response to cardiomyocyte excitation, facilitating Ca2+ flow into cytoplasm, thus, increasing cardiomyocyte calcium load and sarcoplasmic reticulum (SR) calcium ingestion, then activating the ryanodine receptor (RyR) on the myoplasmic reticulum. This receptor is located on the intracellular sarcoplasmic reticulum and assists in the release of Ca2+ from the sarcoplasmic reticulum into the cytoplasm. We called the process calcium-induced calcium-release (CICR) (Figure 1) (Fabiato, 1985). On the other hand, calcium storage in the sarcoplasmic reticulum reaches a threshold, inducing spontaneous calcium release from the sarcoplasmic reticulum, a process named store-overload-induced calcium-release (SOICR) (Figure 1) (Jiang et al., 2004). When there is RyR2 mutation, the RyR2 calcium release channel in the sarcoplasmic reticulum becomes more sensitive to calcium in the sarcoplasmic reticulum lumen, making the channel open at lower calcium concentrations in the sarcoplasmic reticulum lumen, that will lower the calcium threshold at which results in store-overload-induced calcium-release. The both of mechanisms above will increase the concentration of calcium in intracellular plasma, which activates sodium-calcium exchangers in the myocardial cell membrane, resulting in an arrhythmogenic transient inward current that leads to cell membrane depolarization, also known as delayed afterdepolarization (DADS), which triggers pacing and the development of ventricular arrhythmias. And it is demonstrated by a dramatic increase in cytoplasmic Ca2+ concentration, which alters the conformation of troponin C in the myogenic fibers, causing displacement of the promyosin filaments, allowing the cross-bridges of the thick myofilaments to bind to the active sites of the thin myofilaments, resulting in myofilament gliding causing myocyte contraction.
[image: Figure 1]FIGURE 1 | Pathogenesis of catecholaminergic polymorphic ventricular tachycardia.
In addition, calsequestrin (CASQ2), a calcium storage protein located in the lumen of the sarcoplasmic reticulum, also plays an important role in the regulation of Ca2+ in cardiomyocytes. CASQ2 protein is a calcium ion storage protein that regulates Ca2+ release from the sarcoplasmic reticulum by forming a complex with RyR2 (Mohamed et al., 2007). Normal CASQ2 protein polymerizes with RyR2 as the concentration of Ca2+ in the sarcoplasmic reticulum increases, and binds to RyR2 by forming complexes with triadin (TRDN) and junctin to reduce the opening of RyR2 channels, thereby limiting the transfer of Ca2+ from the sarcoplasmic reticulum to the cytoplasm (Knollmann et al., 2006; Song et al., 2007; Manno et al., 2017). When the CASQ2 protein is abnormal, Ca2+ in the sarcoplasmic reticulum spontaneously leaks into the cytoplasm, which also causes a delay in post-depolarization of cardiomyocytes, resulting in arrhythmias (Figure 1).
The rest of the genes associated with CPVT usually affect normal calcium channels by acting on the RYR2 and CQSA2 proteins, which will change the structure of the normal proteins that control the transfer of Ca2+ in cardiomyocytes, resulting in abnormal Ca2+ concentrations causing arrhythmias.
Catecholamines released from stress or exercise activate β-adrenergic receptors, causing a series of cellular chain reactions that lead to uncontrolled pathological calcium release from the sarcoplasmic reticulum: 1) calcium-induced calcium-release (CICR): when an action potential occurs in cardiomyocytes, the cell membrane depolarizes, opening L-type calcium channels (LTCC), allowing calcium to enter the cytoplasm, where intracellular calcium ions bind to the sarcoplasmic reticulum and stimulate the opening of RyR2 calcium release related channels on the sarcoplasmic. 2) store-overload-induced calcium-release (SOICR): calcium storage in the sarcoplasmic reticulum reaches a threshold, inducing spontaneous calcium release from the sarcoplasmic reticulum. When there is RyR2 mutation, it will lower the calcium threshold at which results in store-overload-induced calcium-release. Both mechanisms lead to an increase in intracellular calcium concentration, which activates the sodium-calcium exchanger in the cytosol, generating an arrhythmogenic inward ion flow that delays membrane depolarization, triggering ventricular contraction, and inducing ventricular tachycardia (Kim et al., 2020; Wleklinski et al., 2020).
DIAGNOSTIC CRITERIA
The American Heart Rhythm Society (HRS), the European Heart Rhythm Association (EHRA), and the Asia Pacific Heart Rhythm Society (APHRS) jointly developed a consensus on the diagnosis and treatment of hereditary primary arrhythmia syndrome (HPS) in 2013 (Priori et al., 2013). The consensus considers CPVT to be diagnosed when one of the following conditions is met: 1) age <40 yr, normal cardiac structure and resting ECG, not otherwise explained by exercise or catecholamine-induced bidirectional ventricular tachycardia or polymorphic ventricular precontractions (premature ventricular contractions), ventricular tachycardia; 2) patients carrying pathogenic mutations (prior or family members); 3) family members with normal cardiac structure in CPVT preexisting patients members, who induce premature or bidirectional/polymorphic ventricular tachycardia after exercise. It has also been shown that exercise ECG and Holter monitoring play a prominent role in the diagnosis of CPVT.
RELATED GENES
RyR2 mutations are most common in CPVT-related mutations. Yuchi et al. (Yuchi and Van Petegem, 2016) showed that RyR2, which is based on a homotetramer located on the sarcoplasmic reticulum with Ca2+ channels formed in its midst to transport Ca2+, plays a key role in maintaining calcium homeostasis in cardiomyocytes. The vast majority of RyR2 mutations result in increased RyR2 channel function, promoting greater Ca2+ translocation from the myoplasmic reticulum of cardiomyocytes into the cytoplasm. The gene encoding RyR2 has a total of 105 exons, and by summarizing RyR2-related mutation sites, Medeiros-Domingo et al. (Medeiros-Domingo et al., 2009) found that more than 90% of the mutations occur in three specific regions of the RyR2 protein amino acid linkage: the N-terminal, C-terminal transmembrane region and the FKBP12.6 (calcium channel stabilization protein 2) binding region located in the middle segment. Wehrens et al. (Wehrens et al., 2003) showed that the R4497C mutation in the RyR2 gene reduces the affinity of FKBP12.6 for RyR2, thereby triggering CPVT. Xu et al. (Xu et al., 2010) found that the R2474S site mutation in RyR2 causes spontaneous Ca2+ leakage causing arrhythmias. Mutations in the D3638A locus of RyR2 cause alterations in the spatial structure of post-transcriptional RyR2, resulting in Ca2+ leakage (Acimovic et al., 2018). In addition to the above-mentioned related sites, several studies have shown that mutations at multiple sites on the RyR2 gene can lead to CPVT in different altered ways, including G203C, V4653F, S2246L, N4104K, and P2328S (Priori and Chen, 2011; Venetucci et al., 2012; Leinonen et al., 2018).
Calsequestrin 2 (CASQ2) is a Ca2+ storage protein and its associated gene encodes cardiac troponin, which is often mutated in an autosomal recessive manner (Lahat et al., 2001). CASQ2, through its association with RyR2 and other proteins: connexin (Junctin) and triadin (triadin, TRDN) and other interactions to control the storage and release of Ca2+ in the sarcoplasmic reticulum (Gaburjakova et al., 2013). When the relevant gene is mutated, the spatial structure of the CASQ2 protein is altered, which affects the calcium homeostasis in the cytoplasm and leads to arrhythmias (Katz et al., 2009). Mutations in CASQ2 can be divided into pure mutations and complex heterozygous mutations. Viatchenko-Karpinski S et al. (Viatchenko-Karpinski et al., 2004) found that the fragment mutations on CASQ2, D307H can influence the Ca2+ reserve capacity in the intracellular sarcoplasmic reticulum, which further interferes with Ca2+-induced calcium release. Roux-Buisson N et al. (Roux-Buisson et al., 2011) found that synonymous mutations caused by mutations in the intron c.939+5G>C point on CASQ2-related genes lead to structural changes in the associated proteins, which will cause CVPT. Terentyev D et al. (Terentyev et al., 2008) reported that the R33Q mutation affects the binding of RyR2 to CASQ2 and interferes with intracellular Ca2+ transport causing cardiac arrhythmias. In contrast to pure mutations, heterozygous mutations on CASQ2-related genes are more complex. In addition, Lys180ARG was found to be a heterozygous missense variant of the CASQ2 gene that affects highly conserved residues and was not found in unaffected family members (Gray et al., 2016). di Barletta MR et al. (di Barletta et al., 2006) were the first to report a complex heterozygosity from CASQ2-G112+5X/L167H. This mutation caused abnormal Ca2+ regulation in the sarcoplasmic reticulum to trigger arrhythmias. One case of CPVT caused by a compound heterozygous mutation of CASQ2-c.199C > T (p.Gln67*)/c.532+1G> A has also been reported (Josephs et al., 2017). More researches are still required to further recognize the mutational pattern of CASQ2.
Mutations in the TRDN gene have also been implicated in the development of CPVT (Landstrom et al., 2017), which encodes a tripeptide protein, a transmembrane protein located in the intracellular sarcoplasmic reticulum, that interacts with CASQ2, RyR2, and other proteins and is critical for the regulation of Ca2+ stores and release. Mutations in the TRDN gene result in a significant decrease in protein expression and cause Ca2+ overload in the sarcoplasmic reticulum, which contributes to spontaneous Ca2+ release leading to the development of CVPT. Rooryck C et al. (Rooryck et al., 2015) clearly associated heterozygous mutations on the TRDN gene (c.613C > T/p.Gln205 * and c.22 + 29 A> G) with the development of CPVT by studying a group of CPVT families. O′Callaghan BM et al. (O'Callaghan et al., 2018) also reported a case of CPVT in which genetic testing revealed a deletion of exon 3 of the TRDN gene.
The CaM protein is a calmodulin, and its related genes can be divided into three categories: CALM1, CALM2 and CALM3, which are responsible for encoding the same CaM. CaM protein abnormality affects the release of Ca2+ from RyR2, which in turn causes abnormal Ca2+ concentration in cardiomyocytes and leads to arrhythmias. Nyegaard M et al. (Nyegaard et al., 2012) demonstrated that mutations in CALM1 and CALM2 genes are all associated with the development of CPVT. Some authors have also detected a mutation in the CALM3-A103V locus in one patient with CPVT and suggested that the mutation may alter the binding of CaM protein to Ca2+, thus affecting the intracellular Ca2+ ion concentration (Gomez-Hurtado et al., 2016).
The protein encoded by the trans-2,3-enoyl-CoA reductase-like protein (TECRL) gene contains 363 amino acids, with a total of 12 exons, is expressed in the myogenic reticulum of cardiac and skeletal muscle and is mainly involved in the regulation of the metabolism of lipid components (Xie et al., 2019). Through multiple family studies, several studies have shown that pure mutations at multiple loci on the TECRL gene can cause arrhythmias due to abnormal Ca2+ concentrations in cardiomyocytes (Devalla et al., 2016; Jalloul and Refaat, 2020). Xie et al. (Xie et al., 2019) demonstrated that the R196Q mutation in the TECRL gene can cause CPVT. While Devalla et al. (Devalla et al., 2016) compared the pure mutation and heterozygous mutation of R196Q in TECRL gene with the wild type of TECRL gene, discovering that both the pure mutation and heterozygous mutation can cause a decrease in Ca2+ stores in the sarcoplasmic reticulum of cardiomyocytes and an increase in diastolic cytoplasmic Ca2+ concentration in cardiomyocytes, which leaded to CVPT. But the exact mechanism is still unclear.
Kir2.1, encoded by KCNJ2 gene, is a subunit of the inward-rectifier potassium channels Ik1 in cardiomyocyte. It has reported that the structural and functional abnormalities of the inwardly rectifying potassium channel Ik1 play an important role in calcium-dependent and triggered arrhythmias (Pogwizd et al., 2001). Amanda et al. found a KCNJ2 mutation (p.V227F) in a CPVT patient. And in a cytology experiment, by using forskolin and 3-isobutyl-1-methylxanthine to imitate catecholamine action to increase PKA activity, they identified that the mutation made no functional defects on motionless Kir2.1 channels, while it only resulted in the loss-of-function regarding the cAMP-dependent protein kinase A (PKA)-dependent phosphorylation of Kir2.1 channel proteins. It reduced the inward potassium current, unstabilizing the membrane current and causing ventricular tachycardia. Thus, it indicated that there is some relevance between the KCNJ2 mutation with CPVT (Vega et al., 2009). In addition, several studies have also reported that KCNJ2 mutations are associated with catecholaminergic polymorphic ventricular tachycardia (Kawamura et al., 2013).
Ank2 gene encodes ankyrin-B protein, and ankyrin-B is the important part of Na+/Ca2+ exchanger, Na+/K+ ATPase and inositol trisphosphate (InsP3) receptor which locates mainly in transverse-tubule/sarcoplasmic reticulum sites of cardiomyocytes. Loss-of-effect in ankyrin-B leads to the abnormal expression and function of Na+/Ca2+ exchanger, Na+/K+ ATPase and InsP3 receptor, which affecting the conduction and rhythm of cardiomyocytes and the function of sinus and atrioventricular nodes. It has reported that patients with ankyrin-B mutations show varying types of cardiac arrhythmia, which including catecholaminergic polymorphic ventricular tachycardia (Mohler et al., 2004).
PKP2 gene encodes plakophilin-2 protein. Absence of PKP2 gene obviously reduces the transcriptional expression of genes including RYR2、TRDN and Ank2 et al. which are necessary for intracellular calcium tansfer, and also reduces the level of calsequestrin-2. It would influence the intracellular calcium stabilization, leading to catecholaminergic polymorphic ventricular tachycardia (Tester et al., 2019). In a study, Delmar et al. (Cerrone et al., 2017) demonstrated that the PKP2-knockout mice model exhibited the clinical manifestation of CPVT.
Junctin protein is encoded by JUN gene which is also called aspartyl-beta-hydroxylase (ASPH) gene (Wleklinski et al., 2020). Larry R. et al. found there were distinct homologies between junctin and triadin、ASPH, indicating that they all are the members of endoplasmic reticulum proteins (Jones et al., 1995). Junctin is located in the junctional part of the sarcoplasmic reticulum in cardiomyocyte. Resembling triadin, junctin, as the scaffold part of calsequestrin, participates in the accumulation of calcium in the sarcoplasmic reticulum. On the other hand, calsequestrin is grappled to RyR2 by triadin and junctin, regulating the release of calcium (Kobayashi and Jones, 1999). CPVT as a familial arrhythmia, is generated by the abnormal release of calcium in the sarcoplasmic reticulum, and is associated significantly with RYR2 and CASQ2 gene. Moreover, junctin influences calcium channel by functioning on CASQ2 protein, causing aberrant calcium release which results in CPVT. Thus, the JUN mutation is linked to CPVT (Lee et al., 2012).
The gene SCN5A mainly encodes sodium channel NaV1.5 in cardiac. And the NaV1.5 is the principal channel for maintaining the cardiac sodium current (INa), which ensures the rapid upstroke of the cardiac action potential. Therefore, it takes a crucial impact in cardiac electrophysiology (Veerman et al., 2015). Studies found a missense mutation (p.I141V) in a highly conserved region of the SCN5A gene, causing the lose-of-function in the Nav1.5 sodium channel protein, which leads to the abnormal sodium current and lowers the excitability threshold of cardiomyocyte. It results in exercise-induced polymorphic ventricular arrhythmias (Swan et al., 2014). Mohamed et al. suggested that the SCN5A mutations may result in exercise-induced polymorphic ventricular tachycardia resembling CPVT (Amarouch et al., 2014). However, the correlation between SCN5A mutations and CPVT yet needs to be further confirmed.
In addition to the above, it also has been confirmed that the KCNQ1 and NKYRIN-B gene mutations are related to the occurrence of CPVT, but the relevant mechanisms are still unclear (Velcea et al., 2017). And some studies have found mutations in KCNE1、KCNE2 and KCNH2 gene in the patients with CPVT, but it is still unclear for the correlation between those genes and CPVT (Table 1).
TABLE 1 | Relevant genes.
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CPVT is prone to dangerous complications such as ventricular fibrillation, syncope, and even sudden cardiac death, and must be intervened and treated as soon as possible. The current consensus on the treatment of CPVT includes drug therapy, surgery, and gene therapy, of which gene targeted therapy is under research as a hot new treatment method. As CPVT occurs more often after exercise or emotional stress, it is also important to avoid strenuous exercise, emotional stress, and arrhythmia-inducing drugs, etc. Patients with CPVT usually do not have organic heart disease, and the manifestations of CPVT are diverse, which makes it liable to misdiagnose or never diagnose, so regular follow-up and individualized treatment according to risk stratification are needed.
Medical Therapy
β-adrenergic Receptor Inhibitors
On account of CPVT is triggered by β-adrenergic stimulation, β-blockers are recommended as first-line and basic medications according to the 2013 consensus on arrhythmia practice (Priori et al., 2013). Clinical studies by Hayashi (Hayashi et al., 2009) and Leren (Leren et al., 2016) have confirmed that non-selective β-blockers (e.g., nadolol, propranolol) are therapeutically superior to selective beta-blockers, and nadolol is the most effective. But the mechanism why it is more effective in still unclear.
Flecainide and Propafenone
As the class Ic antiarrhythmic drugs, flecainide and propafenone can reduce the occurrence of arrhythmia in some patients with CPVT (Bannister et al., 2015). In a clinical study, Roston et al. found that the combination of β-blockers and foscarnet significantly reduced the occurrence of malignant arrhythmia without increasing the occurrence of side effects (Roston et al., 2015). While at present, the clinical application of foscarnet and propafenone is not widespread, and the specific mechanism is still unclear, which needs to be confirmed by further experimental studies.
Surgery
Implantable Cardiac Defibrillator (ICD)
The 2013 guidelines recommended that ICDs should be implanted in patients with CPVT who have a history of syncope or cardiac arrest after receiving regular and effective drug therapy (Priori et al., 2013). But recent associated studies have reported that ICDs have abnormal discharges and other adverse events. A meta-analysis including 1,429 patients with CPVT by Roston et al. showed that, 40% patients with ICDs had at least one shock due to abnormal ICD discharges; 20% had electrical storms, which means three or more episodes of persistent ventricular tachycardia, ventricular fibrillation, or shock triggered by the ICD within 24 h; and four of the seven patients with CPVT who died after ICD implantation died from electrical storms (Roston et al., 2018). A clinical study by van der Werf et al. (van der Werf et al., 2019) showed that some patients with CPVT did not benefit from ICDs, which suggests ICD implantation did not prevent the development of malignant arrhythmias. These data and studies indicate that the treatment of CPVT with ICDs is controversial and it must be evaluated by physicians with extensive knowledge and experience in this area before it is applied.
Left Cardiac Sympathetic Denervation (LCSD)
LCSD can more completely prevent the development of CPVT by removing sympathetic nerves, reducing catecholamine secretion, and decreasing the effect of catecholamines on cardiomyocytes (Sumitomo, 2016). Recent guidelines have suggested that LCSD may be an alternative treatment option for patients with CPVT who remain symptomatic despite optimal medical therapy or who have frequent abnormal discharges after ICD implantation. However, LCSD requires a high level of competence of the surgeon and the medical equipment of the hospital, so the implementation is still difficult.
Gene Targeted Therapy
As the increasing research on gene therapy, gene targeted therapy will have the potential to replace drug or surgical treatment. Several experimental studies have successfully targeted to treat hereditary arrhythmias in CPVT mouse models by adeno-associated virus (AAV) vectors. Denegri et al. (Denegri et al., 2012; Denegri et al., 2014) (2012, 2014), Kurtzwald-Josefson et al. (Kurtzwald-Josefson et al., 2017) (2017), Cacheux et al. (Cacheux et al., 2020) (2020) transfected CASQ2 gene to CASQ2 knockout mice with adeno-associated virus (AAV), and the experimental results suggested that the expression levels of CASQ2, Triadin and Junctin proteins on the myoplasmic reticulum of transfected mouse cardiom yocytes were significantly improved, which ensured normal calcium release and effectively prevented the occurrence of CVPT. Bongianino et al. (Bongianino et al., 2017) (2017), Liu et al. (Liu et al., 2018) (2018), Pan et al. (Pan et al., 2018) (2018) reduced the incidence of isoprenoid-induced ventricular arrhythmias by targeting to silence the RyR2 mutant genes to inhibit abnormal calcium release due to RyR2 mutations. The above studies demonstrate the ability of gene targeting to treat CPVT, and as more CPVT-related gene targeting is investigated and confirmed, hereditary arrhythmia disease is expected to be cured.
DISCUSSION
Catecholaminergic polymorphic ventricular tachycardia is a primary arrhythmia syndrome with genetic features most commonly seen in adolescents, with syncope and sudden death following exercise or agitation as the main clinical manifestations. CPVT has a high mortality rate, but patients usually do not have organic heart disease, the clinical presentation may not be obvious, and no significant abnormal changes in the QT interval are often observed on ECG. Therefore, this disease is often prone to be missed and misdiagnosed. At the same time, CPVT has obvious family heritability, which suggests that genetic testing has an important role in assisting the diagnosis of CPVT. Now genetic testing is available to determine the presence of relevant disease-causing mutations to further clarify the diagnosis of CPVT. Genetic testing is necessary to enable early diagnosis and treatment of patients with suspected CPVT. It is worth mentioning that early diagnosis of CPVT can help to carry out correct treatment early, which can substantially improve the quality of survival and prognosis of children with CPVT. On the other hand, most children with CPVT will improve effectively with beta-blocker therapy, but some children still have poor outcomes. Several studies have been conducted to apply gene targeted therapy for hereditary arrhythmias in the mouse model of CPVT. With the advancement of genetic technology, we believe that more targeted therapies for CPVT-related genes can be studied and confirmed, and hereditary arrhythmia diseases are expected to be cured.
However, about one-third of patients with CPVT still do not have a clear genetic diagnosis, and the mechanism of CPVT which caused by several gene mutations is still unclear yet. We need to continue to use bioinformatics statistical analysis and high-throughput gene sequencing technology to find more relevant genes, to clarify the specific genetic mechanism and the pathogenesis of the relevant genes, through subsequent further functional experiments, such as, gene overexpression experiments, RNA interference experiments in cell-level and transgenic experiments, gene-knockout experiments in animal-level. Therefore, we can make a clear genetic diagnosis and carry out early treatment.
AUTHOR CONTRIBUTIONS
JS contributes to collect informations, write this article and draw the figures. YL contributes to provide some informations and guidelines. YJ contributes to search some information. JH contributes to guide the full-text writing and modify this article.
FUNDING
This study was supported by Chongqing Yuzhong Science and Technology Commission basic and frontier exploration general project (No. 20200101).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Acimovic, I., Refaat, M. M., Moreau, A., Salykin, A., Reiken, S., Sleiman, Y., et al. (2018). Post-translational Modifications and Diastolic Calcium Leak Associated to the Novel RyR2-D3638a Mutation Lead to CPVT in Patient-specific hiPSC-Derived Cardiomyocytes. J. Clin. Med. 7 (11), 423. doi:10.3390/jcm7110423
 Amarouch, M. Y., Leinonen, J., Marjamaa, A., Kucera, J. P., Laitinen-Forsblom, P. J., Lahtinen, A. M., et al. (2014). A Novel SCN5A Mutation Associated with Exercise-Induced Polymorphic Ventricular Arrhythmias Resembling. CPVT Arch. Cardiovasc. Dis. Supplements 6, 41–42. doi:10.1016/s1878-6480(14)71376-x
 Bannister, M. L., Thomas, N. L., Sikkel, M. B., Mukherjee, S., Maxwell, C., MacLeod, K. T., et al. (2015). The Mechanism of Flecainide Action in CPVT Does Not Involve a Direct Effect on RyR2. Circ. Res. 116 (8), 1324–1335. doi:10.1161/CIRCRESAHA.116.305347
 Bongianino, R., Denegri, M., Mazzanti, A., Lodola, F., Vollero, A., Boncompagni, S., et al. (2017). Allele-Specific Silencing of Mutant mRNA Rescues Ultrastructural and Arrhythmic Phenotype in Mice Carriers of the R4496C Mutation in the Ryanodine Receptor Gene (RYR2). Circ. Res. 121 (5), 525–536. doi:10.1161/CIRCRESAHA.117.310882
 Bovo, E., Huke, S., Blatter, L. A., and Zima, A. V. (2017). The Effect of PKA-Mediated Phosphorylation of Ryanodine Receptor on SR Ca2+ Leak in Ventricular Myocytes. J. Mol. Cel. Cardiol. 104, 9–16. doi:10.1016/j.yjmcc.2017.01.015
 Cacheux, M., Fauconnier, J., Thireau, J., Osseni, A., Brocard, J., Roux-Buisson, N., et al. (2020). Interplay between Triadin and Calsequestrin in the Pathogenesis of CPVT in the Mouse. Mol. Ther. 28 (1), 171–179. doi:10.1016/j.ymthe.2019.09.012
 Cerrone, M., Montnach, J., Lin, X., Zhao, Y. T., Zhang, M., Agullo-Pascual, E., et al. (2017). Plakophilin-2 Is Required for Transcription of Genes that Control Calcium Cycling and Cardiac Rhythm. Nat. Commun. 8 (1), 106. doi:10.1038/s41467-017-00127-0
 Denegri, M., Avelino-Cruz, J. E., Boncompagni, S., De Simone, S. A., Auricchio, A., Villani, L., et al. (2012). Viral Gene Transfer Rescues Arrhythmogenic Phenotype and Ultrastructural Abnormalities in Adult Calsequestrin-Null Mice with Inherited Arrhythmias. Circ. Res. 110 (5), 663–668. doi:10.1161/CIRCRESAHA.111.263939
 Denegri, M., Bongianino, R., Lodola, F., Boncompagni, S., De Giusti, V. C., Avelino-Cruz, J. E., et al. (2014). Single Delivery of an Adeno-Associated Viral Construct to Transfer the CASQ2 Gene to Knock-In Mice Affected by Catecholaminergic Polymorphic Ventricular Tachycardia Is Able to Cure the Disease from Birth to Advanced Age. Circulation 129 (25), 2673–2681. doi:10.1161/CIRCULATIONAHA.113.006901
 Devalla, H. D., Gélinas, R., Aburawi, E. H., Beqqali, A., Goyette, P., Freund, C., et al. (2016). TECRL, A New Life-Threatening Inherited Arrhythmia Gene Associated with Overlapping Clinical Features of Both LQTS and CPVT. EMBO Mol. Med. 8 (12), 1390–1408. doi:10.15252/emmm.201505719
 Dharmawan, T., Nakajima, T., Ohno, S., Iizuka, T., Tamura, S., Kaneko, Y., et al. (2019). Identification of a Novel Exon3 Deletion of RYR2 in a Family with Catecholaminergic Polymorphic Ventricular Tachycardia. Ann. Noninvasive Electrocardiol. 24 (3), e12623. doi:10.1111/anec.12623
 di Barletta, M. R., Viatchenko-Karpinski, S., Nori, A., Memmi, M., Terentyev, D., Turcato, F., et al. (2006). Clinical Phenotype and Functional Characterization of CASQ2 Mutations Associated with Catecholaminergic Polymorphic Ventricular Tachycardia. Circulation 114 (10), 1012–1019. doi:10.1161/CIRCULATIONAHA.106.623793
 Fabiato, A., and Fabiato, F. (1978). Calcium-induced Release of Calcium from the Sarcoplasmic Reticulum of Skinned Cells from Adult Human, Dog, Cat, Rabbit, Rat, and Frog Hearts and from Fetal and New-Born Rat Ventricles. Ann. N. Y Acad. Sci. 307, 491–522. doi:10.1111/j.1749-6632.1978.tb41979.x
 Fabiato, A. (1985). Time and Calcium Dependence of Activation and Inactivation of Calcium-Induced Release of Calcium from the Sarcoplasmic Reticulum of a Skinned Canine Cardiac Purkinje Cell. J. Gen. Physiol. 85 (2), 247–289. doi:10.1085/jgp.85.2.247
 Gaburjakova, M., Bal, N. C., Gaburjakova, J., and Periasamy, M. (2013). Functional Interaction between Calsequestrin and Ryanodine Receptor in the Heart. Cell Mol. Life Sci. 70 (16), 2935–2945. doi:10.1007/s00018-012-1199-7
 Gomez-Hurtado, N., Boczek, N. J., Kryshtal, D. O., Johnson, C. N., Sun, J., Nitu, F. R., et al. (2016). Novel CPVT-Associated Calmodulin Mutation in CALM3 (CALM3-A103v) Activates Arrhythmogenic Ca Waves and Sparks. Circ. Arrhythm Electrophysiol. 9 (8), e004161. doi:10.1161/CIRCEP.116.004161
 Gray, B., Bagnall, R. D., Lam, L., Ingles, J., Turner, C., Haan, E., et al. (2016). A Novel Heterozygous Mutation in Cardiac Calsequestrin Causes Autosomal Dominant Catecholaminergic Polymorphic Ventricular Tachycardia. Heart Rhythm 13 (8), 1652–1660. doi:10.1016/j.hrthm.2016.05.004
 Hayashi, M., Denjoy, I., Extramiana, F., Maltret, A., Buisson, N. R., Lupoglazoff, J. M., et al. (2009). Incidence and Risk Factors of Arrhythmic Events in Catecholaminergic Polymorphic Ventricular Tachycardia. Circulation 119 (18), 2426–2434. doi:10.1161/CIRCULATIONAHA.108.829267
 Jalloul, Y., and Refaat, M. M. (2020). Novel Variants in TECRL Cause Catecholaminergic Polymorphic Ventricular Tachycardia. J. Cardiovasc. Electrophysiol. 31 (6), 1536–1538. doi:10.1111/jce.14443
 Jiang, D., Xiao, B., Yang, D., Wang, R., Choi, P., Zhang, L., et al. (2004). RyR2 Mutations Linked to Ventricular Tachycardia and Sudden Death Reduce the Threshold for Store-Overload-Induced Ca2+ Release (SOICR). Proc. Natl. Acad. Sci. U S A. 101 (35), 13062–13067. doi:10.1073/pnas.0402388101
 Jones, L. R., Zhang, L., Sanborn, K., Jorgensen, A. O., and Kelley, J. (1995). Purification, Primary Structure, and Immunological Characterization of the 26-kDa Calsequestrin Binding Protein (Junctin) from Cardiac Junctional Sarcoplasmic Reticulum. J. Biol. Chem. 270 (51), 30787–30796. doi:10.1074/jbc.270.51.30787
 Josephs, K., Patel, K., Janson, C. M., Montagna, C., and McDonald, T. V. (2017). Compound Heterozygous CASQ2 Mutations and Long-Term Course of Catecholaminergic Polymorphic Ventricular Tachycardia. Mol. Genet. Genomic Med. 5 (6), 788–794. doi:10.1002/mgg3.323
 Katz, G., Arad, M., and Eldar, M. (2009). Catecholaminergic Polymorphic Ventricular Tachycardia from Bedside to Bench and beyond. Curr. Probl. Cardiol. 34 (1), 9–43. doi:10.1016/j.cpcardiol.2008.09.002
 Kawamura, M., Ohno, S., Naiki, N., Nagaoka, I., Dochi, K., Wang, Q., et al. (2013). Genetic Background of Catecholaminergic Polymorphic Ventricular Tachycardia in Japan. Circ. J. 77 (7), 1705–1713. doi:10.1253/circj.cj-12-1460
 Kim, C. W., Aronow, W. S., Dutta, T., Frenkel, D., and Frishman, W. H. (2020). Catecholaminergic Polymorphic Ventricular Tachycardia. Cardiol. Rev. 28 (6), 325–331. doi:10.1097/CRD.0000000000000302
 Knollmann, B. C., Chopra, N., Hlaing, T., Akin, B., Yang, T., Ettensohn, K., et al. (2006). Casq2 Deletion Causes Sarcoplasmic Reticulum Volume Increase, Premature Ca2+ Release, and Catecholaminergic Polymorphic Ventricular Tachycardia. J. Clin. Invest. 116 (9), 2510–2520. doi:10.1172/JCI29128
 Kobayashi, Y. M., and Jones, L. R. (1999). Identification of Triadin 1 as the Predominant Triadin Isoform Expressed in Mammalian Myocardium. J. Biol. Chem. 274 (40), 28660–28668. doi:10.1074/jbc.274.40.28660
 Kurtzwald-Josefson, E., Yadin, D., Harun-Khun, S., Waldman, M., Aravot, D., Shainberg, A., et al. (2017). Viral Delivered Gene Therapy to Treat Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT2) in Mouse Models. Heart Rhythm 14 (7), 1053–1060. doi:10.1016/j.hrthm.2017.03.025
 Lahat, H., Pras, E., Olender, T., Avidan, N., Ben-Asher, E., Man, O., et al. (2001). A Missense Mutation in a Highly Conserved Region of CASQ2 Is Associated with Autosomal Recessive Catecholamine-Induced Polymorphic Ventricular Tachycardia in Bedouin Families from Israel. Am. J. Hum. Genet. 69 (6), 1378–1384. doi:10.1086/324565
 Laitinen, P. J., Brown, K. M., Piippo, K., Swan, H., Devaney, J. M., Brahmbhatt, B., et al. (2001). Mutations of the Cardiac Ryanodine Receptor (RyR2) Gene in Familial Polymorphic Ventricular Tachycardia. Circulation 103 (4), 485–490. doi:10.1161/01.cir.103.4.485
 Landstrom, A. P., Dobrev, D., and Wehrens, X. H. T. (2017). Calcium Signaling and Cardiac Arrhythmias. Circ. Res. 120 (12), 1969–1993. doi:10.1161/CIRCRESAHA.117.310083
 Lee, K. W., Maeng, J. S., Choi, J. Y., Lee, Y. R., Hwang, C. Y., Park, S. S., et al. (2012). Role of Junctin Protein Interactions in Cellular Dynamics of Calsequestrin Polymer upon Calcium Perturbation. J. Biol. Chem. 287 (3), 1679–1687. doi:10.1074/jbc.M111.254045
 Leenhardt, A., Denjoy, I., and Guicheney, P. (2012). Catecholaminergic Polymorphic Ventricular Tachycardia. Circ. Arrhythm Electrophysiol. 5 (5), 1044–1052. doi:10.1161/CIRCEP.111.962027
 Leinonen, J. T., Crotti, L., Djupsjöbacka, A., Castelletti, S., Junna, N., Ghidoni, A., et al. (2018). The Genetics Underlying Idiopathic Ventricular Fibrillation: A Special Role for Catecholaminergic Polymorphic Ventricular Tachycardia?Int. J. Cardiol. 250, 139–145. doi:10.1016/j.ijcard.2017.10.016
 Leren, I. S., Saberniak, J., Majid, E., Haland, T. F., Edvardsen, T., and Haugaa, K. H. (2016). Nadolol Decreases the Incidence and Severity of Ventricular Arrhythmias during Exercise Stress Testing Compared with β1-selective β-blockers in Patients with Catecholaminergic Polymorphic Ventricular Tachycardia. Heart Rhythm 13 (2), 433–440. doi:10.1016/j.hrthm.2015.09.029
 Liu, B., Walton, S. D., Ho, H. T., Belevych, A. E., Tikunova, S. B., Bonilla, I., et al. (2018). Gene Transfer of Engineered Calmodulin Alleviates Ventricular Arrhythmias in a Calsequestrin-Associated Mouse Model of Catecholaminergic Polymorphic Ventricular Tachycardia. J. Am. Heart Assoc. 7 (10), e008155. doi:10.1161/JAHA.117.008155
 Manno, C., Figueroa, L. C., Gillespie, D., Fitts, R., Kang, C., Franzini-Armstrong, C., et al. (2017). Calsequestrin Depolymerizes when Calcium Is Depleted in the Sarcoplasmic Reticulum of Working Muscle. Proc. Natl. Acad. Sci. U S A. 114 (4), E638–E647. doi:10.1073/pnas.1620265114
 Medeiros-Domingo, A., Bhuiyan, Z. A., Tester, D. J., Hofman, N., Bikker, H., van Tintelen, J. P., et al. (2009). The RYR2-Encoded Ryanodine Receptor/calcium Release Channel in Patients Diagnosed Previously with Either Catecholaminergic Polymorphic Ventricular Tachycardia or Genotype Negative, Exercise-Induced Long QT Syndrome: a Comprehensive Open reading Frame Mutational Analysis. J. Am. Coll. Cardiol. 54 (22), 2065–2074. doi:10.1016/j.jacc.2009.08.022
 Mohamed, U., Napolitano, C., and Priori, S. G. (2007). Molecular and Electrophysiological Bases of Catecholaminergic Polymorphic Ventricular Tachycardia. J. Cardiovasc. Electrophysiol. 18 (7), 791–797. doi:10.1111/j.1540-8167.2007.00766.x
 Mohler, P. J., Splawski, I., Napolitano, C., Bottelli, G., Sharpe, L., Timothy, K., et al. (2004). A Cardiac Arrhythmia Syndrome Caused by Loss of Ankyrin-B Function. Proc. Natl. Acad. Sci. U S A. 101 (24), 9137–9142. doi:10.1073/pnas.0402546101
 Nyegaard, M., Overgaard, M. T., Søndergaard, M. T., Vranas, M., Behr, E. R., Hildebrandt, L. L., et al. (2012). Mutations in Calmodulin Cause Ventricular Tachycardia and Sudden Cardiac Death. Am. J. Hum. Genet. 91 (4), 703–712. doi:10.1016/j.ajhg.2012.08.015
 O'Callaghan, B. M., Hancox, J. C., Stuart, A. G., Armstrong, C., Williams, M. M., Hills, A., et al. (2018). A Unique Triadin Exon Deletion Causing a Null Phenotype. Heartrhythm Case Rep. 4 (11), 514–518. doi:10.1016/j.hrcr.2018.07.014
 Pan, X., Lahiri, S. K., Park, S. H., Li, N., Gupta, R., Lin, J., et al. (2018). In Vivo Ryr2 Editing Corrects Catecholaminergic Polymorphic Ventricular Tachycardia. Circ. Res. 123 (8), 953–963. doi:10.1161/CIRCRESAHA.118.313369
 Pogwizd, S. M., Schlotthauer, K., Li, L., Yuan, W., and Bers, D. M. (2001). Arrhythmogenesis and Contractile Dysfunction in Heart Failure: Roles of Sodium-Calcium Exchange, Inward Rectifier Potassium Current, and Residual Beta-Adrenergic Responsiveness. Circ. Res. 88 (11), 1159–1167. doi:10.1161/hh1101.091193
 Priori, S. G., and Chen, S. R. (2011). Inherited Dysfunction of Sarcoplasmic Reticulum Ca2+ Handling and Arrhythmogenesis. Circ. Res. 108 (7), 871–883. doi:10.1161/CIRCRESAHA.110.226845
 Priori, S. G., Napolitano, C., Memmi, M., Colombi, B., Drago, F., Gasparini, M., et al. (2002). Clinical and Molecular Characterization of Patients with Catecholaminergic Polymorphic Ventricular Tachycardia. Circulation 106 (1), 69–74. doi:10.1161/01.cir.0000020013.73106.d8
 Priori, S. G., Wilde, A. A., Horie, M., Cho, Y., Behr, E. R., Berul, C., et al. (2013). HRS/EHRA/APHRS Expert Consensus Statement on the Diagnosis and Management of Patients with Inherited Primary Arrhythmia Syndromes: Document Endorsed by HRS, EHRA, and APHRS in May 2013 and by ACCF, AHA, PACES, and AEPC in June 2013. Heart Rhythm 10 (12), 1932–1963. doi:10.1016/j.hrthm.2013.05.014
 Rooryck, C., Kyndt, F., Bozon, D., Roux-Buisson, N., Sacher, F., Probst, V., et al. (2015). New Family with Catecholaminergic Polymorphic Ventricular Tachycardia Linked to the Triadin Gene. J. Cardiovasc. Electrophysiol. 26 (10), 1146–1150. doi:10.1111/jce.12763
 Roston, T. M., Jones, K., Hawkins, N. M., Bos, J. M., Schwartz, P. J., Perry, F., et al. (2018). Implantable Cardioverter-Defibrillator Use in Catecholaminergic Polymorphic Ventricular Tachycardia: A Systematic Review. Heart Rhythm 15 (12), 1791–1799. doi:10.1016/j.hrthm.2018.06.046
 Roston, T. M., Vinocur, J. M., Maginot, K. R., Mohammed, S., Salerno, J. C., Etheridge, S. P., et al. (2015). Catecholaminergic Polymorphic Ventricular Tachycardia in Children: Analysis of Therapeutic Strategies and Outcomes from an International Multicenter Registry. Circ. Arrhythm Electrophysiol. 8 (3), 633–642. doi:10.1161/CIRCEP.114.002217
 Roux-Buisson, N., Rendu, J., Denjoy, I., Guicheney, P., Goldenberg, A., David, N., et al. (2011). Functional Analysis Reveals Splicing Mutations of the CASQ2 Gene in Patients with CPVT: Implication for Genetic Counselling and Clinical Management. Hum. Mutat. 32 (9), 995–999. doi:10.1002/humu.21537
 Song, L., Alcalai, R., Arad, M., Wolf, C. M., Toka, O., Conner, D. A., et al. (2007). Calsequestrin 2 (CASQ2) Mutations Increase Expression of Calreticulin and Ryanodine Receptors, Causing Catecholaminergic Polymorphic Ventricular Tachycardia. J. Clin. Invest. 117 (7), 1814–1823. doi:10.1172/JCI31080
 Sumitomo, N. (2016). Current Topics in Catecholaminergic Polymorphic Ventricular Tachycardia. J. Arrhythm 32 (5), 344–351. doi:10.1016/j.joa.2015.09.008
 Swan, H., Amarouch, M. Y., Leinonen, J., Marjamaa, A., Kucera, J. P., Laitinen-Forsblom, P. J., et al. (2014). Gain-of-function Mutation of the SCN5A Gene Causes Exercise-Induced Polymorphic Ventricular Arrhythmias. Circ. Cardiovasc. Genet. 7 (6), 771–781. doi:10.1161/CIRCGENETICS.114.000703
 Terentyev, D., Kubalova, Z., Valle, G., Nori, A., Vedamoorthyrao, S., Terentyeva, R., et al. (2008). Modulation of SR Ca Release by Luminal Ca and Calsequestrin in Cardiac Myocytes: Effects of CASQ2 Mutations Linked to Sudden Cardiac Death. Biophys. J. 95 (4), 2037–2048. doi:10.1529/biophysj.107.128249
 Tester, D. J., Ackerman, J. P., Giudicessi, J. R., Ackerman, N. C., Cerrone, M., Delmar, M., et al. (2019). Plakophilin-2 Truncation Variants in Patients Clinically Diagnosed with Catecholaminergic Polymorphic Ventricular Tachycardia and Decedents with Exercise-Associated Autopsy Negative Sudden Unexplained Death in the Young. JACC Clin. Electrophysiol. 5 (1), 120–127. doi:10.1016/j.jacep.2018.09.010
 van der Werf, C., Lieve, K. V., Bos, J. M., Lane, C. M., Denjoy, I., Roses-Noguer, F., et al. (2019). Implantable Cardioverter-Defibrillators in Previously Undiagnosed Patients with Catecholaminergic Polymorphic Ventricular Tachycardia Resuscitated from Sudden Cardiac Arrest. Eur. Heart J. 40 (35), 2953–2961. doi:10.1093/eurheartj/ehz309
 van der Werf, C., van Langen, I. M., and Wilde, A. A. (2010). Sudden Death in the Young: What Do We Know About it and How to Prevent?. Circ. Arrhythm Electrophysiol. 3 (1), 96–104. doi:10.1161/CIRCEP.109.877142
 Veerman, C. C., Wilde, A. A., and Lodder, E. M. (2015). The Cardiac Sodium Channel Gene SCN5A and its Gene Product NaV1.5: Role in Physiology and Pathophysiology. Gene 573 (2), 177–187. doi:10.1016/j.gene.2015.08.062
 Vega, A. L., Tester, D. J., Ackerman, M. J., and Makielski, J. C. (2009). Protein Kinase A-dependent Biophysical Phenotype for V227F-KCNJ2 Mutation in Catecholaminergic Polymorphic Ventricular Tachycardia. Circ. Arrhythm Electrophysiol. 2 (5), 540–547. doi:10.1161/CIRCEP.109.872309
 Velcea, A. E., Siliste, C., and Vinereanu, D. (2017). Catecholaminergic Polymorphic Ventricular Tachycardia - Looking to the Future. Maedica (Bucur) 12 (4), 306–310.
 Venetucci, L., Denegri, M., Napolitano, C., and Priori, S. G. (2012). Inherited Calcium Channelopathies in the Pathophysiology of Arrhythmias. Nat. Rev. Cardiol. 9 (10), 561–575. doi:10.1038/nrcardio.2012.93
 Viatchenko-Karpinski, S., Terentyev, D., Györke, I., Terentyeva, R., Volpe, P., Priori, S. G., et al. (2004). Abnormal Calcium Signaling and Sudden Cardiac Death Associated with Mutation of Calsequestrin. Circ. Res. 94 (4), 471–477. doi:10.1161/01.RES.0000115944.10681.EB
 Wehrens, X. H., Lehnart, S. E., Huang, F., Vest, J. A., Reiken, S. R., Mohler, P. J., et al. (2003). FKBP12.6 Deficiency and Defective Calcium Release Channel (Ryanodine Receptor) Function Linked to Exercise-Induced Sudden Cardiac Death. Cell 113 (7), 829–840. doi:10.1016/s0092-8674(03)00434-3
 Wleklinski, M. J., Kannankeril, P. J., and Knollmann, B. C. (2020). Molecular and Tissue Mechanisms of Catecholaminergic Polymorphic Ventricular Tachycardia. J. Physiol. 598 (14), 2817–2834. doi:10.1113/JP276757
 Xie, L., Hou, C., Jiang, X., Zhao, J., Li, Y., and Xiao, T. (2019). A Compound Heterozygosity of Tecrl Gene Confirmed in a Catecholaminergic Polymorphic Ventricular Tachycardia Family. Eur. J. Med. Genet. 62 (7), 103631. doi:10.1016/j.ejmg.2019.01.018
 Xu, X., Yano, M., Uchinoumi, H., Hino, A., Suetomi, T., Ono, M., et al. (2010). Defective Calmodulin Binding to the Cardiac Ryanodine Receptor Plays a Key Role in CPVT-Associated Channel Dysfunction. Biochem. Biophys. Res. Commun. 394 (3), 660–666. doi:10.1016/j.bbrc.2010.03.046
 Yuchi, Z., and Van Petegem, F. (2016). Ryanodine Receptors Under the Magnifying Lens: Insights and Limitations of Cryo-Electron Microscopy and X-ray Crystallography Studies. Cell Calcium 59 (5), 209–227. doi:10.1016/j.ceca.2016.04.003
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Song, Luo, Jiang and He. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 17 August 2021
doi: 10.3389/fphar.2021.711238


[image: image2]
Activation of STING Pathway Contributed to Cisplatin-Induced Cardiac Dysfunction via Promoting the Activation of TNF-α-AP-1 Signal Pathway
Lintao Wang1,2†, Suya Zhang1,2†, Jibo Han3†, Xiaoyan Nie1,2†, Yajun Qi4, Yingying Han1,2, Xiong Chen5* and Chaoyong He1,2*
1State Key Laboratory of Natural Medicines, Department of Pharmacology, China Pharmaceutical University, Nanjing, China
2School of Pharmacy, China Pharmaceutical University, Nanjing, China
3Department of Cardiology, the Second Affiliated Hospital of Jiaxing University, Jiaxing, China
4Department of Pharmacy, Institute of Cancer and Basic Medicine (IBMC), Chinese Academy of Sciences, The Cancer Hospital of the University of Chinese Academy of Sciences (Zhejiang Cancer Hospital), Hangzhou, China
5Department of Endocrinology, The First Affiliated Hospital, Wenzhou Medical University, Wenzhou, China
Edited by:
Benzhi Cai, The Second Affiliated Hospital of Harbin Medical University, China
Reviewed by:
Yuan Li, Shandong University, China
Chunfu Zheng, University of Calgary, Canada
* Correspondence: Chaoyong He, chaoyonghe@cpu.edu.cn; Xiong Chen, chasecx@126.com
†These authors contributed equally to this work.
Specialty section: This article was submitted to Cardiovascular and Smooth Muscle Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 18 May 2021
Accepted: 03 August 2021
Published: 17 August 2021
Citation: Wang L, Zhang S, Han J, Nie X, Qi Y, Han Y, Chen X and He C (2021) Activation of STING Pathway Contributed to Cisplatin-Induced Cardiac Dysfunction via Promoting the Activation of TNF-α-AP-1 Signal Pathway. Front. Pharmacol. 12:711238. doi: 10.3389/fphar.2021.711238

Cardiovascular complications are a well-documented limitation of conventional cancer chemotherapy. As a notable side effect of cisplatin, cardiotoxicity represents a major obstacle to the treatment of cancer. Recently, it has been reported that cyclic GMP-AMP synthase (cGAS) stimulator of interferon genes (STING) signaling pathway was associated with the occurrence and development of cardiovascular diseases. However, the effect of STING on cardiac damage caused by cisplatin remains unclear. In this study, cisplatin was shown to activate the cGAS-STING signaling pathway, and deficiency of STING attenuated cisplatin-induced cardiotoxicity in vivo and in vitro. Mechanistically, the STING-TNF-α-AP-1 axis contributed to cisplatin-induced cardiotoxicity by triggering cardiomyocyte apoptosis. In conclusion, our results indicated that STING might be a critical regulator of cisplatin-induced cardiotoxicity and be considered as a potential therapeutic target for preventing the progression of chemotherapy-associated cardiovascular complications.
Keywords: stimulator of interferon genes, cisplatin, tumor necrosis factor-α, activator protein 1, cardiotoxicity
HIGHLIGHTS

➢ STING-TNF-α-AP-1 axis contributed to cisplatin-induced cardiotoxicity by triggering cardiomyocyte apoptosis.
➢ Deficiency of STING attenuated cisplatin-challenged cardiac dysfunction.
➢ STING may be a potential therapeutic target for preventing the progression of chemotherapy-associated cardiovascular complications.
INTRODUCTION
Cardiovascular complications associated with conventional cancer chemotherapy are a global problem (El-Awady et al., 2011; McGowan et al., 2017). Cisplatin (cis-Diaminodichloroplatinum, CDDP), one of the most potent chemotherapeutic agents, has been proven effective against various solid tumors, including sarcoma, soft tissue cancer, bone cancer, muscle cancer, and vascular cancer. However, cisplatin-associated toxicity is a well-documented limitation of conventional cancer chemotherapy (de Jongh et al., 2003; Topal et al., 2018; Ma et al., 2020). Cisplatin-induced cardiotoxicity has been reported to mainly include arrhythmia, acute myocardial infarction, supraventricular tachycardia, and atrial fibrillation (Guglin et al., 2009; Ma et al., 2010; El-Awady et al., 2011). Eventually, cardiac toxicity led to congestive heart failure and sudden cardiac death. Therefore, it is urgent to find an effective strategy to prevent cardiovascular complications associated with conventional cancer chemotherapy.
DNA is an important genetic medium, but it can also induce an innate immune response. DNA exposed to the cytoplasm is recognized by cyclic guanosine monophosphate-adenosine monophosphate (cGAMP) synthase (cGAS), triggering signaling cascades that lead to the production of pro-inflammatory factors and interferons (IFNs) (Burdette et al., 2011; Ablasser et al., 2013; Bai and Liu, 2019). As an important intracellular inflammatory signal regulatory protein, stimulator of interferon genes (STING) can recognize not only the second messenger produced by bacteria or viruses, such as cyclic guanosine monophosphate (cGMP) and cyclic adenosine monophosphate (cAMP) but also cyclic dinucleotide produced by the interaction of intracellular DNA and cGAS (Burdette et al., 2011; Ahn et al., 2012; Ablasser et al., 2013; Hu and Shu, 2020); subsequently, it activates TANK binding kinase 1 (TBK1)-interferon regulatory factor 3 (IRF3) signaling pathway and nuclear factor-κB (NF-κB), which regulate the production of IFNs and inflammatory factors (Ishikawa and Barber, 2008; Fang et al., 2017; Ablasser and Chen, 2019; Zhang et al., 2019). Therefore, STING plays a key role in the inflammatory response. Accumulating evidence has found that STING was associated with acute and chronic diseases (Mao et al., 2017; Luo et al., 2018; Chung et al., 2019; Li et al., 2019; Maekawa et al., 2019; Hu et al., 2020; Zhang et al., 2020). Mao et al. found that Sting gene knockout could inhibit endothelial inflammation and improve insulin resistance induced by a high-fat diet in mice (Mao et al., 2017). In addition, STING-mediated inflammation induced by mitochondrial stress has been reported to promote myocardial damage (Sliter et al., 2018). Not only that, the activation of STING is caused by cisplatin-induced tubular inflammation and the progression of acute kidney injury (Maekawa et al., 2019). However, the effect of STING on cisplatin-induced cardiotoxicity is unknown.
In the present study, we investigated the effect of STING in cisplatin-induced cardiotoxicity. Our results showed that cisplatin activated the cGAS-STING signaling pathway, and of note, deficiency of STING attenuated cisplatin-induced cardiotoxicity in vivo and in vitro. Mechanistically, the STING-tumor necrosis factor-α (TNF-α)- activator protein 1 (AP-1) axis contributed to cisplatin-induced cardiotoxicity by triggering cardiomyocyte apoptosis. Altogether, our results indicated that STING might be a critical regulator of cisplatin-induced cardiotoxicity and be considered as a potential therapeutic target for preventing the progression of chemotherapy-associated cardiovascular complications.
MATERIALS AND METHODS
Materials
Cisplatin and AP-1 inhibitor T5224 were purchased from MedChemExpress (Monmouth Junction, NJ, United States). Cisplatin was dissolved in DMF for in vitro experiments and saline for in vivo experiments. T5224 was dissolved in DMSO for in vitro experiments. Antibodies for p-STING (1:1,000, #72971), STING (1:1,000, #13647), p-TBK1 (1:1,000, #5483), TBK1 (1:1,000, #3504), BAX (1:1,000, #2772), p-c-Jun (1:1,000, #3270), c-Jun (1:1,000, #9165), p-c-Fos (1:1,000, #5348), c-Fos (1:1,000, #2250), and TNF-α (1:1,000, 11,948) were purchased from Cell Signaling Technology (Danvers, MA, United States). Antibody for BCL2 (1:5,000, BF9103) was purchased from Affinity Biosciences LTD. (Changzhou, Jiangsu, China). Antibody for α-Tubulin (1:1,000, 11,224) was purchased from Proteintech Group (Chicago, Illinois, United States).
Cell Culture
HL-1 cells were purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China) and incubated in DMEM media with 10% fetal bovine serum, 100 U/ml of penicillin, and 100U/ml of streptomycin at 37°C in a humidified 5%CO2 incubator.
Generation of Sting-Knockout HL-1 Cells Using CRISPR-Cas9
Lentiviral vectors that express guide RNAs (gRNAs: 5′-TAC​TTG​CGG​TTG​ATC​TTA​CC-3′) that target STING were produced by co-transfecting HEK293T cells with a cocktail of gRNA/Cas9-expressing lentiCRISPRv2 and pPAX2 plasmids. Lentiviruses were collected at 48 h after transfection, supplemented with 10% FBS, and stored at −80°C. HL-1 cells were transduced with lentiviral vectors for 24 h in combination with 8 μg/ml polybrene. Then, the lentivirus-containing medium was replaced with fresh DMEM with 10%FBS and cultured for another 24 h. Cells were subjected to puromycin (1 μg/ml) selection to isolate Sting-knockout (STING KO) HL-1 cells. LentiCRISPRv2 without gRNA was used as an empty vector for mock transduction.
Cell Counting Kit-8 Assays
HL-1 cells were seeded into 96-well plates at the density of 5,000 cells per well. CCK8 (10 μL) was added to each well for 2 h at 37°C after incubator with different concentrations of cisplatin overnight. Optical density was measured at 450 nm using a microplate spectrophotometer.
Animal Experiments
Male WT or STING−/- mice (8 weeks old) were used for experiments. WT C57BL/6J mice were obtained from Beijing Vital River Laboratory Animal Technology Co. Ltd. (Beijing, China). STING−/- mice with C57BL/6J background were purchased from Jackson Lab (Stock#025805). All animal care and experimental procedures were performed following the directives outlined in the Guide for the Care and Use of Laboratory Animals (US National Institutes of Health). Animal care and experimental protocols were approved by the China Pharmaceutical University Animal Policy and Welfare Committee (Nanjing, China; approval no. 2020–11–007).
According to previous studies, the dose of cisplatin covered by the clinical dosage range 10–100 mg/m2 was chosen (Zhao et al., 2018). Mice were randomly divided into four groups: saline group (Saline, n = 6), cisplatin group (CDDP, n = 6), STING−/- group (STING−/-, n = 6), STING−/- + cisplatin group (STING−/- + CDDP, n = 6). Cisplatin (6 mg/kg) in 0.9% normal saline was administered by intraperitoneal injection on the first day, eighth day and 15th day as previously reported (Zhao et al., 2018). On the 22nd day, transthoracic echocardiography was conducted on the mice to examine the cardiac function, and then all the animals were sacrificed under sodium pentobarbital anesthesia. The blood samples and heart tissues were collected.
Cardiac Function
Transthoracic echocardiography (VisualSonics, Toronto, Canada) was performed to measure cardiac function in a non-invasive manner. The left ventricular internal dimension in diastole (LVIDd), left ventricular end-systolic volume (LVESV), left ventricular internal dimension in systole (LVIDs), left ventricular end-diastolic volume (LVEDV), left ventricular posterior wall thickness at end-diastolic (LVPWd), left ventricular posterior wall thickness at end-systolic (LVPWs), interventricular septal thickness at end-diastolic (IVSd), and interventricular septal thickness at end-systolic (IVSs) were assessed from M-mode images. The equations of fractional shortening (FS) = [(LVIDd - LVIDs)/LVIDd] × 100% and ejection fraction (EF) = [(LVEDV-LVESV)/LVEDV]×100% were respectively used to calculate FS and EF.
Pathological Staining
The cardiac tissues were collected and fixed in 4% paraformaldehyde and embedded in paraffin. The cardiac tissue sections (5 μm) were stained with hematoxylin and eosin for light microscopy examination (Leica, Germany).
Terminal Deoxynucleotidyl Transferase Mediated dUTP Nick End Labeling Staining
Cardiac tissue sections or HL-1 cells were stained with TUNEL following the manufacturer’s operating procedures (Yeasen, Shanghai, China). Images were taken with the fluorescence microscope (Leica, Germany).
Determination of Serum Creatine Kinase Isoenzyme
The serum was collected, and the content of serum creatine kinase isoenzyme (CK-MB) was detected by the corresponding kit purchased from Nanjing Jiancheng Co., Ltd (Nanjing, Jiangsu, China).
RNA Sequencing
Total RNA of cardiac tissues was prepared with trizol reagent (Invitrogen), and RNA-seq was performed by Major Biotechnology Inc. (Shanghai, China). For data analysis, differentially expressed genes were then identified by using P-adjust 0.05 as a cutoff. Heap map analysis and KEGG enrichment analysis were performed with online software (http://geneontology.org/).
Western Blot Analysis
The cardiac tissue (20–40 mg) or HL-1 cells were lysed, the protein concentration was measured, and each protein’s loading amount was balanced. The protein was separated by SDS gel and then transferred to the PVDF membrane. After 90 min, the membranes were preincubated with 5% non-fat milk and incubated with specific primary antibodies overnight. The second antibody conjugated with horseradish peroxidase was incubated for 1 h and visualized using chemiluminescence reagents.
2.12 Real-Time Quantitative PCR
Protocol of RT-qPCR was described in a previous paper (Wang et al., 2016). The primer sequences of interleukin 6 (Il6), chemokine (C-X-C motif) ligand 2 (Cxcl2), FBJ osteosarcoma oncogene (Fos), activating transcription factor 4 (Atf4), JunB proto-oncogene (Junb), tumor necrosis factor-alpha-induced protein 3 (Tnfaip3), chemokine (C-X-C motif) ligand 1 (Cxcl1), and β-actin listed in Table 1 were synthesized with Sangon Biotech Co., Ltd (Shanghai, China). The quantitative analysis of genes was normalized to β-actin.
TABLE 1 | Primers used for real-time qPCR assay.
[image: Table 1]Enzyme-Linked Immunosorbent Assay
The contents of TNF-α and IL-6 in cardiac tissues or TNF-α in HL-1 cells were detected by the corresponding mouse ELISA kits for TNF-α or IL-6, following the manufacturer’s instructions. First, coat the ELISA plate with 100 μL/well of capture antibody in Coating Buffer overnight at 4°C. The cells were washed 3 times with 250 μL/well Wash Buffer and incubated with 200 μL of ELISA Diluent (1×) at room temperature for 1 h. Next, add 100 μL/well of samples and standard to the appropriate wells and incubate at room temperature for 2 h. Aspirate, wash and then incubate with 100 μL/well diluted Detection Antibody to all wells for 1 h. Afterward, aspirate, wash and then incubate with 100 μL/well of diluted Streptavidin-HRP for 30 min. Finally, the cells were washed and incubated with 100 μL/well of 1× TMB Solution for 15 min. Add 100 μL/well of Stop Solution, and read the plate at 450 nm.
Statistical Analysis
All measurement data were shown as mean ± SEM. Statistical analyses were performed using GraphPad Pro Prism 6.0 (GraphPad, San Diego, CA). Parametric data were used for the statistical analysis. We used one-way ANOVA followed by multiple comparisons test with Bonferroni correction when comparing data from more than two groups and a Student’s t-test when comparing data from two groups. It is considered to be significant when p < 0.05.
RESULTS
Activation of the Cyclic GMP-AMP Synthase-Stimulator of Interferon Genes Pathway Was Detected in Cisplatin-Induced HL-1 Cells
First, we evaluated the effects of CDDP in HL-1 cells. The IC50 (half-inhibitory concentration) value of cisplatin is different in different tumor cell lines, ranging from 10 to 200 μM (Sato et al., 2018; Cesna et al., 2018; Morovati et al., 2019; Kou et al., 2020). In addition, it has been reported that a certain concentration of cisplatin has toxic effects on H9c2 cell line (5 μM) and primary rat cardiomyocytes (200 μM) (Zhang et al., 2017; Qian et al., 2018; Zhao, 2019). Here, the doses of 10, 20, 30, and 40 μM of CDDP were chosen for in vitro experiments. Incubation with CDDP (10, 20, 30, 40 μM) for 24 h reduced the viability of HL-1 cells in a dose-dependent manner (Figure 1A). In addition, incubation with CDDP (10, 20, 30, 40 μM) for 24 h resulted in an increased expression of pro-apoptotic BAX and a decreased expression of anti-apoptotic BCL2 (Figure 1B). Furthermore, CDDP induced apoptosis in HL-1 cells (Figures 1C,D). It has been reported that the cGAS-STING pathway participated in myocardial ischemia-reperfusion injury and cardiac hypertrophy (Cao et al., 2018; Hu et al., 2020; Zhang et al., 2020). Notably, the activation of STING and TBK1 was observed in CDDP-challenged HL-1 cells (Figure 1E).
[image: Figure 1]FIGURE 1 | Activation of the cGAS-STING pathway was detected in cisplatin-induced HL-1 cells (A) HL-1 cells were incubated with CDDP (10, 20, 30, 40 μM) for 24 h and then the cell viability of HL-1 cells was examined by CCK8 analysis (n = 5 independent experiments; ###p < 0.001, vs. the 0 group). (B) HL-1 cells were incubated with CDDP (10, 20, 30, 40 μM) for 24 h, and then total protein was collected. The protein level of BAX and BCL2 in HL-1 cells was detected by Western blot. (C–D) HL-1 cells were incubated with CDDP (10, 20, 30, 40 μM) for 24 h, and then cell apoptosis induced by CDDP was detected by TUNEL staining. (C) Representative images of TUNEL staining in HL-1 cells (Green: TUNEL positive cell, DAPI: nucleus; Scale Bar: 25 μm, ×400 magnification). (D) Quantification of TUNEL-positive cells (E) HL-1 cells were incubated with CDDP (10, 20, 30, 40 μM) for 1 h, and total protein was collected. The protein level of p-STING, STING, p-TBK1, TBK1 in HL-1 cells was detected by Western blot (n = 3 independent experiments; #p < 0.05, ##p < 0.01, ###p < 0.001, vs. Vehicle group).
Suppression of Stimulator of Interferon Genes Ameliorated Cisplatin-Induced Injury in HL-1 Cells
To confirm the effect of STING on the progression of apoptosis in cisplatin-induced HL-1 cells, we generated the Sting-knockout HL-1 cells using CRISPR-Cas9. As shown in Figures 2A,B, CDDP failed to induce the phosphorylation of TBK1 in Sting-knockout HL-1 cells. Here, the increased expression of BAX and the reduced expression of BCL2 induced by CDDP were reversed by Sting knockout (Figure 2C). Additionally, cardiomyocyte apoptosis and decreased cell viability induced by CDDP were attenuated by Sting knockout in HL-1 cells (Figures 2D,E). Altogether, these results indicated that blockage of STING exerted protective effects against CDDP-induced cell injury.
[image: Figure 2]FIGURE 2 | Deficiency of STING ameliorated cisplatin-induced injury in HL-1 cells (A) STING was knocked out by CRISP-Cas9. HL-1 cells were subjected to puromycin (1 μg/ml) selection to isolate STING KO cells, and then total protein was collected. The protein level of STING was detected by Western blot. (B) HL-1 cells were incubated with CDDP (40 μM) for 1 h, and total protein was collected. The protein levels of p-TBK1, TBK1, STING were detected by Western blot. (C) HL-1 cells were incubated with CDDP (40 μM) for 24 h, and the protein levels of BAX and BCL2 in HL-1 cells were detected by Western blot. (D) Representative images and quantification of TUNEL staining in HL-1 cells. HL-1 cells were incubated with CDDP (40 μM) for 24 h, and cell apoptosis was detected by TUNEL staining (Green: TUNEL positive cell, DAPI: nucleus; Scale Bar: 25 μm, ×400 magnification). (E) HL-1 cells were incubated with CDDP (40 μM) for 24 h, and then the cell viability of HL-1 cells was examined by CCK8 analysis (n = 3 independent experiments; #p < 0.05, ##p < 0.01, ###p < 0.001, vs. Vehicle group; *p < 0.05, **p < 0.01, ***p < 0.001, vs. CDDP group).
Deficiency of Stimulator of Interferon Genes Blocked Cisplatin-Induced Cardiac Dysfunction and Injury
Next, we investigated the role of STING in CDDP-induced cardiotoxicity in vivo. Figure 3A showed that the phosphorylation of STING and TBK1 was elevated in cardiac tissues of CDDP-treated mice, but that induced by CDDP was inhibited in STING−/- mice. Furthermore, compared with the saline group, echocardiographic results showed that EF and FS in CDDP-treated mice were notably lowered (Figure 3B and Table 2). Serum CK-MB level was significantly increased by intraperitoneal injection of CDDP. Moreover, the histopathological analysis showed the disruption of cardiac muscle fibers and the loss of striations and intercalated disc induced by CDDP in cardiac tissues. TUNEL staining showed a significant increase in cell death in cardiac tissues of CDDP-challenged mice (Figures 3E,F), and immunoblotting analysis showed an increased expression of BAX and a reduced expression of BCL2 in cardiac tissues of CDDP-treated mice (Figure 3G). However, these changes were reversed by Sting knockout in mice (Figure 3; Table 2). These results indicated that deficiency of STING blocked CDDP-induced cardiac dysfunction and injury.
[image: Figure 3]FIGURE 3 | Deficiency of STING blocked cisplatin-induced cardiac dysfunction and injury (A) The protein levels of p-STING, STING, p-TBK1, TBK1 in cardiac tissues were detected by Western blot. (B) Representative images of M-mode of left ventricular (C) The levels of serum CK-MB were detected by the corresponding kit. (D) Representative images of H and E staining using paraffin section of heart tissues (Scale Bar: 25 μm, ×400 magnification). (E–F) Representative images (E) and quantification (F) of TUNEL staining using paraffin section of heart tissues. (Green: TUNEL positive cell, DAPI: nucleus; Scale Bar: 25 μm, ×400 magnification) (G) The protein levels of BAX and BCL2 in cardiac tissues were detected by Western blot (n = 6 in each group; ###p < 0.001, vs. Saline group; *p < 0.05, **p < 0.01, ***p < 0.001, vs. CDDP group).
TABLE 2 | Echocardiographic measurements.
[image: Table 2]Tumor Necrosis Factor-α Signal Pathway Is Involved in Cisplatin-Induced Cardiac Injury
We performed RNA sequencing (RNA-seq) on cardiac tissues from wild-type (WT) and STING−/- mice to better characterize the cardioprotective mechanism by deficiency of STING in CDDP-induced mice. Venn analysis showed 318 genes were present in the genome Saline vs. CDDP and the genome CDDP vs. STING KO + CDDP (Figure 4A). Heat map analysis with KEGG enrichment analysis confirmed a strong downregulation of TNF signaling pathway-related genes in cardiac tissues of STING−/- mice (Figures 4B–D).
[image: Figure 4]FIGURE 4 | TNF signaling pathway was the most significantly enriched pathway identified by RNA-seq (A) Venn diagram of identified differentially expressed genes in the genome Saline vs. CDDP and the genome CDDP vs. STING KO + CDDP. (B) Differential gene-expression heat maps of identified genes were present in the genome Saline vs. CDDP and the genome CDDP vs. STING KO + CDDP (C) KEGG pathway enrichment analysis of the identified differentially expressed genes present in the genome Saline vs. CDDP and the genome CDDP vs. STING KO + CDDP. The 10 most significantly enriched pathways were shown (D) Differential gene-expression heat maps of identified genes were present in the TNF signaling pathway.
The mRNA levels of Il6, Cxcl2, Fos, Atf4, Junb, Tnfaip3, and Cxcl1 and the protein levels of TNF-α and IL-6 in cardiac tissues were determined to identify the potential drivers of the hyperactive TNF signal pathway. Consistent with the results of RNA-seq, CDDP increased the mRNA levels of a variety of TNF signaling pathway-related genes, including Il6, Cxcl2, Fos, Atf4, Junb, Tnfaip3, and Cxcl1 in cardiac tissues, but these changes were dramatically reversed by Sting knockout (Figure 5A). Congruously, the increased protein levels of TNF-α and IL-6 induced by CDDP in cardiac tissues were reduced by Sting knockout (Figures 5B–D). The downstream of TNF signal pathway, AP-1, a heterodimer composed of c-Fos and c-Jun, was activated in cardiac tissues of CDDP-challenged mice but inactivated in cardiac tissues of CDDP-challenged STING−/- mice (Figures 5E,F). These results indicated that the TNF signal pathway was involved in cisplatin-induced cardiac injury.
[image: Figure 5]FIGURE 5 | TNF signal pathway was involved in cisplatin-induced cardiac injury. (A) RT-qPCR was used to detect the expression of TNF signal pathway-related genes including Il6, Cxcl2, Fos, Atf4, Junb, Tnfaip3, and Cxcl1 in cardiac tissues (B–C) The expression of TNF-ɑ and IL-6 in cardiac tissues were detected by ELISA. (D–F) The protein expression of TNF-ɑ (D), p-c-Fos (E), c-Fos (E), p-c-Jun (F), c-Jun (F) in cardiac tissues were detected by Western blot (n = 6 in each group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs Saline group; *p < 0.05, **p < 0.01, ***p < 0.001 vs. CDDP group).
Stimulator of Interferon Genes-Tumor Necrosis Factor-α-AP-1 Mediated Cisplatin-Induced Cardiomyocyte Injury
Next, we investigated the role of the STING-TNF-α-AP-1 axis in CDDP-induced cardiomyocytes injury. Exposed to CDDP, c-Jun and c-Fos were time-dependently phosphorylated in HL-1 cells (Figure 6A). Analogously, the protein level of TNF-α was time-dependently increased in HL-1 cells (Figure 6B). To further validate the regulatory role of STING in CDDP-induced activation of AP-1, we examined whether deficiency of STING inhibited the phosphorylation of AP-1 in CDDP-induced HL-1 cells. Expectedly, the protein and secretion level of TNF-α was suppressed (Figures 6C,D), and the phosphorylation of c-Jun and c-Fos was blocked by Sting knockout (Figure 6C). Of note, activation of STING by cGAMP promoted the phosphorylation and expression of c-Jun and c-Fos (Figure 6E). In addition, cardiomyocyte apoptosis induced by CDDP was attenuated by AP-1 inhibitor T5224 in HL-1 cells (Figures 6F,G). Moreover, the decrease in cell viability induced by CDDP was improved (Figure 6H), and the increased expression of BAX induced by CDDP was reversed by T5224 in HL-1 cells (Figure 6I). These results suggested that STING-TNF-α-AP-1 mediated CDDP-induced cardiomyocyte apoptosis.
[image: Figure 6]FIGURE 6 | STING-TNF-α-AP-1 mediated cisplatin-induced cardiomyocyte injury. (A–B) HL-1 cells were incubated with CDDP (40 μM) for a time course, and then the total protein was collected. The protein levels of p-c-Fos, c-Fos, p-c-Jun, c-Jun, and TNF-ɑ were detected by Western blot. (C) HL-1 cells were incubated with CDDP (40 μM) for 24 h, and then the total protein was collected. The protein levels of STING, TNF-ɑ, p-c-Fos, c-Fos, p-c-Jun, c-Jun were detected by Western blot. (D) HL-1 cells were incubated with CDDP (40 μM) for 24 h, and the medium supernatant and the total protein were collected. The contents of TNF-ɑ and IL-6 in the medium supernatant were detected by ELISA and calibrated with protein concentration. (E) HL-1 cells were incubated with cGAMP (1 μg/ml) for a time course, and then the total protein was collected. The protein levels of p-c-Fos, c-Fos, p-c-Jun, c-Jun were detected by Western blot. (F–G) Representative images and quantification of TUNEL staining in HL-1 cells. HL-1 cells were pretreated with T5224 (10 μM) for 30 min and incubated with CDDP (40 μM) for 24 h. Cell apoptosis induced by CDDP was detected by TUNEL staining (Green: TUNEL positive cell, DAPI: nucleus; Scale Bar: 25 μm, ×400 magnification). (H) HL-1 cells were pretreated with T5224 (10 μM) for 30 min and incubated with CDDP (40 μM) for 24 h, and the cell viability of HL-1 cells was examined by CCK8 analysis. (I) HL-1 cells were pretreated with T5224 (1, 5, 10 μM) for 30 min and incubated with CDDP (40 μM) for 24 h, and the total protein was collected. The protein levels of BAX were detected by Western blot (n = 3 independent experiments; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. Vehicle or DMSO group; *p < 0.05, **p < 0.01, ***p < 0.001, vs. CDDP group).
DISCUSSION
This study demonstrated that STING played a crucial regulatory role in cisplatin-induced cardiotoxicity and demonstrated that cisplatin activated STING, which promoted the activation of the TNF-α-mediated AP-1 signaling pathway. However, deficiency of STING attenuated cisplatin-induced cardiac dysfunction and apoptosis in vivo and abolished cisplatin-induced cardiomyocyte apoptosis in vitro.
Apoptosis plays a key role in the development of chemotherapy-associated cardiopathy. Recently, accumulated studies have suggested that the mtDNA-cGAS -STING pathway proved critical to the progression of cardiovascular diseases (Mao et al., 2017; Cao et al., 2018; Sliter et al., 2018; Li et al., 2019; Hu et al., 2020; Huang et al., 2020; Zhang et al., 2020). In the present study, our results showed that STING was an essential regulator for cisplatin-induced cardiotoxicity. In our in vivo experiments, STING and TBK1 in cardiac tissues were phosphorylated by intraperitoneal injection with cisplatin. The deficiency of STING reduced the phosphorylation of TBK1 in cardiac tissue.
Moreover, deficiency of STING attenuated not only cisplatin-induced cardiac dysfunction and the increase in serum CK-MB but also improved cisplatin-induced myocardial fiber disorder and cardiomyocyte apoptosis. In vitro experiments, deficiency of STING abolished cisplatin-induced apoptosis of HL-1 cells. These results indicated that suppression of STING protected against cardiotoxicity induced by cisplatin.
Recent studies suggested that targeting the TNF signal pathway might comprise a viable therapeutic strategy to reduce disease burden in ischaemic vascular disease progression, particularly endothelial dysfunction, chronic inflammation, and atherosclerotic plaque development (Hu et al., 2015; Kojima et al., 2016; Nash et al., 2019). Heat map analysis with KEGG enrichment analysis in RNA-seq from cardiac tissues confirmed a strong correlation between cisplatin-induced cardiotoxicity and TNF signaling pathway, and deficiency of STING alleviated cisplatin-induced cardiac dysfunction, which is significantly correlated with the inactivation of the TNF signal pathway. Consistently, the expression of TNF-α and the phosphorylation of c-Jun and c-Fos were increased, but these were reversed by deficiency of STING. cGAMP bind to the endoplasmic reticulum (ER)-localized STING, which promotes STING dimerization and translocation from ER to the endoplasmic reticulum-Golgi intermediate compartment (ERGIC) (Sliter et al., 2018; Ablasser and Chen, 2019; Gui et al., 2019; Shang et al., 2019; Zhang et al., 2019). Subsequently, STING recruits and activates TBK1 to initiate an IRF3-dependent innate immune response, resulting in the production of IFNs and a NF-κB-dependent inflammatory response, which leads to the production of pro-inflammatory factors, including TNF-α, IL6, IL1β, etc. (Burdette et al., 2011; Bai and Liu, 2019; Zhang et al., 2019; Hu and Shu, 2020). Our results showed that the activation of AP-1 was dependent on an increased expression of TNF-α. Intriguingly, the expression of c-Jun and c-Fos was increased when exposed to both cisplatin and cGAMP, indicating that AP-1 might be mediated by the STING-NF-κB signaling pathway.
CONCLUSION
Our study found that the STING-TNF-α-AP-1 axis contributed to cisplatin-induced cardiotoxicity by triggering cardiomyocyte apoptosis and deficiency of STING attenuated cisplatin-induced cardiac dysfunction. Moreover, STING may be a potential therapeutic target for preventing the progression of chemotherapy-associated cardiovascular complications.
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Methyl Ferulic Acid Attenuates Human Cardiac Fibroblasts Differentiation and Myocardial Fibrosis by Suppressing pRB-E2F1/CCNE2 and RhoA/ROCK2 Pathway
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Background: Myocardial fibrosis is a key pathological process after myocardial infarction, which leads to poor outcomes in patients at the end stage. Effective treatments for improving prognosis of myocardial fibrosis are needed to be further developed. Methyl ferulic acid (MFA), a biologically active monomer extracted and purified from the Chinese herbal medicine, is reported as an attenuator in many diseases. In this study, we aim to reveal the role it plays in myocardial fibrosis after myocardial infarction and its possible mechanism.
Results: Firstly, we found that MFA attenuated the expression of fibrosis-related proteins and the ability of migration and proliferation in TGF-β1–induced human cardiac fibroblasts (HCFs). Then, myocardial fibrosis after myocardial infarction models on mouse was built to reveal the in vivo affection of MFA. After 28 days of treatments, fibrosis areas, cardiac function, and expression of fibrosis-related proteins were all improved in the MFA-treated group than the myocardial infarction group. Finally, to elucidate the mechanism of phenomenon we observed, we found that MFA attenuated HCF differentiation after myocardial infarction by suppressing the migration and proliferation in HCFs, which was by suppressing the pRB-E2F1/CCNE2 and the RhoA/ROCK2 pathway.
Conclusion: Our findings showed that MFA attenuated the expression of fibrosis-related proteins, and the ability of migration and proliferation in HCFs improved the cardiac function of myocardial infarction mice; meanwhile, the mechanism of that was by suppressing the pRB-E2F1/CCNE2 and the RhoA/ROCK2 pathway.
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INTRODUCTION
Myocardial infarction (MI) remains to be the leading cause of mortality in both developed countries and developing countries like China, especially in acute myocardial infarction (AMI) cases (Xu et al., 2020). After MI, myocardial ischemia of vasculature destruction leads to extensive cell death and apoptosis in affected myocardial and thus initiate myocardium remodeling. To revitalize the damaged issue, revascularization treatments have been considered as an effectual approach to avoid cardiac remodeling and improve cardiac function (Gao et al., 2019). Despite that the mortality of AMI patients has now decreased in some countries due to development of an emergency medical service, rational medication usage, and worldwide adoption of early reperfusion therapy (Yeh et al., 2010; Laribi et al., 2014), the myocardial fibrosis following MI is still associating with poor prognosis and bad outcome in patients at the end stage of MI (van den Borne et al., 2010).
Myocardial fibrosis is characterized by excessive deposition of the extracellular matrix (ECM) in the infarcted cardiac area. Secreted by cardiac fibroblasts, ECM plays a vital role in tissue reconstruction of the cardiac area in order to avoid heart rupture, but excessive ECM deposition may end up with reduced ventricular compliance and stiffened tissue, hence affecting cardiac function and causing heart failure at the end stage (Ma et al., 2018; Fan et al., 2019). α-smooth muscle actin (α-SMA), collagen type I (Col-1a1, approximately 85%), collagen type III (Col-III, approximately 11%), and fibronectin-1 (FN1) are the major characterized components of ECM (Kawaguchi et al., 2011; Travers et al., 2016; Hinderer and Schenke-Layland, 2019); expression of those proteins reflects the level of ECM secretion. Differentiation of cardiac fibroblasts plays an important role in myocardial fibrosis; stimulated by variety of cytokines, cardiac fibroblasts differentiate into myofibroblasts (Ma et al., 2018), which is more active in secreting ECM and other fibrosis-associated proteins. Transforming growth factor-β1 (TGF-β1) is considered as one of the most effective cytokines in this process, and TGF-β1 and its receptor TGFβRs involves together in myocardial fibrosis is widely reported (Bujak and Frangogiannis, 2007; Dobaczewski et al., 2011; Ma et al., 2018). Despite the protein expression of ECM, increasing abilities of cell proliferation and migration are also considered as key characters in differentiation of cardiac fibroblasts (Manabe et al., 2002). In recent years, to decrease myocardial fibrosis, some strategies have been developed to target TGF-β pathways, such as TGF-β inhibitors and anti-TGF-β antibodies (Cunnington et al., 2009; Lei et al., 2011), but they all failed to prevent myocardial fibrosis due to a failure in preventing TGFβ from binding to TGFβRs. Besides, the clinical use of these inhibitors for anti-fibrotic therapy was limited because of high toxicity (Akhurst and Hata, 2012). Hence, searching for safe and stable intervention targets for preventing and treating with human cardiac fibrosis is necessary.
Methyl ferulic acid (MFA), an organic acid extracted from traditional Chinese herbs like Securidaca inappendiculata hasskarl, is often served as anti-inflammatory, antibacterial, and anti-rheumatism remedies in reports (Cheng et al., 2019a). In recent years, the effect of MFA in ameliorating hepatic insulin resistance (Cheng et al., 2019b), protecting liver oxidative injury (Li et al., 2017), and reducing cell apoptosis (Li et al., 2018) were observed in some research groups, but its effects on attenuating myocardial fibrosis and its possible mechanism were not revealed yet. In our research, we aimed to determine the effect of MFA in attenuating myocardial fibrosis and reveal its possible mechanism by means of TGF-β1–induced human cardiac fibroblasts (HCFs) in vitro and myocardial fibrosis mice in vivo. Our data showed that MFA attenuated the expression of fibrosis-related proteins, suppressed the ability of migration and proliferation in HCFs, and improved the infarction sizes, cardiac function, and fibrosis-related protein expressions in myocardial fibrosis mice. The mechanism of that was by suppressing proliferation and migration ability of cardiac fibroblasts, which was by suppressing the pRB-E2F1/CCNE2 and the RhoA/ROCK2 pathway.
MATERIALS AND METHODS
Reagents and Chemicals
Methyl ferulic acid (MFA) was obtained from the Sigma Chemical Co. (St. Louis, MO, United States), after purchasing from the agent, MFA was dissolved in dimethyl sulfoxide (DMSO) (Xilong Chemical Co., Ltd., Guangdong, China) for cell procedure and in DMSO + PEG300 (Xilong Chemical Co., Ltd., Guangdong, China) + ddH2O for mouse injection. TGF-β1 was obtained from Sino biology CO. (Beijing, China). Anti–FN-1 (Rabbit, 1:3,000, Abcam, MA, United States), anti–Col-1a1 (Rabbit, 1:1,000, Abclonal, Wuhan, China), anti–α-SMA (Rabbit, 1:1,000, Abcam, MA, United States), anti-pRB (Rabbit, 1:1,000, Abclonal, Wuhan, China),anti-E2F1 (Rabbit, 1:1,000, Abclonal, Wuhan, China), anti-CCNE2 (Rabbit, 1:1,000, Abclonal, Wuhan, China), anti-ROCK2 (Rabbit, 1:1,000, Abclonal, Wuhan, China), anti–p-MYPT1 (Rabbit, 1:1,000, Abclonal, Wuhan, China), anti-RhoA (Mouse, 1:100, Santa-Cruz, United States), and anti–α-tubulin (Rabbit, 1:3,000, CST, MA, United States) antibodies were obtained for Western blot and immunohistochemistry. Anti-FN-1 (Rabbit, 1:100, Abcam, MA, United States) and anti-α-SMA (Mouse, 1:100, Abcam, MA, United States) antibodies were obtained for immunofluorescence. Anti-pRB (Rabbit, 1:100, Protein-Tech, Wuhan, China) antibody was obtained for immunoprecipitation. The goat anti-rabbit IgG and goat anti-mouse IgG secondary antibodies were obtained from the Biotech Co., Ltd. (Beijing, China).
Cell Culture and Transfection
Human cardiac fibroblasts (HCFs) were purchased from Sciencell Research Lab (6300, United States), HCFs were cultured in DMEM/F-12 medium with 5% fetal bovine serum (FBS, Gibco, United States), and 1% penicillin/streptomycin (Gibco, United States). After four days of culturing on condition of 37°C with 5% CO2, HCFs were incubated in MFA and TGF-β1 after 6 h of serum-free treatment, the concentrations of MFA and TGF-β1 were given in RESULTS. Before transfecting, E2F1-pcDNA 3.1 (100 nM), RhoA-pcDNA3.1 (100 nM), and NC-pcDNA3.1 (100nM, Sangon, Shanghai, China) were incubated respectively in lipofection 3000 (Sangon, Shanghai, China) under the room temperature, and after 20 min of incubating, the mixes were infected transiently into HCFs. After 48 h of transfecting, the HCFs were harvested for next procedure.
Western Blot Analysis
HCFs were collected after treatments, cell lysates were harvested by RIPA (Beyotime, China), and the concentrations of cell lysates were determined by the BCA protein assay kit (Beyotime, United States). Same amounts of protein samples were separated by 10% SDS-PAGE gels and then transferred into the PVDF membrane. After blocking 1 h with 5% bovine serum albumin (BSA, Thermofisher, United States), the membranes were incubated separately in primary antibodies in condition of 4°C overnight. After washing three times in TBST for 15 min, the membranes were incubated in horseradish peroxidase (HRP)–conjugated secondary antibody (Goat to rabbit/mouse, Beyotime, China) for 2 h under the temperature of room. After washing three times in TBST for 15 min, membranes were imaged by enhanced chemiluminescence (ECL, Vazyme, Nanjing, China) and image data were analyzed by ImageJ software (NIH, MD, United States).
Quantitative Realtime PCR Analysis
HCFs were collected after treatments, and total mRNAs were extracted by the EZ-press RNA Purification Kit (EZ-bioscience, United States) guided by operating instruction. After determining the concentrations, the mRNAs were reverse transcribed by the HiScript II RT SuperMix for qPCR (+ gDNA wiper) cDNA Synthesis Kit (Vazyme, Nanjing, China). Same amounts of total cDNAs were reacted in a 384-well qPCR plate with ChamQ SYBR GREEN qPCR Master Mix (Vazyme, Nanjing, China). The sequencing of primers in our research was given in Supplementary Table 1.
Cell Viability Assay (CCK-8 Assay)
HCFs were cultured in 96-well plates. After treatments, the Cell Counter Kit-8 (CCK-8) assay (Vazyme, Nanjing, China) was used for evaluating cell viability guided by operating instruction. HCFs were incubated for 2 h after adding 1 μl CCK-8 solution into each well. A DNM-9602 enzyme-labeled analyzer (Beijing Perlong New Technology Co., Ltd.) was used for measuring optical density (OD) of each well. Six wells in each group were measured as replicates for the calculation of average cell viability.
Cell Proliferation Assay (EDU Assay)
HCFs were cultured in 12-well plates. After treatments, the EDU Alexa Flour 564 imaging kit (Ribobio, Guangzhou, China) was used for detecting the proliferation of HCFs guided by an operating instruction. HCFs were incubated for 2 h after adding 1 μl EDU solution into each well. After incubating, HCFs were fixed in 75% ethyl alcohol on condition of −20°C overnight, then, fixed cells were penetrated by 0.3% PBST for 30 min, after washing three times in 0.1% TBST for 15 min, HCFs were incubated in EDU click solution (with Alexa Flour 564) away from light for 30 min. The images were captured by a fluorescence microscope (magnification: ×400; Olympus, Japan). The proliferation ability of HCFs was calculated by counting the percentage of EDU positive cells (red fluorescence) to DAPI stained cells (blue fluorescence).
Cell Cycle Analysis (Flow Cytometry)
HCFs were collected after treatments and fixed in 75% ethyl alcohol on condition of −20°C overnight. After three times of washing and centrifuging (in 600 rpm, 5 min), fixed cells were stained by the Annexin V FITC/PI apoptosis and cell cycle kit (Multi Science, China) for 30 min, then, HCFs were analyzed by a flow cytometer (BD Biosciences, United States). Images were processed by FLOWJO software (BD Biosciences, United States), and the percentage of G0/G1, S, and G2/M were calculated to analyze cell cycle.
Wound Healing Migration Assay
HCFs were cultured in 6-well plates. After culturing to 90% confluence, the plates were scratched by a 200 μl pipette tip led by a scratch ruler. After treating and culturing for another 24 h, the images of each same place were captured at 0 and 24 h by an inverted light microscope (magnification: ×100, Olympus, Japan), and the percentage of wound closure was accessed to evaluate the migration ability of HCFs.
Transwell Migration Assay
HCFs were collected after treatments and then suspended with 500 μl DMEM/F-12 medium without serum. HCFs were placed equally into the upper chamber of Transwell plates (Corning, United States), and 2 ml of DMEM/F-12 with 20% serums were placed into the lower chamber. After 24 h of incubating, cells in lower side of membrane were fixed in 4% formaldehyde and penetrated by 0.3% PBST for 30 min; after washing three times in 0.1% TBST for 15 min, HCFs were stained with crystal violet (Beyotime, China), the images of each membrane were captured by inverted light microscope (magnification: ×100, Olympus, Japan), and the number of transferred cells was accessed to evaluate the migration ability of HCFs.
Immunoprecipitation
HCFs were collected after treatments, concentrations of cell lysates were determined by the BCA protein assay kit, and 1 mg of proteins of each sample were used for immunoprecipitation. The samples were incubated in rabbit-controlled Ig-G antibody and anti-pRB (1:100) antibody under condition of 4°C overnight, and then the samples were suspended with 25 μl of Protein A/G PLUS-Agarose; after 2 h of incubating and washing, samples were Western blotted and anti-E2F1 (1:1,000) antibody was incubated to evaluate the conjunction amount of E2F1 and pRB.
Experimental Animals and MI Modeling
C57BL/6 J wild type mice, which aged between 6–8 weeks, were purchased from the Institute of Laboratory Animal Science, Chinese Academy of Medical Sciences (Beijing, China). The mice were fed in SPF-graded animal house for 28 days with tap water and commercial diet available after MI modeling procedure. Mice were anesthetized with 3% isoflurane via inhalation and kept ventilated (Harvard Rodent Ventilator; Harvard Apparatus, United States) during surgeries. After left lateral thoracotomy, the left anterior descending coronary artery (LAD) was determined by the cross line of venae cordis magna brunches and the left auricle, LAD was occluded in the same point permanently for ischemia with an 8-0 nylon suture and polyethylene tubing was used for preventing arterial injury. Depending on different groups, mice were injected with MFA (10 mg/kg) or vehicle (DMSO) for 28 days after surgery and observed the death rate in each group meanwhile. At the end of experiments, six mice in each group were chosen randomly for next experiments. Mice hearts were excised on condition of anesthetizing with 3% isoflurane and ventilating, the ischemic region (fibrosis region) of the left ventricle was separated and stored at −80°C to further immunoblotting analysis or fixed in 4% formaldehyde to further issue staining or immunofluorescence. All the procedures were performed in compliance with the Guide for the Care and Use of Laboratory Animals by the US National Institutes of Health (NIH Publication, revised in 2011) and approved by the Animal Care and Use Committee of Renji Hospital of Shanghai Jiao Tong University.
Histological Analysis
Tissue staining and immunohistochemistry were performed to observe the morphological changes of left ventricular (LV), ischemic region (fibrosis region) under the nylon suture knot was separated and fixed in 4% formaldehyde immediately. After embedding and slicing in paraffin, hematoxylin-eosin (HE) staining was performed to observe the tissue morphologies of fibrosis region. Masson and Sirius red staining were performed to determine and compare the differences of collagen deposition among tissues. To perform immunohistochemistry, xylene was used for eluting paraffin. Anti-E2F1 (1:200), anti-CCNE2 (1:200), anti-RhoA (1:50), and anti-ROCK2 (1:200) antibodies were incubated for observing and comparing the differences of the expression of proteins mentioned above in normal region and fibrosis region. Images were captured by an inverted light microscope (magnification: ×100, Olympus, Japan).
Immunofluorescence
LVs were separated from mouse heart and embodied by paraffin; after slicing and pasting to glass side, embodied sections of LVs were eluted by xylene; after antigen repairing in Citrate Antigen Retrieval solution (Thermofisher, United States), sections were penetrated by 0.3% PBST for 30 min; after washing three times in 0.1% TBST for 15 min, anti–α-SMA (Mouse, 1:200) and anti-FN-1 (Rabbit, 1:200) antibodies were mixed and incubated under condition of 4°C overnight, and then the sections were mixed and incubated in different spices of Alexa-fluor–labeled secondary antibodies (Goat to mouse and goat to rabbit) for 30 min away from light after washing three times in PBST for 30 min. For observing and comparing the differences of the expression of proteins mentioned above in the normal region and the fibrosis region, a fluorescence microscope (magnification: ×400; Olympus, Japan) was used for capturing the fluorescence images.
Echocardiography
Mice were anesthetized at rest with 3% isoflurane before all hairs in chest were removed. A high-resolution imaging system for small animals (Vevo 3100 imaging system, Visual Sonics Japan) was used in both the B-mode and the M-mode for evaluating cardiac function of mice and capturing echocardiographic images. Parasternal long-axis and short-axis views were both captured. The cardiac function data were calculated by Vevo 3100 software (Visual Sonics Japan).
Data Analysis and Statistics
Data in bar charts were showed as mean ± SD. For continuous variables (like the gray level of Wb gels, Cp value of qPCR, and a measurement value of cardiac function), a non-paired student’s t-test was used for comparing two different groups and one-way-ANOVA was used for comparing multiple (>2) groups. For discontinuous variables (like cell count and cell percentage), a chi-square test was used for comparing different groups. P value < 0.05 was considered as statistically significant difference and all analyses were performed with GraphPad Prism 7.
RESULTS
MFA-Attenuated Cell Differentiation in TGF-β1–Stimulated HCFs
MFA was an organic acid extracted from traditional Chinese herbs (Figure 1A). To elucidate the effect of MFA in HCF differentiation, TGF-β1 was used for inducing the differentiation of HCFs guided by our formal experiences (Cui et al., 2020), 6-level concentrations of TGF-β1 were incubated with HCFs. After 24 h of incubation, the CCK-8 assay was performed to determine the cell viability in different TGF-β1 concentrations. Our data showed that 10 ng/ml was the most effective concentrations of TGF-β1 in stimulating HCFs (Figure 1B). To test the cytotoxicity of MFA, the CCK-8 assay was also performed to determine the cell viability in nine levels of MFA concentration. Our data showed that the concentrations of MFA were noncytotoxic until 30 mM (Figure 1C). To elucidate the effect of MFA in TGF-β1–stimulated HCFs, 10 ng/ml of TGF-β1 was added, respectively, into 5, 10, 20, and 30 mM concentrations of MFA-treated HCFs. The Western blot analysis and qPCR were both performed in protein and mRNA levels to evaluate the expression of differentiation-related proteins. FN-1, Col-1a1, and α-SMA were chosen to reflect the ECM secretion and the differentiation level. Our data showed that after pretreating with four different levels of MFA, 10 mM of that was the most effective concentrations in reducing differentiation-related proteins expression on TGF-β1-stimulated HCFs (Figures 1D–F), while MFA treated only did not exert any impact on differentiation of HCFs. Our findings showed that MFA reduced differentiation-related proteins expression in TGF-β1–stimulated HCFs and hence suppressed the differentiation of HCFs.
[image: Figure 1]FIGURE 1 | MFA reduced fibrosis-related genes expression in TGF-β1–stimulated HCFs. (A) Chemical structural formula of MFA. (B–C) Cell viabilities when HCFs were treated by different concentrations of TGF-β1 (B) and MFA (C) (n = 6). (D–F) Protein (D. E) and mRNA (F) expression levels of fibrosis-related genes (n = 4). (*compared with negative control: *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001. #Compared with the TGF-β1 group: #p < 0.05, ##p < 0.01, ###p < 0.005).
MFA Suppressed Proliferation and Migration Ability in TGF-β1–Stimulated HCFs
Both proliferation and migration ability played key roles in differentiation of HCFs. To further elucidate the effect of MFA in HCFs, proliferation and migration ability of HCFs were also measured. By means of the CCK-8 assay and the EDU assay, our data showed that when HCFs were incubated with 10 ng/ml of TGF-β1 and 10 mM of MFA, the cell viability and proliferation ability were both suppressed compared to those who incubated with TGF-β1 only (Figures 2A,B), which meant that MFA suppressed proliferation ability of TGF-β1–stimulated HCFs. Similarly, by means of a wound healing assay and the transwell assay, our data showed that the cell migration ability were both suppressed when HCFs were incubated with TGF-β1 and MFA compared to those who incubated with TGF-β1 only (Figures 2C,D), while MFA treated only did not influence proliferation or migration ability either. Proliferation and migration assays were both identified that MFA suppressed proliferation and migration ability of TGF-β1–stimulated HCFs, which further identified that MFA suppressed the differentiation of TGF-β1–stimulated HCFs.
[image: Figure 2]FIGURE 2 | MFA suppressed proliferation and migration ability in TGF-β1–stimulated HCFs. (A–B) EDU assay (A) and CCK-8 assay (B) were performed to evaluate the proliferation ability of HCFs (n = 6). (C–D) Wound healing assay (C) and Transwell assay (D) were performed to evaluate the migration ability of HCFs treated as below (n = 6). (*compared with negative control: ***p < 0.005, ****p < 0.001. #Compared with the TGF-β1 group: #p < 0.05, ##p < 0.01).
MFA Reduced Fibrosis Level in MI Mice
To elucidate the effect of MFA in vivo, MI mice were built to observe the effect of MFA in improving fibrosis-related genes expression and fibrosis areas. To elucidate the effect of MFA in improving fibrosis-related genes expression, MI mice were injected intraperitoneally with 10 mg/kg concentrations of MFA solutions per day. After 28 days of injecting, LVs of mice were separated for Western blot and qPCR. Our data showed that all MI mice were successfully modeled, and fibrosis-related genes expression of the MFA-treated group was obviously reduced in both protein and mRNA levels in contrast to the MI group (Figures 3A–C). Furthermore, to evaluate the effect of MFA in improving fibrosis areas, the histological analysis and immunofluorescence were performed to observe the differences of fibrosis areas. By means of HE, Masson, and Sirius staining, our data showed that fibrosis areas (bules in Masson and reds in Sirius) were all decreased in the MFA-treated group in contrast to the MI group (Figure 3D) and to determine the constituents in the fibrosis area, immunofluorescence was performed to show the expression of FN-1 and α-SMA in fibrosis. Our data showed that in fibrosis areas, both FN-1 and α-SMA were upregulated, but the expression level and the fibrosis area were reduced in the MFA-treated group in contrast to the MI group (Figure 3E; Supplementary Figure 2A). Certainly, MFA-treated mice without MI were not showed obvious differences to the NC group in fibrosis-related genes expression excepted α-SMA. Our findings showed that MFA reduced the fibrosis-related genes expression and fibrosis areas in MI mice, meant that MFA reduced fibrosis levels in vivo.
[image: Figure 3]FIGURE 3 | MFA reduced fibrosis level in MI mice. (A–C) Protein (A. B) and mRNA (C) expression levels of fibrosis-related genes in different mice groups (n = 6). (D–E) Tissue staining (D), and immunofluorescence (E) were performed to compare the fibrosis area and fibrosis-related genes expression. (*compared with negative control: **p < 0.01, ***p < 0.005, ****p < 0.001. #Compared with the MI group: #p < 0.05, ##p < 0.01, ###p < 0.005).
MFA Improved the Survival and Cardiac Function in MI Mice
When MI occurred, heart chamber architecture changed significantly due to myocardial fibrosis, hence led to heart failure at the terminal stage. To further evaluate the effect of MFA in reducing fibrosis and protecting myocardium, echocardiography was performed to evaluate the cardiac function of mice. Before evaluating, the body weight, the lung weight, the bone length, and the heart rate were controlled without significant differences among four groups to exclude the influences from them on results (Figure 4A). Firstly, by a survival analysis, we found that survival in 28 days was significant decreased in mice after MI, but improved after MFA treatment, especially at the terminal stage (Figure 4B). By analyzing the outcomes of echocardiography, we surprisingly found that the main cardiac function indexes (the ejection factor and fractional shortening) were significantly improved in the MFA-treated group in contrast to the MI group. Besides, some secondary cardiac function indexes (Ds, Dd, and CO) were also improved (Figures 4C,D). MFA-treated mice without MI were not showed the obviously differences to the NC group in these indexes. Our findings showed that MFA improved the survival and cardiac function in MI mice. Combined with our formal findings, we determined that MFA improved the outcomes of fibrosis after MI in vitro.
[image: Figure 4]FIGURE 4 | MFA improved the survival and cardiac function in MI mice. (A) General indicator among four groups of mice (n = 6). (B) K-M analysis among four groups of mice (n = 15). (C–D) Echocardiography images (in both B and M mode) (C), and cardiac functions among four groups of mice (n = 6). (*compared with negative control: *p < 0.05, **p < 0.01, ****p < 0.001. #Compared with the MI group: #p < 0.05, ##p < 0.01, ###p < 0.005, ####p < 0.005).
MFA Suppressed the Expression of pRB, E2F1, CCNE2, RhoA, and ROCK2, Regulated the Cell Cycle, and Conjunction of RB and E2F1
In our previous results, we determined that in HCFs, MFA suppressed its proliferation and migration abilities, as classic cellular signal pathway components, pRB, E2F1, and CCNE2 took parts in cell proliferation and RhoA and ROCK2 took parts in cell migration were widely reported. In this context, we determined to assess the expression of pRB, E2F1, CCNE2, RhoA, and ROCK2. In TGF-β1–stimulated HCFs, we found that TGF-β1 promoted the expression of pRB, E2F1, CCNE2, RhoA, and ROCK2, but this effect could be attenuated by MFA pretreatment (Figure 5A; Supplementary Figure 2B). The same phenomenon was also observed in left ventricular lysates of MI mice (Figure 5B; Supplementary Figure 2C). Then, immunohistochemistry was performed to observe the expression of those components in mice hearts. By means of microscopy we found that E2F1, CCNE2, RhoA, and ROCK2 were all high expressed in fibrosis areas of the MI group but attenuated in fibrosis areas of the MFA-treated group (Figure 5C). pRB, E2F1, and CCNE2 were key components of cell cycle, hence the cell cycle analysis (by flow cytometry) was performed to further elucidated the relationship between MFA and the cell cycle. Our data showed that TGF-β1 promoted the cell proliferation by improving the percentage of S and G2/M phase cells, the effect could also be attenuated by MFA pretreatment (Figure 5D). Besides, RB was conjunct with E2F1 in common circumstance but phosphorylated (pRB) and separated from E2F1 when stimulated by TGF-β1. This phenomenon was observed by immunoprecipitation. However, we found that the separation was also attenuated by MFA pretreatment (Figure 5E). These findings showed that MFA suppressed the expression of pRB, E2F1, CCNE2, RhoA, and ROCK2, regulated the cell cycle, and conjunction of RB and E2F1, not surprisingly, MFA-pretreated HCFs and mice without TGF-β1 stimulating or MI modeling were not showed those changes. Following these findings, we assumed that MFA attenuated proliferation and migration ability of HCFs and thus attenuated myocardial fibrosis by suppressing the pRB-E2F1/CCNE2 and the RhoA/ROCK2 pathway (Figure 5F).
[image: Figure 5]FIGURE 5 | MFA suppressed the expression of pRB, E2F1, CCNE2, RhoA, and ROCK2, regulated the cell cycle, and conjunction of RB and E2F1. (A–C) Protein expression levels of proliferation and migration-related genes in HCFs (A), mice LVs (B), and mice tissue (C) (n = 3). (D) Cell cycle analysis in HCFs (n = 6). (E) Immunoprecipitation of anti-pRB to E2F1 in HCFs lysates. (F) Sketch map of our assumptions. (*compared with negative control: ***p < 0.005. #Compared with the TGF-β1+MFA group: ##p < 0.01).
MFA Suppressed Proliferation and Migration Ability of HCFs and Attenuated Myocardial Fibrosis by Suppressing the RB-E2F1/CCNE2 and the RhoA/ROCK2 Pathway
To further elucidated the relationships between suppressed proliferation and migration ability of HCFs by MFA with the RB-E2F1/CCNE2 and the RhoA/ROCK2 pathway, pcDNA 3.1 of E2F1, and RhoA were designed to rescue the suppressed pathway components. Firstly, E2F1 pcDNA 3.1 was transfected transiently into TGF-β1 and MFA-treated HCFs, and the ECM formatting (evaluated by α-SMA expression), cell proliferation (evaluated by EDU assay and CCK-8 assay) ability, and the cell cycle were all recovered. Besides, CCNE2, the downstream molecule of E2F1 was also recovered (Figures 6A–D; Supplementary Figure 2D). Same procedure was performed by RhoA pcDNA 3.1, after transfecting, cell migration ability (evaluated by the wound healing assay and the transwell assay) and downstream molecule ROCK2 were also recovered (Figures 6E–G; Supplementary Figure 2E). Furthermore, to ensure the activity of ROCK2, we detected the expression of phosphorylated MYPT1 (p-MYPT1), the substrate of ROCK2. We found that p-MYPT1 was highly expressed in HCFs stimulated by TGF-β1, but attenuated with MFA pretreatment, which consisted with that of ROCK2 (Supplementary Figures 1A, 2F). Rescue tests by RhoA pcDNA 3.1 showed that with recovering of ROCK2 expression, p-MYPT1 expression was also recovered (Supplementary Figures 1B, 2G), meant that the RhoA/ROCK2 pathway was activated in TGF-β1–stimulated HCFs and deactivated when MFA treatment. At last, to further proved the roles of the RB-E2F1/CCNE2 and the RhoA/ROCK2 pathway in TGF-β1–induced cell differentiation, the inhibitors of the RB-E2F1/CCNE2 pathway (MRT00033659) and the RhoA/ROCK2 pathway (Fasudil) were purchased to conduct the experiment, results showed that after treating by inhibitors, cell proliferation (evaluated by EDU assay), and migration (evaluated by Transwell assay) ability were all attenuated in contrast to the TGF-β1–stimulated group (Supplementary Figures 1C,D), meant that those two pathways were participated in TGF-β1–stimulated cell differentiation. With these findings, we concluded that MFA suppressed proliferation and migration ability of HCFs and hence attenuated myocardial fibrosis, the mechanism of that was by suppressing the RB-E2F1/CCNE2 and the RhoA/ROCK2 pathway.
[image: Figure 6]FIGURE 6 | MFA suppressed the expression of pRB, E2F1, CCNE2, RhoA, and ROCK2, regulated the cell cycle, and conjunction of RB and E2F1. (A–D) Rescue test for cell proliferation ability and ECM formation by Western blot (A) (n = 3), cell cycle analysis (B), EDU assay (C), and CCK-8 assay (D) (n = 6). (E–G) Rescue test for cell migration ability and ECM formation by Western blot (E) (n = 3), Wound healing assay (F), and TRANSWELL assay (n = 6) (G). (*compared with negative control: *p < 0.05, **p < 0.01, ***p < 0.005. #Compared with the TGF-β1 group: #p < 0.05, ###p < 0.005. &Compared with the TGF-β1 + MFA group: &p < 0.05, &&p < 0.01).
DISCUSSION
When myocardial fibrosis occurred, intense inflammatory responses would happen due to myocardial necrotizing, and the responses initiated the process of scar repairing in infarcted heart areas, scar repairing response was essential for maintaining the structural and functional integrity of heart tissue, but excessive deposition of ECM caused by fibroblasts-to-myofibroblasts shifts worsen the outcomes of myocardial infarction and led to myocardial dysfunction and heart failure at the terminal stage (Pchejetski et al., 2012; Gao et al., 2019; Rodriguez et al., 2019). TGF-β1 induced differentiation of HCFs was regarded as a critical factor of this process (Zeng et al., 2019; Parichatikanond et al., 2020). When TGF-β1 was activated, it bounded with the receptor TβRI and TβRII, TβRI bounded with its downstream transcription factor SMAD4, and TβRII phosphorylated SMAD2/3, which combined with SMAD4 and entered into cell nucleus to promote transcription of fibrosis–related genes (Khalil et al., 2017). In our research, we found that after stimulated by TGF-β1, cell viability, fibrosis-related genes expression, cell proliferation, and migration abilities were all enhanced, which was in line with reports and our previous publication (Cui et al., 2020).
Massive endeavors were made to relive or reverse myocardial fibrosis (Yang et al., 1999; Cunnington et al., 2009; Lei et al., 2011; Khalil et al., 2017), but the effect of those treatment strategies was failed because targeting TGF-β1, SMAD2/3, or TβRI/II directly will be ended up with poor outcomes like autoimmune diseases, heart failure, or unknown risks (Shull et al., 1992; Wang et al., 2005). Another treatment strategy should be considered to tackle this problem. Some research groups reported that non-coding RNAs might had effects on reliving myocardial fibrosis both in vivo and in vitro (Bejerano et al., 2018; Seo et al., 2019; Zhang et al., 2021), but non-coding RNA treatments were relatively high cost, and the effects were unclear. What’s more, non-coding RNA treatments might exert several potential application problems and side effects, like the innate immune system activating and severe toxicity (Poller et al., 2013); relatively safe and accessible strategies were needed to be further developed. As an organic acid extracted from traditional Chinese herbs, MFA was reported by some research groups for its roles in organ protection and anti-inflammation (Li et al., 2017; Li et al., 2018; Cheng et al., 2019a; Cheng et al., 2019b). In our results, we found that low concentration of MFA was relatively safe to HCFs and mice, but most importantly, MFA attenuated the differentiation of HCFs in both fibrosis related genes change and cell behavior change (decreased cell proliferation and migration abilities) in vivo. Besides, MFA improved myocardial fibrosis and cardiac function in vitro. Our findings were in line with previous reports.
E2F1 was a key member of E2F family, those transcription factors played important roles in many cell activities like DNA damage repair, cell apoptosis, and cell cycle progression. The members of E2F family exerted both gene activation and repression effect. E2F1-3a mainly played the roles of gene activation while E2F3a, E2F4-8 played the opposite effect (Trimarchi and Lees, 2002; Kent et al., 2016; Xiang et al., 2019). As the first elucidated and the most known members of E2F family, E2F1 was tightly associated with cell death, cell proliferation, and liver fibrosis. E2F1 worked as complexes with RB, when activated; RB was phosphorylated and separated from E2F1, and E2F1 got into cell nucleus to transcript downstream genes (Zhang et al., 2014; Lai et al., 2017). As a downstream transcriptional target, CCNE2 was also involved in cell cycle and cell proliferation. CCNE2 was a member of Cyclin E family and CCNE2 with the other Cyclin E family members functioned alike, which activated the CDK2 to promote cell cycle progression (Geng et al., 1996; Lee et al., 2020). In our results, we found that in TGF-β1–stimulated HCFs, the cell proliferation ability was enhanced and the cell cycle was promoted by improving percentages of the S and G2/M phase. Consequently, the expression of p-RB, E2F1, and CCNE2 were synchronous increased, by means of IP, the conjunction amount of p-RB and E2F1 were reduced compared to the negative control. The phenomenon was inverted when pretreated by MFA. By means of a rescue test, we further determined that MFA suppressed the TGF-β1–stimulated cell proliferation ability enhanced by suppressing the pRB-E2F1/CCNE2 pathway. The RhoA/ROCK pathway is composed by RhoA, the most representative subtype of small G proteins of Rho family, and its downstream molecule ROCK1/2. Rho family was widely involved in regulating cell functions like migration, adhesion, cell survival, and apoptosis (Amano et al., 2010). As a subtype of ROCK, ROCK2 was expressed in many tissues excepted nervous tissue and smooth muscle (Zhou and Liao, 2009). In our results, we found that in TGF-β1–stimulated HCFs, cell migration ability was enhanced, expression of RhoA and ROCK2 was also increased, and the phenomenon was also inverted by MFA, but recovered in the rescue test. All our results above were proved our hypotheses before.
Finally, our findings strongly identified that by suppressing the pRB-E2F1/CCNE2 and the RhoA/ROCK2 pathway, MFA attenuated the ability of migration and proliferation, attenuated the expression of fibrosis-related proteins in HCFs, and improved the cardiac function in MI mice meanwhile. But interestingly, we found that when mice injected by MFA without MI, the expression of α-SMA was significantly decreased, from other reports we knew that ferulic acid (FA), the ramification of MFA, suppressed the expression of fibroblast growth factor receptor 1 (FGFR1), and hence suppressed the angiogenesis and α-SMA expression (Yang et al., 2015; Chen et al., 2019). Although the effect of MFA on FGFR1 was not reported, we assumed that it might play the same role as FA. Certainly, the mechanism of how MFA suppressed the expression of those genes needed to be further elucidated.
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Mast cell (MC) activation is associated with myocardial ischemia reperfusion injury (MIRI). Suppression of MC degranulation might be a target of anti-MIRI. This study aimed to determine whether clemastine fumarate (CLE) could attenuate MIRI by inhibiting MC degranulation. A rat ischemia and reperfusion (I/R) model was established by ligating the left anterior descending coronary artery for 30 min followed by reperfusion for 120 min. Compound 48/80 (C48/80) was used to promote MC degranulation. The protective effect of CLE by inhibiting MC degranulation on I/R injury was detected by cardiac function, 2,3,5-triphenyl tetrazolium chloride (TTC) staining, hematoxylin-eosin (HE) staining, arrhythmia, and myocardial enzyme detection. Inflammatory factor mRNA levels, such as TNF-α, interleukin (IL)-1β, and IL-6, were detected. Cultured RBL-2H3 mast cells were pretreated with CLE and subjected to C48/80 treatment to determine whether CLE suppressed MC degranulation. Degranulation of MCs was visualized using tryptase release, Cell Counting Kit-8 (CCK-8), and cell toluidine blue (TB) staining. RBL cells were conditionally cultured with H9C2 cells to explore whether CLE could reverse the apoptosis of cardiomyocytes induced by MC degranulation. Apoptosis of H9C2 cells was detected by CCK-8, the LDH Cytotoxicity Assay Kit (LDH), TUNEL staining, and protein expression of BAX and Bcl-2. We found that CLE pretreatment further inhibited cardiac injury manifested by decreased infarct size, histopathological changes, arrhythmias, MC degranulation, and myocardial enzyme levels, improving cardiac function compared with that in the I/R group. C48/80 combined with I/R exacerbated these changes. However, pretreatment with CLE for C48/80 combined with I/R significantly reversed these injuries. In addition, CLE pretreatment improved the vitality of RBL cells and reduced tryptase release in vitro. Similarly, the supernatant of RBL cells pretreated with CLE decreased the cytotoxicity, TUNEL-positive cell rate, and BAX expression of conditioned H9C2 cells and increased the cell vitality and expression of Bcl-2. These results suggested that pretreatment with CLE confers protection against I/R injury by inhibiting MC degranulation.
Keywords: myocardial ischemia reperfusion injury, mast cell, clemastine fumarate, degranulation, pretreatment
INTRODUCTION
The dominant reasons for morbidity and mortality in patients who undergo noncardiac surgery are perioperative cardiac complications such as myocardial ischemia and infarction (Ibacache et al., 2012). Ischemia of the heart initiates a complex and interrelated sequence of events leading to myocardial dysfunction and damage (Collino et al., 2012). Early and fast restoration of blood flow is used to prevent further damage to the myocardial tissue. Unfortunately, restoring blood flow to the ischemic myocardium can aggravate injury called reperfusion injury (Frank et al., 2012). At present, treatment of cardiac ischemia and reperfusion (I/R) injury is mainly supportive therapy because no effective target-oriented therapy has been validated. The current research focus is to explore the underlying mechanism of I/R to improve clinical treatment for preventing or ameliorating its damage (He et al., 2019).
Mast cells (MCs) are a multieffector cell type and are best known for their characteristics in instant hypersensitivity and chronic allergy (Liu et al., 2014). Furthermore, many recent indications have shown that MCs are involved in I/R damage in many organs, such as the heart and brain (Yang et al., 2014). Cardiac MCs (CMCs) are distributed around the microvasculature and serve as instant reactors in the initial period of I/R occurrence through degranulation and releasing media comprising tryptase, chymase, histamine, etc. (Xiong et al., 2020). A study indicated that patients with acute ST-elevation myocardial infarction (STEMI) have poor myocardial reperfusion and poor cardiac function related to high tryptase levels. Therefore, prevention of myocardial infarction and improvement of myocardial reperfusion might benefit from inhibiting tryptase release after primary percutaneous coronary intervention (PCI), causing poor cardiac function (Chen et al., 2014). In addition, the release of renin from MCs causes initiation of the local cardiac renin-angiotensin system (RAS), which is responsible for norepinephrine (NE) secretion and results in arrhythmia. However, the cardioprotective effect of anti-RAS can be achieved by sequential activation of MC Gi-coupled receptors, protein kinase C-ε (PKCε), and mitochondrial aldehyde dehydrogenase-type 2 (ALDH2) (Marino and Levi, 2018). Furthermore, experimental research has shown that ketotifen and low-dose carvedilol, as MC stabilizers, can significantly attenuate myocardial I/R injury (Jaggi et al., 2007).
Clemastine fumarate (CLE), a second-generation histamine H1 receptor (H1R) blocker, is often used clinically to treat various allergic diseases caused by histamine. Histamine H1R antagonists have been shown to suppress MC release of histamine and proinflammatory cytokines such as IL-3, IL-6, IL-8, and TNF-α and inhibit MC-reliant leukocyte recruitment in the process of I/R (Singh and Saini, 2003). Our previous study indicated that CLE offers a cardioprotective effect during myocardial ischemia reperfusion injury (MIRI) in cardiomyocytes (Yuan et al., 2020). However, it is unclear whether the cardioprotective effect of CLE in MIRI is related to MC activation. In this study, we used a rat I/R model and a cardiomyocyte conditional culture model to explore whether the activation of CMCs and the release of their products were involved in the protective activity of CLE in I/R injury.
MATERIALS AND METHODS
Materials and Reagents
CLE was purchased from Huarun Shuanghe Limin Pharmaceutical Co., Ltd. (2 ml: 2 mg; Jinan, China). Dulbecco’s modified Eagle’s medium (DMEM, SH30243.01) was obtained from HyClone (Utah, United States). Fetal bovine serum (FBS, 16140089) was obtained from Gibco, United States. Cell Counting Kit-8 (BS350B) was obtained from Biosharp Life Sciences (Beijing, China). An LDH Cytotoxicity Assay Kit (C0017) was obtained from Beyotime Biotechnology (Shanghai, China). Compounds 48/80 (C2313-100 mg), lα-N- benzoyl-L-arginine-p-nitroanilide (B4875-1 g) and 2,3,5-triphenyl tetrazolium chloride (10838000 10–1 g) were purchased from Sigma, United States A hematoxylin-eosin staining kit (G1121-4) and toluidine blue staining kit (G3661) were obtained from Solarbio Science and Technology Co., Ltd. (Beijing, China). LDH (A020-2-2) and CK-MB (H197-1) enzyme-linked immunosorbent assay (ELISA) kits were purchased from Jiancheng Bioengineering Institute of Nanjing, China. A TUNEL Apoptosis Detection Kit III and FITC (MK1013-100) were obtained from Boster Biological Technology (Wuhan, China). Antibodies against PKCδ (ab182126, RRID: AB_304316), H1R (ab154158, RRID: AB_1523787), and tryptase (ab2378, RRID: AB_303023) were obtained from Abcam (Shanghai, China). Antibodies against BAX (Ca#50599-2-Ig, RRID: AB_2061561), Bcl-2 (Ca#26593-1-AP, RRID: AB_2818996), and GAPDH (Cat#10494-1-AP, RRID: AB_2263076) were purchased from Proteintech (Wuhan, China). Goat anti-rabbit immunoglobulin G (IgG) (H + L), horseradish peroxidase (HRP) (MultiSciences, 70-GAM0072), and goat anti-mouse (MultiSciences, 70-GAR0072) IgG (H + L) HRP were purchased from Hangzhou, China. FastPure Cell/Tissue Total RNA Isolation Kit V2 (RC101), HiscriptⅡQ RT SuperMix for qPCR (+gDNA wiper, R233-01) and ChamQ SYBR qPCR Master Mix (Q711-02/03) were purchased from Vazyme (Nanjing, China).
Myocardial Ischemia Reperfusion Model in Rats
Animal handling and experimental procedures were approved by Committee on the Ethics of Animal Experiments of Weifang Medical University (Weifang, China). Male Sprague–Dawley (SD) rats weighing 200–250 g were purchased from Jinan Pengyue Laboratory Animal Breeding Co., Ltd. (Jinan, China) and housed individually in cages. All the rats were raised at 22°C–25°C and 45–55% humidity for 1 week before the test. The rats were anesthetized with 1% Nembutal sodium (50 mg/kg) intraperitoneal injection and tracheal ventilation before opening the chest (Xiong et al., 2020). Then, a thoracotomy was performed between the third and fourth intercostal space to expose the heart. A 7–0 silk suture slipknot was used to ligate the left anterior descending (LAD) coronary artery for 30 min of ischemia followed by 120 min of reperfusion. We observed cyanosis of the heart and abnormal wall motion during LAD ligation. ST segment elevation recorded by the LabChart 7.2 multichannel physiological signaling system. After reperfusion, the above phenomenon improved, including the ST elevated segment recovered by more than 50%. The above marks the successful establishment of the MIRI model.
Animal Grouping
The rats were randomly divided into five groups (n = 6 per group): in the sham-operated group (Group S), rats injected with normal saline (10 ml/kg, i. p.) underwent surgery except for LAD ligation for 30 min, and the same volume of normal saline (1 ml/kg, i. v.) was administered as a reagent solvent control (Gan et al., 2015). In the I/R group, rats injected with normal saline (10 ml/kg, i. p.) underwent surgery for ischemia (30 min), followed by reperfusion (2 h), plus normal saline (1 ml/kg, i. v.) was administered 5 min immediately before reperfusion. In the CLE + I/R group, rats were injected with CLE (5 mg/kg, i. p.) dissolved in normal saline (10 ml/kg) 4 h prior to surgery for ischemia (30 min), followed by reperfusion (2 h), plus normal saline (1 ml/kg, i. v.) was administered 5 min immediately before reperfusion. In the C48/80 + I/R group, rats injected with normal saline (10 ml/kg, i. p.) underwent surgery for ischemia (30 min), followed by reperfusion (2 h), plus C48/80 (0.5 mg/kg, i. v.) dissolved in normal saline (1 ml/kg) was administered 5 min immediately before reperfusion. In the CLE + C48/80 + I/R group, rats injected with CLE (5 mg/kg, i. p.) underwent surgery for ischemia (30 min), followed by reperfusion (2 h), plus C48/80 (0.5 mg/kg, i. v.) was administered. Throughout the surgery, the body temperature of the rats was maintained at 37°C using a heated pad.
Evaluation of Cardiac Function
The cardiac function of the rats was measured by a Vevo 3100 LT Imaging System after 2 h of reperfusion. With M-mode, the cardiac function parameters left ventricular ejection fraction (LVEF) and left ventricular fraction shortening (LVFS) were obtained. Additionally, parameters such as the left ventricular end-systolic diameter (LVESD), left ventricular end-diastolic diameter (LVEDD), left ventricular end-systolic volume (LVESV), and left ventricular end-diastolic volume (LVEDV) were measured.
Evaluation of Electrocardiogram
A standard limb lead II ECG was recorded by a LabChart 7.2 multichannel physiological signaling system. LabChart 7.2 was set to sample frequency 1 K, range 5 mV, and low-pass amplifier filtering 500 HZ. We recorded ECG after stabilization for 10 min, after ischemia for 10 min, and after reperfusion for 10 min. The arrhythmia severity scoring system was used to assess the severity of arrhythmia after LAD ligation (Polshekan et al., 2019). We also assessed the incidence of arrhythmia after LAD ligation as well as the persistence of ventricular tachycardia (VT) and ventricular fibrillation (VF) during reperfusion.
Analysis of Ischemic Area
At the end of the experiments, the hearts were frozen and cut into five cross-sections (2 mm) and stained with 1% 2,3,5-triphenyl tetrazolium chloride (TTC) for 30 min at 37°C. The sections were kept in a 4% aqueous solution of formaldehyde for 24 h. The infarcted area (IA; stained white) and noninfarcted area (NIA; stained red) of the left ventricle were quantified by Image-Pro 6.0. Moreover, infarct size (IS) was derived from the formula IS = IA/(IA + NIA)%.
Hematoxylin-Eosin Staining
The left ventricle was fixed in 4% paraformaldehyde for 24 h and gradient dehydration of 10, 20, and 30% sucrose solution. The tissues were cut into 3–4 μm sections after OCT compound embedding. The sections were stained with HE according to the manufacturer’s instructions. Finally, the sections were viewed and photographed under a microscope (BX-53, Olympus Corporation, Tokyo, Japan).
Enzyme-Linked Immunosorbent Assay
Elevated LDH and CK-MB commonly indicate myocardial cell injury. Rat serum was collected from each experimental group. The LDH and CK-MB levels were detected using a commercial ELISA kit per the instructions. Light absorbance was measured at 450 nm by a spectrophotometer (Thermo Scientific, Waltham, MA, United States).
Toluidine Blue Staining
The preparation of myocardial tissue was similar to HE staining but stained with TB staining in accordance with the manufacturer’s instructions. Then, a BX-53 microscope (Olympus Corporation, Tokyo, Japan) was used to observe and count the number of intact (IMCs) and degranulated (DMCs) MCs. The degranulation rate of MC was calculated by the formula MCD = DMCs/(IMCs + DMCs) ×100% (Xiong et al., 2020). Moreover, RBL-2H3 cells were also stained with TB and, before staining, fixed with 95% ethanol according to the instructions.
Assay for Tryptase Activity in Serum
After heart reperfusion, one hundred microliters of serum was collected and immediately incubated to determine the enzyme activity of tryptase. After 72 h of incubation with 100 μl of 0.8 mmol/L BAPNA at 37°C, the light absorbance of the nitroaniline product was measured at 405 nm with a spectrophotometer (Yu et al., 2018).
RNA Isolation and qRT–PCR
Total RNA was extracted from cardiac tissues by a FastPure Cell/Tissue Total RNA Isolation Kit V2, and cDNA was synthesized by reverse transcription using HiScript II Q RT SuperMix for qPCR (+gDNA wiper). Ten microliters of PCR master mix consisted of 4.8 μl cDNA template (15 ng/μl), 5 µl 2×ChamQ SYBR qPCR Master Mix, and 0.2 µl gene-specific primers (10 μM). Then, the reactions were performed using the LightCycler 480 II (Roche, Indianapolis, IN, United States) to conduct qPCR under the following conditions: predenaturation (5 min at 95°C), followed by 40 cycles at 95°C for 10 s and 60°C for 30 s. The primer sequences of TNF-α (forward:5-CGAGTGACAAGCCCGTAGCC‐3 and reverse:5-GGATGAACACGCCAGTCGCC-3), IL-6 (forward:5-CTCTCCGCAAGAGACTTCCA‐3 and reverse:5-TCTCC-TCTCCGGACTTGTGAA‐3), IL-1β (forward:5-GGGATG-ATGACGACGACCTGC‐3 and reverse:5-CCACTTGTT-GGCTTATGTT‐3), H1R (forward:5-CCGGACCACAG-ACTCAGACA-3 and reverse:5-GAGTGTGAGCGGAG-CCTCTT-3), PKCδ (forward:5-GTCACCATCTTCCA-GAAAGAACG-3 and reverse:5-CTTGCCAT AGGTCCAGT-TGTTG-3) and GAPDH (forward: 5-GTT​ACC​AGG​GCT​GCC​TTC​TC-3 and reverse: 5-CTCGT GGTTCA CACCCATCA-3). We purchased the primers from BGI (Shanghai, China), and the relative mRNA levels were standardized relative to GAPDH.
Cell Culture
H9C2 cardiomyocytes and RBL-2H3 mast cells were obtained from Procell Life Science and Technology Co., Ltd. (Wuhan, China) and cultured with DMEM supplemented with 10% FBS and 100 units/ml penicillin/streptomycin at 37°C in 5% CO2 with 95% humidity. The density of the cells was maintained at 1 × 106 cells/ml in 25 cm2 culture flasks.
Cell Grouping
To explore the optimal time and concentration of CLE for MC degranulation, RBL cells were divided into seven groups at four time periods (1, 2, 4, and 6 h), as shown in Figure 1. The blank control group (Group C) was cultured in a typical environment without any treatment. In the C48/80 group, RBL cells were stimulated by C48/80 (10 μg/ml) for 30 min. In the CLE1+C48/80 group, RBL cells were pretreated with CLE (1 ng/ml) at the four time periods before C48/80 (10 μg/ml) stimulation for 30 min. In the CLE2+C48/80 group, RBL cells were pretreated with CLE (10 ng/ml) at the four time periods before C48/80 (10 μg/ml) stimulation for 30 min. In the CLE3+C48/80 group, RBL cells were pretreated with CLE (100 ng/ml) at the four time periods before C48/80 (10 μg/ml) stimulation for 30 min. In the CLE4+C48/80 group, RBL cells were pretreated with CLE (1 μg/ml) at the four time periods before C48/80 (10 μg/ml) stimulation for 30 min. In the CLE5+C48/80 group, RBL cells were pretreated with CLE (10 μg/ml) at the four time periods before C48/80 (10 μg/ml) stimulation for 30 min.
[image: Figure 1]FIGURE 1 | Schematic diagram of experimental design. (A) MIRI model and animal grouping (B) ECG after ischemia stabilization. (C) The effect of CLE on MCs degranulation model and experimental grouping. (D) RBL-2H3 and H9C2 co-culture model and experimental grouping.
CLE reversed the apoptosis of cardiomyocytes induced by MC degranulation. RBL cells were conditionally cultured with H9C2 cells and divided into three groups: the control group (Con group), in which untreated RBL cell supernatant was added to H9C2 cells for 0.5 h. In the C48/80 0.5 h group, RBL cells were treated with C48/80 (10 μg/ml) for 0.5 h, then supernatant was added to H9C2 cells for 0.5 h (Hara et al., 1999). In the CLE + C48/80 0.5 h group, RBL cells were treated with CLE for 2 h first, the supernatant containing CLE was discarded, and C48/80 (10 μg/ml) was added to RBL cells for 0.5 h; subsequently, this supernatant was added to H9C2 cells for 0.5 h.
Measurement of Mast Cell Degranulation
RBL-2H3 cells were seeded into 96-well flat bottom culture plates at a density of 1×104 cells/well and incubated for 24 h. Cells were treated with CLE (1 ng/ml-10 μg/ml) before C48/80 (10 μg/ml) stimulation for 30 min. Tryptase is the unique mediator of MC degranulation (Pejler et al., 2010). The released tryptase was obtained by centrifuging the cells at 2000 rpm for 10 min at 4°C. Supernatants (100 μl) were added to 100 μl of 0.8 mmol/lα-N-benzoyl-L-arginine-p-nitroanilide (BAPNA, Sigma, United States) in Tris buffer and incubated at 37°C for 72 h (Yu et al., 2018). C48/80 induces lethal degranulation of MCs. Therefore, Cell Counting Kit-8 (CCK-8) was used as one of the indicators for measuring MC degranulation (Xiang et al., 2001).
Measurement of Cell Viability and Toxicity
Under sterile conditions, MC granules (MCGs) were prepared from RBL-2H3 cells by stimulation with C48/80 (10 μg/ml) for 30 min. H9C2 cells were seeded into 96-well flat bottom culture plates at a density of 1×104 cells/well and incubated for 24 h. After exposure to MCGs for 0.5 h, cell viability was measured by CCK-8, and cytotoxicity was measured with an LDH Cytotoxicity Assay Kit according to the manufacturer’s instructions.
Measurement of Cell Apoptosis
After conditional training, H9C2 cells were fixed with 4% paraformaldehyde for 30 min and washed with 0.01 M TBS three times for 2 min. According to the manufacturer’s instructions (TUNEL Apoptosis Detection Kit, MK-1013), 20 μl of labeling buffer (1 μl each of TdT and BIO-d-UTP and 18 μl of buffer mixed together) was added to H9C2 cells at 37°C for 2 h. Then, 0.01 M TBS was used to wash three times for 2 min. After blocking for 2 h at room temperature, H9C2 cells were fluorescently labeled with SABC solution for 30 min. In addition, nuclei were visualized by DAPI staining if necessary. TUNEL-positive cardiomyocytes fluoresced green and were observed by a BX-53 microscope (Olympus Corporation, Tokyo, Japan). The apoptosis rate was equal to the percentage of TUNEL-positive cardiomyocytes compared to the total number of cells.
Western Blot Analysis
After the experiment, myocardial tissue and H9C2 cells were homogenized in RIPA buffer (R0020, Solarbio, Beijing) at 4°C and centrifuged at 12,000 rpm, 4°C, and 20 min. The supernatant was obtained for proteins, the concentration of which was detected using a BCA protein assay kit (PC0020, Solarbio, Beijing). Protein was boiled for 5 min at 100°C and separated in 12% SDS–PAGE polyacrylamide gels, followed by transfer onto a PVDF membrane (Millipore, United States). The membranes were blocked with 5% nonfat dry milk for 2 h at room temperature and then incubated overnight at 4°C with primary antibodies against PKCδ (1:2,500), H1R (1:1,000), tryptase (1:500), Bcl-2 (1:1500) and BAX (1:8,000). GAPDH (1:10,000) was used as an internal reference. After washing with Tris-buffered saline with Tween 20 (TBST) three times, the membranes were incubated with the secondary antibody (1:6,000) for 2 h. Membranes were visualized with ECL (CWBIO, Beijing, China). The band density was measured by Image-Pro Plus software.
Statistical Analysis
All the experimental data are expressed as the mean ± standard deviation (SD). Statistical analysis was processed using SPSS 20.0 statistical software. One-way ANOVA was used to compare multiple groups, and a t test was used for pairwise comparisons. A value of p < 0.05 was considered to indicate statistical significance.
RESULTS
Pretreatment With Clemastine Fumarate Had a Protective Effect on MIRI and Reduced Serum Tryptase
To evaluate the effect of CLE preconditioning on MIRI, we detected cardiac contractile function, infarct size, histopathological structure, and electrocardiogram (ECG) changes. Compared with the sham group, the I/R injury group exhibited significantly reduced LVEF and LVFS, while pretreatment with CLE improved LVEF and LVFS (Figures 2A–C). ECG analysis showed that I/R injury increased the arrhythmia score and incidence of arrhythmia after LAD occlusion compared with the sham group, while CLE pretreatment decreased the arrhythmia score and had no effect on the incidence of arrhythmia (Figures 2D,E). Furthermore, representative images of TTC staining showed that I/R injury affected infarct sizes (IS) in heart issues (Figures 2F,G). Remarkable reductions in IS were observed in the CLE + I/R group compared with the I/R group. Similarly, CLE pretreatment improved wavy fibers and myocardial edema and reduced the infiltration of inflammatory cells resulting from I/R injury (Figure 2H). In addition, we found that the expression of serum tryptase in the I/R group was significantly increased compared with that in the sham group and that pretreatment with CLE decreased the expression of tryptase (Figure 2I).
[image: Figure 2]FIGURE 2 | CLE pretreatment alleviated myocardial I/R injury and reduced the serum tryptase. (A) Cardiac function detected by M-mode echocardiography. The vertical yellow lines indicate the diameter of the left ventricle at the end of the systole or diastole stage. (B) Left ventricular ejection fraction (LVEF). (C) Left ventricular fraction shortening (LVFS). (D) Arrhythmia severity score. (E) Assessment of the incidence of arrhythmia. (F) Myocardial infarction area detected by TTC staining. (G) Infarct size%. (H) Cardiac pathological injury detected by HE staining (×100). The black arrows represent the obvious changes in myocardial tissue. (I) The release of tryptase in serum detected by BAPNA. n = 3–6 in each group. All data are the mean ± SD. ***p < 0.001 vs. the Sham group. ##p < 0.01, ###p < 0.001 vs. the I/R group.
Clemastine Fumarate Inhibited Mast Cell Degranulation in MIRI
Tryptase is the unique mediator of MC degranulation. To further explore the protective mechanism of CLE in MIRI, a series of indicators of mast cell degranulation were determined. As shown in Figure 3A, MCs in the I/R group were degranulated in contrast to the intact granules of MCs in the sham group. C48/80, a mast cell degranulator (Ohta et al., 2017), caused significantly elevated degranulation with I/R damage, as the MCs degranulated to form diffuse granules and vacuolar cells in the C48/80 + I/R group. CLE pretreatment suppressed the degranulation of MCs and the formation of diffuse granules and vacuolar cells in the CLE + I/R and CLE + C48/80 + I/R groups. Moreover, myocardial I/R injury promoted MC degranulation (Figure 3B) and tryptase protein expression (Figures 3C,D) compared with the sham group. MC degranulation and tryptase expression were obviously elevated after using C48/80, whereas CLE preconditioning partially reversed these effects. Activation of MCs generates secondary mediators such as IL-6, TNF-α, and IL-1β (Singh and Saini, 2003). As shown in Figures 3E–G, mRNA levels of IL-6, TNF-α, and IL-1β were upregulated in the I/R group compared to the sham group and C48/80 induced further upregulated mRNA levels than those in the I/R group, while the expression of these inflammatory factors was downregulated by CLE pretreatment in the CLE + I/R group and the CLE + C48/80 + I/R group compared with the I/R group and the C48/80+I/R group.
[image: Figure 3]FIGURE 3 | CLE pretreatment inhibited MCs degranulation on MIRI. (A) MC degranulation detected by TB staining (×200). The black arrows represent the typical morphology of MCs in different states. (B) MC degranulation rate. (C) Protein expression of Tryptase and GAPDH determined by Western blot. (D) Tryptase protein expression. (E) IL-6 mRNA expression. (F) TNF-α mRNA expression. (G) IL-1β mRNA expression. n = 6 in each group. All data are the mean ± SD. ***p < 0.001 vs. the Sham group. ##p < 0.01, ###p < 0.001 vs. the I/R group. &&&p < 0.001 vs. the C48/80+I/R group.
Clemastine Fumarate Pretreatment Protected Cardiac Function by Inhibiting Mast Cell Degranulation in MIRI
To investigate whether CLE pretreatment could protect cardiac function by inhibiting MC degranulation in MIRI, we selected the left ventricular systolic function indicators LVEF and LVFS. As shown in Figures 4A–C, compared with the sham group, the I/R group had reduced LVEF and LVFS and enhanced LVESD, LVEDD, LVESV, and LVEDV (Figures 4D–G). LVEF and LVFS were significantly decreased after using C48/80, and LVESD, LVEDD, LVESV, and LVEDV were significantly enhanced. However, CLE pretreatment reversed these effects.
[image: Figure 4]FIGURE 4 | CLE pretreatment mitigated cardiac dysfunction by inhibiting MCs degranulation on MIRI. (A) Cardiac function detected by M-mode echocardiography. The vertical yellow lines indicate the diameter of the left ventricle at the end of systole or diastole stage. (B) Left ventricular ejection fraction (LVEF). (C) Left ventricular fraction shortening (LVFS). (D) Left ventricular end-systolic diameter (LVESD). (E) Left ventricular end-diastolic diameter (LVEDD). (F) Left ventricular end-systolic volume (LVESV). (G) Left ventricular end-diastolic volume (LVEDV). n = 3 in each group. All data are the mean ± SD. ***p < 0.001 vs. the Sham group. ##p < 0.01, ###p < 0.001 vs. the I/R group. &&&p < 0.001 vs. the C48/80+I/R group.
Clemastine Fumarate Pretreatment Alleviated Infract Size, Pathological Injury, Arrhythmias, and Myocardial Enzymes by Inhibiting Mast Cell Degranulation in MIRI
To further evaluate the cardioprotective effects of CLE pretreatment by inhibiting MC degranulation in MIRI. A series of myocardial injury indicators were determined. I/R injury caused myocardial infarction, and IS was significantly increased in the C48/80+I/R group compared with the I/R group (Figures 5A,B). Both effects were attenuated by CLE pretreatment. Similarly, as shown in Figure 5D, I/R injury led to slight edema, wavy myofibers, and a small amount of inflammatory cell infiltration. Notably, C48/80 induced severe myocardial structural disorders, faulty myofibers, and an influx of inflammatory cell infiltration, but these effects were alleviated by pretreatment with CLE. C48/80 also led to prolonged ventricular tachycardia (VT) and ventricular fibrillation (VF) duration compared with those in the I/R group (Figure 5C). However, CLE pretreatment shortened VT/VF duration. Furthermore, the LDH and CK-MB levels in the I/R group were elevated compared with those in the sham group, and C48/80 significantly enhanced the level compared with that in the I/R group (Figures 5E,F). Both effects were alleviated by CLE pretreatment.
[image: Figure 5]FIGURE 5 | CLE pretreatment alleviated infarct size, pathological injury, arrhythmia, and myocardial enzymes by inhibiting MCs degranulation on MIRI. (A) Myocardial infarction area detected by TTC staining. (B) Infarct size%. (C) VT /VF duration detected by LabChart. (D) Cardiac pathological injury detected by HE staining (×100). The black arrows represent the obvious changes in myocardial tissue. (E,F) The release of LDH and CK-MB detected by ELISA. n = 3–6 in each group. All data are the mean ± SD. ***p < 0.001 vs. the Sham group. ###p < 0.001 vs. the I/R group. &&&p < 0.001 vs. the C48/80 + I/R group.
Clemastine Fumarate Inhibited Mast Cell Degranulation In Vitro
To further confirm the role of CLE in MC activation, we examined the effects of different concentrations of CLE in different periods on C48/80-induced tryptase release and cell viability. C48/80 caused a pronounced increase in tryptase release (Figure 6A) and a decrease in cell viability (Figure 6B) compared with that of the control group, which was attenuated by pretreatment with CLE at 2, 4, and 6 h. Pretreatment of RBL-2H3 cells with CLE for 2 h reduced the release of tryptase and increased cell viability, except for CLE5 (10 μg/ml), indicating that CLE pretreatment for 2 h is the optimal time. Among all the concentrations tested at 2 h, CLE4 (1 μg/ml) was suitable. As shown in Figure 6C, the other concentrations did not affect MC viability, except for CLE5. Therefore, CLE pretreatment for 2 h at a concentration of 1 μg/ml was selected for the following experiments on RBL-2H3 cells. Then, toluidine blue staining (Figure 6D) was used to evaluate the effect of CLE4 on MC degranulation. Most MCs in the control group were full of metachromatic granules. Exposure to C48/80 resulted in the release of degranulation on the surface of MCs. CLE inhibited the degranulation of MCs.
[image: Figure 6]FIGURE 6 | CLE pretreatment reduced MCs degranulation in vitro. (A,B) CLE interventions on degranulation of RBL-2H3 cells quantified by tryptase and CCK8 assay. (C) RBL-2H3 cells were pretreated with these five concentrations for 2 h and the effect of CLE on RBL-2H3 cells viability. (D) The effect of CLE on RBL-2H3 cells degranulation detected by TB staining (×200). The black arrows represent the typical morphology of MCs in different states. n = 3 independent experiments. All data are the mean ± SD. **p < 0.01 , ***p < 0.001 vs. the Control group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the C48/80 group.
Clemastine Fumarate Reversed Cardiomyocyte Apoptosis Caused by Mast Cell Degranulation In Vitro
Myocardial cell apoptosis is an essential process in the pathogenesis of myocardial I/R injury (Li et al., 2018). We used RBL-2H3 cells co-cultured with H9C2 cells to investigate the effect of CLE pretreatment on cardiomyocyte apoptosis. To examine the effect of C48/80 on H9C2 cell survival, H9C2 cells were cultured in the presence of C48/80 for 0.5, 2, and 4 h. As shown in Figures 7A,B, exposure to 0.5 h had no effect on H9C2 viability and cytotoxicity, but the cell viability decreased, and cytotoxicity increased after exposure for 2 h or 4 h. When H9C2 cells were exposed to MCGs for 0.5 h, their cell viability decreased and cytotoxicity increased (Figures 7C,D). The same was true at 2 and 4 h of exposure. MC degranulation caused damage to cardiomyocytes. When we pretreated RBL cells with CLE for 2 h and stimulated them with C48/80 for 0.5 h, the viability of H9C2 cells in the CLE + C48/80 0.5 h group was obviously elevated, and the cytotoxicity was mitigated compared with that in the C48/80 0.5 h group (Figures 7E,F). Similarly, MCGs significantly enhanced H9C2 cell apoptosis compared with the Con group, while RBL cell pretreatment with CLE significantly reduced H9C2 cell apoptosis (Figures 7G,H). Moreover, as shown in Figures 7I–K, MCG injury resulted in increased BAX expression and decreased BCl-2 expression compared with the Con group. However, CLE pretreatment with RBL cells reversed these protein levels.
[image: Figure 7]FIGURE 7 | CLE pretreatment reversed the apoptosis of H9C2 cells caused by MCGs. (A,B) Effect of C48/80 on H9C2 survival measured by CCK-8 and LDH assay. (C,D) Effect of MCGs on H9C2 survival measured by CCK-8 and LDH assay. (E,F) Effect of CLE pretreatment with RBL on co-cultured H9C2 survival measured by CCK-8 and LDH assay. (G) Apoptosis of H9C2 cell measured by TUNEL staining (×100). (H) Apoptosis rate of H9C2 cell. (I) Protein expression of Bcl-2, BAX, and GAPDH determined by Western blot. (J) Bcl-2 protein expression. (K) BAX protein expression. n = 3–6 independent experiments. All data are the mean ± SD. **p < 0.01, ***p < 0.01 vs. the Control group; ##p < 0.01, ###p < 0.001 vs. the C48/80 0.5 h group.
Clemastine Fumarate Inhibited Degranulation of MCs by Inhibiting H1R and PKCδ
To explore the regulatory mechanism of CLE in inhibiting the degranulation of MCs, we tested the protein expression and mRNA levels of histamine H1 receptor (H1R) and delta protein kinase C (PKCδ) in cardiac tissues. As shown in Figures 8A–E, myocardial I/R elevated the mRNA and protein expression of H1R and PKCδ compared with those in the sham group, and CLE was effectively alleviated. Moreover, the mRNA and protein expression of H1R and PKCδ was further increased by C48/80 during I/R, which was blocked by using CLE in the CLE + C48/80 + I/R group.
[image: Figure 8]FIGURE 8 | The mechanism of CLE on MC degranulation related to H1R and PKCδ. (A) Protein expression of H1R, PKCδ, and GAPDH determined by Western blot. (B) H1R protein expression. (C) PKCδ protein expression. (D) H1R mRNA expression. (E) PKCδ mRNA expression. n = 6 in each group. All data are the mean ± SD. ***p < 0.001 vs. the Sham group. #p < 0.05, ###p < 0.001 vs. the I/R group. &&&p < 0.001 vs. the C48/80+I/R group.
DISCUSSION
In this study, we observed that CLE pretreatment attenuated I/R-induced cardiac dysfunction and alleviated I/R-induced damage by improving infarct size, pathological injury, arrhythmias, and myocardial enzyme levels. The underlying mechanism of CLE protection was shown to be involved in inhibiting MC degranulation. Further in vitro results revealed that inhibition of MCGs reduced the apoptosis of cardiomyocytes. Moreover, the mechanism by which CLE inhibits the degranulation of MCs was related to the downregulation of H1R and PKCδ expression. This study could help us understand the pharmacology and mechanism of CLE pretreatment in MIRI.
Although early reperfusion therapy is critical for myocardial ischemia, blood flow recovery exacerbates damage to ischemic tissue, which is called reperfusion injury, and causes further myocardial damage (Ye et al., 2020). Over the past decades, there has been no consensus on treating myocardial I/R injury, and many cardiac protection strategies have been tested clinically. However, the results were unsatisfactory (Hausenloy and Yellon, 2016). Therefore, it is necessary to further explore the mechanism of I/R and develop a novel treatment for MIRI. As a second-generation histamine H1 receptor blocker, CLE is used to treat allergic diseases and has a protective effect on cardiomyocytes in MIRI in vitro (Yuan et al., 2020). In this study, a rat model of MIRI was used to discuss the protective effect of CLE. We observed that CLE pretreatment improved cardiac function and pathological injury and reduced myocardial infarct size and arrhythmias. These results indicated that CLE pretreatment attenuated I/R injury. Moreover, we also observed an interesting phenomenon in which serum tryptase was increased in the I/R group but decreased after CLE pretreatment. Furthermore, tryptase is the unique mediator of MC degranulation. Whether CLE protects the myocardium by inhibiting mast cell degranulation is unclear.
Mast cells originate from bone marrow tissue and migrate to the target tissue through the circulatory system to complete differentiation and maturation (Collington et al., 2011). Accumulating evidence has demonstrated that I/R injury is closely related to MC activation and degranulation (He et al., 2019). Myocardial ischemia is a potent stimulus that causes the activation of MCs in the heart and the release of cytotoxic mediators such as IL-6, TNF-α, and IL-1β (Yu et al., 2018). Furthermore, preformed TNF-α from resident cardiac MCs has a negative effect on the myocardium (Squadrito et al., 1993; Frangogiannis et al., 1998). TNF-α plays a crucial role in upregulating IL-6 in permeating leukocytes and initiating the cytokine cascade in charge of myocyte ICAM-1 formation and subsequent injury caused by neutrophils (Frangogiannis et al., 1998). In addition, IL-1β released from MCs also triggers myocyte apoptosis by increasing the expression of iNOS and the development of NO (Gordon et al., 1990; Ing et al., 1999). Therefore, inflammatory factors from the degranulation of MCs also cause damage to the heart. Moreover, MC-derived renin released by I/R initiated the activation of a local renin-angiotensin system (RAS). These factors cause severe arrhythmic dysfunction, such as VT and VF, by improving excessive norepinephrine (NE) release (Aldi et al., 2015). However, ketotifen and low-dose carvedilol, commonly used as mast cell stabilizers, significantly reduced myocardial I/R injury (Jaggi et al., 2007). All these studies support that inhibiting MC degranulation would be beneficial to mitigate MIRI. H1 receptor antagonists can inhibit the release of histamine and proinflammatory cytokines from MCs and the recruitment of MC-dependent leukocytes during I/R (Singh and Saini, 2003). Consistent with these previous studies, we observed that CLE pretreatment could reduce the MC degranulation rate, the release of tryptase, and inflammatory factors during MIRI.
C48/80, as a mast cell activator, can activate and promote the degranulation of MCs. Studies have shown that the use of C48/80 during I/R further promotes MC degranulation and aggravates the original damage to ischemic tissue (Gan et al., 2015). This study used C48/80 to further accelerate MC degranulation in the myocardial I/R state. The results revealed that C48/80 combined with I/R significantly impaired cardiac function, enlarged infarct size, aggravated pathological damage, induced arrhythmia, and increased myocardial enzymes. However, pretreatment with CLE reversed these changes, indicating that the protective effect of CLE is achieved by inhibiting MCs. In in vitro experiments, C48/80 was used to stimulate RBL cells to simulate the degranulation of MCs caused by I/R injury, while pretreatment with CLE decreased tryptase release and increased cell viability, resulting in alleviation of MC degranulation. Therefore, it was further verified that CLE improves myocardial I/R injury by inhibiting MC degranulation.
Apoptosis, also known as programmed cell death, is another crucial process in the pathogenesis of MIRI. Increased apoptosis may lead to tissue damage and dysfunction under I/R pathophysiologic conditions (Li et al., 2018). Resident MC degranulation is an early event in I/R injury. Acute stress activates MCs usually existing in the myocardium in a complete form; at the same time, enzymes (such as chymase and tryptase) and proinflammatory mediators (such as TNF-α, IL-6, and IL-1β) are released into the cardiac interstitium (Zheng et al., 2014; Varricchi et al., 2019). When cardiomyocytes are exposed to MCGs, cardiomyocyte apoptosis might occur. NR4A1, as an orphan nuclear receptor, causes rapid structural changes and mitochondrial damage in myocytes following chymase entry into cardiomyocytes (Zheng et al., 2014). Calcium-independent phospholipase A2 (iPLA2) is activated by tryptase stimulation in ventricular myocytes, leading to the origination or transmission of inflammation. Thus, MC-releasing tryptase influences cardiac myocytes (Sharma and Mchowat, 2011). In addition, TNF-α and IL-1β released by MCs can also cause cardiomyocyte damage. These results indicate that MC degranulation may cause cardiomyocyte damage, consistent with our conditional training results. MCGs decreased H9C2 cell viability and the antiapoptotic protein Bcl-2. Moreover, it increased H9C2 cell cytotoxicity, the cell apoptosis rate, and the proapoptotic protein BAX. However, RBL cell pretreatment with CLE reversed these effects. These results revealed that CLE could mitigate the apoptosis of cardiomyocytes caused by MC degranulation.
In our present study, as a histamine H1 receptor blocker, CLE had a protective effect on cardiac I/R and inhibited the degranulation of MCs. Similarly, our research result is to consistent with the results of previous studies on blockers of H1 receptors (Valen et al., 1994; Singh and Saini, 2003). However, the mechanism by which H1 receptor blockers and CLE inhibit MC degranulation is not clear. We hypothesize that it works by inhibiting the H1R-PKCδ pathway. During the cardiac reperfusion phase, ROS are increased and enter the cell, or G-protein-coupled receptors (GPCRs) expressed on the MC surface are activated by complement molecules C3a and C5a, causing IP3 and DAG fabrication. DAG is mediated by phospholipase C issues in calcium leakage out of the endoplasmic reticulum and stimulation of protein kinase C (PKC), leading to degranulation of the MC (Krystel-Whittemore et al., 2015). H1R is located in many tissues and cells, including MCs (Thangam et al., 2018). H1R also belongs to the superfamily of GPCRs. The inositol phospholipid signaling pathways were activated by H1R-coupled Gq/11 activation, leading to the formation of IP3 and DAG, resulting in intracellular calcium improvement and PKC stimulation, and H1R-PKC was shown to be involved in activating MCs (Leurs et al., 2002). PKC expressed downstream of H1R contains a family of 10 related serine/threonine kinases (Zhao et al., 2016; Parra-Abarca et al., 2019). PKCε and PKCδ are the two most studied subtypes related to MIRI. They have opposing roles in regulating myocardial damage induced by I/R. PKCε is activated to save the heart from ischemia-induced damage, whereas PKCδ inhibition during reperfusion saves the heart from reperfusion-induced injury (Budas et al., 2007). Recent research has shown that local RAS activation, Ang II generation, and NE release are inhibited by activating MC GPCRs and the consequent stimulation of the PKCε/ALDH2 pathway, leading to ventricular arrhythmias in myocardial ischemia (Marino and Levi, 2018). Due to the opposite effects of PKCε and PKCδ in MIRI, PKCε is related to inhibiting MC degranulation, and PKCδ may be related to promoting MC degranulation. Our results showed that the mRNA and protein expression of H1R and PKCδ increased in I/R. C48/80 intensified the increase in the mRNA and protein expression of H1R and PKCδ. In contrast, CLE could reverse the rise of both. Therefore, the H1R-PKCδ signaling pathway may be involved in MC degranulation during I/R, and whether changes in PKCε exist in MCs in MIRI progression with CLE pretreatment will be researched in future studies.
Our research has some limitations. First, animal heart I/R injury cannot completely simulate the patient’s heart I/R injury. The mechanism by which CLE protects against MIRI may not only inhibit MC degranulation but also involve other mechanisms. Second, the best assessment of infarct size (IS) is TTC and Evans blue double staining and evaluates ventricular % area at risk (AAR). TTC staining alone may have limitations on the level of LAD ligation, which causes our results on IS to be meaningful only at the TTC level. Third, we did not rule out other types of PKC downstream of H1R and did not further explore the H1R and PKCδ pathways in MIRI. We will continue to determine the cardioprotective effects of CLE on MC degranulation in vivo and in vitro, particularly the exact involvement of the H1R-PKCδ signaling pathway.
Overall, we speculate that CLE prevented MIRI by inhibiting MC degranulation in a rat MIRI model. CLE could mitigate the apoptosis of cardiomyocytes caused by MC degranulation. The mechanism of action of CLE may be involved in the H1R and PKCδ signaling pathways (Figure 9). This study is the first to provide evidence that the protective effect of CLE is associated with preventing MCs from degranulating in MIRI and to show a possible mechanism of CLE acting on MCs. This novel H1R-PKCδ signaling pathway for the action of CLE could be exploited for more extensive pharmacological action beyond the antiallergic effect.
[image: Figure 9]FIGURE 9 | Proposed mechanisms for the effect of CLE in inhibiting degranulation of MCs through the H1R- PKCδ signaling pathway.
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Background: There is no definite effect in the treatment of myocardial ischemia/reperfusion (I/R) injury in patients with acute ST-segment elevation myocardial infarction (STEMI). We evaluated the protective effect of Shexiang Baoxin Pill (SBP) on I/R injury in STEMI patients.
Methods: STEMI patients were randomly divided into a primary percutaneous coronary intervention (PPCI) group (n = 52) and a PPCI + SBP group (n = 51). The area at risk of infarction (AAR) and final infarct size (FIS) were examined by single-photon emission computed tomography (SPECT). I/R injury was assessed using myocardial salvage (MS) and salvage index (SI) calculated from AAR and FIS.
Results: The ST-segment resolution (STR) in the PPCI + SBP group was significantly higher than that in the PPCI group (p = 0.036), and the peak value of high-sensitivity troponin T (hsTNT) was lower than that in the PPCI group (p = 0.048). FIS in the PPCI + SBP group was smaller than that in the PPCI group (p = 0.047). MS (p = 0.023) and SI (p = 0.006) in the PPCI + SBP group were larger than those in the PPCI group. The left ventricular ejection fraction (LVEF) in the PPCI + SBP group was higher than that in the PPCI group (p = 0.049), and N-terminal pro-B type natriuretic peptide (NT-proBNP) level in the PPCI + SBP group was lower than that in the PPCI group (p = 0.048).
Conclusions: SBP can alleviate I/R injury (MS and SI), decrease myocardial infarction area (peak value of hsTNT and FIS), and improve myocardial reperfusion (MBG and STR) and cardiac function (LVEF and NT-proBNP).
Keywords: shexiang baoxin pill, ST-segment elevation myocardial infarction, myocardial ischemia reperfusion injury, myocardial protection, myocardial salvage
INTRODUCTION
ST-segment elevation myocardial infarction (STEMI) is the main cause of death in patients with coronary heart disease (CHD), and its incidence is increasing (GBD 2015 Disease and Injury Incidence and Prevalence Collaborators, 2018). With the continuous progress of various treatment measures including reperfusion treatment, the mortality of STEMI patients has been significantly reduced (Bulluck et al., 2016). However, reperfusion treatment can induce myocardial ischemia/reperfusion (I/R) injury Hausenloy and Yellon (2015), which can result in poor prognosis (Bolognese et al., 2004). Therefore, effective treatment of I/R injury is critical. At present, no measures have been found for effective treatment of I/R injury in STEMI patients (Hausenloy et al., 2017). The pathogenesis of I/R injury is diverse Hausenloy et al. (2017), and cooperative treatment through different mechanisms may be a new approach for I/R injury treatment (Davidson et al., 2019). Shexiang Baoxin Pill (SBP) is a traditional Chinese medicine compound preparation, it is mainly composed of artificial moschus, radix ginseng, calculus bovis artifactus, cortex cinnamomi, styrax, venenum bufonis, and borneolum syntheticum, and is mainly used to treat CHD (Lu et al., 2018; Ge et al., 2021). The extract of the components of SBP reduces I/R injury, myocardial remodeling, and myocardial infarction area in animals through multiple mechanisms. These multiple mechanisms of action may provide a basis for the use of SBP in the treatment of STEMI (Wu et al., 2011; Fancelli et al., 2014; Zheng et al., 2017; Du et al., 2018a; Du et al., 2018b; Li et al., 2018; Li et al., 2020). Recent animal studies have found that SBP can reduce I/R injury and final infarct size (FIS) (Xiang et al., 2013). Small clinical trials with low methodological quality and ill-defined bias risk have demonstrated that SBP decreased the level of myocardial injury markers and main adverse cardiovascular events (MACCE) in patients with acute myocardial infarction (AMI) (Lu et al., 2018). SBP added to conventional treatment may have beneficial effects on the long-term outcomes of Non-ST-elevation acute coronary syndromes (NSTE-ACS) (Zhou et al., 2016). Therefore, SBP may reduce myocardial I/R injury and myocardial infarction area in human patients. Thus, the current study was designed to examine the therapeutic effect of SBP in I/R injury of STEMI patients.
MATERIALS AND METHODS
General Information
From September 1, 2016 to March 31, 2019, 110 patients with STEMI in the Second District of Cardiology Department of Ordos Central Hospital were selected to receive primary percutaneous coronary intervention (PPCI). The inclusion criteria included: age ≥18 years; chest pain <12 h; and the first electrocardiogram (ECG) showed ST segment elevation ≥0.1 mV in two or more adjacent leads. Exclusion criteria included the following: advanced malignant tumor; history of myocardial infarction; acute inflammatory or infectious disease; decompensated liver disease; end-stage renal disease; severe heart failure (Killip III-IV); history of coronary artery bypass; hypersensitivity to SBP; failure to complete the study; and lack of follow-up. The selected patients were randomly divided into the PPCI group (52 cases, two patients had a history of myocardial infarction and one had severe heart failure (Killip III). A total of three patients were excluded from the standard) and the PPCI + SBP group (51 cases, 1 case had a history of myocardial infarction, 2 cases had severe heart failure (Killip III and Killip IV), 1 case had acute inflammation. A total of 4 cases were excluded) according to whether they were treated with SBP or not. All patients were treated with conventional medicine and PPCI implemented as early as possible 12 h from the onset of the symptoms according to the guidelines. SBP and placebo were given immediately after routine medication. The PPCI + SBP group was given two pills of SBP (Shanghai Hutchison Pharmaceuticals, 22.5 mg/pill) immediately after admission as soon as possible, and then two pills each time, three times a day, during 1 month. The PPCI group was given placebo in the same way (Figure 1). The general baseline characteristics of all patients, including gender, age, smoking history, previous hypertension, diabetes, cerebral infarction history, coronary heart disease family history, admission heart rate, systolic blood pressure, diastolic blood pressure, creatinine, blood glucose, low-density lipoprotein, high-sensitivity troponin T (hsTNT), and myocardial ischemia time, were recorded.
[image: Figure 1]FIGURE 1 | Technical route.
The research plan was approved by the ethics committee of Inner Mongolia Medical University. All patients provided written informed consent.
Preoperative, Intraoperative, and Postoperative Medication
All patients were given aspirin tablets (300 mg), clopidogrel tablets (<75 years old, 600 mg; or ≥75 years old, 300 mg) or ticagrelor 180 mg (<75 years old) before PPCI. Intravenous heparin (100 IU /kg) was used. If the patient’s thrombus load was heavy (thrombus grade ≥3), tirofiban (10 μg/kg) was given, then intravenous tirofiban (0.15 μg/kg/min) was maintained for 24 h after which heparin was changed to 50–70 IU/kg. Other medications included aspirin 75–100 mg (once a day) for life, clopidogrel 75 mg (once a day) or ticagrelor 90 mg (twice a day) (less than 75 years old) for at least 1 year. Other drugs, including angiotensin-converting enzyme inhibitor (ACEI), angiotensin receptor blockers (ARB), β-blockers, and statins, were used according to published guidelines.
Experimental Instruments and Methods
Biological Index Detection
HsTNT was measured in peripheral venous blood of all patients at admission and every 6 h after admission until the peak of hsTNT appeared. HsTNT was determined by Elecsys 2010, Roche, Switzerland. Peripheral venous blood was drawn 24 h after admission, N-terminal pro-B type natriuretic peptide (NT-proBNP) was determined by Elecsys 2010, Roche, Switzerland. Blood routine examination, liver and kidney function, blood lipid and blood glucose, blood potassium, sodium and chlorine were measured conventionally.
Process of Coronary Angiography and PPCI
PPCI was performed through radial artery or femoral artery with a routine 6 F catheter, guide wire and balloon dilator. According to the thrombus load of the target vessel (thrombus grade ≥3) Gibson et al. (2001), aspiration thrombectomy was used. Thrombolysis in myocardial infarction (TIMI) and myocardial blush grade (MBG) van 't Hof et al. (1998) were used to evaluate the coronary flow before and after operation. TIMI was divided into 0–3 grades according to the filling condition of coronary artery contrast medium. Grade 0 indicated total occlusion without blood flow passing through, while grade 3 marked normal blood flow passing through the coronary artery (TheStudy Group (198, 1985). MBG was divided into 0–3 grades according to the myocardial development, with grade 0 indicating no myocardial development, and grade 3 denoting normal myocardial development (Gibson et al., 2001). Angiographic assessment was performed offline by two experienced observers blinded to the PPCI + SBP group or PPCI group, electrocardiographic and echocardiographic data, and the single-photon emission computed tomography (SPECT) imaging results. Disagreements between the two observers were resolved by joint evaluation of the data and discussion.
ECG Examination
ECG was reexamined 90 min after PPCI. The ST segment evaluation of ECG was also evaluated by two independent experienced professional doctors without knowledge of patient group assignment. The ST-segment resolution (STR) was recorded.
Single-Photon Emission Computed Tomography
All patients underwent SPECT (e.cam, Siemens) to evaluate the area at risk of infarction (AAR) 24 h to 7 days after PPCI. 99Technetium-sestamibi (99Tcm-MIBI, Beijing Senke company or 401 atomic High Tech) 700 MBq was injected intravenously into the patients first, and then detected with the double probe rotating gamma camera-automatic direct analog computer (ADAC) with a high resolution flat hole collimator within 8 h after injection. The final infarct size (FIS) was evaluated by SPECT 30 days after PPCI (the patients rested in supine position for 30 min, and then were detected by ADAC after intravenous injection of 99Tcm-MIBI 700 MBq for 60 min). AAR and FIS were mainly lower than normal pixels on the myocardium (AAR and FIS are expressed by the percentage of measured area in the left ventricular area and were calculated by quantitative perfusion software (QPS)). Two fully blinded operators, using an off line dedicated workstation, performed all measurements. Myocardial salvage (MS) was defined as the difference between infarct risk myocardium and infarct myocardial area (AAR−FIS). The salvage index (SI) was calculated as MS/AAR.
Echocardiography
All the selected patients were examined by two fully blinded operators using echocardiography (Vivid 7, GE) within 1 week, and left ventricular ejection fraction (LVEF) was measured using the Simpson method.
CLINICAL END POINT EVENTS
All patients were followed up by telephone or clinic every 3 months for at least 1 year. The main clinical end points were MACCE, including cardiac death, non-fatal myocardial infarction, new heart failure, new cerebral infarction, and transient cerebral ischemia attack (all the end points were confirmed by hospital medical records or contacting a competent doctor). Non-fatal reinfarction and new heart failure were diagnosed according to the existing diagnostic criteria. New cerebral infarction and transient ischemic attack were diagnosed by brain CT or MRI, and a neurologist was invited for diagnosis. MACCE records the occurrence according to the sequence of cardiac death > non-fatal myocardial infarction > new heart failure > new cerebral infarction > transient cerebral ischemia attack, so as to avoid repeated recording of cardiovascular and cerebrovascular events.
STATISTICAL ANALYSIS
SPSS17.0 (SPSS Inc., Chicago, Illinois, United States) was used for data analysis, and differences were considered statistically significant at p < 0.05. The measurement data is expressed as mean ± standard deviation (x ± s). Independent t test was used to evaluate the difference between the PPCI group and PPCI + SBP group. Variables of a non-normal distribution (determined by Kolmogorov-Smirnov test) are expressed as median and quartile ranges and were compared using Wilcoxon rank sum test. The counting data are expressed as the percentage composition ratio (%) and were compared using the Chi-square test or Fisher’s exact test. The Kaplan-Meier method was used to analyze MACCE cumulative events graphically.
RESULTS
Comparison of Baseline and Clinical Characteristics
Seven of the 110 STEMI patients were excluded. There was no significant difference in baseline characteristics between the two groups (Table 1). There was no significant difference in preoperative, intraoperative, and postoperative medication between the two groups (p > 0.05) (Table 2).
TABLE 1 | Comparison of clinical characteristics between PPCI + SBP and PPCI groups.
[image: Table 1]TABLE 2 | Comparison of preoperative, intraoperative and postoperative medication between PPCI + SBP and PPCI.
[image: Table 2]Intraoperative and Postoperative Conditions
Intraoperative Conditions
There was no significant difference in TIMI preoperative blood flow classification (p = 0.649), TIMI postoperative blood flow classification (p = 0.438), Number of diseased blood vessel (p = 0.417), target blood vessel (p = 0.603), thrombus aspiration (p = 0.261), stent implantation (p = 0.414), and average number of stents (p = 0.81) between the two groups, while the MBG postoperative grade of the PPCI + SBP group was better than that of the PPCI group (p = 0.005) (Table 3).
TABLE 3 | Comparison of intraoperative characteristics between PPCI + SBP and PPCI groups.
[image: Table 3]Comparison of Postoperative Myocardial Reperfusion Assessed by STR and MBG
There was no significant difference in TIMI blood flow after PPCI between the PPCI + SBP group and PPCI group (p = 0.438) (Table 3). However, the MBG grade of the PPCI + SBP group was better than that of the PPCI group after PPCI (p = 0.005) (Table 3). In addition, the STR in the PPCI + SBP group was significantly higher than that in the PPCI group (63.30 ± 22.14% vs 73.04 ± 24.25%, respectively, p = 0.036) (Table 1). These results confirm that SBP ameliorate myocardial reperfusion.
I/R Injury Comparison Evaluated by SPECT
There was no significant difference between the two groups regarding the AAR [8.00% (3.00–25.75) vs 18.00% (5.25–29.00), respectively, p = 0.234], but the MS [2.50% (0.125–9.750) vs 1.00% (−1.30–3.50), respectively, p = 0.023] and the SI [27.95% (0.00–45.00) vs 4.30% (−18.35–20.55), respectively, p = 0.006] were significantly improved in the PPCI + SBP group as compared to the PPCI group (Table 4). These indicate that SBP can alleviate I/R injury and rescue ischemic myocardium.
TABLE 4 | Myocardial I/R injury and Final infarct size assessed by SPECT.
[image: Table 4]Comparison of Myocardial Infarction Area by SPECT Evaluation and hsTNT
Compared with the PPCI group, the peak value of hsTNT in the PPCI + SBP group decreased (5.54 ± 3.23 ug/L vs 7.09 ± 4.51 ug/L, respectively, p = 0.048) (Table 1). SPECT showed that the FIS of the PPCI + SBP group decreased [6.50% (3.00–15.00) vs 15.00% (4.00–29.50), respectively, p = 0.047] as compared to PPCI group (Table 4), which mean that SPB can lower myocardial infarction area.
Comparison of Cardiac Function Evaluated by LVEF and NT-proBNP
Compared with the PPCI group, the PPCI + SBP group had higher LVEF (56.53 ± 7.42% vs 53.27 ± 9.09%, respectively, p = 0.049), and lower NT-proBNP (567.02 ± 988.82 pg/ml vs 1,014.86 ± 1,259.38 pg/ml, respectively, p = 0.048) (Table 1). These results show that SBP improve cardiac function.
Clinical End Point Events
All patients were followed through January 31, 2019. There was no significant difference between the two groups (556.9 ± 191.5 days vs 483.1 ± 205.0 days, respectively, p = 0.062). MACCE occurred in 10 (9.7%) of all eligible patients: 7 cases (13.5%) in the PPCI group and 3 cases (5.9%) in the PPCI + SBP group. In the PPCI group, MACCE included 1 (1.9%) cardiac death, 3 (5.8%) non-fatal reinfarction, and 3 (5.8%) new heart failure, while in the PPCI + SBP group, MACCE included 2 (3.9%) non-fatal reinfarction and 1 (2.0%) case of new heart failure. There was no significant difference in the incidence of MACCE (13.5 vs 5.9%, p = 0.482) between the PPCI group and the PPCI + SBP group (Figure 2), which mean decreased MACCE trend, but there was no statistical difference.
[image: Figure 2]FIGURE 2 | Comparison of the cumulative incidence of MACCE between the PPCI and PPCI + SBP group.
DISCUSSION
This study confirmed that SBP can reduce myocardial I/R injury, improve myocardial reperfusion, and reduce myocardial infarction area, as well as improve cardiac function, in patients with STEMI.
Reperfusion therapy can reduce the area of myocardial infarction as well as the incidence of heart failure and mortality in patients with STEMI, which is the most effective way to treat STEMI (Bulluck et al., 2016). I/R injury is induced by reperfusion therapy, which usually occurs in STEMI patients Hausenloy and Yellon (2013), and accounts for more than 50% of myocardial infarction area. This reduces the effect of reperfusion therapy on STEMI patients (Hausenloy and Yellon, 2015; Bulluck et al., 2016). Myocardial infarction area is the main determinant of prognosis in patients with STEMI and is significantly related to cardiac function, cardiovascular adverse events, and cardiovascular death (Stone et al., 2016). Animal experimental studies have confirmed that many treatment measures can reduce myocardial I/R injury and myocardial infarction area (Hausenloy et al., 2017). However, there are few effective measures to reduce myocardial I/R injury and myocardial infarction area in STEMI patients, and clinical research results are inconsistently effective (Hausenloy and Bøtker, 2019). A meta-analysis involving nine randomized controlled trials (RCTs) and 1,220 patients found that remote ischemic conditioning (RIC) could reduce the myocardial infarction area (mean difference: 0.08; 95% confidence interval, 0.02–0.14) and increase the myocardial rescue index (mean difference: −2.46; 95% confidence interval, −4.66 to −0.26) (McLeod et al., 2017). Man et al. conducted a meta-analysis that included 13 RCTs and 1756 patients. The results indicated that RIC reduced the creatine kinase-myocardial band (CK-MB) (p = 0.0002), Troponin T (AUC, p = 0.003), and ST-segment resolution ≥70% (p = 0.03) (Man et al., 2017). However, in the recent CONDI-2/ERIC-PPCI study, 5401 STEMI patients were enrolled and RIC was not found to reduce myocardial infarction area (Troponin T AUC, p = 0.48) (Hausenloy et al., 2019). The METOCARD-CNIC study found that early injection of metoprolol reduced myocardial infarction area in patients with STEMI (25.6 ± 15.3 vs 32.0 ± 22.2, p = 0.012) (Ibanez et al., 2013). García-Ruiz et al. also found that early injection of metoprolol in patients with anterior STEMI could reduce myocardial infarction area (22.9 vs 28.1, p = 0.06) (García-Ruiz et al., 2016). However, a multicenter RCT study of 683 STEMI patients did not confirm that metoprolol injection could reduce myocardial infarction area (15.3 ± 11.0% vs 14.9 ± 11.5%, p = 0.616) (Li et al., 2019). Therefore, a single means treatment for myocardial I/R injury in STEMI patients may not be sufficient. Myocardial I/R injury has a multimodal pathogenesis and thus treatment of I/R injury may require targeting a variety of factors to achieve better results (Davidson et al., 2019; Li et al., 2019).
SBP is a traditional compound preparation composed of a variety of Chinese herbs Tian et al. (2018), diminishes the level of cardiac troponin T (cTNT) and cardiac troponin I (cTNI) in STEMI patients (Lu et al. (2018), significantly decreases the frequency of angina in patients with stable CAD Ge et al. (2021), and lower the MACCE in patients with NSTE-ACS (Zhou et al., 2016). However, we confirmed that SBP was able to reduce the myocardial infarction area and relieve I/R injury assessed by SPECT that accurately assessed I/R injury and myocardial infarction area (Bøtker et al., 2010). It was found that Muscone, a component of the SBP heart protecting pill, can reduce myocardial remodeling and improve heart function of STEMI rats by inhibiting the inflammatory response and apoptosis while upregulating hypoxia-induced vascular endothelial growth factor (Du et al., 2018a; Du et al., 2018b). However, no RCTs have reported that SBP reduces myocardial remodeling and improves heart function in STEMI patients. Our present study verified that SBP can improve heart function in STEMI patients due to its effect on reducing myocardial infarction area and relieving myocardial I/R injury. Myocardial I/R injury was decreased by inhibition of oxidative stress and apoptosis (Wu et al., 2011). Ginsenoside is the extract of Panax ginseng, which is a component of SBP; it can inhibit myocardial I/R injury and reduce myocardial infarction area by inhibiting oxidative stress, the inflammatory response, and apoptosis (Zheng et al., 2017; Li et al., 2018; Li et al., 2020). Cinnamaniline is an extract of cinnamon and a component of SBP, which also limits myocardial I/R injury in rats with AMI. The mechanism of action is to inhibit the opening of the mitochondrial permeability transition pore (MPTP), inhibit calcium overload and reduce oxidative stress (Fancelli et al., 2014). Therefore, the components of SBP can reduce myocardial I/R injury and myocardial infarction area by inhibiting the opening of MPTP, calcium overload, inflammatory response, oxidative stress, and anti-apoptosis (Wu et al., 2011; Fancelli et al., 2014; Zheng et al., 2017; Li et al., 2018; Li et al., 2020). Xiang et al. found that SBP can treat AMI rats by acting on inflammatory response, abnormal energy metabolism, abnormal amino acid metabolism, and oxidative damage (Xiang et al., 2012). SBP may participate in angiogenesis in MI rats throug up-regulation of 20-hydroxyeicosatetraenoic acid Huang et al. (2017) and activating macrophages to regulate endothelial cell function and signal transduction pathways (Zhang et al., 2020). Therefore, SBP may also have multiple mechanisms of action on myocardial I/R injury. The therapeutic effect of SBP on STEMI patients may be due to the synergistic action of multiple drugs on multiple myocardial I/R injury targets. The specific mechanism by which SBP acts is a main topic of future research. Meanwhile, Due to the defects of current pharmacological research methods, it is not enough to clearly demonstrate the mechanism of drugs with multiple targeted effects and molecular properties, which is also a challenge for this research at present.
In our study, SBP did not reduce MACCE (13.5 vs5.9%, p = 0.482). Possible reasons for this result are: 1) short follow-up time (Fancelli et al., 2014); and 2) the application of antiplatelet and statins may have diluted the curative effect of SBP(García-Ruiz et al., 2016). Our research also has some clinical limitations. The main reasons are too few samples, too short a follow-up time, and the fact that this was a single center study. A multicenter, randomized, double-blind, placebo-controlled clinical trial should be conducted to verify the therapeutic effect of SBP on I/R injury.
In conclusion, SBP can alleviate myocardial I/R injury, reduce myocardial infarction area, and improve cardiac function and myocardial reperfusion in patients with STEMI. If these results are confirmed in a large multicenter trial, SBP can become an effective measure against myocardial I/R injury, and may also become a part of the standard therapy for STEMI patients.
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Groups Blood glucose level (mg/dL) AUC (mg/dL)

0 min 30 min 60 min 90 min 120 min
Normal 96.15 + 4.29 160.30 + 13.80 108.80 + 4.80 101.40 + 7.37 98.85 + 4.73 23520 + 13.86
Diabetes 292.30 + 4.95* 376.20 + 17.87* 398.30 + 23.14* 360.20 + 22.41* 322.90 + 25.14* 72081 + 37.35

AUC: area under the curve. Each value represents the mean of six experiments +SEM. Statistical analysis was done using two-way repeated measures ANOVA folowed by Bonferroni’s
multiole comparisons test except for AUC which was done using unpeied Student's t test. *p < 0.05 vs. normal.
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Groups BW (g) HWI (mg/g) Electrocardiographic changes

HR (bpm) QTc (ms) QRS (ms)
Normal 192.20 + 5.00 291+ 0.06 339.20 + 7.33 188.70 + 6.08 44.50 + 1.67
Escitalopram 200.00 + 5.70 2.82+0.07 330.00 + 6.73 184.50 + 3.91 43.80 + 1.60
Diabetes 259.80 + 12.55" 3.35 + 0.03" 297.80 + 5.53" 216.30 + 401" 57.31 + 1.30*
Diabetes + Escitalopra 24260 + 4.55 3.07 +0.08" 327.80 + 5.41" 193.00 + 5.37" 4932 +1.31"

BW: bodly weight, HR: heartrate, HWI: heart weight index which is equal to heart weight (mg)/body weight (g). Each value represents the mean of six experiments +SEM. Statistical analysis
was done using ne way ANOVA followed by Tukey's post-hoc test.’p < 0.05 vs. normal, *p < 0.05 vs. diabetes.
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Genes

a-MHC
B-MHC
B-Actin

Forward primers

5'-GACACCAGCGCCCACCTG-3'
5'-GGAGCTCACCTACCAGACAGA-3'
5'-TATCCTGGCCTCACTGTCCA-3

Reverse primers

5'-ATAGCAACAGCGAGGCTCTTTCTG-3’
5'-CTCAGGGCTTCACAGGCATCC-3"
5'-AACGCAGCTCAGTAACAGTC-3
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Time BW (g) Serum glucose (mg/dL) Serum TGs (mg/dL) Serum TC (mg/dL)

Start (week 0) 98.00 + 4.09 81.40 + 1.80 46.38 + 2.38 53.37 + 0.65
8" week (HFFD + insulin) 260.00 + 6.79" 123.60 + 2.69" 131.80 + 7.11* 95.27 + 5.24*
1 week after STZ 252.30 + 213" 316.20 + 14.60"" 131.20 + 8.97* 87.35 + 5.49"

BW: body weight, HFFD: high fat-high fructose diet, STZ: streptozotocin, TC: total cholesterol, TGs: triglycerides. Each value represents the mean of six experiments +SEM. Statistical
analysic was done using One way ANOVA fokowsd by Tukey's post-hoc test. *p < 0.05 ve. week 0, "p < 0.05 ve. 8 week.
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ATV (1 mg/kg b.wt) + ISO (5 mg/kg b.wt.) 7.53 + 0.98* 52.40 + 6.18% 6.18 + 0.77%

Values are expressedas means + S.D for six rats in each group. Values not sharing a common superscript </ differ significantly at p < 0.05 (DMRT). U", Enzyme concentration required
to inhibit the chromogen produced by 50% in 1 min under standard condition; U™, umole of hydrogen peroxide decomposed/min: U®. umole of GSH utilzed/min.
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Groups AST(UL)  ALT (UL)

Control 7462 908" 2245+ 3.47°
GA control (1 mg/kg bwt) 7367 £815% 2157 £281°
ISO (5 mg/kg bwt) 11062 £ 1024° 52,52 + 6.07°

GA (1 mg/kg bwt) +1SO (5 mgkgbwt)  77.48 £ 10.90°  25.54 £ 3.57°
ATV (1 mg/kg b.wt) +1SO (6 mgkg bwt) 7518+ 835" 2328 +3.18°

LDH (/L)

22007 + 2057
21843 + 22.82°
280.15 + 20.27°
22427 + 23.35"
22171+ 2004°

CK (luL)

14517 + 19.18%
142,57 + 13.19%
215.97 + 19.81°
151.17 + 14.25%
148.38 + 15.36°

CK-MB (IU/L)

94.58 + 4.28%
9292 + 3.62°
13536 + 09.52°
98.69 + 4.62°
93.27 + 6.41%

ThT (ng/mi)

062 +0.04*
061 +0.07*
1.25 £ 0.13°
065 +0.07*
063 +0.10°

Valuse ame axpressed as means + 5.0 for six rate in each group. Valuss nat shaning & common superscriot. B2 diffar sioniicantly & b < 0.05 (DMAT).

cTnl (ng/mi)

0.35 + 0.03"
0.34 +0.02°
0.68 + 0.05°
0.38 +0.02°
0.36 + 0.03°
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Source

Qi et dl. (2017)

Kim et a. (2014)
Marino et al. (2014)
Shende et al. (2011)
Chen et al. (2017)
Jaishy et l. (2015)
An et al. (2017)

Tong et al. (2019)
Zhang et al. (2016)
Bockus et al. (2017)
Ten et al. (2019)
Sciaretta et al. (2013)
Troncoso et al. (2012)
Tao et . (2015)

Model

Endothein-1-stimuated cardomyocytes
Mice with deficient amino acid sensor

Nice with surgical thoracic aortc constiction

Mice with deficient mammalian terget of apamycin comple 1
Mice with type 2 diabetes meltus

High-at det-ed mice:

Fighfat det-ed mice

Fighfat dietfed mice with autophagy-related 7 gene knockout
Nice with type 1 diabetes meltus

‘Steptozotocin-treated iabeti mice and igh-at det-fed mice
Myocardial infarcton mice

Glucose-deprved cardiomyocytes

Energy-deprived carcfomyocytes

Myocarcia infarcton mice.

Cardiovascular disease

Gardac hypertrophy

Cardac hypertrophy

Gardac hypertrophy

Cardac hypertrophy
Diabetes-associated cardiomyopathy
Diabetes-associated cardiomyopathy
Diabetes-associated cardiomyopathy
Diabetes-associated cardiomyopathy
Diabetes-associated cardiomyopathy
Diabetes-associated cardiomyopathy
Ischernic heart diseases

Ischernic heart diseases

Ischemic heart diseases

Ischerric heart diseases

Interaction between autophagy and energy homeostasis

Decreased ntraceluar amino acids increased autophagy-reted proteis
e deficency in amino acid sensor enhanced autophagy

High levels of acetyl-CoA inhibited excessive autophagy

Enhanced autophagy reduced palmitate oxidation and increased glucose oxidation
Increased fatty acids upregulated BECN1

Excess fatty acids blocked autophagy fux

Decreased autophagy increased the deposition of fatty acids

Decreased autophagy increased lipid deposition

Liichlowering dug upreguiated situin1-mediated autophagy
Ghaperone-mediated autophagy reduced energy metabolism effciency
Hexokinase-l induced mitophagy protected against myocardial infarction

Energy deprivation enhanced autophagy

Inhibited autophagy protected against energy deprivation in cardiomyocytes
Improved energy metabolism attenuated ischemia-induced autophagy
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As in vitro model Damage factors Catalpol dose Processing time (h) Reference

EA.Ny926 oxLDL (100 pg/m) 50 M 2 Liu and Zhang. (2015)
THP-1 oxLDL (100 pg/m) 5-80 M 24 Zhang et al. (2018)
HAECs HCY (3 mM) 7.5, 1530 iM 24 Hu et al. (2019)
THP-1 LPS (1 pg/mi) 50 M 24 Zhu et al. (2014)
MH-S LPS (1 pg/mi) 0.1-0.5mM 48 Fuetal. (2014)
HaCaT TNF-a (10 ng/mi) 7.5,1530 uM 24 Liu et al. (2021)
MPC-5 ADR (1 uM) 248uM 48 Zhang et al. (2019)
HUVECs H0, (100 uM) 0.1-10 pg/ml 24 Hu et al. (2010)
EC-6 Brefeldin A (1 uM) 5-80uM 24 Xong et al. (2017)
J774A-1 LPS (100 ng/mi) 5, 10, 20 uM 24 Chen et al. (2021)
IFN-p(20 ng/m)

Note: EA hy926 belongs to human endothelal celline; THP-1: human monocytic leukemia cell fine; Ox-LDL: oxidiized low density lipoprotein; HAECs: human aortic endothelial cells; HCY:
homocysteine; LPS: lipopolysaccharide; MH-S: mouse alveolar macrophage line; HaCaT: keratinocyte line; ADR: adiamycin; MPC-5: mouse podocyte line; HUVECS: human umbilical
vein endothelial cels; H;0: hydrogen peroxide; IEC-6: rat intestinal epithelial el Brefeldlin A: specific endoplasmic reticulum stress inducer; J774A-1 belongs to the mouse macrophage
cell line; IFN-y: interferon-y.
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As in vivo model Drug administration route Catalpol dose Processing time Reference

High cholesterol rabbit Oral administration 5 mgkg/d 12w Liu and Zhang. (2015)

Diabetic rabbit Oral administration 5 mg/kg/d 12w Liu et al. (2016)

LDLr '~ mice + HFD' Oral administration 100 mg/kg/d 16w Zhang et al. (2018)
200 mg/kg/d

ApoE/“mice + HFD?+ Ovx Oral administration 20 mgkg/d 90d Chen et al. (2021)

Note: High cholesterol rabbit (induced by feeding rabbit feed containing 1% cholesterol); Diabetic rabbit (induced by intravenous injection of alloxan 100 mg/kg after 4 weeks of high-fat diet
containing 1% cholesterol and 10% lard); LDLr™"~ mice:low density ipoprotein receptor knockout mice; HFD' (high-fat diiet: contains 20.0% cocoa fat, 1.25% cholesterol, 22.5% protein
and 45.0% carbohydrates): ADoE~'~ mice: apolipoprotein E-knockout mice: HFD? (high-fat diet: containing 0.3% cholesterol and 20% pork fat): Ovx: ovariectomy.
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Target Product/Cat.-No Origin Clonality Protocol/Dilution

Cleaved-caspase 3 Cell signaling technologies; # 96645 Rabbit Me WB (1:1,000)
Bel-2 Abcam; ab182858 Rabbit Me WB( :1,000)
p-PI3K Cell signaling technologies; # 173663 Rabbit Me B (1:1,000
p-AKT Cell signaling technologies; # 4060S Rabbit Mc B (1:1,000)
P-mTOR Cell signaling technologies; # 55365 Rabbit Me B (1:1,000)
PIBK Cell signaling technologies; # 42555 Rabbit Me B (1:1,000)
AKT Cell signaling technologies; # 4691S Rabbit Mc B (1:1,000)
mTOR Cell signaling technologies; # 29838 Rabbit Mo B (1:1,000
SOD1 Santa cruz; sc-101523 Mouse Me B (1:1,000)
soD2 Abcam; ab68155 Rabbit Mo B (1:1,000
NOS Abcam; ab178945 Rabbit Me B (1:1,000)
Tubulin Cell signaling technologies; # 21488 Rabbit Mc WB (1:2,000)
GAPDH Cell signaling technologies; # 5174S Rabbit Mc WB (1:5,000)
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Explicitly
relevant

Closely relevant

Potentially
relevant

Gene
RyR2
CASQ2

TRDN

CALM1, CALM2, CALM3

TECRL
KCNJ2

Ank2

PkP2
JUN

SCNSA

KCNQ1, NKYRIN-B, KCNE1,
KCNE2, KCNH2

Encodes proteins

Ryanodine-recepter-relativeCa®"-
release-channels

Calsequestrin? protein

triadin protein

Camodulin CaM protein

Trans-2,3-enoyl-CoA reductase-like
protein

Inward-rectifier potassium channels
Kir2.1

Ankyrin-B protein

Plakophiin-2 protein

Junctin protein

Sodium channel Nav1.5

Unclear

Mechanism

Influences RyR2 channel function, regulating the cardiomyocyte intraceluiar
Ca®* release

Reduces the opening of RyR2 channels, limiting the transfer of Ca** from the
sarcoplasmic reticulum to the cytoplasm

Interacts with CASQ2, RyR2. and other proteins, reguiating the Ga®* stores and
release

Affects the release of Ca’* from RyR2, which in tum causes abnormal Ca’*
concentration in cardiomyocytes

Expresses in the myogenic reticulum of cardiac, mainly involved in the regulation
of the metabolism of lipid components

Reduces the inward potassium current, influencing the membrane current and
stabilizes the Ca?* in cardiomyocyte

Affects the expression and function of Na*/Ca®* exchanger, Na'/K" ATPase
and InsPg receptor, which changing the conduction and rhythm of
cardiomyocytes and the function of sinus and atrioventricular nodes.

Affects expression of critical genes inciuding RYR2, TRDN and Ank2 et al.
which are necessary for intracelular calcium transfer

Participates in the accumulation of calcium in the sarcoplasmic reficulum as the
scaffold part of calsequestrin

Affects NaV/1.5 sodium channel protein activity, maintaining the excitabilty
threshold of cardiomyocyte

Unclear
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Gene

p-actin FWD
-actin REV

Meti3 FWD

Metti3 REV

Metti14 FWD

Metl4 REV

WTAP FWD

WTAP REV

ALKBH5 FWD

ALKBH5 REV

FTO FWD

FTO REV

mBcl2-3UTR m6A FWD
mBcl2-3UTR mEA REV
mBax-3UTR m6A FWD
mBax-3UTR mBA REV
MPTEN-3UTR m6A FWD
MPTEN-BUTR meA REV

Sequence (5'-3')

AGAGCATAGCCCTCGTAGAT
GCTGTGCTGTCCCTGTATG
GCTTCGCGAGAGATTGCAG
TAGGCACGGGACTATCACTAC
GGGAAAGAAACCGATCCAATTT
AGTAAAGCCGCCTCTGTG
CCCTGAAGAAGAAGGAAAGTCA
CTGGCAAATGGACCAAGTAATG
AACAGCGCGGTCATCAA
CGAGTCGCTGAAGAAAGACA
GTCAGAGAGAAGGCCAATGAA
CTCTGCTCTTAAGGTCCACTTC
CTCTACAGTGGCAAGTGTCTTAG
AGGGTCTGCTACCCTCAG
AAAGACACAGTCCAAGGCA
ACCATCTTTGTGGCTGGAG
GCCATCAAATCCAGAGGCTA
TGGTGTCAGAATATCTATAATGATCAGG
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Groups

NS (n = 6)

Reynoutrin 12.5 mg/kg (n = 6)
Reynoutrin 25 mg/kg (n = 6)
Reynoutrin 50 mg/kg (n = 6)

LVEF
(%)

776+52
78.1+57
819+ 67
824 +71

LVFS
(%)

47321
479+18
48322
492+25

LVEDD
(mm)

6.7 +03
6.7 +0.5
6.6+03
6.6+04

LVESD
(mm)

25+01
26+00
25+01
25+01

TNF-a
(pg/mi)

21237
204 + 48
196 +24
19.1£27

L6
(pg/mi)

234148
241 +37
26123
21419

SOD (U/mg
protein)

212+37
204 +4.8
196+24
19.1£27

MDA (mmol/mg
protein)

37+02
37+02
36+01
35+02
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SNP

rs1045642

rs1128503

rs4148738

Genotype

it
CcT
cCc

cT
cc
GG
AG

Hemorrhage

3
10
1

9
10

5

3
10
1

No-hemorrhage

19
60
52
56
53
22
28
54
49

09107

0.8062

0.5979
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Bleeding site

Intracranial hemorrhage
Epistaxis

Gingival bleeding
Ecchymosis
Gastrointestinal bieeding
Total

Bleeding events (ratio)
Total number of
patients (n = 155)

1 (0.65%)
8 (5.16%)
6 (3.87%)
7 (4.52%)
2 (1.20%)

24 (15.48%)

Fatal bleeding

0(0%)
0(0%)
0(0%)
0(0%)
0(0%)
0(0%)

Major bleeding

1(0.65%)
0(0%)
0(0%)

1(0.65%)
0(0%)

2(1.20%)

Minor bleeding

0(0%)
8 (5.16%)
6 (3.87%)
6 (3.87%)
2(1.20%)

22 (14.19%)
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Total
Rs1045642
CC (ref)
cr
™
TTvs. CT
Rs1128503
T (ref)
cr
cc
CCvs. CT
4148738
AA (ref)
AG
GG
GG vs. AG

Age Gender BMI
No Mean = SD p No Male Female p No Mean + SD p
155 71.98 £ 10.70 155 155 2417 £ 2.87

63 7167 £ 1057 - 63 33 30 - 63 2462 + 267 -
70 72.47 £ 1023 0658 70 36 34 0983 70 24.14 £ 3.03 0.336
22 7132 £ 1283 0.899 22 12 10 0861 22 24.02 £ 275 0370
- - 0666 - - - 0.799 - - 0.869
65 72.05 £ 1035 - 65 34 31 - 65 23.79 £ 3.03 -
63 7298  11.44 0630 63 30 33 0596 63 2447 £ 2.70 0.183
27 69.48 + 9.68 0.272 27 17 10 0.349 27 24.44 + 287 0.344
= - 0.168 — N - 0.182 = - 0.962
60 71.85 £ 1042 - 60 31 29 - 60 24.41 £ 253 -
64 71.80 + 1058 0978 64 31 33 0719 64 2415+ 2.86 0.594
31 72.61 +11.80 0.753 31 19 12 0.382 31 23.83 + 2.42 0.296
- - 0735 - - - 0239 - - 0593
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miRNA

Myocardial apoptosis
miR-23a
miR-15b-5p
miR-140
miR-29b
miR-140
miR-138
miR-181c
miR-30a
miR-486
miR-361
miR-539
miR-421
miR-145
miR-324-5p
miR-484
miR-761
miR-499
miR-410
miR-762
miR-143
miR-203
miR-24
miR-145
miR-558
miR-208

Cardiac hypertrophy
miR-106
miR-195-5p

miR-140
miR-29a-3p
miR-376b-3p
MiR-485-5p
miR-146a
miR-21
miR-1
miR-142-3p
miR-28

Diabetic cardiomyopathy

Let-7b5

miR-92a-2-5

miR-1

miR-141

miR-30c

miR-1

miR-144

Heart failure

miR-195

miR-1a-3p

miR-29

miR-665

miR-152

miR-181¢

miR-696

miR-532

Targets

PGC-1a
Bmpr1
MFN 1
Bax
YES1
HIF1-a
MICU1
P53

P53
PHB1
PHB2
PINK1
BNIP3
MTFR1
Fis 1
MFF
CnAa/CnBp
HMGB1
ND2
C-epsion
PTP1
CHoP
PDCD4
ULK1
S0Cs2

MFN 2

MFN 1

Drp 1
MFF
MAPL
DLST
Mt-cyto
MUG
Hs2B1
VDAC-1

Mt-cyto
Mt-cyto
Junctin
Slc25a3
PGC-1p
Fxra
Rac-1

SIRT 3
ND1, COXI
PGC-1a
GLP1R
FLRX5
COoxXi

Model conditions

Dox

HR/R

IR and AR

LAD and/or HR

150
Sepsis

Ang I/ TAC

1SO/ PAH

Neuropeptide Y
NA

PE

Ang ITAC

SHR

TAG/Chronic exercise
Ang I AB

PE

s1Z

Palmitate and db/db mice
HG
HG and STZ

TACMI
150

HF patients

LCA

TAC

Plasmid miR-181c in vivo
TAC

References

Du et al. (2019)

Wan et al. (2019)

Li J. etal. (2014)

Jing et al. (2018)
Yang et al. (2019)

Liu et . (2019)
Banavath et al. (2019)
Forini et al. (2014); Zhang C. et al. (2019)
Sun et al. (2017)
Wang et al. (2015a)
Wang et al. (2014)
Wang et al. (2015¢)
Lietal (2012)

Wang et al. (2015b)
Wang et al. (2012)
Long et al. (2013)
Wang et al. (2011)
Yang et al. (2018)
Yan et al. (2019)
Hong H. et al. (2017)
Zhang J. et al. (2019)
Wang and Qian, (2014)
Xuetal. (2017)

Guo et . (2019)
Ouyang et al. (2020)

Guan et al. (2016)

Wang et al. (2019)

Sun et al. (2019)

Qiu et al. (2020)

Wang et al. (2020)

Joshi et al. (2016)

Xie et al. (2020)

Sun T. et al. (2018)
Zhao et al. (2017)
Heggermont et al. (2017)
LiH. etal. (2016)

Zaglia et al. (2017)

Liu et . (2018)

Kar and Bandyopadhyay, (2018)

Lietal (2019)
Lietal. (2019)
Yildirim et al. (2013)
Baseler et al. (2012)
Yin et dl. (2019)
Cheng et al. (2018)
Tao et . (2020)

Zhang et al. (2018)
He et al. (2019)
Caravia et al. (2018)
Lin et al. (2019)
LaRocea et al. (2020)
Das et al. (2014)
Wang et al. (2017)
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Genotype N Concentration (ng-mi~)

GG 31 31.59 (17.37, 56.11)
AG 64 29.00 (14.74, 54.81)
AA 60 28.38 (15.80, 58.52)

GG genotype compared with AG genotype, p = 0.341 > 0.05.
GG genotype compared with AA genotype, p = 0.612 > 0.05.
AG genolype compared with AA genolype, p = 0.649 > 0.05.
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Genotype N Concentration (ng-ml7)

T 65 34,66 (18.00, 74.00)
cT 63 26.16 (14.88, 47.53)
cc 27 20.23 (13.64, 51.70)

TT genotype compared with CT genotype, p = 0.0651 > 0.05.
TT genotype compared with CC genotype, p = 0.0421 < 0.05.
CT genotype compared with CC genotype, p = 0.6127 > 0.05.
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Genotype N Concentration (ng/mi)

T 2 33.80 (19.00, 51.90)
cT 70 29.00 (16.26, 59.39)
cc 63 29.10 (16.61, 57.22)

TT genotype compared with CT genotype, p = 0.586 > 0.05.
TT genotype compared with CC genotype, p = 0.802 > 0.05.
CT genotype comparsd with CC genotype, p = 0.702 > 0.05.
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SNP. Genotype

rs1045642 T
cT
cc

rs1128503 T
cT
cc

rs4148738 GG
AG
AA

n (%)

22 (14.19)
70 (45.16)
63 (40.65)
65 (41.94)
63 (40.65)
27 (17.42)
31 (20.00)
64 (41.29)
60 (38.71)

SNE. sigle nuckoride pokmanohien.

Allele

s
[

T
c

n (%)

114 (36.77)
196 (63.23)

193 (62.26)
117 (37.74)

126 (40.65)
184 (50.35)

Hardy-Weinberg

0.7309

0.0002

0.0697
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Variables

Men

Women

Age (years)

eGFR (ml/min-1.73m?)
BMI

Surface area ()
Atrial fibrilation

Total

Total number of
patients (1 = 155)

81 (52.26%)
74 (47.74%)
71.98 £ 10.72
69.99 + 22.79
2452 £317
1.84£017
155 (100%)
155 (100%)
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Groups The mean color The mean color

area percentage of area percentage of
mMTC vimentin immunostaining
Control 4634053 412052
DAP 471+ 061 406 +0.41
ISO 3002 + 1.72% 1.42 £ 028
ISO + DAP 11.62 + 0912 541+ 0.31°

Data show the mean + SEM (n = 7).

DAP: dapsone; ISO: isoproterenol; MTC: MassonCls trichome stain.
“Significant (p < 0.05) variance from the control group.

“Significant (p < 0.05) variance from DAP group.

“Significant (p < 0.05) variance from ISO group.
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Groups Cardiac TLR4 Cardiac TNF-a Cardiac IL-1§ Cardiac HO-1 Cardiac Nrf-2 Cardiac Caspase-3

(ng/g tissue) (pg/g tissue) (pg/g tissue) (pg/g tissue) (pg/g tissue) (ng/g tissue)
Control 099 009 29.65 + 2.02 4591 £2.79 65.23 +3.04 81.47 £ 293 10.94 £ 092
DAP 1.01£008 3235+ 1.72 50.85 + 2.75 64.35 + 2.83 85.39 + 445 11.67 £ 1.03
SO 249 £047% 7131 £ 267 8561 + 291 26,82 + 1.64% 54.0 + 498 3573 +3.16™
ISO + DAP 1.18 £ 0.10° 37.06 + 2.24° 52.11 £ 2.33° 58,08 + 2.55° 86.79 + 3.15° 14.73 £ 1.34°

Data show the mean + SEM (n = 7).

DAP: dapsone; ISO: isoproterenol; TLR.: toll ke receptor 4; IL-1f:interleukin- 1beta; TNF-actumor necrosis factor-alpha; HO-1: heme oxygenase~1; Nrf2:Nuclear factor (erythroid-derived
2)lie 2.

“Significant (p < 0.05) variance from the control group.

“Significant (p < 0.05) variance from DAP group.

eSignificant (p < 0.05) variance from ISO group.
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Groups CK-MB (U/L)
Control 2857 + 240
DAP 20.32 + 251
SO 7225 £ 3.14%
ISO + DAP 35.60 + 2.56°

Data show the mean + SEM (n =

DAP: dapsone; ISO: isoproterenol; CK-MB: serum creatinine kinase-MB; LDH: lactate dehycrogenase; ALK-PH: alkaline phosphatase; ALT: alanine transaminase.

“Significant (p < 0.05) variance from the control group.
“Significant (p < 0.05) variance from DAP group.
eSignificant (p < 0.05) variance from ISO group.

LDH (U/L)

122.10 + 5.68
134.60 + 5.48
323.30 + 2.69%
143.20 + 3.49°

ALT (U

23.54 + 211
24.98 + 1.86
79.14 + 2.68™
2823 +2.14°

ALK-PH (U/L)

25.80 +2.17
29.65 + 2.42
70.94 + 2.76™
36.00 + 3.06°
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Gene
Collagen 1
Collagen 3
TGF-p1
Smad 7

GAPDH

Primer

Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer

Sequence

GAGCGGAGAGTACTGGATCGA
CTGACCTGTCTCCATGTTGCA
TGCCATTGCTGGAGTTGGA
GAAGACATGATCTCCTCAGTGTTGA
CAACAATTCCTGGCGTTACCT
GCCCTGTATTCCGTCTCCTT
GGCTTTCAGATTCCCAACTT
ACACCCACACACCATCCACG
CCTCGTCCCGTAGACAAAATG
TGAGGTCAATGAAGGGGTCGT
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Groups Cardiac Cardiac Cardiac

MDA (nmol/g tissue) CAT (U/mg tissue) GSH (mg/g tissue)
Control 36.97 + 339 51.16 + 3.39 259+ 0.24
DAP 40.67 + 356 50.26 + 3.12 2644025
IS0 77.74 £ 273 23.11 + 1.87% 0.83 + 0.05®
ISO + DAP. 4412 + 2.47° 46.87 + 2.61° 2.09 +0.15°

Data show the mean + SEM (n = 7).

DAP: dapsone; ISO: isoproterenol; GSH: reduced glutathione; MDA: malondialdehyde; CAT: catalase; NOX: total nitrite/nitrate.
“Significant (p < 0.05) variance from the control group.

“Significant (p < 0.05) variance from DAP group.

eSignificant (p < 0.05) variance from ISO group.

Cardiac
NOX (nmol/g tissue)

15.58 + 0.86
17.85 + 0.94
4065 + 2.68™
2046 + 0.98°
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Mode Metabolites

pos  Pamitoylethanolamide
11-Ketoetiocholanolone
Melatonin
Isophorone
2,6-Dimethylaniline
Indoleacrylic acid
p-Anisic acid
2-Methylbutyroylcamitine
All-trans-13,14-dihydroretinol
Phenylpyruvic acid
N,N-Dimethylsphingosine
Diethyiphosphate
Phytosphingosine

neg Polygalitol
Methyimalonic acid
4-tert-Butylphenol
Avachidic acid
Lysophosphatidylcholine (22:4)
N-Acetylserotonin
Estrone sulfate
2-Isopropyimalic acid
Agnuside

HMDB ID

HMDB0002100
HMDB0006031
HMDB0001389
HMDB0031195
HMDB0080677
HMDB0000734
HMDB0001101
HMDB0000378
HMDB0011618
HMDB0000205
HMDB0013645
HMDB0012209
HMDB0004610
HMDB0002712
HMDB0000202
HMDB0032063
HMDB0002212
HMDB0010401
HMDB0001238
HMDB0001425
HMDB0000402
HMDBO0036561

Formula

CigHzNO,
CioHoe0s
CisHigNz02
CoHii0
CgHiN
Cy4HgNO,
CeHeOs
Cr2HzsNO,
CzoHg20
CoHOs
Cz0HaiNO,
C4H1104P
CigHzoNOs
CeHi205
CaHeO4
CioH140
CaoHaoO2

CaoHsaNO7P

Ci2HiaN;0,
CigH22058
C7Hi20s
CooHoeO11

tR/min

11.88
1391
867
1067
577
11.05
9.00
995
11.09
1292
13.16
9.99
1273
141
124
12.32
14.49
14.96
1242
145
127
1155

Mass (m/z)

299.28
286.19
232.12
138.10
121.09
187.06
152.06
245.16
288.24
164.05
327.31
154.04
317.29
224.09
118.08
150.10
312.30
631.39
218.11
360.12
1.80
466.15

FCs

17.22
325
3.20
0.02

5.38
3.25
0.30
218
19.50
13.01
7.70
0.06
7.08
0.54

268
0.1

0.35
0.64

207

0.39
0.56
11.32

FCr

0.06
0.32
0.24
54.56
0.16
0.28
2.26
0.42
0.04
0.07
0.1
14.55
0.10
1.90
0.31
7.86
3.34
1.66
0.46
272
176.07
0.08

Note, the FC, and FCr values represent the fold change of the Model group compared to the Sham group or Treat group, respectively.

D <0.05.
b < 0.01 compared with the sham group.
P < 0.05.
9 < 0.07 compared with the model group.

Model vs sham

down®

down®
up!
down®
down®

Treat vs model
Down®
down®
down®
up?
down®
Down®
Up?
down
down®
down®

down®
up?
down®
up’
down

up’
up?

up®
down?
up®

down®

down?

'l





OPS/images/fphar-12-669679/fphar-12-669679-g005.gif





OPS/images/fphar-12-711238/fphar-12-711238-t002.jpg
Parameter

N
EF (%)

FS (%)

LVID d(mm)
LVID s(mm)
LVPW dfmm)
LVPW s(mrm)
VS d(mm)
VS s(mm)

D < 0.05 vs Saline group.
by < 0.05 vs CDDP group.

Saline

6
62.36 + 2.36
33.07 + 1.64
3.61+0.09
2.41+0.09
0.76 + 0.03

1.26 + 0.07
0.77 + 0.02
1.16 + 0.03

CDDP

6
47.37 +2.00°
2287 £1.32°

3.86 + 0.06
261023
067 +0.04
096 +0.06°
092 +0.06°
1224010

STING™~

6
64.12 +2.93
34.47 +2.18
3.53 + 0.09
236+ 0.13
0.85 + 0.03
1.36 + 0.08
0.73 + 0.05
1.19 + 0.01

CDDP + STING ™~

6
62.90 + 4.17°
32.85 + 2.80°

3.48+0.16
238015
073 +0.07
1.16 + 0.09
083 +0.14
113014
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Species

Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse

Primers(FW)

CCAAGAGGTGAGTGCTTCCC
CCAACCACCAGGCTACAGG
CGGGTTTCAACGCCGACTA
ATGGCGCTCTTCACGAAATC
TCACGACGACTCTTACGCAG
ACAGTGGACCTGGTAAGAAACA
CTGGGATTCACCTCAAGAACATC
CCGTGAAAAGATGACCCAGA

Primers(RW)

CTGTTGTTCAGACTCTCTCCCT
GCGTCACACTCAAGCTCTG
TTGGCACTAGAGACGGACAGA
ACTGGTCGAAGGGGTCATCAA
CCTTGAGACCCCGATAGGGA
CCTCCGTGACTGATGACAAGAT
CAGGGTCAAGGCAAGCCTC
TACGACCAGAGGCATACAG
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Receptor

A1

A1
A1
A2A
A2B

CB1

D2

D2-mGIu5
D2-CB1

D2-calmodulin

D3

Arf nucleotide site opener
Ubiquiting-specific processing
protease

Translin-associated protein-X
Neuronal calcium-binding pro-
tein 2

Function  mouse
heart
Function rat heart

Mouse aortic rings
Neuroblastoma
cells

Cardioprotection inotropy

Heterodimer formation

Homodimer, homomultimer formation
Cardioprotection

Function inhibited

Heterodimer formation

Heterodimer formation, heterotetramer
formation

References

Tikh et al. (2006), Zhan et al. (2011), Methner et al. (2010), Urmliya et al.
(2010), Chan et al. (2008)

Norton et al. (1999)

Review: Ferré et al. (2014)

Canals et al. (2004), Burguerio et al. (2003), Ferré et . (2014)
Moriyama and Sitkovsky (2010)

Tawfik et al. (2005), Talukder et al. (2002)

Carriba et al. (2007)

Navarro et al. (2016), Bonaventura et al. (2015)

Ferré et al. (2014)
Cabelo et al. (2009)
Navarro et al. (2008)
Navarro et al. (2009)
Torvinen et al. (2005)
Ciruela et al. (2010)
Ciruela et al. (2010)

Ciruela et al. (2010)
Ciruela et al. (2010)
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Signal

PP2A
PP1

Thrombin induced ERK phosphorylation
Gs

PI kinase

Ca?

Actinin

Ca sensitivity
Phospho erk
Phospho-p-38
Phospho-JNK

Free radicals

Ca®* sparks

CREB phosphorylation
Free racicals

Epac

Species/cell type

Dermal fibroblasts

Increased

Increased
Increased
Increased
Increased
Reduced
Increased
Increased
Reduced
Activated

Inhibition
Translocation and activation

Inhibits.

Mouse heart

Mouse heart

Mouse heart

Mouse heart

Atrial human cardiomyocytes
Leukocytes

Neutrophils

Dermal fibroblasts

References

Tikh et al. (2008)
Revan et al. (1996)

Hirano et al. (1996)

Kull et al. (2000, Fenton and Dobson (2007)
Schulte and Fredholm (2000), Boucher et . (2004)
Woodiwiss et al. (1999)

Burgueno et al. (2003)

Woodiwiss et al. (1999)

Ribé et al. (2008)

Ribé et al. (2008)

Ribé et al. (2008)

Ribé et al. (2008)

Liach et al. (2011)

Koshiba et al. (1999), review: Rabadi and Lee (2015)
Jordan et al. (1997)

Perez-Aso et al. (2013)
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Antagonist aname

Theophyline
Caffeine
Istradefyline
Tozadenant
ZM 241385
MSX-2

SCH 58261
SCH 442416
Preladenant
Vipadenant
ST 1535

ST 4206
CGS 15943
csC

V2006

KinM

1710
9,560-23,400
291
5
0.8
5-8.0
11-6
0.048-4.1
0.9-1.1
13
6.6-11
9
1.2
54
13

Indications

M. Parkinson
M. Parkinson

M. Parkinson
M. Parkinson

The range of Ki values is probably due to species diflerences and small difference in methodology.

References

Fredholm et al. (2011)

Fredholm et al. (2011)

Fredholm et al. (2011), Cacciari et al
Cacciari et al. (2018)
Cacciari et al. (2018)
Fredholm et al. (2011
Fredholm et al. (2011
Fredholm et al. (2011
Fredholm et al. (2011
Cacciari et al. (2018)
Fredholm et al. (2011), Cacciari et al.
Cacciari et al. (2018)

Fredholm et al. (2011)

Fredholm et al. (2011)

Fredholm et al. (2011)

, Cacciari et al.
, Cacciari et al.
, Cacciari et al.
, Cacciari et al.

. (2018)

(2018)
(2018)
. (2018)
(2018)

(2018)
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Cardiac
cytokines/
chemokines
suppressed
by NP-6A4

IL-taand p

L2

IL-4

IL-6

IL-13

Fractalkine

IFN-y

TNF-a

MCP-1

Galactin-3

GM-CSF

CING1 (CXCL1)

ICAM1

LIX (CXCL-5)

IL-10

L-Selectin

PDGF-AA

TIMP-1

Increased expression levels in

Myocardial  Cardiac Cardi Myocardial ~ Obesity/
hypertrophy  fibrosis/  myopathy/ infarction/  Diabetes
leukocyte  myocarditis  Heart failure
infiltration
Yes Yes Yes Yes Yes
. - Yes - Yes
- Yes Yes - Yes
Yes Yes Yes Yes Yes
- Yes - - -
= Yes Yes Yes Yes
= = Yes Yes Yes
Yes Yes Yes Yes Yes
Yes Yes Yes Yes Yes
- Yes Yes Yes Yes
Yes Yes Yes Yes Yes
Yes Yes Yes Yes Yes
Yes Yes Yes Yes Yes
. Yes : Yes Yes
< Yes - -
s Yes Yes Yes Yes
N Yes - - -

Auto-
inflammatory
diseases

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Cytokine
storms/
coviD-19

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Inhibitors
used in
clinic for
heart
disease/
COovID-19

Anakrina

Tocilizumab
Sarilumab
Siltuximab

KANDS67*

Remicade,
Enbrel,
Humira,
Cimza,
Simponi

Lenzilumab

Xidra
(iftegrast)

References

Abbate et al. (2020);
Van Tassell et al.
(018,

Conti et al. (2020);
Peirt et al. (2017)
Thavendiranathan
etal. (2011);
Mangaimurti and
Hunter. (2020);

Frati et al. (2017)
Kanelaks et al.
(2012);

Diny et al. (2017);
Schmidt et al. (2015);
Fara et al. (2020)
Bacchiega et al.
(2017); Mangalmurti
and Hunter. (2020);
Zhang et al. (2016);
Chen et al. (2020)
Costela-Ruiz et al
(2020); Liu et al.
(2015)

Costela-Ruiz (et al
(2020);

Xuan et al. (2011);
Kikuchi et al. (2004)
Costela-Ruiz et al.
(2020);

Torzewski et al,
(2012); Reffenberg
et al. 2007
Costela-Ruiz et al.
(2020);
Schumacher and
Naga Prasad (2018)

Costela-Ruiz et al.
(2020);

Rolski and Blyszczuk
(2020);

Niu and Kolattukudy.
(2009)

Costela-Ruiz et al.

(2020):
Souza et al. (2017);
Vora et al. (2019);

Caniglia et al. (2020)
Costela-Ruiz et al
(2020):

Anzai et al. (2017)
Costela-Ruiz et al
(2020):

Zagorski et al. (2007);
Wang et al. (2018)
Costela-Ruiz et al
(2020):

Salvador et al. (2016);
Luc et al. (2003)
Costela-Ruiz et al
(2020

Koenig et al. (2020)
Hulsmans et al.
(2018)

Weil and
Neelamegham.
(2019)

Zhao et al. 2011);
Petrey et al. (2021)
Takawale et al. (2017)
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Agonist name

Adenosine
CGS 21680

UK-432097
ATL-146e (Apadenosor)

MRE 0094 (sonedenoson)
(CV-3146) regadenoson
BVT 115950

NECA

HE-NECA

(WRC-0470) binodenoson
WRC-0090

WRGC-0013

UK371104

GW328267X

9 ATL 313 (evodenosor)
LASSBI0-204
PSB-15826

PSB-12404

PSB 16301

ATL-193

PSB-033

Cv 1808

AMP597

UK-432094

LUF5834

IC50: in functional assays in uM.

Ki nM

310
27
1,570 canine
4
05
44 canine
ND
290
Not disclosed
97
22
290

Antilg 7.7
Antilg 8.63
Anti g 9.15
9,500
14.8 human recombinant

45.8 canine
44
190
56
48
28

1C50: 67
1C50: 6.5

Fredholm et al. (2011)
Fredholm et al. (2011)
Glover et al,, 2001
Fredholm et al. (2011)
Fredholm et al. (2011)
Glover et al. (2001)
Fredholm et al. (2011)
Fredholm et al. (2011)
https://clinicaltrials. gov/searchvintervention = BVT.115959
Fredholm et al. (2011)
Darbousset et al. (2014)
Fredholm et al. (2011)
Shryock and Belardinelli (1997)
Shryock and Belardineli (1997)
Jacobson et al. (2019)
Jacobson et al. (2019)
Jacobson et al. (2019)
da Siva et al. (2017)
De Filippo et al. (2016)
Fuentes et al. (2018)
Fuentes et al. (2018)
Glover et al. (2001)
El-Tayeb et al. (2011)
Cunha et al. (1996)
Clark et al. (2000)
Xuetal. (2011)
Beukers et al. (2004)
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Type

KO
KO

KO

Flox
Overexpression
Overexpression

Constitutive
Inducible

Cardiac specific
Cardiac specific

References

Ledent et al. (1997)

Chen et al. (1999)

Xiao et al. (2006)

Reutershan et al. (2007), Shen et al. (2008), Bastia et al. (2005)
Boknik et al. (2018), Boknik et al. (2019), Chan et al. (2008)
Hamad et al. (2010)
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Gene

Collagen |
Collagen il
ANP

BNP
B-MHC

Gapdh

Primer sequences

Forward primer: 5'-CTCGTCACAGCCTTCAC-3'
Reverse primer: 5'-AATCCAGTAGTAATCGCTCTTC-3'
Forward primer: 5'-CTACACCTGCTCCTGTCATT-3'
Reverse primer: 5'-CCACCCATTCCTCCGACT-3'
Forward primer: 5'-ACCTGCTAGACCACCTGGAG-3"
Reverse primer: 5'-CCTTGGCTGTTATCTTCGGTACCGG-3'
Forward primer: 5'-GAGGTCACTCCTATCCTCTGG-3"
Reverse primer: 5'-GCCATTTCCTCCGACTTTTCTC-3'
Forward primer: 5'-CCGAGTCCCAGGTCAACAA-3"
Reverse primer: 5'-CTTCACGGGCACCCTTGGA-3'
Forward primer: 5'-ATGTGTCCGTCGTGGATCTGA-3'
Reverse primer: 5'-TTGCTGTTGAAGTCGCAGGAG-3"
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- PPCI group (n = 52)

Area at risk of infarction (AAR), LV% 18.00 (5.25-29.00)
(n=43)

Final Infarct Size (FIS), LV% 15.00 (4.00-29.50)
=52

Myocardial salvage (MS), LV% 1.00 (-1.30-3.50)
(n=29)

Salvage index (S), % 4.30 (-18.35-20.55)
(n=29)

LV96, % of the et ventricle; SPECT. single-photon emission computed tomography: UR, ischemyia reperfusion; MS =

PPCI + SBP group (n = 51)

8.00 (3.00-25.75)
(n=41)

6.50 (3.00-15.00)
(n=51)

250 (0.125-9.750)
(n=28)
27.95 (0.00-45.00)
(n=28

AAR-FIS: SI = MS/AAR.

0.234

0.047

0.023
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Measurements

VSd (mm)
LVIDd (mm)
LVPWd (mm)

IVSs (mm)

LVIDs (mm)

LVPWs (mm)

LV mass/BW (mg/g)
EF%

FS%

BW ()

HR (BPM)

Sham

0.84 +0.13
321+ 036
0.756 + 0.39
1.17 £ 0.05
211 +044
1.16 £ 020
3.61+068

70.31 + 493

38.59 + 348

2392 +1.36
426.33 + 57.70

Ang Il

12240227
290 +0.25
1.57 + 0.40*
1.73 012"
1.70 + 0.20
1.79 + 0.28*
653+ 1.79™
80.26 + 3.14*
48.38 £ 2.97"
23224275
4235 +28.08

Ang Il +
Log (50 mg/kg)

0.82 + 0.04"
3134028
121+039

102+ 0.15"*"
2234046
144+ 033
4.48 +0.56"

62.96 + 763"
34.01 + 480"

2570+ 158

464.17 + 2028

Ang Il +
Log (100 mg/kg)

0.87 +0.19"
345+ 0.40
1,33+ 0.49

1.20 £ 035"
2511047
1.55 + 0.42
4971075

63.82 + 6.39"*
34.8 + 3.90"""
24,68+ 2.04
46150 + 18.71

Ang Il +
Log (200 mg/kg)

082+ 0.12%
346+ 0.14
0.86 +0.22"
1.15 £ 0.20""
2211042
1.20 £ 0.12"
430+ 0.71"
65.13 + 2.60"**
34.87 + 168"
24.42+0.88
452.00 + 56.70

Angll +
Tel (10 mg/kg)

091 + 018"
3.69 + 0.59"
0.87 + 0.09"
136+ 0.12"
228074
1.26 + 026
405 +0.77"
67.51 + 572"
38.78 + 7.16"
24.75 £ 2.09
448.33 + 15.42

Data are presented as mean + SD (n = 6). *p < 0.05, *'p < 0.01, **'p < 0.001 vs the sham group; #p < 0.05, #4p <0.01, ###p < 0.001, ####p < 0.0001 vs the Ang li~treated group.
Abbreviations: IVSd, interventricular septum in diastole; LVIDd, left ventricular diastolic internal diameter; LVPW(d, left ventricular diastolic posterior wall thickness; IVSs, interventricular
septum in systole; LVIDs, left ventricular systolic internal dlameter; LVPWS, left ventricuar systolic posterior wall thickness; LV mass/BW, left ventricular mass/body weight; EF, ejection

fraction; FS, fractional shortenir

W, body weight: HR, heart rate.
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TIMI preoperative, n (%)
0

1

2

3

TIMI postoperative, n (%)

0

1

2

3

MBG postoperative, n (%)

0

1

2

3

Number of diseased vessels, n (%)
A

2

3

Target Vessel, n (%)

Left anterior descending artery
circumflex artery

fight coronary artery

aspiration thrombectomy, n (%)
Average number of stents, (%)
stent implantation, n (%)

PPCI Group (n = 52)

28 (53.8)
7(135)
10 (19.2)
7(135)

0(0.0)

238

9(17.3)
41 (78.8)

0(0.0)
4.7
30 (57.7)
18 (34.6)

1@1.2)
16 (30.8)
25 (48.1)
23 (44.2)
5(0.6)
24 (46.2)
14 (26.9)
1.33£0.73
48 (@23)

TIMI, thrombolysis in myocardial infarction; MBG, myocarcial biush grade.

PPCI + SBP roup (n = 51)

22 (43.1)
11216)
1121.6)
7(3.7)

000
120
508
45 (882)
000
239
15 (29.4)
34 (66.7)
14 (275)
19 (37.3)
18 (35.3)
27 (62.9)
369
21412
19 (37.3)
1.29 + 061
49 (96.1)
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- PPCI Group (n = 52)

heparin, n (%) 52 (100.0)
aspirin, n (%) 52 (100.0)
clopidogrel, n (%) 27 (51.9)
ticagrelor, n (%) 26 (50.0)
tirofiban, n (%) 20(38.5)
ACEI, n (%) 42(80.8)
ARB, n (%) 5(9.6)

p-blocker, n (%) 46 (88.5)
statins, n (%) 52 (100.0)

ACE! angiolensin-converting enzyme inhibitor: ARB: angiolensin recepior blockers.

PPCI + SBP Group (n = 51)

51 (100.0)
51 (100.0
19 (37.3)
32 (62.7)
18 (35.3)
40 (78.4)
5(9.8)
46 (90.2)
51 (100.0)





OPS/images/fphar-11-572637/fphar-11-572637-g009.gif





OPS/images/fphar-11-572637/fphar-11-572637-g008.gif





OPS/images/fphar-11-603596/fphar-11-603596-g003.gif





OPS/images/fphar-11-572637/fphar-11-572637-g007.gif





OPS/images/fphar-11-603596/fphar-11-603596-g002.gif





OPS/images/fphar-12-678886/fphar-12-678886-g006.gif
' . =T )
o AR
RMINM & l (L ¥ . .





OPS/images/fphar-11-572637/fphar-11-572637-g006.gif





OPS/images/fphar-11-603596/fphar-11-603596-g001.gif
Sham Dox DOX+BHB






OPS/images/fphar-12-678886/fphar-12-678886-g005.gif
W

Angl

Y a4

i .

i
Y 4

+Log(50mg






OPS/images/fphar-12-721011/fphar-12-721011-t001.jpg
Age, years
Gender (male), n (%)

History of Smoking, n (%)

History of hypertension, n (%)
History of diabetes, n (%)

History of cerebral infarction, n (%)
Admission Heart Rate, bpm
Systolic blood pressure, mmHg
Diastolic blood pressure, mmHg
creatinine, umol/L

Blood glucose, mmol/L

Low density lipoprotein, mmol/L
hsTNT at admission, ug/L.

The Peak Value of hsTNT, ug/L
NT-proBNP after admission, pg/mi
ST-segment resolution, %

LVEF, %

Myocardial ischemia time, h

PPCI Group (n = 52)

586+ 11.3
42 (80.8)
34 (65.4)
23 (44.2)

8(15.4)
3(58

705+ 14.1

1264 £24.7

81.7+173

783+ 19.5
7932
32114

110+ 217

709 + 451

1,014.86 + 1,259.38
63.30 + 22.14
5327 +9.09

753+9.18

HsTNT. high-sensitivity troponin T: LVEF, Left vevitricular eection fraction.

PPCI + SBP Group (n = 51)

57.2+96
43 (84.3)
34 (66.7)
22 (43.1)
70137)
2(39)
725+ 126
125.0 +24.9
798+ 154
763+ 15.7
77+38
32:08
072 + 156
5544323
567.02 + 988.82
73.04 + 24.25
56.53 + 7.42
6214293

0.513
0.636
0.891
0.769
0.811
0.663
0.451
0.778
0.560
0.555
0.781
0.991
0.314
0.048
0.048
0.036
0.049
0.331
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Gene or Primer name

NEAT1-human

NEAT1-mouse

Coll I-human

Coll I-mouse

Coll i--human

Coll li--mouse

miR-320-mouse

NPAS2-mouse

GAPDH-human

GAPDH-mouse

U6-human

U6-mouse

Primer sequence (5'-3')

F: CCTGCCTTCTTGTGCGTTTC
R:CTTGTACCCTCCCAGCGTTT

F: GGGAAGGGTGACATTGAAAA
TCCCCAGCTTCACTTCTTG

F: GAGAGCATGACCGATGGATT
R: CCTTCTTGAGGTTGCCAGTC

F: GCTCCTCTTAGGGGCCACT

R: CCACGTCTCACCATTGGGG

F: GGTCCTCCTGGAACTGCCGGA
R: GAGGACCTTGAGCACCAGCGTGT
F: TGAATGGTGGTTTTCAGTTCAG
R: GGTCACTTGCACTGGTTGATAA
F: AAAAGCTGGGTTGAGAGGA

R: TCCTCTCAACCCAGCTTTT

F: CGCAGATGTTCGAGTGGAAAG
R: GTGCATTAAAGGGCTGTGGAG
F: AGCAAGAGCACAAGAGGAAG
R: GGTTGAGCACAGGGTACTTT

F: AGAACATCATCCCTGCATCC

R: GGTCCTCAGTGTAGCCCAAG

: GCGCGTCGTGAAGCGTTC

R: GTGCAGGGTCCGAGGT

F: TGGAACGCTTCACGAATTTGCG
R: AGACTGCCGCCTGGTAGTTGT
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control Costus EST EST.Costus

Atrophy - - e +
Leukocyte infitration = - o -
Nudiear pyknosis - - ++ +

Data are expressed as 10 fields of vision selected randomly and the changes were
scored (-) negative, (+) faint, (++) mild, (+++) moderate, and (++++) severe. Where, EST,
Ehriich solid tumor: EST + Costus, treated Ehriich solid tomor with Costus.
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control Costus EST EST.Costus

Tailed% 20 30 255 120
Untailed% 98.0 97.0 745 88.0
Tails length um 120" £0.07 154" +0.10  7.09': 053 3951038
Tail DNA% 1.37 1.60 911 4.80
Tail moment 1.64 246 64.59 18.96

Data are expressed as mean + SE of 5 obsewvations. EST, Ehiich sofid tumor; EST +
Costus, treated Ehrlich sof tomor with Costus. Significant difference from the control
group at *p < 0.05. Significant difference from the EST group at #p < 0.05.
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Control Costus EST EST.Costus

Cholesterol (mg/d) 946"+ 1.939 94.2" + 2.853 161.8" + 2478 132.8* + 1.845
Tg (mg/dl) 105.6* + 3.108 97.4" + 2,943 166.0* + 3.209 130.1* + 1.761
HDL (mgy/dl) 411" :137 455"+ 228 292" +1.02 320"+ 0.76

LDL (mg/dl) 31.38" + 3018 29.34" + 4.045 99.4* + 3.880 80.8" + 1.966

Dataare expressedas mean + SE of 10 observations. Where, EST, Ehrlch solc tumor; EST + Costus, treated Ehrich solid toror with Costus. Significant difference from the control group
at *p < 0.05. Sioniicant difference from the EST group &t #p < 0.05.
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Control Costus EST EST.Costus

Na* (mEa/) 136.3" + 055 134.8" + 0.47 96.78" + 4.1 11.8% £ 1.1
K" (mEq/) 4.704 £ 0.109 4566" +0.10 6.612" £ 0.074 6.358 + 0075
Cl- (mEg/l) 101.1* + 0.64 101.0* + 0.51 120.1* £ 1.1 107.7" + 0.91

Dataare expressedas mean + SE of 10 observations. Where, EST, Ehrlich solid tumor; EST + Costus, treated Enrich solic tomor with Costus. Significant difference from the control group
at *p < 0.05. Significant difference from the EST group &t #p < 0.05.
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Control Costus EST EST.Costus

CPK (/) 295.8" + 6.24 278.4" + 813 892" +5.15 629.4 + 8.96
LDH 10° (U/) 1.435" + 0.024 1.302" +0.011 10.05" +0.27 7.814" £0.23
CK-Mb (ug/mi) 0.268" + 0.008 0227" +0.003 0.364" + 0.006 0.323" + 0.008
ALP (U7) 1220" + 6.88 112.5" + 5.60 183.5" + 9.54 151.8" + 6.29
AST (U/) 952"+ 426 90.5" + 4.974 209.4" + 839 1485 + 6.00

Data are expressedas mean + SE of 10 observations. Where, EST, Ehrich sold tumor; EST + Costus, treated Ehrich solid toror with Costus. Significant difference from the control group
at *p < 0.05. Sionificant difference from the EST group &t #p < 0.05.
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Disease

M. Aizheimer

M. Parkinson
Amyotrophic lateral sclerosis
Brain injury
Schizoprenia
Depression

Addiction (e.g. cocain)
Cardiac ischemia/reperfusion
injury

Atrial fibrillation
Atherosclerosis
Coronary would healing
Thrombosis

Asthma

COPD

Acute lung injury
Cystic fiorosis

Lung cancer

Pleural inflammation
Rhinosinusitis
Digbetes

Obesity

Acute renal injury
Diabetic nephropathy
Liver fibrosis

Liver cirthosis
Psoriasis
Scleroderma

Skin wound healing
Myasthenia gravis
Osteoarthritis
Rheumatoid arthitis

Therapy

Agonist
Antagonist
Antagonist
Agonist
Agonist
Antagonist
Antagonist
Agonist

Antagonist
Agonist
Agonist
Agonist
Agonist
Agonist
Agonist
Agonist
Antagonist
Agonist
Agonist
Antagonist
Antagonist
Agonist
Agonist
Antagonist
Agonist
Agonist
Antagonist
Agonist
Agonist
Agonist
Agonist

References

Cunha (2016)
Jenner (2014)
Volonté et al. (2016)
Dai and Zhou (2011)
Meatos et al. (2015)
Yamada et al. (2014)
Pintsuk et al. (2016)
Ke et al. (2015)

Molina et al. (2016)

Reiss and Cronstein (2012)
Du et al. (2015)

Hofer et al. (2013)

Wang et al. (2018)

Basu et 4. (2017)

Friebe et al. (2014)

Esther et al. (2013)
Mediavila-Varela et al. (2013)
da Rocha Lapa et al. (2012)
Hua et al. (2013)

Ibrahim et al. (2011)

De Oliveira Moreira, et al. (2017)
Vincent and Okusa (2015)
Persson et . (2015)

Ansan and Mehal (2014)
Chouker et al. (2008)
Merighi et al. (2017)

Chan and Cronstein (2010)
Shaikh and Cronstein (2016)
Oliveira et al. (2015)
Corciulo et al. (2017)
Mazzon et al. (2011)
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Species/tissue
Human atrium

Human ventricle
Rat cardiomyocytes

Perfused rat ventricle
Rat ventricular cardiomyocytes
Guinea pig ventricular cardiomyocytes
Rabbit ventricular cardiomyocytes

Guinea pig atrium
Guinea pig ventricle

Mouse atrium
Mouse atrium

Mouse ventricle wild type

Mouse ventricular cardiomyocytes wild type

Mouse ventricle

Rabbit ventricle

Boknik et al. (2018)
ND

Woodiwiss et al. (1999)
Monahan et al. (2000)
Shryock et al. (1993)
Shryock et al. (1993)
Shryock et al. (1993)

Bohm et al. (1986)
Isolated cardiomyocytes: Behnke et al. (1990), Boknik et al. (1997)

Wild type mice: left atria, Boknik et al. (2018), Boknik et al. (2019)
A2A receptor overexpressing mice atria: Boknik et al. (2018), Boknik et al. (2019)
Tikh et al. (2008), Boknik et al. (2018), Boknik et al. (2019)

Dobson et al. (2008)
A2A receptor overexpressing mice: Boknik et al. (2018)

Kipatrick et al. (2002)

ND, not done; No, no inotropic effect: PCE, positive chronotropic effect: PIE, increase in contractiity.

PIE

PIE
PIE
No PIE

No PIE

No PIE

No PIE

No PIE

No PIE

No PIE
CGS 21680
PIE

CGS 21680
PIE

PIE

PIE

CGS 21680
No PIE

A2A-AR agonist used

CGS 21680

CGS 21680
Adenosine
WRC 0090
WRC 0013
WRC 0090
WRC 0013
WRC 0090
WRC 0013
NECA
NECA
CGSs 21680
No PCE
CGS 21680
PCE
CGS 21680
CGS 21680
CGS 21680
CGS 21680
PCE
CGS 21680
CGS 21680
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Category
mAb

bAb
CRISPR/cas9
BE

Nucleic acid

rugs
CART

Advantages

High specificity; mature cinical application; no off-target events
High specificity; synergistic effect of different antigen binding domins; no
off-target events

Specific gene editing

Specific gene editing; no gene rearrangement

Easy to prepare

High specificity; no off-target events

Disadvantages

High price; immune response (except whole human antibody); complex
preparation procedures
Complex preparation procedures; no ciinical products; high price

Off-target events; gene rearrangement; oncogenes activation; immune
response of the host

Low efficiency of gene editing (40%); immune response of the host; off-target
events

Off-target events (MIRNA and sIRNA); gene insertion (DNA); oncogenes
activation

Ineffective for intracelluar lesions; cytokine release syndrome; complex
preparation procedures
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Agonist/Intervention

NECA
NECA
NECA
Hypoxia
Caffeine
LPS
Diazepam
D2 receptor stimuiation

Tissue

Relaxation of coronary bovine arteries
DD1 MF cells

PC12 cells

Pulmonary endothelial cells

Platelets

Rat pulmonary arteries
Neuroblastoma cells

Read out
Force
CAMP
CAMP
A2A-AR mRNA

A2A-AR radio-ligand binding

Relaxation
CcAMP

Desensitization
Desensitization
Desensitization
Sensitization
Sensitization

References

Conti et al. (1997)
Ramkumar et al. (1991)
Chen et al. (1993)
Ahmad et al. (2009)
Varani et al. (1999)

Ufalusi et al. (1999)
Vortherms and Watts (2004)





OPS/images/fphar-12-623674/fphar-12-623674-t003.jpg
Drug Disease Phase
mAb
evolocumab High LDL-C hyperiipidemia On the market Sabatine et al. (2017a)
evinacumab FoFH On the market Ahmad et al. (2019)
Anakinra Heart remodeling, HF VIVIIl Abbate et al. (2008); Abbate et al. (2015); lkonomidis et al. (2014); Van Tassell et al
(2017); Trankle et al. (2019)
canakinumab CHD On the market Ridker et al. (2017)
Rilonacept Acute pericarditis and atherosclerosis 1Al Dinarelio et al. (2012); Klein et al. (2020)
inclacumab STEMI 1l Stahi et al. (2016)
tocilizumab NSTEMI Il Kleveland et al. (2016)
abeiximab STEMI On the market De Luca et al. (2005)
bAb
Sca-1 x GPIb/llla icM Animal model Ziegler et al. (2017)
CD45 x MLC icM Animal model Yu et al. (2015)
kit x VCAM-1 icM Animal model Lum et al. (2004)
GPVI x CD133 oD Animal model Langer et al. (2010)
Peptide
ATR12181 Hypertension NDA Zhu et al. (2006)
ATRQB-001 Hypertension, AAA NDA Zhang et al. (2019)
SIRNA
Inclisiran Hypercholesterolemia NDA Raal et al. (2020)
ASO
mipomersen FoFH Il Raal et al. (2010)
volanesorsen Familal chylomicronemia syndrome 1l Witztum et al. (2019)
mIRNA
MRG-110 ICM, HF, PVD | Gallant-Behm et al. (2018)
miR-33 Atherosclerosis Animal model Rupaimoole and Slack. (2017)
miR-208 mi Animal model Montgomery et al. (2011)
miR-21 Cardiac fibrosis Animal model Thum et al. (2008)
miR-15 M Animal model Hullinger et al. (2012)
miR-199 Myocardial regeneration Animal model Gabisonia et al. (2019)
miR-21 Hypertension Animal model Alagia and Eritia. (2016)
miR-378 HCM Animal model Ganesan et al. (2013)
Grispr/casd Familal hypercholesteroleria Animal model Zhao et al. (2020)
Non ICM Animal model Kaneko. (2016)
Myocardial amyloidosis Animal model Finn et al. (2018)
base editor3 Mearfan syndrome Human embryo Zeng et al. (2018)
CRISPR interference Lats iPSC model Limpitikul et al. (2017)
ZN Mitochondrial mutations Animal model Gammage et al. (2016)
Talen Mitochondrial mutations Animal model Bacman et al. (2018)
DNA
FGF21, AAV: STGFBR2, AAV:  HF Animal model Davidsohn et al. (2019)
aKiotho
ChR2 Arthythmia Animal model Nussinovitch and Gepstein. (2015)
ReaChR Ventricular tachycarcia Animal model Nyns et al. (2017)
Regnase-1 Heart inflammation, HF Animal model Omiya et al. (2020)
S16EPLN Cardiomyopathy, HF Animal model Hoshijma et al. (2002)
CASQ2 Arthythmia Animal model Denegri et al. (2014)
proBNP Hypertension Animal model Cataliott et al. (2011)
betaARKct HF Animal model Rengo et al. (2009)
S100A1 Chronic HF Animal model Pleger et al. (2007)
HO-1 RI Animal model Melo et al. (2002)
MRNA
VEGF-A modRNA M Animal model Zangi et al. (2013)

VEGF-A modRNA

CAR-T

Ischemic complications in type 2 diabetes

mellitus
Cardiac fibrosis

1 a/b Gan et al. (2019)

Animal model Aghajanian et al. (2019)

AAA, abdominal aortic aneurysm; CHD, coronary heart diisease; CVD, cardiovascular disease; FoFH, familial hypercholesterolemia; HCM, hypertrophic cardiomyopathy; HF, heart failure;
ICM, ischemia cardliomyopathy; iPSC, induced pluripotent stem cel; IRY,ischemia reperfusion injury; LDL-C, low-density ipoprotein cholesterol; LQTS, long QT syndrome; NDA, new drug
application: NSTEMI, non-ST-segment elevation myocardial infarction; PVD, peripheral vascular disease: STEMI, ST-segment elevation myocardial infarction
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Tissue Species/cell type References

1. Cardiomyocytes

1.1 Adut rat Xu et al. (1996); Kilpatrick et al. (2002)
2 Pig Marala and Mustafa (1998)
13 Human Hove-Madsen et al. (2006); Marala and Mustafa (1998); Liach et al. (2011)
14 Mouse Chandrasekera et al. (2010), Morrison et al. (2006)
2. Blood cells
2.1 Platelets Amisten et al. (2008)
22 Mast cells Review: Gao and Jacobson (2017)
23 Macrophages Review: Haské and Pacher (2012)
24 Neutrophils Fredholm et al. (1996)
25 Erythrocytes Kamata et al. (2008)
3. Vascular smooth muscle cells Teng et al. (2008)
4. Goronary endothelial cells Hein et al. (1999), Olanrewaju and Mustafa (2000)
5. Lymphocytes Review: Brown et al. (2008)
6. Basophils Review: Brown et al. (2008)

7. Fibroblasts Rat heart Chen et al. (2004), Epperson et al. (2009)
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Category

Retrovirus

Adenovirus
Adeno associated
virus

Lentivirus
Plasmid DNA

LNP
GALNAc

Advantages

Retrovirus can effectively integrate into the host genorme, and stably
express the target genes. The integration modeis transposition, which wil
not cause genome rearrangement. The transfection efficiency is high

A wide range of hosts, high safety and no pathogenicity to human

A wide range of hosts and no pathogenicity to human. The possiilty of
insertion mutation s reduced by directional integration. It can stably
express the foreign gene

Stable expression of target genes, efficient transfection, awide host range
Easy to produce. No limitation to the DNA size. Low immunogenicty to
human

Low toxicity, low immunogenicity, biodegradabilty

High specificity of transportation to liver

Disadvantages

It can only transfer mitotic cells. The host range is narrow. The target gene s
small. The virus titer is low. Random integration may lead to activation of
oncogene and gene mutation

Low transfection efficiency (10-15%)

It needs an auxiliary virus to finish the amplification. The preparation
process is complex

The virus evolved from HIV-1 and needs to be transformed before use
Low transfection efficiency

Low transfection eficiency; poor stabilty
Limited application (only binds to cells expressing the asialoglycoprotein
receptor)
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Disease Stage

STEMI (Abbate I
et al. (2015))

CHD (lkonomidis
et al. (2014)

Cross-
over trial

HF (Van Tassell I
et al. (2017))

Intervention

Anakinra: 100 mg/d for 14 days (1 = 20) or
placebo (1 = 20)

80 patients with RA (60 with CHD and 20
without CHD) were randomly assigned to a
single dose of anakinra (100 mg) or
placebo. After 48 h, patients were
assigned to the alternate treatment
(placebo or anakinra)

Anakinra short: 100 mg/d for 2 weeks,
followed by placebo for 10 weeks (1 = 20);
anakinra long: 100 mg/d for 12 weeks
(n= 20) or placebo (n = 20)

Primary outcome

Death, cardiac death, recurrent AMI, stroke,
UA, and symptomatic HF

Changes of (1) flow-mediated diation of
brachial artery; (2) systemic arterial compliance,
ejection fraction, coronary flow reserve, and
resistance by echocardiography; (3) peak
twisting, left ventricular global longituinal and
circumferential strain, untwisting velocity by
speckle tracking; (4) malondialdehyde,
nitrotyrosine, interleukin-1p, fas/Fas ligand, and
protein carbony! levels

Interval changes in peak oxygen consumption
(Vo) and ventilatory efficiency (the VE/VGo,
slope)

Result

HR: 1.08(95% Cl: 031 t03.74, p = 0.90) for
the combined end point of UA, recurrent
AMI, death, or stroke. HR: 0.16 (95% Cl:
0.03 t0 0.76, p = 0.008) for death or HF
Gompared to the non-CHD patients, CHD
patients showed a greater improvement of
flow-mediated diation (57 + 4% vs 47 &
5%), arterial compliance (20 + 18% vs 2 +
17%), ejection fraction (12 5% vs 0.5 +
5%), coronary flow reserve (37 + 4% v 29 +
29%), resistance (-11  19% vs 9 & 219%),
peak twisting (30 + 5% vs 12 + 5%),
longitudinal strain (33 + 5% vs 18 + 2%),
diroumferential strain (22 + 5% vs 13 + 5%),
untwisting velocity (23 + 5% vs 13 + 5%),
protein carbonyl, apoptotic and oxidative
markers (35 + 20% vs 14 + 9%) (0 < 0.01)
Atweek 2, all groups showed no change in
peak Vo,. At week 12, anakinra long group
showed an improvement in Vo, and the VE/
Voo, slope

AMI: acute myocardial inferction; CHD: coronary heart disease; CI: conficence interval; HF: heart faiure; HR: hazard ratio; PAH: pulmonary arterial hypertension; RA: rheumatoid arthits;
STEMI: ST-segment alevation myocandial infarction; UA: unstable anging
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miRNA

miR-148-b3p
miR-101b-3p

miR-190a-3p
miR-182
miR-138-5p
miR-330-3p
miR-337-5p

Fold change in
NP-6A4 treated rat
hears as per
microarray analysis

22
218

223
-2.43
-2.23

-21
-3.45

Confirmed and/or predicted function

Associated with decrease in mitral regurgitation Chen et al. (2016)

Associated with decrease in cardiac fibrosis and hypertrophy Pan et al. (2012); Lee et al. (2017). Targets and suppresses
Ste1 implicated in M1 macrophage polarization and increasing expression of inflammatory cytokines De Martino et al.
(2009); Leung and Wong (2021)

Shown to suppress Tiam that increases expression of inflammatory cytokines Kurdi et al. (2016); Liu et al. (2019)
Decreased expression — increased expression of EPO, Notcht, and EphA5®

Decreased expression — increased expression of AT2R, EPO, and Notch1®

Decreased expression — increased expression of AT2R and Notch1®

Decreased expression — increased expression of EphAS®

enoles pradicied affects of these miRNA changes on the exgpression of candiac proteing based on the i siico analysic using miRDB software.
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Treatment
Metabolites (total amount in 24 h urine)

24-h urine (m)

Na* (mEq)

K* (mEq)

Glucose (mg)

Gamma-glutamy! transferase (GGT) (U)
N-acetyl-p-glucosamynidase (B-NAG) (mU)
Protein (mg)

Enzymatic creatinine

Wet tissue weights (gram) adjusted to tibia length (cm)
Lung

Liver
Kidney

Saline

361+6
34+04
7.8+1.07
1,433 + 486
1211 +38
879.2 128
412 £ 130
2195+ 24

0.337 £ 0.06
7.11+0.58
1.06 + 0.014

NP-6A4

41£6

30+03
5.25 + 0.46
1,343 + 372
12.09 + 22
385.3 + 99

191+ 48
86.6 £85

0.286 + 0.06
6.08 + 0.55
0.88 +0.15

p value

0.45
062
0.08
053
0.92
0.017
0.07
0.0006

0.02
0.16
0.056
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Control EAM BAZ

Heart rate (opm) 388 + 48 419+ 43 392 + 30
Ejection fraction%. 796 50+ 6.7% 66+ 18°
Fractional shortening% 4656 25+ 4% 36+ 10°
LVID diastolic (mm) 32404 40+08 34+02°
LVID systolic (mm) 1.7+03 3.0 +0.4% 219 + 0.5°
LV mass (mg) 4656 89+ 16® 64+ 15°

Data are presented as mean + SEM; LVID, left venticular intemal dimension. *P<0.05;
8 5 < 0.01: P<0.005 vs. Control. °P<0.05: *P<0.01: P?°P<0.005 vs. EAM.
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Subjects

SHRs

HUVECs

Genes
B-actin
NLRP3
caspase-1
GAPDH
NLRP3

caspase-1

Primers

p-actin-F
practinR
NLRP3-F
NLRP3-R
caspase-1-F
caspase-1-R
GAPDH-F
GAPDH-R
NLRP3-F
NLRP3-R
caspase-1-F
caspase-1-R

Primer sequences (5'-3')

CCCATCTATGAGGGTTACGC
TTTAATGTCACGCACGATTTC
GCAGCGATCAACAGGCGAGAC
TCCCAGCAAACCTATCCACTCCTC
CTGGAGCTTCAGTCAGGTCC
CTTGAGGGAACCACTCGGTC
AGAAGGCTGGGGCTCATTTG
AGGGGCCATCCACAGTCTTC
GTTGTGTGAAACGCTCCAGCAT
TGCTTCAGTCCCACACACAG
TCCGTTATTCCGAAAGGGGC
TGAGGATGTGGGCATAGCTG
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Name

qPCR
miR-34a
U

Oligonucleotide

miR-34a mimic

Negative Control (NC) mirmic
miR-34a inhibitor

NG inhibitor

n

Sequence

5-UGGCAGUGUCUUAGCUGGUUGUU-3'
5'-CCTGCTTCGGCAGCACA-3'
5-AACGCTTCACGAATTTGCGT-3'

UGGCAGUGUCUUAGCUGGUUGUU CAACCAGCUAAGACACUGCCAUU
UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT
UGGCAGUGUCUUAGCUGGUUGUU

‘CAGUACUUUUGUGUAGUACAA
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control Costus EST EST, Costus

P53 + = ot -
VEGF + + e e
Ki67 e et ++ e

Data are expressed as 10 fields of vision selected randomly and the positive cells were
scored (-) negative, (+) faint, (++) mild, (+++) moderate, and (++++) severe. Where, EST,
Ehriich solid tumor: EST + Costus, treated Ehriich solid tomor with Costus.
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Ligand PSB 0777 cangrelor

(drug binding site, PDB ID of HSA structure) (Sudlow site II, 2BXG) (Sudlow site I, 2BXD)
Estimated free energy of binding (kcal/mol) [= (1) + (2) + (3) — (4] -5.86 -6.24
Estimated inhibition constant, K, (M) at temperature = 298.15 K 50.29 2673
(1) final intermolecular energy (kcal/mo) -9.44 -12.80
vdW + Hbond + desolv energy -9.49 -12.18
Electrostatic energy +0.04 -0.62
(2) final total intemnal energy -394 -4.32
(3) Torsional free energy +3.58 +6.56
(4) Unbound system's energy [=(2)] -3.94 432

The energy values were evaluated by the molecular docking software Autodock 4.2.6. Estimated free energy of binding corresponds to Gibbs free energy, defined as: AG, = ~RT InK,
where R i¢ ideal gas constant, T & the room temperaiure (298.15 K), and K is equilbrium constant. From the methematical point of view, K = Ko
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Quencher Competitor Without competitor With competitor

Kp x 10°M n Ko x 10°M n
PSB 0777 Warfarin 1.08 [0.64-1.51] 0.69 [0.51-0.88] 152 (0.22-2.82) 059 (0.19-0.99)
Gangrelor 1.00 [0.27-1.73) 0,61 [0.32-0.89] 1.28 [0.57-1.99] 0.65 (0.39-0.92]
Cangrelor Warfarin 0.83 [0.28-1.37) 1.10 [0.67-152) 168 (-0.42 0 3.79] 1.39 [-0.07 to 2.85]
PSB 0777 ND ND ND ND

ND: ot determined, Ko values are expressed as mean and 95% Ci (n = 5-6). The dissociation constants and the number of binding sites for the drug-HSA complexes were investigated in
the absence and presence of & competitor: warfarin (for PSB 0777 and cangrelor) or cangrelor (for PSB 0777). Differences between the groups weve analyzed using paied 1 fest.
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Quencher TIKI

PSB 0777 202
302
312
Cangrelor 202
302
312

Ko x 10°° [M]

1.17 [-0.34 10 2.69]
1.56 [-1.91 10 5.02)
1.33(0.11-2.56]
1.45 [0.94-1.96]
0.97 [0.51-1.44]
1.180.52-1.84]

Kax 10°[M7]

8.53 [0.29 10 3.72]

6.43 [-5.24 0 1.99]

7.50 [0.90 to 3.91]
6.90 [0.11-6.11]
1031 0.20-6.97)
8.47 [0.19-6.45)

AS° [W/mol * K]

76.49

121.01

AH® [kd/mol]

-5.06

8.06

AG® [kJ/mol]

-27.41
-28.17
-28.94
-27.29
-28.50
-29.71

Thermodynamic parameters were calculated based on the K values, which were determined in the experiments of HSA quenching by cangrelor or PSB 0777 (0-38.5 uM) at the

temperatures of 292, 302, and 312 K. Binding constants are expressed as mean and 95% CI (h = 3). Ka

1/Kp.
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Quencher Binding constants Number R?
of binding sites

Kp x 10°°M Kax 10°M™" n
PSB 0777 (0-385 M ) 1.36 [-0.93 to 3.65] 7.36 [-0.11 t0 2.74] 0.83[-022t0 1.87) 0933
Cangrelor (0-38.5 M9) 1.09 [-1.02 0 3.20] 9.17 [-982 10 3.13] 099 [-0.29 to 2.27) 0.850

The binding constants and number of binding sites for the interaction of PSB 0777 and cangrelor with human serum albumin are presented as best-fit values calculated using nonlinear
regression analsic. Data show mean values with the 95% confidence intarvals (n = 3. Ka = 1/Ko.
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Materials/NP system

PLGA NPs
PLGA NPs
PLGA/PEI NP
complexes
PLGA NPs
PLGA NPs
PLGA NPs
PLGA NPs
PLGA NPs
MPEG-PLGA NPs
Hyaluronan-

sulfate NPs
RGD-PEG-PLA NPs

Load/
Therapeutic

VEGF
VEGF

1GF-1
CHIR99021 +
FGF1
CHIR99021 +
FGF1
Piogitazone
TAK-242

FK506
NO-releasing
MIRNA-21 mimic.

microRNA-133

In vitro/In vivo

In vitro: aortic ring bioassay

In vivo: mouse femoral artery ischemia model

In vitro: HUVEC proliferation, tube formation, NP uptake in HUVECs

In vivo: murine myocardial infarction model

In vitro: assessment of apoptosis inhibition in freshly isolated CMs

In vivo: murine myocardial infarction model

In vitro: assessment of cell cycle progression in vascular cels (ECs and SMCs)
In vivo: murine myocardial infarction model as well as pig model of IR injury

In vitro: assessment of apoptosis inhibition, proliferation and cell cycle activity in hiPSC-CMs
In vivo: murine myocardial infarction model

In vivo: Mouse and porcine myocardial IR injury model and MI model

In vivo: Mouse and myocardial IR injury model
In vivo: Rat heterotopic heart transplantation model
Invitro: Oytotoxicity assessed on HUVECs, human EP cells, mouse fibroblasts, MCF-7, A549.and C6

cells. Tube formation assay, aortic ring assay
In vivo: Intravenous administration in @ mouse MI model

In vivo: Rat Ml model

Reference

Golub et al. (2010)
Oduk et d. (2018)
Chang et al. (2013)
Fan et al. (20202)
Fan et al. (2020b)
Tokutome et al.
(018)

Fujiwara et al. (2019)
Deng et al. (2020)
Yang et al. (2018)
Bejerano et al.

(2018)
Sun et al. (2020)
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Organic compounds

Contains carbons and hydrogens (-CH-) groups
Covalent bonds
Examples include:

H H
w14
\c/ SN NTH

Inorganic compounds
No (-CH) groups

lonic and covalent bonds
Examples include:

o=—c=—0

o
H/ w





OPS/images/fphar-12-651150/fphar-12-651150-t001.jpg
Normal IS0 1SO/Rup 1SO/Rup/Wor

HWI (mg/g) 274 +007 371014 274+ 0.11° 368+0.11%°
HR (bpm) 4538+ 15.5 3498+ 95° 451+82° 372.7 + 29%°
QT (ms) 81353 127.3 + 101° 76+ 5.2° 133+ 11.2°
QRS (ms) 126+ 19 256+15° 10+ 0.7° 127+ 15°
LVESD (mm) 53005 89+007° 65+ 0.06™ 85 + 0,05
LVEDD (mm) 784008 10.1 +0.06° 82+ 0.09™ 9.8 + 0.04°

EF (%) 650+ 1.0 316+1.2° 60.3 + 0.6™ 52.7 £ 1.2

BNP 1155+ 1.88 301.7 + 24.8% 188 + 3.56° 272.8 +20.77%°

Each value represents the mean of six experiments +SD. Statistical analysis was done using One way ANOVA followed by Tukey's post-hoc test.

% <0.05 vs. normal.

*p <0.05 vs. ISO.

P <0.05 vs. RUP.

BNP, brain natriuretic peptide; EF, ejection fraction; HR, heart rate; HW, heart weight; HWI, heart weight index; ISO, isoproterenol; LVESD, left ventricular end systolic diameter; LVEDD, left
ventricular end diastolic diameter: Rup, rupatadine; Wor, wortmannin.
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Name of primers

HIF-1a forward
HIF-1a reverse
MIF forward

MIF reverse

AMPKa forward
AMPKa reverse
B-Actin forward
B-Actin reverse

Sequences of primers

5'-GCAACTGCCACCACTGATGA-3'
5'-GCTGTCCGACTGTGAGTACC-3'
5'-GGACCGGGTCTACATCAACT-3'
5'-CAAGACTCGAAGAACAGCGG-3'
5'-GATCCAAGAGCCGAGTTGCT-3
5'-TCCGTTCTATGCGCTGGATT-3'
5'-CCCATCTATGAGGGTTACGC-3'
5 .TTTAATGTCACGCACGATTTC-3'

Product length

152 bp
115bp
136 bp

150 bp
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