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Editorial on the Research Topic
 Ischemic Myocardial Injury and Protection: From Bench to Bedside



Ischemic heart disease (IHD) remains the primary cause of global mortality (about 17% of all death), and has been considered as a life-threatening problem (1). Myocardial ischemia is usually caused by atherosclerotic plaque complication or microvascular dysfunction, which induces cardiomyocytes loss, apoptosis, autophagy, inflammation or fibrosis, resulting in cardiac dysfunction or heart failure (2–4). Although currently basic, translational, and clinical findings have provided a massive amount of information about ischemic myocardial injury and protection, acumulating evidence suggests a complex pathophysiology of IHD. To better understand this complicated disease and provide future perspectives, we have the pleasure of bringing together the Research Topic “Ischemic Myocardial Injury and Protection: From Bench to Bedside” for the readers of Frontiers in Cardiovascular Medicine. This Research Topic includes twelves article and one review gathering an interdisciplinary overview of molecular mechanism, high risk factor, prognosis, complication, and novel treatment of ischemic myocardial injury.

The high mortality of IHD is attributed to sudden cardiac death (SCD), which results from lethal ventricular arrhythmias of ventricular tachycardia (VT) (5). Qi et al. found blockade of NaV1.8 in cardiac ganglionated plexi (GP) increased the incidence of ventricular arrhythmias in acute myocardial infarction (AMI) hearts. Present results indicated suppression of GP activity might enhance the genesis of ventricular arrhythmia; NaV1.8 plays an important role in cardiac conduction via regulation of action potential firing in intracardiac neurons. Qi et al. observed that NaV1.8 was expressed in canine GPs, blockade of NaV1.8 with A-803467 shortened ventricular effective refractory period (VERP), ventricular 90% of action potential duration (APD90), and decreased ventricular fibrillation threshold (VFT) during AMI, and also reduced heart rate in response to GP stimulation. Although the detailed mechanisms are needed to further study to clarify, the study suggests NaV1.8 may be as a potential novel therapeutic target for anti-arrhythmic intervention and prevention of SCD of patients with IHD.

Exosomes derived from a variety of cardiac cells have been reported to regulate intercellular communication and crosstalk in ischemic heart by the transfer of miRNA or other proteins (6). Li, Zhao et al. demonstrated plasma exosomes at the late phase of remote ischemic pre-conditioning (RIPC) alleviated myocardial ischemia-reperfusion injury via exosomal miR-126a-3p. On the basis of cardiac-protection of exosomes at the late phase of RIPC, they found the significant enrichment of miR-126a-3p in RIPC-exosome by miRNA array. Mechanistically, RIPC-exosomal miR-126a-3p, activated reperfusion injury salvage kinase (RISK) through Akt and Erk1/2 to inhibit apoptosis. This study is interesting, and presents a critical mechanism underlying the exosomal miR-126a-3p might be a novel cardioprotective molecule in the prevention and rehabilitation of ischemic myocardial injury. However, Tu et al. showed that sepsis-exosomes promoted the pyroptosis of cardiomyocytes and worsened cardiac dysfunction through miR-885-5p via HMBOX1. These findings suggest the different mechanisms or functions of exosomes in ischemic myocardial injury may dependent on exosomal source of pathophysiological process or cell-types.

Circular RNAs (circRNAs), function as a sponge and bind specific miRNAs to exert critical effects in ischemic heart diseases and vascular diseases. Liu et al. verified that downregulation of rno_circRNA_0009197, and upregulation of rno_circRNA_0005304, rno_circRNA_0005506, rno_circRNA_0005818, and rno_circRNA_0009301 in hypertensive aorta. Three promising circRNA-miRNA-mRNA regulatory axes, including rno_circRNA_0005818/miR-615/NOTCH1, rno_circRNA_0005818/miR-10b-5p/STAT3, and rrno_circRNA_0009197/miR-509-5p/FOXO3, may play potential roles in hypertensive vascular remodeling and dysfunction. The findings indicate that circRNAs are the vital therapeutic targets for ischemic heart diseases and vascular diseases.

Hydrogen sulfide (H2S), an endogenously generated gaseous transmitter, has been shown to be cardiac protective in ischemic myocardial injury or heart failure (7, 8). Li, Xie et al. explored the cardiac protection and potential mechanism of S-propargyl-cysteine (SPRC), a novel modulator of endogenous H2S. SPRC has been identified to be protective in myocardial infarction via a H2S-related pathway (9). In Li, Xie et al. study, SPRC treatment alleviated cardiac systolic dysfunction and myocardial hypertrophy or fibrosis, accompanied by a reduction in myocardial lipid accumulation in db/db diabetic mice. The functional improvement by SPRC was associated with activation of insulin receptor signaling and subsequent enhancement of glucose uptake in cardiomyocyte. These data suggest that SPRC might be a promising medication for patients with IHD and/or diabetic cardiomyopathy.

Clinical studies has revealed more risk factors including metabolic syndrome or metabolism disorder for coronary artery disease (CAD) or IHD. Metabolic syndrome (MS) is characterized by a cluster of risk factors including central obesity hypertension, hyperglycemia, and dyslipidemia, significantly increases the risk for cardiovascular disease (CVD), or the morbidity and mortality of CVD patients (10). Zhao F. et al. conducted this cross-sectional study with 1,958 participants from the Northern Shanghai Study aged over 65 years without a history of CVD. The authors' data revealed that a positive association between MS and various asymptomatic cardiovascular injury in an elderly Chinese population. Importantly, MS was significantly associated with left ventricular hypertrophy (LVH), LV diastolic dysfunction, arteriosclerosis, and microalbuminuria. Yu et al. performed a single-center, observational cohort study enrolled 183 acute heart failure (AHF) patients and evaluate the association between the serum circulating free fatty acids (FFAs) level and all-cause mortality or HF rehospitalization. Serum FFAs levels were positively correlated to the risk of death or HF rehospitalization, which was not related to the status of insulin resistance. In this retrospective cross-sectional study, patients who underwent elective percutaneous coronary intervention (PCI). Li, Li et al. found elevated HbA1c increased the atherosclerotic plaque vulnerability as evidenced by the thinner minimal fibrous cap thickness (FCT), higher lipid index, and greater macrophage index. Moreover, elevated average follow-up HbA1c level was positively associated with higher visit-to-visit variability of lipids levels, including LDL-C, HDL-C, non-HDL-C, TC, and TG. Our basic research showed deficiency of cardiac LRP6 induced lipid accumulation and heart failure, and overexpression of low-density lipoprotein receptor-related protein 6 (LRP6) protects heart from ischemic-reperfusion injury in mice (11–13). These data suggested that interventions for metabolic disorders may be critical for improvement of prognosis of CVD.

In treatment of CAD or IHD, PCI has become one of most effective treatments for patients with AMI. But it also induces some complications in patients such as contrast induced nephropathy (CIN), caused by intravascular contrast media. Mo et al. identified three novel predictors for CIN, baseline uric acid level, creatine kinase-MB level, and log (N-terminal pro-brain natriuretic peptide) level, in patients with CAD and relatively normal renal function (NRF). The authors developed the simplified risk score for contrast induced acute kidney injury (CI-AKI) model on the basis of the new criteria. It exhibits accurate predictive performance to identify high-risk patients with CIN. For drug treatment, β-blockers predominantly increase sympathetic nerve activity, and become the first-line agent for cardiovascular diseases. However, Dai et al. found β-blockers adversely affected erectile dysfunction (ED) improvement conferred by coronary revascularization in patients with early onset of coronary artery disease (EOCAD). This study calls for re-considering β-blockers as the first-line option for the EOCAD patients with ED.

Some researchers explored novel intervention for ischemic myocardial injury. Electrical stimulation (ES), a non-invasive and safe physiotherapy, is considered to be a promising clinical application in the treatment of IHD, which attracts more and more attention. Zhao Y. et al. systemically reviewed the types, the beneficial effects and molecular mechanisms of ES in the treatment of IHD. ES promotes angiogenesis by stimulating VEGF or FGF2 secretion, reduces cardiomyocytes apoptosis by inhibiting the production of TNF-α and intercellular adhesion factor-1 (ICAM-1), inhibits cardiac hypertrophy by suppression of ERK1/2 signaling, in the ischemic myocardium. ES also protects heart from ischemic injury by regulation of autophagy, inflammatory response and the production of ROS. This exhaustive review prompts to investigate in depth the molecular mechanisms underlying ES to develop new therapeutic opportunities. The authors suggest that appropriate parameters and implementation methods and locations of ES are needed further study to provide better scientific data for clinical application in IHD. Moreover, cardiac shock wave therapy (CSWT), has been reported to be an effective and non-invasive therapy, which is mainly applied to ameliorate left ventricular remodeling after (AMI). Wang et al. found the application of CSWT significantly improved cardiac function and myocardial fibrosis by activation of PI3k /AKT signaling in experimental AMI model. Moreover, renal denervation (RDN) reduces the activation of the sympathetic nervous system (SNS) and renin-angiotensin-aldosterone system (RAAS) for hypertension treatment. Chen et al. investigated the cardioprotective effects of immediate renal denervation (RDN) after AMI and explored the underlying mechanism. They found immediate RDN could improve cardiac remodeling and function after AMI via regulation of IL-33/ST2 and downstream signaling. The study suggests RDN may become another viable application in emergency PCI beyond hypertension.

In conclusion, the articles collected for this Research Topic present current progress and perspectives on the pre-clinical, clinical and epidemiological studies on the ischemic myocardial injury and protection. We believe that these articles advance our understanding and perspectives on cardiovascular diseases fields. We are grateful for all contributors for sharing their interesting work for the Research Topic.
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Objection: Cumulative studies have identified the effectiveness of cardiac shock wave therapy (CSWT) in treating heart failure after acute myocardial infarction (AMI), but little have been discussed with regard to the beneficial effects of CSWT on anti-fibrosis along with the underlying mechanism. In this study, we investigated whether CSWT could reduce post-AMI fibrosis and further explored the molecular mechanism.

Methods: Rat heart failure (HF) models induced by ligating the left anterior descending coronary artery were established and validated by echocardiography. Eligible animals were randomly categorized into five groups: the sham group, the HF group, the HF + CSWT group, the HF + LY294002 group, and the HF + CSWT + LY294002 group. The cardiac weight, serum level of BNP, NT-pro BNP and echocardiography parameters were measured to assess cardiac function in different groups. Masson's trichrome staining was used to assess the proportions of the fibrotic area. The expression level of CD34, αSMA was measured by RT-PCR, Immunohistochemistry and Immunofluorescent analyses and the level of PI3K/Akt was quantified by Immunohistochemistry and Western blotting.

Results: The application of CSWT significantly improved cardiac function and reduced myocardial fibrosis and level of CD34 and αSMA, compared to the HF group. CSWT led to significant elevations of p-PI3K and p-Akt expression levels compared to that of the HF group and the inhibition of the PI3K/Akt pathway abolished the observed beneficial effects of CSWT.

Conclusion: CSWT can facilitate the alleviation of cardiac fibrosis induced by AMI through the activation of PI3K/Akt signaling pathway.

Keywords: cardiac shock wave therapy, heart failure, cardiac fibrosis, CD34/αSMA, PI3K/Akt signaling pathway


INTRODUCTION

Accounting for a staggering 30% of all deaths, ischemia heart disease (IHD) is the primary cause of global mortality and has long been considered as a life-threatening problem (1). The loss of normal cardiomyocytes initiated by myocardium infarction can eventually triggers the replacement of necrotic zone by fibrous scar tissue, which generally has invalid systolic function. This is known as ventricular remodeling and can finally result in post-infarction heart failure (HF). A greater increase in morbidity, mortality, and a poorer prognosis were observed among patients with HF following myocardial ischemia, due to the inextricable association of IHD and HF (2, 3). That existing therapies focused more on symptom improvement than ventricular remodeling avoidance has driven the desire for more curative strategies to reverse remodeled hearts in this aging society.

Serving as a dominating factor of the occurrence and development of post-infarction HF, cardiac fibrosis can be constantly seen in infarcted regions and border areas. The inhibition of fibrosis is gaining increasing attention for the reason that if effective anti-fibrosis can be achieved in infarcted myocardium and the border region, the pathophysiologic process of ventricular remodeling leading to HF may be restrained, and the prognosis of HF patients could be substantially improved. Therefore, novel therapies that focused on fibrosis antagonization should be considered as a therapeutic target for the management of IHD and related HF.

An emerging body of research has reported cardiac shock wave therapy (CSWT), an effective and non-invasive therapy mainly applied to ameliorate left ventricular remodeling after acute myocardial infarction (AMI) (4, 5). Our preceding work has demonstrated that hearts of rats with AMI treated by CSWT exhibited reductions of cardiomyocyte apoptosis index, shrinking fibrotic areas and satisfactory cardiac function parameters (6, 7). Involved mechanisms include the coronary micrangium arteriogenesis inducement, anti-apoptosis and anti-inflammation. Identically being one of the indispensable chains to post-infarction HF, however, AMI-induced cardiac fibrosis is surprisingly scanty in the field of CSWT. Two studies reported suppressed fibrotic extent by anti-inflammatory and decreasing the amount of fibrocytes in CSWT-treated hearts in animals (8, 9), nevertheless, it remains poorly-understood regarding the molecular mechanisms underlying these results.

In this study, we aimed to investigate the anti-fibrosis effect conferred by CSWT and further elucidate the mechanism of such benefit by building rat models of post-infarction HF.



MATERIALS AND METHODS

The animal protocol of this study was approved by the Institutional Animal Care and Use Committee (IACUC) of the Institutional Ethics Committee at the First Affiliated Hospital of Kunming Medical University (Yunnan, China) (Animal Ethics NO.Kmmu2021050). Operations and animal care performed in this study conformed to “Guide for the care and use of laboratory animals” (National Institutes of Health, volume 25, no. 28, revised 1996).


Animal Models

Fifty adult male Sprague-Dawley (SD) rats with initial weight from 250 to 300 g were purchased from the Animal Laboratory of Kunming Medical University [Animal certification number: SYSK(Dian) 2005-0004]. All rats were inbred under a temperature-controlled environment with regular 12/12 light/dark cycles in cages and fed on commercial rat chow and water ad libitum. The rat model of heart failure was established as previously reported (10). Briefly, with chloral hydrate injected intra-peritoneally, animals were treated with left thoracotomy after endotracheal incubation and ventilator-assisted breathing (frequency: 75 breaths/min; inspiration/expiration: 1:1; tidal volume: 13 cc). An incision with pericardium exposure was inflicted on the fourth intercostal space and the chest was opened carefully. Followed by unfolding pericardium, the left anterior descending (LAD) occlusion was performed with 6-0 silk suture to induce acute myocardial infarction (AMI) model, which was identified by myocardium pathological change from reddish to blanching and AMI-specific ECG manifestations. Erythromycin ointment was then applied to local surgery wound post-operatively after the immediate close of the thoracic cavity by suturing, to avoid infections for 3 days.



Echocardiography

Heart function assessment by Vivid E9 Color Doppler ultrasound system equipped with a 10.0-MHz 9L-D transducer (GE Inc., Vivid E9 system, Wingmed, Milwaukee, USA) was performed prior to and 4, 8 weeks after the surgery, as previously reported (11). Left ventricular end-systolic diameter (LVESD), left ventricular end-diastolic diameter (LVEDD), and left ventricular ejection fraction (LVEF) were directly measured via the long axial section of the left ventricular and averaged from 3 consecutive cardiac cycles, while fractional shortening (FS) was calculated by the equation as follows: FS = [(LVEDD – LVESD)/LVEDD] × 100%. The evaluation was conducted by an independent experimenter in an observer-blinded way.



Animal Grouping and Treatment

Four weeks after the surgery, the surviving rats with heart failure proven by echocardiography (LVEF ranging from 35 to 50%) were randomly categorized into the following groups: the heart failure (HF) group (n = 9), the HF + cardiac shock wave therapy (CSWT) group (n = 9), the HF + LY294002 group (n = 9), and the HF + CSWT + LY294002 group (n = 9). Besides, nine rats underwent chest wall open surgery without LAD ligation were included as the sham group.

The procedure of CSWT treatment was depicted in detail in our previous works (6, 7). In short, inhaled isoflurane-anesthetized rats in the HF + CSWT and the HF + CSWT + LY294002 groups received a myocardium-focused shock wave, which was generated from the MODULITH SLC therapy device (Storz Medical, Lohstampfestr, Taegerwilen, Switzerland) with 200 impulses, 0.24 mJ/mm2 energy flux density and the frequency of 1 Hz. Initiated 4 weeks after AMI model establishment, the CSWT treatment was administrated three times a week lasting for 4 weeks. An identical anesthesia process was given in non-CSWT group animals.

As the special inhibitor of the PI3K/Akt signal pathway, LY294002 was used to investigate the role PI3K/Akt played in CSWT. Animals in HF + LY294002 and HF + CSWT + LY294002 groups were treated with an intraperitoneal injection of LY294002 with a dose of 100 mg/kg. The same volume of saline was given in groups without the inhibition of PI3K/Akt.



Sample Collection

Whole blood was collected from rats' eye socket veins under peritoneal injection of 0.3 ml/100 g 10% chloral hydrate preoperatively, 4 weeks after the surgery and 4 weeks after the intervention. Experiment animals were executed 4 weeks after the intervention to obtain heart tissues. Before removing the hearts from the thoracic captivity, saline-based irrigation into LV was performed to purge the red blood cells. After that, the heart tissues were cut into cardiac apex and base, which were then fixed by 4% paraformaldehyde and preserved at the temperature of 4 and −80°C, respectively.



BNP and NT-pro BNP Detection

Serum BNP and NT-pro BNP levels were quantified by Rat BNP and NT-pro BNP ELISA Kit (Yinghua Institute of Biotechnology, Beijing, China; Sabbiotech Inc., Shanghai, China) as instructed by the manufacturer. Serum samples were added to the wells and then incubated for 2 h, followed by 1-h incubation of responding antibody and 30-min incubation of streptavidin–peroxidase conjugate at room temperature. Afterward, the reaction was terminated by adding 50 μl stop solution after incubating chromogen substrate solution for 15 min. The concentration was confirmed by detecting the optical density (OD) of each well at 450 nm using a micro reader.



Reverse Transcription Polymerase Chain Reaction

Rats left ventricular (LV) tissues were homogenized to obtain total RNA extractions by using TRIzol reagent (MRC Inc., Darmstadt, Germany), according to the producer's protocol. Following the directions of All-in-OneTM First-Strand-cDNA Synthesis Kit (GeneCopoeia Inc., Maryland, USA), 1 μl of RNA was used as a template for creating cDNA and real-time PCR was carried out on a type 2720 PCR instrument (Thermo Inc., Waltham, USA) in a final volume of 20 μl of reaction system that contained 10 μl SYBR Green/ROX qPCR Master Mix (GeneCopoeia Inc., Maryland, USA), 100 μg of cDNA, 0.16 μl of primer of each target RNA, and the corresponding volume of nuclease-free water with thermocycling conditions of 95°C for 10 min, 95°C for 15 s, 60°C for 20 s, and 72°C for 30 s, 40 cycles. The primer sequences were: GAPDH (forward) 5′-CAAGTTCAACGGCACAGTCAAGG-3′ and (reverse) 5′-ACATACTCAGCACCAGCATCACC-3′; CD34 (forward) 5′-TTCACAACCACAGACTTACCCAAC-3′ and (reverse) 5′-CCCTTTCCTTCTTAAACTCCTCAC-3′; αSMA (forward) 5′-ATCTGGAATCCCGAGTGACAAG-3′ ands (reverse) 5′-CGTGAAGAGGACCTGGGAGTAG-3′. The mRNA expression levels of CD34 and αSMA were determined by comparing that of the GAPDH, which was chosen as internal controls.



Masson's Trichrome Staining

The Masson Staining Kit (Solarbio Inc., Beijing, China) was employed to observe the extent of myocardial fibrosis in five microscopic fields ( ×200) per 5-μm section of LV myocardium. The fibrosis percentage was defined as the ratio of fibrosis area and myocardial area, which was quantified via Image-pro Plus 6.0 (Media Cybernetics Inc., Bethesda, Maryland, USA).



Immunohistochemical and Immunofluorescent Analyses

After de-waxing and hydrating, the prepared LV sections were initially incubated with 0.01 mmol/L citric acid solutions and then deionization water for 15 and 10 min, respectively, to inactivate endogenous peroxidase. For immunohistochemical analyses, serial sections were immunostained with primary antibodies against CD34, αSMA, and p-Akt (1:50, 1:100, 1:100, 1:200 rabbit polyclonal, respectively, both from Abcam Inc., Cambridge, Massachusetts, USA) at 4°C overnight and then incubated with the secondary biotinylated antibody for 20 min at 37°C. After diaminobenzidine (DAB) staining and hematoxylin counterstaining, tissue slices were subjected to regular dehydration, clearance, and cover. The proportion of positive cells for each slice were quantified by observing 10 randomly chosen microscopic fields ( ×400) and the averaged positive rates of five slices were identified as the final positive proportion for each target protein.

LV tissue sections were prepared as aforementioned. For endogenous peroxidase inactivation and membrane breaking, 0.01 mmol/L citric acid solutions and immunostaining permeate were used for 15 and 10 min, respectively. Thereafter, diluted primary antibodies against αSMA/CD34 (1:50/1:100, Abcam Inc., Cambridge, MA, USA) and Procollage-I/CD34 (1:100/1:100, Abcam Inc., Cambridge, MA, USA) were added to tissue sections for 4°C overnight incubation, followed by combined secondary antibodies for 40 min at 37°C (Beijing Ximeijie Technology Co., Ltd, Beijing, China). After PBS washing, Nuclei were stained with 1 mg/ml of DAPI (Boster Biotechnology Co. Ltd, Wuhan, China) for 7 min. The fluorescence analyses were performed with a confocal microscope (Olympus Tokyo, Japan).



Statistical Analysis

All data were expressed as mean ± standard error of means (S.E.M) and analyzed by SPSS 19.0 (SPSS Inc., Chicago, IL, USA). Normal distribution and homogeneity test for a variance were conducted prior to One-way ANOVA analyses, which were used to compare differences between multiple groups. P-values < 0.05, two-tailed, were deemed statistically significant. Statistical charts were produced by using GraphPad Prism 6.0 (San Diego, CA, USA).




RESULTS


Ischemic Heart Failure Model Establishment

The validity of the HF model is tested by transthoracic echocardiography and BNP, NT-pro BNP examination. Four weeks after the surgery, the ultrasound indexes revealed a considerable deterioration of cardiac function, when compared with baseline values (Baseline values: LVEDV 6.64 ± 0.44; LVESV 3.20 ± 0.45; FS% 51.70 ± 4.4; LVEF% 70.18 ± 2.30; 4 weeks later: LVEDV 7.95 ± 0.28; LVESV 5.76 ± 0.20; FS% 31.21 ± 3.21; LVEF% 30.42 ± 4.22). Meanwhile, heart weight, serum BNP, NT-pro BNP, the most wildly used HF indicators, were markedly elevated 4 weeks after the LAD ligation, suggesting a successful establishment of the HF model.



Rats Heart Failure and Fibrosis Alleviation Effects of CSWT
 
CSWT Improved Cardiac Function of Rats With HF

Rats' heart tissues were removed 8 weeks after AMI establishment. The general structure of hearts was shown in Figure 1A. Compared to the control, a less thickening regional wall of ventricular can be observed in the HF group while the CSWT group presented a thicker ventricular wall when comparing with that of the HF group. Quantitative analysis of heart weight suggested that hearts in the control group were heavier than that of in the HF group (1.16 ± 0.01 vs. 1.06 ± 0.01, p < 0.05) and heart weight in the HF + CSWT group were higher than that of in the HF group (1.11 ± 0.03 vs. 1.06 ± 0.01, p < 0.05). Besides, both the preoperative and post-operative serum levels of BNP, NT-pro BNP in 4 and 8 weeks were detected. As illustrated in Figure 1A, the results showed that BNP and NT-pro BNP had a lower level before the treatment than 4-week post-operative detection. Eight weeks following the surgery, in the HF group, the level of BNP and NT-pro BNP was markedly elevated compared to that of in the sham group. While it was decreased in rats receiving CSWT compared to the HF group.
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FIGURE 1. CSWT improves cardiac functions and reduced fibrosis in rats with post-AMI HF. (A) The cardiac weight, serum levels of BNP and NT-pro BNP and gross view of whole hearts in study groups; (B) Representative M-mode images by echocardiography of rats in study group; (C) Fold changes in CD34 and αSMA mRNA levels determined by RT-PCR in study groups; (D) The positive rates of CD34 and αSMA in study groups using Immunochemistry analyses; scale bar, 100 μm; (E) Representative images of Masson's trichrome staining and quantification for fibrosis of rat hearts from each group; scale bar, 100 μm; (F) Representative photomicrographs of immnunofluorescence for the detection of CD34/αSMA and CD34/Procollage-I. Red fluorescence shows αSMA or Procollage-I expression. Green fluorescence shows CD34 expression. Blue fluorescence shows nuclei of total cardiomyocytes; scale bar, 50 μm. Values are expressed as mean ± S.E.M (n = 5). One-way ANOVA test was applied for determining the significance of data. *p < 0.05. CSWT, cardiac shock wave therapy; AMI, acute myocardial infarction; HF, heart failure; S.E.M, standard error of means.


Cardiac function was evaluated via transthoracic echocardiography, as presented in Figure 1B. Baseline cardiac function assessed before the treatment showed a relatively low tendency in LVESV and LVEDV and a high tendency in FS% and LVEF%, compared with the results obtained 4 weeks after LAD ligation. Furthermore, echocardiography parameters measured 8 weeks post-operatively exhibited significant deterioration of heart function in HF animals, as suggested by the disparity with the sham group (LVESV: 7.85 ± 0.35 vs. 2.94 ± 0.28, p < 0.05; LVEDV: 10.12 ± 0.33 vs. 5.39 ± 0.21, p < 0.05; FS%: 24.31 ± 2.39 vs. 55.12 ± 3.56, p < 0.05; LVEF%: 30.42 ± 4.22 vs. 70.18 ± 2.30, p < 0.05), whereas conspicuously improved in the CSWT + HF mouse, which yields markable discrepancies from HF mouse (LVESV: 5.97 ± 0.34 vs. 7.85 ± 0.35, p < 0.05; LVEDV: 8.05 ± 0.46 vs. 10.12 ± 0.33, p < 0.05; FS%: 35.36 ± 2.38 vs. 24.31 ± 2.39, p < 0.05; LVEF%: 52.13 ± 2.65 vs. 30.42 ± 4.22, p < 0.05).



CSWT Reduced Cardiac Fibrosis of Rats With HF

As Figure 1C showed, animal hearts were analyzed for CD34 and αSMA, which are two major fibrosis markers 4 weeks after CSWT via RT-PCR. As was revealed in Figure 1C, both CD34 and αSMA expression level increased in the condition of HF, compared with that of normal conditions (the HF group: CD34: 1.71 ± 0.06, p < 0.05; αSMA: 2.59 ± 0.16, p < 0.05), and the application of CSWT exhibited reversed tendency in comparison with that of the HF group (CD34: 1.24 ± 0.08 vs. 1.71 ± 0.06, p < 0.05; αSMA: 1.19 ± 0.01 vs. 2.59 ± 0.16, p < 0.05).

In addition, immunohistochemistry was used to assess the positive rate of CD34 and αSMA and the results showed that the positive expression rate of CD34 in myocardium tissues of the control and the HF group were 6.76 ± 0.58 and 17.13 ± 1.47% (p < 0.05), respectively (Figure 1D). However, the rate reached 10.25 ± 0.48% after applying CSWT, which was significantly heightened (p < 0.05). A similar trend was found in αSMA levels, which was strongly expressed in hearts from the HF group relative to the sham group (13.90 ± 0.85 vs. 5.07 ± 0.30%, p < 0.05), whereas was weakly expressed in the HF group with CSWT treatment, comparing to those in the HF group without CSWT administration (5.78 ± 0.51 vs. 5.07 ± 0.30%, p < 0.05).

Figure 1E presented the Masson's trichrome staining of rats LV myocardial sections from the sham, HF and HF + CSWT groups, in which the fibrosis region is blue-colored. It is suggested that, compared to the HF group, the collagen area proportion was obviously lower in the HF + CSWT group (the HF group: 53.89 ± 1.01, p < 0.05; the HF + CSWT group: 23.63 ± 0.54, p < 0.05).

Furthermore, the intensity of combinations of αSMA/CD34 and Procollage-I/CD34, two fibrotic indicators, were visualized by immunofluorescence staining (Figure 1F). The images showed higher levels of fibrosis in HF-suffered rats compared with those in untreated controls. Both two combinations were lightly-stained in CSWT-treated rats compared with that of the HF group.




PI3K/Akt Signaling Pathway May Be Involved in the Effect of Anti-fibrosis

Based on previous results that CSWT benefited cardiac function and alleviated myocardium fibrosis, we next examined whether PI3K/Akt signaling pathway, a key factor that has been shown to be responsible for withholding fibrotic progression after AMI, involved in the process of anti-fibrosis. Figure 2A presented specimens immunostained for p-PI3K and p-Akt. According to the analytic results from immunohistochemistry, the administration of CSWT led to a significant increase in the positive rates of p-PI3K and p-Akt, compared with that of the HF group. Meanwhile, as Figure 2B suggested, based on outcomes from western blotting analyses, the level of p-PI3K(Tyr508)/PI3K and p-Akt(ser473)/Akt were decreased in the HF group while CSWT treatment resulted in remarkable increase of p-PI3K(Tyr508) and p-Akt(ser473) levels.
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FIGURE 2. CSWT led to increased PI3K/AKT expression levels. (A) The positive rates of p-P13K and p-Akt in cardiocytes of rats in study group using Immunochemistry analyses; scale bar, 100 μm; (B) Relative protein expressions of PI3K, Akt, p-PI3K and p-Akt in cardiocytes of rats in study group using Western blot analyses. Values are expressed as mean ± S.E.M (n = 5). One-way ANOVA test was applied for determining the significance of data. *p < 0.05. CSWT, cardiac shock wave therapy; AMI, acute myocardial infarction; HF, heart failure; S.E.M, standard error of means.




PI3K/Akt Pathway Mediated CSWT Effects of Anti-fibrosis
 
LY294002 Abolished the Cardiac Function Improvement Effects of CSWT

Next, groups pretreated with LY294002 were set to inspect CSWT effects after PI3K/Akt pathway abolishment. Summarized cardiac weight of rats, level of BNP, NT-pro BNP along with the cardiac exteriors were listed in Figure 3A. Similarly, CSWT resulted in significantly higher cardiac weight, lower BNP, NT-pro BNP level. Nevertheless, P13K/Akt pathway inhibition eliminated such protective effects upon CSWT.
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FIGURE 3. The inhibition of PI3K/Akt pathway abolished the cardiac function improvement and anti-fibrosis effects of CSWT. (A) The cardiac weight, serum levels of BNP and NT-pro BNP and gross view of whole hearts in study groups; (B) Representative M-mode images by echocardiography of rats in study group; (C) Fold changes in CD34 and αSMA mRNA levels determined by RT-PCR in study groups; (D) The positive rates of CD34 and αSMA in study groups using Immunochemistry analyses; scale bar, 100 μm; (E) Representative images of Masson's trichrome staining and quantification for fibrosis in cardiomyocytes of rats in study group; scale bar, 100 μm; (F) The positive rates of p-P13K and p-Akt in cardiomyocytes of rats in study group using Immunochemistry analyses; scale bar, 100 μm; (G) Representative photomicrographs of immnunofluorescence for the detection of CD34/αSMA and CD34/Procollage-I. Red fluorescence shows αSMA or Procollage-I expression. Green fluorescence shows CD34 expression. Blue fluorescence shows nuclei of total cardiomyocytes; scale bar, 50 μm. Values are expressed as mean ± S.E.M (n = 5). One-way ANOVA test was applied for determining the significance of data. *p < 0.05. CSWT, cardiac shock wave therapy; AMI, acute myocardial infarction; HF, heart failure; S.E.M, standard error of means.


Post-AMI LV remodeling was assessed by LV dilatation, indicated by LVEDV and LVESV, and LV function, indicated by LVEF and FS. The representative images of echocardiography of animals in each group were exhibited in Figure 3B. In the HF + CSWT group, FS and LVEF were significantly improved compared with that of the HF group (FS: 37.07 ± 3.21 vs. 23.23 ± 2.76, p < 0.05; LVEF: 54.17 ± 2.17 vs. 31.87 ± 2.00, p < 0.05), while which were reduced in the HF + CSWT + LY294002 group (FS: 37.07 ± 3.21 vs. 33.55 ± 1.65, p < 0.05; LVEF: 54.17 ± 2.17 vs. 45.30 ± 2.21, p < 0.05). Similarly, LVEDV and LVESV were significantly enhanced in the HF group, which was significantly decreased in the HF + CSWT group (LVEDV: 9.94 ± 0.20 vs. 8.34 ± 0.41, p < 0.05; LVDSV: 7.72 ± 0.21 vs. 5.04 ± 0.27, p < 0.05). CSWT did not benefit FS, LVEF, LVEDV nor LVESV after inhibiting the PI3K/Akt signaling pathway, compared with animals in the HF + CSWT group.



LY294002 Abolished the Cardiac Anti-fibrosis Effects of CSWT

Lower mRNA level of CD34 and αSMA were noted in CSWT treatment group, however, which were again elevated after inactivating PI3K/Akt pathway, as shown in Figure 3C (CD34: the HF group:1.90 ± 0.14; the HF + CSWT group: 1.24 ± 0.08; the HF + CSWT + LY294002 group: 1.53 ± 0.12, HF + LY294002 2.79 ± 0.10, p-values < 0.05; αSMA: the HF group: 2.85 ± 0.16; the HF + CSWT group: 1.22 ± 0.01; the HF + CSWT + LY294002 group: 1.75 ± 0.10; the HF + LY294002 group: 3.67 ± 0.14, p-values < 0.05).

Meanwhile, the positive rates of CD34 and αSMA evaluated by immunohistochemistry showed the same pattern as mRNA levels among the four groups (Figure 3D). That is, the administration of CSWT led to fewer fibrosis-related molecular expressions and that the inhibition of PI3K/Akt caused variable increases in the positivity of CD34 and αSMA.

Myocardial sections subjected to Masson's trichrome staining were displayed in Figure 3E. As the results revealed, a significant reduction in the fibrotic area proportion was observed in the HF + CSWT group relative to the HF group, but this fraction was again elevated after adding LY294002 (the HF group: 53.89 ± 1.01%; the HF + CSWT group: 29.18 ± 1.73%; the HF + CSWT + LY294002 group: 32.25 ± 3.03%, the HF + LY294002 group: 57.63 ± 3.19, p-values < 0.05).

Immunohistochemical analyses of phosphorylated PI3K and Akt were shown in Figure 3F. The positive expression rates of both p-PI3K and p-Akt showed the lowest number in the HF + LY294002 group, indicating a successful establishment of the PI3K/Akt-inhibition model (p-PI3K: 0.29 ± 0.04; p-Akt: 0.13 ± 0.02). Moreover, the positivities of these two molecules showed a significant trend for elevation after CSWT administration, and then a trend for reduction after LY294002 pretreatment.

Figure 3G represented immunofluorescence examples of αSMA/CD34 and Procollage-I/CD34 combinations identified in heart tissues. The lowest fluorescence intensity of αSMA/CD34 and procollagen-I/CD34 were found in specimens from CSWT-treated rats. By comparison, both tissues from groups of the HF and the HF + LY294002 showed significantly increased levels of fibrosis markers, with the latter one being the highest.

Altogether, the before-mentioned outcomes convergingly supported our assumption that CSWT improved cardiac function in post-AMI HF by exerting anti-fibrosis effects through PI3K/Akt signaling pathway in rats.





DISCUSSION

When attacked by pathophysiological insults, two forms of cardiac fibrosis—replacement and reactive fibrosis would manifest as a response, and the former one plays a dominating role in the development of cardiac remodeling (12). It triggers the displacement of the myocardium with fibrous tissue, which delivers detrimental effects on the structure, excitation-contraction coupling, and the systolic and diastolic function of hearts. Therefore, cardiac fibrosis is recognized as a prerequisite for almost all forms of HF, predisposing patients with heart diseases to the outcome of HF (13). Also, it has been shown that fibrotic severity is directly and positively associated with the long-term mortality of HF patients (14). Based on our earlier work, CSWT has been found to result in satisfactory improvement of cardiomyocyte apoptosis both in vitro and in vivo (6). And our published paper showed that CSWT promoted arteriogenesis of coronary micrangium and alleviated fibrosis after AMI by integrin linked kinase (ILK)-induced inhibition of myocardial apoptosis (7). Another evidence was from Hiroaki's study (8). They found that extracorporeal low-energy shock-wave therapy significantly ameliorated LV remodeling and fibrosis in rat after acute AMI. The mechanisms may involved in suppressing the infiltration of neutrophils and macrophages and enhancing the expression of endothelial nitric oxide synthase. However, both our previous study and Hiroaki's study failed to fully observe the anti-fibrosis effect of CSWT, nor to explore its molecular mechanism and signaling pathways. Furthermore, the proven clinical benefits, together with the well-documented anti-fibrosis of CSWT hinted us that CSWT may take effect through suppressing the occurrence and development of fibrosis and thus serving as a promising procedure to improve the prognosis of patients living with HF. Nevertheless, what mediates the CSWT effect is scarcely discussed. To our best knowledge, the current study is among the first to fully evaluate the anti-fibrosis effect and further delve into the potential signal pathways underlying such effects of CSWT through multiple measurements from Echocardiography and Masson's trichrome staining to Immunohistochemical and immunofluorescent analyses.

Establishing a robust as well as stable HF model is the precondition for subsequent experiments. In this study, the measurements of LVEDV, LVESV, LVEF, and FS by echocardiography, the evaluations of the architecture, weight of hearts, and the detection of serum BNP, NT-pro BNP were conducted simultaneously 4 weeks after the surgery and CSWT application, which lend support to the reliability of our model. It is observed that, the cardiac volume of rats is enlarged 4 weeks after the LAD ligation, as indicated by the significantly heightened LVEDV and LVESV. The expanded LV volume stimulated the release of BNP, a cardiac function criterion that is directly proportional to the volume enlargement. Followed by the decrease of LVEF and FS, stemmed from the impaired myocardium function due to the injurious stimulus of ischemia and necrosis. In all, the above-mentioned data consistently suggested the fact that the current model meets our anticipation and was able to pave the way for our further experiments.

The fact that we investigated reduced CD34 and αSMA mRNA expression levels and positive rates, smaller fibrous areas, and lower density of fibrocytes in the HF + CSWT group than in the control group suggested that CSWT suppressed fibrosis-related molecules, such as CD34 and αSMA, leading to the improvement of cardiac fibrosis. Consistent with our findings, Lei et al. demonstrated that the role CSWT played in myocardial anti-fibrosis may be related to the repression of fibrocytes amounts in pigs (9). Similarly, the study of Abe et al., using a model of AMI rats, clarified that CSWT therapy attenuated cardiac fibrosis by reducing the number of TGF-β1-positive cells, an important signal that is well-acknowledged to be closely associated with the formation of fibrosis (8). The anti-fibrosis effect of CSWT is not limited to cardiac tissues, as a newly-published study has introduced this therapy in a model of liver fibrosis, which also obtained satisfactory outcomes (15). The potentials of CSWT were also supported by fibroblast originated from human hypertrophic scar (16). As a general process characterized by the accumulation of fibroblasts and abnormal deposition of the extracellular matrix, the development of cardiac fibrosis and liver or human hypertrophic scar had many similarities. Therefore, the current finding of the anti-fibrosis effect of CSWT is well-founded, however, it still needs to be further elucidated what types of collagen or procollagen were exactly the targets.

The PI3K/Akt signaling pathway is known as a regulator mainly responsible for cellular survival and functions (17). It has already been shown in our previous publication and unpublished data that this pathway was associated with the anti-apoptosis effect of CSWT both in vivo and in vitro (6). This finding concorded with the research of Yu et al., in which they reported that the PI3K/Akt pathway involved in suppressing apoptosis-related protein expressions and thus the apoptosis of cardiomyocytes by CSWT therapy in H9c2 cells (18). For a long time, apoptosis has been considered serving as an initiator or perpetrator in fibrotic response, and the activation of apoptosis can be observed in nearly all kinds of fibrosis. The potential mechanism involves immune modulation and paracrine signaling, which potentially and substantially contribute to the presence and persistence of fibrosis (19). The closely-bonded relation between apoptosis and fibrosis, together with the demonstrated mechanism of PI3K/Akt pathway underlying the cardiac apoptosis alleviation conferred by CSWT gave us a strong hint that this pathway may also explain the protective effect of CSWT in post-infarction fibrosis. Current findings are encouraging and supported our anticipation. By immunohistochemistry and western blot, it is found that phosphorylation of PI3K and Akt presented enhancive changes after undergoing CSWT while untreated ones showed opposite outcomes, indicating the potential involvement of PI3K/Akt in the beneficial effects of CSWT and also laying the ground for further experiments.

In the next step, we inhibited the PI3K/Akt pathway to find out whether the cardioprotective effects of CSWT were impaired or abolished. As we expected, blocking the PI3K/Akt pathway resulted in a reversed pattern, wherein the originally improved cardiac function, reduced fibrous areas and expressive amounts of CD34, αSMA, and Procollagen I showed opposite trends, compared with a single application of CSWT. These results implied that the cardioprotection of CSWT is achieved partially by ameliorating fibrosis after AMI and such effect may be mediated via a PI3K/Akt-dependent pathway. In recent years, there is growing evidence that the activation of the PI3K/Akt path facilitates the improvement of cardiac fibrosis in models from ischemia/reperfusion to AMI and diabetic cardiomyopathy (20–22). It's speculated that the phosphorylation of PI3K/Akt may help enhance the proliferation and suppress apoptosis and inflammatory responses via working with a series of related proteins. The proteins that have been discovered by now included vascular endothelial growth factor (VEGF) and nuclear factor-κB (23, 24). Additionally, in this study, despite the fact that LY294002 weakened the effects of CSWT on fibrosis, the CSWT-induced anti-fibrosis effect was not fully eliminated. It hinted us that there existed more pathways being functional in recovering AMI-induced cardiac fibrosis after applying CSWT. Therefore, future studies focusing on the synergy or antagonism with PI3K/Akt by other proteins or signaling pathways have to be discussed to gain a greater understanding of the working mode of CSWT.

This investigation offered novel insights into the molecular mechanism with regard to the anti-fibrosis benefits of CSWT. Nevertheless, it should be noted that the chemical inhibition of PI3K/Akt pathway rather than the PI3K/Akt genes knockout limits the strengths of current conclusion to determine the clinical application of CSWT. Despite of the preliminary character, this study proposed a new mechanism for the first time that the anti-fibrosis effect of CSWT may involved this signal pathway. To tremendously consolidate the current findings, future investigations with the PI3K/Akt genes knockout models is constantly needed.



CONCLUSIONS

Taken together, CSWT is proved to promote the cardiac function indexes in rats with ischemic HF and deliver positive impacts on moderating cardiac fibrosis. Furthermore, we illuminated that the activation of the PI3K/Akt signal transduction pathway partially explained the biological effects that CSWT posed. These findings help expand the current understanding of CSWT-based HF therapy and it is certainly instigated that CSWT as an effective as well as non-invasive approach, is promised to protect hearts against fibrosis following ischemic HF.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of the Institutional Ethics Committee at the First Affiliated Hospital of Kunming Medical University (Yunnan, China).



AUTHOR CONTRIBUTIONS

PY designed and supervised the study. LW supervised the study and critically revised the draft. XT performed the statistical analyses and drafted the manuscript. XT, YC, XM, LS, HL, XZ, FD, SL, and TG performed the experiments. All authors contributed to the article and approved the submitted version.



FUNDING

This research was supported by: the National Natural Science Foundation of China (Nos. 81760074 and 81860073); Special Foundation Projects of Joint Applied Basic Research of Yunnan Provincial Department of Science and Technology with Kunming Medical University [Nos. 2017FE468 (-034) and 2019FE001 (-138)]; Yunnan Provincial Department of Science and Technology (No. 202001AT070039); Projects of 2017 Yunnan Provincial Health Research Institute (No. 2017NS016); Yunnan Health Training Project of High Level Talents (Nos. D-2018020 an H-2018032); Foundation Projects of Yunnan Provincial Department of Education (No. 2018JS206); 100 Young and Middle-aged Academic and Technical Backbones of Kunming Medical University (No. 60118260106); Young Talents of Yunnan Thousand Talents Plan (No. YNQR-QNRC-2019-006); Clinical Medcial Center for Cardiovascular and Cerebrovascular Disease of Yunnan Province (No. ZX2019-03-01). The sponsor provided financial support in experimental materials and the decision to submit the article for publication.



ABBREVIATIONS

CSWT, cardiac shock wave therapy; AMI, acute myocardial infarction; HF, heart failure; IHD, ischemia heart disease; IACUC, The Institutional Animal Care and Use Committee; SD, Sprague-Dawley; LAD, left anterior descending; LVESD, left ventricular end-systolic diameter; LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; FS, fractional shortening; OD, optical density; LV, left ventricular; DAB, diaminobenzidine; S.E.M, standard error of means; VEGF, vascular endothelial growth factor.



REFERENCES

 1. World Health Organization. Global Health Estimates 2016: Deaths by Cause, Age, Sex, by Country and by Region, 2000–2016. (2018). Available online at: http://www.who.int/healthinfo/global_burden_disease/estimates/en/ (accessed November 16, 2018).

 2. Jessup M, Brozena S. Heart failure. N Engl J Med. (2003) 348:2007–18. doi: 10.1385/159259347X

 3. Poustchi F, Amani H, Ahmadian Z, Niknezhad SV, Mehrabi S, Santos HA, et al. Combination therapy of killing diseases by injectable hydrogels: from concept to medical applications. Adv Healthc Mater. (2021) 10:e2001571 doi: 10.1002/adhm.202001571

 4. Gollmann-Tepeköylü C, Pölzl L, Graber M, Hirsch J, Nägele F, Lobenwein D, et al. miR-19a-3p containing exosomes improve function of ischaemic myocardium upon shock wave therapy. Cardiovasc Res. (2020) 116:1226–36. doi: 10.1093/cvr/cvz209

 5. Ceccon CL, Duque AS, Gowdak LH, Mathias W Jr, Chiang HP, Sbano JCN, et al. Shock-wave therapy improves myocardial blood flow reserve in patients with refractory angina: evaluation by real-time myocardial perfusion echocardiography. J Am Soc Echocardiogr. (2019) 32:1075–85. doi: 10.1016/j.echo.2019.04.420

 6. Shang LL, Su Z, Ma XJ, Wang YQ, Wang Y, Wang QX, et al. Role of PI3K/Akt signaling pathway in ischemic rats underwent cardiac shock waves therapy. Zhonghua Xin Xue Guan Bing Za Zhi. (2019) 47:457–64. doi: 10.3760/cma.j.issn.0253-3758.2019.06.007

 7. Yang W, He Y, Gan L, Zhang F, Hua B, Yang P, et al. Cardiac shock wave therapy promotes arteriogenesis of coronary micrangium, and ILK is involved in the biomechanical effects by proteomic analysis. Sci Rep. (2018) 8:1814. doi: 10.1038/s41598-018-19393-z

 8. Abe Y, Ito K, Hao K, Shindo T, Ogata T, Kagaya Y, et al. Extracorporeal low-energy shock-wave therapy exerts anti-infammatory effects in a rat model of acute myocardial infarction. Circ J. (2014) 78:2915–25. doi: 10.1253/circj.CJ-14-0230

 9. Lei PP, Tao SM, Shuai Q, Bao YX, Wang SW, Qu YQ, et al. Extracorporeal cardiac shock wave therapy ameliorates myocardial fibrosis by decreasing the amount of fibrocytes after acute myocardial infarction in pigs. Coron Artery Dis. (2013) 24:509–15. doi: 10.1097/MCA.0b013e3283640ec7

 10. Fu YH, Lin QX, Li XH, Fei HW, Shan ZX, Huang XZ, et al. A novel rat model of chronic heart failure following myocardial infarction. Methods Find Exp Clin Pharmacol. (2009) 31:367–73. doi: 10.1358/mf.2009.31.6.1393631

 11. Primessnig U, Schonleitner P, Holl A, Pfeiffer S, Bracic T, Rau T, et al. Novel pathomechanisms of cardiomyocyte dysfunction in a model of heart failure with preserved ejection fraction. Eur J Heart Fail. (2016) 18:987–97. doi: 10.1002/ejhf.524

 12. Krenning G, Zeisberg EM, Kalluri R. The origin of fibroblasts and mechanism of cardiac fibrosis. J Cell Physiol. (2010) 225:631–7. doi: 10.1002/jcp.22322

 13. Diez F, Jaisser A, Pizard F. Myocardial fibrosis: biomedical research from bench to bedside. Eur J Heart Fail. (2017) 19:177–91. doi: 10.1002/ejhf.696

 14. Aoki T, Fukumoto Y, Sugimura K, Oikawa M, Satoh K, Nakano M, et al. Prognostic impact of myocardial interstitial fibrosis in non-ischemic heart failure–comparison between preserved and reduced ejection fraction heart failure. Circ J. (2011) 75:2605–13. doi: 10.1253/circj.CJ-11-0568

 15. Ujiie N, Nakano T, Yamada M, Sato C, Nakanishi C, Fujishima F, et al. Low-energy extracorporeal shock wave therapy for a model of liver cirrhosis ameliorates liver fibrosis and liver function. Sci Rep. (2020) 10:2405. doi: 10.1038/s41598-020-58369-w

 16. Cui HS, Hong AR, Kim JB, Yu JH, Cho YS, Joo SY, et al. Extracorporeal shock wave therapy alters the expression of fibrosis-related molecules in fibroblast derived from human hypertrophic scar. Int J Mol Sci. (2018) 19:124. doi: 10.3390/ijms19010124

 17. Berk BC, Fujiwara K, Lehoux S. ECM remodeling in hypertensive heart disease. J. Clin Invest. (2007) 117:568–75. doi: 10.1172/JCI31044

 18. Yu WW, Shen T, Liu BY, Wang S, Li J, Dai D, et al. Cardiac shock wave therapy attenuates H9c2 myoblast apoptosis by activating the AKT signal pathway. Cell Physiol Biochem. (2014) 33:1293–303. doi: 10.1159/000358697

 19. Yu P, Ma S, Dai X, Wang S, Li J, Dai D, et al. Elabela alleviates myocardial ischemia reperfusion-induced apoptosis, fibrosis and mitochondrial dysfunction through PI3K/AKT signaling. Am J Transl Res. (2020) 12:4467–77.

 20. Hou N, Mai Y, Qiu X, Yuan W, Li Y, Luo C, et al. Carvacrol attenuates diabetic cardiomyopathy by modulating the PI3K/AKT/GLUT4 pathway in diabetic mice. Front Pharmacol. (2019) 10:998. doi: 10.3389/fphar.2019.00998

 21. Wang X, Lu L, Tan Y, Yuan W, Li Y, Luo C, et al. GPR 30 reduces myocardial infarct area and fibrosis in female ovariectomized mice by activating the PI3K/AKT pathway. Life Sci. (2019) 226:22–32. doi: 10.1016/j.lfs.2019.03.049

 22. Zhang CJ, Huang Y, Lu JD, Lin J, Ge ZR, Huang H. Upregulated microRNA-132 rescues cardiac fibrosis and restores cardiocyte proliferation in dilated cardiomyopathy through the phosphatase and tensin homolog-mediated PI3K/Akt signal transduction pathway. J Cell Biochem [preprint]. (2018) 1–13. doi: 10.1002/jcb.27081

 23. Williams DL, Ozment-Skelton T, Li C. Modulation of the phosphoinositide 3-kinase signaling pathway alters host response to sepsis, inflammation, and ischemia/reperfusion injury. Shock. (2006) 25:432–9. doi: 10.1097/01.shk.0000209542.76305.55

 24. Aneja R, Hake PW, Burroughs TJ, Denenberg AG, Wong HR, Zingarelli B. Epigallocatechin, a green tea polyphenol, attenuates myocardial ischemia reperfusion injury in rats. Mol Med. (2004) 10:55–62. doi: 10.2119/2004-00032.Aneja

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 Wang, Tian, Cao, Ma, Shang, Li, Zhang, Deng, Li, Guo 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.












	
	ORIGINAL RESEARCH
published: 09 July 2021
doi: 10.3389/fcvm.2021.690521






[image: image2]

Cardiac, Macro-, and Micro-Circulatory Abnormalities in Association With Individual Metabolic Syndrome Component: The Northern Shanghai Study

Fang Zhao1†, Rong Yang1†, Rusitanmujiang Maimaitiaili2, Jiamin Tang2, Song Zhao2, Jing Xiong2, Jiadela Teliewubai2, Chen Chi2, Jacques Blacher3, Jue Li4, Yawei Xu2, Yan Jiang1, Yi Zhang2* and Weiming Li2*


1Department of Geriatrics, Shanghai Putuo People's Hospital, School of Medicine, Tongji University, Shanghai, China

2Department of Cardiology, Shanghai Tenth People's Hospital, School of Medicine, Tongji University, Shanghai, China

3Paris Descartes University, AP-HP, Diagnosis and Therapeutic Center, Hôtel-Dieu, Paris, France

4Institute of Clinical Epidemiology and Evidence-Based Medicine, Tongji University, Shanghai, China

Edited by:
Hui Gong, Fudan University, China

Reviewed by:
Xuejuan Jin, Fudan University, China
 Rongchong Huang, Capital Medical University, China

*Correspondence: Yi Zhang, yizshcn@gmail.com; Weiming Li, 18917683469@189.cn

†These authors have contributed equally to this work and share first authorship

Specialty section: This article was submitted to General Cardiovascular Medicine, a section of the journal Frontiers in Cardiovascular Medicine

Received: 03 April 2021
 Accepted: 04 June 2021
 Published: 09 July 2021

Citation: Zhao F, Yang R, Maimaitiaili R, Tang J, Zhao S, Xiong J, Teliewubai J, Chi C, Blacher J, Li J, Xu Y, Jiang Y, Zhang Y and Li W (2021) Cardiac, Macro-, and Micro-Circulatory Abnormalities in Association With Individual Metabolic Syndrome Component: The Northern Shanghai Study. Front. Cardiovasc. Med. 8:690521. doi: 10.3389/fcvm.2021.690521



Objective: This study investigated the association of metabolic syndrome (MS) and its components with cardiac, macro-, and micro-circulatory abnormalities in an elderly Chinese population.

Methods: This cross-sectional study was conducted using data for 1,958 participants from the Northern Shanghai Study aged over 65 years without a history of cardiovascular disease. MS was defined according to the National Cholesterol Education Program Adult Treatment Panel III in 2005 (NCEPIII 2005). Asymptomatic cardiovascular impairment parameters, including the left ventricle mass index (LVMI), peak transmitral pulsed Doppler velocity/early diastolic tissue Doppler velocity (E/Ea), carotid-femoral pulse wave velocity (cf-PWV), ankle-brachial index (ABI), carotid intima-media thickness (CIMT), arterial plaque, and urinary albumin–creatinine rate (UACR), were evaluated.

Results: LVMI, E/Ea, cf-PWV, and the proportion of UACR > 30 mg/g exhibited increasing trends while ABI exhibited a decreasing trend according to the number of MS components (all p for trend < 0.01). Logistic regression analysis revealed that MS was significantly associated with LV hypertrophy (LVH), LV diastolic dysfunction, arteriosclerosis, and microalbuminuria (all p < 0.001). Central obesity and high blood pressure were associated with all cardiovascular abnormalities (all p < 0.05), whereas elevated plasma glucose was associated with arteriosclerosis and microalbuminuria (both p < 0.001). In addition, high triglyceride levels were associated with microalbuminuria (p < 0.05).

Conclusions: MS is significantly associated with cardiac, macro-, and micro-circulatory abnormalities in elderly Chinese. Moreover, the presence of individual MS components may have specific prognostic significance.

Keywords: elderly population, cardiac abnormality, macrocirculatory abnormality, microcirculatory abnormality, metabolic syndrome


INTRODUCTION

Metabolic syndrome (MS) is characterized by a cluster of risk factors that together significantly raise the risk for cardiovascular disease (CVD), stroke, diabetes, and other health issues (1). These risk factors include central obesity (i.e., excessive accumulation of abdominal fat around the waist), hypertension, hyperglycemia, and dyslipidemia (i.e., abnormal cholesterol and/or triglyceride levels), and MS is diagnosed when three or more of the abovementioned risk factors are present (2). MS has become a significant health burden worldwide, particularly with the expansion of the aging population, because MS not only is closely related to aging (3) but also promotes precocious aging (4). In addition, the presence of MS may significantly increase the morbidity and mortality of CVD patients. For example, in a study involving 4,483 participants, MS substantially increased the cardiovascular mortality rate by 12% compared with 2.2% in those without MS (5).

Asymptomatic cardiovascular impairments, which may be reflected by the presence of cardiac, macro-, and micro-circulatory abnormalities, are considered an intermediate state between risk factors and CVD, and can develop into CVD if not managed appropriately (6). Thus, it is imperative to identify the presence of cardiac, macro-, and micro-circulatory abnormalities as early as possible so that patients with a high risk of CVD may be managed in a timely and appropriately manner. The vast majority of cardiac, macro-, and micro-circulatory abnormalities can be screened by using simple and noninvasive methods as part of risk assessment, and several clinical studies have shown the relationship between MS and one or more asymptomatic cardiovascular impairments in select populations (7–9). However, few studies have systematically examined the correlation of MS and its individual components with various asymptomatic cardiovascular impairments in the same cohort of participants (10).

Abnormal macro-circulation is commonly characterized by two forms of arterial impairments, arteriosclerosis and atherosclerosis. It is recommended that arterial stiffness should be determined noninvasively by measuring the carotid-femoral pulse wave velocity (cf-PWV) as a gold standard, and PWV > 10 m/s is defined as arteriosclerosis (11). An ankle-brachial index (ABI, the ratio of the ankle and systolic brachial pressure) <0.9 for low-limb arterial plaque and plaque in the carotid artery detected by ultrasonography are the most commonly used indexes for atherosclerosis in routine clinical practice (12). Due to the special structure of the kidney, renal micro-circulation is most susceptible to microvascular damage and the kidney is usually the site where the earliest microvascular injury occurs (13). Microalbuminuria reflects the functional status of renal micro-circulation and is commonly used to detect abnormal micro-circulation in daily clinical practice (14). In the present study, we used PWV, ABI, and the presence of carotid artery plaque as the indexes to represent abnormal macro-circulation, and microalbuminuria as the index to represent abnormal micro-circulation.

This study investigated the association between various asymptomatic cardiovascular impairments and MS as well as its components in a community-dwelling elderly Chinese population with no history of CVD. We found that MS is significantly associated with cardiac, macro-, and micro-circulatory abnormalities in elderly Chinese and that individual MS components exhibit associations with cardiac, macro-, and micro-circulatory abnormalities.



MATERIALS AND METHODS


Ethics Statement

This study was approved by the Ethics Committee of Shanghai Tenth People's Hospital, and written informed consent was obtained from all participants.



Study Participants

The present study is included in the Northern Shanghai Study (15). The Northern Shanghai Study (clinicaltrials.gov Identifier: NCT02368938) was a prospective study designed to establish a CV risk score based on a community dwelling Chinese elderly population, determining the profile of the associated CV risk factors and target organ damages, so as to guide the later intervention. According to the Elderly population and cause of aging monitoring statistics of Shanghai in 2014, the northern region has the largest population of elderly adults in Shanghai, with a total population of 1.57 million and an elderly proportion of over 19%. Thus, the northern Shanghai region, including Zhabei district and Putuo district, was selected. We used a computer-generated list of communities and randomly selected 10 communities for recruitment. The recruitment strategies included the following: (1) posting study recruitment posters in neighborhood committees and community hospitals; (2) according to the health files of the candidates, community hospitals recruited potential participants by telephone; and (3) distributing recruitment flyers directly to potential participants. When eligible individuals showed interest in participating in the study, they were sufficiently informed. Individuals who fulfilled all of the following criteria were included in the study: (1) age ≥ 65 years; (2) residents from urban communities in the northern region of Shanghai; and (3) availability for long-term follow-up. Candidates who met any of the following criteria were excluded from the study: (1) severe cardiac disease (New York Heart Association IV) or end-stage renal disease (chronic kidney disease ≥ stage 4); (2) history of stroke within 3 months; (3) a malignant tumor with a life expectancy <5 years. A total of 3,590 residents from communities in northern Shanghai were invited to participate in this study between June 2014 and 2019, and 3,363 (93.7%) participated in the initial screening process. A subsample of 2,200 participants [1,100 with MS according to the revised National Cholesterol Education Program Adult Treatment Panel III (NCEPIII) in 2005 (16) and 1,100 participants without MS], all of them without a history of CVD at baseline, were selected for the present study. This sample size was calculated based on a 1:1 exposed-to-non-exposed ratio, a cumulative incidence of 4.5–5% for cardiovascular event, an estimated hazard ratio of 2 for MS, a statistical power of 0.8, and an a priori defined alpha error of 0.05. Sample size was further overestimated for a possible 10% dropout rate. Finally, 968 participants with MS and 1,090 participants without MS were contacted. Of these, 935 participants with MS and 1,065 participants without MS were recruited. Of the 2,000 participants, 42 were excluded due to incomplete data. Thus, the effective sample size for our analyses was 1,958 participants (908 with MS and 1,050 without MS).

All participants were instructed to complete a standardized questionnaire to obtain information on their history of present illnesses, smoking habits, medical therapy, and family history of premature CVD. Participants who smoked at least one cigarette per day for more than 6 months were defined as smokers and those who had quit smoking for more than 12 months were defined as former smokers (17). A family history of CVD was determined using the ASSIGN criteria for premature CVD or stroke before the age of 60 years in parents or siblings (18). MS was defined according to the revised NCEPIII (2005) as having at least three of the following metabolic disorders with central obesity modified for Asian populations (16): (1) waist circumference (WC) ≥ 90 cm for men and ≥ 80 cm for women; (2) blood pressure (BP) ≥ 130/85 mmHg and/or treatment of previously diagnosed hypertension; (3) fasting plasma glucose (FPG) ≥ 5.6 mmol/L and/or previously diagnosed type 2 diabetes; (4) serum triglyceride (TG) ≥ 1.7 mmol/L and/or specific treatment for lipid abnormality; and (5) high-density lipoprotein cholesterol (HDL-c) <1.03 mmol/L for men and <1.29 mmol/L for women and/or specific treatment for lipid abnormality. The revised NCEPIII (2005) criteria were used for the statistical analyses of the association between cardiovascular impairments and MS. The study also compared the differences in this association, according to the other three MS definitions: the International Diabetes Federation (IDF), the Chinese Diabetes Society (CDS), and the Chinese Joint Committee for Developing Chinese Guidelines on Prevention and Treatment of Dyslipidemia in Adults (JCDCG). According to the IDF definition (19), MS was defined as subjects with central obesity (men: WC ≥ 90 cm; women: WC ≥ 80 cm) together with two or more of the following metabolic disorders: (1) BP ≥ 130/85 mmHg and/or treatment of previously diagnosed hypertension; (2) FPG ≥ 5.6 mmol/L and/or previously diagnosed type 2 diabetes; (3) TG ≥ 1.7 mmol/L and/or specific treatment for lipid abnormality; (4) HDL-c <1.03 mmol/L for men and <1.29 mmol/L for women and/or specific treatment for lipid abnormality. According to the CDS definition (20), MS was defined as ≥3 of the following metabolic disorders: (1) body mass index (BMI) ≥ 25 kg/m2; (2) BP ≥ 140/90 mmHg and/or treatment of previously diagnosed hypertension; (3) FPG ≥ 6.1 mmol/L and/or 2 h PG ≥ 7.8 mmol/L and/or treatment of previously diagnosed type 2 diabetes; (4) TG ≥ 1.7 mmol/L; and/or (5) HDL-c <0.9 mmol/L for men and <1.0 mmol/L for women. According to the 2016 JCDCG definition (21), MS was defined as ≥3 of the following metabolic disorders: (1) WC ≥ 90 cm for men and ≥85 cm for women; (2) BP ≥ 130/85 mmHg and/or treatment of previously diagnosed hypertension; (3) FPG ≥ 6.1 mmol/L and/or 2 h PG ≥ 7.8 mmol/L and/or treatment of previously diagnosed type 2 diabetes; (4) TG ≥ 1.7 mmol/L; and (5) HDL-c <1.0 mmol/L.



Anthropometric Measurements

General physical examination was conducted on all participants, and the following data were collected: body height, WC, and BP. BMI was calculated as weight in kilograms divided by the square of height in meters. Waist and hip circumferences were measured while standing with reference to external landmarks at the narrowest section of the waist, and at the level of the largest circumference between the iliac crest to the crotch, respectively. BP was measured three times after 10 min of rest in the sitting position with a semi-automatic oscillometric device (Omron Healthcare, Kyoto, Japan) by specialized physicians based on the recommendations of the European Society of Hypertension (22), and an average of three readings was used as the final BP for data analysis.



Biochemical Measurements

Blood and urine samples were collected after 10 h of overnight fasting to measure the FPG, total cholesterol (TC), TG, low-density lipoprotein cholesterol (LDL-c), HDL-c, alanine aminotransferase (ALT), aspartate aminotransferase (AST), serum creatinine, serum uric acid, urinary creatinine, and urinary albumin levels. Standard techniques were used to determine all of these parameters at the laboratory of Shanghai Tenth People's Hospital.



Definitions and Measurements of Cardiovascular Impairments
 
Cardiac Assessment

Echocardiography was performed on all participants by an experienced cardiologist who was blinded to the patients' data using a MyLab 30 Gold CV machine (ESAOTE SpA, Genoa, Italy) according to the American Society of Echocardiography recommendations (23, 24). Left ventricular internal diameter at end-diastole (LVIDd) and septal (SWTd) and posterior wall thickness at end-diastole (PWTd) were measured in the parasternal long-axis view. The left ventricle mass (LVM) was calculated based on the following formula: LVM (g) = 0.8 × {1.04 × [(LVIDd + PWTd + SWTd)3 – (LVIDd)3]} + 0.6 (25). The LVM index (LVMI) was assessed by dividing LVM by the body surface area (BSA) (26). Left atrial parameters including the M-mode left atrial dimension (SA1) in the parasternal short-axis view and measurements of short (SA2) and long axes (LA) in the apical four-chamber view at ventricular end-systole were measured. The left atrial volume (LAV) was determined using the ellipse model formula: LAV = [π × (SA1 × SA2 × LA)/6] (27) and divided by BSA to determine the LAV index (LAVI). The peak transmitral pulsed Doppler velocity/early diastolic tissue Doppler velocity (E/Ea) was determined with continual wave Doppler in the four-chamber view and computed to evaluate the LV diastolic dysfunction.

LV hypertrophy (LVH) was defined as an LVMI ≥ 115 g/m2 (men) or ≥95 g/m2 (women). LV diastolic dysfunction was evaluated using E/Ea and other parameters of abnormal LV relaxing and filling, such as increased LVM and enlarged LAV. LV diastolic dysfunction was defined as an E/Ea ≥ 15 or 15 > E/Ea > 8 with the following: (1) LAVI > 40 ml/m2 and (2) LVMI > 149 g/m2 (men) or ≥122 g/m2 (women) (28, 29).



Macro-Circulatory Assessment

Carotid ultrasonography was performed on the common carotid arteries on both sides using a 7.5-MHz transducer to record the carotid intima-media thickness (CIMT) and the presence or absence of plaques. Ankle BPs and bilateral brachial were automatically and simultaneously determined to calculate the ABI using the VP-1000 system (Omron Healthcare, Kyoto, Japan). PWV was determined with an applanation tonometer (SphygmoCor, AtCor Medical, Sydney, Australia) by a physician who was not involved with the ultrasound examination, in accordance with the European Expert Consensus on Arterial Stiffness (11) as previously detailed (15).

Macro-circulatory abnormalities were defined as arteriosclerosis with a PWV > 10 m/s, and atherosclerosis with an ABI <0.9 or the presence of plaques (11, 12).



Micro-Circulatory Assessment

The urinary albumin–creatinine ratio (UACR) was determined as the ratio of urinary albumin divided by urinary creatinine. Microalbuminuria (UACR > 30 mg/g) represented a micro-circulatory abnormality.




Statistical Analyses

The revised NCEPIII (2005) criteria were used for the statistical analyses of the association between cardiovascular impairments and MS. The normality of variables was examined with the Kolmogorov–Smirnov test. Normally distributed variables are presented as mean ± standard deviation (SD), whereas skewed variables are presented as median (interquartile range 25–75%). Categorical variables are expressed as a number with a percentage. Participants were categorized into four groups according to the number of metabolic disorders (≤ 1, 2, 3, and ≥4). One-way analysis of variance (ANOVA) was used to compare the differences in data among multiple groups, followed by the Student-Newman-Keuls (SNK) test to compare the differences in data between two groups. The Kruskal–Wallis test was used to compare skewed variables among the groups. The chi-square test was used to compare the differences in the frequency between the groups. A UACR > 30 mg/g was used as the cutoff point for trend analysis because UACR had a skewed distribution. Trends for the mean or frequency among the groups were estimated using the ANOVA test or a linear-by-linear association. The odds ratios (ORs) and 95% confidence interval (CI) were calculated to estimate the associations of various cardiovascular impairments with MS or its individual components using binary logistic regression models. All reported p-values were two tailed, and p < 0.05 were considered statistically significant. All statistical analyses were performed with the Statistical Package for Social Sciences version 13.0 (SPSS, IL, USA).




RESULTS


Demographic and Baseline Clinical Characteristics of Participants

After application of the inclusion and exclusion criteria, a total of 1,958 participants (879 men and 1,079 women) were finally included in this study. The median (interquartile range) age of the participants was 68.9 (66.5–73.1) years. According to the NCEPIII (2005) criteria for MS, the prevalence of MS was 46.4% (40.8% for men and 50.9% for women, p < 0.001). According to the IDF criteria for MS, the prevalence of MS was 37.1% (29.9% for men and 42.9% for women, p < 0.001). According to the CDS criteria for MS, the prevalence of MS was 21.6% (22.8% for men and 20.6% for women, p = 0.244). According to the JCDCG criteria for MS, the prevalence of MS was 28.7% (30.9% for men and 26.8% for women, p < 0.05). According to the NCEPIII (2005) criteria for individual MS components, the number and prevalence of high BP, central obesity, elevated PG, high TG, and low HDL-c were 1,433 (73.2%), 1,097 (56.0%), 714 (36.5%), 796 (40.7%), and 694 (35.4%), respectively. The number of participants with 0, 1, 2, 3, 4, and 5 components of MS according to the NCEPIII (2005) criteria was 161 (8.2%), 379 (19.4%), 510 (26.0%), 437 (22.3%), 331 (16.9%), and 140 (7.2%), respectively. Participants were categorized into four groups according to the number of metabolic disorders: group 1, participants with ≤ 1 metabolic disorders (n = 540); group 2, participants with 2 metabolic disorders (n = 510); group 3, participants with 3 metabolic disorders (n = 437); and group 4, participants with ≥4 metabolic disorders (n = 471). The demographic and baseline clinical characteristics of the participants in each group are presented in Table 1. No differences in age, AST, TC, LDL-c, urinary creatinine, family history of premature CVD, anti-hypertensive treatment, and anti-diabetic treatment were found among the groups. However, BMI, WC, hip circumference, systolic BP (SBP), diastolic BP (DBP), ALT, serum creatinine, serum uric acid, FPG, TG, HDL-c, urinary albumin, and the proportion of male, current smokers, and lipid-lowering treatment showed differences among the four groups (all p < 0.05).


Table 1. Characteristics of the participants according to the number of metabolic disorders.
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The characteristics of cardiovascular assessment according to the number of metabolic disorders are shown in Table 2. No differences were observed in CIMT and the frequency of plaques in the carotid artery among the groups. However, LVMI, E/Ea, cf-PWV, ABI, and UACR showed significant differences among the four groups (all p < 0.01). Intergroup comparisons revealed that (i) groups 2, 3, and 4 had higher LVMI, E/Ea, cf-PWV, and UACR than group 1; (ii) groups 3 and 4 had higher cf-PWV than group 2; and (iii) group 4 had higher UACR than group 2, but lower ABI than groups 1 and 2. In addition, trend analyses revealed that LVMI, E/Ea, cf-PWV, and the proportion of UACR > 30 mg/g presented an increasing trend, while ABI presented a decreasing trend according to the number of MS components (all p for trend <0.01; Figure 1).


Table 2. Characteristics of cardiovascular assessment according to the number of metabolic disorders.
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FIGURE 1. Distributions of asymptomatic cardiovascular impairments according to the number of metabolic syndrome components. A UACR > 30 mg/g was used as the cutoff point for trend analysis because UACR had a skewed distribution. Trends for the mean or frequency among the groups were estimated using the ANOVA test or a linear-by-linear association.




Associations of Asymptomatic Cardiovascular Impairments With MS and Its Components

According to the definitions of cardiovascular impairment in this study, the number and prevalence of LVH, LV diastolic dysfunction, arteriosclerosis, atherosclerosis, and microalbuminuria were 404 (20.6%), 198 (10.1%), 184 (9.4%), 1,279 (65.3%), and 942 (48.1%). We next performed binary logistic regression analyses to examine the associations of various asymptomatic cardiovascular impairments with MS (Table 3). After adjustment for age (continuous variable), sex (categorical variable), smoking status (categorical variable), and family history of premature CVD (categorical variable), MS was significantly associated with LVH, LV diastolic dysfunction, arteriosclerosis, and microalbuminuria (all p < 0.001).


Table 3. Association of various asymptomatic cardiovascular impairments with MS.
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We also examined the associations of asymptomatic cardiovascular impairments with individual components of MS (Table 4). In model 1, MS components were separately identified as independent variables after adjustment for age (continuous variable), sex (categorical variable), serum creatinine (continuous variable), serum uric acid (continuous variable), smoking status (categorical variable), and family history of premature CVD (categorical variable). In this model, some individual MS components were associated with LVH, LV diastolic dysfunction, arteriosclerosis, and microalbuminuria. In model 2 (Figure 2), further adjustments were made for the other four MS components simultaneously (categorical variable). The results showed that (i) central obesity and high BP were associated with LVH (both p < 0.01); (ii) central obesity and high BP were associated with LV diastolic dysfunction (all p < 0.05); (iii) central obesity, high BP, and elevated PG were associated with arteriosclerosis (all p < 0.05); and (iv) central obesity, high BP, elevated PG, and high TG were associated with microalbuminuria (all p < 0.05).


Table 4. Association of asymptomatic cardiovascular impairments with individual components of MS.
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FIGURE 2. Association of asymptomatic cardiovascular impairments with individual components of metabolic syndrome. The ORs and 95% CI were calculated to estimate the associations of various cardiovascular impairments with individual components of MS using binary logistic regression models, adjusted for age, sex, smoking status, family history of premature CVD, and the other four MS components.




Associations of Asymptomatic Cardiovascular Impairments With MS Defined by Four Criteria

We next compared the differences in this association between various asymptomatic cardiovascular impairments and MS, which was defined using the following four criteria: NCEPIII (2005), IDF, CDS, and JCDCG criteria. Logistic regression analysis with no adjustment showed that MS defined according to all four definitions was significantly associated with LVH, LV diastolic dysfunction, arteriosclerosis, and microalbuminuria (all p < 0.01). After adjustment for age (continuous variable), sex (categorical variable), smoking status (categorical variable), and family history of premature CVD (categorical variable), the association of MS with the aforementioned four asymptomatic cardiovascular impairments persisted (all p < 0.01).




DISCUSSION

In the present study, we examined the associations of MS and its components with various asymptomatic cardiovascular impairments in an elderly Chinese population without a history of CVD. We simultaneously assessed cardiac, macro-, and micro-circulatory abnormalities in the same population. We found that (1) these structural and functional abnormalities presented increasing or decreasing trends according to the number of metabolic disorders present; (2) MS was associated with LVH, LV diastolic dysfunction, arteriosclerosis, and microalbuminuria after adjustment for age, sex, smoking status, and family history of premature CVD; and (3) individual MS components were correlated with asymptomatic cardiovascular impairments to varying degrees.

Previously, the Strong Heart Study, a longitudinal investigation conducted in American Indian communities, analyzed the impact of NCEP III-defined MS on cardiac structure and function in 1,436 nondiabetic participants without a history of CVD, and revealed a higher prevalence of LVH in participants with MS than in those without MS (30). After adjustment for age and sex, high BP and central obesity were identified as the only two MS components associated with changes in LV mass (30). Similarly, a population survey performed in Italy showed that participants with IDF-defined MS had a higher prevalence of LVH, reduced early-to-late diastolic function, and early impairment of diastolic function compared to those without MS (31). Among the five components of MS, WC and BP were more significantly associated with LV mass (31). In line with the above findings, in the present study, we found that high BP and central obesity were strongly linked to cardiac abnormality. It is well-known that a chronic increase in LV workload in hypertensive patients can result in LVH and LV diastolic dysfunction. On the other hand, according to collective mechanistic investigations, the heart of an obese individual is chronically overloaded with an elevation in cardiac output, even in the absence of hypertension (32, 33). Therefore, it is conceivable that central obesity is significantly linked to cardiac abnormality.

PWV has been shown to reflect arterial stiffness and is a useful marker of both the severity of macro-circulatory abnormality and the prognosis of CVD in elderly individuals (34, 35). Previous studies have also shown an association between increased PWV in individuals with MS (8, 36, 37). Although studies on both animals and humans have resulted in the position of several mechanisms underlying the relationship between metabolic disorders and arterial stiffness, it was unclear which metabolic disorders were associated with PWV. In the present study, we found that high BP and central obesity were associated with PWV. It is highly likely that elevated BP accelerates arterial stiffening because it forces endothelial and arterial smooth muscle cells to be chronically exposed to increased arterial wall distensibility (38). Nevertheless, the findings regarding the association between obesity and arterial stiffness were inconsistent, and the pathophysiological processes linking abdominal adiposity to arterial stiffness were still incompletely defined (39, 40).

In the present study, we found that high BP and central obesity were also associated with microalbuminuria, which is regarded as a marker of micro-circulatory abnormality (14). Previously, Lee et al. (41) conducted a population-based cross-sectional study in Korean adults to evaluate the association between MS and microalbuminuria and found that all of the MS components were associated with an increased risk of microalbuminuria after adjustment for covariates, with high BP having the strongest and low HDL-c having the weakest association in both sexes. The mechanism underpinning the association between high BP and microalbuminuria might be related to high BP-induced renal hemodynamic changes, resulting in increased glomerular filtration, reduced tubular reabsorption of albumin, and finally structural damage to glomeruli and arterioles (42). In the present study, we also found a correlation between central obesity and microalbuminuria, which was inconsistent with the findings from a study performed in Japan (9) and the NHANES III study (43). The discrepancy in the association between central obesity and microalbuminuria between these studies was probably due to the different populations selected for the respective studies.

We showed that hyperglycemia and high BP exhibited the strongest association with PWV, which was consistent with the findings of Chen et al. in southern China (8) and a population-based study performed in Korea (41). Hyperglycemia induces pathological alterations in vascular tissues at the cellular level, which potentially accelerates the atherosclerotic process (44). We also found that hyperglycemia was the strongest determinant of microalbuminuria, which was in agreement with previous findings (9, 43).

The present study identified relatively weaker associations of high TG with microalbuminuria, whereas low HDL-c was not associated with any cardiovascular impairment. Some studies have shown that lipid-lowering treatments such as statins failed to consistently and significantly reduce the risk of major cardiovascular events (45, 46). On the other hand, HDLs have been shown to form a heterogeneous class of lipoproteins that differ in protein and lipid composition, shape, size, and density (47, 48). Therefore, there is a possibility that the association of HDL with CVD may depend on the subclasses of HDLs. Unfortunately, in the present study, we did not analyze various HDL subclasses. This might explain why low HDL-c had no correlation with any cardiovascular impairment in the present study. Our previous study showed that in an elderly community sample, non-HDL-c and TC/HDL-c had a stronger association with macro- and micro-circulatory abnormalities compared with other lipid parameters (49). However, other studies reported that HDL-c was inversely associated with the LV structure and diastolic function (50, 51). These discrepant findings merit further clarification in the future.

In our study, atherosclerosis was defined as ABI <0.9 or the presence of plaques. We found no significant association between atherosclerosis and MS, which was inconsistent with the conclusions of other studies (52, 53). Pathologically, atherosclerosis is a chronic inflammatory response to the accumulation of lipid in the artery wall and causes intimal plaques in the arteries. Although its prevalence is also age-related, the major risk factor that promotes the development of atherosclerosis is a high level of cholesterol (54). According to the definition of MS, dyslipidemia was diagnosed in participants receiving statin treatment for lipid abnormality. When participants were categorized into four groups according to the number of metabolic disorders, we found that the proportion of lipid-lowering treatment showed significant differences among the four groups [0 (0.0%), 21 (4.1%), 61 (14.0), and 157 (33.3%), p < 0.01], but no differences in the proportion of plaque in the carotid artery were found among the four groups. We speculated that lipid-lowering treatments such as statins significantly reduce the risk of plaques in the arteries.

Asymptomatic cardiovascular impairment is currently regarded as an intermediate stage in the continuum of CVD and a strong determinant of total cardiovascular risk. The components of MS are related to each other and frequently appear as cluster features. A recent study in Korea showed that only high BP was significantly associated with asymptomatic cardiovascular impairment when the individual components of MS were considered (10). However, in the present study, we found that individual components of MS had different degrees of associations with asymptomatic cardiovascular impairments (Figure 3). Both high BP and central obesity were associated with all cardiovascular abnormalities, while hyperglycemia had a significant correlation with arterial stiffness and micro-circulatory abnormality. In addition, high TG was associated with micro-circulatory abnormality. We believe that identifying the association of individual MS components with cardiac, macro-, and micro- circulatory abnormalities is more important than the association of MS as a whole with cardiac, macro-, and micro-circulatory abnormalities for clinical practice. This information can help with screening and interventions for different levels of cardiovascular risk in participants with different metabolic disorders.


[image: Figure 3]
FIGURE 3. The possible effect of individual components of metabolic syndrome on asymptomatic cardiovascular impairments.


Although the definitions of major components of MS according to different criteria are similar, individual components of MS and their diagnostic threshold values are defined differently based on different criteria. For instance, BMI or WC is used for obesity definition and the cutoff values for FPG and HDL-c are different with different criteria. To eliminate the impacts of different definitions on MS, in the present study, we examined the associations between cardiovascular impairments and MS in our study population based on four criteria: NCEPIII 2005, IDF, CDS, and JCDCG. Interestingly, we found that MS was consistently significantly correlated with LVH, LV diastolic dysfunction, arteriosclerosis, and microalbuminuria with all four definitions we examined.

The limitations of this study should be acknowledged. First, this study was cross-sectional and hence a causal relationship between MS and cardiovascular impairments could not be identified. Second, the study population only represented a subset of the Chinese elderly population, and therefore, whether the findings obtained from this study can be generalized to other ethnicities and age groups need to be further interrogated. Third, this study did not examine the levels of 2 h post-load plasma glucose, which might affect the assessment of hyperglycemia for the definition of MS according to the CDS and JCDCG criteria. Fourth, unfortunately we did not assess retinopathy in participants using fundoscopy in the present study; thus, we were not able to evaluate the association between retinal micro-circulation and MS.



CONCLUSION

In the present study, we demonstrated an association between MS and various asymptomatic cardiovascular impairments in an elderly Chinese population. Moreover, individual MS components were associated with LVH, LV diastolic dysfunction, arteriosclerosis, and microalbuminuria to varying degrees. Given the limitations of this study, prospective studies with large cohorts are warranted in the future to further clarify the role of these metabolic disorders in the development of asymptomatic cardiovascular impairments.
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Objective: We aimed to assess the association of erectile dysfunction (ED) with the extent of coronary atherosclerosis, and to examine whether revascularization and medication use have an impact on ED status in patients with early onset of coronary artery disease (EOCAD).

Methods: International Index of Erectile Function (IIEF-5) was used to evaluate sexual function in 296 male patients with EOCAD (age, 39.9 ± 4.8 years), and 354 male controls (age, 40.6 ± 4.4 years). The extent of coronary atherosclerosis was measured by Gensini score. Endothelial function was evaluated by two vasomotor indexes including endothelin-1 (ET-1) and nitric oxide (NO) by ELISA.

Results: ED was more frequent (57.8 vs. 31.1%, P < 0.001) and serious (IIEF-5 score:17.7 ± 6.0 vs. 21.6 ± 5.0, P < 0.001) among EOCAD patients than that among controls. IIEF-5 score was negatively correlated with Gensini score (r = −0.383, P < 0.001). The adjusted odds ratio (OR) for the presence of ED (EOCAD vs. controls) was 1.88 [95% confidential interval (CI), 1.12-3.18]. However, ET-1 and NO attenuated the association between ED and EOCAD (adjusted OR: 1.54, 95% CI: 0.84-2.80). IIEF-5 score increased after coronary revascularization in patients not on beta-blockers (18.71 ± 4.84 vs. 17.59 ± 6.05, P < 0.001) as compared with baseline, while stayed unchanged in the subgroup using beta-blockers (17.82 ± 5.12 vs. 17.70 ± 5.98, P = 0.09).

Conclusions: ED was common in patients with EOCAD, and associated with the severity of coronary atherosclerosis. Endothelial dysfunction may be a pathophysiologic mechanism underlying both ED and EOCAD. Coronary revascularization confers a benefit in ED amelioration, while this effect did not appear in patients using beta-blocker.

Keywords: early onset of coronary artery disease, erectile dysfunction, revascularization, beta-blockers, Chinese males


INTRODUCTION

Coronary artery disease (CAD) is the most commonly diagnosed heart disease and the leading cause of death in adults, predominantly the elderly (1). The growing number of cases of early onset of coronary artery disease (EOCAD) over the past decades has raised major concern, especially in developing countries such as China, where CAD-related morbidity and mortality continue to rise despite notable advances in diagnostic and treatment capabilities (2). Depression and unhealthy lifestyles possibly play crucial roles in EOCAD, which is associated with increased risk of heart failure, cardiac death, impaired quality of life, and reduced work capacity with their socioeconomic consequences (3). Although adults aged ≤ 45years tend to be more sexually active, erectile dysfunction (ED), defined as persistent inability to achieve and maintain an erection sufficient to provide adequate sexual activity (4), is now increasingly common and an important cause of poor quality of life and psychosocial morbidity in this population (5, 6). Nonetheless, little is known about the prevalence of ED in patients with EOCAD, and coronary atherosclerotic burden has not been previously linked to ED severity. The present study therefore tested the hypotheses that the prevalence of ED is higher in patients with EOCAD as compared with the age-matched control group and the severity of ED is associated with the extent of coronary atherosclerosis. We further examined whether revascularization and beta-blockers have an impact on ED symptoms in EOCAD patients.



METHODS

Study subjects consisted of individuals enrolled in the prospective, multicenter, observational GRAND (Genetics and clinical characteristics in coRonary Artery disease in ChiNese young aDults) study. A total of 296 male cases with CAD aged 18-45 years, and 354 age-matched male controls were enrolled in the present study. Patients with EOCAD had a minimum of one major epicardial coronary artery (left anterior descending artery, left circumflex artery, or right coronary artery) with ≥50% stenosis documented by coronary angiography (CAG), and underwent coronary revascularization. Controls did not meet the latter CAG criteria. Patients and controls unwilling to answer the International Index of Erectile Function (IIEF-5) questionnaire (7, 8) were excluded. The investigation conformed to the principles outlined in the Declaration of Helsinki. All subjects provided informed consent, and the study protocol was approved by the ethical committee of the Zhongshan Hospital.

Clinical data were derived from the electronic medical records (EMR) of hospitalized patients. Each patient completed a detailed questionnaire on lifestyle and medical history before CAG. Risk factors analyzed included age, sex, body mass index (BMI), obesity, smoking, drinking, hypertension, hyperlipidemia, atrial fibrillation, and diabetes mellitus. Laboratory data were collected upon admission to the hospital, including hemoglobin, neutrophil to lymphocyte ratio (NLR), red cell distribution width (RDW), platelet distribution width (PDW), alanine transaminase (ALT), serum creatinine (Crea), estimated glomerular filtration rate (eGFR) calculated by the abbreviated MDRD equation, uric acid (UA), C reative protein (CRP), glycosylated hemoglobin (HbA1c), total cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), apolipoprotein A1 (Apo A1), apolipoprotein B (Apo B), apolipoprotein E (Apo E). Left ventricular end-systolic dimension (LVESD), left ventricular end-diastolic dimension (LVEDD), and left ventricular ejection fraction (LVEF), and other parameters, were assessed by transthoracic echocardiography using the Teichholz method prior to CAG.

Peripheral venous blood (2 ml) was collected from all enrolled subjects before angiography. The serum samples were stored at −80°C until analysis. Serum levels of endothelin-1 (ET-1) and nitric oxide (NO) was detected by the ELISA method using endothelin-1 quantikine ELISA kit (R&D Systems Inc., Minneapolis, USA) and total nitric oxide and nitrate/nitrite parameter assay kit (R&D Systems Inc., Minneapolis, USA) respectively.

Medications, including beta-blockers, aspirin, clopidogrel, statins, diuretics, angiotensin-converting enzyme inhibitors (ACEI), angiotensin receptor blocker (ARB), calcium channel blockers (CCB), nitrates, oral hypoglycemic, and insulin, were evaluated through reviewing EMRs and by personal interviews before CAG and after discharge.

CAG analysis was performed by the cardiologist who was unaware of the patient's condition of ED. The lesions were analyzed in multiple projections. Gensini score was calculated to assess the coronary atherosclerotic severity. Each coronary stenosis was assigned a score according to the degree of luminal narrowing (stenosis of 25, 50, 75, 90, 99%, and complete occlusion were assigned a Gensini score of 1, 2, 4, 8, 16, and 32, respectively). The score was then multiplied by the coefficient according to the functional importance of the myocardial area supplied by that segment (9).

Erectile function was evaluated by using IIEF-5, which is an internationally validated self-administered assessment designed to quantitatively evaluate the patient's erectile function through a five-item short-form questionnaire (7, 8). The sum score ranges from 5 to 25 points with lower values corresponding to decreased erectile function. The severity of ED was classified into five levels based on the scores: severe (5–7), moderate (8–11), mild to moderate (12–16), mild (17–21), and no ED (22–25) (7, 8). Each subject was followed by telephone interview and the IIEF-5 questionnaire was reassessed at the 1-year follow-up timepoint.

Data are presented as mean ± standard deviation (SD) for continuous variables and percentage (%) for categorical variables. Continuous variables were compared between cases and controls using t-test. Categorical variables were compared using the chi-square test. The Pearson correlation coefficient was used to indicate correlations between quantitative variables. The independent association between ED status and the occurrence of EOCAD was determined by using a multivariable logistic regression model. The odds ratio (OR) and 95% confidence interval (CI) were calculated. Covariates were identified if the P-value was < 0.1 in univariate analyses. Changes in IIEF-5 score after coronary revascularization were analyzed by linear mixed-effects models after adjustment for the identified covariates. Hypothesis testing was two-tailed and a P-value < 0.05 was considered statistically significant. All the statistical analyses were performed using R version 3.5.1 (https://www.r-project.org/).



RESULTS


Baseline Characteristics

The baseline characteristics of the 296 patients with EOCAD and 354 control subjects are provided in Table 1. Patients and controls were well-matched for age (mean of ~40 years for both) and had similar distributions of history of hypertension, diabetes mellitus, atrial fibrillation, values of echocardiographic parameters (including LVEF, LVESD, and LVEDD), and hemoglobin level, RDW, PDW, ALT, Creatine, eGFR, and CRP. However, the proportions of individuals with smoking and (or) drinking habits or hyperlipidemia, and the levels of BMI, NLR, UA, HbA1c, TC, TG, LDL-C, ApoB, non-HDLC, and the ratio of TG/HDL-C were considerably higher in the EOCAD group, while the levels of HDL-C and ApoA1 were lower as compared with controls (Table 1).


Table 1. Baseline clinical characteristics of EOCAD patients and controls.
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In addition, current and cumulative use of medications (aspirin, beta-blockers, statins, diuretics, ACEI, ARB, CCB, nitrates, oral hypoglycemic, and insulin) were similarly distributed between groups (P > 0.05, Table 1).



Prevalence of ED

ED was more common among patients with EOCAD than controls (57.8 vs. 31.1%, P < 0.001) (Table 2). Besides, the prevalence of ED of different degrees was higher in EOCAD subjects than controls (Table 2). The average IIEF-5 score was significantly lower in patients with EOCAD vs. controls (17.7 ± 6.0 vs. 21.6 ± 5.0, P < 0.001), suggesting more serious ED conditions in the EOCAD group comparing with controls (Table 2).


Table 2. Baseline erectile function evaluated by IIEF5 in EOCAD patients and controls.
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Relationship Between Severity of Coronary Artery Atherosclerosis and ED

The mean of Gensini score, indicative of coronary artery atherosclerosis of varying severity, was higher in the EOCAD group vs. controls (82.4 ± 54.8 vs. 1.7 ± 2.6, P < 0.001). The Gensini score increased from the normal erectile function group to the severe ED group with means ± SDs of 48.87 ± 30.19 in the normal erectile function group, 81.18 ± 38.06 in the mild ED group, 79.80 ± 41.79 in the mild to moderate ED group, 135.20 ± 43.11 in the moderate ED group, and 179.00 ± 69.84 in the severe ED group (Ptrend < 0.001, Figure 1).


[image: Figure 1]
FIGURE 1. Gensini score among different groups of varying ED severity.




Logistic Regression Models for Prediction of ED

In univariate analysis, BMI, smoking, alcohol use, levels of UA, HbA1c, TG, HDL, ApoA, ApoE, non-HDL-C and TG/HDL, presence of EOCAD, and Gensini score were significantly associated with ED. In logistic regression analysis, adjusted OR for the presence of ED (EOCADs vs. controls) was 1.88 [95% confidence interval (CI), 1.12-3.18]. Other independent predictors for ED were BMI (OR: 1.17, 95%CI: 1.08-1.28), UA level (OR: 1.97, 95%CI: 1.64-2.39, per 58.94 umol/L increment), current smoking (OR: 10.48, 95%CI: 5.45-20.91), and ever smoking (OR: 2.11, 95%CI: 1.20-3.73) (Table 3). Interestingly, we further introduced vasoconstrictor index (ET-1) and vasodilator index (NO) into the multiple logistic regression model, and found that they attenuated the association between ED and EOCAD (OR: 1.54, 95% CI: 0.84-2.80), but did not materially affect the relationships of ED with other risk factors (Table 3). To understand this mediation effect, we next assessed the associations of ET-1 and NO with IIEF-5 and Gensini score, and expectedly found that these two vasomotor indexes were significantly correlated with IIEF-5 (r = −0.55 for ET-1, and r = 0.46 for NO, both P < 0.001) and Gensini score (r = −0.53 for ET-1, and r = 0.42 for NO, both P < 0.001) (Supplementary Figure 1).


Table 3. Associations between ED and risk factors by univariable analysis and multivariable logistic regression.
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Improvement of ED After Coronary Revascularization and the Impact of Beta-Blockers

Among EOCAD patients, IIEF-5 score significantly elevated 1 year after coronary revascularization relative to baseline (18.24 ± 5.00 vs. 17.65 ± 6.00, P < 0.001; Figure 2). Patients were further divided into subgroups according to the use of beta-blockers, with 157 patients (53.0%) receiving beta-blockers after coronary revascularization. Use of other medications (aspirin, clopidogrel, statins, diuretics, ACEI, ARB, CCB, nitrates, oral hypoglycemic and insulin) was similarly distributed between groups on or not on beta-blockers after discharge (Supplementary Table 1). In this subgroup analysis, the IIEF-5 scores after revascularization significantly increased in patients not on beta-blockers (18.71 ± 4.84 vs. 17.59 ± 6.05, P < 0.001), while stayed unchanged in patients on beta-blockers (17.82 ± 5.12 vs. 17.70 ± 5.98, P = 0.09) as compared with those at baseline (Figure 2).


[image: Figure 2]
FIGURE 2. Changes in IIEF-5 Score in patients with or without beta blocker use. Mean change in IIEF-5 in patients on beta blockers (157, 53.0%) was 0.12, P = 0.09; mean change in IIEF-5 in patients not on beta blockers (139, 47.0%) was 1.11, P < 0.001. P-values were estimated from the linear mixed-effects models after adjustment for BMI, smoking, alcohol use, UA, CRP, HbA1c, Apo-A, Apo-E, the TG and HDL-C ratio, and the history of diabetes mellitus and atrial fibrillation. ANOVA P < 0.001 for the comparison between patients with or without beta blocker use, adjusted for BMI, smoking, alcohol use, UA, CRP, HbA1c, Apo-A, Apo-E, the TG and HDL-C ratio, and the history of diabetes mellitus and atrial fibrillation.





DISCUSSION

In the present study, we found ED was more prevalent in EOCAD patients than that in controls. While two vasomotor indexes (i.e., ET-1 and NO) attenuated the association between ED and EOCAD. Among EOCAD patients, we found the IIEF-5 score elevated 1 year after coronary revascularization. Of note, this beneficial effect of revascularization did not appear in patients using beta-blockers.

ED is considered to affect a large number of men (10). However, the accurate incidence and prevalence of ED are uncertain because of considerable limitations when conducting epidemiological studies of sexual function. The diagnosis of ED is mainly based on a questionnaire and therefore subjective, and because it is not life-threatening, individuals who suffer it tend not to seek treatment. Studies have estimated that ED incidence ranges from 31.7 to 80% in different age groups (11, 12), and ED prevalence ranges from 12.9 to 52% in different populations (13–16). The Massachusetts male aging study (MMAS) was the first population study to show that the prevalence of ED was 52% in men aged 40–70 years (13). In young males, ED is a particularly important issue because they are sexually active. The National Health of Social Life Survey (NHSLS) showed an ED prevalence of 50% in men aged 18-59 years (14). The incidence of ED in young males is underestimated, and ED has become increasingly common because of the increased stress, anxiety, depression, and sympathetic tone in modern society (6). In this study, the prevalence of ED in young controls aged ≤ 45 years without CAD was 31.1%, which was similar to that reported previously in the general population for that age group.

During the last two decades, somatic factors, especially atherosclerotic lesions, have been recognized to play a major role in the development of ED. The landmark MMAS (13) and other recent studies (17–19) have raised awareness of the significant association between cardiovascular disease and the occurrence of ED and its severity in a general population of men. Secondary to systemic atherosclerosis and concomitant endothelial dysfunction, which can restrict blood flow to the corpus cavernosum during erection, the prevalence of sexual dysfunction is higher in patients with cardiovascular disease as compared with the general population. Likewise, the prevalence of sexual dysfunction in this study is higher in EOCAD patients compared with controls. Furthermore, the severity of ED is significantly related to the extent of coronary lesion severity and atherosclerotic burden revealed by the Gensini score.

Both cardiovascular disease and ED share common causal factors, such as older age, cigarette smoking, lack of exercise, hypertension, obesity, diabetes mellitus, dyslipidemia, hyperuricemia, and metabolic syndrome (20), all of which might lead to systemic atherosclerosis and concomitant impairment of the endothelial function (21). In response to humoral, neural, and mechanical stimuli, the vascular endothelium releases a variety of factors including NO and ET-1 to regulate the contractile and relaxatory homeostasis. Imbalance in the production of vasodilator and vasoconstrictor agents may contribute to the onset of endothelial dysfunction (22). Endothelial-derived NO plays a crucial role in the physiology of erection, including initiating and maintaining intracavernous pressure increase, penile vasodilatation, and penile erection that are dependent on activation of guanylate cyclase and the subsequent production of cGMP by NO in smooth muscle cells (23, 24). Therefore, incidence and severity of the endothelial dysfunction, which is also one of the earliest landmarks in the development of atherosclerotic lesions and a predictor of cardiovascular outcome, maybe a pathophysiologic mechanism underlying both ED and CVD, forming a unifying link between these two conditions (25). In clinical practice, ED might even be considered as an early clinical manifestation of endothelial dysfunction and a harbinger of undesirable cardiovascular events, especially in the young male (26). In our current study, the association of EOCAD with ED is dependent on endothelial dysfunction. EOCAD was an independent predictor of ED only in the multivariate model without the adjustment of endothelial dysfunction, while not when parameters of ED were included. It indicated that endothelial dysfunction may be an underlying common cause of EOCAD and ED.

Of note, a few studies have suggested that low levels of testosterone were associated with the development and severity of EOCAD in males (27). Such an association could not be explored in the present cohort because of the lack of data on testosterone levels and warrants further investigation.

Another possible explanation for ED in EOCAD patients may be the fear or anxiety of developing coital angina during sexual activity, particularly at orgasm, during which the maximal energy expenditure occurs, and oxygen uptake reaches its peak. Hence, sexual activity can trigger coital angina via dynamic and transient increased myocardial oxygen demand secondary to an increase in heart rate, blood pressure, and the effects of arousal (28). Because revascularization helps to improve myocardial blood flow and the tolerance for maximal energy expenditure, it may eliminate coital angina and thereby improve erectile function. In this study, IIEF-5 score was significantly increased after coronary revascularization, indicating the amelioration of ED symptoms.

Previous studies indicated that beta-blockers may cause ED (29). The potential mechanisms underlying the impact of beta-blockers on sexual function may include inhibition of the sympathetic nervous system, which is involved in the integration of erection, emission and ejaculation, impairment of vasodilation of the corpora cavernosa, effects on luteinizing hormone and testosterone secretion and a tendency to produce sedation or depression (30). However, beta-blockers are the first-line agent for angina pectoris and also preferably used in young patients with hypertension due to the predominant increase in sympathetic nerve activity in this population. In the present study, beta-blockers adversely affected ED improvement conferred by coronary revascularization. Their apparent disadvantageous effects on erectile function and quality of life for the young, calls for into question considering beta-blockers as the first-line option after coronary revascularization in the EOCAD patients with ED.



LIMITATIONS

Interpretation and generalizability of the findings presented are limited by the observational, single-center design of this study in a Chinese population of men. Larger, multicenter studies with greater ethnic diversity are warranted to validate the findings presented. In addition, we did not measure the testosterone level, which may be a confounder for the association between ED and EOCAD.



CONCLUSIONS

In our study, we revealed that ED cannot be neglected in young men with active sexual desire, with an especially higher prevalence in EOCAD patients. Endothelial dysfunction may be a pathophysiologic mechanism underlying both ED and EOCAD. Coronary revascularization appeared beneficial to the improvement of ED, while this improvement did not appear in patients using beta-blockers. Beta-blockers for antianginal therapy after revascularization should be used with extra caution after fully informing the patients who have EOCAD and ED.
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SCN10A/NaV1.8 may be associated with a lower risk of ventricular fibrillation in the setting of acute myocardial infarction (AMI), but if and by which mechanism NaV1.8 impacts on ventricular electrophysiology is still a matter of debate. The purpose of this study was to elucidate the contribution of NaV1.8 in ganglionated plexi (GP) to ventricular arrhythmias in the AMI model. Twenty beagles were randomized to either the A-803467 group (n = 10) or the control group (n = 10). NaV1.8 blocker (A-803467, 1 μmol/0.5 mL per GP) or DMSO (0.5 mL per GP) was injected into four major GPs. Ventricular effective refractory period, APD90, ventricular fibrillation threshold, and the incidence of ventricular arrhythmias were measured 1 h after left anterior descending coronary artery occlusion. A-803467 significantly shortened ventricular effective refractory period, APD90, and ventricular fibrillation threshold compared to control. In the A-803467 group, the incidence of ventricular arrhythmias was significantly higher compared to control. A-803467 suppressed the slowing of heart rate response to high-frequency electrical stimulation of the anterior right GP, suggesting that A-803467 could inhibit GP activity. SCN10A/NaV1.8 was readily detected in GPs, but was not validated in ventricles by quantitative RT-PCR, western blot and immunohistochemistry. While SCN10A/NaV1.8 is detectible in canine GPs but not in ventricles, blockade of NaV1.8 in GP increases the incidence of ventricular arrhythmias in AMI hearts. Our study shows for the first time an influence of SCN10A/NaV1.8 on the regulation of ventricular arrhythmogenesis via modulating GP activity in the AMI model.

Keywords: SCN10A, cardiac ganglionated plexi, ventricular arrhythmia, acute myocardial infarction, sodium channel


INTRODUCTION

Acute myocardial infarction (AMI) always results in electrical instability and fatal ventricular arrhythmias which leads to sudden cardiac death. Ventricular fibrillation (VF) is one of the most common acute ventricular arrhythmias during AMI, which is associated with autonomic imbalance (1). The cardiac autonomic nervous system involves of both the intrinsic and extrinsic components. The intrinsic cardiac autonomic nervous system (ICANS) is a complex neural network formed by interconnecting nerves and ganglionated plexi (GP) concentrated in epicardial fat pads (2).

SCN10A encodes the alpha subunit of NaV1.8. NaV1.8 is a tetrodotoxin-resistant sodium channel and most highly expressed in dorsal root ganglia, which is reported to function in the transmission of pain signals (3). Recently, NaV1.8 has been identified in intrinsic cardiac nerve fibers and the cardiac GP (4–6). Several studies have shown that SCN10A/NaV1.8 is associated with myocardial repolarization and cardiac conduction, as well as atrial fibrillation (AF) and VF (7, 8). Data from Chambers et al. indicated that a common variant in SCN10A is associated with a lower risk of VF during AMI (7). However, if and by which mechanism SCN10A/NaV1.8 impacts on cardiac electrophysiology is still a matter of debate.

Inhibition of NaV1.8 by the blocker A-803467 has been reported to decrease late INa and shorten APD in mouse and rabbit cardiomyocytes (9), whereas the absence of functional NaV1.8 has been described in non-diseased atrial and ventricular cardiomyocytes (6, 10). We and others have shown that NaV1.8 plays a critical role in cardiac conduction via modulation of AP firing in intracardiac neurons (4, 6, 11). In the present study, we investigated the functional relevance of NaV1.8 in cardiac GP, focusing on the contribution of NaV1.8 to ventricular electrophysiology and ventricular arrhythmias in the AMI model.



MATERIALS AND METHODS


Surgical Preparation and Experimental Design

The animal protocol used for this study was reviewed and approved by the Institutional Animal Care and Use Committee of Zhongshan Hospital, Fudan University, and conformed to the Guide for the Care and Use of Laboratory Animals by the US National Institutes of Health (Publication No. 85-23, revised 1996). Twenty male beagles weighting 12 to 15 kg were anesthetized by administrating an intramuscular injection of xylazine (2.2 mg/kg) and ketamine (30 mg/kg), and maintained by 1–2% isoflurane/O2. All measures were taken to minimize suffering. All animals were euthanized with a lethal dose of pentobarbital at the end of the experiments (100 mg/Kg, IV).

Twenty beagles were randomized to either the A-803467 group (n = 10) or the control group (n = 10). A-803467 (TargetMol, T2024) was dissolved in DMSO. The study protocol is shown in Figure 1A. Both right and left thoracotomies were performed at the fourth intercostal space, and the pericardium was opened. A-803467 (1 μmol/0.5 mL at each GP) or DMSO (0.5 mL at each GP, control) was injected into four major GPs within four epicardial fat pads: the superior left GP, the anterior right GP (ARGP), the inferior left GP, and the inferior right GP (Figures 1B,C). High frequency electrical stimulation (HFS, 0.1 ms duration, 20 Hz, square waves) was applied by a bipolar electrode probe (AtriCure, West Chester, Ohio, USA) to identify the cardiac GP. And the response was a progressive slowing of heart rate (HR) or atrioventricular conduction.


[image: Figure 1]
FIGURE 1. Schematic representation of the study protocol (A) and catheter positions in the right (B) and left (C) ventricular free walls. (D) Surface electrocardiograms and local cardiac electrograms recording after left anterior descending coronary artery occlusion.




Electrophysiological Study Protocol

Two multi-electrode catheters (Capsure Epi, Medtronic, Minneapolis, MN, USA) were sutured on the left and right ventricular free walls to perform ventricular pacing with twice the diastolic pacing threshold (Figures 1B,C). Electrocardiographic and intracardiac electrograms were recorded on a Bard Computerized Electrophysiology system (Figure 1D, CR Bard Inc., Bard, Billerica, Massachusetts, USA) and were filtered and amplified from 0.05 to 500 Hz.

Ventricular pacing was performed at a cycle length of 300 ms (S1-S1). Ventricular effective refractory period (VERP) was started at 250 ms and repeated with progressively shorter S1-S2 intervals until the ventricular capture failed (S1:S2 = 8:1). VERP was defined as the longest coupling interval that did not capture the ventricle.

The monophasic action potential (MAP) was recorded by a catheter (Foehr Medical Instruments GMBH, Seeheim, Germany) at the left ventricle during atrial pacing with a custom-made Ag-AgCl electrode sutured on the right atrial appendage (BCL = 340 ms). The 90% of action potential duration (APD90) was defined as MAP measured at 90% repolarization.

In order to verify whether the action of A-803467 was mediated by regulating GP function, we examined GP activity at 10 min after A-803467 or DMSO injection into the ARGP. HFS (square waves, 0.1 ms duration, 20 Hz) was applied to the ARGP with increasing voltages, and voltage-HR response curves were constructed. Changes of HR response to ARGP stimulation at different voltages were used as the surrogate marker for GP activity (12).



AMI Protocol and Ventricular Arrhythmias

As the largest action of A-803467 was observed at 35 min after local injection (13), which lasted at least 90 min, we occluded left anterior descending coronary artery (LAD) at 35 min after drug injection. LAD was occluded by using 3.0 silk suture positioned at approximately half of the distance from the apex. Then the incidence of ventricular arrhythmias including ventricular tachycardia (VT), ventricular premature contraction (VPC), and VF were recorded during 1 h after LAD occlusion.

Ventricular fibrillation threshold (VFT) was determined with right ventricular pacing at 1 h after LAD occlusion. S1-S1 (100 ms) was applied at the end of a 20-beat drive train with a pacing cycle length of 300ms. VFT was determined by progressively increase of pacing current in 2V steps. The minimum voltage required producing sustained VF was defined as VFT. Hearts were defibrillated with direct-current cardioversion.



Quantitative Real-time Polymerase Chain Reaction

Cardiac GPs, atria and ventricles were snap frozen in liquid N2, and stored at −80°C until ready for quantitative real-time polymerase chain reaction (qPCR) and western blot analysis. Total RNA was isolated with RNeasy Mini Kit (74104, Qiagen) and was digested with DNase I (79254, Qiagen) according to manufacturer’s instructions. cDNA was synthesized using the iScript cDNA Synthesis Kit (170-8891, Bio-Rad). Sequences of the primers are as follows: SCN10A, forward, 5′- CACCAGCTTTGATTCCTTTGC-3′ and reverse: 5′-ATTTTCCCAGATGCCCTCAG-3′ and β-actin, forward, 5′-TCCACGAGACCACTTTCAAC-3′ and reverse: 5′-TTTCCTTCTGCATCCTGTCG-3′. qPCR was performed on a 7500 Fast Real-Time PCR system (ABI, UK) with the SYBR Green PCR kit (Takara), and β-actin was used as an internal control. Each sample was analyzed in triplicate.



Western Blot Analysis

Samples were lysed with RIPA buffer (Beyotime, China) and the concentration of protein was assayed using a BCA Protein Assay Kit (Sigma-Aldrich, St. Louis, MO, USA). A total of 10 μg of protein was separated on SDS-PAGE (10 %) at 80 V for 1.5 h, and transferred onto PVDF membranes (Bio-Rad, USA) at 300 mA for 1.5 h. The following primary antibodies: NaV1.8 (1:500, ab114110, Abcam) and β-actin (1:5000, ab8227, Abcam, Cambridge, UK) were used to incubate the blots at 37 °C for 2 h with gentle shaking. Afterwards, the secondary antibody Goat Anti-Rabbit IgG H&L (HRP) (1:5000; ab205718, Abcam, Cambridge, UK) was used to incubate the blots for 1 h at room temperature. The band density was analyzed using a gel imaging system and compared with an internal control.



Immunohistochemistry

Cardiac GPs, atria and ventricles were fixed with 10% formalin and embedded in paraffin. Then, 5-μm-thick tissues were serially cut from paraffin blocks and mounted onto glass slides coated with 1% (W/V) gelatin solution. After antigen retrieval, the tissue sections were incubated with primary antibodies against NaV1.8 α subunit (1:20, ab114110, Abcam, Cambridge, UK) at 4°C overnight. After washing three times with PBS, the sections were then incubated with the secondary antibody (HRP labeled goat anti rabbit, 1:200, ab205718, Abcam, Cambridge, UK) expression were detected using DAB (brown) staining.



Ischemic Size Determination

The left auricular appendage was cannulated. Evans blue solution (200 mL, 2% in physiological saline) was infused into the left atrium, left ventricle, aorta and coronary artery, which resulted in a dark blue staining of the non-ischemic area. The heart was rapidly excised, and the atria and right ventricular free wall was removed. Both the non-trained ischemic areas and the blue-stained normal areas of the left ventricular free wall and of the septum were weighed separately. The mass of the ischemic tissue was expressed as fraction of the left, or septal ventricular tissue mass.



Statistical Analysis

Data are shown as mean ± SEM. The repeated measures analysis of variance (ANOVA) was used to compare the mean of VERP, APD90, and the slowing of HR with increasing voltage between the A-803467 group and the control group. The Mann-Whitney U test was used to compare the maximal percent change of HR. The independent-samples t-test was used to compare the mean of VPC, the duration of VT, VFT, and infarct size between two groups. Incidence of VF was compared between the A-803467 group and the control group using Fisher’s exact test. GraphPad Prism software version 6.0 (GraphPad Software, La Jolla, California) was used for statistical analysis, and P < 0.05 was considered statistically significant.




RESULTS


Effect of Blocking NaV1.8 on Ventricular Electrophysiology

Change of repolarization and refractoriness contributes greatly to proarrhythmic substrate. Both left ventricular effective refractory period (LVERP) and right ventricular effective refractory period (RVERP) were significantly shorter in the A-803467 group compared to control at 1 h after LAD occlusion (Figures 2A,B). A-803467 injection in cardiac GP significantly shortened ventricular APD90 at 1 h after LAD occlusion compared to control (P < 0.05, Figure 2C). For comparison between groups, VFTs were significantly shorter in the A-803467 group compared to control (P < 0.05, Figure 2D). A-803467 injection in cardiac GP shortened VERP, ventricular APD90, and decreased VFT in AMI hearts, demonstrating that blocking NaV1.8 in GP distant from the ventricles can influence ventricular electrophysiological properties.


[image: Figure 2]
FIGURE 2. Effects of A-803467 on Ventricular electrophysiology in the both two groups. (A) The left ventricular effective refractory period (LVERP) was decreased in the A-803467 group compared to control. (B) The right ventricular effective refractory period (RVERP) was decreased in the A-803467 group compared to control. (C) A-803467 significantly shortened 90% of action potential duration (APD90) at 1 h after LAD occlusion. (D) The ventricular fibrillation threshold (VFT) was significantly shorter in the A-80467 group compared to control. *P < 0.05 vs. Control group.




Effect of Blocking NaV1.8 on Ventricular Arrhythmias

An increase in susceptibility to ventricular arrhythmia was observed during 1 h after LAD occlusion in the A-803467 group compared to control. Examples of VF, VT, and VPCs ECG tracings (lead II) were shown in Figures 3A,B. As shown in Figure 3C, the number of VPC was significantly increased in the A-803467 group compared to control (P <0.05). The mean duration of VT in the A-803467 group was longer compared to control (P <0.05, Figure 3D). VF occurred in only 30% (3/10) of dogs in the control group, but 90% (9/10) of dogs in the A-803467 group experienced VF during AMI (P < 0.05, Figure 3E).


[image: Figure 3]
FIGURE 3. The occurrence of ventricular arrhythmias during 1 h after LAD occlusion. Representative examples of the ventricular premature contraction (VPC), ventricular tachycardia (VT), and ventricular fibrillation (VF) ECG tracings (lead II) in the Control group (A) and the A-803467 group (B). (C) VPCs were markedly increased in the A-803467 group after LAD occlusion compared to Control. (D) The mean duration of VT was longer in the A-803467 group after LAD occlusion compared to Control. (E) Percentage of dogs with VF was apparently increased in the A-803467 group after LAD occlusion compared to Control. *P < 0.05 vs. Control group.




Effect of Blocking NaV1.8 on GP Activity

A progressive slowing of HR was induced by HFS to the ARGP under incremental voltage levels. The maximal percent change in HR was decreased by 50.1 ± 1.3% compared to baseline in the control group, which was significantly higher compared with the A-803467 group (P < 0.05). HR decreased linearly with incremental stimulation voltage in the control group, whereas HR remained relatively flat after A-803467 injection. The treatment group by voltage interaction was significant, demonstrating that HR change with incremental voltage is different between the A-803467 and control group (P < 0.001, Figure 4). The results suggested that A-803467 could inhibit the activation of the neural elements within the GP.


[image: Figure 4]
FIGURE 4. Effects of A-803467 on the ganglionated plexi activity at 10 min after local injection into the anterior right ganglionated plexi. The trend in the heart rate change with increasing stimulation voltage was significantly different between the A-803467 group and the control group.




Presence of scn10a/NaV1.8 in Cardiac GPs and the Myocardium

NaV1.8 protein expression in canine GPs and the myocardium was detected by western blot analysis and immunohistochemistry staining (Figures 5A,B). The results confirmed the presence of NaV1.8 proteins in canine GPs but rarely expression in atria and ventricles. We also examined the relative abundance of scn10a transcripts in canine GPs and the myocardium by qPCR (Figure 5C). Scn10a transcripts were readily detected in both SLGP and ARGP but were not detected in atria and ventricles.


[image: Figure 5]
FIGURE 5. Scn10a/NaV1.8 expression in canine GPs and the myocardium. (A) Typical western blots for NaV1.8, n = 4. (B) Typical immunohistochemistry-stained sections for NaV1.8, scale bar = 20 μm, n = 4. The results confirmed the presence of NaV1.8 proteins in canine GPs but rarely expression in atria and ventricles. (C) Scn10a transcripts were readily detected in both superior left ganglionated plexi (SLGP) and anterior right ganglionated plexi (ARGP) but were not detected in right atrium (RA), left atrium (LA), left ventricle (LV), and right ventricle (RV) by qPCR. n = 4. Dorsal root ganglia (DRG) was used as the positive control and the liver was used as the negative control.




Size of the Ischemic Area

A well-defined borderline was present between the ischemic zone and the non-ischemic cardiac tissue. Table 1 summarized the left ventricle and septum myocardial mass of the ischemic area in the two groups. There was no significant difference between the two groups.


Table 1. Percentage of ischemic myocardial mass (%).

[image: Table 1]




DISCUSSION

The present study demonstrated for the first time that blocking NaV1.8 in cardiac GPs promotes occurrences of ventricular arrhythmias including VPCs, VT and spontaneous VF in the AMI model. Blockade of NaV1.8 shortened VERP, ventricular APD90, and decreased VFT during AMI. These effects may be mediated by inhibiting cardiac GP activity, as evidenced by the attenuation of the slowing of HR response to GP stimulation.

Of note, SCN10A/NaV1.8 was readily detected in canine GPs, but was not validated in canine ventricles by qPCR and western blot. Immunohistochemistry on canine tissue sections showed NaV1.8 labeling in cardiac GP (4), and A-803467 significantly reduced action potential firing frequency in GP neurons but did not affect cardio-myocyte action potential upstroke velocity (6). Low to absent expression levels of scn10a were observed in rabbit ventricular tissue, human atrial tissue and hiPSC-CMs (10). It has been reported that NaV1.8 is up-regulated in the human hypertrophied myocardium and the failing human myocardium, suggesting that inhibition of NaV1.8 could be an antiarrhythmic therapeutic target (14, 15). However, they made no attempt to identify the presence of NaV1.8 in intracardiac neurons or study their effects. We previously reported that blockade of NaV1.8 by A-803467 suppresses AF inducibility and cardiac conduction during vagus nerve stimulation, most likely through inhibiting GP activity (11). In order to localize the effects on cardiac GPs and minimize its systemic action on the myocardium, we intentionally injected A-803467 into cardiac GPs. In the present study, A-803467 can shorten APD90 and VERP, which accompanied by increasing incidences of VF and VT during myocardial ischemia. We have shown that inhibition of NaV1.8 channels increase the incidence of ventricular arrhythmias in AMI hearts through modulating GP activity.

The cardiac GP exerts a significant role in the initiation and maintenance of AF, and radiofrequency GP ablation is demonstrated to improve the success rate of AF ablation (16). The cardiac cholinergic neurons could also modulate ventricular electrophysiology. Pharmacological blockade or mechanical disruption of parasympathetic innervation decreased ventricular cAMP levels, shortened VERP, and increased the incidence of ventricular arrhythmias (17). He et al. reported that VF was significantly facilitated and ventricular arrhythmia incidence was significantly increased after GP ablation in AMI dogs (18). The present study also showed that suppression of GP activity may result in an imbalanced modulation of the heart, which may promote the genesis of ventricular arrhythmias during myocardial ischemia.

A study by Yu et al. showed that inhibition of NaV1.8 attenuated ischemia-induced ventricular arrhythmia by suppressing left stellate ganglion activity (19). At first glance, our finding may appear inconsistent with Yu’s study; it is not. The cardiac GP contains entities representing both parasympathetic and sympathetic neurons, while a majority of GP neurons has been found to be parasympathetic (20). GP activation by HFS can evoke negative chronotropic effects and affect ventricular repolarization properties (18), and GP ablation can significantly decrease the ERP of the ventricular myocardium (21). Blocking NaV1.8 in left stellate ganglion could decrease sympathetic activity and attenuate ischemia-induced ventricular arrhythmia, however, blocking NaV1.8 in GP could inhibit parasympathetic activity and increase ischemia-induced ventricular arrhythmia.

The GP neurons could synthesize many different neurotransmitters. Acetylcholine is one of the principal excitatory neurotransmitters in the cardiac GP. Blasius et al. found that mice carrying the hypermorphic mutation of SCN10A, with enhanced NaV1.8 sodium currents, exhibited marked R-R variability and sinus bradycardia upon “scruffing,” which could be abrogated by atropine infusion (22). Brack et al. reported that nitric oxide can play a vagal protective role of suppressing VF, possibly through modulating APD restitution in rabbit hearts (23). We hypothesize that NaV1.8 could possibly modulate release of neurotransmitters in the cardiac GP, and nitric oxide or acetylcholine may represent potential candidates.

Our study has some limitations. First, we did not record neural activity directly within the GP. However, we have provided the evidence of altered GP function which could correlate well with GP neural activity based on prior studies (12). Second, other potentially important GPs were not studied, such as the GP near the ligament of Marshall. However, a complete GP blockade might be difficult to achieve. Third, the signaling pathway mediating the protective role of NaV1.8 remains to be determined. Our further study will be performed to clarify the exact mechanism and the downstream pathways involved in the antiarrhythmic actions of NaV1.8.

In view of the present results, as suppression of GP activity may promote the genesis of ventricular arrhythmias, GP ablation should be avoided in patients with ischemia diseases. Our results may identify NaV1.8 as a potential novel therapeutic target for antiarrhythmic intervention aiming at modulating the neural control of the ischemic heart to treat patients with refractory ventricular arrhythmias or electrical storm. Our study may lead to the development of a novel oral NaV1.8 stimulator with more specific action and less adverse effects.

In conclusion, SCN10A/NaV1.8 is detectible in canine GPs but not in ventricles, and blockade of NaV1.8 in cardiac GPs increases the incidence of ventricular arrhythmias in AMI hearts. Our study shows for the first time an influence of SCN10A/NaV1.8 on the regulation of ventricular arrhythmogenesis via modulating cardiac GP activity in the AMI model.
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Background: Endogenous hydrogen sulfide (H2S) is emerging as a key signal molecule in the development of diabetic cardiomyopathy. The aim of this study was to explore the effect and underlying mechanism of S-propargyl-cysteine (SPRC), a novel modulator of endogenous H2S, on diabetic cardiomyopathy in db/db diabetic mice.

Methods and Results: Vehicle or SPRC were orally administered to 8-month-old male db/db mice and their wild type littermate for 12 weeks. SPRC treatment ameliorated myocardial hypertrophy, fibrosis, and cardiac systolic dysfunction assessed by histopathological examinations and echocardiography. The functional improvement by SPRC was accompanied by a reduction in myocardial lipid accumulation and ameliorated plasma lipid profiles. SPRC treatment improved glucose tolerance in db/db mice, with fasting blood glucose and peripheral insulin resistance remaining unchanged. Furthermore, insulin receptor signaling involving the phosphorylation of protein kinase B (Akt/PKB) and glycogen synthase kinase 3β (GSK3β) were elevated and activated by SPRC treatment. Primary neonatal mice cardiomyocytes were cultured to explore the mechanisms of SPRC on diabetic cardiomyopathy in vitro. Consistent with the results in vivo, SPRC not only up-regulated insulin receptor signaling pathway in cardiomyocytes in dose-dependent manner in the basal state, but also relieved the suppression of insulin receptor signaling induced by high concentrations of glucose and insulin. Furthermore, SPRC also enhanced the expression of glucose transporter 4 (GLUT4) and 3H glucose uptake in cardiomyocytes.

Conclusions: In this study, we found a novel beneficial effect of SPRC on diabetic cardiomyopathy, which was associated with activation of insulin receptor signaling. SPRC may be a promising medication for diabetic cardiomyopathy in type 2 diabetes mellitus patients.

Keywords: S-propargyl-cysteine, hydrogen sulfide, diabetic cardiomyopathy, insulin receptor signaling, glucose uptake


INTRODUCTION

Among adults in China, the number of diabetic patients have explosively increased. The estimated overall prevalence of diabetes was 10.9%, and that for prediabetes was 35.7% (1). Cardiovascular disease, is a leading cause of mortality in the development of diabetic complications (2). After adjusting for other risk factors including age, hypertension, obesity, dyslipidemia, the incidence of heart failure increases 2.4–5 fold in diabetic patients than non-diabetic patients (3). Diabetic cardiomyopathy (DCM) is defined as structural and functional abnormalities in the myocardium of diabetic patients independent of underlying coronary artery disease and hypertension (4). At present, treatment strategy for DCM mainly rely on conventional therapies that focus on optimizing glycemic control (5). However, meta-analysis of large clinical trials revealed that strict glycemic control had no impact on the incidence of heart failure in diabetic patients (6, 7). Therefore, it is particularly important to explore the pathogenesis mechanism and novel therapeutic drugs of DCM.

Hydrogen sulfide (H2S) has been considered toxic and odorous for a long time. However, it has been recognized as the third gasotransmitter following nitric oxide and carbon monoxide to play an important role in many physiological and pathological processes since the 1990s. Accumulating studies have shown that H2S is involved in improving DCM by multiple mechanisms (8), such as supplementation of exogenous H2S reduced endoplasmic reticulum pressure in cardiomyocytes (9, 10) and inhibited myocardial oxidative Stress, inflammation, and apoptosis (11). Endogenous H2S production by cystathionine-γ-lyase (CTH, also named CSE, the main producing enzyme of endogenous H2S in cardiovascular system) is inhibited in myocardium of DCM rats (12). Consistently, H2S levels in serum of DCM patients were significant decreased and the supplement of H2S could rescue the cardiomyopathy dysfunction induced by hyperglycemia (10, 13). However, H2S cannot be used for clinical therapy because of its instability and gaseous characteristics. S-Propargyl-Cysteine (SPRC, also named as ZYZ-802), a novel water-soluble modulator of endogenous H2S, promotes the activity of CSE and then increases H2S levels in plasma or tissue (14–16). In this study, we evaluated the effect of SPRC on DCM in db/db mice and further explored the underlying mechanism, both in vivo and in vitro.



MATERIALS AND METHODS


Chemicals

S-Propargyl-Cysteine (SPRC, purity > 99%) was synthesized as described previously (17) and provided by Professor Zhu Yi-Zhun (State Key Laboratory of Quality Research in Chinese Medicine and School of Pharmacy, Macau University of Science and Technology, Macau, China). Chemical formula of SPRC is shown in Supplementary Figure 1A.



Animals and Treatments

All experimental procedures were performed in accordance with Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (NIH) of the United States and approved by the Ethics Committee of Experimental Research, Fudan University Shanghai Medical College. Male C57BLKS/J db/db mice and their wild type littermates (7-week-old) were purchased from Nanjing Biomedical Research Institute of Nanjing University and were housed in a climate-controlled environment (22 ± 2°C, 45–75% relative humidity) with a 12 h light-dark cycle and unrestricted access to food and water. After acclimatization for 1 weeks, wild-type (WT) mice were used as a normal control group and db/db mice were randomly divided into four different groups (n = 15–16 per group): diabetic model group, low-dose SPRC treatment group (20 mg/kg per day), medium-dose SPRC treatment group (40 mg/kg per day), and high-dose SPRC treatment group (80 mg/kg per day). Both WT control group and diabetic model group were orally administered an equal volume of vehicle (ddH2O). After 12 weeks of administration, mice were anesthetized by intraperitoneal injection of 1% sodium pentobarbital and blood samples were collected. Heart weights (HW) and tibia lengths (TL) were measured and heart tissue specimens were obtained.



Transthoracic Echocardiography

At the first and last week of SPRC treatment, the hair was removed from the chest of mice using depilatory cream. The mice were then anesthetized with 1.5% isoflurane and placed in a supine position on the test bench, with ultrasound gel applied onto the chest. Mouse two-dimensional echocardiography was performed using a Vevo3100 ultrasound device (VisualSonics Inc., Canada), as previously described (18). B-mode, M-mode, and Power Doppler Mode ultrasound images of the left ventricle were recorded. All measurements were averaged for five consecutive cardiac cycles.



Fasting Blood Glucose, Body Weight, and Fasting Plasma Insulin Levels

The FBG levels and BW of mice were monitored every 2 weeks after food was removed for 12 h. Glucose measurements were performed with venous blood collected from mice tails by glucose monitors (ONETOUCH, Johnson and Johnson, USA). After food was removed overnight for 16 h, FINS were detected by enzyme-linked immunosorbent assay (ELISA) kit (Mercodia, Sweden). The formula of homeostasis model assessment for insulin resistance index (HOMA-IR) is [(HOMA-IR) = (FBG × FINS)/22.5] (19).



IPGTTs and IPITTs

Intraperitoneal glucose tolerance test (IPGTT) and intraperitoneal insulin tolerance test (IPITT) were performed in the morning on nonfasted mice that had their food removed 1 h prior to intraperitoneal injection (IPGTT 1 g glucose per kg body weight and IPITT 1unit recombinant human insulin (Humulin 70/30, Lilly, USA) per kg body weight), Blood glucose levels were measured before the injection (time 0) and 15, 30, 60, and 120 min after the injection. Areas under the curve (AUC) were determined using the trapezoidal rule.



Biochemical Analyses

The total cholesterol (TC), triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), non-esterified fatty acid (NEFA) in plasma were determined using commercial kits (Nanjing Jiancheng, China) according to the manufacturer's instructions. Briefly, full-wavelength microplate reader (Infinite® 200 PRO, TECAN, Switzerland) was used to detect the absorbance of plasma samples at 510 nm for TC and TG or at 546 nm for HDL-C, LDL-C and NEFA.



Histological Analysis

Heart specimens were fixed in 4% paraformaldehyde solution. After being embedded in paraffin, the specimens were cut into 5-μm-thick sections and stained with wheat germ agglutinin (WGA) and Masson's trichrome. The other heart tissue specimens were frozen and stained with Oil Red O lipid stain. The size of myocardial cells, fiber area fraction, and myocardial lipid content were determined using Image J software (Bethesda, MA, USA).



Transmission Electron Microscopy

To observe myocardial ultrastructure, heart tissues were cut into 1 mm transverse sections and immersed in 2% glutaraldehyde overnight. The sections were then immersed in 1% osmium tetroxide for 2 h, dehydrated in graded ethanol, and embedded in epoxy resin. Ultrathin sections (60–70 nm) were obtained, stained with uranyl acetate and lead citrate, and examined using a Tecnai G20 Twin transmission electron microscope (FEI, USA).



Primary Culture of Neonatal Mice Cardiomyocytes

Primary cultures of cardiomyocytes were prepared from neonatal mice hearts. In brief, hearts were excised from 1- to 2-day-old mice pups. Ventricles were minced by small scissors and digested using 1 mg/ml collagenase type II (Worthington, USA). The digested solution was collected. The process was repeated 3–4 times until no chunks of tissue were visible. The final pooled solution was centrifuged and the cell pellet re-suspended in Dulbecco's Modified Eagle Medium (DMEM, Hyclone, USA), high Glucose containing 10% fetal bovine serum (FBS, Gibco, USA). The cells were pre-plated for 1 h to allow the attachment and removal of fibroblasts. The unattached cardiomyocytes remaining in suspension were then collected and plated in DMEM, high Glucose containing 10% FBS. After 48 h Cardiomyocytes cultures were used for subsequent experiments.



Cell Viability

Cell viability was determined by cell counting kit-8 assay according to manufacturer's instructions (DOJINDO, Japan). Cardiomyocytes were cultured in a 96-well-culture plate and treated with different concentrations of SPRC (0–1,000 μM) for 24 h. Cells were subsequently incubated with 10 ml CCK-8 solution at 37°C for 4 h. The absorbance at 450 nm was measured.



Real-Time PCR

Total RNA was extracted by Trizol reagent from heart tissue or cardiomyocytes. RNA was reverse-transcribed using a cDNA synthesis kit (Toyobo Life Science, Japan). Real-Time PCR was performed using a StepOnePlus Real-Time PCR Detection System (Applied Biosystems Inc., CA, USA). A total volume of 20 μL reaction mix containing 2 μL cDNA, 10 μL SYBR Green PCR Master Mix (Toyobo, Japan) and 1 μL each primer (10 μM). Gapdh was used for normalization and the relative expression of mRNA was calculated according to the ΔΔCt method. The specific primers were as follows: Myh7: 5′-ATCAATGCAACCCTGGAGAC-3′, 5′-CGAACATGTGGTGGTTGAAG-3′; InsR: 5′-GCTTCTGCCAAGACCTTCAC-3′, 5′-CACTCGGGGATGCACTTATT-3′; Glut4: 5′-ACCCTGGGCTCTGTATCCC-3′, 5′-CCCTGACCACTGAGTGCAAA-3′; Gapdh: 5′-TTCACCACCATGGAGAAGGC-3′, 5′-GGCATGGACTGTGGTCATGA-3′; β-actin: 5′- GACAGGATGCAGAAGGAGATTACT-3′, TGATCCACATCTGCTGGAAGGT-3′.



Western Blotting

Left ventricular tissue and cell samples were lysed with Cell Lysis Buffer for Western (P0031; Beyotime Biotechnology, China) containing a protease inhibitor cocktail (049693132001; Roche, Basel, Switzerland). The crude cell lysate was centrifuged and the supernatant was harvested. The concentration of protein in the supernatant was quantified by standard bicinchoninic acid assay (BCA, P0012, Beyotime Biotechnology, China). For western blotting, equal amounts of proteins were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes. Membranes were then incubated with horseradish peroxidase-conjugated secondary antibodies (1:10,000; A0208; Beyotime Biotechnology, China) for 2 h, and immunoreactive bands were visualized by chemiluminescence. And the gray value of the captured bands was determined by ImageJ software. The primary antibodies used included: anti-Insulin Receptor β (#3025), anti-Phospho-Insulin Receptor β Tyr1150/1151(#3024), anti-Akt (#9272), anti-phospho-Akt Ser473 (#4060), anti-GSK-3β (#9315), anti-Phospho-GSK-3β Ser9 (#5558) were purchased from Cell Signaling Technology (Beverly, MA, USA); anti-GAPDH (60004-1), anti-β-Actin (66009-1), and anti-α-Tubulin (11224-1) purchased from Proteintech Group (Chicago, USA), and anti-CSE(sc-374249) were purchased from Santa Cruz Biotechnology (Texas, USA).



2-Deoxyglucose Uptake

Primary mice cardiomyocytes were incubated with 33.3 mM glucose (HG), 100 nM insulin (HI), or 33.3 mM glucose and 100 nM insulin (HG++HI) for 48 h. Among them, the HG+HI group treated with vehicle or different doses of SPRC (25–100 μM) for 24 h. then the uptake of 2-deoxyglucose by cardiomyocytes was measured as previously described (20). The cardiomyocytes were rinsed with pre-warmed KRP buffer (128 mM NaCl, 4.7 mM KCl, 1.25 mM CaCl2, 1.25 mM MgSO4, 5 mM NaH2PO4, 5 mM Na2HPO4, and 10 mM HEPES, pH 7.4) for three times and then treated with 100 nM insulin in KRP buffer without glucose for 30 min in 37°C. Subsequently, the cardiomyocytes were incubated with 2-deoxy-D[3H]-glucose (1 μCi/ml) dissolved in KRP buffer with 100 nM insulin for 10 min in 37°C. After washing with pre-cold phosphate-buffered saline (PBS) containing 10 mM glucose for 3 times, the cells were lysed with 0.4 mM NaOH for 2 h. The radioactivity of 3H was measured in a liquid scintillation counter (Beckman LS6500) and the concentration of protein were detected by BCA method for standardization.



Measurement of H2S Levels

H2S levels in heart tissues and plasma were measured as previously described (21). Briefly, heart tissues were homogenized in Tris-HCl (100 mmol/L, pH 8.5), then centrifuged at 12,000 g for 20 min at 4°C. The plasma sample were directly centrifuged at 3,500 rpm for 15 min at 4°C. And 30 μl of the supernatant from heart tissues and plasma were derivatized by MBB and detected by HPLC-MS. The concentration of protein from heart tissues were detected by BCA method for standardization.



Statistical Analysis

All data were expressed as the means ± SEM from at least three independent experiments. SPSS 13.0 software (SPSS, Inc., Chicago, USA) was used for statistical analysis. Student's unpaired t-test was performed to statistically analyze individual group data. Multiple-group comparisons were evaluated by one-way analysis of variance (ANOVA) followed by Fisher's Least Significant Difference (LSD) and the non-parametric test was used when the variance was not equal. Values of P < 0.05 were considered to be statistically significant.




RESULTS


SPRC Treatment Improves Cardiac Function, and Alleviates Myocardial Hypertrophy and Fibrosis on Diabetic Cardiomyopathy

To explore the effect of SPRC on cardiac function of db/db diabetic mice, echocardiograph images were recorded before and after 12 weeks of SPRC treatment (Figure 1A). Compared with WT littermates, db/db mice preserved cardiac function at 8-week-old, but developed diastolic and systolic dysfunction at 20-week-old characterized by elevated deceleration time (DT, Figure 1B), reduced left ventricular ejection fraction (EF, Figure 1D) and decreased fractional shortening (FS, Figure 1E, P = 0.054) with a consistent heart rate (HR, Figure 1C). All of three parameters examined were improved by SPRC treatment (Supplementary Tables 1, 2). The beneficial effect of SPRC treatment on cardiac hypertrophy was confirmed by histopathological examinations and RT-PCR (Figure 2). Heart weight to tibia length (HW/TL) ratio was significantly increased in db/db mice compared with WT mice (Figure 2C). Consistently, cardiomyocyte cross-sectional area examined in db/db mice by wheat germ agglutinin (WGA) was markedly enlarged (Figure 2D). Administration of SPRC to db/db mice decreased HW/TL ratios and cardiomyocyte cross-sectional area, reduced mRNA level of beta-myosin heavy chain (Myh7) gene, marker for cardiac hypertrophy (Figure 2B). Masson staining revealed that obvious fibrosis in the interstitial of myocardium was observed in db/db mice, but significantly alleviated by SPRC treatment (Figure 2E). These data suggest that SPRC treatment improves cardiac function, and alleviates cardiac hypertrophy and fibrosis in the db/db diabetic model.


[image: Figure 1]
FIGURE 1. SPRC treatment improves cardiac function in db/db mice. Vehicle or SPRC (20, 40, or 80 mg/kg/day) was orally administered to WT mice or db/db mice for 12 weeks. Echocardiograph images were recorded before and after 12 weeks of SPRC treatment. (A) Representative Power Doppler Mode (upper) and M-Mode (lower) echocardiograph images. (B–E) Echocardiographic assessment of deceleration time (DT), heart rate (HR), left ventricular ejection fraction (EF), and fractional shortening (FS). Values are presented as means ± SEM (n = 4–12). *P < 0.05, ***P < 0.001 vs. WT + Vehicle group, #P < 0.05, ###P < 0.001 vs. db/db + Vehicle mice.



[image: Figure 2]
FIGURE 2. SPRC treatment improves myocardial hypertrophy and fibrosis in db/db mice. Vehicle or SPRC (20, 40, or 80 mg/kg/day) was orally administered to WT mice or db/db mice for 12 weeks. Heart tissue specimens were collected. (A) Wheat germ agglutinin (WGA) and masson staining of myocardium were performed. (B) mRNA levels of Myh7 in heart tissue were determined by real-time qPCR. mRNA levels of Gapdh was used as reference for normalization (n = 8–12). (C) The ratio of heart weights (HW) and tibia lengths (TL) was calculated (n = 8–12). Average cell area (n = 5) (D) and fibrosis area (n = 5–6) (E) were shown. Values are presented as means ± SEM. *P < 0.05 vs. WT + Vehicle group, #P < 0.05, ##P < 0.01 vs. db/db + Vehicle mice.




SPRC Treatment Alleviated Abnormal Myocardial Ultrastructure on Diabetic Cardiomyopathy

SPRC treatment protected db/db mice from abnormalities in the ultrastructure of cardiomyocytes. The mitochondria in the cardiomyocytes of WT mice were regularly arranged and exerted integral cristae, and the myofilaments were arranged tightly, while a portion of mitochondria in the myocardium of db/db mice were swollen, disorderly arranged with broken cristae, and the myofilaments were loose. After SPRC treatment, fewer abnormal ultrastructure of mitochondria and myofilaments were observed in diabetic mice (Figure 3).


[image: Figure 3]
FIGURE 3. SPRC treatment improves abnormal ultrastructure of cardiomyocytes in db/db mice. Vehicle or SPRC (20,40, or 80 mg/kg/day) was orally administered to WT mice or db/db mice for 12 weeks. Heart tissue specimens were collected and representative images of the ultrastructural morphology of cardiomyocytes were shown. The red arrow indicates myofilament and the blue arrow indicates mitochondria (n = 2).




SPRC Treatment Reduces Myocardial Lipid Accumulation and Dyslipidemia on Diabetic Cardiomyopathy

Oil red O staining showed a predictable and significantly increase in lipid droplets of db/db hearts, which was markedly decreased in response to SPRC (Figures 4A,B). Meanwhile, systemic dyslipidemia was observed in db/db mice characterized by markedly increased TC, TG, LDL-C, and NEFA. SPRC treatment inhibited the increased plasma TC levels, indicating that SPRC has a certain lipid-lowering effect (Figures 4C–G).


[image: Figure 4]
FIGURE 4. SPRC treatment reduces myocardial lipid accumulation and dyslipidemia in db/db mice. Vehicle or SPRC (20, 40, or 80 mg/kg/day) was orally administered to WT mice or db/db mice for 12 weeks. Heart tissue specimens and plasma were collected. (A) Oil Red O staining of myocardium were performed (n = 5) lipid deposition area (B) was shown. The levels of TC (C), TG (D), LDL-C (E), HDL-C (F), NEFA (G) were measured (n = 5–12). Values are presented as means ± SEM. **P < 0.01, and ***P < 0.001 vs. WT + Vehicle group, #P < 0.05, ##P < 0.01 vs. db/db + Vehicle mice.




SPRC Treatment Improves Glucose Tolerance in db/db Mice, With Fasting Blood Glucose and Systemic Insulin Resistance Remaining Unchanged

Throughout the experiment, the body weight and fasting blood glucose of db/db mice were significantly increased compared to their WT littermates. However, SPRC treatment showed no significant impact on body weight and blood glucose (Figures 5A,B). To investigate the effect of SPRC on systemic insulin resistance, IPGTT and IPITT were preformed and the results demonstrated SPRC treatment at a dosing of 80 mg·kg−1·day−1 improved glucose tolerance to a certain extent, but has no significant impact on IPITT and its area under curve (Figures 5C–F). Furthermore, fasting plasma insulin levels and HOMA-IR index were remarkably elevated, with SPRC treatment failed to alleviate (Figures 5G,H).


[image: Figure 5]
FIGURE 5. SPRC treatment improves glucose tolerance in db/db mice, with fasting blood glucose and systemic insulin resistance remaining unchanged. Vehicle or SPRC (20, 40, or 80 mg/kg/day) was orally administered to WT mice or db/db mice for 12 weeks. (A) Body weight (n = 8–16), (B) fasting blood glucose (n = 8–16), (C) intraperitoneal glucose tolerance test (IPGTT) and (D) area under curve (AUC) of IPGTT (n = 5–9), (E) intraperitoneal insulin tolerance test (IPITT) and (F) area under curve (AUC) of IPITT (n = 8–10), (G) fasting plasma insulin (n = 7–12), and (H) HOMA-IR index were determined (n = 5–9). Values are presented as means ± SEM. **P < 0.01, and ***P < 0.001 vs. WT + Vehicle group, #P < 0.05 vs. db/db + Vehicle mice.




SPRC Treatment Activated Insulin Receptor Signaling in Both Primary Mice Cardiomyocytes and Myocardium of db/db Mice

Primary neonatal mice cardiomyocytes were cultured and identified to explore the mechanisms of SPRC on diabetic cardiomyopathy in vitro (Supplementary Figure 1B). Incubation of cardiomyocytes with SPRC (0.1–1,000 μM) for 24 h had no detectable cytotoxicity. Moreover, the cell viability was significantly increased at doses of 0.1 and 10 μM of SPRC treatment (Figure 6A). SPRC improved both mRNA and protein expression level of IR in cardiomyocytes, with the classical downstream pathway protein kinase B (Akt/PKB) and glycogen synthase kinase 3β (GSK3β) activated in the dose-dependently manner (Figures 6B–F).


[image: Figure 6]
FIGURE 6. SPRC treatment activated cardiac insulin receptor signaling in primary cardiomyocytes. (A) Primary mice cardiomyocytes were exposed to various concentrations of SPRC (0.1–1,000 μM) for 24 h. Cell viability was determined (n = 3). *P < 0.05 vs. control group. (B) Primary mice cardiomyocytes were treated with 50 μM SPRC for 24 h. mRNA levels of insulin receptor (Insr) were determined by real-time qPCR. mRNA levels of Gapdh was used as reference for normalization (n = 3). **P < 0.01 vs. Vehicle group. (C–F) Primary mice cardiomyocytes were treated with vehicle or SPRC (25, 50, and 100 μM) for 24 h. The expression level of protein in insulin receptor signaling were determined by western blotting (n = 3). *P < 0.05, **P < 0.01 vs. Vehicle. Values are presented as means ± SEM.


The cardiac inulin receptor signaling in vivo were also determined. As shown in Figures 7A–D, SPRC treatment increased the mRNA of IR in myocardium, and it also improved protein expression of IR to a certain extent (P = 0.095). It is noteworthy that IR in the myocardium of diabetic mice was significantly phosphorylated, which is exacerbated by SPRC treatment. The phosphorylation levels of Akt and GSK3β in myocardium of db/db mice were significantly decreased, SPRC (80 mg/kg) significantly increased the phosphorylation levels of Akt and GSK3β in myocardium of DCM mice (Figures 7E,F).


[image: Figure 7]
FIGURE 7. SPRC treatment activated insulin receptor signaling in db/db mice. Vehicle or SPRC (20, 40, or 80 mg/kg/day) was orally administered to WT mice or db/db mice for 12 weeks. (A) The mRNA levels of insulin receptor (Insr) were determined by real-time qPCR. mRNA levels of Gapdh was used as reference for normalization (n = 5–6). #P < 0.05 vs. db/db + Vehicle mice. (B–F) the expression level of protein in insulin receptor signaling were determined by western blotting. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. WT + Vehicle group, #P < 0.05, ##P < 0.01, and ###P < 0.001 vs. db/db + Vehicle mice. (G–K) Primary mice cardiomyocytes were incubated with 33.3 mM glucose (HG), 100 nM insulin (HI), or 33.3 mM glucose + 100 nM insulin (HG + HI) for 48 h. The cardiomyocytes were then incubation with SPRC (50 μM) for 24 h. Expression of insulin receptor signaling were determined (n = 3). *P < 0.05, **P < 0.01 < 0.001 vs. control group, #P < 0.05, ##P < 0.01, and ###P < 0.001 vs. HG + HI group. Values are presented as means ± SEM.


We then exposed neonatal mice cardiomyocytes to 33.3 mM glucose and 100 nM insulin to mimic hyperglycemia and hyperinsulinemia in cardiomyocyte of diabetic heart. High concentrations of glucose and insulin stimulation significantly reduced the phosphorylation levels of Akt and GSK3β and the expression level of IR. However, after incubation with 50 μM SPRC for 24 h, the phosphorylation level of IR was preserved, and the expression level of IR was partly increased without statistical significance (P = 0.077). Consistently, the downstream of IR signaling including the phosphorylation levels of Akt and GSK3β were preserved (Figures 7G–K).



SPRC Treatment Increased GLUT4 Expression in Myocardium and Enhanced 3H Glucose Uptake in Cultured Primary Cardiomyocytes

GLUT4 transporter is the most abundant glucose transporter in the heart, which is also the major glucose transporter translocating to the plasma membrane in response to insulin (22). As shown in Figures 8A,B, the protein expression level of GLUT4 were significantly decreased in diabetic heart, and SPRC treatment increased the mRNA and protein expression level of GLUT4. SPRC also enhanced the glucose uptake in vitro (Figure 8C).


[image: Figure 8]
FIGURE 8. SPRC treatment increased GLUT4 expression and enhanced 3H glucose uptake. Vehicle or SPRC (20, 40, or 80 mg/kg/day) was orally administered to WT mice or db/db mice for 12 weeks. (A) The mRNA levels of Glut4 were determined by real-time qPCR, and the mRNA levels of Gapdh was used as reference for normalization (n = 4–5). #P < 0.05 vs. db/db + Vehicle mice. (B) The expression level of Glut4 in the myocardium were determined by western blotting (n = 7). *P < 0.05, **P < 0.01, and ***P < 0.001 vs. WT + Vehicle group, #P < 0.05, ##P < 0.01, and ###P < 0.001 vs. db/db + Vehicle mice. (C) Primary mice cardiomyocytes were incubated with 33.3 mM glucose (HG), 100 nM insulin (HI), or 33.3 mM glucose + 100 nM insulin (HG + HI) for 48 h. The cardiomyocytes were then incubation with SPRC (50 μM) for 24 h. 3H glucose uptake was measured in a liquid scintillation counter and the concentration of protein were detected by BCA method for standardization (n = 3). *P < 0.05 and ***P < 0.001 vs. control group, #P < 0.05, ##P < 0.01 vs. HG+HI group. Values are presented as means ± SEM.




SPRC Treatment Increased CSE Expression and H2S Content in the Myocardium

CSE is the primary H2S-generating enzyme in the cardiovascular system, catalyzing the synthesis of endogenous H2S from L-cysteine, and SPRC is an activator of CSE. We confirmed that SPRC increases the protein expression of CSE in primary cardiomyocytes (Figure 9A). Moreover, SPRC enhanced CSE expression in the left ventricular tissues of db/db mice (Figure 9B). Furthermore, H2S concentration in plasma and myocardium were detected. SPRC treatment at the doses of 40 and 80 mg·kg−1·day−1 improved H2S levels in the myocardium of db/db mice (Figure 9C). And H2S levels in plasma of db/db mice was significantly lower than that of WT mice, with SPRC treatment failed to rescue (Figure 9D).


[image: Figure 9]
FIGURE 9. SPRC treatment increased CSE expression and H2S content in the myocardium. (A) Primary mice cardiomyocytes were treated with vehicle or SPRC (25, 50, and 100 μM) for 24 h. The expression level of CSE were determined by western blotting (n = 3). **P < 0.01 vs. Vehicle group. (B–D) Vehicle or SPRC (20, 40, or 80 mg/kg/day) was orally administered to WT mice or db/db mice for 12 weeks. The expression level of CSE were determined by western blotting (n = 4), H2S levels in the myocardium (n = 5–7), and plasma (n = 7) were detected. *P < 0.05, **P < 0.01 vs. WT + Vehicle group, #P < 0.05, ##P < 0.01 vs. db/db + Vehicle mice. Values are presented as means ± SEM.





DISCUSSION

In this study, we investigated the effects of SPRC on diabetic cardiomyopathy. Our results suggested that SPRC treatment could improve the myocardial function in diabetic mice with diabetic cardiomyopathy by attenuating myocardial hypertrophy, myocardial fibrosis, myocardial lipid accumulation, abnormalities in the ultrastructure of cardiomyocytes. Importantly, we unveiled the molecular mechanism underlying SPRC protected myocardium, which involves the activation of cardiac insulin receptor signaling.

The global prevalence of type 2 diabetes mellitus has been gradually increasing over half a century especially in developing countries (23). The systemic metabolic disorder in diabetic patients exposes myocardium to hyperglycemia, hyperinsulinemia, hyperlipidemia, and insulin resistance, all of which trigger the development of myocardial dysfunction. It is widely accepted that morphological phenotypes of diabetic cardiomyopathy include cardiac hypertrophy, cardiac fibrosis, increased intramyocardial lipids, while the functional phenotypes include left ventricular diastolic dysfunction which usually precede systolic dysfunction (24–26). In this study, we used spontaneously diabetic db/db mice as type 2 diabetes model which basically reflects all the manifestation of diabetic cardiomyopathy (18, 27). Moreover, 12 weeks of SPRC treatment, especially in the medium-dose group (40 mg·kg−1·day−1), alleviated almost all the morphological and functional phenotype of diabetic cardiomyopathy in db/db mice, which indicated the protective effect of SPRC on diabetic cardiomyopathy. Consistently, only the medium-dose group (40 mg·kg−1·day−1) had a significant increase in H2S levels in the myocardium (Figure 9C), while high-dose (80 mg·kg−1·day−1) SPRC only raised H2S levels in the myocardium a little and has no statistical significance when compared with vehicle. It has been reported that the mechanisms of SPRC releasing H2S include up-regulating CSE gene and protein expression (28, 29), as well as binding and activating CSE (16). Detailed mechanism of effective dose range of SPRC in vivo needs further study.

Next, we explored the mechanism of SPRC to protect diabetic cardiomyopathy. Abnormal mitochondrial morphology is common in the progression of diabetic cardiomyopathy, and suggests the possibility of impaired mitochondrial dynamics, metabolic substrate imbalance and increased oxidative stress (5, 30). Under transmission electron microscopy, we observed obvious damage of myocardial ultrastructure in db/db mice, especially alterations of mitochondria. SPRC treatment markedly restored mitochondrial and myocardial ultrastructure. This result suggests that the effect of SPRC on diabetic cardiomyopathy may associated with improvement of myocardial mitochondria. The effect of SPRC treatment on mitochondrial function, myocardial oxidative stress and underlying signaling pathway is worth of further study.

Under conventional conditions in heart, glucose and lactic acid only supply 30% of ATP generation, with the majority of ATP generated by fatty acid (FA) oxidation. Whereas, in the case of type 2 diabetes mellitus, hyperglycemia maintains cardiac glucose uptake, but the proportion of FA as a metabolic substrate further increases in consequence of plasma FA availability (31–35). Within the heart, lipid droplet accumulation generally only appears in patients with diabetes or metabolic syndrome, indicating an imbalance of FA uptake/synthesis and consumption (36, 37). In this study, both hyperlipidaemia and cardiac lipid droplet accumulation were observed in db/db mice, and the effect of SPRC treatment on improving lipid content in myocardium seems superior to the improvement of lipid content in circulation. Similarly, SPRC treatment protected diabetic mice from cardiac insulin resistance by activating the AKT/GLUT4 signaling, with no obvious improvement on systemic insulin resistance, which were consistent with the improvement of H2S levels in myocardium but not in plasma. This may be because db/db mice as transgenic rodent is completely resistant to leptin receptor, developed morbid obesity and severe systemic metabolic phenotype at 20 weeks of age which is irreversible by SPRC treatment (23). Besides, this also demonstrates that the protective effect of SPRC treatment is targeted to the myocardium, rather than the consequence of alleviating the metabolic phenotype of whole body. In addition, SPRC releases H2S via the up-regulating of CSE, thus the organ distribution of CSE is critical to the effect of SPRC. Next, we focus on the effect of SPRC on cardiac molecular signaling pathway in the following experiments.

Insulin resistance is defined as impaired insulin signaling together with diminution in glucose transport, which promotes the development of diabetic cardiomyopathy (38). Myocardial insulin signaling plays an important role in myocardial metabolic remodeling in response to myocardial metabolic disorders by regulating glucose uptake, long-chain fatty acid uptake, and protein synthesis, wherein insulin receptor (IR) is a key protein for signal transduction (39–41). Cardiomyocyte-selective insulin receptor knockout mice revealed decreased insulin signaling in cardiomyocytes without systemic metabolic disturbances, and showed worsen cardiac remodeling in respond to stress (42) and accelerated cardiac mitochondrial dysfunction after myocardial infarction (43).

IR is a polymer transmembrane glycoprotein composed of α2β2 heterotetramer and belongs to the receptor tyrosine kinases (RTK) family Type Ò subfamily activated by ligands such as insulin and insulin-like growth factor (IGF) (44). The binding of insulin triggers autophosphorylation in kinase activation region of IR at Tyr-1146 and either Tyr-1150 or Tyr-1151 (45). The activated IR recruits and phosphorylates scaffold proteins such as insulin receptor substrates (IRS) to activate the classical PI3K/AKT pathway, with other downstream pathway of insulin signaling (including Ras/MAPK-dependent pathways) unaffected. The activation of AKT subsequently promotes the translocation of GLUT4 to the membrane, and enhances glucose uptake. The phosphorylation of AKT also inactivates GSK-3β, an essential negative regulator of cardiac hypertrophy and cardiomyopathy (46, 47). Consistent with these studies, our results showed inhibited insulin signaling such as decreased phosphorylation levels of Akt and GSK-3β and reduced protein expression of GLUT4 in the cardiomyocyte of diabetic hearts, which was notably activated by SPRC treatment. Moreover, we speculate that SPRC enhanced the glucose uptake to regulate metabolic substrate proportion, thereby protecting the heart caused by metabolic disorders. Interestingly, although the effect of SPRC on IR downstream signaling in vivo and in vitro were consistent, the phosphorylation status of IR differs. The phosphorylation level of IR was reduced by acute high concentrations of glucose and insulin in vitro, but tends to increase in chronic diabetic myocardium which may due to compensation. This suggests that in the myocardium of type 2 diabetes, the inhibition of IR signaling is not due to the decrease of phosphorylation level of IR, but the decrease of IR expression and downstream signaling transduction.

In summary, we provided evidences that SPRC protects against cardiac fibrosis and improves myocardial function in diabetic mice. This mechanism involves increased expression and activity of IR and activated Akt/ GSK-3β signaling, which subsequently enhanced glucose uptake in cardiomyocyte, resulting in improved diabetic cardiomyopathy. Thereby, SPRC may be a promising medication for diabetic cardiomyopathy in type 2 diabetes mellitus patients.
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Objective: Previous studies have demonstrated the protective effects of renal denervation (RDN) in pre-existing heart failure, but the effects of immediate RDN after acute myocardial infarction (AMI) on subsequent cardiac remodeling have not been reported. This study aimed to investigate the cardioprotective effects of immediate RDN after AMI and its underlying mechanism.

Methods: AMI was induced by intracoronary gelatin sponge embolization in 14 Shanghai white pigs that were randomized to undergo either renal angiography (AMI+sham group) or RDN (AMI+RDN group) after 1 h of hemodynamic monitoring. Cardiac function of the two groups was measured at baseline, 1 h post-AMI and at the 1 month follow-up (1M-FU) by transthoracic echocardiography (TTE). Plasma NT-proBNP, soluble ST2 (sST2), norepinephrine (NE), and renin-angiotensin-aldosterone system activity were detected simultaneously. The renal cortex was harvested for NE measurement after the 1M-FU, and the renal arteries were stained with tyrosine hydroxylase for the evaluation of sympathetic activity. Heart tissues in the non-ischemic areas were collected to assess histological and molecular left ventricular (LV) remodeling by pathological staining, RT-PCR, and western blotting.

Results: There was no difference in the hemodynamic stability or cardiac function between the two groups at baseline and 1 h post-AMI. Six pigs from each of the two groups completed the 1M-FU. TTE analysis revealed the improved cardiac function of immediate RDN in the AMI+RDN group and circulating NT-proBNP levels were lower than those in the AMI+sham group. Further analysis showed significantly less interstitial fibrosis in the remote non-ischemic myocardium after immediate RDN, together with decreased cardiomyocyte hypertrophy and inflammatory cell infiltration. sST2 levels in circulating and myocardial tissues of animals in the AMI+RDN group were significantly higher than those in the AMI+sham group, accompanied by corresponding alterations in IL-33/ST2 and downstream signaling.

Conclusions: Immediate RDN can improve cardiac function and myocardial remodeling after AMI via modulation of IL-33/ST2 and downstream signaling.

Keywords: renal denervation, acute myocardial infarction, heart failure, myocardial remodeling, fibrosis, soluble ST2 (sST2)


INTRODUCTION

Although percutaneous coronary intervention (PCI) have significantly reduced acute mortality rates of acute myocardial infarction (AMI) by timely revascularization and myocardial salvage, ventricular remodeling afterwards, which involves cardiomyocyte hypertrophy, chronic inflammatory response, and the progression of fibrosis, can cause deteriorating cardiac function and even death (1–5). Additionally, recent studies have reported that an overactivated neurohumoral system plays a deleterious role in ventricular remodeling and many targeted drugs have be developed (6–8). However, due to drug tolerance and compliance difficulties, heart failure (HF) after AMI is still poorly controlled in the population worldwide, which is a substantial concern for society and also a strain from economic and healthcare perspectives (9, 10).

Denervation of sympathetic nerves around renal arteries (renal denervation; RDN) results in reduced activation of the sympathetic nervous system (SNS) and renin-angiotensin-aldosterone system (RAAS) (11). Studies on animal models have reported that RDN is beneficial in the treatment of diseases associated with SNS and RAAS hyperactivation in addition to its use for hypertension treatment (12–16). Among these effects, the cardioprotective effect of RDN on pre-existing HF has been confirmed (17, 18).

Inspired by the idea that concomitant RDN with pulmonary vein isolation (PVI) can further reduce the recurrence rate of atrial fibrillation, we brought up the hypothesis of a “one-stop” treatment for HF after AMI by performing RDN with a cryoablation catheter immediately after the onset of AMI, rather than for chronic ischemic HF (19). Therefore, in this study, we evaluated the cardioprotective effect of immediate RDN after AMI in a swine model and the possible mechanism on adverse myocardial remodeling.



MATERIALS AND METHODS


Animals

A total of 14 Shanghai white pigs of either sex, with body weights ranging from 30 to 35 kg, were used in this study. All animals used in this study were cared for and handled according to the National Institutes of Health Guidelines. The study protocol was reviewed and approved by the Animal Care and Use Committee of Zhongshan Hospital, Fudan University.



Study Design

An AMI was induced by occlusion of the proximal left anterior descending coronary artery (LAD) with gelatin sponges and set as the baseline. One hour after AMI, the surviving pigs were randomized into two groups that underwent either RDN with a cryoablation balloon catheter (CryoFocus, Shanghai, China) (AMI+RDN group) or renal angiography (AMI+sham group). All animals were sacrificed at 1 month follow-up (1M-FU), and the cardiac tissue was collected for further molecular or histological analysis. Transthoracic echocardiography (TTE) was performed at baseline, 1 h post-AMI and at the 1M-FU. Furthermore, peripheral blood samples were obtained at the same time points to assess cardiac injury and function.



AMI Induction

The AMI was induced by intracoronary gelatin sponge embolization as described previously, and the total procedure lasted ~10 min (20). The animals were fasted for 12 h with unrestricted access to water. Anesthesia was induced by intramuscular injection of 6.0 mg/kg Zoletil® (a mixture of tiletamine hydrochloride and zolazepam hydrochloride, Virbac Laboratory, Carros, France) followed by an intravenous injection of propofol (5 mg/kg). A volatile anesthetic with isoflurane (1.5–2%) was used to maintain general anesthesia. An unfractured heparin bolus of 200 U/kg was administered after sheath placement in the right femoral artery. Invasive monitoring of aortic pressure was obtained using a pressure sensor (Transpac, ICUMEDICAL, CA, USA) and recorded by Mac-lab hemodynamic recording system (GE healthcare, MA, USA). A 6F SAL catheter (Medtronic, MN, USA) was introduced through the arterial sheath to the left main coronary artery. After angiography, a 1.8F Finecross microcatheter (Terumo, Tokyo, Japan) was placed in the middle of the LAD (between the first and second diagonal branches) under the guidance of a 0.014” guidewire. A mixture of gelatin sponge particles (300–1,000 μm) and heparinized contrast media was slowly injected through the microcatheter under fluoroscopy. The injection was stopped after total occlusion of the middle LAD. The pigs were carefully monitored under volatile anesthesia for 60 min, and then randomized for further operation. After the 1M-FU, the pigs were sacrificed by rapid intravenous injection of 20 mL of 10 % potassium chloride, and samples were harvested for analysis.



Renal Denervation

RDN was performed using a cryoablation balloon catheter as previously described (21, 22). After randomization, pigs in the AMI+sham group underwent renal angiography with a 6F JR 4 guiding catheter (Medtronic). For pigs in the AMI+RDN group, a 7F sizable cryoablation balloon catheter was selected based on the diameter of the middle to distal part of the main renal arteries and was introduced into the renal artery via the same percutaneous femoral access as in the AMI modeling. After confirming a complete attachment to the artery wall, the balloon was inflated with liquid nitrogen, and a complete RDN for one side of the renal artery took ~5 min. Additional renal angiography was performed before catheter removal to confirm the absence of complications, such as severe vascular dissection, thrombosis, or spasm. The animals were then allowed to recover to a stable state.



TTE Analysis

Two-dimensional TTE was performed at baseline, 1 h and 1 month post-AMI in all pigs under anesthesia with isoflurane (1.5–2%). Transthoracic images were acquired from a right parasternal approach using a Vivid E9 ultrasound system (GE Vingmed Ultrasound AS, Horten, Norway) equipped with an M5S probe according to the recommendations of the American Society of Echocardiography (23). The images were stored in the DICOM format and analyzed offline using EchoPAC (Version 203). The end-diastolic and systolic volumes (EDV, ESV) were measured from the apical four-chamber view. The left ventricular (LV) ejection fraction (EF) was determined using Simpson's method. A single researcher was blinded to the profile of all animals and analyzed the images.



Analysis of Plasma Biomarkers and Norepinephrine (NE) in the Renal Cortex

The plasma samples were obtained 15 min after insertion of the arterial sheath, when the animal was intubated under no pain and in a steady state regarding anesthesia at baseline, 1 h and 1 month after modeling. An automatic biochemistry analyzer (Chemray, Guangzhou, China) and the corresponding reagents were used for plasma biochemistry tests. The laboratory parameters measured included blood urea nitrogen (BUN), creatinine, Na+, K+, AST, ALT, DBil, and TBil. Commercial enzyme-linked immunosorbent assay (ELISA) kits were used to determine the plasma concentrations of soluble ST2 (sST2, Presage®ST2 Assay, Critical Diagnostics, Boston, MA, USA), NT-proBNP (CEA485Pro, Cloud-clone, Wuhan, China), renin (H216, Nanjing Jiancheng, Nanjing, China), angiotensin II (H185, Nanjing Jiancheng, Nanjing, China), and aldosterone (H188, Nanjing Jiancheng, Nanjing, China) according to the manufacturer's instructions. The renal cortex was harvested, and the NE concentrations were detected using a commercial ELISA Kit (KA3836, Abnova, Taipei, China).



Histology Analysis

Histological analysis was performed after 1M-FU. Sample from LV non-ischemic area and renal arteries in both groups were collected and embedded in paraffin. Heart tissue sections were stained with Masson's staining for fibrosis. WGA, CD68, vWF were stained for cell size, inflammatory cells, and angiogenesis (all from Abcam Inc., Cambridge, MA, USA) under established protocol and quantified imageJ (National Institutes of Health, MD, USA). The intensity and algorithm were preset and maintained constant for analysis of all sections. Renal arteries were stained with Tyrosine hydroxylase (TH, Abcam Inc., Cambridge, MA, USA).



Western Blotting and Quantitative Real-Time Polymerase Chain Reaction

Samples from the non-ischemic area of the LV in both groups were collected. Protein extraction and western blotting were performed as previously described (24). Antibodies used for this experiment were as follows: GAPDH (1:1,000, Abcam Inc., Cambridge, MA, USA), collagen I (Col I, 1:1,000, Abcam Inc., Cambridge, MA, USA), collagen III (Col III, 1:1,000, Abcam Inc., Cambridge, MA, USA), αSMA (1:1,000, Abcam Inc., Cambridge, MA, USA), NF-κb (1:1,000, Abcam Inc., Cambridge, MA, USA), and TGFβ (1:1,000, Abcam Inc., Cambridge, MA, USA).

Total RNA was extracted from the tissues and reverse-transcribed into complementary deoxyribonucleic acid (DP419, TIANGEN, Beijing, China; RR037A, TAKARA, Iwate ken, Japan). Quantitative real-time polymerase chain reaction was performed to detect relative mRNA expression (Bio-Rad, Munich, Germany; RR420L, TAKARA, Iwate ken, Japan). The primer sequences used for the quantitative polymerase chain reaction are listed in Supplementary Table 1.



Statistical Analysis

Raw data of the groups were given as an input in GraphPad Prism 9.0 (GraphPad Software, San Diego, CA, USA) for statistical analysis. All data are expressed as mean ± standard error of the mean (SEM). Comparisons of the data between groups were performed using Student's t-test. Differences were considered statistically significant at p < 0.05.




RESULTS


Model Establishment and Immediate Evaluation

AMI was successfully induced in all of the 14 pigs (Figures 1A,B). The pigs were randomly assigned to undergo either renal angiography or immediate RDN after 1 h of hemodynamic monitoring. Blood pressure and heart rate were comparable between the two groups at baseline and 1 h post modeling (Table 1). No adverse vascular complications in the renal arteries (e.g., thrombosis, dissection, perforation, and fistulae) occurred immediately after RDN (Figures 1C–H).


[image: Figure 1]
FIGURE 1. Angiography of coronary and renal arteries in pig models. (A,B) Representative angiography of the LAD before and after gelatin sponge embolization. (C–E) Representative angiography of the right renal artery before, during, and immediately after cryoablation of RDN. (F–H) Representative angiography of the left renal artery before, during, and immediately after cryoablation of RDN.



Table 1. Hemodynamic and biological parameters at baseline, end-procedure and during the 1M-FU.
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Two pigs (one pig in the AMI+sham group and one pig in the AMI+RDN group) died of recurrent ventricular fibrillation in the first 24 h postoperatively during follow-up and were excluded from the statistical analysis. A total of 12 pigs completed the entire 1M-FU process (six pigs each in AMI+sham group and AMI+RDN group).



Immediate RDN Suppressed SNS and RAAS Overactivity in HF After AMI

TH is the rate-limiting enzyme in catecholamine synthesis and is often used to evaluate renal sympathetic nerve activity. At the end of the 1M-FU, renal artery tissues from both groups of pigs were harvested for TH staining and scored for intensity. As shown in Figure 2A, the TH staining intensity and score were significantly lower after immediate RDN in the AMI+RDN group than that in the AMI+sham group. Similar results were also obtained in the measurement of NE, as the NE concentration in the renal cortex of the AMI+RDN group was significantly reduced compared to that in the AMI+sham group (Figure 2B). These results suggest that immediate cryoablation effectively impairs renal sympathetic nerves and their functional activity.


[image: Figure 2]
FIGURE 2. Immediate RDN effectively reduces renal sympathetic activity and plasma RAAS indexes after AMI. (A) Representative TH-stained photomicrographs and degree of TH staining of nerves around the renal arteries of pigs from the AMI and AMI+RDN groups on a scale of 0–3: 0, no reaction; 1, patchy/very weak reaction; 2, weak to moderate reaction; 3, strong reaction. The minimum score that represents the most serious functional damage was adopted for each section. (B) Quantification of NE concentration per gram of renal cortex of pigs from the AMI and AMI+RDN groups. (C–E) Quantification of plasma renin, angiotensin II, and aldosterone levels at 1M-FU of pigs in the AMI and AMI+RDN groups by 1M-FU. Values are expressed as mean ± SEM (n = 6). One-way ANOVA was applied to determine the significance of the data. *p < 0.05, **p < 0.01, ****p < 0.0001. TH, tyrosine hydroxylase; NE, norepinephrine; SEM, standard error of the mean.


The RAAS system remains continuously hyperactivated during the course of HF in addition to SNS overactivation, and the former plays a decisive role in myocardial remodeling. We found that immediate RDN suppressed the overactivation of RAAS to some extent by analyzing the peripheral blood of the two groups, as evidenced by a significant reduction in plasma renin, angiotensin, and aldosterone levels at the 1M-FU (Figures 2C–E).

Liver and renal function were also examined at the preoperative baseline and at the 1M-FU. The results showed a protective effect of immediate RDN on blood BUN and creatinine in the AMI+RDN group pigs, whereas the plasma potassium and sodium levels and liver function indices (AST, ALT, TBIL, and DBIL) did not differ between the two groups (Table 1).



Immediate RDN Improved Cardiac Function After AMI

Cardiac function was tested again using TTE at the 1M-FU (Figure 3A). The results indicated that immediate RDN exhibited remarkable improvement in several parameters of cardiac function, as evidenced by higher EF and fraction shortening of the left ventricle in the AMI+RDN group than that in the AMI+sham group (Figures 3B,C). Additionally, immediate RDN also significantly improved LV end-diastolic dimensions, LV end-systolic dimensions, end-systolic volume, and end-diastolic volume (Figures 3D–G).
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FIGURE 3. Immediate RDN improves LV function and plasma NT-proBNP level in pigs after AMI. (A) Representative echocardiography images of pigs in the AMI+sham and AMI+RDN groups before, after gelatin embolism, and at 1M-FU. (B–G) Statistical analysis of EF, FE, LVDd, LVDs, EDV, EVS of pigs in AMI+sham and AMI+RDN groups before, after gelatin embolism, and at 1M-FU. (H) Quantification of plasma NT-proBNP level at 1M-FU in pigs in the AMI+sham and AMI+RDN groups. Values are expressed as mean ± SEM (n = 6). One-way ANOVA was applied to determine the significance of the data. *p < 0.05, **p < 0.01. EF, ejection fraction; FS, fractional shortening; LVDd, left ventricular end-diastolic dimension; LVDs, left ventricular end-systolic dimension; EDV, end-diastolic volume; ESV, end-systolic volume.


We then examined cardiac function parameters in the circulation and found that NT-proBNP in the AMI+RDN group was significantly lower than that in the AMI+sham group, further suggesting a protective effect of immediate RDN on cardiac function (Figure 3H).



Immediate RDN Reduced Myocardial Remodeling in LV After AMI

Myocardial remodeling is the primary pathological basis of cardiac dysfunction. The results obtained from our study prompted us to explore the influence of immediate RDN on myocardial remodeling. As shown in Figure 4A, the collagen density was dramatically suppressed after immediate RDN at the 1M-FU with the progressive formation of fibrosis in the non-ischemic area. Moreover, cardiomyocytes in AMI+RDN group exhibited smaller sized compared to AMI+sham group (Figure 4B). We also assessed CD68 staining and found out that inflammatory infiltration during HF were inhibited after immediate RDN (Figure 4C). However, vWF staining showed no difference in angiogenesis between the two groups (Supplementary Figure 1).
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FIGURE 4. Immediate RDN suppression LV remodeling after AMI. (A–C) Representative photomicrographs of Masson trichrome, WGA and CD68 staining and quantitative data of remote area in the extracted heart of pigs in AMI+sham and AMI+RDN groups by 1M-FU. (D) Relative mRNA expression of Col I, Col III, and αSMA in remote areas of pigs in AMI+sham and AMI+RDN groups at 1M-FU. (E) Representative images and relative protein expression of Col I, Col III, and αSMA in remote areas of pigs in AMI+sham and AMI+RDN groups by 1M-FU Western Blotting analyses. Values are expressed as mean ± SEM (n = 6). One-way ANOVA was applied to determine the significance of the data. *p < 0.05, **p < 0.01. a.u., astronomical unit.


Similar to the results obtained for the pathological analysis, the elevated mRNA and protein expression of fibrosis-related proteins such as Col I, Col III, and αSMA in remote area of the myocardial tissue after AMI were mitigated to some extent by immediate RDN (Figures 4D,E). These findings implicated a protective effect of immediate RDN in myocardial remodeling.



IL-33/ST2 Signaling Pathway May Be Involved in the Cardioprotective Effect of Immediate RDN

A protective role is played by sST2 in the circulation in myocardial remodeling, and it is now regarded as a prognostic biomarker for HF. Therefore, we wanted to determine whether the protective effects of immediate RDN on LV remodeling was through its effect on sST2. As expected, plasma sST2 levels were significantly lower in the AMI+RDN group than those in the AMI+sham group (Figure 5A). Additionally, sST2 expression in the non-ischemic areas of the LV was also reduced, but the expression level of its cardioprotective ligand IL-33 remained stable (Figure 5B).
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FIGURE 5. IL-33/ST2 and downstream signaling after immediate RDN. (A) Quantification of the plasma sST2 level at 1M-FU of pigs in the AMI and AMI+RDN groups by 1M-FU. (B) Relative mRNA expression of sST2 and IL-33 in remote area of pigs in the AMI and AMI+RDN groups at 1M-FU. (C) Representative images and NF-κB activation (ratio of P-p65 to total p65) and relative protein expressions of TGFβ in remote area of pigs in AMI and AMI+RDN groups by 1M-FU Western Blotting analyses. Values are expressed as mean ± SEM (n = 6). One-way ANOVA was applied for determining the significance of data. *p < 0.05, **p < 0.01. sST2, soluble ST2.


NF-κB is important for inflammation and immunity in AMI and has also been reported to be activated by competitive binding of sST2 to IL-33, which promotes the synthesis of TGFβ. We verified downstream NF-κB activation and TGF-β expression to further validate the role of sST2 in the cardioprotective effects of immediate RDN and found significantly suppressed expression of these indicators in the AMI+RDN group (Figure 5C and Supplementary Figure 2). These results implied a protected activation of IL-33/ST2 signaling and the role of decreased sST2 in the anti-remodeling effects of immediate RDN.




DISCUSSION

In this study, we successfully established a porcine model of AMI and post-AMI RDN. Decreased cardiac function, determined by TTE, was observed postoperatively in pigs of both the AMI+sham and AMI+RDN groups. However, immediate RDN after AMI, which suppressed the SNS and RAAS hyperactivation, exhibited a protective effect on cardiac function and an overall improvement in plasma HF markers after 1 month. The cardioprotective effects of RDN were mainly a result of improved LV remodeling, marked by a reduction in myocardial fibrosis, decreased cardiomyocytes hypertrophy and less inflammatory cell infiltration. Further analysis revealed attenuated expression of sST2 by immediate RDN, together with the involvement of IL-33/ST2 and downstream signaling in the reduction of myocardial remodeling.

In this study, the deterioration in cardiac function after AMI was significantly restrained by immediate RDN with improved TTE parameters and lower plasma NT-proBNP levels at the 1M-FU, suggesting a reduced need for compensatory mechanism. From a pathological perspective, myocardial remodeling persists in the course of HF, manifested mainly by myocardial fibrosis and hypertrophy (2, 20). Our study confirmed for the first time that immediate RDN after AMI significantly repressed fibrosis and cardiomyocytes hypertrophy in the non-ischemic myocardium. Previous studies have suggested that RDN has an antifibrotic role in many other pathological processes, such as delayed HF, renal fibrosis in chronic kidney dysfunction, and atrial fibrosis in arrhythmia (17, 21–24). The protective effect of RDN on myocardial hypertrophy has also been reported in hypertensive models (25). These all supported, to some extent, the results obtained from our findings at both the histological and molecular levels. Infiltration of inflammatory cells is another an important pathological process in remodeling (3). We also found that there were fewer CD68-positive cells in the LV of the AMI+RDN group than in the AMI+sham group. This is cohesive to our previous findings in an atherosclerotic ApoE−/− mice model where RDN mitigated the mobilization of inflammatory cells to plaques (14). Furthermore, we ensured a consistency of the infarct size to a large extent with the use of a permanent embolization model, eliminating the differences in cardiac function caused by this confounding factor, as it is reported that RDN can protect against cell death caused by reperfusion, thus reducing infarct size (26). Collectively, these results for the first time suggest that immediate RDN after AMI is cardioprotective and this effect is mainly exerted by counteracting myocardial remodeling from the onset of HF.

Additionally, we also reported for the first time that the expression of sST2, as a clinical biomarker, declined dramatically in the AMI+RDN group after immediate RDN compared with that in the AMI+sham group. Recently, sST2 has emerged as a prognostic biomarker for HF, and its peripheral level has been reported to reflect the degree of myocardial remodeling (27–29). sST2 is responsible for fibroblast activation, cardiomyocytes hypertrophy, and inflammatory responses in the progression of HF (30, 31). As a decoy receptor, it competitively weakens the binding of IL-33 to ST2L, which inhibits the activation of NF-κb, exerting a direct anti-inflammatory effect on one hand and suppressing the activation of TGFβ and its downstream profibrotic and pro-hypertrophic pathway on the other hand (32, 33). Likewise, the improvement in these phenotypes was also detected as the cardioprotective effect of immediate RDN. In our study, we observed reduced levels of sST2 after AMI by immediate RDN, together with changes in IL-33-related remodeling pathways, including reduced activation of NF-κb and expression of TGFβ. The inhibitory effect of RDN on NF-κb has been demonstrated previously, which further supports our findings that RDN exerts anti-remodeling effects by the reduction of sST2 and the subsequent modulation of the IL-33/ST2 pathway (34, 35).

With the use of a large animal model, this study may provide insights into the clinical application of RDN as it has several advantages. Inconsistence in results happened between large and small animal models (36). Swine models are closer to humans not only morphologically but also physiologically and are more suggestive in practice. The modeling of AMI in swine is also more similar to the pathological formation of AMI in human. Besides, to perform RDN, small animal are treated through open abdominal approaches, and there may be confounding of results due to traumatic strikes. Large animals, on the other hand, are underwent the same interventional approach as humans, and therefore can better simulate clinical treatment. Previously, improvement in exercise endurance and other surrogate endpoints have shown that RDN is protective in both HFrEF and HFpEF patients. In addition to the commonly used imaging or serological indicators in clinical application, our study also confirmed from a pathological perspective that immediate RDN can exert cardioprotective effects by directly restricting myocardial fibrosis and hypertrophy in non-ischemic areas and limiting inflammatory cell infiltration. More importantly, immediate RDN exhibited a significant protective effect on cardiac function while ensuring hemodynamic stability. Although RDN is antihypertensive, and the kidney is one of the most densely distributed sites of sympathetic nerves, RDN does not fully restore their excitability to normal levels, namely not from “too much” to “too little” (37). Moreover, in most of the previous studies, RDN was performed in the middle to late stages of HF, which may lead to a delay in the intervention that RDN would not display a full protective effect early in myocardial remodeling (38–40). From a clinical point of view, our study reaffirms the cardioprotective effects and clinical feasibility of immediate RDN. It suggested AMI as another potential indication for RDN and readmissions for interventions may not be necessary for AMI patients after their HF has progressed.

This study had several limitations. First, the follow-up period was relatively short. We found that immediate RDN exhibited inhibitory effects on myocardial remodeling of non-ischemic myocardial tissues in the first month after AMI, while these pathological progressions in HF last over years. Considering that nerve regeneration after RDN is barely visible and its antihypertensive effect persists for at least 3 years after operation, we presume to a certain extent that immediate RDN may also exert a sustained cardioprotective effect till the middle- and late-stage HF (41, 42). Second, in this study we discovered for the first time that RDN protected the failing heart via the modulation of IL-33/ST2 signaling, yet the detailed mechanism is still unclear. Existing studies have found that changes in IL-33/ST2 pathway are associated with the RAAS system (43, 44). Since RAAS is regulated by RDN, we speculate that RDN may exert a cardioprotective effect on IL-33/ST2 pathway through RAAS and further detailed mechanisms are under exploration. Third, although we confirmed the cardioprotective effects of immediate RDN after AMI, a pre-existing RDN operation is not protective against AMI. The optimal time window for RDN intervention, such as revascularization immediately after RDN, in ischemic HF remains inconclusive. Therefore, relevant large animal experiments are underway to overcome this gap in knowledge.



CONCLUSIONS

Our study showed that immediate RDN after AMI inhibits early SNS and RAAS activation. It exhibited an improvement in cardiac function mainly by suppressing myocardial remodeling. For the first time, we found that these cardioprotective effects of immediate RDN was associated with a reduction in sST2 as well as the involvement of IL-33/ST2 and downstream signaling. This may provide another viable application of RDN beyond hypertension in emergency PCI.
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Background: Contrast induced nephropathy (CIN) is a common complication in patients receiving intravascular contrast media. In 2020, the American College of Radiology and the National Kidney Foundation issued a new contrast induced acute kidney injury (CI-AKI) criteria. Therefore, we aimed to explore the potential risk factors for CIN under the new criteria, and develop a predictive model for patients with coronary artery disease (CAD) with relatively normal renal function (NRF).

Methods: Patients undergoing coronary angiography or percutaneous coronary intervention at Zhongshan Hospital, Fudan University between May 2019 and April 2020 were consecutively enrolled. Eligible candidates were selected for statistical analysis. Univariate and multivariate logistic regression analyses were used to identify the predictive factors. A stepwise method and a machine learning (ML) method were used to construct a model based on the Akaike information criterion. The performance of our model was evaluated using the area under the receiver operating characteristic curves (AUC) and calibration curves. The model was further simplified into a risk score.

Results: A total of 2,009 patients with complete information were included in the final statistical analysis. The results showed that the incidence of CIN was 3.2 and 1.2% under the old and new criteria, respectively. Three independent predictors were identified: baseline uric acid level, creatine kinase-MB level, and log (N-terminal pro-brain natriuretic peptide) level. Our stepwise model had an AUC of 0.816, which was higher than that of the ML model (AUC = 0.668, P = 0.09). The model also achieved accurate predictions regarding calibration. A risk score was then developed, and patients were divided into two risk groups: low risk (total score < 10) and high risk (total score ≥ 10).

Conclusions: In this study, we first identified important predictors of CIN in patients with CAD with NRF. We then developed the first CI-AKI model on the basis of the new criteria, which exhibited accurate predictive performance. The simplified risk score may be useful in clinical practice to identify high-risk patients.

Keywords: contrast induced nephropathy (CIN), coronary artery disease, contrast media (CM), incidence, risk factor, predictive model


INTRODUCTION

With the application of interventional therapy in cardiovascular diseases, coronary angiography (CAG) has become the gold standard for diagnosing coronary artery disease (CAD). Percutaneous coronary intervention (PCI) has also become one of the most important treatments for patients with CAD. Regardless of the above treatments, use of contrast media (CM) is essential. However, due to the nephrotoxicity of CM, patients exposed to them may develop contrast induced nephropathy (CIN), also known as contrast induced acute kidney injury (CI-AKI). CIN is the third leading cause of hospital-acquired acute kidney injury (1). This complication prolongs the patient's hospital stay and increases medical expenses, resulting in irreversible kidney injury, need for dialysis, or even death (2). Since CIN does not have effective therapies, early identification of high-risk patients and effective interventions are extremely important.

CIN is usually defined as an increase of ≥0.5 mg/dL or ≥25% in baseline serum creatinine (SCr), within 48–72 h after exposure to CM, excluding other causes of renal function impairment (3). In January 2020, the American College of Radiology and the National Kidney Foundation jointly issued a consensus (4) and recommended that the diagnostic criteria of CA-AKI/CI-AKI be referred to the one proposed by kidney disease improving global outcomes (KDIGO), that is, when within 48 h of CM administration, the SCr increased by ≥0.3 mg/dL (26.5 μmol/L) or ≥1.5 times the baseline value (5). To date, few studies have compared the incidence of CIN based on these two diagnostic criteria, and no model has been constructed on the basis of the new criteria.

Baseline renal insufficiency is the most important risk factor for CIN, and many other risk factors, such as advanced age and diabetes, have also been recognized (6). In clinical practice, patients with chronic kidney disease (CKD) undergo hydration before and after surgery (7, 8). However, for those with relatively normal renal function (NRF), it remains unknown whether there are new, unique indicators that can predict the occurrence of CIN. Therefore, we aimed to explore the potential risk factors for CIN among patients with CAD with NRF and establish a predictive model based on new criteria.



METHODS


Study Population

Consecutive patients undergoing CAG or PCI at Zhongshan Hospital, Fudan University, between May 2019 and April 2020, were retrospectively enrolled. Demographic data and baseline clinical characteristics were recorded, including age, sex, blood pressure, comorbidities, medical history, laboratory examinations, and procedure-associated factors. The endpoint was CIN occurrence. Inclusion criteria were patients diagnosed with CAD by CAG, with documented renal function (SCr level) at baseline and 48 h after the procedure. Exclusion criteria were patients receiving continuous dialysis for end-stage renal disease, exposure to CM within 1 week before surgery, use of nephrotoxic drugs, severe infections and liver insufficiency, combined with tumors, allergy to CM, and women during pregnancy and lactation. All included patients used low- or iso-osmolarity contrast agents and did not receive hydration therapy. The study was approved by the ethics committee of Zhongshan Hospital, Fudan University. A written informed consent was obtained from all patients upon admission, which allow for the analysis of clinical data for the purpose of scientific study.



Clinical Definitions

“Contrast induced nephropathy (CIN)” or “Contrast induced acute kidney injury (CI-AKI)” was defined as an increase of ≥50% or 0.3 mg/dL in pre-PCI serum creatinine at 48 h after surgery (4). “Coronary artery disease (CAD)” was defined as at least one major coronary artery (left main artery, left anterior descending artery, left circumflex artery, or right coronary artery) stenosis ≥50%, confirmed by CAG (9). “Hypertension” was defined as systolic blood pressure ≥140 mmHg and/or diastolic blood pressure ≥90 mmHg, or previous diagnosis of hypertension and taking antihypertensive medications (10, 11). “Diabetes mellitus” was defined on the basis of the American Diabetes Association criteria (12). “Moderate to severe congestive heart failure (CHF)” was defined as New York Heart Association (NYHA) functional class III–IV (13). “Anemia” was defined as a hematocrit value <39% for men and <36% for women (14). Hyperuricemia was defined as fasting serum uric acid level >7.0 mg/dL in men and >6.0 mg/dL in women (15). Perioperative myocardial infarction was defined on the basis of the fourth universal definition of MI (16).



Development of Stepwise Model and Risk Score

The data were preprocessed before the formal analysis, and missing values of eGFR were handled on the basis of the CKD-EPI formula (consistent with previously recorded data) (17). Values in the variables of “Hypertension” and “Diabetes Mellitus” were corrected on the basis of the definitions, in combination with actual blood pressure and blood glucose level (or glycosylated hemoglobin) of patients. Univariate and multivariate logistic regression analyses were used to identify the predictive factors. Variables with a P < 0.1 in the univariate analysis were available for further multivariate regression. A stepwise selection method was used to construct the best model on the basis of the Akaike information criterion (AIC). We also used the machine learning (ML) method (elastic net) to select statistically significant variables as a supplementary verification.

To evaluate the performance of our stepwise model, we used the area under the receiver operating characteristic curves (AUC) and calibration curves. Subsequently, to facilitate clinical use, we simplified the stepwise model and converted it into a risk score. Receiver operating characteristic (ROC) curves were used to identify the cut-off values of the continuous variables. Weighted scores were assigned to each risk factor on the basis of their new odds ratios (ORs). On the basis of their total scores, patients were further divided into different risk groups.



Statistical Analysis

All statistical analyses and plotting were performed using R 3.6.3 (Lucent Technologies, New Providence, the United States, https://www.r-project.org) and GraphPad Prism 8 (GraphPad Software, LaJolla, CA, USA, https://www.graphpad.com/scientific-software/prism). Some of the R packages “tidyverse,” “MASS,” “pROC,” “RMS” were used. Continuous variables conforming to the normal distribution were represented as mean ± standard deviation (SD); otherwise, they are presented as median (interquartile range). Categorical variables were expressed as frequency (percentage) using the chi-square test or Fisher's exact test. All P-values were two-sided, and statistical significance was set at P < 0.05.




RESULTS


Patients and Clinical Characteristics

A total of 2,383 patients with CAD after the procedure were included consecutively in this study. Some patients were excluded from the study: 41 cases without significant coronary artery lesions, 66 with a history of chronic kidney disease (CKD), 265 with eGFR <60 mL/min/1.73 m2, and 2 with hepatic insufficiency. In all, 2,009 patients were included in the statistical analysis. Based on the old criteria, the incidence of CIN was 3.2%, whereas it declined to 1.2% under the new criteria (Figure 1).


[image: Figure 1]
FIGURE 1. Incidence of CIN under different criteria. CIN, contrast induced nephropathy; Old, old criteria; New, new criteria.


The baseline demographic and clinicopathologic features are listed in Table 1. Overall, the mean age of all patients was 63.3 years, and 79.0% were male. Regarding CAD subtypes and comorbidities, 22.9% had ACS, 74.4% had hypertension, and 40.9% had diabetes mellitus. Patients who underwent low-osmolarity CM accounted for 69.7% of the patients, and the mean volume of contrast was 150.17 ± 4.5 mL. Patients who developed CIN (CINs) and those who did not (non-CINs) differed substantially with respect to the following variables: diastolic blood pressure, smoking status, CAD subtype, previous acute myocardial infarction (AMI) history, and laboratory examinations (left ventricular ejection fraction, left ventricular end-systolic dimension, neutrophils, lymphocytes, neutrophil to lymphocyte ratio, eosinophils, platelet distribution width, aspartate aminotransferase [AST], low density lipoprotein, non-high-density lipoprotein, apolipoprotein B, creatine kinase-MB [CK-MB], high-sensitivity C-reactive protein, cardiac troponin T [cTnT], and N-terminal pro-brain natriuretic peptide [NT-proBNP] levels).


Table 1. Basic characteristics of the CIN and non-CIN groups.
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Univariate and Multivariate Analysis

All the variables in Table 1 were used in the subsequent univariate analysis, and some skewed variables (for example, alanine transaminase [ALT] and AST) were log-transformed. Table 2 shows the factors with a P < 0.1. A total of 22 variables were significantly associated with the development of CIN, namely vital signs, medical history, comorbidities, cardiac ultrasound, and laboratory indexes. Afterward, considering the collinearity of some existing variables, we retained systolic blood pressure and LVEF instead of diastolic blood pressure and LVESD. A stepwise logistic regression was performed to construct the model. The final multivariate results are shown in Table 3. Baseline uric acid (UA), CK-MB, and log (NT-proBNP) levels were identified as independent predictors of CIN. The AIC of the model was 213.63 (Table 3).


Table 2. Univariate analysis in our cohort.

[image: Table 2]


Table 3. Multivariate analysis and the independent predictors in our cohort.
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Performance of the Stepwise Model

The performance of our stepwise model was evaluated using the AUC and the calibration curve (Figure 2). The AUC of the stepwise model was compared with that of the machine learning (ML) model, and the calibration was performed using internal validation. The AUC of the stepwise model was 0.816, which was higher than that of the ML model (AUC = 0.668, P = 0.09, Figure 2A). The calibration curve showed that the predictive incidence was significantly associated with the actual probability of CIN (Figure 2B).


[image: Figure 2]
FIGURE 2. (A) Receiver operating characteristic (ROC) curves of stepwise model and machine learning (ML) model. (B) Calibration curve of stepwise model. AUC, area under the receiver operating characteristic curves; CIN, contrast induced nephropathy.




Simplified Risk Score Development

To facilitate implementation in clinical practice, we simplified the stepwise model to a risk score. The cut-off values of the three variables were identified using ROC curves (Supplementary Figure 1). We chose baseline UA ≥450 μmol/L, CK-MB ≥48 U/L, and NT-proBNP ≥850 pg/mL as the cut-off values, and the new multivariate results are shown in Supplementary Table 1. A weighted score of 1 was assigned to each OR value, and the final risk score is shown in Figure 3. The total scores of the patients in our cohort were between 0 and 17 points. Based on the total scores, we divided patients into two risk groups (low risk and high risk, corresponding to a total score of <10 and ≥10, respectively). The CIN incidence of patients in the low-risk group was 1.0%, while the incidence increased to 14.8% when the total score was ≥10 (Figure 4).


[image: Figure 3]
FIGURE 3. Simplified predictive score for CIN. UA, uric acid; CK-MB, creatine kinase MB; NT-proBNP, N-terminal pro-brain natriuretic peptide.



[image: Figure 4]
FIGURE 4. CIN incidence based on different risk groups. CIN, contrast induced nephropathy.





DISCUSSION

In this study, we first compared the incidence of CIN using two different criteria. The incidence of CIN was generally low, with 3.4% under the old criteria and 1.6% under the new criteria. The incidence under the old criteria was very similar to the results of Rihal et al. (18). Therefore, based on the KDIGO criteria, the incidence of CIN decreased dramatically, indicating that the old definition of CIN, to some extent, may have exaggerated the development of CI-AKI. In addition, other factors such as the different study populations and the nature of the CAG procedure may also lead to the variance of incidence rate of CIN (19).

Next, we explored the risk factors for CIN development. The results showed that, except for traditional risk factors, there were other predictors of great importance for patients with relatively NRF. In the multivariate logistic regression analysis, we determined the predictive value of baseline UA, CK-MB, and log (NT-proBNP) levels. A stepwise model and a risk score were then constructed, and to the best of our knowledge, these two are the first CIN predictive models based on the new KDIGO criteria. Our model exhibited good predictive ability, with an AUC of 0.816. Furthermore, we simplified the model to a risk score, which facilitates its use by clinicians. Two risk groups were further defined: low-risk (<10 points) and high-risk (≥10 points). The incidence of CIN increased significantly as the score increased (Figure 4).

Hyperuricemia (or baseline UA level) has been widely confirmed to influence the occurrence of CIN (20). In the present study, baseline UA level was an independent risk factor (OR, 1.004; P = 0.04). Similarly, other studies have proved that hyperuricemia is significantly associated with a higher risk of CI-AKI, regardless of renal function (15, 16). Nevertheless, it remains unknown whether UA lowering therapy can effectively reduce the incidence of CIN. A randomized controlled trial explored the role of allopurinol in preventing CIN after PCI and failed to show its efficacy (21). At any rate, it warned us that patients with high UA levels before PCI have the potential to develop CIN.

CK-MB is an early marker of myocardial injury with high specificity. Our analysis showed that CK-MB has an important value in predicting CIN (OR: 1.01, 95% CI: 1.01–1.02, P < 0.001). Previously, Zbierska-Rubinkiewicz et al. found that increased baseline CK-MB level was an independent risk factor for CIN among patients treated with PCI (P = 0.001) (22). The prediction model constructed by Gurm et al. also incorporated CK-MB as an important predictor (23). These findings are consistent with our results. Regarding the reason why cTnT was excluded from the model, we believe that this is due to the fact that the level of CK-MB is less affected by renal function; therefore, it can reflect patients' myocardial ischemia to a large extent. This makes CK-MB more favorable for predicting CIN.

Another finding in our study pertained to the level of NT-proBNP. In multivariate analysis, log (NT-proBNP) was statistically significant (OR, 1.94; 95%CI: 1.45–2.63, P < 0.001). BNP plays an important role in maintaining the circulating blood volume and osmotic pressure. In contrast, NT-proBNP, the precursor of BNP, is an important biomarker for the diagnosis of heart failure due to its long half-life and good in vitro stability (24). Nevertheless, since NT-proBNP is mainly filtered and cleared by the glomerulus, it is greatly affected by renal function. NT-proBNP has shown a predictive value for CIN in both STEMI and elective surgery patients (25–27). In 2015, Liu et al. found that preprocedural NT-proBNP levels could predict CIN as effectively as the Mehran risk score (13, 27). Our results are consistent with their work. When developing the simple risk score, we identified a cut-off value of NT-proBNP as ≥850 pg/mL and incorporated it into the model to achieve better prediction.

It is not clear why elevated NT-proBNP levels are associated with a higher risk of CIN. Some studies have proposed that BNP reduces the effects of catecholamines and potentiates the generation of nitric oxide, thereby potentially resulting in systemic vasodilation and renal hypoperfusion (27). Future research may further explore this potential mechanism.

Other recognized risk factors include advanced age, diabetes, CHF (NYHA III-IV), and anemia. In particular, Mehran et al. published a risk score that included eight variables: hypotension, IABP, CHF, CKD, diabetes, age >75 years, anemia, and volume of contrast (13). None of these variables showed statistical significance in our cohort, indicating that the three predictors (levels of UA, CK-MB, and NT-proBNP) were more significant. The type and amount of contrast medium are also associated with the development of CIN. It has been reported that the effect of the volume of contrast and CIN was dose dependent. In our study, the effect of contrast volume was not statistically significant (OR: 1.002, P = 0.256). We speculated that the amount of CM had little effect on patients with relatively NRF. Additionally, compared with studies conducted in Western countries, a smaller average amount of CM in our study (150.17 ± 4.5 mL) may also make the effect insignificant.

Our study is a well-designed research exploring the risk factors for predicting CIN in Chinese people, with a large sample size. The established stepwise model exhibited outstanding performance (AUC = 0.816) and could predict CIN precisely (Figure 2). The limitations of our work lie in the following aspects. First, the number of patients with CIN was relatively small. In other words, the incidence of CIN in our cohort was below average (new criteria: 1.2%). This may add some difficulty in determining the effects of the predictors. Moreover, the study was retrospective and could not control for all confounding factors. Finally, we used internal validation to evaluate the model in order to make full use of the data to construct the model. Therefore, additional external validation is required for further studies and model evaluation.



CONCLUSIONS

In the present study, we first identified three independent risk factors in patients with CAD with relatively NRF: baseline UA level, CK-MB level, and NT-proBNP level of CIN. Meanwhile, we developed the first stepwise model and risk score based on the new CI-AKI criteria, which exhibited accurate predictive ability. Two risk groups were defined on the basis of the total score of the patients. This simplified risk score may be helpful in clinical practice to identify high-risk patients in the future.
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Ischemic heart disease (IHD) is a considerable health burden worldwide with high mortality and morbidity. Treatments for IHD are mainly focused on decreasing oxygen demand or increasing myocardial oxygen supply, including pharmacological, interventional, and surgical treatment, but there are also some limitations. Therefore, it is important to find a simple, effective, and economical treatment. As non-invasive and safe physiotherapy, electrical stimulation (ES) has a promising application in the treatment of IHD. Current studies suggest that ES can affect the occurrence and development of IHD by promoting angiogenesis, regulating autophagy and apoptosis, inhibiting the inflammatory response and oxidative stress. In this review, we focus predominantly on the mechanism of ES and the current progress of ES therapy in IHD, furthermore, give a brief introduction to the forms of ES in clinical application.
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INTRODUCTION

Cardiovascular disease has been a serious threat to human life for a long time and its incidence is increasing (1). Coronary artery disease (CAD), also known as ischemic heart disease (IHD), is the main cause of heart failure, which seriously endangers the health of people and puts a huge burden on health care resources all over the world. In China, more than half of patients with heart failure developed from IHD (2). Therefore, it is a common problem for clinicians and researchers to explore the pathogenesis of IHD and carry out effective prevention and treatment. According to clinical studies, the onset of IHD is a long-term and complex process, which mainly involves pathophysiological changes such as coronary artery stenosis, coronary artery thrombosis and embolism, vasospasm, microcirculation disorder, inflammation, endothelial dysfunction, apoptosis, and autophagy cascading reactive activation, etc (3). It is mainly caused by the spread of severe coronary artery stenosis or complete blockage of chronic coronary arteries, resulting in an imbalance between the oxygen supply and oxygen demand of the myocardial cells, impaired myocardial energy metabolism leading to autophagy and ischemia-reperfusion injury, which then leads to a syndrome manifesting as heart enlargement, heart failure, arrhythmias, and other symptoms (4). In recent years, with the continuous development of molecular biology, people have a deeper knowledge and understanding of the occurrence and development of IHD. Furthermore, treatments for IHD are mainly focused on decreasing oxygen demand or increasing myocardial oxygen supply, including pharmacological, interventional, and surgical treatment, but there are also some limitations (5). Thus, it is important to find a simple, effective, and economical treatment.

The bioelectric phenomenon is one of the most basic life activities, almost every physiological process in the human body is related to bioelectricity, such as heart beating, muscle contraction, brain thinking. As early as the 19th century, scientists had discovered that exogenous ES of the human cortex led to behavioral changes (6). Since then, a large number of studies have demonstrated that electric fields can cause physiological changes in cells. ES therapy is a physical therapy method that uses electrical currents to cause changes in the morphology and function of cells or tissues through different pathways. In recent years, with the continuous development of control technology of ES and the deepening of research on different types of stimulation, the application of ES in IHD has received more and more attention. As non-invasive and safe physiotherapy, ES has been widely used in the rehabilitation of many diseases such as neuromuscular injuries (7). New advances in IHD are achieved through the application of different types of ES to influence cell proliferation and differentiation. Current studies suggest that ES can affect the occurrence and progress of IHD by promoting angiogenesis, regulating autophagy and apoptosis, inhibiting the inflammatory response and oxidative stress (Figure 1). Here, the role of ES in IHD was reviewed to further analyze the mechanism of ES and provide new ideas for the treatment of clinical IHD.
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FIGURE 1. The role of ES in IHD. ES can treat IHD by promoting angiogenesis. ES can treat IHD by regulating apoptosis and autophagy. The inhibition of inflammation and oxidative stress by ES is also critical to the treatment of IHD.




OVERVIEW OF ELECTRICAL STIMULATION

In more than 300 BC, Aristotle observed that electric rays paralyzed animals in the water by striking them with shock as they hunt. It was only after the 18th century, when the laws of electricity were discovered, that people gradually realized the nature of the biological discharge. With the invention of the electric motor and the battery, people began to figure out electricity. Then many scientists proved the existence of bioelectricity. With the invention of the galvanometer, people could measure bioelectricity directly. Subsequently, bioelectricity was studied, a membrane theory was developed and the transmembrane potential of cells was recorded. At this time, the research is not lotted to the phenomenon and the mechanism of occurrence. With the deepening of the research, people began to try to observe the biological electrical phenomenon of the body. Its principle was to use the electric excitability of nerve cells to stimulate the specific sensory nerve with electricity, and produce nerve impulses to produce the corresponding immune and humoral response in the area dominated by it, to play the role of regulating the body (8). ES can promote biomolecules to cross biofilms through ion osmosis, or interact with membrane proteins, cytoskeleton, and intracellular organelles (9, 10). ES therapy is a kind of physical therapy that uses electrical currents to cause changes in the morphology and function of cells or tissues through different pathways (11). Based on these remarkable advantages, it is now beginning to be widely used in the biomedical field (11). ES has become an active area of research in nerve, cardiac and skeletal muscle engineering. In tissue engineering and regenerative medicine, ES can directionally accelerate neuronal axon growth and embryonic stem cell differentiation into neuron (12). In addition, ES can stimulate the growth of nerve axons and increases cell alignment (13, 14). ES is already used in tissue engineering to improve the conduction and contractile properties of heart structure (15). Recent reports have shown that macrophages play a role in electrical conduction beyond the atrioventricular node, including atrial fibrillation and ischemic ventricular arrhythmias (16). IHD causes abnormalities in cardiac conduction. Stimulation of the carotid sinus has been shown to affect blood flow in areas of myocardial ischemia to relieve angina. Whether ES of the carotid sinus nerve improves conduction abnormalities in IHD via sinus node conduction needs to be further investigated. ES can promote the proliferation of osteoblasts, regulate the local endocrine environment, participate in osteogenic differentiation, and promote bone formation in bone tissue engineering (17). Ischemia-reperfusion injury is common pathological damage in the clinic of IHD. Currently, experts are trying to use ES to alleviate myocardial ischemia-reperfusion injury (18). Ninety percentage of IHD is caused by the narrowing of the coronary lumen caused by atherosclerosis, resulting in problems of myocardial ischemia and hypoxia. Our previous study found that ES could reduce macrophage inflammatory response, reduce lipid accumulation in foam cells, and reduce AS plaque area (19). As a new technique, ES has been widely used in the treatment of IHD. Although its specific mechanism remains unclear, it provides a new direction for the treatment of IHD.


Types of Electrical Stimulation

In recent years, with the continuous development of ES control technology, many different types of ES had been applied in biomedicine and achieved good efficacy. Depending on the output signal, ES can be in the form of a single-phase (DC) or two-phase (AC), sinusoidal, sawtooth, or square-wave signal, pulse, pulse burst, or continuous pulse. Of these, the most basic is to apply a direct current voltage (20–25). ES can be divided into excitatory electrical stimulation and non-excitatory electrical stimulation according to whether the action potential is generated after ES. Current studies have shown that non-excitatory electrical stimulation on the left ventricular wall of rats can reduce cardiac ischemia-reperfusion injury by reducing the expression of calcitonin gene-related peptide (CGRP) (26). With the development of ES, so far, there have been many forms. First of all, studies have shown that percutaneous ES of the auricular branch of the vagus nerve has been applied to treat epilepsy and depression. Both animal experiments and clinical practice have proved their safety and effectiveness. Therefore, ES of the auricular branch of the vagus nerve would be a new non-invasive method to optimize cardiac autonomic tone in the treatment of ischemic heart failure (27–29). Another particular type of ES is electroacupuncture (EA). EA is a special form of ES, that is nervous electrical stimulation combined with acupuncture therapy and physical therapy, refers to the insertion of traditional Chinese medicine, based on pulse generator on the acupuncture needle passed close to the trace of human bioelectricity current wave, based on the original needle stimulates, attaches a certain amplitude of the continuous wave, discontinuous wave to stimulate acupuncture points, sustained, stable and accurate for the body, can be accused of stimulus, the electrophysiological effect of therapeutic effect (30). EA is easy to perform and avoids many of the adverse effects of drug pre-treatment. EA preconditioning, as an effective method of myocardial protection, can activate the endogenous protective mechanism of the body, mobilize the potential of the body, and improve the ability of the myocardium to adapt to the stress response. It has the advantage of adapting to a wide population and has a broad clinical application prospect. In recent years, animal experiments have shown that EA affects the whole process of autophagy flux by regulating the expression of the ULK1 complex, Beclin1, LC3, p62, and other autophagy-related markers. Further studies have shown that EA therapy may play a neuroprotective role in cerebral ischemia/reperfusion injury by regulating autophagy through the PI3K-Akt-mTOR signaling pathway (31). Current studies have shown that the locations of ES are also different, including the vagus nerve, spinal cord, cerebellar parietal nucleus, as well as the left cervicothoracic joint, sinoatrial node, and Neiguan acupoint (27, 28, 30). Scientists are trying to find areas where ES is most effective and least harmful to provide better theoretical and technical support for treating diseases with ES.




ROLES OF ES IN IHD


Angiogenesis

IHD is a condition in which the heart is affected by myocardial ischemia caused by narrowing or occlusion of the coronary arteries. The establishment of collateral coronary artery and its degree of development can reduce or prevent myocardial ischemia or necrosis and improve cardiac function. The body can promote the establishment of coronary collateral circulation through capillary angiogenesis. The role of angiogenesis in cardiovascular disease is still an important and unsolved problem, and there are different views on it in the medical community. Angiogenic cytokines have been widely considered to be useful in the treatment of IHD. As a new modulator, ES has been used in many ischemia models. ES can regulate angiogenesis by affecting cytokines and their receptors. However, the specific mechanism remains unclear and further studies are needed, but a large number of experiments have shown that ES has great potential in inducing angiogenesis and improving organ function.


Angiogenesis and IHD

IHD is a global public health problem with high morbidity and mortality. The main pathophysiological process of IHD is atherosclerosis. Coronary artery wall atherosclerosis causes stenosis of the vascular lumen, obstruction of coronary circulation, and insufficient blood supply to the myocardium, leading to myocardial ischemia, myocardial infarction, and other IHD (32). Importantly, restoring the blood supply is key to the successful treatment of IHD. Current treatments for IHD include drug therapy and surgical interventions that reduce the risk of cardiovascular events in IHD by dilating blood vessels to increase blood flow to damaged tissues. Angiogenesis is a novel therapeutic approach that can alleviate the symptoms of IHD (33). Angiogenesis is the development of new blood vessels from existing capillaries or post-capillary veins. Angiogenesis is an essential event involved in various physiological and pathological processes such as development, wound healing, and tumor growth (34). It involves the degradation of the vascular basement membrane, activation, proliferation, and migration of vascular endothelial cells during the activation phase; the reconstruction of blood vessels and vascular networks is a complex process involving multiple molecules and cells. Angiogenesis is a complex process of coordination between proangiogenic factors such as vascular endothelial growth factors (VEGF), fibroblast growth factors (FGF), and antiangiogenic factors such as thrombospondin-1, angiostatin, endostatin (35). VEGF (Vascular endothelial growth factor) is a subfamily of growth factors that stimulate the growth of new blood vessels and is an important signaling protein involved in angiogenesis and angiogenesis (36). Angiogenesis can promote the establishment of collateral circulation in ischemic peripheral tissues. The formation and opening of coronary collateral circulation can alleviate myocardial ischemia, prevent cell necrosis, prevent and delay the formation of ischemic cardiomyopathy, and improve the clinical symptoms and prognosis of patients. Studies have shown that neovascularization can effectively restore coronary blood perfusion and promote myocardial regeneration (37).



ES Can Promote Angiogenesis for IHD

Recently, subthreshold electrical stimulation is widely used in wound healing, fracture repair, and other clinical diseases due to its potential therapeutic ability. Given the experimental evidence that ES can promote wound healing by inducing the release of angiogenic factors and reducing the duration of the inflammatory period (38). The enhancement of angiogenesis by ES is considered to be a new chapter in the search for new methods to treat ischemia (39). Additionally, studies have shown that ES facilitates the angiogenesis of human umbilical vein endothelial cells through MAPK/ERK signaling pathway by stimulating FGF2 secretion (40) (Figure 2). Moreover, it has been shown that the expression of the VEGF gene is upregulated in electrically stimulated rat skeletal muscle (41). ES directly induces the proangiogenic response of vascular endothelial cells through VEGF receptors (42, 43) (Figure 2). Twenty-five hertz and 50Hz low voltage ES can promote the expression of VEGF in the ischemic myocardium and lead to capillary angiogenesis (44, 45). The specific effects of ES on the downstream pathways of VEGF and FGF2 still need further study. Therefore, ES can promote angiogenesis in the ischemic myocardium, but the specific mechanism is still unclear and needs further study. Taken together, in the future, ES will be expected to be a simple and practical new method to promote angiogenesis in the ischemic myocardium.
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FIGURE 2. ES can promote angiogenesis for IHD. ES can increase the expression of VEGF and FGF2 and promote angiogenesis through the MAPK/ERK signaling pathway, thus treating IHD.





Apoptosis

Coronary arteriosclerosis is the main cause of IHD. When the insufficient blood supply to the coronary artery of the heart fails to meet the energy needs of the myocardium, the myocardial tissue will accumulate toxic metabolites due to hypoxia and metabolic disorders, which will cause ischemic injury, and lead to myocardial death if it continues to develop. Apoptosis is an important mode of death of ischemic cardiomyocytes. ES is a new physical method to treat IHD by regulating apoptosis, the specific mechanism is not clear, there are some theories and hypotheses that need to be further confirmed, but the study of ES for the treatment of cardiovascular disease provides new thinking and method.


Apoptosis and IHD

Apoptosis is a form of programmed cell death that requires protein synthesis and a highly regulated process of cellular self-destruction by specific cellular signals and proteins (46). Apoptosis is a process strictly controlled by multiple genes. These genes are very conserved among species, such as the Bcl-2 family, caspase family, oncogene P53, etc. With the development of molecular biology techniques, there is considerable understanding of the process of apoptosis in a variety of cells, but the exact mechanism of apoptosis has not been fully understood up to now. And the disorder of the apoptotic process may have a direct or indirect relationship with the occurrence of many diseases. Such as tumors, autoimmune diseases, etc. Many factors can induce apoptosis, such as radiation, drugs, etc (47–50). IHD is a clinical syndrome that results in myocardial ischemia and hypoxia, apoptosis, and myocardial fibrosis caused by coronary atherosclerosis. Several recent studies have also confirmed the important role of apoptosis in IHD. Excessive apoptosis can promote myocardial cell death thus promoting myocardial ischemia, ischemia/reperfusion (I/R) injury, and post-ischemic cardiac remodeling in IHD (51, 52). In general, it is very important to find a new way to regulate apoptosis to contribute to the treatment of IHD and to provide a new therapeutic strategy.



ES Treats IHD by Regulating Apoptosis

Subthreshold electrical stimulation is a method used to manipulate cells to induce changes in various cellular processes, such as apoptosis and cell proliferation (53–55). Controversially, it has been shown that ES can both inhibit or induce apoptosis and promote cell proliferation. It has been shown that ES induces apoptosis by altering the permeability of the cell membrane and forming small pores in the cell membrane (electroporation) (56). In turn, it activates the apoptosis-related signal pathways and regulates apoptosis by altering the expression of p53 and Bcl-2 proteins (57) (Figure 3). ES can reduce apoptosis by altering intracellular protein expression and activating multiple signaling pathways (such as MAP kinase pathway) (58). ES to reduce apoptosis can also be used in the treatment of IHD. For instance, subthreshold electrical stimulation may reduce the apoptosis of rat ischemic cardiomyocytes by up-regulating the gene expression of Bcl-2 and down-regulating the gene expression of Bax, but the exact mechanism is unclear (59). In addition, other studies have shown that 25 Hz subthreshold electrical stimulation can reduce the apoptosis of ischemic cardiomyocytes in rats, and the mechanism may be related to the down-regulation of caspase-3 expression. Effective stimulation of Neiguan acupoints with EA pretreatment can reduce the production and level of TNF-α and intercellular adhesion factor-1 (ICAM-1) during myocardial ischemia-reperfusion injury, thereby reducing apoptosis of cardiomyocytes and tissue cells and suppressing the degree of the inflammatory response to effectively regulate heart rate and increase cardiac blood output in patients after coronary artery bypass grafting for coronary artery disease, resulting in a decrease in cardiac troponin T concentration and contributing to the maintenance and improvement of cardiac function. Subthreshold electrical stimulation in both ischemic and non-ischemic areas can reduce apoptosis of ischemic cardiomyocytes in rats (60). The effect of EA on the expression of caspase genes and similar sequences in cardiac myocytes was significant, and it could protect myocytes in the ischemic area during ischemia-reperfusion by slowing down the apoptosis process of cardiac myocytes. The mechanism of the effect of EA stimulation on the prevention of myocardial hypertrophy in rats is related to the modulation of the ERK signaling pathway, and its effect on the prevention of myocardial hypertrophy may be through the inhibition of the neuroendocrine system angiotensin II and endothelin to regulate the ERK signaling pathway to exert anti-apoptotic effects on cardiomyocytes (61). However, it is noteworthy that the mechanism by which ES achieves this goal is unclear. Further studies by scientists are needed to provide a new direction for ES to regulate apoptosis.
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FIGURE 3. Effects of ES on IHD in apoptosis, autophagy, inflammation, and oxidative stress. ES can regulate apoptosis by changing the expression of intracellular proteins. For example, Increase the expression of Bcl-2, inhibit the expression of Bax, Caspase-3, TNF-α, ICAM-1. ES can regulate the expression of autophagy-related markers such as ULK1 complex, Beclin1, LC3, and p62. Moreover, it can inhibit the release of pro-inflammatory cytokines such as IL-1β, TNF-α, IL-6, and IL-17, but did not inhibit the release of anti-inflammatory cytokines such as IL-10 and TGF-β. Additionally, ES can reduce ROS and inhibit oxidative stress in the treatment of IHD.





Autophagy

Autophagy generally exists in the normal physiological and pathological processes of cells. Appropriate autophagy can be used to maintain homeostasis, but insufficient and excessive autophagy can lead to related diseases. IHD is involved in the complex regulation of autophagy in myocardial hypertrophy, myocardial fibrosis, and the efficacy after reperfusion therapy, both in the ischemic stage and in the later stage. At present, the role of autophagy in IHD has increasingly become the focus of research. The regulation of autophagy by ES has been studied in a variety of diseases, but the study in IHD is still in the preliminary stage, and the specific mechanism is not clear yet, which needs further study to confirm. Studies on the regulation of autophagy by ES will provide a new direction for the treatment of IHD.


Autophagy and IHD

Autophagy is a general term for intracellular lysosomal degradation substances that are considered essential for the maintenance of normal cardiac structure and function. It is also associated with several cardiac diseases, especially myocardial ischemia/reperfusion (I/R) injury (62). Autophagy plays an important role in maintaining normal cell homeostasis and energy metabolism balance and is a necessary condition for regulating cardiovascular function (63). There are three main forms of autophagy: microautophagy, autophagy with molecular chaperones, and macrophage, among which macrophage is the most common and the most thoroughly studied. There are several stages in the progression of macroautophagy, including autophagosome initiation, vesicle nucleation, autophagosome expansion and maturation, and autophagosome fusion and degradation (64). There is growing evidence for a regulatory role of autophagy in IHD. Recent studies have demonstrated its dual role in IHD. Moderate autophagy is thought to be cardioprotective, while excessive autophagy exacerbates cardiomyocyte death (65). During the myocardial ischemic phase, autophagy degrades nonfunctional cytoplasmic proteins to provide critical nutrients for key vital activities, thereby inhibiting apoptosis and necrosis. However, autophagy may negatively affect the heart during the reperfusion phase. During the ischemic phase, mTOR acts through the AMPK/mTOR and phosphatidylinositol 3-kinase/Akt/mTOR pathways, whereas during the reperfusion phase, Beclin1 is upregulated (66). From what has been discussed above, the regulation of autophagy is helpful for the treatment of IHD.



ES Can Mitigate Cardiomyocyte Injury by Regulating Autophagy

Latterly, Studies have shown that subthreshold electrical stimulation plays an important role in the whole process of autophagy, including the initiation of autophagy, vesicle nucleation, expansion, and maturation of autophagic vesicles, and fusion and degradation of autophagic lysosomes (67–69). Currently, the results of animal experiments have shown that ES affects the whole process of autophagic flux by regulating the expression of autophagy-related markers such as ULK1 complex, Beclin1, LC3, and p62 (Figure 3). For instance, after ES was applied to skeletal muscle, the activities of autophagy autophagy-related proteins, were significantly increased, and the expression of the ubiquitin-ligase gene of proteasome and mRNA of autophagy-related genes were significantly up-regulated, suggesting that the level of autophagy in skeletal muscle was increased, and the mechanism was related to the regulation of adenylate activated protein kinase/ULK1-mediated signaling pathway (70). Another study suggests that ES treatment may regulate autophagy through the PI3K-AKT-mTOR signaling pathway, thus exerting neuroprotective effects in cerebral ischemia/reperfusion injury. The modulation of cerebral ischemia/reperfusion injury by autophagy depends on the duration of ischemia/reperfusion and parameters such as the selected acupuncture point, current intensity, waveform, and duration (31). EA may moderately regulate the autophagy level during MIRI by down-regulating the expression of LC3II and Beclin-1 proteins. EA pretreatment can effectively improve the pathological changes of the myocardium and reduce the damage of myocardium in rats with MIRI (71). ES can not only promote autophagy but also inhibit over-autophagy through different intensification of ES. The hippocampus of rats treated with ES can inhibit over-autophagy by activating the mammalian target pathway of rapamycin, thus exerting a brain-protective effect (72). The above findings indicate that ES is of potential significance in IHD treatment. However, the precise mechanisms involved remain obscure, and therefore more in-depth exploration and more adequate validation are needed to elucidate the clinical value of ES in IHD.




Inflammation

Inflammation is one of the research hotspots of the risk factors of IHD in recent years. When the body is in an inflammatory state, it can promote the occurrence of acute cardiac events of coronary heart disease, and affect the function and prognosis of the ischemic heart. Inflammation is crucial in the pathogenesis of IHD, but there is still a lack of a complete signaling network, and the role of inflammation in the pathogenesis remains unclear. As a new intervention means, ES has been shown in numerous studies to regulate inflammatory pathways and inhibit the secretion of inflammatory mediators. The regulation of ES on inflammation in IHD has also been studied, suggesting that ES can be used as a potential new method to inhibit inflammation in the treatment of IHD, but the specific mechanism remains to be further studied.


Inflammation and IHD

Inflammation plays an important role in atherosclerosis and cardiovascular disease. A large amount of research is currently being performed to demonstrate that inflammation is closely related to the development of atherosclerosis and coronary artery disease (73–75). Atherosclerosis is associated with activation of inflammatory processes and an increase in systemic pro-inflammatory molecules such as interleukin 1 beta (IL-1β), interleukin 6 (IL-6), tumor necrosis factor (TNF), and c-reactive protein (76). It has been shown that activation of NOD-like receptor family protein 3 (NLRP3) inflammasome leads to increased inflammation in ischemic myocardial tissue, which further worsens cardiac dysfunction and becomes a key component of the post-ischemic inflammatory response to myocardial ischemia as well as ischemic tissue repair (77). Modulating the activation of NLRP3 inflammatory vesicles can balance the inflammatory homeostasis of ischemic myocardial tissue and facilitate the repair and remodeling of ischemic myocardial tissue after injury. Numerous animal experiments have shown that NLRP3 expression is elevated in ischemic myocardial tissue and the inflammatory response is exacerbated. Conversely, the absence of NLRP3 inflammatory vesicle components attenuates the inflammatory response and promotes cardioprotective effects (78). In conclusion, it is easy for us to conceive that suppressing inflammation may represent a promising IHD treatment strategy.



ES Can Inhibit Inflammation to Treat IHD

Excitatory electrical stimulation can modulate the cholinergic anti-inflammatory pathway to inhibit the release of inflammatory mediators, thereby slowing the onset and progression of various inflammation-related diseases (79). The cholinergic anti-inflammatory pathway composed of the vagus nerve and its transmitter acetylcholine plays an important role in the regulation of inflammatory response. When the body is injured, the excitability of the vagus nerve increases, which promotes the release of acetylcholine from the peripheral nerve endings. It can inhibit the release of pro-inflammatory cytokines such as IL-1β, TNF-α, IL-6, and IL-17, but did not inhibit the release of anti-inflammatory cytokines such as IL-10 and TGF-β (80) (Figure 3). ES can also alter the function of inflammatory cells at the molecular level, thereby inhibiting the release of inflammatory mediators, without affecting the number of immune cells (81). The anti-inflammatory effect of electrical stimulation has been applied in the clinical treatment of various inflammation-related diseases. It has been shown that transcutaneous electrical stimulation of the vagus nerve can promote wound healing by suppressing the inflammatory response (82). ES can be used to treat ocular diseases by enhancing the neurotrophic potential of Muller cells and inhibiting the pro-inflammatory effect of microglial cells, thus improving the denaturing degree of photosensors (83, 84). ES has been widely used to regulate neuronal activity and restore some visual function (85). Additionally, diagenesis of the lumbar intervertebral disc is the main cause of lower back pain. Inflammatory factors were released near nerve roots, affected nerve roots, and caused pain. ES can reduce the activity of extracellular matrix modifier enzyme and matrix metalloproteinase-1, inhibit the secretion of inflammatory cytokines, and achieve the effect of pain relief (86). The stimulation of the apical splenic nerve by ES can reduce the inflammatory response and clinical symptoms in a mouse model of rheumatoid arthritis (87). Previous studies by our group have shown that ES downregulated the expression of the NLRP3 inflammasome, ASC and caspase-1, and inhibited the release of IL-1β and IL-18, suppressed the AS pyroptosis-mediated inflammation response (19). ES can inhibit the inflammatory response and experimental myocardial protective effect by reducing the level of inflammatory protein expression in myocardial tissue. EA at “Neiguan” and “Xinyu” points significantly reduced serum IL-1β content and NF-κB p65 protein expression level in rats with acute myocardial ischemia-reperfusion injury, and increased IL-10 content in myocardial tissues (88) (Figure 4). In conclusion, the above studies show that from bench to bedside, ES can inhibit inflammation to treat IHD. However, the specific mechanism is still unclear and needs further study.
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FIGURE 4. Pattern diagram of mouse acupuncture points. (A) Neiguan. Neiguan point was located in the medial side of the forelimb, between the ulnar and radial joints, saving 3 mm from the wrist pass; (B) Xinyu. Xinyu acupoint in the back, the fifth thoracic spinous process, besides 1.5 inches. That's about an inch and a half on each side of the fifth vertebra.





Oxidative Stress

In the course of treatment, reperfusion may cause myocardial ischemia-reperfusion injury due to aggravation of oxidative stress state. Oxidative stress induced by ischemia acts on heart cells, and through different molecular mechanisms, can produce a series of pathological reactions, resulting in myocardial damage and impaired cardiac function. ES has the function of scavenging oxygen free radicals and inhibiting the damage of oxidative stress response to the central nervous system and heart. However, the specific mechanism remains to be further studied.


Oxidative Stress and IHD

It is well known that the occurrence, progression, metastasis, and other processes of IHD involve complex molecular mechanisms, and the current understanding of them is incomplete, which leads to a low cure rate of IHD. It is recognized that oxidative stress is closely related to coronary artery disease. In the pathological process, oxidative stress is induced, and its main characteristic is the elevated level of reactive oxygen species (ROS). As a major mediator, ROS not only deteriorates cell physiological functions and causes cell damage through its oxidative activity, but also participates in cell signal transduction and regulates disease progression, namely REDOX signal (89, 90). In IHD, excessive production of (ROS) leads to dysfunction of endothelial cells and smooth muscle, resulting in an imbalance between antioxidant capacity and oxidants (91). During myocardial ischemia, the production of free radicals and the activity of antioxidant enzymes is increased, which can lead to severe damage of myocardial cells to apoptosis. The activities of superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) in myocardial cells of the ischemic area were increased. Taken together, these findings suggest that reducing oxidative stress may serve as a novel treatment for IHD.



ES Can Reduce Oxidative Stress and Protect Cardiomyocytes

ES can be used to protect cells and tissues from damage caused by ROS (92). Intraoperative ES reduced oxidative stress and up-regulated the level of stimulating diaphragmatic autophagy (93). Studies have shown that electroacupuncture pretreatment and stimulation of Neiguan acupoint can significantly improve the enzyme activity of SOD, GSH-Px, and other endogenous oxidation free radical scavenging systems, inhibit the lipid peroxidation reaction of the myocardial cell membrane, reduce the content of serum MDA, and play a protective role in myocardium (94). Other studies have found that EA preconditioning has an obvious protective effect on the myocardium after reperfusion injury, can improve arrhythmia score, downregulate CK-MB level, regulate ROS production, and reduce the expression levels of CYT-C, Caspase-9, and Caspase-3 genes. Its myocardial protective effect may be based on the inhibition of ROS-mediated apoptosis of cardiomyocytes (95) (Figure 3). Our previous experiments have shown that ES can reduce VBP-induced oxidative stress in macrophages, thereby inhibiting caspase-1-dependent cell apoptosis. Meanwhile, ES can increase the expression of SIRT3 and improve VBP-induced autophagy of macrophages, thereby reducing oxidative stress (19). Overall, these researches suggest that the inhibition of oxidative stress by ES has the potential to be used as a new treatment for IHD.




Other Mechanisms

Current studies have shown that ES can also protect cardiomyocytes through other mechanisms to treat IHD. ES can inhibit intracellular calcium overload and maintain calcium homeostasis to protect the myocardium. EA stimulation of Neiguan acupoint can promote the gene expression of Ca2+-ATPase mRNA in ischemia-reperfusion myocardial cells, which can improve the effect of alleviating myocardial injury and protecting myocardial function (96). ES of the left cervicothoracic ganglion and the Neiguan acupoint-Jiangrong acupoint can down-regulate the expression of norepinephrine and catecholamine in the rat and rabbit myocardial ischemia models, respectively, and increase the blood flow in the infarction area, thus alleviating the myocardial ischemia-reperfusion injury (97, 98). ES of Neiguan acupoint can play a cardiac protective role by activating opioid receptors in the medulla oblongata and regulating the concentration of cAMP and cGMP in cardiomyocytes (99). Overall, ES is involved in the regulation of many cellular signaling pathways and plays a significant role in the occurrence, development, and clinical manifestations of IHD, indicating that ES is a potential way for IHD therapy.




CONCLUSION

At present, as a new intervention means, ES has the characteristics of non-invasive, safe, and fewer side effects, etc., and has been paid more and more attention in IHD. There is growing evidence that subthreshold electrical stimulation can promote angiogenesis, modulate autophagy and apoptosis, inhibit oxidative stress and excitatory electrical stimulation can inhibit inflammation via cholinergic anti-inflammatory pathways in IHD. However, the study of ES in the treatment of IHD should be in its infancy. Although ES has been used in the clinical treatment of nerve, bone, gynecology, and other diseases, some ES sites are special, and it is dangerous to directly use in clinical practice, which hinders its clinical application. Therefore, an in-depth understanding of the mechanism of ES in the treatment of IHD, as well as the search for appropriate parameters and appropriate implementation methods and locations that can effectively play a role, will help to provide better scientific data for clinical application and increase the feasibility of a clinical application. In conclusion, further in-depth mechanism research is the future research direction of ES. We believe that ES will certainly provide new ideas for treating IHD.
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Background: Remote ischemic pre-conditioning (RIPC) alleviated the myocardial ischemia-reperfusion injury, yet the underlying mechanisms remain to be fully elucidated, especially at the late phase. Searching a key component as a transfer carrier may provide a novel insight into RIPC-mediated cardioprotection in the condition of myocardial ischemia-reperfusion.

Objective: To investigate the cardioprotective effect of plasma exosomes at the late phase of RIPC and its potential signaling pathways involved.

Methods and Results: Exosomes were isolated from the plasma of rats 48 h after the RIPC or control protocol. Although the total plasma exosomes level had no significant change at the late phase of RIPC (RIPC-exosome) compared with the control exosomes (Control-exosome), the RIPC-exosome afforded remarkable protection against myocardial ischemia-reperfusion (MI/R) injury in rats and hypoxia-reoxygenation (H/R) injury in cells. The miRNA array revealed significant enrichment of miR-126a-3p in RIPC-exosome. Importantly, both miR-126a-3p inhibitor and antagonist significantly blunted the cardioprotection of RIPC-exosome in H/R cells and MI/R rats, respectively, while miR-126a-3p mimic and agomir showed significant cardioprotection against H/R injury in cells and MI/R injury in rats. Mechanistically, RIPC-exosome, especially exosomal miR-126a-3p, activated the reperfusion injury salvage kinase (RISK) pathway by enhancing the phosphorylation of Akt and Erk1/2, and simultaneously inhibited Caspase-3 mediated apoptotic signaling.

Conclusions: Our findings reveal a novel myocardial protective mechanism that plasma exosomes at the late phase of RIPC attenuate myocardial ischemia-reperfusion injury via exosomal miR-126a-3p.

Keywords: remote ischemic pre-conditioning, exosomes, microRNA, miR-126a-3p, cardioprotection, myocardial ischemia-reperfusion, cardiomyocyte apoptosis


INTRODUCTION

It has been well-known that remote ischemic pre-conditioning (RIPC), a phenomenon where transient non-fatal ischemia of distant organs from the heart, protects the myocardium against myocardial ischemia-reperfusion (MI/R) injury (1). The protective effects of RIPC have early phase and late phase (2, 3). The early phase protection which occurs immediately after RIPC lasts for about 3 h. The late phase protection which appears 24–48 h after RIPC, lasts for 3–4 days and has lots of biology efficacies (4). The mechanisms underlying the cardioprotective effects of RIPC, especially at the late phase, remain elusive.

Many studies support that blood-borne mediators serve as signal transduction mechanisms (5, 6). Several studies have focused on exploring the nature of circulatory mediators in the blood that may carry pre-conditioning signals from remote organs to target organs, binds to respective receptors, and activates intracellular signaling pathways (7–13). Our previous studies show the cardioprotection of RIPC at the late phase can be transferred by plasma (14–17), but many questions about the mechanisms remain unanswered.

Exosomes are small (50–90 nm) endogenous membrane vesicles secreted by a variety of cells and are thought to be good mediators of intercellular communication and crosstalk through the transfer of various signaling molecules, including proteins, mRNAs, and non-coding RNAs such as miRNAs (18). In the last decade, the functions of exosomes in MI/R injury have been widely explored (19–23). It has been reported that long-term exercise-derived exosomes have cardioprotection against MI/R injury with exosomal miR-342-5p as a novel cardioprotective exerkine (24). Vincencio et al. proposed that exosomes induced by the RIPC at the early phase may act as carriers of the cardioprotective factors (25). Minghua et al. found that exosomal miR-24 at the early phase of RIPC in rats may play a central role in mediating the cardioprotective effects of RIPC (26). These findings suggest that exosomes may play a role in the cardiovascular benefits conferred by RIPC. Since small amounts of exosomes may have significant effects (27), it is crucial to explore the functional effects of exosomes, especially their cardioprotection in the late phase of RIPC.

In this study, we found that the cardioprotective effect could be transferred by plasma exosomes at the late phase of RIPC and exosomal miR-126a-3p might be a novel cardioprotective molecule against MI/R injury, which activated the RISK pathway and inhibited the activation of apoptotic protein Caspase-3.



MATERIALS AND METHODS


Animals

Male Sprague-Dawley rats (250–300 g, aged 7–8 weeks) were obtained from the Experimental Animal Center of Southern Medical University (China) and housed in separate cages in a temperature-controlled room (22–24°C) with free access to water and food. We used male rats in this study to avoid the possible interference of estrogen hormonal disturbances on the results because studies have shown that estrogen per se exerts cardiovascular protective effects. Rats were randomly assigned to either experimental or a control group, using a completely randomized design. This study was approved by the Animal Care Ethics Committees of the Sixth Affiliated Hospital, Sun Yat-sen University (IACUC-20190221-002 and IACUC-2020091101). Rats were anesthetized with an intraperitoneal injection of 3% sodium pentobarbital (60 mg/kg).



Animal Model of RIPC

RIPC was operated by binding elastic rubber bands around the proximal ends of both hind limbs with a 4-cycle procedure (5 min ischemia followed by 5 min reperfusion) after the rats were anesthetized. Cessation of blood flow to the hind limbs was confirmed using laser Doppler imaging to monitor microcirculatory blood flow in the hind limbs (Laser Doppler Blood Perfusion Imager, Perimed AB, Sweden). After 48 h, the rats in both groups were anesthetized, placed in a supine position, laparotomy performed, blood was drawn from the abdominal aorta using a 7# needle and rapidly removed into a vacutainer containing sodium citrate.



Isolation of Exosomes and Free-Exosomes Plasma

Exosomes were prepared by differential centrifugation at 4°C as follows. Whole blood samples were centrifuged at 1,600 × g for 20 min to obtain plasma, then centrifuged at 10,000 × g for 45 min to remove platelets and cells, and then twice at 100,000 × g for 70 min with a Type 100 Ti rotor (Beckman, Germany). After a series of differential centrifugation steps above, the final precipitation was considered as exosomes. Exosomes isolated from 1 ml of plasma were redissolved in 100 μl of PBS and filtered by a 0.22 μm pore filter and stored at −80°C for further experiments. In vivo study, 100 μL of the exosome suspension was further diluted to 1 ml before use. In vitro study, 100 μl of the exosome suspension was added to each well.

Free-exosome plasma was prepared by differential centrifugation at 4°C as follows. Whole blood samples were centrifuged at 1,600 xg for 20 min to obtain supernatant, then centrifuged at 2,000 × g for 45 min and 10,000 × g for 45 min to remove cells and platelets, and then at 110,000 × g for 70 min with a Type 100 Ti rotor. After that, the supernatant was considered as free-exosome plasma. Free-exosome plasma was also filtered using a 0.22 μm pore filter and stored at −80°C.



Transmission Electron Microscopy (TEM)

Transmission electron microscopy (FEI, Thermo Fisher, USA) was used to observe the exosomes. Exosomes purified from 1,000 μL of plasma were resuspended in 1,000 μl of PBS. Then, 10 μL of the exosome solution was loaded on a formvar/carbon-coated 200-mesh copper electron microscopy grid and incubated for 2 min at 25°C, and then was stained with 3% phosphotungstic acid for 2 min at 25°C. After that, the exosomes were visualized using a transmission electron microscope. Micrographs were used to quantify the diameter of exosomes.



Nanoparticle Tracking Analysis

Nanoparticle tracking analysis (NTA) was used to analyze the absolute size distribution of exosomes given that the Brownian movement of nanoparticles in a solution is related to their size (28). Exosomes isolated from 1 ml of plasma were resuspended in 1 ml of PBS,1:1000, dilutions were analyzed in NanoSight NS300 (Marvel, UK). The following settings were used: measurement temperature of 20 ± 1°C, 30 frames per second, and measurement time of 60 s. Each sample was tested thrice.



Cell Culture

The rat cardio-myoblast cell line (H9C2) was purchased from the Cell Bank of the Chinese Academy of Sciences. The H9C2 cells were cultured in a complete medium containing Dulbecco's modified Eagle's medium (DMEM) (Gibco, Thermo Fisher, USA), 10% fetal bovine serum (Gibco, Thermo Fisher, USA), and 1% penicillin-streptomycin (Sigma-Aldrich, USA).

Neonatal rat primary cardiomyocytes were isolated from 1or 2 days old Sprague Dawley rats. The ventricular parts of the hearts were minced into 1–2 mm3 tissue blocks under sterile conditions. The tissues were repeatedly digested with freshly prepared compound digestive enzyme (collagenase II 1 mg/ml, 0.2 mg/ml in D-Hank's solution, sterile filtered, pH 7.2. Gibco, Thermo Fisher, USA) for 20 min in at 37°C until they were completely digested and then filtered through a 200 μm cell strainer. Filtered cardiac cells were cultured in a plate and incubated at 37°C for 1 h to remove fibroblasts. The suspensions were centrifuged at 1,000 rpm for 5 min at 4°C and then the cardiomyocytes were cultured in DMEM/F12 (Gibco, Thermo Fisher, USA) medium supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin at 37°C in humid air with 5% CO2 for 36 h before other treatments.

To study the functions of exosomes, exosomes purified from 1 ml of plasma and resuspended in 100 ul of PBS were cultured with cells in a 6-well-plate for 24 h before the induction of Hypoxia/Reoxygenation injury.



Exosome Labeling

To confirm exosome uptake by H9C2 cells, exosomes were labeled using a Dio green fluorescence kit (MCE, USA) according to the manufacturer's protocol. Lipophilic tracers Dio were prepared in stock solutions of dimethyl sulfoxide (DMSO) for the in vitro study. Exosomes were stained with 10 μM Dio for 10 min at 4°C and ultracentrifuged twice at 100,000 g for 40 min at 4°C to remove the excess dye. The isolated exosomes were resuspended in DMEM and used in the uptake experiments. Cells in the experimental group were incubated with Dio-stained exosomes and cells in the blank group were incubated only with Dio without exosomes. After a 2 h incubation, the cells were fixed with 4% paraformaldehyde (TCI, Japan) for 30 min and then visualized using a fluorescence microscope (IX73, Olympus, Japan) with 4′,6-diamidino-2-phenylindole, dihydrochloride (DAPI) stain. Dio emits green fluorescence under the excitation of light with a wavelength of 484 nm.



Cell Model of Hypoxia/Reoxygenation

The cells in serum-free and glucose-free DMEM were placed in a hypoxic chamber containing 95% N2/5% CO2 for 24 h. Subsequently, cells were subjected to reoxygenation in a standard incubator (95% air/5% CO2) in a complete medium for 6 h.



Cell Viability Assay

Cell viability was observed using a Cell Counting kit-8 (CCK-8; Ape×bio, USA) according to the manufacturer's instructions. Cells were cultured into 96-well-plates at a density of 2,000 cells per well in a complete culture medium. Five replicates were set up for each group. The cells were treated according to the grouping. Subsequently, 10 μl CCK-8 was added to each well and incubated for 2 h. Optical density values were measured at 450 nm on a microplate reader (Multiskan FC, Thermo Fisher, USA).



Flow Cytometry

Fluorescein isothiocyanate (FITC)-conjugated Annexin V and propidium iodide (PI) (BD Biosciences, USA) were used to identify apoptotic cells. The left upper quadrant (FITC–/PI+) showed the dead cells; the right upper quadrant (FITC+/PI+) showed the late apoptotic cells; the left lower quadrant (FITC–/PI–) showed the intact cells, and the right lower quadrant (FITC+/PI–) showed the early apoptotic cells. Experiments were performed using a flow cytometer (Beckman, Germany), and the data obtained from the cell population were analyzed with Flow Jo_V10 (BD Biosciences, USA) software. The rate of total apoptotic cells was counted as the sum of early and late apoptotic rates.



Animal Model of Myocardial Ischemia/Reperfusion

Rats were anesthetized and intubated for mechanical ventilation in a supine position. The respiratory rate was 70 cycles/min, the tidal volume was 1 ml per 100 g body weight and the inspiration and expiration ratio was 1: 1 (Double channel Rodent Ventilator, ZH-DW-3000S, Zhenhua, China). A heating pad was used to keep rats' body temperature at around 37°C. Hemodynamic indices were recorded with a multi-channel physiological signal acquisition processing system (PowerLab, AD Instruments) that was connected to a pressure transducer. Then, the chest of a rat was opened via a lateral thoracotomy, and the heart was exposed through a pericardiotomy. A 6–0 nylon suture with a curved tapered needle was placed under the left anterior descending coronary artery (LAD) 3 mm below the left atrium. A small plastic tube was placed above the myocardium to reduce direct dissecting injury to the myocardium. The surgeon ligated the suture line with the small plastic tube for reversible LAD occlusion. Myocardial ischemia was confirmed by visual myocardium cyanosis and S-T segment elevation on electrocardiography. After 30 min LAD-ligation and the small plastic tube remove, reperfusion began and continued for 180 min. Finally, the rats were sacrificed after the reperfusion for histologic assessment. All procedures and analyses were performed by investigators blinded to the grouping. Rats that died from complications during anesthesia and surgery were excluded from the analysis. The sample size was chosen based on our previous experience in the study of animal models of myocardial ischemia/reperfusion.



Tail Vein Injection of Exosomes or Free-Exosomes Plasma

Tail vein injection of exosomes or free-exosomes plasma was performed on rats 24 h before the induction of MI/R injury as described above. Briefly, male Sprague-Dawley rats (6 weeks old) were placed in a fixator. Exosomes purified from 1 ml of plasma and resuspended in 1 ml of PBS, or 1 ml of free-exosomes plasma were injected into the tail vein. The experiments were blindly operated by a researcher who did not know the grouping.



Echocardiography Measurements

Functional cardiac changes before the intervention and after the reperfusion were determined using echocardiography. The operator was blinded to the treatment. Transthoracic two-dimensional M-mode echocardiography was performed using the Vevo 2100 Imaging System (Visual Sonics, USA) equipped with an MS-250 probe (29–31). Left ventricular end-systolic and end-diastolic diameters (LVSD and LVDD, respectively), were measured after obtaining a 2-dimensional short-axis view of the left ventricle at the level of the papillary muscles. The mean value of the three measurements was determined for each sample. Left ventricular end-diastolic volume (EDV) and end-systolic volume (ESV) were calculated according to the Teichholz formula. The left ventricular ejection fraction (LVEF) was calculated as (EDV–ESV)/EDV × 100% (32). Changes in cardiac function were determined by the difference in the LVEF (ΔLVEF).



Measurement of Myocardial Infarct Size

Myocardial infarct size was determined by the Evans blue/triphenyl tetrazolium chloride (TTC) double staining method. After 180 min reperfusion, the LAD was ligated again. Two min later, the rat was injected with 2 ml of 3% Evans blue (Sigma-Aldrich, USA) via the femoral vein. The area of heart unstained by Evans blue was named the area at risk (AAR). After death from an overdose of sodium pentobarbital, the heart was immediately removed and washed off with 0.9% saline. Subsequently, the heart was frozen at −20°C for 60 min and then cut into 5 equal thickness transverse slices (2 mm each) from the apex to the base. These slices were placed in 1% TTC (TCI, Japan) for 10 min in the dark at 37°C, then fixed in 4% paraformaldehyde (TCI, Japan) for 24 h. After TTC staining, the white area was known as the infarct area (INF) and the red area was the viable myocardium in the AAR. Images were taken and quantified by planimetry with Image J software (version 1.52a, National Institutes of Health, USA) in a blinded manner. Myocardial infarct size was represented as the percentage of INF relative to the AAR (INF/AAR × 100%).



TUNEL Assay for Myocardial Apoptosis

Myocardial apoptosis was expressed by terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) staining. An In Situ Cell Death Detection Kit (Roche, USA) was used according to the manufacturer's instructions. Briefly, the anterior wall of the left ventricular myocardium was cut into the freezing section. Apoptotic nuclei in the sections appeared green stained with the TUNEL, whereas all nuclei appeared blue by DAPI (4, 6-diamino-2-phenylindole; Beyotime, China). Each section was photographed at 400-magnification with a fluorescence microscope (IX73, Olympus, Japan). The apoptotic index was represented as the percentage of apoptotic myocytes relative to the total number of cardiomyocytes (green/blue) using Image J software (version 1.52a) in a blinded manner.



The miRNA Library Construction and Sequencing

Total RNAs from plasma exosomes isolated from the control rats and the RIPC rats were extracted using the Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions (n = 3 per group). The miRNA library preparation and sequencing were conducted using an Illumina HiSeq 2500 platform (Ribobio, China). Both 3' and 5' adaptors were ligated with unique small RNA fractions to construct a small RNA sequencing library. Subsequently, the adaptor-ligated RNA fragments were reverse-transcribed and amplified using PCR and sequenced. Differential expression of miRNAs between the two groups was analyzed using cluster analysis.



Transfection of Cells

The miR-126a-3p mimics (50 nmol/L), inhibitors (100 nmol/L), and their negative control (50/100 nmol/L) RNAs (RiboBio, China) were transfected into cells with Lipofectamine 3000 (Life Technologies, USA) according to the manufacturer's instructions. Cells were incubated for 6 h with the transfection complex before it was discarded and replaced by fresh media. Experiments were performed 24 h after transfection.



Intracardiac Injection of miRNA Agomir or Antagomir

The miR-126a-3p agomir, antagomir, and their negative control (agomir-NC, antagomir-NC) (RiboBio, China) were used according to the manufacturer's instructions. Rats were intracardiac injected with 10 nmol miR-126a-3p antagomir, or 5 nmol miR-126a-3p agomir, or their negative control in 200 μl of the saline buffer. Briefly, anesthetized male Sprague-Dawley rats were placed in a supine position with respiratory support by a respiratory mask during the surgery, and the fourth intercostal space was exposed without thoracotomy or cutting the ribs. The 30-gauge needle was inserted at the place where the heart apical pulse was strongest. The needle tip was determined to be located in the heart cavity when pulsating blood return was sawn which was consistent with the heart pulse frequency. The chest wall was then closed following the injection. After 24 h, these rats were subjected to MI/R injury as described above in a blinded manner.



RNA Isolation and Quantitative Real Time-PCR

Exosome-RNAs were isolated from exosomes with Trizol (Invitrogen, Carlsbad, CA, USA) according to the standard procedures and cel-miR-39 (RiboBio, China) was added to normalize the technical variation between samples. Tissue and cell RNAs were extracted with RNA-Quick Purification Kit for small RNA (ES Science, China) according to the protocols obtained from the manufacturers, and U6 (RiboBio, China) was used as the internal reference for miRNA. RNA concentrations were verified on the NanoDrop Spectrophotometer (Thermo Scientific, USA). Isolated RNA was reversely transcribed using miRNA primers (Bulge-LoopTM miRNA RT primer) and the riboSCRIPT Reverse Transcription Kit (RiboBio, China). qRT-PCR was performed on a Roche LightCycler 480°C System (Roche, Switzerland) using a TB Green Premix Ex Taq II Kit (Takara, Japan). Amplification was performed at 95°C for 30 s, followed by 40 cycles of 95°C for 5 s and 60°C for 20 s. All procedures were performed according to the protocols obtained from the manufacturers. Fold change in RNA species was calculated using formula 2(−ΔΔCt). ΔΔCt = (Ct target miRNA–Ct control). The sequences were as follows:

miR-126a-3p 5′-UCGUACCGUGAGUAAUAAUGCG-3′

let-7c-5p 5′-UGAGGUAGUAGGUUGUAUGGUU-3′

let-7f-5p 5′-UGAGGUAGUAGAUUGUAUAGUU-3′

miR-203a-3p 5′-GUGAAAUGUUUAGGACCACUAG-3′

miR-144-3p 5′-UACAGUAUAGAUGAUGUACU-3′

miR-98-5p 5′-UGAGGUAGUAAGUUGUAUUGUU-3′.



Western Blot

Tissues, cells, and purified exosomes were lysed with RIPA buffer (Beyotime, China). Protein concentration was determined using a BCA Protein Assay kit (Beyotime, China). Protein samples were separated using electrophoresis with SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) and transferred onto a polyvinylidene difluoride (PVDF) membrane (Roche Diagnostics, USA). The membranes were blocked with 5% skimmed milk in TBS-T (Tris-buffered saline with 0.1% Tween 20) and incubated with the appropriate primary antibodies at 4°C for 12 h, followed by incubation with the corresponding secondary antibodies at 25°C for 1 h. The blots were detected by a Bio-Rad (California, USA) automatic chemiluminescence imaging analysis system using ECL supersensitive luminescent solution (Thermo Fisher, USA). TBS-T was used to wash the membranes. Primary antibodies against CD9 (ab92726), CD81 (ab109201) were purchased from Abcam (USA) and p-Akt (Ser473) (#4060), Akt (#2920), p-Erk1/2 (Thr202/Tyr204) (#4370), Erk1/2 (#4695), Caspase-3 (#14220), cleaved Caspase-3 (#9661), LY294002 (#9901), U0126 (#9903), and GAPDH (#97166) were purchased from Cell Signaling Technology (CST, USA). Secondary antibody goat anti-mouse IgG (ab205719) and goat anti-rabbit IgG (ab6721) were purchased from Abcam (USA). Antibodies against GAPDH were used as loading controls.



Statistical Analysis

All of the statistical tests and were performed with the SPSS 26.0 software (SPSS Inc., Chicago, IL, USA). Statistical significance was considered as p < 0.05. All values are presented as mean ± standard deviations of n independent experiments. Normality of data distribution was assessed using the Shapiro-Wilk normality test and the homogeneity of variance was tested by the Leven test. If the data of two groups conformed to normal distribution and homogeneity of variance, they were analyzed by two-tailed Student t-test, otherwise, they were analyzed by Mann-Whitney U-test. If other data conformed to normal distribution and homogeneity of variance, they were analyzed by ANOVA (three or more groups) followed by Bonferroni's correction, otherwise, they were analyzed by Kruskal-Wallis test.




RESULTS


Identification and Functional Verification of Plasma Exosomes at the Late Phase of RIPC in vitro

To better understand the function of plasma exosomes mediated cardioprotection induced by the late phase of RIPC, plasma exosomes were isolated from control rats (Control-exosome, C-exo) and RIPC-rats (RIPC-exosome, R-exo) 48 h after the RIPC protocol using the traditional differential ultracentrifugation (Figures 1A,B). Transmission electron microscopy revealed typical circular particles with diameters of 50–90 nm in separated sections (Figure 1C). Nanoparticle tracking analysis represented no significant differences in size distribution and concentration (2.7 × 109 ± 0.3 × 109 ml−1 vs. 3.2 × 109 ± 0.6 × 109 ml−1) between Control-exosome and RIPC-exosome (Figures 1D–G). Western blot analysis confirmed the presence and the similar levels of exosome marker proteins (CD81 and CD9) between RIPC-exosome and Control-exosome (Figures 1H,I). These results confirmed that exosomes had been successfully isolated and purified and the total plasma exosomes level had no significant change between RIPC-exosome and Control-exosome.
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FIGURE 1. Identification and functional verification of plasma exosomes at the late phase of RIPC in vitro. (A) Establishment of the late-phase RIPC model in rats. (B) The process to obtain the plasma exosomes from rats with or without the late-phase RIPC protocol. (C) Representative electron micrograph of isolated plasma exosomes. Scale bar: 100 nm. (D) Representative results of NTA (nanoparticle tracking analysis) demonstrating size distribution and concentration in Control-exosomes (C-exo) and RIPC-exosomes (R-exo). (E) The average concentration in Control-exosomes and RIPC-exosomes (n = 4). (F) Mode size in Control-exosomes and RIPC-exosomes (n = 4). (G) Mean size in Control-exosomes and RIPC-exosomes (n = 4). (H) Representative images of Western blot (top) and quantified data (bottom) in exosomal marker proteins CD81 in Control-exosomes and RIPC-exosomes (n = 4). (I) Representative images of Western blot (top) and quantified data (bottom) in exosomal marker proteins CD9 in Control-exosomes and RIPC-exosomes (n = 4). (J) Representative images of H9C2 cells that were incubated with the presence (H9C2-EXO) or absence (H9C2) of Dio-labeled exosomes (green). Cardiomyocyte nuclei were stained with DAPI (blue). Scale bar: 25 μm. (K) The data of cell viability showed that RIPC-exosomes improved cell viability with 24 h co-incubation and following H/R injury. (L) The data and representative images of cell apoptosis by flow cytometric analysis showed that RIPC-exosomes decreased cell apoptosis with 24 h co-incubation and following H/R injury (n = 3). RIPC, remote ischemic pre-conditioning; R-exo, exosomes isolated from the plasma of the late-phase RIPC rats; C-exo, exosomes isolated from the plasma of the control rats; H/R, Hypoxia/Reoxygenation (24/6 h). *p < 0.05 and nsp > 0.05.


To confirm whether exosomes could be internalized by H9c2 cells, we incubated the H9C2 cells with Dio-labeled exosomes and observed that exosomes were taken up by H9C2 cells as indicated by confocal images (Figure 1J). Subsequently, to demonstrate the protective effects of RIPC-exosome, we performed functional experiments and the study design was shown in Supplementary Figure 2A. Importantly, pre-incubation with RIPC-exosome, but not Control-exosome, for 24 h attenuated cellular H/R injury as indicated by increased cell viability (Figure 1K) and reduced cell apoptosis (Figure 1L) when compared with the vehicle control. Collectively, these results showed that RIPC-exosome conferred protective effects against H/R injury in H9C2 cells.



Plasma Exosomes at the Late Phase of RIPC Exerted Cardioprotection Against MI/R Injury in vivo

To determine the cardioprotection of RIPC-exosome in vivo, exosomes or free-exosomes plasma were injected into rats 24 h before MI/R. This in vivo study design was shown in Supplementary Figure 2B. RIPC-exosome (R-exo) or Control-exosome (C-exo) purified from 1 ml of plasma were resuspended in 1 ml of PBS (≈2.9 × 109 exosomes). The injection volume of free-exosomes plasma, isolated from the RIPC-rats (R-fep) or the control-rats (C-fep), was 1 ml. The cardiac function was assessed by the difference in LVEF before the intervention and after the reperfusion (ΔLVEF%). The cardiac function after MI/R injury had significant improvement in the R-exo group compared with that in the vehicle group as evidenced by narrowed the ΔLVEF (11.7 ± 10.5% vs. 28.8 ± 11.7%, p < 0.05, Figures 2A–C). Concomitantly, the infarct size relative to the area at risk (INF/AAR) was significantly smaller in the R-exo group compared with that in the vehicle group after MI/R injury (35.5 ± 9.1% vs. 66.0 ± 4.8%, p < 0.05, Figure 2D). Besides, reduced cell apoptosis was observed in the R-exo group compared with that in the vehicle group following MI/R (10.0 ± 2.7% vs. 64.2 ± 5.6%, p < 0.05; Figure 2E).
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FIGURE 2. Plasma exosomes at the late phase of RIPC exerted cardioprotection against MI/R injury in vivo. (A) Representative echocardiographic images of rats before the intervention (pre-intervention) and after the reperfusion (post-reperfusion) in each group of rats. (B) Left ventricular ejection fraction (LVEF) of rats in pre-intervention (n = 8). (C) ΔLVEF (the difference between the LVEF in pre-intervention and that in post-reperfusion) in each group. RIPC-exosome injected into rats for 24 h before MI/R improved cardiac function as evidence by significantly narrowed the ΔLVEF. (D) Quantified data and presentative photographs of heart sections. RIPC-exosome decreased infarct size in rats subjected to MI/R (n = 8). INF/AAR, infarct size as a percentage of myocardial area at risk. (E) Representative images and quantified data of TUNEL assay in each group showed that RIPC-exosome decreased myocardial apoptosis in rats subjected to MI/R. Myocardial apoptosis in rats determined by a percent of TUNEL-positive nuclei (green)/total nuclei (blue) (n = 4). Scale bar: 50 μm. MI/R, myocardial ischemia/reperfusion (30/180 min). R-exo, exosomes isolated from the plasma of the late-phase RIPC rats. C-exo, exosomes isolated from the plasma of the control rats. R-fep, the supernatant collected after the first ultracentrifugation from the plasma of the late-phase RIPC rats. C-fep, the supernatant collected after the first ultracentrifugation from the plasma of the control rats. *p < 0.05, nsp > 0.05.


Taken together, these in vivo data suggested that transfer of RIPC-exosome improved cardiac function, reduced infarct size, and cell apoptosis in MI/R-induced rats.



miR-126a-3p Was Essential in the Cardioprotection Provided by Plasma Exosomes at the Late Phase of RIPC

It has been indicated that exosomal miRNAs may be an attractive candidate as a mediator of signal transmission in cardiovascular disease (18, 33, 34). To explore the cardioprotective effects of miRNAs induced by RIPC-exosome, we performed a miRNA profiling assay (763 rat miRNAs) comparing with RIPC-exosome (R-exo) and Control-exosome (C-exo) using Illumina HiSeq 2500 high-throughput sequencing. Overlapping miRNAs accounted for 91.81% of the total, which indicates that there was a minor change in the RIPC-induced exosomal miRNAs (Figure 3A). Subsequently, a total of 57 differentially expressed miRNAs were detected (fold change >2.0; p < 0.05), and 23 of them were highly expressed in RIPC-exosome compared with those in Control-exosome (Figures 3B,C). Moreover, 6 miRNAs of the 23 ones, which were highly expressed and closely related to myocardial apoptosis and protective effects such as the promotion of myocardial angiogenesis, were further confirmed by qRT-PCR analysis. On comparing RIPC-exosome with Control-exosome, miR-126a-3p was upregulated most significantly in RIPC-exosome (Figure 3D). To better understand the level of exosomal miR-126a-3p in hearts after tail vein injection of plasma exosomes and MI/R injury, we assessed the level of miR-126a-3p in the heart by qRT-PCR. The miR-126a-3p level was elevated in hearts injected with RIPC-exosome following the treatments (Supplementary Figure 3).
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FIGURE 3. miR-126a-3p was essential in the cardioprotection provided by plasma exosomes at the late phase of RIPC. (A) Venn diagram showing the numbers of overlapping and unique miRNAs detected in Control-exosome (C-exo) and RIPC-exosome (R-exo) (n =3). (B) The expression level of miRNAs in Control-exosome and RIPC-exosome. Yellow dots represented up-regulated miRNAs in RIPC-exosome and blue dots represented up-regulated miRNAs in Control-exosome (fold change >2 and p < 0.05, n =3). (C) Heat map representing the miRNA profiling assays between Control-exosome and RIPC-exosome (fold change >2 and p < 0.05, n =3). (D) qRT-PCR analysis of the six differentially expressed miRNAs in Control-exosome and RIPC-exosome. Data are normalized to cel-miR-39 (n =3). (E) The qRT-PCR analysis of miR-126a-3p level in H9C2 cells treated with inhibitor negative control (NC), R-exo + NC, or R-exo + miR-126a-3p inhibitor followed by H/R. Data were presented as a fold change of the normoxia. U6 was used as an internal control (n = 3). (F) The data of cell viability showed that inhibition of miR-126a-3p attenuated the protective effects of RIPC-exosome in H9C2 cells subjected to H/R (n = 3). (G) The data and representative images of apoptosis of H9C2 cells subjected to H/R by flow cytometric analysis (n = 3). The protective effects of RIPC-exosome were eliminated by inhibition of miR-126a-3p. (H) The data of cell viability showed that the protective effects of RIPC-exosomal miR-126a-3p were reduced by a miR-126a-3p inhibitor in primary cardiomyocytes following H/R injury (n =3). (I) The data and representative images of apoptosis of primary cardiomyocytes subjected to H/R by flow cytometric analysis (n = 3). The anti-apoptosis effects of RIPC-exosomal miR-126a-3p were eliminated by inhibition of miR-126a-3p (n =3). (J) Representative echocardiographic images of rats in pre-intervention and post-reperfusion in each group of rats (n = 5). (K) Left ventricular ejection fraction (LVEF) of rats in pre-intervention. (L) ΔLVEF in each group showed that miR-126a-3p antagomir blunted the protective effects of RIPC-exosome in cardiac function. (M) Representative photographs of heart sections and quantified data demonstrated that miR-126a-3p antagomir observably attenuated the protective effects of RIPC-exosome in myocardial infarct size (n = 5). (N) Representative images and quantified data of TUNEL assay in each group demonstrated that miR-126a-3p antagomir observably blunted the protective effects of RIPC-exosome in myocardial apoptosis (n = 4). Scale bar: 50 μm. R-exo, exosomes isolated from the plasma of the late-phase RIPC rats. C-exo, exosomes isolated from the plasma of the control rats. H/R, Hypoxia/Reoxygenation (24/6 h). MI/R, myocardial ischemia/reperfusion (30/180 min). *p < 0.05.


To explore the in vitro function of exosomal miR-126a-3p using the model of H/R injury, the study design was shown in Supplementary Figure 4A. We first assessed levels of miR-126a-3p in H9C2 cells treated with RIPC-exosome. The miR-126a-3p level was significantly elevated in H9C2 cells incubated with RIPC-exosome and this change was significantly blunted with the transfection with miR-126a-3p inhibitor (Figure 3E), indicating that RIPC-exosome delivered miR-126a-3p to H9C2 cells. Subsequently, in both H9C2 cells and primary cardiomyocytes, the protective improvement in cell viability and cell apoptosis exerted by RIPC-exosome were markedly eliminated by inhibition of miR-126a-3p (Figures 3F–I).

Moreover, to further understand the in vivo function of exosomal miR-126a-3p induced by RIPC, we injected miR-126a-3p antagomir into rats and established the model of MI/R in rats. The study design was shown in Supplementary Figure 4B. Briefly, our results show that the miR-126a-3p antagomir injection markedly attenuated the cardioprotective effects of the RIPC-exosome. Firstly, improved cardiac function observed in rats treated with RIPC-exosome was significantly blunted by miR-126a-3p antagomir treatment as evidenced by increased the ΔLVEF (9.3 ± 5.1% vs. 24.2 ± 4.3%, p < 0.05, Figures 3J–L). Secondly, reduced myocardial infarct size in RIPC-exosome treated rats was eliminated by miR-126a-3p antagomir (31.8 ± 3.9% vs. 54.4 ± 9.7%, p < 0.05, Figure 3M). Third, reduced myocardial apoptosis in RIPC-exosome treatment was shown the same change (35.5 ± 5.1 vs. 51.3 ± 5.1%, p < 0.05, Figure 3N).

In sum, these results suggest that miR-126a-3p was an important component in cardioprotection induced by plasma exosomes at the late phase of RIPC.



miR-126a-3p Was an Important Molecule in Cardioprotection

To further explore the function of miR-126a-3p, miR-126a-3p mimic was transfected to increase miR-126a-3p expression in cells and then established the model of H/R (Supplementary Figure 5A). It showed that miR-126a-3p with increased expression level significantly improved cell viability and reduced cell apoptosis in both H/R induced H9C2 cells and primary cardiomyocytes (Figures 4A–E). Besides, in vivo, miR-126a-3p agomir was injected to detect the direct effect of miR-126a-3p against MI/R injury in rats (Supplementary Figure 5B). The cardiac function (9.1 ± 0.7% vs. 24.3 ± 5.7%, p < 0.05, Figures 4F–H), the myocardial infarct size (21.9 ± 2.9% vs. 52.2 ± 3.1%, p < 0.05, Figure 4I) and the myocardial apoptosis (21.0 ± 1.9% vs. 64.2 ± 4.2%, p < 0.05, Figure 4J) were significantly improved, compared with the miR-126a-3p agomir group and the agomir-NC group.
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FIGURE 4. miR-126a-3p was an important molecule in cardioprotection. (A) The qRT-PCR analysis of miR-126a-3p level in H9C2 cells transfected with miR-126a-3p mimic or negative control (mimic-NC) for 24 h followed by H/R. Data were presented as a fold change of the normoxia. U6 was used as an internal control (n = 3). (B) The increasing level of miR-126a-3p improved cell viability in H9C2 cells subjected to H/R (n = 3). (C) Flow cytometric data and representative images of apoptosis in H9C2 cells subjected to H/R (n = 3). The increasing level of miR-126a-3p decreased cell apoptosis in H9C2 cells subjected to H/R. (D) Cell viability in primary cardiomyocytes transfected with a miR-126a-3p mimic or mimic-NC followed by H/R injury (n =3). (E) Flow cytometric data and representative images of the anti-apoptosis effect of miR-126a-3p in primary cardiomyocytes treated with a miR-126a-3p mimic or mimic-NC followed by H/R injury (n =3). (F) Representative echocardiographic images of rats in pre-intervention and post-reperfusion in each group of rats (n = 5). (G) Left ventricular ejection fraction (LVEF) of rats in pre-intervention. (H) ΔLVEF in each group showed that miR-126a-3p agomir improved cardiac function. (I) Representative photographs of heart sections and quantified data demonstrated that miR-126a-3p agomir reduced myocardial infarct size (n = 5). (J) Representative images and quantified data of TUNEL assay in each group demonstrated that miR-126a-3p agomir reduced myocardial apoptosis (n = 4). Scale bar: 50 μm. (K) Cell viability in H9C2 cells treated with a miR-126a-3p inhibitor or inhibitor-NC followed by H/R (n = 3). (L) Flow cytometric data and representative images of apoptosis in H9C2 cells treated with a miR-126a-3p inhibitor or inhibitor-NC followed by H/R (n = 3). H/R, Hypoxia/Reoxygenation (24/6 h). MI/R, myocardial ischemia/reperfusion (30/180 min). *p < 0.05.


Meanwhile, to better understand the function of miR-126a-3p, we additionally performed experiments using miR-126a-3p inhibitors in H9C2 cells (Supplementary Figure 5C). Following H/R injury, decreased cell viability and increased cell apoptosis were showed in H9C2 cells transfected with miR-126a-3p inhibitor (Figures 4K,L).

Collectively, these results suggested that miR-126a-3p might be a possible and important molecule of some of the cardioprotection against MI/R injury.



The Signaling Pathways Involved in Plasma Exosomes at the Late Phase of RIPC Mediated Effects

Survival signals Akt and Erk1/2, which belong to the reperfusion injury salvage kinase (RISK) pathway, have been well-documented as key molecules in cardioprotection (35, 36). RIPC-exosome (R-exo) significantly increased the phosphorylation of Akt and Erk1/2 compared to Control-exosome or free-exosome plasma in rats subjected to MI/R injury (Figure 5A). The phosphorylation of Akt and Erk1/2 in the R-exo group was the most obvious and significantly different from that in the other groups, respectively. In vitro, similar results were observed in H9C2 cells subjected to H/R injury (Figure 5B). We also explored the Akt and Erk1/2 intervened by pathway inhibitors (LY294002 or U0126) in RIPC-exosome (Supplementary Figures 6A,B).
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FIGURE 5. The signaling pathways involved in plasma exosomes at the late phase of RIPC mediated effects. (A) Representative images of Western blot and quantified data in rats received R-exo, C-exo, R-fep, C-fep, or vehicle for 24 h followed by MI/R. (n = 3). (B) Representative images of Western blot and quantified data in H9C2 cells preincubated with R-exo, C-exo, or vehicle for 24 h followed by H/R (n = 3). GAPDH was used as a loading control. Quantified data showed phosphorylation level of Akt, expressed as the ratio of p-Akt to Akt; phosphorylation level of Erk1/2, expressed as the ratio of p-Erk1/2 to Erk1/2; the activation of Caspase-3 expressed as the ratio of cleaved Caspase-3 to Caspase-3. MI/R, myocardial ischemia/reperfusion (30/180 min). H/R, Hypoxia/Reoxygenation (24/6 h). R-exo, exosomes isolated from the plasma of the late-phase RIPC rats; C-exo, exosomes isolated from the plasma of the control rats; R-fep, the supernatant collected after the first ultracentrifugation from the plasma of the late-phase RIPC rats; C-fep, the supernatant collected after the first ultracentrifugation from the plasma of the control rats. *p < 0.05, nsp > 0.05.


Moreover, we focused on Caspase-3 which is involved in both MI/R injury and the apoptosis pathway (Figure 5A). We found that RIPC-exosome significantly decreased the activation of Caspase-3 (cleaved Caspase-3/Caspase-3) compared to Control-exosome or free-exosome plasma in rats subjected to MI/R injury (Figure 5A). In vitro, similar results were observed in H9C2 cells subjected to H/R injury (Figure 5B).

Taken together, these results showed that RIPC-exosome exerted regulation over Akt and Erk1/2 activities and inhibited the activation of apoptotic protein Caspase-3.



The Signaling Pathways Involved in Plasma Exosomes at the Late Phase of RIPC via miR-126-3p Mediated Effects

In H9C2 cells subjected to H/R, the phosphorylation of Akt and Erk1/2 were significantly elevated with RIPC-exosome and this change was significantly blunted by the inhibition of miR-126a-3p (Figure 6A). Besides, the activation of Caspase-3 inhibited by RIPC-exosome was significantly reversed by the inhibition of miR-126a-3p (Figure 6A). Similar anti-apoptotic effects of exosomal miR-126a-3p, namely the inhibition of Caspase-3 activation, also appeared in primary cardiomyocytes (Supplementary Figure 7A). These results showed that plasma exosomes at the late phase of RIPC activated the RISK pathway and inhibited the activation of apoptotic protein Caspase-3 through exosomal miR-126a-3p.
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FIGURE 6. The signaling pathways involved in plasma exosomes at the late phase of RIPC via miR-126-3p mediated effects. (A) Representative images of Western blot and quantified data in H9C2 cells treated with inhibitor-NC, R-exo + NC, or R-exo + miR-126a-3p inhibitor followed by H/R (n = 3). (B) Representative images of Western blot and quantified data in H9C2 cells transfected with miR-126a-3p mimics or mimic-NC for 24 h followed by H/R (n = 3). (C) Representative images of Western blot and quantified data in H9C2 cells transfected with miR-126a-3p inhibitors or negative control (inhibitor-NC) for 24 h followed by H/R (n = 3). GAPDH was used as a loading control. Quantified data showed phosphorylation level of Akt, expressed as the ratio of p-Akt to Akt; phosphorylation level of Erk1/2, expressed as the ratio of p-Erk1/2 to Erk1/2; the activation of Caspase-3 expressed as the ratio of cleaved Caspase-3 to Caspase-3. H/R, Hypoxia/Reoxygenation (24/6 h). R-exo, exosomes isolated from the plasma of the late-phase RIPC rats. *p < 0.05.


Moreover, in H9C2 cells subjected to H/R, the phosphorylation of Akt and Erk1/2 were elevated by a miR-126a-3p mimic (Figure 6B) and decreased by a miR-126a-3p inhibitor (Figure 6C). Simultaneously, the miR-126a-3p mimic significantly inhibited the activation of apoptotic protein Caspase-3 (Figure 6B), while the miR-126a-3p inhibitor promoted it (Figure 6C). Additionally, in primary cardiomyocytes, the activation of apoptotic protein Caspase-3 was also inhibited by a miR-126a-3p mimic (Supplementary Figure 7B), which might provide a better understanding of the anti-apoptotic effect of miR-126a-3p.

Collectively, the results indicated that exosomal miR-126a-3p exerted regulation over Akt and Erk1/2 activities and inhibited the activation of apoptotic protein Caspase-3. These effects were eliminated by transfection with miR-126a-3p inhibitor and augmented by transfection with miR-126a-3p mimic.




DISCUSSION

This study yielded three major findings. First, plasma exosomes obtained at the late phase of RIPC (RIPC-exosome) had protective effects against MI/R injury, suggesting that plasma exosomes were a carrier of protective substances induced by RIPC at the late phase. Second, exosomal miR-126a-3p played an important role in the cardioprotection induced by RIPC-exosome. Third, RIPC-exosome conferred cardioprotection through transferring miR-126a-3p by activating the RISK pathway and inhibiting the activation of apoptotic protein Caspase-3. These findings presented a novel mechanism for the endogenous cardioprotective effects conferred by RIPC-exosome through transferring miR-126a-3p (Figure 7, Supplementary Figure 1).
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FIGURE 7. Proposed mechanisms by which plasma exosomes at the late phase of RIPC protect the heart against MI/R injury through transferring miR-126a-3p. Plasma exosomes could be used as a carrier to transfer the myocardial protective effect of RIPC at the late phase against MI/R injury, activate the RISK pathway by increasing the phosphorylation level of Akt, and Erk1/2, and inhibit the activation of apoptotic protein Caspase-3 by reducing the expression level of cleaved Caspase-3.


Our previous studies confirmed that the cardioprotective component is present in late-phase RIPC plasma (14–17), and no specific chemical inhibitors or knockout models exist to rigorously exclude exosomes in RIPC, so we separated the exosomes from the plasma and studied the differences between the plasma with or without exosomes. Results of this study further confirmed that exosomes isolated from the late-phase RIPC plasma were important in mediating the cardioprotective effects. The MI/R injury alleviated by the RIPC-exosome relied on improving cardiac function, reducing myocardial infarction and cell apoptosis. At the same time, the RIPC-exosome also exerted vital protection against H/R injury by improving cell viability and reducing cell apoptosis when they were internalized by cardiomyocytes. There are a few studies that have proposed that exosomes induced by the RIPC at the early phase may act as carriers of the cardioprotective factors (25, 26). Vincencio et al. determined that that endogenous plasma exosomes from rats and humans subjected to RIPC were powerfully cardioprotective in tested models of MI/R injury. Mechanically, they found the whole process of myocardial protection not only depended on toll-like receptor 4, further activation of Erk1/2, but also MAPK signaling pathways, following phosphorylation of the HSP27 (25). Similarly, Wen et al. verified rats subjected to RIPC produced a higher expression of miR-24 in plasma exosomes. More importantly, miR-24 contributed to improving cardiomyocyte apoptosis, infarct size, and cardiac function (26). Our results, which were concentrated in the late phase of RIPC, were consistent with the above findings. Importantly, our studies have indicated that the cardioprotection of RIPC at the late phase sustains long, which means that RIPC at the late phase may be a good preventive treatment strategy and convenient to translate into clinics. Our in vivo and in vitro results revealed that the cardioprotection produced by RIPC at the late phase may translate to others through exosomes as a certain carrier, which may provide a therapeutic strategy against MI/R injury in the future. Despite these scientific conclusions, further research needs to be conducted to explore the signaling and effector mechanism of exosomes.

Increasing evidence has shown that miRNAs are related to cardiac function, disease, and cardioprotection (37–40). Regarding cardioprotection, the expression of several miRNAs, such as miR-1, miR-21, and miRNA-125b, have been identified to be significantly changed due to ischemic pre- or post-conditioning (41–44). Similarly, Li et al. suggested that miR-144 may be a circulating mediator of RIPC and a potential biomarker for the successful application of pre-conditioning (45). However, to date, the expression profiles of miRNAs in RIPC-exosome and their potential roles in RIPC-related cardioprotection against MI/R injury are still unknown. In this study, we thus determined the expression profile of miRNAs in RIPC-exosome. We found 23 miRNAs with higher expression in RIPC-exosome, of which miR-126a-3p has the highest expression. Recent studies have revealed that miR-126a-3p plays an important role in prohibiting apoptosis and promoting the survival of endothelial cells, promoting angiogenesis and secretion of angiogenic factors (46–50). The reduced miR-126 expression has also been identified as a novel mechanism that limits cardiac functional improvement (51, 52). Circulating miR-126 has been found to play a role in cardiac repair during cardiovascular injury (21, 22). Therefore, we were focused on miR-126a-3p in this study and tested its potential involvement in cardioprotection induced by RIPC-exosome. However, other miRNAs which were aberrantly expressed in RIPC-exosome, are also significant enough for investigation in future studies.

We hypothesized that miR-126a-3p might be a critical participant in cardioprotection induced by RIPC-exosome. To test it, we first determined the function of exosomal miR-126a-3p. The result demonstrated that the cardioprotective effect of RIPC-exosome was significantly eliminated by miR-126a-3p inhibitor transfection in vitro and miR-126a-3p antagomir treatment in vivo. To further test our hypothesis, miR-126a-3p mimic was applied in cultured H9C2 cells before they were damaged by H/R injury. We found that H/R-induced injuries on H9C2 cells were attenuated via miR-126a-3p overexpression. In addition, the opposite results were showed in H9C2 cells transfected with miR-126a-3p inhibitor. The study by Wang et al. demonstrated that miR-126 may play a protective role in MI/R injury through regulating ERRFI1 (53). Wang et al. differed from us in that they focused on the role of miR-126 in MI/R injury, but did not study the role of exosomes. Our data supplied the first glimpse of the role of plasma exosomes at the late phase of RIPC against MI/R injury, and attempted to condense the protective effect of RIPC into exosomes and exosomal miR-126a-3p, so that RIPC might play a protective role in a more convenient, efficient, and lasting form, providing new ideas for the prevention and treatment of MI/R injury.

Recently, exosomes and miRNAs have been considered as potential biomarkers of heart injury and potential therapeutic tools for cardiovascular disease (54–56). Exosomes have been proposed to be involved in the range of cardiovascular processes and show great potential for discovery and application of new therapeutic strategies, as well as for diagnosis. Exosomes have several advantages over existing methods. They are biocompatible, stable, non-immunogenic, non-tumorigenic, and freeze-thaw resistant. Also, they can circulate throughout the body and cross the blood-brain barrier (57, 58). According to the existing research results, researchers believe that miRNAs have a good prospect for clinical transformation, and some miRNAs are currently being studied for clinical transformation. For example, miR-92a, miR-208, and miR-15 in the treatment of heart failure, hypertensive cardiomyopathy, and myocardial infarction are undergoing preclinical studies (59); and miR-29b mimic (MRG201-30-001) in the treatment of pathological fibrosis is entering phase I clinical study; miR-122 antagonist (SPC3649) for hepatitis C has entered phase II clinical study (60). Current exosome purification and identification techniques limit the use of exosomes as biomarkers for cardiovascular disease. Although some researchers have proposed to use exosomes as drug delivery carriers, the safety, quality control and pharmacokinetics of exosomes need to be comprehensively evaluated before implementation (61, 62). In our study, the myocardial protective effect of exosomal miR-126a-3p was confirmed by the models of MI/R injury in vivo and H/R injury in vitro, providing a new idea for the treatment methods and therapeutic targets for the cardioprotection against myocardial ischemia/reperfusion injury.

The reperfusion injury salvage kinase (RISK) pathway which consists of several survival protein kinases including Akt and Erk1/2, has been considered to confer powerful myocardial protection induced by ischemic pre-conditioning (63–66). Previous studies have shown that the activation of survival signaling Akt and Erk1/2 pathways and apoptosis-signaling pathway inactivation may represent an important mechanism in the cardioprotection conferred by RIPC (67–69). And our previous studies suggested that the RISK pathway might be involved in the cardioprotection of preconditioned plasma at the late phase of RIPC (17). Therefore, our study continued to explore the phosphorylation levels of Akt and Erk to verify whether the RISK pathway was involved in myocardial protection induced by the plasma exosomes at the late phase of RIPC through miR-126a-3p. Our present in vivo and in vitro studies both showed that, under the intervention of RIPC-exosome, the phosphorylation of Akt, Erk1/2 were significantly increased, but cleaved Caspase-3 was significantly decreased. Further study showed that these differential expressions induced by RIPC-exosome were inhibited by the miR-126a-3p inhibitor. It also showed that the phosphorylation of Akt, Erk1/2 increased and cleaved Caspase-3 decreased in cardiomyocytes preincubated with the miR-126a-3p mimic. The opposite results were showed in cardiomyocytes preincubated with the miR-126a-3p inhibitor. These further confirm the cardioprotective effects of the RIPC plasma exosomal miR-126a-3p, affected by enhancing Akt and Erk1/2 signaling and exerting anti-apoptotic effects by targeting Caspase-3 in cardiomyocytes.

Previous studies have shown that early-phase RIPC leads to an increased number of plasma exosomes (25, 26). However, this study showed that late-phase RIPC did not significantly increase the number of exosomes in plasma, but significantly altered the contents especially the level of the miRNA in exosomes. This result was interesting and may suggest a different mechanism between early- and late-phase RIPC. The exact reasons are not clear. It may be that the increase in the number of exosomes released at the early phase of RIPC is transient, and it will be adjusted by itself after some time.

This study has some limitations. First, there is currently a lack of animal models or specific inhibitors for blocking exosome production in vivo, which precludes in vivo loss-of-function studies with RIPC-induced exosomes concerning cardioprotection. Second, although the results demonstrated the protective role of plasma exosomes at the late phase of RIPC, the free-exosome plasma at the late phase of RIPC also had the potential for cardioprotection. This result suggested that there may be also other protective materials in pre-conditioned plasma, although exosomes were more representative and applicable. Third, the protective mechanism of plasma exosomes at the early phase and the late phase may be different. Further study was needed to explore the reason for the differences between plasma exosomes at the early phase and the late phase. Fourth, we focused more on the cardioprotective effect of plasma exosomes at the late phase of RIPC and only made a preliminary exploration on the mechanism.



CONCLUSION

In conclusion, the late-phase RIPC derived plasma exosomes may be a carrier to transfer the cardioprotection against myocardial ischemia-reperfusion injury and exosomal miR-126a-3p was identified as an important cardioprotective molecule, which activated the RISK pathway and inhibited the activation of apoptotic protein Caspase-3. These findings present a novel mechanism underlying the exosomes at the late phase RIPC transferred cardioprotection against MI/R injury through miR-126a-3p. Exosomal miR-126a-3p might be a novel cardioprotective molecule in the prevention and rehabilitation of MI/R injury.
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Supplementary Figure 1. Schematic diagram of the experimental design. Plasma exosomes, isolated from the plasma of the rats subjected to the late phase of RIPC, exert cardioprotection against MI/R injury. By miRNA sequencing and subsequent functional validation, the late-phase RIPC-induced exosomal miR-126a-3p was identified as an important cardioprotective molecule. Exosomes and miR-126a-3p exerted cardioprotective effects against MI/R injury through enhancing the survival signaling (p-Akt and p-Erk1/2) in the RISK pathway and inhibiting the activation of apoptotic protein Caspase-3 in the apoptotic pathway. RIPC, remote ischemic pre-conditioning; MI/R, myocardial ischemia/reperfusion; H/R, hypoxia/ reoxygenation.

Supplementary Figure 2. Flowchart of study design for the effect of exosomes. (A) In vitro Study design. H9C2 cells were assigned to 4 groups (n = 3). The normoxia group included cells in a normal culture without H/R injury. The vehicle group included cells subjected to H/R. The R-exo group included cells pre-incubated with RIPC-exosome 24 h before H/R injury. The C-exo group included cells pre-incubated with Control-exosome 24 h before H/R injury. (B) In vivo study design. Forty rats were randomized into 5 groups including the vehicle group, R-exo group, C-exo group, R-fep group, and C-fep group (n = 8). The rats in the vehicle group were injected with 1 ml of PBS. The rats in the R-exo group were injected with RIPC exosomes isolated from equal volumes (1 ml) of plasma. The rats in the C-exo group were injected with control exosomes isolated from equal volumes (1 ml) of plasma. The rats in the R-fep group were injected with 1 ml of free-exosome plasma from the RIPC rats. The rats in the C-fep group were injected with 1 ml of free-exosome plasma from the control rats. The fluid in each group was injected from the tail vein 24 h before the MI/R injury procedure. The experiments were performed by an investigator blinded to group allocation. Four rats in total died during the procedure. In the vehicle group, one died due to surgery. In the C-exo group, one died due to an anesthesia accident. In the C-fep group, two died of pneumothorax and surgery. H/R, Hypoxia/Reoxygenation (24/6 h). MI/R, myocardial ischemia/reperfusion (30/180 min). R-exo, exosomes isolated from the plasma of the late-phase RIPC rats; C-exo, exosomes isolated from the plasma of the control rats; R-fep, the supernatant collected after the first ultracentrifugation from the plasma of the late-phase RIPC rats; C-fep, the supernatant collected after the first ultracentrifugation from the plasma of the control rats.

Supplementary Figure 3. qRT-PCR analysis of miR-126a-3p expression in rats' myocardium via tail-vein injection in MI/R-injury. Twenty-four hours after the tail vein injection of R-exo, C-exo, or PBS, rats were subjected to MI/R, then myocardial RNAs were extracted and detected by qRT-PCR (n = 4). R-exo, exosomes isolated from the plasma of the late-phase RIPC rats; C-exo, exosomes isolated from the plasma of the control rats. MI/R, myocardial ischemia/reperfusion (30/180 min). Data are normalized to U6. *p < 0.05.

Supplementary Figure 4. Flowchart of study design for the effect of miR-126a-3p in plasma exosomes at the late phase of RIPC. (A) The in vitro study design for evaluating the effects of exosomal miR-126a-3p in cells. Cells were assigned to 4 groups. Cells were assigned to be transfected with miR-126a-3p inhibitors or negative control (inhibitor-NC) for 24 h and then pre-incubated with RIPC-exosome for 24 h followed by H/R. The normoxia group included cells in a normal culture without H/R injury. The NC+H/R group included cells transfected with inhibitor-NC at 100 nmol/L and then subjected to H/R injury. The R-exo + NC + H/R group included cells pre-incubated with RIPC exosomes and transfected with inhibitor-NC at 100 nmol/L and then subjected to H/R injury. The R-exo + miR-126a-3p inhibitor + H/R group included cells pre-incubated with RIPC exosomes and transfected with miR-126a-3p inhibitor at 100 nmol/L and then subjected to H/R injury. (B) The in vivo study design for evaluating the effects of exosomal miR-126a-3p in rats. Fifteen rats were randomly assigned to 3 groups and were intracardiac injected 24 h before the MI/R (n = 5). The rats in the NC group were intramyocardially injected with 10 nmol/L antagomir-NC. The rats in the R-exo + NC group were intramyocardially injected with 10 nmol/L antagomir-NC and RIPC-exosome isolated from 1 ml RIPC-plasma. The rats in the R-exo + miR-126a-3p antagomir group were intramyocardially injected with 10 nmol/L miR-126a-3p antagomir and RIPC-exosome isolated from 1 ml RIPC-plasma. In the miR-126-3p antagomir group, a rat died in an anesthesia accident. MI/R, myocardial ischemia/reperfusion (30/180 min). R-exo, exosomes isolated from the plasma of the late-phase RIPC rats; C-exo, exosomes isolated from the plasma of the control rats.

Supplementary Figure 5. Flowchart of study design for the effect of miR-126a-3p. (A) The in vitro study design for evaluating the direct effects of the miR-126a-3p in cells. Cells were assigned to 3 groups (n = 3). Cells were assigned to be transfected with miR-126a-3p mimics or negative control (mimic-NC) for 24 h followed by H/R. The miR-126a-3p mimic and mimic-NC were used at a concentration of 50 nmol/L. The normoxia group included cells in a normal culture without H/R injury. The mimic-NC+H/R group included cells transfected with mimic-NC and then subjected to H/R injury. The miR-126a-3p mimi + H/R group included cells transfected with miR-126a-3p mimic and then subjected to H/R injury. (B) The in vivo study design for evaluating the direct effects of the miR-126a-3p in rats. Ten rats were randomly assigned to 2 groups and intracardiac injected miR-126a-3p agomir or agomir-NC 24 h before the MI/R, including the agomir-NC group and miR-126a-3p agomir group (n = 5). The rats in the agomir-NC group were injected with 5 nmol/L agomir-NC. The rats in the miR-126a-3p agomir group were intramyocardially injected with 5 nmol/L miR-126a-3p agomir. In the miR-126-3p agomir group, a rat died in the surgery. (C) The in vitro study design for evaluating the effects when miR-126a-3p were inhibited in H9C2 cells. H9C2 cells were assigned to 3 groups (n = 3). H9C2 cells were assigned to be transfected with miR-126a-3p inhibitors or negative control (inhibitor-NC) for 24 h followed by H/R. The miR-126a-3p inhibitor and inhibitor-NC were used at a concentration of 100 nmol/L. The normoxia group included cells in a normal culture without H/R injury. The inhibitor -NC+H/R group included cells transfected with inhibitor-NC and then subjected to H/R injury. The miR-126a-3p inhibitor + H/R group included cells transfected with miR-126a-3p inhibitor and then subjected to H/R injury. H/R, Hypoxia/Reoxygenation (24/6 h). MI/R, myocardial ischemia/reperfusion (30/180 min).

Supplementary Figure 6. The intervention by pathway inhibitors in plasma exosomes at the late phase of RIPC. Representative images of Western blot. H9C2 cells were pretreated with LY294002 (10 μM) for 1 h and then treated with RIPC-exosome or Control-exosome for 24 h before the H/R injury (n = 3). The increased phosphorylation of Akt in the RIPC-exosomes group was eliminated by LY294002. (B) Representative images of Western blot. H9C2 cells were pre-treated with U0126 (10 μM) for 1 h and then treated with RIPC-exosome or Control-exosome for 24 h before the H/R injury (n = 3). The increased phosphorylation of Erk1/2 in the RIPC-exosomes group was eliminated by U0126. GAPDH was used as a loading control. Quantified data showed phosphorylation level of Akt, expressed as the ratio of p-Akt to Akt; phosphorylation level of Erk1/2, expressed as the ratio of p-Erk1/2 to Erk1/2. H/R, Hypoxia/Reoxygenation (24/6 h). R-exo, exosomes isolated from the plasma of the late-phase RIPC rats; C-exo, exosomes isolated from the plasma of the control rats.

Supplementary Figure 7. The activation of apoptotic protein Caspase-3 via RIPC-exosomal miR-126-3p mediated effects in primary cardiomyocytes. (A) Representative images of Western blot showing activation of apoptotic protein Caspase-3 in primary cardiomyocytes treated with inhibitor-NC, R-exo ± NC, or R-exo ± miR-126a-3p inhibitor followed by H/R (n = 3). (B) Representative images of Western blot showing activation of apoptotic protein Caspase-3 in primary cardiomyocytes transfected with miR-126a-3p mimics or mimic-NC for 24 h followed by H/R (n = 3). GAPDH was used as a loading control. H/R, Hypoxia/Reoxygenation (24/6 h). R-exo, exosomes isolated from the plasma of the late-phase RIPC rats.
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Background: Circular RNAs (circRNAs), as a kind of endogenous non-coding RNA, have been implicated in ischemic heart diseases and vascular diseases. Based on theirs high stability with a closed loop structure, circRNAs function as a sponge and bind specific miRNAs to exert inhibitory effects in heart and vasculature, thereby regulating their target gene and protein expression, via competitive endogenous RNA (ceRNA) mechanism. However, the exact roles and underlying mechanisms of circRNAs in hypertension and related cardiovascular diseases remain largely unknown.

Methods and Results: High-throughput RNA sequencing (RNA-seq) was used to analyze the differentially expressed (DE) circRNAs in aortic vascular tissues of spontaneously hypertensive rats (SHR). Compared with the Wistar-Kyoto (WKY) rats, there were marked increases in the levels of systolic blood pressure, diastolic blood pressure and mean blood pressure in SHR under awake conditions via the tail-cuff methodology. Totally, compared with WKY rats, 485 DE circRNAs were found in aortic vascular tissues of SHR with 279 up-regulated circRNAs and 206 down-regulated circRNAs. Furthermore, circRNA-target microRNAs (miRNAs) and the target messenger RNAs (mRNAs) of miRNAs were predicted by the miRanda and Targetscan softwares, respectively. Additionally, real-time RT-PCR analysis verified that downregulation of rno_circRNA_0009197, and upregulation of rno_circRNA_0005818, rno_circRNA_0005304, rno_circRNA_0005506, and rno_circRNA_0009301 were observed in aorta of SHR when compared with that of WKY rats. Then, the potential ceRNA regulatory mechanism was constructed via integrating 5 validated circRNAs, 31 predicted miRNAs, and 266 target mRNAs. More importantly, three hub genes (NOTCH1, FOXO3, and STAT3) were recognized according to PPI network and three promising circRNA-miRNA-mRNA regulatory axes were found in hypertensive rat aorta, including rno_circRNA_0005818/miR-615/NOTCH1, rno_circRNA_0009197/ miR-509-5p/FOXO3, and rno_circRNA_0005818/miR-10b-5p/STAT3, respectively.

Conclusions: Our results demonstrated for the first time that circRNAs are expressed aberrantly in aortic vascular tissues of hypertensive rats and may serve as a sponge linking with relevant miRNAs participating in pathogenesis of hypertension and related ischemic heart diseases via the circRNA-miRNA-mRNA ceRNAnetwork mechanism.

Keywords: competing endogenous RNAs network, microRNA, circular RNA, hypertensive vascular injury, ischemia heart disease


INTRODUCTION

Hypertension is a leading risk factor of ischemic heart diseases and hypertensive heart diseases that mainly leads to the high morbidity and mortality (1, 2). It is estimated that ~1.56 billion adults worldwide expected to be influenced by hypertension by 2025 (3). To our knowledge, cardiovascular damage is an essential pathological characteristic of hypertension. Especially, impaired vascular remodeling and endothelial dysfunction result in the evolution of coronary artery abnormalities (4), eventually causing ischemia heart disease. A variety of mechanisms lead to the generation of myocardial ischemia during hypertension (5). However, current studies on the effective biomarkers of hypertensive vascular injury are still limited.

Non-coding RNAs (ncRNAs) play critical roles in hypertension and hypertensive vascular disorders, including ribosomal RNAs, transfer RNAs, small nuclear RNAs, microRNAs (miRNAs), and long non-coding RNAs (lncRNAs) (6). Recently, circRNA is a kind of bioactive RNA molecules with a closed loop structure (7). The majority of circRNAs are widely available in cardiovascular system and have multiple critical specific functions in vascular physiology and homeostasis at the posttranscriptional level (8). Based on the high stability, circRNAs function as a sponge and bind specific miRNAs to exert inhibitory effects on regulating the gene and protein expression, via ceRNA mechanism (9). Several circRNAs have been involved in vascular injury in pulmonary arterial hypertension (9, 10). However, the regulatory roles and underlying mechanisms of circRNAs in hypertension and hypertensive vascular diseases remain largely unclear.

In current study, the differentially expressed (DE) circRNAs were detected in aortic vascular tissues of the spontaneously hypertensive rat (SHR) and the Wistar-Kyoto (WKY) rats by high-throughput RNA sequencing (RNA-Seq) analysis and the real-time polymerase chain reaction (RT-PCR) validation, respectively. More importantly, three promising circRNA-miRNA-mRNA regulatory axes network were highlighted in hypertensive rat aorta, providing potential therapeutic targets for hypertension and hypertensive vascular disorders.



MATERIALS AND METHODS


Experimental Animals, Blood Pressure Measurement, and Tissue Preparation

A total of five male 13-week-old SHR and five age- and weight-matched WKY rats regarded as control groups were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. All the experiments were conformed to the guidelines of animal experiments reported at Capital Medical University. Rats were maintained in a temperature and humidity-controlled animal room with 12:12 h day:night cycle, meanwhile different cages were used for each group. All of the animals were accessed to tap water and laboratory feed. Systolic blood pressure (SBP), diastolic blood pressure (DBP), and mean blood pressure (MBP) were non-invasively measured under awake conditions via tail-cuff methodology (Softron, BP-98A, Japan). The thoracic aorta was extracted, removed fat and connective tissues and frozen in liquid nitrogen immediately. Samples were shipped to the laboratory and stored at −80°C until analysis. All experiments were approved and performed in accordance with the National Institutes of Health guide for the care and use of Laboratory animals (NIH Publications No. 8023), Animal Research Ethics Committee of Beijing Chaoyang Hospital affiliated to Capital Medical University.



The Elastica Van Gieson Staining

The EVG staining was intended for use in the histological demonstration of elastin in tissues and collagen fiber. The demonstration of elastic in tissue was useful in vascular diseases. The deparaffinize sections were hydrated in distilled water. Put the slides in Elastic stain solution for 15 min and washed the slide by use of running tap water. Then, the slides were kept in Sodium Thiosulfate Solution for 1 min and in Van Gieson's Solution for 2–5 min, and then rinse in two changes of 95% alcohol and dehydrate in absolute alcohol (Abcam, Cambridge, MA).



Total RNA Isolation and Library Preparation for circRNA Sequencing

Total RNAs were isolated from thoracic aorta from SHR and WKY rats, a total amount of 5 μg RNA per sample was used as input material for the RNA sample preparations using TRIzol reagent (Invitrogen, USA). Furthermore, RNA purity was checked using the NanoPhotometer®spectrophotometer (IMPLEN, CA, USA) and RNA integrity was evaluated using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Aglient Technologies, CA, USA). Additionally, ribosomal RNA was depleted from total RNA using the Epicenter Ribozero™ rRNA Removal Kit (Epicenter, USA), and rRNA free residue was cleaned up by ethanol precipitation. Subsequently, the linear RNA was digested with 3U of RNase R (Epicenter, USA) per μg of RNA. The sequencing libraries were generated by NEBNext®Ultra™ Directional RNA Library Prep Kit for Illumina® (NEB, USA) following manufacturer's recommendations by Shanghai Genechem Co., Ltd., Shanghai, China. The clustering of the index-coded samples was performed on a cBot Cluster Generation System using TruSeq PE Cluster Kit v3-cBot-HS (Illumina) according to the manufacturer's instructions. After cluster generation, the libraries were sequenced on an Illumina platform and 150 bp paired-end reads were generated.



Quality Control and circRNA Identification

The raw data of quality control was firstly processed through in-house perlscripts. After removing reads containing adapter, poly-N or low-quality reads, clean reads were left. Meanwhile, Q20, Q30, and GC content of the clean reads were calculated (Supplementary Table 1). Importantly, clean reads with high quality were applied among all the downstream analyses. Index of the reference genome was built using bowtie2 v2.2.8 and paired-end clean reads were aligned to the reference genome using Bowtie software (11).



Differential Expression Analysis of circRNAs

Differential expression analysis between the two groups was assessed using the DESeq R package (1.10.1). DESeq provided statistical routines for determining differential expression in digital gene expression data using a model based on the negative binomial distribution. The resulting P-values were corrected using the Benjamini and Hochberg's approach for controlling the false discovery rate, shown as q values. Genes with an adjusted P-value or q-value < 0.05 were regarded as statistical significance.



GO and KEGG Pathway of circRNAs and mRNAs in the Network

Gene Ontology (GO) (http://www.geneontology.org) and Kyoto Encyclopedia of Genes and Genomes (KEGG) signal pathway enrichment analysis (http://www.genome.jp/kegg) were conducted to explore the biological function of targeted genes. Gene function was categorized into three separate subgroups: biological processes (BPs), cellular components (CCs), and molecular functions (MFs), respectively.



Validation of RNA Sequencing With Real Time Reverse Transcription-Polymerase Chain Reaction Analysis

Five pairs of SHR and WKY rats were employed to confirm the expression levels of DE circRNAs by RT-PCR analysis. In brief, total RNAs were reversed transcribed into cDNA using PrimeScript™ reverse transcription reagent kit (Takara Bio, Inc., Otsu, Japan) according to the manufacturer's protocol. Then, cDNAs were used for RT-PCR analysis to examine the expression of circRNA by the ABI Prism 7500 sequence detection system (Applied, Biosystems, CA). GADPH was served as a normalizing standard for all target circRNAs. The primers for each circRNAs were summarized in Supplementary Table 2. All samples were run in triplicate. The relative expression of selected circRNAs were calculated using the 2−ΔΔCT method.



Prediction of circRNA-miRNA-mRNA Interaction Network and Identification of Hub Genes

We next predicted the sequence identity of the circRNA in human and rat by using Basic Local Alignment Search Tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and the circAtlas 2.0 software (http://circatlas.biols.ac.cn/). Moreover, the altered circRNAs in hypertensive rat aorta with corresponding miRNAs and the potential target mRNAs were used to establish a circRNA-miRNA-mRNA interaction network. The miRNA-mRNA interactions were firstly predicted using Targetscan (www.targetscan.org/). The circRNA-miRNA-mRNA network to further visualize the interactions using Cytoscape 3.8.2 software. Moreover, the STRING database (http://string-db.org/) was used to establish the protein-protein interaction (PPI) of the predicted mRNA, and then visualized by using Cytoscape version 3.8.2 software. Subsequently, hub genes were also determined using cytoHubba app of Cytoscape.



Statistical Analysis

The data analyses were conducted using SPSS software version 21.0 (IBM SPSS, Chicago, IL, USA). GraphPad Prism version 7.0 (GraphPad software, Inc., LaJolla, CA, USA) and Cytoscape version 3.8.2 were applied to generate the figures. All the data were presented as means ± standard deviations (SDs) and compared using the Student's t-test, and a P-value or q-value < 0.05 was regarded as significant. All experiments were carried out three times.




RESULTS


Expression Profiling of Aortic circRNAs Between SHR and WKY Rats

Vascular circRNAs expressions between SHR and WKY rats were measured using RNA sequencing analysis. Firstly, compared with WKY rats, the levels of SBP, DBP and MBP were significantly elevated in SHR (Figure 1A). Furthermore, information of circRNAs was exhibited, including the raw reads, read counts, raw bases, GC content (%), and Q30% etc (Supplementary Table 1). The basic information and classifications of sequencing quality for circRNAs were revealed in aortic vascular tissues of SHR and WKY rats (Supplementary Figure 1). Box plots showing the circRNA profiles revealed the similar distributions of all datasets in the detected samples (Figure 1B). The circRNA transcripts were mostly 300 bp in length (Figure 1C). In addition, clustered heatmap was conducted to aortic circRNA according to their expression levels among rats (Figure 1D), indicating that the circRNA profiles were different between SHR and WKY rats. To determine these different circRNAs expressions in hypertension, the variation between each group was analyzed by the volcano plot. Significantly DE circRNAs were identified as q < 0.05 and |log2(fold changes) |>1. Totally, 485 DE circRNAs were detected in SHR (279 up-regulated and 206 down-regulated circRNAs) compared with WKY rats (Figure 1E). We further classified the distributions of DE circRNAs according to the chromosomes transcribed from, which demonstrated that among these DE circRNAs, most up-regulated circRNAs mainly came from chromosomes (chr) 1 (chr1), chr2, chr3, chr4, and chr10, whereas the down-regulated circRNAs came from chr1, chr3, chr5, chr8, and chr10 (Figure 1F). Moreover, among these DE circRNAs, abundant RNAs were generated most commonly from exons of protein-coding genes (86.19 and 81.71% from up-regulated and down-regulated circRNAs, respectively) (Figures 1G,H).
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FIGURE 1. The expression profiling of vascular circRNAs was screened and analyzed by RNA-seq of aortic vascular tissues between SHR and WKY rats. (A) Compared with WKY controls, SBP levels, DBP levels and MBP levels were significantly elevated in SHR rats. (B) The data standardization of the total expression of the circRNAs. (C) The length of circRNA profiles. (D) The hierarchical cluster analysis was performed with the significantly different circRNA expression profiles in SHR and WKY aorta (Fold Change > 2 and P < 0.05); Red and blue denoted high and low relative expression, respectively, each circRNA was expressed by a single row of colored boxes and each sample was represented by a single column. (E) Volcano plot showed that the differential expression analysis of circRNAs (red, up-regulated; green, down-regulated). (F) The distribution of chromosomes of upregulated and downregulated circRNAs, respectively. (G,H) The identification of exon, intron and intergenic region of upregulated and downregulated circRNAs. RNA-seq, high-throughput RNA sequencing; WKY, Wistar-Kyoto; SHR spontaneously hypertensive rat; SBP, systolic blood pressure; DBP, diastolic blood pressure; MBP, mean blood pressure; circRNAs, circular RNAs.




GO and KEGG Pathway of DE circRNAs in Hypertensive Rat Aorta

To describe and synthesize potential mechanisms of confirmed circRNAs, the GO and KEGG pathways were analyzed in hypertensive rat aorta. The enriched pathways analyzed by KEGG were Endocytosis, Focal adhesion, cyclic adenosine monophosphate (cAMP) signaling pathway, AMP-activated protein kinase (AMPK), phosphatidylinositol (PI) signaling pathway and extracellular matrix (ECM)-receptor interaction (Figure 2A; Supplementary Table 3). In addition, GO enrichment analysis reflected the top 30 enriched GO term of the DE circRNAs (Supplementary Table 4). In the term of MF, the DE circRNAs were mainly enriched in Guanosine-Triphosphate hydrolase (GTPase) regulator activity. In the CC, the main term of GO analysis was cytoplasmic part. Besides, in the term of BP, the central term of was 2-oxobutyrate metabolic process (Figure 2B). Thus, the cAMP, AMPK, PI, and GTPase signaling pathways may be partially responsible for circRNAs- mediated vascular pathophysiology and homeostasis of hypertension.
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FIGURE 2. GO and KEGG pathway analysis of DE circRNAs between and SHR and WKY rat aorta. (A) Top 20 KEGG pathways for DE circRNAs were identified in SHR and WKY rat aorta. (B) Top 7 GO enriched terms were analyzed for biological process (BP), cellular component (CC), and molecular function (MF), respectively. GO, gene ontology; KEGG, Kyoto encyclopedia of genes and genomes; DE, differentially expressed; circRNAs, circular RNAs; WKY, Wistar-Kyoto; SHR spontaneously hypertensive rat.




Confirmation of DE circRNAs Candidates by RT-PCR Between SHR and WKY Rats

Subsequently, the top 20 significantly up-regulated and down-regulated circRNAs (q < 0.05 and | log2(foldchange)|>4) were listed in Table 1. Of which, seven DE circRNAs were chosen for further confirmation by RT-PCR analysis. The RT-PCR validation demonstrated the similar trends with RNA-seq, suggesting the reliability of our circRNAs expression profiles. Particularly, five significant circRNAs including rno_circRNA_0005818, rno_circRNA_ 0005304, rno_circRNA_0005506, rno_circRNA_0009301, and rno_circRNA_0009197 were validated by RT-PCR analysis (Figure 3A). The results indicated that the expressions of rno_circRNA_0005818, rno_circRNA_0005304, rno_circRNA_0005506, and rno_circ RNA_0009301 were significantly increased in SHR aorta (7.92-fold, P < 0.001; 3.42-fold, P < 0.001; 5.09-fold, P < 0.001; and 7.29-fold, P < 0.001, respectively). In addition, rno_circRNA_ 0009197 was significantly decreased in SHR aorta (2.26-fold, P < 0.001). More importantly, we found that there were highly similar homologous sequences in rno_circRNA_0009197 and rno_circRNA_0005506 with human circRNA, according to the criterion of evalue and identity by using Basic Local Alignment Search Tool and the circAtlas 2.0 software, respectively. Generally, the higher the similarity between sequences of human and rat circRNAs, the higher the possibility that they are homologous sequences. In addition, when the evalue is close to zero or zero, it is exactly a match sequences of human and rat circRNAs. Notably, rno_circ_0009197 and rno_circ_0005506 were identified highly homologous with hsa_circ_0018685| chr10:73337670-73559386 (identity 0.907; evalue 1.87E-18) and hsa_circ_0112669| chr1:237865277-237921076 (identity0.874; evalue 1.66E-105), respectively. Moreover, EVG staining showed aggravated elastin and collagen fiber of thoracic aorta in SHR compared with the WKY rats, characterized with thickened collagen fibers and augmented ECM deposition (Figure 3B), indicating that upregulations of rno_circRNA_0005818, rno_circRNA_0005304, rno_circRNA_0005506, and rno_circ_RNA_0009301 and downregulation of rno_circRNA_0009197 may play potential roles in aortic hypertrophy and remodeling of hypertensive rats.


Table 1. Top 20 significantly up-regulated and down-regulated circRNAs in SHR rat (|log2FoldChange| > 4, Q-value < 0.05).
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FIGURE 3. DE circRNAs candidates were validated by RT-PCR between SHR and WKY rat aorta. (A) The seven DE circRNAs were detected by the RT-PCR between SHR and WKY rat aorta. Five significant aortic circRNAs were confirmed in hypertensive rats, including rno_circRNA_0005818, rno_circRNA_0005304, rno_circRNA_0005506, rno_circRNA_0009301, and rno_circRNA_0009197. (B) The EVG staining illustrated that the regulation of circRNAs were associated with thin elastic fiber and thick collagen fiber. Black color represents elastic fiber, red color represents collagen fiber. n = 10 for each group, ***P < 0.001. DE, differentially expressed; circRNAs, circular RNAs; RT-PCR, real-time polymerase chain reaction; WKY, Wistar-Kyoto; SHR spontaneously hypertensive rat.




Prediction of circRNA-miRNA Interactions

The top 3 target miRNAs of confirmed circRNAs were predicted by using the miRanda software. Notably, rno-miR-615, rno-miR-223-3p, and rno-miR-29a-3p were predicted to construct ceRNA relationships with rno_circRNA_0005818 (Figure 4A). Rno-miR-194-5p, rno-miR-93-3p, and rno-miR-320-5p were predicted to construct ceRNA relationships with rno_circRNA_0005304 (Figure 4B). Moreover, rno-miR-628, rno-miR-676, and rno-miR-873-5p were predicted to construct ceRNA relationships with rno_circRNA_0009301 (Figure 4C). Rno-miR-122-3p, rno-miR-298-5p, and rno-miR-509-3p were predicted to build ceRNA relationships with rno_circRNA_0005506 (Figure 4D). Additionally, rno-miR-383-3p, rno-miR-34a-3p, and rno-miR-509-5p were predicted to construct ceRNA relationships with rno_circRNA_0009197 (Figure 4E). Collectively, circRNAs serve as a miRNA sponge associating with relevant miRNAs, which may further construct the circRNA-miRNA axis participating in pathogenesis of hypertension.
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FIGURE 4. Prediction of the binding sites of circRNA-miRNA. (A–E) The top 3 miRNAs associated with each selected circRNA and the predicted binding sites. (A) rno_ circRNA_0005818 target pairs: rno_circRNA_0005818→ rno-miR-615; rno_circRNA_0005818→ rno-miR-223-3p; rno_circRNA_0005818→ rno-miR-29a-3p; (B) rno_circRNA_0005304 target pairs: rno_circRNA_0005304→ rno-miR-194-5p; rno_circRNA_0005304→ rno-miR-93-3p; rno_circRNA_0005304→ rno-miR-320-5p; (C) rno_circRNA_0009301 target pairs: rno_circRNA_0009301→ rno-miR-628; rno_circRNA_0009301→ rno-miR-676; rno_circRNA_0009301→ rno-miR-873-5p; (D) rno_circRNA_0005506 target pairs: rno_circRNA_0005506→ rno-miR-122-3p; rno_circRNA_0005506→ rno-miR-298-5p; rno_circRNA_0005506→ rno-miR-509-3p; (E) rno_circRNA_0009197 target pairs: rno_circRNA_0009197→ rno-miR-383-3p; rno_circRNA_0009197→ rno-miR-34a-3p; rno_circRNA_0009197→ rno-miR-509-5p. Target miRNAs of confirmed circRNAs were predicted using the miRanda software (http://www.miranda.org). circRNA, circular RNA; miRNA, microRNA.




Establishment of Validated circRNA-Related ceRNA Network in Aortic Vascular Tissues of Hypertensive Rats

To further explore the underlying mechanisms, the five validated circRNAs with related miRNAs as well as the downstream mRNAs were used to construct circRNA-miRNA-mRNA network using Cytoscape 3.8.2 software. The network was established with 31 predicted miRNAs and 266 mRNAs, which suggesting that circRNAs could modulate target miRNA indirectly by competing for miRNA-binding through common miRNA binding sites. Moreover, NOTCH1, a target of miR-615, was predicted to possess a ceRNA network with rno_circRNA_0005818. Forkhead box class O3 (FOXO3), a target of miR-509-5p, was predicted to possess a ceRNA network with rno_circRNA_0009197. Additionally, STAT3, a target of miR-10b-5p, was predicted to possess a ceRNA relationship with rno_circRNA_0005818 (Figure 5).


[image: Figure 5]
FIGURE 5. Construction of circRNA-miRNA-mRNA network in aortic vascular tissues of rats. The red color and blue color represent upregulated and downregulated significant DE circRNAs, respectively. Green color represents miRNAs, yellow color represents mRNAs. Red bold lines represent three promising circRNA-miRNA-mRNA regulatory axes were selected in hypertensive rat aorta, including rno_circRNA_0005818/miR-615/NOTCH1, rno_circRNA_0009197/miR-509-5p/FOXO3 and rno_circRNA_0005818/miR-10b-5p/STAT3, respectively. circRNAs, circular RNAs; miRNA, microRNA; mRNA, messenger RNAs; DE, differentially expressed.




Construction of PPI Network and Identification of Hub Genes in Rat Aorta

The hub genes were selected by the cytoHubba app in Cytoscape 3.8.2 software. Top 30 hub genes were identified in rat aorta, including signal transducer and activator of transcription 3 (STAT3), NOTCH1, FOXO3 (Figure 6A). Then, according to the STRING database, a PPI network (involving 30 nodes and 344 edges) was constructed (Figure 6B). The enriched GO terms of top 30 hub genes were conducted. Moreover, the top enriched GO-BP terms, included regulation of cell population proliferation and cell differentiation. There were several enriched terms related to GO-MF, such as protein binding, signaling receptor binding, molecular function regulator. In addition, GO-CC terms included cytoplasm, membrane and nucleus (Figure 7A). Furthermore, the top 20 GO and KEGG pathway of 30 hub genes were estimated by Metascape (Figure 7B), including epidermal growth factor receptor tyrosine kinase inhibitor resistance, vasculature development, regulation of cell migration and positive regulation of mitogen-activated protein kinases cascade.


[image: Figure 6]
FIGURE 6. The potential interactions of hub genes in the PPI network in aortic vascular tissues of rats. (A) The top 30 hub genes were selected by the cytoHubba app in Cytoscape 3.8.2 software; The node color changes gradually from yellow to red in ascending order according to the score of hub genes. (B) The protein and protein interaction of top 30 hub genes by the online database STRING (involving 30 nodes and 344 edges). PPI, protein and protein interaction.
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FIGURE 7. GO and enrichment network of top 30 hub genes between SHR and WKY rat aorta. (A) Top 5 GO enriched terms were analyzed in rat aorta for biological process (BP), cellular component (CC), and molecular function (MF), respectively. (B) The enrichment network of top 30 hub genes was identified in rat aorta. Nodes represent functions enriched for an annotated ontology term and node size indicates the number of genes that fall into that term. GO, gene ontology; WKY, Wistar-Kyoto; SHR spontaneously hypertensive rat; EGFR, epidermal growth factor receptor; MAPK, mitogen-activated protein kinase.





DISCUSSION

CircRNAs form covalently closed continuous loops with high tissue specific expression, which are critical contributors to vascular pathophysiology and homeostasis (8, 9). CircRNAs are highly abundant in cardiovascular tissues, the regulation of circRNAs could mediate importantly physiological and pathological processes in the development of hypertension and related vascular diseases (9). In the present study, 485 DE circRNAs were found in aortic vascular tissues of hypertensive rats with 279 up-regulated circRNAs and 206 down-regulated circRNAs. Moreover, among these DE circRNAs, abundant RNAs were generated most commonly from exons of protein-coding genes (86.19 and 81.71% from up-regulated circRNAs and down-regulated circRNAs, respectively). Up till now, the understanding of circRNAs predicted functions in hypertensive rats remains largely unknown. To fully understand the functions of the confirmed circRNAs, clustering of GO terms performed that these circRNAs were enriched in the cytoplasmic part and GTPase regulator activity in molecular function. Besides, these circRNAs involved in the process of Endocytosis, Focal adhesion, cAMP signaling pathway, AMPK signaling pathway and ECM-receptor interaction by KEGG analysis. Therefore, based on bioinformatic analysis, we deduced that the significant confirmed circRNAs could link with hypertension and hypertensive vascular injury by modulating these signaling pathways.

Intriguingly, we further verified that downregulation of rno_circRNA_0009197, and upregulation of rno_circRNA_0005818, rno_circRNA_0005304, rno_circRNA_0005506, and rno_circRNA_0009301 were shown in aorta of SHR when compared with that of WKY rats by real-time RT-PCR analysis. These changes were associated with aggravated elastin and collagen fiber of thoracic aorta of hypertensive rats, implying that abnormal expression of aortic circRNAs may play potential roles in hypertensive vascular remodeling and dysfunction.

According to the circRNA-miRNA interactions, the circRNAs had been proven to combine with miRNAs binding sites and modulate the expression of mRNA through integrating with miRNA binding (9, 12). In the light of miRNA-mRNA interactions, a growing body of evidence indicated that the effects of miRNA were exerted by the target mRNAs (12, 13). In this work, circRNA-target miRNAs and the target mRNAs of miRNAs were predicted by the miRanda and Targetscan softwares, respectively. Then, the circRNA-miRNA-mRNA network was constructed, which provided a novel insight into the potential regulatory actions in the hypertension and hypertensive vascular injury. In accordance with previous reports, multiple miRNAs had been showed to modulate major genes participated in the development of hypertensive vascular injury. Subsequently, bioinformatics databases were used to predict the miRNAs that contained concrete and highly conserved binding sites of these significant confirmed circRNAs. We next to investigate the potential mainly regulator of miRNAs in vascular damage. To the best of our knowledge, fibrosis, oxidative stress, and ischemia have a close association with hypertension and ischemic heart diseases, which are the major pathways to cardiovascular remodeling (14). In response to the downstream miRNAs of the confirmed circRNAs, we revealed that miR-509-5p may be a promising target by inhibiting proliferation, migration and apoptosis in vasculature (15, 16). Vascular dysfunction is closely linked with endothelial cell (EC) dysfunction through abnormal gene modulation. The recent studies suggest that abnormal expression of miR-615 significantly repressed EC proliferation, migration, network tube formation in matrigel, the release of nitric oxide (17). Overexpression of miR-615 could reduce oxidative stress, apoptosis and ischemia involving in regulation of EC dysfunction and endothelial nitric oxide synthase (17, 18). Further, miR-10b-5p has vital actions on vascular remodeling (19), and has markedly less microscopic and macroscopic calcification nodules (20). At the same time, miR-10b-5p represses the myocardial fibrosis and ameliorated cardiomyocyte apoptosis and cardiac function after ischemia (21). However, different target genes of miRNAs have important biological functions in regulating target genes. Therefore, it is central to pay close attention on the underlying mechanisms of mRNAs in vascular pathophysiology in hypertension.

Combined with the PPI network, we found that three key hub genes played important roles in the PPI network. The three hub genes, STAT3, NOTCH1, and FOXO3, which are crucial essential factors to regulate the vascular diseases, and closely associated with modulation of proliferation, migration, differentiation and ischemia in a wide range of vascular diseases (22–24). STAT3, as a critical inducer and proangiogenic key regulator, is involved in EC proliferation, migration, and degradation of the ECM (25). STAT3 has been demonstrated to influence the expression of angiogenic and angiostatic mediators, such as basic fibroblast growth factor, vascular endothelial growth factor (VEGF) (26, 27). Additionally, STAT3 signaling might activate as a promising approach to inhibit the progression of vascular narrowing (28). The alternative splice variant of VEGF (VEGFxxxb) VEGF165b, modulates endothelial VEGF receptor 1-STAT3 signaling pathway in ischemia and peripheral arterial disease (29). NOTCH activation is a major pathogenic mechanism participated in the progression of pulmonary vascular remodeling (30). Repression of NOTCH1 could alleviate vascular lesion, including endothelial function-related factors, oxidative stress-related factors, and reduce apoptosis of aortic EC of hypertensive rats (31, 32). Interesting, NOTCH1 is necessary for VEGF-induced migration, proliferation and survival of EC (33). Activated Notch signaling and inhibited TGF-β1/Smad3 signaling could repress myocardial fibrosis after myocardial infarction (MI) (29). FOXO3, as a transcriptional factor and important mediator, has been shown to contribute to the protective effects of cardiovascular fibrosis and ischemia-reperfusion (I/R) injury (34). miR-629 promoted cell proliferation, migration and apoptosis by targeting FOXO3 in vascular remodeling (35). The functions of miR-124 on hypertensive pulmonary fibroblast proliferation were mediated through FOXO3/cdk inhibitor cdkn1a signaling (36). These results indicate that hub-genes play critical roles in proliferation,cell differentiation, ischemia, and cardiovascular fibrosis. In the present work, we selected three promising circRNA-miRNA-mRNA regulatory axes in hypertensive rat aorta, including rno_circRNA_0005818/miR-615/NOTCH1, rno_circRNA_0009197/miR-509-5p/FOXO3, rno_circRNA_0005818/miR-10b-5p/STAT3, which may have further exploration for the pathological process of hypertensive vascular injury and dysfunction.

In summary, we demonstrated, for the first time, new insight into the 485 DE circRNAs in SHR aorta compared with WKY rat aorta through RNA-seq array and real-time RT-PCR validation. Of these, 5 DE circRNAs were verified in hypertensive rat aorta. Particularly, rno_circRNA_0009197 was down-regulated in aortic vascular tissues of hypertensive rats with up-regulated levels of rno_circRNA_0005818, rno_circRNA_ 0005304, rno_circRNA_ 0005506, and rno_circRNA_0009301. More importantly, we found that there were highly similar homologous sequences in rno_circRNA_0009197 and rno_circRNA_0005506 with hsa_circ_0018685|chr10:73337670-73559386 and hsa_circ_0112669|chr1: 237865277-237921076, respectively. Moreover, three hub genes (NOTCH1, FOXO3, and STAT3) according to PPI network were found. Furthermore, based on the ceRNA regulatory mechanism, the circRNA-miRNA-mRNA network was constructed for three promising circRNA-miRNA-mRNA regulatory axes, including rno_circRNA_0005818/miR-615/NOTCH1, rno_circRNA_0009197/miR-509-5p/FOXO3, and rno_circRNA_0005818/miR-10b-5p/STAT3, respectively. Therefore, our findings exhibited that aortic circRNAs play potential roles in regulating hypertensive vascular remodeling and dysfunction and aortic circRNAs are the vital therapeutic targets for hypertension-related vascular diseases.
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Background: Perturbation of energy metabolism exacerbates cardiac dysfunction, serving as a potential therapeutic target in congestive heart failure. Although circulating free fatty acids (FFAs) are linked to insulin resistance and risk of coronary heart disease, it still remains unclear whether circulating FFAs are associated with the prognosis of patients with acute heart failure (AHF).

Methods: This single-center, observational cohort study enrolled 183 AHF patients (de novo heart failure or decompensated chronic heart failure) in the Second Affiliated Hospital, Zhejiang University School of Medicine. All-cause mortality and heart failure (HF) rehospitalization within 1 year after discharge were investigated. Serum FFAs were modeled as quartiles as well as a continuous variable (per SD of FFAs). The restricted cubic splines and cox proportional hazards models were applied to evaluate the association between the serum FFAs level and all-cause mortality or HF rehospitalization.

Results: During a 1-year follow-up, a total of 71 (38.8%) patients had all-cause mortality or HF rehospitalization. The levels of serum FFAs positively contributed to the risk of death or HF rehospitalization, which was not associated with the status of insulin resistance. When modeled with restricted cubic splines, the serum FFAs increased linearly for the incidence of death or HF rehospitalization. In a multivariable analysis adjusting for sex, age, body-mass index, coronary artery disease, diabetes mellitus, hypertension, left ventricular ejection fraction and N-terminal pro-brain natriuretic peptid, each SD (303.07 μmol/L) higher FFAs were associated with 26% higher risk of death or HF rehospitalization (95% confidence interval, 2–55%). Each increasing quartile of FFAs was associated with differentially elevated hazard ratios for death or HF rehospitalization of 1 (reference), 1.71 (95% confidence interval, [0.81, 3.62]), 1.41 (95% confidence interval, [0.64, 3.09]), and 3.18 (95% confidence interval, [1.53, 6.63]), respectively.

Conclusion: Serum FFA levels at admission among patients with AHF were associated with an increased risk of adverse outcomes. Additional studies are needed to determine the causal-effect relationship between FFAs and acute cardiac dysfunction and whether FFAs could be a potential target for AHF management.

Keywords: acute heart failure, free fatty acids, Lipolysis, Mortality, rehospitalization


INTRODUCTION

Heart failure (HF) has become a major and growing public health challenge with a worldwide prevalence of 64.3 million cases (1). Over the last 30 years, despite tremendous advances in the management of chronic HF, the central treatment of AHF remains symptomatic but less satisfactory due to the high heterogeneity of underlying etiology, resulting in a remarkably high risk of mortality and rehospitalization (2, 3).

The normal heart function predominantly relies on fatty acid (FA) oxidation, responsible for 60–90% of ATP production (4). Since the de novo synthesis of FAs is inactive in the heart, FA oxidation largely depends on the uptake of circulating free fatty acids (FFAs), the byproducts of lipolysis (5). Although FFAs serve as the major energy substrate for the heart, high circulating FFA levels may exert deleterious effects on the heart. FA metabolism requires more oxygen than other substrates like glucose or ketone bodies, which potentially exacerbates the hypoxia injury under some pathological conditions (6). Moreover, elevated FFAs lead to the augmented myocardial FFAs uptake as well as excessive FA storage in cardiomyocytes, which drives cardiac lipotoxicity and causes myocardial damage (4). Thus, circulating FFAs may serve as a risk factor, hallmark, or potential target for diverse conditions.

Indeed, previous studies have shown that FFAs serve as a risk factor for obesity (7), diabetes (8), and coronary heart diseases (9, 10). Elevated FFAs are independently associated with compensatory HF (11, 12) and linked to higher 3-month mortality (13). A surge in catecholamines, inflammatory cytokines such as tumor necrosis factor (TNF)-alpha, and natriuretic peptides may, in part, explain the increased level of FFAs (9), which are all lipolytic inducers (14). In return, elevated FFAs can induce insulin resistance in cardiomyocytes and impair cardiac function as revealed by animal studies (15).

Considering FFAs are closely tied to fatty acid oxidation under exercise and stress (16), it is reasonable to propose that serum FFAs levels may provide important prognostic information for patients with AHF. It would be valuable for risk stratification and tailoring of therapy to optimize the management of AHF. However, more direct evidence for the prognostic value of FFAs in AHF is still lacking. We aim to determine whether higher levels of FFAs predict adverse outcomes among Chinese patients admitted with AHF.



METHODS


Study Population

This is a single-center, observational cohort study. Patients admitted for AHF in Department of Cardiology, the Second Affiliated Hospital, Zhejiang University School of Medicine between January 2019 and December 2019 were enrolled. Ethics Committee approvals were obtained from the Institutional Review Board for Human Studies of Second Affiliated Hospital of Zhejiang University School of Medicine (<city>Hangzhou </city>, China), and verbal informed consent was obtained from the patients during telephone follow-up.

The diagnosis of AHF was based on the ESC Guidelines and required elevated N-terminal pro-B-type natriuretic peptide (NT-proBNP) concentrations ≥1,000 ng/L and only those whose duration from onset of AHF or symptom exacerbation ≤1 month were recruited. Those with severe renal failure (eGFR <30 mL/min·1.73 m2), renal replacement therapy, severe liver dysfunction (serum aminotransferase concentration more than 10 times above upper limit of normal range), serious infection, severe pulmonary diseases, systemic autoimmune disorder, malignancies, valvular disease, pregnancy, missing FFAs measurement or younger than 18 years were excluded in the study. Only those who survived to hospital discharge with complete full 1-year follow-up data (n = 183) were included in the analysis (Supplementary Figure 1).



Definition of Events

The study endpoint was the composite of all-cause death and HF rehospitalization through the 1-year follow-up after discharge. The endpoint events were ascertained based on rehospitalization records and telephone contacts.



Data Collection

Clinical data were extracted from electronic medical records. The laboratory parameters were measured at admission. For patients who received a laboratory test multiple times during this time period, only the first test results were included. Serum FFAs, low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), total cholesterol (TC), triglycerides (TG), fasting glucose (FBG) and glycated hemoglobin A1c (HbA1c) were measured in an overnight fasting state, generally within 24 h after admission, while fasting status was unknown for the evaluation of the other laboratory parameters including N-terminal pro-brain natriuretic peptide (NT-proBNP), alanine aminotransferase (ALT), aspartate aminotransferase (AST), urea nitrogen (BUN) and creatinine. The measurements of serum FFAs, LDL-C, HDL-C, TG, TC, FBG, ALT, AST, BUN, and creatinine were performed on a Beckman Coulter instrument AU5800 (Beckman Coulter, Brea, California, USA). Serum levels of FFAs were analyzed using an enzymatic reagent (ACS-ACOD method) from LEADMAN (Beijing, China). The level of HbA1c was determined by a TOSOH HLC-723G8 automatic glycohemoglobin analyzer (Tosoh Corporation, Yamaguchi 746-0042, Japan). NT-proBNP was measured by electrochemiluminescence on an Cobas e801 (Roche Diagnostics, Rotkreuz, Switzerland). Echocardiography was used to measure left ventricular ejection fraction (LVEF), which was obtained during the hospital stay. Estimated glomerular filtration rate (eGFR) was estimated by the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula. The triglyceride-glucose (TyG) index was calculated as the ln[fasting glucose level (mg/dL) × triglyceride level (mg/dL)/2].



Statistical Analysis

Baseline characteristics were compared among quartiles of FFAs using ANOVA or Kruskal-Wallis test for continuous variables, depending on the data distribution, and χ2 for categorical variables. Continuous variables were presented as mean ± standard deviation (SD) or median [inter-quartile range (IQR)] if skewed. Categorical variables were presented as N (%). Correlation between two variables was examined by the Pearson or Spearman analysis. Cubic splines were utilized to evaluate the linearity of the relationship between FFAs and the incidence of study endpoints. Cox proportional hazards regression models were used to analyze the association between FFAs levels and time to event (only the first endpoint event was accounted in our analysis). FFAs were modeled as quartiles as well as a continuous variable (per SD increase of FFAs). Subgroup analysis of patients and outcomes and the receiver-operating curve (ROC) analysis were performed (presented in Supplementary Material). A two-tailed P < 0.05 was considered statistically significant. Statistical analyses were performed with SPSS statistical software (version 23.0) and R statistical software (version 4.1.0).




RESULTS


Descriptive Analysis

A total of 183 patients with AHF were included in the study, with a median age of the study participants was 73 years (IQR: 63~79). The baseline demography was compared according to FFAs quartiles as shown in Table 1. After 1 year follow-up, 71 (38.8%) participants suffered from all cause of death (n = 13), or HF rehospitalization (n = 61). Participants who developed adverse events were with higher FFAs levels, consistent with higher NT-proBNP although the difference was not statistically significant (Supplementary Table 1). Interestingly, the total serum lipids were not significantly different among participants with different quartiles of FFAs.


Table 1. Characteristics of patients with acute heart failure at baseline by quartiles of serum free fatty acids.
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Correlation of FFAs With Baseline Characteristics

As illustrated in Table 2, the serum levels of FFAs showed significant positive correlations with NT-proBNP, NYHA. A negative correlation between FFAs levels and LVEF was also implicated. Besides, the FFAs levels were correlated with age, eGFR, ALT, and AST but did not show any significant correlation with BMI and MAP. Although the total serum lipid levels did not show any correlation with FFAs, HDL-cholesterol was negatively associated with FFAs instead of any other components of serum lipids. Notably, we saw no significant association between FFAs and TyG index, the reliable surrogate marker of insulin resistance (IR) (17).


Table 2. Correlation analyses of free fatty acids with clinical and laboratory parameters.
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Association of FFAs With Adverse Events

During the 1-year flow-up after discharge, 71 out of a total of 183 AHF patients (38.8%) experienced an adverse event (all-cause death or HF rehospitalization). After adjusting for variables that may influence the prognosis in HF and the incidence of all-cause death or HF rehospitalization analyzed by the univariate analysis in the present study (Supplementary Table 2) (18–21), there was a positive association between FFAs levels and the risk of death or HF rehospitalization (Table 3). In a multivariable analysis adjusting for sex, age, body-mass index, coronary artery disease, diabetes mellitus, hypertension, LVEF, NT-proBNP, each SD (303.07 μmol/L) higher FFAs were associated with 26% higher risk of death or HF rehospitalization (95% confidence interval, 2–55%). Each increasing quartile of FFAs was associated with differentially elevated hazard ratios for death or HF rehospitalization of 1 (reference), 1.71 (95% confidence interval, [0.81, 3.62]), 1.41 (95% confidence interval, [0.64, 3.09]), and 3.18 (95% confidence interval, [1.53, 6.63]), respectively. Assessment of cubic splines also supports a linear relationship between the serum levels of FFAs and the incidence of death or HF rehospitalization (P non-liner = 0.093) (Figure 1).


Table 3. Univariate and multivariate Cox regression model for all-cause death or HF rehospitalization according to quartiles/standard deviation of serum free fatty acids.
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FIGURE 1. Cubic spline depicting the association of FFAs with the incidence of all-cause mortality or HF rehospitalization, P non-liner = 0.093 (adjusted for age, sex, BMI, CAD, DM, hypertension, LVEF, NT-proBNP). BMI, body-mass index; CAD, coronary artery disease; DM, diabetes mellitus; LVEF, left ventricular ejection fraction; NT-proBNP, N-terminal pro brain natriuretic peptide.





DISCUSSION

Our study shows that serum FFAs concentration is an independent risk factor for all-cause death or HF rehospitalization after discharge of patients with AHF, indicating that FFAs may predict adverse outcomes in AHF patients.

Øie et al. conducted a cross-sectional study, which showed that 183 patients with stable HF had higher FFAs levels than that in healthy control subjects (11). Previous studies have reported that circulating FFAs were associated with various risks factors for HF including coronary heart disease (9, 10), hypertension (22), diabetes mellitus (8), atrial fibrillation (23). This would lead to a higher risk of HF (12) and higher 3-month mortality of HF (13). Accumulating evidence showed that Asian/Chinese population may have a different fatty acid metabolism pattern (24). Our study not only provided direct evidence with the positive correlation between serum FFAs and acute heart failure, but also for the first time showed that FFAs may have good prognostic value in predicting adverse events in Chinese population. Moreover, this prognostic value may last longer than we expected, which may be more than 1 years. All these studies, with our findings together, call for a future study whether diet management, energetic therapy, or metabolic modulation may have therapeutic potential.

FFAs are primarily derived from lipolysis of adipose tissue (25). Some hormones, such as catecholamines and inflammatory cytokines, which can exert strong lipolytic signals on hormone-sensitive lipase, were found markedly elevating in HF patients, contributing to the enhanced concentration of FFAs in circulation (14). Since the rate of fatty acids (FAs) uptake by the heart is mainly dependent upon the concentration of FFAs in the circulation, FAs delivery to cardiomyocytes are also increased along with the growing concentration of FFAs (26). Of note, an increased FAs uptake is not accompanied by a concomitant augmented FA oxidation. Indeed, evidence is mounting that deteriorated cardiac function comes with a decline in FA oxidation rates (27, 28). The imbalance between FA uptake and oxidation results in intracellular storage of lipids, which are in part stored as triglycerides (TAGs), but can also be transported into non-oxidative pathways, leading to the production of toxic lipid species like diacylglycerol and ceramide, which drives the cardiac lipotoxicity (4). The cardiac lipotoxicity, inefficient FA metabolism, together with the negative impact of high FFAs on cardiovascular system including insulin resistance, oxidative stress, inflammation and endothelial dysfunction (29, 30), indicates that elevated FFAs play an important role in HF pathophysiology and might contribute to the development and progression of HF. Notably, Studies in humans and animal models have revealed that heart failure is associated with generalized insulin resistance (31). And evidence showed that excess of circulating FFAs are the major cause of IR by inhibiting insulin signaling (32, 33). Unexpectedly, we found no significant association between FFAs and TyG index, the reliable surrogate of IR, to some extent suggesting that the relationship of FFAs and insulin resistance is more complex in HF patients, at least in the acute phase, which deserves further investigation. Our data suggests a positive correlations of serum levels of FFAs with NYHA and NT-proBNP, in accord with the results of a previous study (34), verifying again the relationship between serum FFAs levels and HF severity.

Given the facts listed above, and the highly significant association between FFAs levels and the adverse clinical outcomes among AHF patients, as presented in our study and a previous study (13), it seems reasonable to suppose that modulation of FFAs utilization by application of medicines might improve the cardiac function and outcomes in HF patients. Perhexiline, reducing FAO through inhibiting carnitine palmitoyltransferase-1 and 2 (CPT-1/2), the transport proteins responsible for mitochondrial FAs uptake from the cytoplasm (35), was found that could improve symptoms, the peak exercise oxygen consumption (VO2 max) and LVEF in patients with chronic HF (36–39). Trimetazidine, acting as a inhibitor of long-chain mitochondrial 3-ketoacyl coenzyme A thiolase enzyme, leading to the reduced myocardial FA oxidation (40), improved left ventricular (LV) function and functional class, reduced rehospitalization rates (41–43) and all-cause mortality (43–45) in HF patients. However, different results also have been reported. Use of acipimox, a nicotinic acid analog, did not result in the same favorable effect on myocardial function among HF patient, which can reduce the availability of circulating FFAs through inhibition of adipose tissue lipolysis. Four-week administration of acipimox in non-diabetic patients with chronic HF did not change cardiac function or exercise capacity (46). What's more, Tuunanen H et al. showed that acute serum FFAs depletion contributed to the deteriorated myocardial efficiency in idiopathic dilated cardiomyopathy patients (47). It's worth noting that these studies did not include AHF patients. AHF patients may have had experienced a more deranged change of myocardial metabolism when compared to stable HF patient, which may respond differently to the limitation of FFAs disposal. Therefore, it is necessary to further explore the mechanism of FFAs in contributing to the development and progression of both stable HF and AHF patients.


Study Limitations

Our study was an observational study, while its relatively small sample size and single-center in design might introduce selective bias and therefore limit its clinical application. Besides that, the small study sample size precluded us from adequately powered subgroup analysis (presented in Supplementary Material). Moreover, a single measurement of serum FFAs failed to provide information about the longitudinal changes in FFAs levels over time and how the changes affect the clinical outcomes of AHF patients. A caveat of our study was that we were unable to detect the composition of serum FFAs but the total class for all the non-esterized fatty acids. Previous data suggested that FFAs composition may influence myocardial function and associated with total mortality in chronic heart failure population (11) and linked to the incidence of HF in meddle-aged adults (48). However, evidence for an association between the composition of FFAs and AHF is still limited, which warrant further investigation. A more precise evaluation about the specific components of FFAs may give a deeper insight of cardiac energetics and help to seek more specific therapeutic targets. In future, basic researches are in great need to clarify the role of FFAs in the development and progression of HF.




CONCLUSION

In conclusion, our data demonstrated an increased risk of adverse clinical outcomes with higher FFAs concentration among AHF patients. FFAs levels, which can be easily measured in clinical setting at relatively lower costs, may have a great prognostic potential for risk stratification in AHF patients.
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Background: Increased plaque vulnerability and higher lipid variability are causes of adverse cardiovascular events. Despite a close association between glucose and lipid metabolisms, the influence of elevated glycated hemoglobin A1c (HbA1c) on plaque vulnerability and lipid variability remains unclear.

Methods: Among subjects undergoing percutaneous coronary intervention (PCI) from 2009 through 2019, 366 patients received intravascular optical coherence tomography (OCT) assessment and 4,445 patients underwent the scheduled follow-ups within 1 year after PCI. Vulnerability features of culprit vessels were analyzed by OCT examination, including the assessment of lipid, macrophage, calcium, and minimal fibrous cap thickness (FCT). Visit-to-visit lipid variability was determined by different definitions including standard deviation (SD), coefficient of variation (CV), and variability independent of the mean (VIM). Multivariable linear regression analysis was used to verify the influence of HbA1c on plaque vulnerability features and lipid variability. Exploratory analyses were also performed in non-diabetic patients.

Results: Among enrolled subjects, the pre-procedure HbA1c was 5.90 ± 1.31%, and the average follow-up HbA1c was 5.98 ± 1.16%. By OCT assessment, multivariable linear regression analyses demonstrated that patients with elevated HbA1c had a thinner minimal FCT (β = −6.985, P = 0.048), greater lipid index (LI) (β = 226.299, P = 0.005), and higher macrophage index (β = 54.526, P = 0.045). Even in non-diabetic patients, elevated HbA1c also linearly decreased minimal FCT (β = −14.011, P = 0.036), increased LI (β = 290.048, P = 0.041) and macrophage index (β = 120.029, P = 0.048). Subsequently, scheduled follow-ups were performed during 1-year following PCI. Multivariable linear regression analyses proved that elevated average follow-up HbA1c levels increased the VIM of lipid profiles, including low-density lipoprotein cholesterol (β = 2.594, P < 0.001), high-density lipoprotein cholesterol (β = 0.461, P = 0.044), non-high-density lipoprotein cholesterol (β = 1.473, P < 0.001), total cholesterol (β = 0.947, P < 0.001), and triglyceride (β = 4.217, P < 0.001). The result was consistent in non-diabetic patients and was verified when SD and CV were used to estimate variability.

Conclusion: In patients undergoing elective PCI, elevated HbA1c increases the atherosclerotic plaque vulnerability and the visit-to-visit variability of lipid profiles, which is consistent in non-diabetic patients.

Keywords: hemoglobin A1c, optical coherence tomography, lipid variability, plaque vulnerability, percutaneous coronary intervention


BACKGROUND

Coronary artery disease (CAD) has contributed to the cardiovascular disease being the leading cause of death around the world (1). Meanwhile, as a traditional risk factor, diabetes mellitus (DM) doubles or even triples the incidence of CAD (2).

DM is a disease of abnormal metabolism and characterized by chronic hyperglycemia. Of all the glycemia indicators, glycated hemoglobin A1c (HbA1c) has been a well-established one for the assessment of long-term glycemic levels (3). The American Diabetes Association (ADA) and the World Health Organization (WHO) recommend HbA1c ≥6.5% and 5.7–6.4% as the diagnostic cut-off points for diabetes and pre-diabetes, respectively (4). In diabetic patients, elevated HbA1c level has been confirmed to increase the risk of cardiac death, cardiovascular diseases, and strokes (5). Even in non-diabetic CAD patients, elevated HbA1c levels were also related to a raised risk of long-term mortality and myocardial infarction (MI) (6, 7). However, the mechanism by which HbA1c levels affect the prognosis of CAD patients remains unclear.

The increased plaque vulnerability is associated with dyslipidemia and has been identified as the leading cause of adverse cardiovascular events (8). Due to the high resolution (10–15 μm), optical coherence tomography (OCT) allows the quantitative assessment of vulnerability features in the coronary artery (9, 10). Thinner fibrous cap thickness (FCT), larger lipid cores, and more macrophage infiltration all indicate a greater vulnerability feature and an underlying poor prognosis (11). The visit-to-visit lipid variability has been verified as another strong predictor of adverse cardiovascular events for CAD patients (12, 13). Even in the general population, elevated lipid variability has also been shown to raise the incidence of all-cause death, myocardial infarction (MI), and strokes (14). The variability of several lipids has been identified to be associated with adverse cardiovascular events, including low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), non-high-density lipoprotein cholesterol (non-HDL), total cholesterol (TC), and triglyceride (TG) (15–18). Some genetic-level evidence has indicated that glucose dysregulation may be associated with increased lipid variability (19, 20).

Due to the strong association between glucose and lipid metabolisms, elevated HbA1c may contribute to adverse cardiovascular events by increasing plaque vulnerability and the visit-to-visit lipid variability. However, these potential relationships remain unclear. Therefore, we conducted the current study to explore the influence of HbA1c on plaque vulnerability features and lipid variability.



METHODS


Study Subjects

In this retrospective cross-sectional study, patients who underwent elective PCI were eligible for screening from January 2009 through April 2019. The flow chart of the current study is shown in Figure 1. Patients were included if they received elective PCI and/or OCT examination. In the vulnerability feature analysis, subjects were excluded according to (i) culprit vessels with Thrombolysis in Myocardial Infarction (TIMI) flow ≤ 2; (ii) in-stent restenosis; (iii) bypass graft vessel; (iv) chronic total occlusion vessel; (v) insufficient OCT image quality; and (vi) antidiabetic therapy change before PCI. If the patient had multiple vessels examined by OCT, only the culprit vessel will be included. Besides, in lipid variability analyses, subjects were excluded if patients had severe renal or hepatic dysfunction, hematology disorder, malignant tumor, and severe infectious diseases. Patients who did not achieve scheduled laboratory tests (at least 3 times lipid assessments and 2 times HbA1c assessments during 1-year follow-up) were considered dropping out. Eventually, a total of 366 culprit vessels from 366 independent subjects were enrolled in the vulnerability feature analyses, and 4,445 patients were enrolled in the visit-to-visit lipid variability analyses. The ethical approval was obtained from the Medical Ethical Review Committee of Sir Run Run Shaw Hospital (NO. 20201217-36).


[image: Figure 1]
FIGURE 1. Flow chart of the current study.




The Assessment of HbA1c Levels

Pre-procedure and follow-up HbA1c levels were measured and recorded for analysis. According to the criteria of ADA and WHO, subjects were divided into 3 groups based on HbA1c levels of normal status (Tertile1: HbA1c <5.7%), pre-diabetes status (Tertile2: HbA1c 5.7-6.4%), and diabetes status (Tertile3: HbA1c ≥6.5%) (4). Pre-procedure HbA1c levels were used for vulnerability analysis, and average follow-up HbA1c levels were used for lipid variability analysis. In this study, all patients were recommended the regular HbA1c testing at 3rd, 6th, 9th, and 12th months after the PCI procedure. Enrolled patients should receive at least 2 times HbA1c assessments (interval at least 3 months) during 1-year follow-ups.



The Acquisition of OCT Images

OCT examinations were conducted after intracoronary use of approximately 150 μg nitroglycerin. The current study employed the frequency domain OCT (C7-XR system, Saint Jude Medical, Westford, MA, USA). By using the non-occlusive flushing technique, the OCT imaging catheter was automatically pulled back and scanned for the morphology of culprit vessels at a speed of 20 mm/s. The obtained image was stored digitally. Off-line OCT image analysis was performed using proprietary OCT Review Software.



The Vulnerability Assessment by OCT Examination

Vulnerable morphology features of culprit vessels were defined using previously established criteria (11). Representative OCT images of plaque features were shown in Figure 2. The minimal FCT was measured for three times, and a mean value was recorded. The lipid accumulation was a strong signal attenuation region with a signal-rich fibrous cap overlying. The macrophage infiltration was 1 or more signal-rich regions with sharp trailing attenuation that changed frame-by-frame. The calcium depositions were characterized by having poor signals and sharp borders. The angles of lipid accumulation, macrophage infiltration, and calcium deposition were analyzed every 1 mm with the mass center of lumens being angle points, and mean angles were calculated. The length of lipid accumulation, macrophage infiltration, and calcium deposition was computed as the total frame number of each finding multiplied by the distance between adjacent frames. To integrate the angle and length of vulnerability features, a volume index was calculated by mean angle × total length.


[image: Figure 2]
FIGURE 2. Representative cross-sectional OCT images. (A) Lipid core (*) and minimal FCT were detected. (B–D) The arcs of lipid accumulation, macrophage infiltration, and calcium deposition were measured in representative cross-sectional OCT images, respectively. FCT indicates fibrous cap thickness.


The vulnerability feature of culprit vessels was reviewed by 2 experienced interventional cardiologists who were blinded to the angiography and clinical presentation. Repeated measurements of 30 random OCT pullbacks were performed to determine intra-observer reproducibility of the same reader after 4 weeks following the initial measurement. An analysis of the consistency (inter- and intra-observer) was estimated by the intra-class correlation coefficient (ICC). A good reproducibility of inter- and intra-observer was verified on lipid arcs (ICC = 0.902, 0.917) and macrophage arcs (ICC = 0.875, 0.903), calcium arcs (ICC = 0.892, 0.912), and minimal FCT (ICC = 0.914, 0.927).



The Assessment of Visit-to-Visit Lipid Variability

All subjects were recommended the lipid assessment scheduled at 1st, 3rd, 6th, 9th, and 12th months after the PCI procedure. Enrolled patients should receive at least 3 times lipid assessments during follow-ups. The blood sample was collected after fasting for more than 8 h. For a more comprehensive assessment of lipid variability, three different indices were employed: (i) the standard deviation (SD); (ii) the coefficient of variation (CV, calculated as SD/mean ×100%); (iii) variability independent of the mean (VIM, calculated as SD/meanα ×100%) with α being regression coefficient based on the natural logarithm of SD and the natural logarithm of the mean (21).



Definition

The definition of intensive statin treatment was atorvastatin 40 mg or rosuvastatin 20 mg per day. Subjects were categorized into current smoker or non-current smoker. Current smoker was defined as smoking on admission/quitting smoking for <3 months on admission/any cigarette use during follow-ups. The rest are defined as non-current smokers.



Statistical Analyses

Normally distributed continuous variable was shown as the mean ± SD and compared by one-way analysis of variance (ANOVA). Non-normally distributed continuous variable was shown as median (interquartile range) and compared by the Kruskal-Wallis test. The categorical variable was represented as counts (proportions) and compared using the Chi-square test or Fisher's exact test (if the expected cell value was <5). P-value for trend (P trend) was calculated with a Wilcoxon type test for continuous variables or a linear-by-linear association for categorical variables across ordered HbA1c categories. The smooth curves visualized the association of HbA1c levels with vulnerability features using the locally weighted scatterplot smoothing (LOWESS) algorithm. The multivariable linear regression model was used to estimate the influence of HbA1c on the vulnerability features and lipid variability after adjusting various covariates involving demographic data, laboratory testing, and medications. Exploratory analyses were conducted in subgroups according to diabetes (yes or no), HbA1c categories (<5.7%, 5.7–6.4%, ≥6.5%), clinical presentation [acute coronary syndrome (ACS) or stable angina pectoris (SAP)], types of statins (atorvastatin or rosuvastatin), and lipid-lowering regimen (regular statins/intensive statins/statins plus ezetimibe).

A two-tailed P-value <0.05 was considered significant. Statistical analysis was performed using SPSS software version 18.0 (SPSS Inc., Chicago, IL, USA) and R version 3.5.1 (The R Foundation for Statistical Computing, Vienna, Austria).




RESULT


Patient Characteristics

Among the subjects who underwent elective PCI, 366 patients (58.2% ACS) were enrolled in the vulnerability feature analysis, and 4,445 patients (23.1% ACS) were enrolled in the lipid variability analysis. Patient characteristics have been summarized in Table 1 and Supplementary Tables S1, S2. Patients who received OCT examination were 61.4 ± 11.1 years, with 31.4% diabetes, 69.1% hypertension, and 52.5% dyslipidemia. The pre-procedure HbA1c level was 5.9 ± 1.3%. Among them, 60 (16.4%) subjects had a history of MI, and 79 (21.6%) subjects had a history of PCI. Pre-procedure pharmacologic therapies indicated that 34.4% of patients had statins more than 8 weeks, 35.2% had aspirin, and 27.3% had P2Y12 inhibitors. For patients who underwent scheduled follow-ups in lipid variability analysis, the average age was 63.8 ± 10.3 years, of which 64.0% had hypertension and 25.6% had diabetes. The average follow-up HbA1c level was 6.0 ± 1.2%.


Table 1. Patient characteristics.
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Vulnerability Features of Culprit Vessels

OCT findings were summarized in Table 2 according to pre-procedure HbA1c levels (Tertile1: HbA1c <5.7%, Tertile2: HbA1c 5.7–6.4%, Tertile3: HbA1c ≥6.5%). The vulnerability features were estimated by the minimal FCT, lipid index, macrophage index, and calcium index of the entire culprit vessel. Three-group comparisons identified a significant difference for minimal FCT (P = 0.008) and the pairwise comparisons indicated that HbA1c ≥6.5% group had a thinner minimal FCT than HbA1c 5.7–6.4% group (87.7 ± 44.2 vs. 101.1 ± 43.0 μm, P = 0.032) and HbA1c <5.7% group (87.7 ± 44.2 vs. 105.0 ± 53.4 μm, P = 0.003). Trend analysis showed a decreasing trend in minimum FCT with increasing HbA1c (P trend = 0.003). Besides, there was a significant difference in lipid index between three groups (P = 0.004). HbA1c ≥6.5% group showed a greater lipid index than HbA1c 5.7–6.4% group [1863.1 (1093.6, 2832.5) vs. 1521.8 (900.3, 2200.7) mm°, P = 0.046] and HbA1c <5.7% group [1863.1 (1093.6, 2832.5) vs. 1476.8 (847.7, 2213.7) mm°, P = 0.003], respectively. Trend analysis showed an increasing trend of lipid index with increasing HbA1c (P trend = 0.002). For macrophage and calcium feature assessment, HbA1c ≥6.5% group had a higher macrophage index [437.7 (291.1, 781.1) vs. 385.9 (194.8, 617.5) mm°, P = 0.037] and a greater calcium index [418.7 (100.6, 986.0) vs. 301.4 (129.2, 778.2) mm°, P = 0.023] than HbA1c <5.7% group. Trend analyses suggested that elevated HbA1c increased macrophage index (P trend = 0.049) and calcium index (P trend = 0.017). Compared to HbA1c <6.5 group, HbA1c ≥6.5 group had greater lesion length [24.00 (18.85, 29.50) vs. 22.20 (17.70, 27.35) mm, P = 0.019], higher prevalence of thrombus (56.6 vs. 42.4%, P = 0.024) and TCFA (50.6 vs. 37.5%, P = 0.041) (Supplementary Figure S3).


Table 2. Vulnerability features of the culprit vessel by OCT assessment according to HbA1c levels.

[image: Table 2]



Effects of Pre-procedure HbA1c Levels on Vulnerability Features

In Figure 3, LOWESS curves visualized the rough association of pre-procedural HbA1c levels with minimal FCT (downtrend), lipid index (uptrend), macrophage index (uptrend), and calcium index (reverse U-shaped). Linear regression models with multiple adjustments were subsequently performed and proved that elevated HbA1c was an independent risk factor for thinner minimal FCT [β = −6.985, 95% CI (−13.902 to −0.068), P = 0.048], higher lipid index [β = 226.299, 95% CI (67.977–384.621), P = 0.005], and greater macrophage index [β = 54.526, 95% CI (1.268–107.785), P = 0.045] (Table 3). Consistently, in non-diabetic CAD patients, elevated pre-procedure HbA1c still linearly decrease minimal FCT [β = −14.011, 95% CI (−27.393 to −1.221), P = 0.036], increase lipid index [β = 290.048, 95% CI (25.041–582.264), P = 0.041], and increase macrophage index [β = 120.029, 95% CI (2.031–240.362), P = 0.048] (Figure 4).


[image: Figure 3]
FIGURE 3. LOWESS curves of the association between pre-procedural HbA1c levels and vulnerability features. Locally weighted scatterplot smoothing (LOWESS) curves were used to visualize the rough association between pre-procedural HbA1c levels and vulnerability features, including (A) minimal fibrous cap thickness, (B) lipid index, (C) macrophage index, and (D) calcium index. The semi-transparent ribbon around the solid line indicates the 95% confidence interval. Rug plots show the distribution of pre-procedural HbA1c levels.



Table 3. Linear regression analyses of pre-procedure HbA1c levels on vulnerability features.
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FIGURE 4. Forest plots of the vulnerability feature analyses. By using OCT assessment, forest plots depicted the effect of pre-procedure HbA1c levels on the vulnerability feature of culprit vessels, including minimal fibrous cap thickness, lipid index, macrophage index, and calcium index. Subgroups were determined according to Type 2 DM (yes or no), HbA1c categories (<5.7%, 5.7–6.4%, ≥6.5%), clinical symptom (SAP or ACS). OCT, optical coherence tomography; SAP, stable angina pectoris; ACS, acute coronary syndrome; FCT, fibrous cap thickness; DM, diabetes mellitus. *P < 0.05.




The Visit-to-Visit Variability of Lipid Profile During Follow-Ups

Patient characteristics of variability analysis were summarized in Supplementary Table S2 according to the average follow-up HbA1c categories (Tertile1: HbA1c <5.7%, Tertile2: HbA1c 5.7–6.4%, Tertile3: HbA1c ≥6.5%). Three-group comparisons indicated that elevated follow-up average HbA1c levels were associated with greater VIM of lipid profiles, including LDL-C (Tertile1: 74.8 ± 44.2; Tertile2: 76.0 ± 47.5; Tertile3: 80.0 ± 46.9/1,000, P = 0.029), HDL-C (Tertile1: 30.5 ± 12.6; Tertile2: 30.7 ± 13.9; Tertile3: 32.9 ± 15.4/1,000, P < 0.001), non-HDL-C (Tertile1: 20.0 ± 14.9; Tertile2: 20.9 ± 17.1; Tertile3: 22.8 ±1 8.0/1,000, P = 0.001), TC (Tertile1: 7.7 ± 6.5; Tertile2: 8.4 ± 7.3; Tertile3: 9.7 ± 8.3/1,000, P < 0.001), and TG (Tertile1: 27.6 ± 27.9; Tertile2: 27.3 ± 25.5; Tertile3: 35.4 ± 40.7/1,000, P < 0.001) (Supplementary Table S2). The consistent results were confirmed when SD or CV was used to estimate variability (Supplementary Table S2).



Effects of Follow-Up HbA1c Levels on Lipid Variability

Multivariable linear regression analyses were performed and found that elevated follow-up HbA1c led to greater VIM of lipid profiles, including LDL-C [β = 2.594, 95% CI (1.175–4.013), P < 0.001], HDL-C [β = 0.461, 95% CI (0.012–0.911), P = 0.044], Non-HDL-C [β = 1.473, 95% CI (0.926–2.021), P < 0.001], TC [β = 0.947, 95% CI (0.721–1.174), P < 0.001], and TG [β = 4.217, 95% CI (3.186–5.249), P < 0.001] (Table 4). Consistently, the findings remained when SD or CV was employed (Supplementary Tables S4, S5).


Table 4. Linear regression analyses of average follow-up HbA1c levels on the visit-to-visit variability of lipid profiles.
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Consistently, in non-diabetic patients, elevated follow-up HbA1c levels still increased the VIM of lipid profiles, including LDL-C [β = 3.457, 95% CI (1.001–5.914), P = 0.006], Non-HDL-C [β = 2.193, 95% CI (1.277–3.110), P < 0.001], TC (β = 1.415, 95% CI (1.036–1.794), P < 0.001], and TG [β = 6.172, 95% CI (4.622–7.721), P < 0.001] (Figure 5). Consistently, the findings remained when SD or CV was employed (Supplementary Figures S1, S2).
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FIGURE 5. Forest plots of the lipid variability analyses. Forest plots depicted the effect of average follow-up HbA1c levels on visit-to-visit variability of lipid profiles, including LDL-C, HDL-C, Non-HDL-C, TC, and TG. Lipid variability was represented by the variability independent of the mean (VIM). Subgroups were determined according to Type 2 DM (yes or no), types of statins (atorvastatin or rosuvastatin), and lipid-lowering therapy strategy (regular statins/intensive statins/statins plus ezetimibe). LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; Non-HDL-C, non-high-density lipoprotein cholesterol; TC, total cholesterol; TG, triglyceride; DM, diabetes mellitus. *P < 0.05.





DISCUSSION

This retrospective observational study enrolled the patient who underwent elective PCI. By using OCT assessment, elevated pre-procedure HbA1c level was verified to increase the plaque vulnerability of culprit vessels, including thinner minimal FCT, higher lipid index, and greater macrophage index. Besides, elevated average follow-up HbA1c level was identified as an independent risk factor for higher visit-to-visit variability of lipids, including LDL-C, HDL-C, non-HDL-C, TC, and TG. Exploratory analyses also confirmed that the above findings were consistent in non-diabetic patients.

Due to the high resolution (10–15 μm), OCT provides a detailed depiction of the vulnerable features in atherosclerotic lesions, which has been recognized as the gold standard for coronary morphology evaluation (22). Numerous studies have shown that abnormal glucose metabolism is associated with increased plaque vulnerability, which thus leads to the incidence of adverse cardiovascular events (2). By using OCT assessment, Milzi et al. found that the presence of type 2 DM was associated with a thinner FCT in CAD patients (23). Suzuki et al. found that patients with impaired glucose tolerance had larger lipid cores and thinner FCT compared to patients with normal glucose tolerance (24). Kato et al. proved that macrophage infiltration was more frequent in patients with HbA1c ≥8% (25). By using magnetic resonance imaging, Sun et al. found that elevated HbA1c was correlated with greater carotid plaque vulnerability (26). Consistently, by using OCT assessment in 366 independent CAD patients, the current study demonstrated that elevated HbA1c increased the atherosclerotic plaque vulnerability, including thinner minimal FCT, greater lipid index, and higher macrophage index.

Some underlying mechanisms may be involved in the vulnerable features. For features of lipid and FCT, the elevation of HbA1c may contribute to lipid accumulation in culprit vessels by directly raising serum atherogenic lipid levels. In previous studies, increased glucose levels have been verified to up-regulated atherogenic lipid levels throughout the entire range of blood glucose (27, 28). Elevated atherogenic lipids can lead to lipid accumulation in the coronary artery, which thus promotes the progression of atherosclerosis and makes FCT thinner (29).

For the macrophage features, elevated HbA1c may increase macrophage infiltration by up-regulating the level of chronic inflammation. Chronic exposure to hyperglycemia and insulin resistance has been found to up-regulate inflammation levels through endoplasmic reticulum stress and mitochondrial superoxide overproduction, thereby promoting macrophage adhesion to the vascular wall and the development of atherosclerosis (30, 31). Indeed, the up-regulation of inflammation levels has been detected as early as pre-diabetes status (32).

For calcium features, it is still a controversial issue regarding the association between abnormal glucose metabolism and coronary calcium deposits. Some studies have shown that the presence of type 2 DM increases the calcium burden in the coronary artery (33, 34). While by using OCT assessment, Milzi et al. proved that the presence of type 2 DM was not related to calcium deposits in culprit lesions (23). In the current study, the pairwise comparison indicated that HbA1c ≥6.5% group had a greater calcium index than HbA1c <5.7% group [418.7 (100.6, 986.0) vs. 301.4 (129.2, 778.2) mm°, P = 0.023]. However, no significant linear correlation was found between HbA1c and calcium index. This may be due to the fact that calcium index is less affected by HbA1c levels, compared to other vulnerable features.

The visit-to-visit variability of lipid profiles has been identified as an independent risk factor for adverse cardiovascular events (17). By intravascular ultrasound examination, the association between higher lipid variability and greater plaque vulnerability has been revealed (12). Furthermore, the current study verified the close relationship between the elevated follow-up HbA1c levels and the visit-to-visit variability of lipid profiles, which was also confirmed in non-diabetic patients.

Although the mechanism is not entirely clear, several possible explanations are worth considering. On the one hand, genome-wide association analysis has indicated an underlying association between glucose dysregulation of lipid variability. For instance, DKK3 (Dickkopf-3) gene expression is positively correlated to the visit-to-visit variability of HDL-C (19). Meanwhile, DKK3 was aberrantly expressed in β-cells of patients with type 2 diabetes, which can inhibit the Wnt signaling pathway, thereby depressing the survival and proliferation of β cells (20). The suppression of β cells could lead to an increased HbA1c level. On the other hand, medication non-compliance is also one of the potential explanations. Medication non-compliance has been shown to not only increase the visit-to-visit lipid variability but is also related to poor glycemic control in diabetic patients (35, 36). Therefore, the positive correlation between HbA1c levels and lipid variability may partly result from medication non-compliance.

Some new insights in the current study are worth noting. On the one hand, the current study confirmed that even in non-diabetic patients, elevated HbA1c increases not only plaque vulnerability but also the visit-to-visit lipid variability. These results provide a novel idea for preventive medicine that preventive glucose management may benefit non-diabetic CAD patients. On the other hand, the current study verified the association of elevated HbA1c with higher lipid index and greater macrophage index in patients with SAP, who had a relatively fewer plaques rupture event. This indicates that elevated HbA1c levels have already exerted an influence on the plaque vulnerability before plaque rupture.

The current study still has several limitations. First, the inherent bias cannot be eliminated due to the retrospective design. Second, HbA1c levels can be affected by antidiabetic therapy. The regression analysis has adjusted for the covariate of insulin therapy. However, detailed antidiabetic therapy was not further adjusted and may introduce potential bias. Third, some patients did not strictly comply with the follow-up procedures scheduled at 1st, 3rd, 6th, 9th, and 12th months following PCI, which may affect the assessment of lipid variability. Finally, the current study did not address the long-term clinical outcome, which was expected in further studies.



CONCLUSION

In patients undergoing elective PCI, elevated HbA1c increases the atherosclerotic plaque vulnerability and the visit-to-visit variability of lipid profiles, which is consistent in non-diabetic patients.
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Background: Septic myocardial depression has been associated with increased morbidity and mortality. miR-885-5p has been shown to regulate cell growth, senescence, and/or apoptosis. Published studies demonstrated that Homeobox-containing protein 1 (HMBOX1) inhibits inflammatory response, regulates cell autophagy, and apoptosis. However, the role of miR-885-5p/HMBOX1 in sepsis and septic myocardial depression and the underlying mechanism is not fully understood.

Materials and Methods: Exosomes (exos) derived from sepsis patients (sepsis-exos) were isolated using ultracentrifugation. Rats were subjected to cecal ligation and puncture surgery and treated with sepsis-exos. HMBOX1 was knocked down or overexpressed in AC16 cells using lentiviral plasmids carrying short interfering RNAs targeting human HMBOX1 or carrying HMBOX1 cDNA. Cell pyroptosis was measured by flow cytometry. The secretion of IL-1β and IL-18 was examined by ELISA kits. Quantitative polymerase chain reaction (PCR) or western blot was used for gene expression.

Results: Sepsis-exos increased the level of miR-885-5p, decreased HMBOX1, elevated IL-1β and IL-18, and promoted pyroptosis in AC16 cells. Septic rats treated with sepsis-exos increased the serum inflammatory cytokines is associated with increased pyroptosis-related proteins of hearts. MiR-885-5p bound to the three prime untranslated regions of HMBOX1 to negatively regulate its expression. Overexpressing HMBOX1 reversed miR-885-5p-induced elevation of inflammatory cytokines and upregulation of NLRP3, caspase-1, and GSDMD-N in AC16 cells. The mechanistic study indicated that the effect of HMBOX1 was NF-κB dependent.

Conclusion: Sepsis-exos promoted the pyroptosis of AC16 cells through miR-885-5p via HMBOX1. The results show the significance of the miR-885-5p/HMBOX1 axis in myocardial cell pyroptosis and provide new directions for the treatment of septic myocardial depression.

Keywords: sepsis, exosomes, pyroptosis, cardiomyocytes, microRNA


INTRODUCTION

Sepsis is a serious inflammatory disease caused by the systemic immune response to infections (1). About 15% of sepsis patients undergo septic shock, leading to 10% admissions to intensive care units and a 50% death rate (2). It has been estimated that 15% of sepsis-related mortality is secondary to myocardial depression (3). The best treatment for myocardial dysfunction is sepsis management. Although myocardial depression in sepsis has been the focus of many investigations, its etiology and molecular mechanism remain unclear.

Exosomes (exos) play an important role in intercellular communication (4). Exos can deliver various bioactive substances to target cells to regulate different biological processes (5). Wang et al. indicated that miR-223 in exos derived from mesenchymal stem cells inhibited macrophage inflammation in sepsis (6). Upregulated levels of serum exosomal miR-885-5p were found in hepatitis C virus-infected blood donors and pre-eclampsia women (7, 8). Besides, miR-885-5p was reported to be a tumor-suppressive factor in inhibiting cell cycle progression and cell survival (9). Therefore, further clarifying the function of serum exosomal miRNAs especially miR-885-5p in patients with sepsis will help in the understanding of the pathogenesis of sepsis affecting myocardial function.

Cardiomyocytes involve in the contractile function of the heart (10). Sepsis is characterized by overwhelming inflammation followed by immunosuppression (11). Pyroptosis, first reported in 1992, is a form of necrotic and inflammatory programmed cell death mediated by masterminds and inflammatory caspases (12). Pyroptosis could be activated via the canonical caspase-1 inflammasome pathway (13). The activated caspase-1 not only elevates inflammatory cytokines but also cleaves gasdermin D (GSDMD) to form membrane pores, leading to pyroptosis (14, 15). Numerous studies have proved the correlation between inflammation and pyroptosis. For example, Zeng et al. have shown that pyroptosis tightly controls the release of inflammatory cytokines, and inflammation (16). It has also been demonstrated that inflammation and subsequent myocardial dysfunction, were dramatically increased in caspase-1−/− mice (17). Therefore, the pyroptosis of myocardial cells may be one of the reasons for myocardial dysfunction caused by sepsis. It has been reported that homeobox-containing protein 1 (HMBOX1) is a key immunosuppressive factor that protects hepatocytes from inflammatory responses by inhibiting the infiltration and activation of macrophages (18). In addition, HMBOX1 is also involved in regulating autophagy and apoptosis of vascular endothelial cells (19). Importantly, data collected from the Targetscan database (http://www.targetscan.org/) indicated that HMBOX1 is a potential target for miR-885-5p. However, the detailed relationship between HMBOX1 and miR-885-5p is still unclear in cardiomyocytes.

Although many studies have been carried out, the function of miR-885-5p and HMBOX1 in cardiomyocytes and the role of sepsis in affecting myocardial function are still not fully understood. Therefore, in this study, using AC16 cells, we elaborated the roles of miR-885-5p/HMBOX1 in cardiomyocyte pyroptosis.



MATERIALS AND METHODS


Blood Samples

Blood samples of sepsis patients and corresponding healthy individuals (n = 15) were recruited from the Zhongshan Hospital, Fudan University from June 2017 to October 2019, including 22 males and 8 females, age range 37–67 years old, mean age 52.1 ± 6.0 years old). Septic shock was defined as persisting hypotension requiring vasopressors to maintain mean arterial pressure (MAP) ≥ 65 mmHg and a serum lactate level > 2 mmol/L (18 mg/dl) despite adequate volume resuscitation (20). We excluded patients under 18 years old; those with pregnancy, severe anemia, active bleeding, platelet disorders, or chemotherapy; or those using full-dose heparin or any other medications that interfere with platelet function. The enrolled patients had 30 ml blood samples collected from a central venous catheter. Healthy volunteers provided blood samples that served as controls. All the patients were given informed consent. The study has the approval from the ethics committee of Zhongshan Hospital (B2021-390R), Fudan University.



Cell Culture and Transfection

Human myocardial cells (AC16) were from ATCC. Cells were cultured using DMEM with 10% FBS under a 5% CO2 atmosphere at 37°C. Oligonucleotides including miR-885-5p mimic and the miR-885-5p inhibitor anti-miR-885-5p were used (Thermo Scientific, Lafayette, CO, USA) for overexpression or inhibition of miR-885-5p, respectively. For cell transfection assays, the synthetic oligonucleotides were transfected into cells using a Lipofectamine RNAiMAX Kit (Invitrogen, Carlsbad, CA, USA) at about 50% confluence. The media were changed 24 h post transfection and the indicated cells were used for further investigations. In some experiments, the Nuclear factor kappa B (NF-κB) inhibitor PDTC (10 μM; S1809, Beyotime Biotechnology, China) was dissolved in DMSO (Sigma-Aldrich, St. Louis, USA) and used to treat cells.



Exosome Collection

Exosomes from sepsis patients (sepsis-exos) or controls (control-exos) were collected as described previously (21). In brief, blood serum was centrifuged at 2,000 g for 20 min to separate cellular debris, and the supernatant was further centrifuged twice at 1,000 g for 30 min twice using a 100-kDa MWCO hollow fiber membrane (Millipore, Bedford, MA, USA). Then, the supernatant was diluted, underlaid on 30% sucrose/D2O cushion (density 1.210 g/cm3), and ultracentrifugated at 100,000 g for 1.5 h at 4°C. Exosome-enriched fractions were centrifuged thrice at 1,000 g for 30 min, and filtered. In some experiments, AC16 cells were seeded (50,000 cells/well) and provided with PKH67-labeled exos for 4 h. Cells were observed using a fluorescence microscope.



Transmission Electron Microscopic (TEM) Analysis

The exosome pellets were suspended in PBS and then fixed in paraformaldehyde (4%) and glutaraldehyde (4%) in PBS (0.1 M, pH 7.4) at 4°C for 5 min. After adding a drop of the exosomal sample, the carbon-coated copper grid was immersed in a phosphotungstic acid solution (2%, pH 7.0) for 30 s. The morphology and size of exos were observed using TEM analysis (JEM-1200EX; Jeol Ltd., Akishima, Japan).



Exosome Endocytosis Assay

AC16 cells were seeded into 24-well plates. A total of 250 μg sepsis-exos or control-exos were labeled using PKH Lipophilic Membrane Dyes (cat. no. PKH67GL; Sigma-Aldrich, Merck KGaA) according to the manufacturer's instructions. PKH67-labeled exos were centrifuged (40,000 × g; 4°C; 70 min) and suspended in PBS (50 μl). Cells were incubated with normal medium (Thermo Fisher Scientific, Inc., Bremen, Germany) or medium containing PKH-67-labeled exos (20 μg/ml) at 37°C for 4 h. Subsequently, DAPI was used to stain the nucleus. Cells were observed under a fluorescent microscope (Olympus IX71; Olympus, Tokyo, Japan).



Cecal Ligation and Puncture (CLP) Surgery Model

Cecal ligation and puncture-induced sepsis model was established as previously described. In brief, rats (200–250 g) were anesthetized with 1% pentobarbital, and a 2–3 cm incision was made to expose the caecum, which was punctured once with an 18-gauge needle. A small amount of feces was extruded from the hole to ensure patency. The abdominal incision was closed by applying sample running sutures. Rats underwent the same procedure except CLP was used as the sham group. All the rats were kept in warm water immediately after surgery. In some experiments, sepsis-exos (100 μg/kg) were i.v. injected into rats after surgery. Serum and heart tissues were harvested for study 72 h after surgery.



Quantitative PCR (QPCR)

Total RNA was extracted from AC6 cells using TRIzol® reagent (Thermo Fisher Scientific, Bremen, Germany). Total RNA (0.5 μg) in 10 μl volume was reverse transcribed into cDNA using the RevertAid™ First Strand cDNA Synthesis kit (Thermo Fisher Scientific, Bremen, Germany) according to the manufacturer's protocol. RNAs were extracted, reverse transcribed into cDNA for qPCR with the following conditions: 95°C, 10 min followed by 40 × (95°C, 15 s; 60°C, 45 s). Fold changes were calculated by 2−ΔΔCt. The primers were listed as follows: (5′ −3′): HMBOX1, GCA CAG GTA ACA GGT ATC AG, and CAT TCA GGG TCC TCT ATT GG; GAPDH, AAT CTC ATC AGC ATC TAC and AGT CTG TAG TCA TGC TCC; hsa-miR-885-5p, GCG CGT CCA TTA CAC TAC CCT and AGT GTA GCG TCG GAG GTG TT; U6, CTC GGT TAG GCC GCT CA and AAG GCT ACA CYA ATG TGG GT.



Western Blot

Cells were lysed and total protein was quantified using a bicinchoninic acid assay (Beyotime Biotechnology, China). Proteins (20 μg) were separated via 12% SDS-PAGE and transferred onto polyvinylidene difluoride membranes at 300 mA for 120 min. The membranes were blocked with 5% BSA (Beyotime Biotechnology, China) for 1 h at room temperature. Subsequently, the membranes were incubated overnight at 4°C with the following primary antibodies diluted 1,000-fold that recognized HMBOX1 (16123-1-AP, Proteintech, USA), NLRP3 (Ab214185 and ab263899, Abcam, UK), pro-caspase-1 (ab179515, Abcam, USA), active caspase-1 (sc-398715, Santa), GSDMD-N (Ab215203 and ab219800, Abcam), NF-κB (#8242, CST, USA), H3 (#4499, CST). CD9 (1:1000, Ab92726, Abcam), CD63 (Ab271286, Abcam, UK), CD81 (1:700, Ab109201, Abcam), and GAPDH (1:5000, 60004-1-1G, Proteintech). Following primary incubation, the membranes were washed with TBS-Tween-20 (1%) and incubated with a horseradish peroxidase-conjugated goat antirabbit secondary antibody (1:10,000) at room temperature for 1 h. Protein bands were visualized using an enhanced chemiluminescence system (Thermo Fisher Scientific, Bremen, Germany).



Enzyme-Linked Immunosorbent Assay (ELISA)

The levels of IL-1β and IL-18 in supernatants of AC16 cell and rat serum were assessed with ELISA kits (R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instructions.



Knockdown and Overexpression of HMBOX1

Short interfering RNAs targeting human HMBOX1 (siHMBOX1-1: 5′- GCA UUG GAA UGG UAG AUA ATT-3′, position: 337-355; siHMBOX1-2, 5′-GCA UCU UCC UCU ACA GCU ATT-3′, position: 641-659; and siHMBOX1-3 5′-CCU AGA UGU AGA UGA UAA ATT-3′, position: 865-883), along with a scrambled control siRNA (siNC, 5′-UUC UUC GCA CGU CUC ACG UAT-3′), were ligated into lentiviral vector pLKO.1. pLVX-puro having HMBOX1 or mock plasmids were transfected using Lipofectamine 2000 reagent (Thermo Fisher scientific).



Flow Cytometry

To assess pyroptosis, active caspase-1 was labeled with caspase-1 antibody/FITC (active caspase-1, EL900443-100, Eterlife, USA) according to manufactures instructions and propidium iodide (PI) to mark cells with membrane pores (Life technology, Carlsbad, CA, USA). Cells that underwent pyroptosis were based on the detection of active caspase-1 and PI-positive (Caspase-1+PI+) populations.



Luciferase Reporter Assay

The wild type (WT) human HMBOX1 3′UTR sequence was amplified via PCR and cloned into the Dual-Luciferase Reporter Assay System (psiCHECK-2 vector; Promega, Madison, WI, USA). To construct the mutant (mut) plasmid, the complementary sequences for miR-885-5p in the 3′UTR of HMBOX1 were mutated. AC16 cells were co-transfected with HMBOX1-WT or HMBOX1-mut and miR-885-5p mimic or miR-control. At 36 h after transfection, luciferase activities were detected using the dual-luciferase reporter assay system.



Data Analysis

Data (mean ± SD) were analyzed by Prism 7.0 (GraphPad Software, San Diego, CA, USA). For comparative analyses of normally distributed variables, Student's t-tests and ANOVA were used. The nonparametric Mann-Whitney test was used when the distribution was not normal. P < 0.05 was defined as statistically significant.




RESULTS


Sepsis-Exos Promoted the Pyroptosis of Human Myocardial Cells

To study the effect of spesis-exos on pyroptosis, sepsis-exos, and control-exos were successfully isolated. The exos morphology was observed using TEM (Supplementary Figure 1A) and confirmed by exosomal markers CD9, CD63, and CD81 (Supplementary Figure 1B). Results also suggested that exos could be uptaken by AC16 cells (Supplementary Figure 1C). Sepsis-exos dramatically increased pyroptosis of AC16 cells compared with control-exos (Figure 1A). Sepsis-exos also enhanced the secretion of IL-1β and IL-18 (Figure 1B) and decreased HMBOX1 expression in mRNA (Figure 1C) and protein levels (Figure 1D). The data suggest that sepsis-exo treatment increased the pyroptosis, elevated inflammatory cytokines, but inhibited HMBOX1 in human myocardial cells.


[image: Figure 1]
FIGURE 1. Sepsis-exos promoted the pyroptosis of human myocardial cells. Human myocardial cells AC16 were treated with 50 μg/ml exosomes isolated from sepsis patients (sepsis-exos) or corresponding healthy donors (control-exos) for 24 h. (A) PI+caspase-1+ pyroptosis was measured by flow cytometry. Representative images were shown on the left and summarized results are on the right. (B) Supernatant levels of IL-1β and IL-18 were measured by ELISA. (C) mRNA expression of HMBOX1 in cells was measured by qPCR. Data are normalized to expression levels of vehicle. (D) The protein level of HMBOX1 in cells were measured by western blot. (A–C) Data are mean ± SD from three independent experiments (n = 3 per group). *p < 0.05.




Sepsis-Exos Time-Dependently Promoted AC16 Pyroptosis

The further time-course study indicated that sepsis-exos time-dependently promoted AC16 pytoptosis (Figure 2A). Sepsis-exos time-dependently elevated IL-1β and IL-18 (Figure 2B), increased miR-885-5p but decreased HMBOX1 expression (Figure 2C). Sepsis-exos also decreased the expression of HMBOX1 but increased the levels of NLRP3, active caspase-1, pro-caspase-1, and GSDMD-N (Figure 2D). The results indicated sepsis-exos time-dependently enhanced AC16 pyroptosis.


[image: Figure 2]
FIGURE 2. Sepsis-exos time-dependently promoted AC16 pyroptosis. AC16 cells were treated with sepsis-exos (50 μg/ml) for 0, 12, 24 and 48 h. (A) PI+caspase-1+ pyroptosis was measured by flow cytometry. Representative images were shown on the left and summarized results are on the right. (B) Supernatant levels of IL-1β and IL-18 were measured by ELISA. (C) Levels of miR-885-5p and HMBOX1 in cells was measured by qPCR. Data are normalized to expression levels of 0 h data. (D) Protein levels of HMBOX1, NLRP3, caspase-1, and GSDMD-N were measured by western blot. (A–C) Data are mean ± SD from three independent experiments (n = 3 per group). * p < 0.05.




Sepsis-Exos Promote the Severity of Sepsis in Rats

To further elucidate the impact of sepsis-exos in vivo, septic rats underwent CLP surgery were treated with sepsis-exos. Sham rats served as control. Treatment of sepsis-exos significantly increased the serum levels of IL-1β and IL-18 72 h after surgery (Figure 3A). Moreover, levels of HMBOX1 in heart tissues were dramatically decreased, while expression of pyroptosis-related proteins NLRP3, caspase-1, and GSDMD-N were all upregulated after treatment of sepsis-exos (Figure 3B). These data demonstrated that sepsis-exos increased the inflammatory cytokines is associated with increased pyroptosis-related proteins of hearts in septic rats.


[image: Figure 3]
FIGURE 3. Sepsis-exos promote sepsis in vivo. Septic rats underwent CLP surgery were i.v. injected with sepsis-exos (100 μg/kg). Serum and heart tissues from sham, CLP, or sepsis-exo-treated mice were sampled 72 h after surgery. (A) Serum levels of IL-1β and IL-18 were measured by ELISA. Data are mean ± SD from three independent experiments (n = 6 mice per group). (B) Protein levels of HMBOX1, NLRP3, caspase-1, and GSDMD-N in hearts were measured by western blot. * p < 0.05.




miR-885-5p Modulated Pyroptosis of AC16 Cells

Given that miR-885-5p was aberrantly expressed in sepsis-exos, we hypothesized that miR-885-5p may regulate AC16 cell pyroptosis. To test our hypothesis, sepsis-exos were used to treat AC16 cells, with or without miR-885-5p inhibitor. We found that inhibition of miR-885-5p significantly suppressed AC16 pyroptosis (Figure 4A) and the secretion of IL-1β and IL-18 (Figure 4B). Besides, treatment of miR-885-5p inhibitor upregulated the expression of HMBOX1 and NF-κB (cytoplasm), but decreased nuclear NF-κB, NLRP3, caspase-1, and GSDMD-N (Figures 4C,D).


[image: Figure 4]
FIGURE 4. Inhibition of miR-885-5p suppressed sepsis-exo-induced cell pyroptosis. AC16 cells transfected with anti-miR-885-5p (Inhibitor) or anti-miR-control (miR-NC) were treated with sepsis-exos (50 μg/ml). (A) PI+caspase-1+ pyroptosis was measured by flow cytometry. Representative images were shown on the left and summarized results are on the right. (B) Supernatant levels of IL-1β and IL-18 were measured by ELISA. The protein levels of HMBOX1, NF-κB (cytoplasm), NF-κB (nuclear) (C) and NLRP3, caspase-1, GSDMD-N (D) were measured by western blot. (A,B) Data are mean ± SD from three independent experiments (n = 3 per group). * p < 0.05.


To evaluate whether overexpressing HMBOX1 might reverse the effect of miR-885-5p, sepsis-exos or miR-885-5p mimic was used to treat AC16 cells, with or without HMBOX1 overexpression. We found that both sepsis-exos and miR-885-5p mimic promoted AC16 pyroptosis, which was abolished by overexpressing HMBOX1 (Figure 5A). The elevated secretion of IL-1β and IL-18, and expression pattern of HMBOX1, NF-κB (cytoplasm), nuclear NF-κB, NLRP3, caspase-1, and GSDMD-N were all reversed by overexpression of HMBOX1 (Figures 5B–D), showing that sepsis-exos and miR-885-5p mimic had similar effects on AC16 cells. These data demonstrated that miR-885-5p modulated AC16 pyroptosis is associated with HMBOX1.


[image: Figure 5]
FIGURE 5. MiR-885-5p mimics and sepsis-exos showed similar effects. AC16 cells with HMBOX1 overexpression (oeHMBOX1) or not (oeNC) were treated with sepsis-exos (50 μg/mL) or miR-885-5p mimic for 24 h. (A) PI+caspase-1+ pyroptosis was measured by flow cytometry. Representative images were shown on the left and summarized results are on the right. (B) Supernatant levels of IL-1β and IL-18 were measured by ELISA. The protein levels of HMBOX1, NF-κB (cytoplasm), NF-κB (nuclear) (C) and NLRP3, caspase-1, GSDMD-N (D) were measured by western blot. (A,B) Data are mean ± SD from three independent experiments (n = 3 per group). *p < 0.05.




miR-885-5p Suppressed HMBOX1 via Binding to 3′UTR

To investigate the mechanism of miR-885-5p's regulation on HMBOX1 expression, miR-885-5p was silenced/overexpressed. Silencing miR-885-5p increased HMBOX1 while overexpressing miR-885-5p decreased HMBOX1 (Figures 6A,B). Bioinformatic analysis showed a binding site of miR-885-5p in 3′UTR of HMBOX1 (Figure 6C). Next, HMBOX1 HMBOX1 3′UTR-WT/3′UTR-Mut and miR-885-5p inhibitor/mimics were transfected. Inhibiting enhanced HMBOX1 promoter activity, which was suppressed by miR-885-5p overexpression. Mutating HMBOX1's miR-885-5p binding site abolished miR-885-5p's effect (Figure 6D). The data suggested that miR-885-5p is bound to 3′UTR to inhibit HMBOX1.


[image: Figure 6]
FIGURE 6. miR-885-5p inhibited HMBOX1 through binding on its 3′UTR. AC16 cells were treated with anti-miR-control (miR-NC), inhibitor or mimic of miR-885-5p. (A) Levels of miR-885-5p and HMBOX1 in cells was measured by qPCR. Data are normalized to expression levels of miR-control. (B) Protein levels of HMBOX1 were measured by western blot. (C) Wild type (WT) or mutant (mut) miR-885-5p binding sites. (D) Luciferase activity was determined 36 h after transfection. (A,D) Data are mean ± SD from three independent experiments (n = 3 per group). * p < 0.05.




Nuclear Factor Kappa B Inhibitor PDTC Rescued the Function of HMBOX1 in AC16 Cells

To understand the role of NF-κB in pyroptosis, NF-κB inhibitor PDTC was introduced in this study. Silencing of HMBOX1 caused significant increase of pyroptosis in AC16 cells, which was blocked by the administration of NF-κB inhibitor PDTC (Figure 7A). Silencing of HMBOX1 also resulted in the elevated secretion of IL-1β and IL-18, which was diminished by PDTC treatment (Figure 7B). Administration of NF-κB inhibitor PDTC also blocked HMBOX1 silencing-caused downregulation of HMBOX1 and NF-κB (cytoplasm), and upregulation of NF-κB (nuclear), NLRP3, caspase-1, and GSDMD-N in AC16 cells (Figures 7C,D). These findings demonstrated that the administration of NF-κB inhibitor PDTC rescued the effect of HMBOX1 silencing on AC16 cells.
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FIGURE 7. The NF-κB inhibitor PDTC rescued the function of HMBOX1 in AC16 cells. AC16 cells with HMBOX1 silencing (siHMBOX1) or not (siNC) were treated with NF-κB inhibitor PDTC (10 μM) for 24 h. (A) PI+caspase-1+ pyroptosis was measured by flow cytometry. Representative images were shown on the left and summarized results are on the right. (B) Supernatant levels of IL-1β and IL-18 were measured by ELISA. The protein levels of HMBOX1, NF-κB (cytoplasm), NF-κB (nuclear) (C) and NLRP3, caspase-1, GSDMD-N (D) were measured by western blot. (A,B) Data are mean ± SD from three independent experiments (n = 3 per group). * p < 0.05.





DISCUSSION

We showed that sepsis-exo treatment elevated IL-1β and IL-18, decreased HMBOX1, and promoted pyroptosis in AC16 cells. The mechanistic study indicated that miR-885-5p negatively regulates HMBOX1. Overexpression of HMBOX1 significantly reduced the cardiomyocyte pyroptosis caused by sepsis-exos or miR-885-5p mimic.

MicroRNAs (miRNAs) function by negatively regulating their target genes. Different miR-885-5p targets have been shown over the years. Afanasyeva et al. demonstrated that miR-885-5p suppresses neuroblastoma via inhibiting cyclin-dependent kinase (9). Yu et al. indicated that overexpressing miR-885-5p enhanced proliferation of MG-63 cells by targeting cell division cycle protein 73 homolog (22). Xu et al. have demonstrated that miR-885-5p overexpression suppressed hepatocellular carcinoma cell proliferation through regulating its target hexokinase 2 (23). HMBOX1 is characterized by containing homeobox domain (24). Studies revealed that HMBOX1 promotes the proliferation of gastric cancer cells (25). Loss of HMBOX1 has been demonstrated to promote LPS-induced apoptosis of vascular endothelial cells (26). Our data indicated that miR-885-5p negatively regulated HMBOX1. Overexpressing HMBOX1 reversed miR-885-5p-induced elevation of inflammatory factors, and upregulation of nuclear NF-κB, NLRP3, caspase-1, and GSDMD-N, and promotion of AC16 pyroptosis. The results increase our knowledge of miR-885-5p/HMBOX1 in the injury of cardiomyocytes and broaden our understanding of septic myocardial depression.

Pyroptosis involves different diseases. For example, dysregulation of pyroptosis led to tissues damage (27). Pyroptosis has also been related to type II diabetic mellitus through activated caspase-1 and elevated IL-1β/IL-18 (28). In gastric cancer cells, increased GSDMD inhibits tumor development through cell cycle arrest (29). An in vivo study by Lei et al. demonstrated that pyroptosis contributes to cardiomyocyte injury in myocardial infarction (30). We showed that sepsis-exo or miR-885-5p mimic not only elevated IL-1β and IL-18, but also increased NLRP3, caspase-1, and GSDMD-N, leading to promotion of pyroptosis. These results demonstrated the significance of pyroptosis in regulating miR-885-5p/HMBOX1-mediated cardiomyocyte injury. We also further showed that miR-885-5p/HMBOX1-mediated cardiomyocyte injury is NF-κB-dependent. It has been confirmed that activation of the NF-κB-dependent pathway induces NLRP3-mediated pyroptosis (31). In this study, our results indicated that overexpression of HMBOX1 inhibited the translocation of NF-κB from the cytoplasm to nuclear in sepsis-exo-treated AC16 cells. Importantly, the NF-κB inhibitor PDTC rescued the function of HMBOX1 in siHMBOX1 transfecting cells. Hence, these findings demonstrated that HMBOX1 is involved in the network of NF-κB-dependent pathways and suppressed the translocation of NF-κB from the cytoplasm to nuclear. Moreover, these findings indicate the functional role of miR-885-5p/HMBOX1 in cardiomyocyte injury, and therefore, improve our knowledge of septic myocardial depression. Although future studies based on animals or clinical specimens can provide more relevant and pervasive data, we show a novel mechanism underlying septic myocardial depression. However, although our present data showed that exsomal miR-885-5p plays a critical role in human myocardial cell pyroptosis, we still cannot exclude that miR-885-5p might work in cell apoptosis. The cellular and molecular mechanisms of exsomal miR-885-5p in other forms of cell death need further investigation.

In short, this study revealed a new function of miR-885-5p/HMBOX1 signaling, showing that sepsis-exos-induced cardiomyocytes damage via miR-885-5p and HMBOX1 (Figure 8). These findings identified an important role of the miR-885-5p/HMBOX1 axis which is relevant to cardiomyocytes pyroptosis, and might contribute to septic myocardial depression treatment.
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FIGURE 8. A schematic diagram showing that sepsis-exos induced cardiomyocytes pyroptosis by regulating miR-885-5p/HMBOX1 via NF-κB signaling.
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Supplementary Figure 1. Characterization of exosomes. (A) Sepsis-exos and control-exos were subjected to TEM observation. Scale bar, 1 μm. (B) The protein levels exosome markers CD9, CD63, and CD81 were measured by western blot. (C) The exosome endocytosis assay was observed by a fluorescent microscope. Scale bar, 25 μm. (A–C) Data are from three independent experiments. * p < 0.05.

Supplementary Figure 2. Overexpression and knockdown of HMBOX1 in AC cells. (A,B) HMBOX1 was overexpressed in AC16 cells. (A) mRNA expression of HMBOX1 in cells was measured by qPCR. Data are normalized to expression levels of control. (B) The protein level of HMBOX1 in cells were measured by western blot. (C,D) HMBOX1 was silenced in AC cells with 3 siRNAs, respectively. (C) mRNA expression of HMBOX1 in cells was measured by qPCR. Data are normalized to expression levels of control. (D) The protein level of HMBOX1 in cells were measured by western blot. (A–C) Data are mean ± SD from three independent experiments (n = 3 per group). * p < 0.05.
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240.686 [133.924 to 347.448)
38.248 [2.206 to 74.29]
31.816 [-756.623 to 139.255]

Model 1 adjusted for none.
Model 2 acfusted! for age, male, diabetes, hypertension, prior myocardialinfarction, prior percutaneous coronary intervention, current smoker, low-density lipoprotein cholesterol, ejection

fraction, estimated glomerular fittration rate.

Model 3 additionally adjusted for covariates of pre-procedure medications, including statin, aspirin, P2Y;2 inhibitor, insulin treatment.

P-value

0.063
<0.001*
0.038*
0.560

FCT indicates fibrous cap thickness; Cl, confidence interval. *P < 0.05.

Model 2

Adjusted-p [95% CI] P-value
~6.735 [~13.589 10 0.119] 0.054
226.835 [71.11 to 382.561] 0.004*
57.451 [5.227 to 109.675] 0031
—100.204 [-255.2581054.849]  0.204

Model 3

Adjusted-g [95% CI] P-value
-6.985[~13.90210-0.068]  0.048"
226.299 [67.977 to 384.621] 0.005*

54.526 [1.268 to 107.785] 0.045%
—81.223 [-239.805 to 77.358] 0314
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The VIM of
lipid profiles

LDL-C
HDL-C
Non-HDL-C
TC

TG

Model 1 adjusted for none.

Model 1

Unadjusted- [95% CI]

2.802 [1.600-4.005]
0.634 [0.271-0.996]
1.221(0.777-1.666)
0849 (0.659-1.039]
3710 [2.895-4.526]

P-value

<0.001
0.001

<0.001
<0.001
<0.001

Model 2
Adjusted-f [95% CI]

3.465 [1.953-4.978]
0544 [0.090-0.998]
1,653 [1.094-2.213)
1,069 (0.831-1.308)
4.345 [3.321-6.370]

P-value

<0.001
0019
<0.001
<0.001
<0.001

Model 3
Adjusted-f [95% CI]

2504 [1.175-4.013]
0461 [0.012-0.911)
1.473 [0.926-2.021)
0947 [0.721-1.174)
4.217 [3.186-5.249]

P-value

<0.001
0.044
<0.001
<0.001
<0.001

Model 2 adjusted for age, male, diabetes, hypertension, prior myocardial infarction, prior percutaneous coronary intervention, current smoker, ejection fraction, estimated glomerular

fitration rate.

Model 3 adliionelly acjusted for covariates of medications during follow-up, inclucing the type of statin (atorvastetin/rosuvastatin/others), the intensive statin treatment (us. regular),
statin combined with ezetimibe treatment (vs. without), insuiin treatment (vs. withou)
Lipid variability was represented by VIM. VIM, variabilty independent of the mean; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; TC, total
cholesterol: TG, triglyceride; Cl, confidence interval.
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Patient characteristics
Age, years

Male, 1 (%)

Current smoker, n (%)
Hypertension, n (%)
Diabetes melitus, 1 (%)
Dyslipidemia, n (%)

Prior MI, n (%)

Prior PCI, n (%)

Prior GABG, n (%)

Ejection fraction, %
Clinical presentation, n (%)
Acute coronary syndromes
Stable angina pectoris
Target imaging vessel, n (%)
LAD

LoX

RCA

Laboratory testing
HbAlc, %

LDL-C, mmol/L

HDL-C, mmol/L.
Triglyceride, mmol/L

Total cholesterol, mmol/L.
eGFR, mV/min/1.73 m?

Vulnerability analysis
(n =366)

614 11.1
303 (82.8)
144 (39.9)
253 (69.1)
115 (31.4)
192 (52.5)
60 (16.4)
7921.6)

5(1.4)

50796

213(58.2)
153 (41.8)

176 (48.1)
60 (16.4)
130 (35.5)

590 +1.31
298 +£0.94
1.17£0.29
1.43 £0.84
481 +1.06
70.6 +23.7

Variability analysis
(n = 4,445)

638+ 103
3,187 (71.7)
1,001 (22.5)
2,845 (64.0)
1,139 (25.6)
2,148 (48.3)
166 (3.7)
345(7.7)
26(0.6)
648 10.1

1,028 (23.1)
3417 (76.9)

2,275 (49.4)
738 (16.0)
1,695 (34.6)

598+ 1.16
238097
1.04£0.28
177 £1.38
4.35+1.24
85.0£19.7

Values are mean = SD or n (%). Dyslipidemia is defined LDL-C <1.8 mmol/L. OCT,
optical coherence tomography; Mi, myocardil infarction; PCI, percutaneous coronary
intervention; CABG, coronery artery bypass grafting; LAD, left anterior descending artery;
LCX, leit circumflex artery; LDL-C, low-censity lipoprotein cholesterol; HDL-C, high-
density ljpoprotein cholesterol; RCA, right coronary artery; eGFR, estimated glomerular

filtration rate.
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Demographic data
Age (years)
BMI (kg/m?)
Obesity

Normal

Overweight

Obese
Lifestyle
Smoking

Never

Ever

Current
Drinking

No

Miid

Severe
Coronary angiographic evaluation
Gensini score
Medical history
Hypertension
Hyperlipidemia
Atrial fibrillation
Diabetes mellitus
Echocardiography parameters
LVEF (%)
LVSED (mm)
LVDED (mm)
Biochemical measurements
HgB (g/L)
Neutrophil to lymphocyte ratio
(NLR)
RDW (%)
PDW (%)
ALT (UAL)
Grea (umol/L)
€GFR (mlmin/1.73m?)
UA (umol/L)
CRP (mg/L)
HbAc (%)
TC (mmol/L)
TG (mmolL)
HDL-C (mmol/L)
LDL-G (mmolL)
Apo AT ()
Apo B (g/L)
Apo E (mg/L)
NHDL-C (mmol/L)
TG/HDL-G
ET-1 (pg/ml)
NO (umol/L)
Previous use of drugs

Aspirin
Beta-blockers.
Statins

Diuretics

ACEI

ARB

ccB

Nitrates

Oral hypoglycernic
Insulin

EOCAD group
(N =296)

399 (+48)
202 (+9.1)

81(27.4%)
94 (31.8%)
116 (39.29%)

80 (27.0%)
111 (37.5%)
104 (35.1%)

117 (39.5%)
138 (46.6%)
31(105%)

82.4(£54.8)

114 (38.5%)
49 (16.6%)
7 2.4%)
37 (125%)

509 (£9.0)
330 (+6.4)
50.6 (+5.6)

146.0 (15.1)
26(#22)

12.4 (£1.3)
13.4 (£3.2)
38.3 (+£25.4)
85,6 (£19.1)
100.1 (+17.1)
427.6 (£93.1)
10.5 (+31.0)
6.1(£1.4)
4.45 (1.46)
270 (+1.64)
092 (+0.28)
255 (+1.34)
1.15 (+0.20)
092 (£0.31)
46.2 (+25.4)
353 (£1.51)
331 (x2.5)
3.0(1.6)
35.7 (£15.2)

34(11.5%)
22(7.4%)
35 (11.8%)
6(2.3%)
36 (12.2%)
33 (11.1%)
45 (15.2%)
13 (4.4%)
32(108%)
5(1.7%)

Control
(N =354)

406 (£4.4)
263 (+4.8)

108 (30.5%)
115 (32.5%)
106 (29.9%)

187 (52.8%)
91(26.7%)
76 (21.5%)

264 (74.6%)
38(10.7%)
51 (14.4%)

17 @&2.6)

136 (38.4%)
33(0.3%)
8(2.3%)

39(11.0%)

61.3 (£10.1)
336 (+7.3)
506 (+6.9)

146.6 (+17.8)
22(1.9)

125 (+2.2)
13.2(£3.3)
39,8 (+63.5)
84.4(£25.0)
998 (416.2)
387.0 (+87.2)
7.4(£24.5)
58(£1.0)
4.22 (1.00)
2.31 (&1.97)
1.01 (£0.26)
23(£0.9)
1.22 (+0.23)
0.87 (£0.25)
419 (&17.4)
3.21(&1.02)
27 (+£3.4)
22(£1.0)
400 (14.3)

28(7.9%)
27 (7.6%)
34/(9.6%)
8(2.3%)
35(9.9%)
39 (11.0%)
51(14.4%)
14.(4.0%)
34/(9.6%)
4(1.1%)

P-value

0.065
<0.001
0.128

<0.001

<0.001

<0.001

0.563
0.003
1.000
0.449

0.058
0.252
0.983

0.688
0.024

0.976
0.505
0.691

0.483
0.849
<0.001
0.199
0018
0.028
0.007
<0.001
0.019
<0.001
0.034
0.016
0.002
0.014
<0.001
<0.001

0.122
0.925
0.360
0.839
0.354
0.958
0.776
0.781
0.592
0.787

P-values were estimated from t-test for continuous variables and chi-square test for

categorical variables.

LVSED, left ventricular end-systolic dimension; LVDED, left ventricular end-diastolic
dimension; LVEF; left ventricular jection fraction; HgB, hemoglobin; NLR, neutrophil to
lymphocyte ratio; RDVY, red cell distribution widith; PDW, platelet distribution width; ALT,
alanine transaminase; Crea, serum creatinine; éGFR, estimated glomerlar fitration rate
calculated by the abbreviated MDRD equation; UA, uric acid; CPR, C reative protein;
HbATc, glycosylated hemoglobin; TC, total cholesterol; TG, triglycerides; LDL-C, low-
densiy lipoprotein cholesterol; HDL-C, high-density lipoprotein; Apo A1, apolipoprotein
A1; Apo B, apolipoprotein B; Apo E, apolipoprotein E.
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EOCAD group

IEFS Score 17.7 (£6.0)
No ED (22-25) 125 (42.29%)
Mid (17-21) 45 (15.2%)
Mild to moderate (12-16) 56 (18.9%)
Moderate (8-11) 54(18.2%)
Sovere (5-7) 16 (5.4%)

Control

21.6 (£5.0)

244 (68.9%)

42 (11.9%)
48(13.6%)
17 (4.8%)
3(0.8%)

P-value

<0.001
<0.001

P-values were estimated from t-test for continuous variables and Chi-square test for

categorical variables.
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Multivariable model 1 Multivariable model 2

Variables OR (95% Cl) P-value OR (95% Cl) P-value OR (95% CI) P-value
Age (years) 0.98 (0.94-1.01) 0.154 - - - -
BMI (kg/m?) 1.23 (1.16-1.30) <0.001 1.17 (1.08-1.28) <0.001 1.19 (1.09-1.32) <0.001
Smoking

No 1.00 1.00 1.00

Ever 2.37 (1.58-357) <0.001 2.11(1.20-3.78) 0010 2.19(1.17-4.18) 0016

Current 15.26 (0.63-24.75) <0.001 10.48 (5.45-20.91) <0001 11.1(5.06-25.56) <0.001
Drinking

No 1.00 1.00 1.00

Mild 254 (1.77-367) <0.001 0.96 (0.53-1.78) 0.892 083 (0.42-1.64) 0602

Severe 1.72 (1.06-2.78) 0028 089 (0.45-1.76) 0743 064 (0.28-1.41) 0277
History of hypertension 1.27 (0.92-1.76) 0.139 - - - -
History of diabetes melitus 1.54 (0.95-2.50) 0078 0.66 (0.29-1.48) 0319 0.78 (0.32-1.87) 0589
History of dyslipidemia 092 (0.57-1.47) 0734 - - - -
History of atrial fibrillation 2.67 (0.94-8.65) 0.077 2.41(0.45-13.05) 0.298 1.98 (0.34-11.75) 0.444
LVEF (%) 0.99(0.98-1.01) 0.468 - - - -
LVEDD (mm) 1.01(0.99-1.04) 0355 - - = =
LVSED (mm) 1.01(0.98-1.03) 0614 - - - -
HgB (g/L) 1.00 (0.99-1.01) 0358 N - - -
NLR 094 (0.85-1.02) 0.185 - - - -
RDW (%) 1.06 (0.96-1.18) 0273 - - - -
PDW (%) 097 (0.92-1.02) 0222 - - - -
ALT (UIL) 1.00 (1.00-1.01) 0313 - - - -
Crea (jmollL) 1.00 (0.99-1.00) 0565 - - - -
eGFR (ml/min/1.73m?2) 1.00 (1.00-1.01) 0.345 = - - =
UA (Per 58.94 umol/L increment) 2.18(1.89-2.59) 0,000 1.97 (1.64-2.39) <0001 1.80 (1.46-2.26) <0001
CRP (mg/L) 1.01 (1.00-1.01) 0.080 1.00 (0.99-1.01) 0.427 1.00 (0.99-1.02) 0.694
HoAtc (%) 1.25 (1.09-1.44) 0002 1.13(0.88-1.44) 0.326 1.05(0.79-1.39) 0721
TC (mmolrL) 1.10 (0.96-1.25) 0.166 - - - -
TG (mmolrL) 1.14(1.04-1.26) 0005 - - - -
HDL (mmolt) 0.38(0.21-0.70) 0002 - - - -
LDL (mmolL) 1.05 (0.91-1.21) 0474 - - - -
ApoA (g/L) 0.33(0.15-0.68) 0003 0.63(0.21-1.92) 0.421 063 (0.18-2.22) 0472
ApoB (g/L) 1.49 (0.84-2.64) 0.174 = = o -
ApoE (g/L) 1.01(1.01-1.02) 0.003 1.01(0.99-1.03) 0.570 1.02 (1.00-1.05) 0.144
NHDL-C (mmol/L) 1.14(1.01-1.30) 0041 093(0.73-1.17) 0536 087 (0.65-1.15) 0323
TG/HDL 1.09 (1.03-1.17) 0.005 0.97 (0.85-1.09) 0.585 0.94 (0.82-1.09) 0.422
ET1 (pg/m)) 250 (2.11-3.00) <0.001 - - 1.97 (1.49-2.64) <0001
NO (umolrL) 092 (0.91-0.94) <0001 = - 0.93 (0.90-0.95) <0001
EOCAD 3.03 (2.20-4.20) <0.001 1,88 (1.12-3.1) 0017 1,54 (0.84-2.80) 0.159
Gensini score 1.02 (1.02-1.03) <0.001 = - - =

Factors with P < 0.1 in univariable analysis were included for multivariable logistic regression. TG/HDL-C was included in multivariable logistic regression instead of TG or HOL-C
separately because of obvious interaction. Gensini score was excluded in multivariable logistic regression because of obvious colinearity with EOCAD.
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Variables

Central obesity

High BP

Elevated PG

High TG

Low HDL-c

LVH
Model 1 Model 2
OR  pwalue OR  p-value
(95% C1) (95% CI)
1866 <0001 1750 <0001
(1.451- (1354
2.400) 2.262)
1.734 <0.001 1.677 0.002
(1310 (1.185-
2.204) 2.099)
1.158 0.217 1.085 0.661
0917- (0.830-
1.462) 1.340)
1096 04401 1028 0867
(0.869- 0781~
1.383) 1.340)
1048 0697 0049 0710
0.828- (0722~
1.327) 1.248)

Model 1

OR
(95% CI)

1.730
(1.230-
2.433)
1.968
(1.320-
2.936)
1.453
(1.073-
1.969)
1.463
(1.078-
1.987)
1.116
0818
1.520)

p-value

0.002

0.001

0.016

0.015

0.490

LV diastolic dysfunction

Model 2

OR
(95% CI)

1,543
(1.091-
2.182)
1.744
(1162~
2617)
1.306
0957~
1.783)
1.414
0.994-
2012)
0853
0597-
1.219)

p-value

0.014

0.007

0.092

0.054

0.382

Arteriosclerosis

Model 1

OR
(95% CI)

1.751
(1.234-
2.483)
3241
(1,953~
5379
2711
(1,965~
3741)
1345
(0.974-
1.855)
0909
0649~
1.274)

p-value

0.002

<0.001

<0.001

0.072

0.579

Model 2

OR
(95% CI)

1.468
(1.025-
2.102)
2.853
(1.702-
4.789)
2.561
(1.838-
3.569)
1.289
(0,892~
1.863)
0685
(0.467-
1.018)

p-value

0.036

<0.001

<0.001

0177

0.063

Microalbuminuria

Model 1

OR
(95% CI)

1393
(1.151-
1.687)
1.490
(1.210-
~1.835)
1524
(1.261-
1.842)
1.351
(1.120-
1.630)
1.130
(0,933~
1.368)

p-value

0.001

<0.001

<0.001

0.002

0212

Model 2

OR
(95% CI)

1.257
(1.082~
1.532)
1.340
(1.082-
1.661)
1.419
(1.169-
1.722)
1298
(1.040-
1.608)
0913
©.731-
1.141)

p-value

0.031

0.007

<0.001

0.021

0.425

The ORs and 95% Cl were calculated to estimate the associations of various cardliovascular impairents with individual components of MS by using binary logistic regression models. Mode! 1 was adjusted for age, sex, serum creatinine,
serum uric acid, smoking status, and femily history of premature CVD. Model 2 ws further adjusted for the other four MS components simultaneously.
BR, blood pressure; Cl, confidence interval: CVD, cardiovascular diseases; HDL-c, high-density lipoprotein cholesterol; LV, left ventricle; LVH, left ventricle hypertrophy; MS, metabolic syndrome; OR, odds ratio; PG, plasma glucose;

TG, triglyceride.
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Parameters

Age (years)
Meale, N (%)

BMI (kg/m?)

WC (cm)

Hip circumference (cm)

SBP (mm Hg)

DBP (mm Hg)

ALT (U

AST (UIL)

Serum creatinine (mol/L)

Serum uric acid (umol/L)

FPG (mmol/L)

TC (mmolrL)

TG (mmol/L)

HDL-c (mmol/L)

LDL-c (mmolL)

Urinary creatinine (mmol/L)
Urinary albumin (mg/L)

Current smoker, N (%)

Family history of premature GVD, N (%)
Anti-hypertensive treatment, N (%)
Anti-diabetic treatment, N (%)
Lipid-lowering treatment, N (%)

Al participants (n = 1,958)

68.9 (66.5-73.1)
879 (44.9%)
24.4%35
859+ 98
962+ 7.1
1348+ 16.7
80.1£96
15.4 (12.3-20.9)
19.4 (16.8-22.8)
736+ 178
3283782
5.20 (4.80-5.90)
517098
1.36 (1.04-1.88)
1.40 £ 036
3204086
5884.2 33455
18.6 (8.4-27.5)
328 (16.8%)
358 (18.3%)
814 (93.3%)
268 (87.0%)
239 (12.2%)

=1 (n =540)

68.6 (66.4-72.7)
289 (53.5%)
220£26
788+ 7.4
92.0£57
125.7 £ 16.0
766+ 87
13.9(11.1-17.8)
19.6 (16.8-22.8)
746+ 162
3142+ 755
4.90 (4.70-5.30)
513094
1.08 (0.85-1.33)
159 +£036
3.15 +0.81
6,157.3 +3,467.6
16.0 (7.2-24.7)
109 (20.2%)
91 (16.9%)
100 (95.2%)
23(88.5%)
0(0.0%)

Number of metabolic disorders

2(n=510) 3(n=437)
69.0 (66.5-73.4) 69.1 (66.6-73.6)
281 (45.3%)" 202 (46.2%)
24532 25.1£32
86.3+9.2" 88.1£89
96.8+6.9" 97.7 £6.9"
137.4 £ 168" 187.2 £15.4°
80.9+9.7" 81.2£9.4"
15.4(12.4-210) 159 (12.8-208)"
19.4(17.2-228)  19.1(16.8-22.7)
738+ 184 748+ 19.4
3281 +802" 33124746
5.10(4.80-550)"  5.40 (4.90-6.30)""
521+0.94 5.15+1.00
1.26(1.02-1.57)  1.59 (1.17-2.07)"
1.46 £ 033" 182+ 031"
326+0.79 3.22+0.90
58787 £3323.3 5843.4+3,1836
18.5(80-267) 195 (9.0-81.0)"
84(16.5%) 70 (16.0%)
99 (19.4%) 76 (17.4%)
218 (92.4%) 214/(915%)
53 (89.8%) 74(87.1%)
21 (4.1%)" 61 (14.0%)"

24(n=471)

69.0 (66.6-72.8)
157 (33.3%)'t*
2624321
91.6+ 861
99.1:£69M
140.1 £ 1451
821:£95
175 (13.1-24.21
19.2(16.4-23.2)
713+ 1724
3421 £79.5
6.00 (5.30-7.20 1
519+ 1.06
1.98 (1.54-2.62)'1
1.19 4 0.30°*
317 +£093
5,612.7 % 3,355.0
20.7 (9.5-34.5)"t
65 (13.8%)"1*
92 (19.5%)
282 (94.9%)
118 (85.5%)
157 (33.3%)"1*

Data were presented as mean  stenderd deviation, median (interquartil range 25%—75%), o number with a percentage. *vs. group 1, tvs. group 2, and #vs. group 3.
One-way analysis of variance, Kiuskal-Wells test, and chi-square test were used for comparisons among the four groups.
ALT, alanine eminotransferase; AST, aspartate aminotransferase; BMI, body mass index; CVD, cardiovascular disease; DBR. diastolic blood pressure; FPG, fasting plasma glucose;
HDL-c, high-density lipoprotein cholesterol: LDL-c, low-density lipoprotein cholesterol: systolic blood pressure; TC, total cholesterol: TG, triglyceride; WC, waist circumference.

p-value

0550
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.759

<0.05
<0.001
<0.001
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0.003
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0.864
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Parameters Al participants

Cardiac assessment

LVMI (g/m?) 85.58 + 27.41
EfEa 9.09:£358
Macrocirculatory assessment

SF-PWV (m/s) 9.10£2.18
ABI 1.07 £0.12
CAIMT (mm) 067 £0.17
Plaque in carotid artery, N (%) 1,254 (64.2%)
Microcirculatory assessment

UACR (mg/g) 28.96 (13.40-55.86)

=1 (n=540)

78.91 +23.81
8.36£3.17

820+ 1.86
107 £0.11
065:+£0.16
355 (65.9%)

22.86 (11.16-41.24)

Number of metabolic disorders

2(n = 510)

87.27 +27.74*
9.30 +£3.73"

9.14 209"
1.07 £0.12
067+£0.18
316 (62.5%)

28.81(12.95-56.34)"

3(n=1437)

89.35 + 27.26"
9.36 £3.71"

951 +2.20"
1.06£0.12
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279 (63.8%)
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24 (n = 471)

87.94 +20.73"
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302 (64.7%)
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<0.001
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0.006
0.056
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Data were presented as mean  standard deviation, median (interquartile range 25~75%), or number with a percentage. The characteristics of asymptomatic cardiovascular impaiment
according to the number of MS components were evaluated with one-way analysis of variance, Kruskal-Walls test, and chi-square test. 'vs. group 1, 1vs. group 2.
ABI, ankle-brachialindex; cf-PWV, carotic-femoral pulse wave velocity; C-IMT, carotid intima-media thickness; E/Ea, peak transmitral pulsed Doppler velocity/early diastolic tissue Doppler
velocity; LVMI, left ventricle mass index; PP, pulse pressure; UACR, urinary albumin-creatinine rate.
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Asymptomatic Unadjusted
cardiovascular impairment

OR (95% Cl)
Cardiac abnormality

LVH 1.664 (1.384-2.075)
LV diastolic dysfunction 1.904 (1.410-2.571)
Macrocirculatory abnormality

Arteriosclerosis 2.278 (1.660-3.127)
Atherosclerosis 1.031(0.855-1.24)
Microcirculatory abnormality

Microalburminuria 1,602 (1.338-1.918)

The ORs and 95% Cl were calculated to estimate the associations of various cardiovascular impairments with MS by using binary logistic regression models. *

smoking stetus, and family history of premature CVD.

p-value

<0.001
<0.001

<0.001
0.762

<0.001

Adjusted*

OR (95% Cl)

1.521 (1.213-1.909)
1.786 (1.279-2.356)

2.360 (1.699-8.279)
1.040 (0.860-1.268)

1.566 (1.304-1.879)

Cl, confidence interval: CVD, cardiovascular disease; LV, left ventricle; LVH, left ventricle hypertrophy; MS, metabolic syndrome; OR, odds ratio.

p-value

<0.001
<0.001

<0.001
0.685

<0.001

‘Adjusted for age, sex,
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Al patients

n=183
Age, years 73 (683, 79)
Meale sex, n (%) 117 (63.9)
Body-mass index, kg/m? 23.8(20.8, 26.0)
MAP, mmHg 90.7 (82.0, 100.7)
LVEF, % 35.3(28.2, 48.5)
NYHA functional class
I, n (%) 33(18.0)
1, (%) 81(44.3)
IV, n (%) 69 (37.7)
De novo HF, n (%) 47 (25.7)
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Coronary artery disease 71(38.8)
Diabetes melitus. 51(27.9)
Hypertension 98 (53.6)
Atrial fibrillation/atrial flutter 87 (47.5)
Smoking 67 (36.6)
Medications during hospitalization, n (%)
Intravenous Diuretics 128 (69.9)
Intravenous vasodilator 15(8.2)
Intravenous vasopressor 6(33)
Intravenous inotropic agent 54(295)
ACEVARB 127 (69.4)
Beta-blockers 131(71.6)
ARNI 43(23.5)
Amiodarone 29(15.8)
Digoxin 59(32.2)
Antiplatelet agents 101 (66.2)
Anticoagulants 79(43.2)
Statins 111(60.7)
Insulin 15(8.2)
Oral hypoglycemic agents 39(213)
Trimetazidine 37 (202)
Calcium antagonists. 32(17.5)
Laboratory test
NT-proBNP, pg/mL. 4264.0 (2449.0,
8054.0)
AT, UL 28.0(17.0,43.0)
AST, UL 39.0 (20,0, 59.0)
BUN, mmol/L 8.4(72,96)
Creatinine, pmol/L 91.0(81.0, 98.0)
€GFR, mU/min-1.73 m? 669 18.4
Total cholesterol, mmol/L. 38£10
LDL-C, mmolL. 20£07
HDL-C, mmol/L 1.1(09,1.3)
Triglycerides, mmolL 10(07,1.3)
Fasting glucose, mmol/L 5.2(4.7,65)
TYG index 8.4(8.1,8.7)
HbAtc, % 62(58,7.1)
Incidence of all-cause death or HF 71(388)
rehospitalization through the 1- year
follow-up

Q1 (<385.60)
n=46

72(65,78)
28(60.9)
22.2(20.2,25.4)
91.0(82.8,99.3)
39.0(30.2,54.7)

11(239)
25(54.9)
10(21.7)
13(283)

21 (45.7)
9(196)
27 (88.7)
18(30.1)
15 (32.6)

26 (56.5)
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92.0(80.5, 99.0)
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21£07
1.2(1.0,1.3)
1.0(0.7,15)
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6.1(58,69)
12 (26.1)

Q2 (385.60-596.20)

n =46

76 (63, 82)
31(67.4)
24.1(22.0,26.3)
80.3(81.7,94.8)
34.3(27.6,55.3)

1021.7)
18(39.1)
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12(26.1)
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16 (34.8)
26(56.5)
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11(289)
7(152)

5080.1 (2719.8,
9570.3)

31.0(17.5,45.0)
39.0(29.8,52.0)
88(7.4,9.7)
92.0 (81.8,98.0)
647175
3808
20+05
1.0(09,1.3)
09(07.1.2)
52(.0,59
84(8.1,86)
62(57,68)
17 87.0)

Q4 (>797.30)
n=45

66 (57, 79)
28(62.2)
24.2(20.8,25.3)
91.7 857, 104.0)
32.0(26.5,43.4)

6(13.3)
15 (33.3)
24(53.3)
12 (26.7)

15 (333)
15 (33.3)
20 (44.4)
23(51.1)
13 (289)

37 82.2)
2(4.4)
3(67)

17 37.8)

30 (66.7)

29(64.4)

11(24.4)

8(17.8)

20 (44.4)

22(48.9)

21(46.7)

28(62.2)
3(67)

12 (26.7)

9(200)
6(13:3)

5167.3 (3191.5,
9483.0)

36.0(21.5,57.5)
46.0(29.5,69.5)
7.7(65,9.0)
88.0 (79.5, 96.5)
723174
38£10
20£07
1.1(08,1.2)
1.0(08,15)
5.2(4.7,7.9)
85(8.1,88)
62(59,7.1)
24(53.9)

P-value

<0.001
0915
0.224
0.783
0.197
0.078

0.905

0.201
0.296
0.539
0.483
0.265

0.065
0.482
0317
0.484
0.876
0.178
0515
0.689
0.182
0.568
0.338
0.076
0.858
0.418
0.760
0.568

0.001

0.022
0.061
0.135
0.669
0.157
0.032
0.038
0.072
0.622
0.684
0.669
0.708
0.066

Continuous variables are presented as median (interquartie range) or mean (standrd deviation), Categorical variables are expressed as number (percentages). MAR, mean arterial
pressure; LVEF, loft ventricular ejection fraction; NYHA, New York Heart Association; ACEVARB, angiotensin-converting enzyme inhibitor/angiotensin receptor biocker; ARNI, angiotensin
receptor-neprilysin inhibitor; NT-proBNP, N-terminal pro brain natriuretic peptide; ALT, alanine aminotransferase; AST, aspartate amino transferase; BUN, urea ntrogen; éGFR, estimated
glomerular fitration rate; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; TyG index, Triglyceride-glucose index; HibA1c, glycated hemogiobin

Alc. Bold font indicates statistical significance.
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FFAs

r P-value
Age, years -0.175 0018
BMI, Kg/m2 0.114 0.126
MAP, mmHg 0085 0252
NYHA 0.207 0.005
NT-pro BNP, pg/mL 0.287 <0.001
LVEF, % ~0.193 0.009
ALT, UL 0.241 0.001
AST, UL 0.203 0.006
€GFR, mU/min-1.73 m? 0.160 0.030
Total cholesterol, mmol/L ~0050 0.498
LDL-C, mmoliL 0032 0670
HDL-C, mmol/L. -0.173 0.019
Triglycerides, mmol/L -0.018 0810
Fasting glucose, mmol/L 0,087 0815
HbAte 0087 0262
TYG index 0001 0989

BM, bocy-mass index; MAR, mean arterial pressure; LVEF, left ventricular ejection fraction;
NYHA, New York Heart Association; NT-proBNP. N-terminal pro brain natriuretic peptice;
ALT, alanine aminotransferase; AST, aspartete amino transferase; eGFR, estimated
glomerular fitration rate; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-
densiy lipoprotein cholesterol; TyG index, Triglyceride-glucose index; HbATc, glycated
hemoglobin Alc. Bold font indicates statistical significance.
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FFAs range Free Fatty Acids Quartiles Continuous

Q1 (<385.60) Q2 a3 Q4 (>797.30) Per standard deviation
(385.60-596.20) (596.20-797.30) (303.07) greater
Events/N 12/46 18/46 17/46 24/45 71/183
at risk
Unadjusted HR (95%Cl) 1.00(Ref.) 1.60 0.77,3.32) 151(0.72,3.47) 2.71(1.36,5.43) 1.24(1.02, 1.51)
Adjusted Model * HR (95%Cl) 1.00(Ref.) 1.71(081,3.62) 1.41(0.64,3.09) 3.18(1.53, 6.63) 1.26 (1.02, 1.55)

*Adjusted for age, sex, BMI, CAD, DM, hypertension, LVEF, NT-proBNP. BMI, body-mass index; CAD, coronary artery disease; DM, diabetes mellitus; LVEF, left ventricular ejection
fraction; NT-proBNP, N-terminal pro brain natriuretic peptide.
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Demographics and clinical characteristics

Age, years 633(+09) 629(£110) 633(x98) 082
Sex 1,588 (79.0%) 22 (91.7%) 1566 (789%) 0.20
Male

Female 421 (21.0%)  2(83%) 419(21.1%)

8MI 251 (£3.0) 250(30) 251 (£8.0) 076
Missing 45@2%)  1(42%)  44(22%)

Systolic blood pressure,  133.7 (£19.2) 140.2 (£19.6)133.6 (£19.1)  0.17
mmHg

Missing 6(0.3%) 00%)  6(03%)
Diastolic blood pressure,  78.6 (+10.9) 84.9 (£13.1) 786 (+10.8) 0.018
mmHg

Missing 6(0.3%) 0(0%) 6(0.3%)

Heart rate, per min 762(&11.7) 825 (£19.3) 76.1(£11.6) 0063
Missing 3(0.1%) 0(0%) 3(0.2%)

Smoking 1082(53.9%) 10(41.7%) 1,072 (540%) 0.049
Never

Former 378(188%)  2(83%) 376 (18.9%)
Current 547 27.2%) 12(60.0%) 536 (27.0%)
Missing 2(0.1%) 0(00%  2(01%)

CAD subtype 1,548 (77.1%) 11(45.8%) 1,537 (77.4%) <0.001
Stable CAD

ACs 461(22.9%) 13(64.2%) 448 (22.6%)

NYHA classification 1818(00.5%) 19(79.2%) 1,799 (90.6%) 0.06

1
] 160(80%)  8(125%) 157 (7.9%)
[ 20(1.4%)  2(83%)  27(1.4%)

Y 2(0.1%)  0(00%)  2(0.1%)
Comorbidities

Hypertension 1,495 (74.4%) 16(66.7%) 1,479 (745%) 036
Diabetes melitus 822(40.9%) 9 (37.5%) 813(41.0%)  0.84
Dysipidermia

No 1,724 (858%) 21(87.5%) 1,703(85.8%) 0.98

Hypercholesterolemia 148 (7.4%)  2(83%) 146 (7.4%)
Hypertriglyceridemia ~ 42(2.1%)  0(0.0%) 42 (2.1%)

Combined 95(4T%  1(42%)  94(4.7%)

Previous AMI 216 (10.8%) 6(25.0%) 210(10.6%) 0.037

Previous PCI 676(33.6%) 6(250%) 670(338% 051

Previous CABG 31(15%  1(42%) 80(15% 031

Family history of CAD 95 (4.7%) 0(0.0%)  95(4.8%) 0.63

Prior medication use

Anti-platelet 1,718(85.5%) 19(79.2%) 1699(85.6%) 0.37
Aspifin 1582 (78.7%) 18 (75.0%) 1,564 (78.8%) 0.62
Clopidogrel 799(39.8%) 10(41.7%) 789(39.7%)  0.84
Missing 4002%)  0(00%)  4(0.2%)

Statins 1)565(77.9%) 18(75.0%) 1547 (77.9%)  0.63
Missing 9(04%)  0(00%)  9(05%)

ACEVARB 955 (47.5%) 10(41.7%) 945(47.6%)  0.68

Beta-blockers 952 (47.4%) 12(50.0%) 940(47.4%)  0.84

Calcium channel blockers 586 (29.2%) 6(25.0%) 580 (29.2%) 0.82

Nitrates 743(370%) 9(37.5%) 734(37.0%) 10

Diuretics 16180%)  2(83%) 15980%) 10

Laboratory data

LVEF, % 619(£7.6) 562 (£10.6) 62.0(x7.6)  0.003
Missing 7889%)  00%)  78(3.9%)

LVESD, mm 315(46.4) 354(£97) B15(£53) 0029
Missing 78 (3.9%) 0 (0%) 78 (3.9%)

LVEDD, mm 479(£53) 492(£7.0) 479(x53) 075
Missing 78 (3.9%) 0(0%) 78 (3.9%)

RBC, x102 celsperl  4.4(05)  4.4(£07) 4.4(x05 058

Hemoglobin, g/L 1359 (+14.5) 137.0 (£20.1)185.9 (+14.5)  0.60

Hematocrit, % 404 (£4.0) 403 (£5.4) 404 (£4.0) 086

WBC, x10°cellsperL 6.7 (£1.9)  7.6(£2.4) 67(£1.9) 0098

Neutrophils, % 612(£0.4) 67.9(£13.7) 61.1(x93)  0.002

Lymphooytes, % 275(+83) 215(11.1) 27.6(x82) 0002

NLR 27(@28) 53(57) 27(22) 0002

Eosinophils, % 26(22) 19(x18 2622 0041

RDW, % 12.6(£08) 128(x10) 126(£08 029

PDW, % 13.1(£2.6) 12.1(£2.5) 13.1(£2.6) 0.036
Missing 1407%  00%  14(0.7%)

Alburmin, g/L 423(£38) 419(+4.4) 423(+38 044
Missing 200.1%)  1@4.2%)  10.1%)

ALT, UL 27.9(#19.7) 327 (£17.8) 27.9(£19.7) 0,086
Missing 2(0.1%) 1(4.2%) 1(0.1%)

AST, UL 269 (£24.8) 57.7 (£77.5) 26.5(£23.4) <0.001
Missing 200.1%)  1@42%)  10.4%)

Baseline urea, mmol/L 58(16) 5920 58(16 062

Baseline creatinine, 789 (£14.9) 795(17.3) 789(£149) 094

wmol/L

Baseline eGFR, 852(£13.0) 858 (£14.0) 852(£130) 068

mU/(min-1.73 m?)
Baseline UA, umol/L 3439 (£87.1) 3802 3435(£867) 0.20

@®112.2)

FBG, mmol/L 72(483) 72(28) 7233 061
Missing 28 (1.4%) 14.2%) 27 (1.4%)

HbAtc, % 65(£13) 62(x09) 6513 049
Missing 91(45%)  3(125%) 88 (4.4%)

TC, mmolL B7@11) 4110 BT@1) 0085
Missing 6(0.3%) 00%)  608%

TG, mmol/L 19(14)  16(07) 1914 029
Missing 6(0.3%) 00%)  6(03%

LDL, mmol/L 19(*1.0) 28100 1910 0015
Missing 6(0.3%) 00%)  6(03%

NHDL, mmol/L 27@11) 8010 27@11) 0041
Missing 6(0.3%) 00%)  6(03%

HDL, mmo/L 10(#03) 10(03 1003 084
Missing 6(03%) 00%)  6(03%

Apo A, gL 12(#02) 1202 12(02) 090
Missing 7(0.3%) 0(0%) 7 (0.4%)

Apo B, gL 07(02) 08(x02) 07(02) 0025
Missing 7(0.3%) 00%)  7(04%)

Apo E, mg/L 388(£167) 37.4(£11.4) 388(£167) 099
Missing 7(0.3%) 00%)  7(04%)

Lipoprotein, nmol/L 1055 (k192.4) 1164 1053 047

(257.8)  (£191.6)

Missing 7(0.3%) 00%)  7(04%)

CK-MB, UL 18,5 (£28.0) 675 (+118.1) 17.9(£24.7)  0.025
Missing 1005%  0(0%  10(05%)

hs-CRP, mg/L 44(105)  69(£99) 44(x105) 0026
Missing 19009%  0(0%)  19(1.0%)

T, ng/mL. 0107  09(21) 0.1(x06  <0.001

NT-proBNP, pg/mL 369.8 (£743.1)  1,872.1 357.7 <0001

(£1,690.6)  (£7165)

Missing 4(0.2%) 00%)  4(02%)

Procedural characteristics

Contrast agent
low-osmolarity 1,401 (69.7%) 20 (83.3%) 1,381 (69.6%) 0.18
iso-osmolarity 608(303%)  4(16.7%) 604 (30.4%)

Contrastvolume, mL  150.1 (£74.5) 167.1 (£84.0)149.9 (£74.3)  0.42
Missing 24.(1.2%) 0(0%) 24 (1.2%)

Infarct-related artery, N (%) 214 (10.7%)  2(83%) 212(10.7%) 1.0
M
LAD 1,670 (83.1%) 19 (79.2%) 1,651 (83.2%) 058
Lox 1,224 (60.9%) 14 (68.3%) 1,210 (61.0%) 083
RCA 1,262 (62.8%) 15 (62.5%) 1,247 (62.8%) 1.0

No. of diseased vessel, N 565 (28.1%) ~ 8(33.3%) 557(28.1%) 098

(%)
1-vessel
2-vessel 603(300%) 6(25.0%) 597(30.1%)
3-vessel 712(35.4%) 9(37.5%) 703 (35.4%)
4-vessel 120(64%)  1(4.29%)  128(6.4%)

No. of stents used 1410 14@1L) 14@10) 068

Total stent length, mm  40.7 (£30.5) 37.4 (+:33.8) 40.8(£305) 037
Missing 2(0.1%) 00%)  2(01%)

Continuous variables are shown as Mean (SD), and categorical variables are shown as

frequency (percentage).

Boldface represents P <0.05.

BM, body mass index; CAD, coronary artery disease; ACS, acute coronary syndrome;
INYHA, New York Heart Association; AMI, acute myocardial infarction; PCI, percutaneous
coronary intervention; CABG, coronery artery bypass grafting; ACEI, angiotensin
converting enzyme inhibitor; ARB, angiotensin receptor blocker; LVEF, left ventricular
ejection fraction; LVESD, left ventricular end-systolic dimension; LVEDD, left ventricular
end-diastolic dimension; RBC, red blood cel; WBC, white blood cell; NLR, neutrophi
to lymphocyte ratio; RDW, red cell distribution width; PDW, platelet distrbution width;
ALT, alanine transaminase; AST, aspartate aminotransferase; eGFR, estimated glomerular
fitration rate calculated by the CKD-EPI equation; UA, uric acid; FBG, fasting blood
glucoss; HbATc, glycosylated hemoglobin; TC, total cholesterol; TG, triglycerides; LDL,
low-density lipoprotein cholesterol; NHDL, non-high-censity lipoprotein cholesterol; HDL,
~high-density lipoprotein cholesterol; Apo A-|, apolipoprotein A1; Apo B, apolipoprotein B;
Apo E, apolipoprotein E; CK-MB, creatine kinase-MB; hs-CRP high-sensitivty C-reactive
protein; cTn, cardiac troponin T; NT-proBNR. N-terminel pro-brain natriuretic peptide;
LM, left main coronary artery; LAD, left anterior descending; LCX, left circumflex artery;
RCA, right coronary artery.
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N

Baseline mean arterial pressure,
mmHg

1h post-AMI mean arterial
pressure, mmHg

M-FU mean arterial pressure,
mmHg

Baseline heart rate, bpm
1h post-AMI heart rate, bpm
1M-FU heart rate, bpm
Baseline plasma BUN, mg/dL
1M-FU plasma BUN, mg/clL.

Baseline plasma creatinine,
wmol/L

1M-FU plasma creatinine,
wmoliL

Baseline plasma Na-+, mmol/L.
1M-FU plasma Na+, mmol/L.
Baseline plasma K+, mmol/L
1M-FU plasma K-+, mmol/L
Baseline plasma AST, UL
1M-FU plasma AST, UL
Baseline plasma ALT, UL
1M-FU plasma ALT, UL
Baseline plasma DB, pmol/L
1M-FU plasma DBIl, gmol/L
Baseline plasma TBI, pmol/L
1M-FU plasma TBil, pmol/L.

AMI
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12.10 + 1.36
92.94 + 15.93

136.87 £ 14.99

12554 £5.15
127.01 £4.28
16.32 £ 1.72
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28.39 £ 872
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35.31 £5.92
48.04 + 10.22
223+£037
2.74+ 047
415 £0.82
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AMI+RDN

6
77.00 +6.38
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78.08 £ 6.75

78.50 + 5.47
87.00 & 7.90
76.33 + 5.09
8.19+2.06
958 +2.20
89.25 +8.48

115.90 & 16.11

126.62 + 1.99
126.74 £6.93
14.61£2.75
15.67 + 3.62
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27.92 4 13.63
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48.23 £ 21.45
2.23+0.46
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417 £091
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Variables

Systolic blood pressure, / 10 mmHg
Diastoiic blood pressure, / 10 mmHg
Heart rate, per min

Smoking (current smokers)

Previous AMI history

ACS

Congestive heart failure (NYHA ll-IV)
LVEF, %

LVEF < 45 %

LVESD, mm

WBC, x10° cells per L

NLR

PDW, %

Log (AST), UL

Baseline UA, umol/L.

TG, mmol/L

LDL, mmolL

NHDL, mmol/L

Apo B, g/l

CK-MB, UL

GTnT, ng/mL.

Log (NT-proBNP), pg/mL.

OR

1.19
1.68
1.04
271
2.82
4.05
6.13
0.94
413
1.08
122
1.14
0.83
3.39
1.00
128
1.39
129
3.62
1.01
1.49
2,04

95% ClI

0.97-1.45
1.17-2.40
1.01-1.07
1.20-6.13
1.01-6.80
1.80-9.29
0.95-22.18
0.90-0.97
1.18-11.21
1.03-1.12
1.02-1.43
1.07-1.21
0.67-1.00
1.96-5.57
1.00-1.01
0.93-1.64
1.01-1.78
0.93-1.67
0.84-12.39
1.01-1.02
1.19-1.80
1.54-2.74

P-value

0.091
0.005
0.007
0.016
0.030
0.001
0.017
0.000
0.011
0.001
0.020
0.000
0.065
0.000
0.040
0.083
0.018
0.085
0.059
0.000
0.000
0.000

Variables with P < 0.1 are included in the teble.
OR, odds ratio; Cl, confidence interval; AMI, acute myocardial infarction; ACS,
acute coronary synarome; NYHA, New York Heart Association; LVEF, left ventricular
ejection fraction; LVESD, left ventricular end-systolic dimension; WBC, white blood cell;
NLR, neutrophil to lymphocyte ratio; PDW, platelet distribution width; AST, aspartate
aminotransferase; UA, uric acid; TC, total cholesterol; LDL, low-density lipoprotein
cholesterol; NHDL, non-high-density lipoprotein cholesterol; Apo B, apolipoprotein B;
CK-MB, creatine kinase-MB; cTnT, cardiac troponin T; NT-proBNR, N-terminal pro-brain

natriuretic peptide.
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Variables Model coefficient OR ~ 95% Cl  P-value

Baseline UC 0005 100 100-1.01 0,040
CK-MB, UL 0.011 1.01 1.01-1.02 <0.001
Log (NT-proBNP), pg/mL 0661 194 145-263  <0.001
AIC = 213.63.

OR, odds ratio; Cl, confidence interval; UA, uric acid; CK-MB, creatine kinase MB;
NT-proBNP, N-terminal pro-brain natriuretic peptide.
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