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Cardiac fibrosis is a common pathological manifestation accompanied by various heart diseases, and antifibrotic therapy is an effective strategy to prevent diverse pathological processes of the cardiovascular system. We currently report the pharmacological evaluation of a novel anthraquinone compound (1,8-dihydroxy-6-methyl-9,10-anthraquinone-3-oxy ethyl succinate) named Kanglexin (KLX), as a potent cardioprotective agent with antifibrosis activity. Our results demonstrated that the administration of KLX by intragastric gavage alleviated cardiac dysfunction, hypertrophy, and fibrosis induced by transverse aortic constriction (TAC) surgical operation. Meanwhile, KLX administration relieved endothelial to mesenchymal transition of TAC mice. In TGF β1-treated primary cultured adult mouse cardiac fibroblasts (CFs) and human umbilical vein endothelial cells (HUVECs), KLX inhibited cell proliferation and collagen secretion. Also, KLX suppressed the transformation of fibroblasts to myofibroblasts in CFs. Further studies revealed that KLX-mediated cardiac protection was due to the inhibitory role of TGF-β1/ERK1/2 noncanonical pathway. In summary, our study indicates that KLX attenuated cardiac fibrosis and dysfunction of TAC mice, providing a potentially effective therapeutic strategy for heart pathological remodeling.
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INTRODUCTION
Cardiovascular disease remains one of the leading causes of morbidity and mortality, which threaten human health and life throughout the world (GBD 2015 Mortality and Causes of Death Collaborators, 2016). Cardiac fibrosis is a common pathological change accompanied by various heart diseases, which is characterized by excessive synthesis and deposition of extracellular matrix (ECM) protein including collagen Ι and collagen Ш in the cardiac interstitium, resulting in mechanical sensing change and ventricular cirrhosis (Maya and Villarreal, 2010). Many kinds of cardiac diseases including hypertension, myocardial ischemia, and arrhythmia can produce cardiac fibrosis, which leads to both systolic and diastolic dysfunction and induces a variety of adverse heart events (Janicki and Brower, 2002; Berk et al., 2007). Doctors and researchers have recognized that antifibrotic therapies can improve cardiac dysfunction of patients with heart diseases (Diez et al., 2002; Fang et al., 2017; Park et al., 2019).
Anthraquinone-containing plants, such as Rhubarb, Aloe, and Semen Cassiae, have been used as traditional herbs for thousands of years. Anthraquinones are an important class of chemical compounds with extensive pharmacological activities including antibacterial (Fosso et al., 2012), anticancer (Huang et al., 2007; Su et al., 2020), antihyperglycemia (Zhang et al., 2018), cardiovascular protective (Xiao et al., 2019; Yuan et al., 2019), and neuroprotective effects (Jackson et al., 2013). In the past decade, more and more scientists are devoted to researching and developing new anthraquinone derivatives with different biological activities (Hussain et al., 2015). Accumulating evidence has revealed that anthraquinone compounds show a beneficial effect on the therapy of tissue fibrosis. Dou et al. (2019) demonstrated that aloe emodin, a natural anthraquinone derivative, alleviated renal fibrosis by regulating PI3K/Akt/mTOR signaling pathway. Recent studies have identified that emodin, a plant-derived anthraquinone, displayed strong antifibrosis properties for pulmonary (Tian et al., 2018), liver (Liu et al., 2018), renal (Ma et al., 2018), and cardiac fibrosis (Xiao et al., 2019). Lian et al. (2017) reported that chrysophanol inhibited cardiac fibrosis and injury in high-fat diet mice by regulating the Nrf2-mediated oxidant effect. Diacerein, a semisynthetic anthraquinone derivative, ameliorated cardiac fibrosis and dysfunction by inhibiting inflammation after myocardial infarction (Torina et al., 2015).
Kanglexin (KLX) is a novel anthraquinone derivative designed and synthesized by Department of Medicinal Chemistry and Natural Medicine Chemistry of Harbin Medical University. Its chemical structure is 1,8-dihydroxy-6-methyl-9,10-anthraquinone-3-oxy ethyl succinate. The introduction of monoethyl succinate substitution was beneficial to its druggability. The cardiovascular protective effects of KLX, such as antihypertension and myocardial ischemia-related cardiomyocyte pyroptosis suppression, have been recently proved (Zhao et al., 2019; Bian et al., 2020). This study aims to explore whether KLX can alleviate cardiac fibrosis and improve cardiac dysfunction of transverse aortic constriction (TAC) mice and to elucidate the underlying mechanisms.
MATERIALS AND METHODS
Synthesis and Identification of KLX
1,8-dihydroxy-6-methyl-9,10-anthraquinone-3-oxy ethyl succinate named Kanglexin (abbreviated as KLX) (Figure 1) was designed and synthesized by Department of Medicinal Chemistry and Natural Medicine Chemistry of Harbin Medical University. The synthesis and identification of KLX were performed as previously described (Li et al., 2020). The purity of KLX was over 98%, which was determined by Shimadzu LC-20A, photodiode array detector (DAD), using COSMOSIL C18 column (250 mm × 4.6 mm, 5 μm), column temperature was 40 °C, CH3OH/H2O [0.1% phosphoric acid was added in CH3OH = 88/12 (v/v)] at 1.0 mL/min, and calculating the peak areas at 254 nm. The content of KLX was preliminarily determined by HPLC area normalization method (Supplementary Figure S1).
[image: Figure 1]FIGURE 1 | The chemical structure of KLX.
Animals and Animal Models
The Guideline for the Care and Use of Laboratory Animals (NIH Publication No. 82-23) was used to guide animal experiments. The Animal Ethical Committee of Harbin Medical University approved our experiment. C57BL/6J mice (aged approximately 28 weeks) were purchased from Changsheng Biotechnology Company (China). According to animals’ weight, we divided mice into 5 groups: control, TAC + vehicle, and TAC + KLX (20, 10, and 5 mg/kg/d, 0.1 ml/10 g, i.g.) groups. Animals were anesthetized with avertin (Sigma-Aldrich Corporation, United States, 0.2 g/kg, i.p.). Then, we surgically created TAC operation in mice as previously described (Yasuno et al., 2013). The sham operation was performed by open chest without aorta operation, and mice suffered to sham operation was used as the control. KLX was administered to animals for eight consecutive weeks, and other groups received an equivalent volume of solvent.
Echocardiographic Measurements
After drug administration, mice were anesthetized with avertin (Sigma-Aldrich Corporation, United States, 0.2 g/kg, i.p.) according to their weight. After anesthesia, cardiac echocardiography was recorded by an ultrasound machine (VisualSonics Veno 2100, Canada). LVEF and LVFS were measured from M-mode recordings.
Histological Analysis
After echocardiographic recording, 4% paraformaldehyde was used to fix heart tissues, and paraffin was used to embed the tissue and then cut the tissues into 6 μm thick slices. HE and Masson’s trichrome staining were used for the evaluation of myocardial pathological changes and collagen deposition, respectively. The tissue sections were viewed with a microscope. The cell surface area of cardiomyocytes and cardiac collagen volume fraction were measured and calculated by the Image J software.
Measurement of Myocardial Hydroxyproline Content
For the measurement of cardiac hydroxyproline content, samples of the heart were weighted and homogenized for further detection. And then according to the instructions, a commercial hydroxyproline detection kit (Jiancheng Biotechnique Institute, China) was used to test hydroxyproline content in tissue homogenate.
Cell Culture
Male adult C57BL/6J mice were used to isolate and culture cardiac fibroblasts (CFs). Briefly, the atrium and large blood vessels were removed from the heart. Next, we cut the ventricles into 1 mm3 pieces for digestion at 37°C using a digestion medium, containing 100% (w/v) trypsin and 50% (w/v) collagenase type Ⅱ for 10 min. The digestion was stopped by adding DMEM medium containing 10% FBS. The above digestion step was repeated until the tissues disappeared completely. Cells were collected by centrifuging all digestive fluid at 1,500 rpm for 5 min. Finally, we resuspended the cell pellet with a DMEM medium containing 10% FBS and cultured in a cell incubator. Cells at passage 1 were used for further experiments. After 16 h serum-free starvation, cells were stimulated by recombinant TGF-β1 (R&D Systems, United States) at the concentration of 10 ng/ml, with different concentrations of KLX (0.1, 1, and 10 μmol/L) or vehicle (0.1% dimethyl sulfoxide) for another 24 h.
Human umbilical vein endothelial cells (HUVECs) were seeded and cultured in a DMEM medium containing 10% FBS. The cells at passages 3–5 were used for subsequent study. After 12 h serum-free starvation, the cells were stimulated by recombinant TGF-β1 (R&D Systems, United States) at the concentration of 10 ng/ml, with different concentration of KLX (0.1, 1, and 10 μmol/L) or vehicle (0.1% dimethyl sulfoxide) for another 24 h.
Methylthiazolyldiphenyl-tetrazolium bromide(MTT) Assay
Cell viability was assessed by MTT assay to measure mitochondrial succinate dehydrogenase activity in living cells. Cells were seeded in the 96-well plate and then treated with different concentrations of KLX according to the above in vitro methods. After drug administration, cells were incubated with MTT (0.5 mg/ml) for 4 h. After removing the media, DMSO were added to wells to dissolve formazan. The absorbance was measured at 570 nm by using a microplate spectrophotometer (Tecan, Austria).
Cell Proliferation Assay
CFs or HUVECs were cultured in the 96-well plates and then we treated cells with different drug administration according to the above in vitro methods. Cell proliferation was assessed by a commercially available BrdU cell proliferation assay kit (Cell Signaling, United States) following protocols.
Quantification of Collagen Content
CFs or HUVECs were seeded in 12-well plates. After drug administration, total soluble collagen content from the cell culture medium was quantitatively analyzed by using a commercially available soluble collagen assay kit (SircolTM Soluble Collagen Assay, Biocolor, United Kingdom).
Immunofluorescence
Immunofluorescence staining was performed to detect the expression of CD31 and vimentin in HUVECs. Briefly, the cells were cultured on confocal dishes and received the above in vitro treatment. After 24 h treatment, cells were fixed with 4% paraformaldehyde for 10 min and then treated with 0.4% Triton x-100 for 1 h and 1% BSA for another 1 h at the room temperature. The cells were incubated with anti-CD31 and anti-vimentin primary antibodies at 4°C overnight. After 3-time washes with PBS, the secondary antibodies conjugated with Alexa Fluor 488 and Alexa Fluor 594 were used to incubate cells for 1 h at the room temperature. Finally, the cells were incubated with Dapi staining for 3 min. The cells were viewed with a fluorescence microscope.
Real-Time Quantitative Reverse Transcription Polymerase Chain Reaction
We cut the heart tissue into small pieces and homogenized these pieces in Trizol reagent (Invitrogen, United States) and extracted and purified the total tissue RNA from the mouse heart. SYBR Green real-time PCR was performed to quantify the gene expression of each sample. Gapdh was used for data normalization. Primers in our study were shown in Table 1.
TABLE 1 | Real-time qRT-PCR primer sequences
[image: Table 1]Enzyme-Linked Immunosorbent Assay and Western Blot
Cardiac TGF-β1 protein expression was quantitatively analyzed by using a commercial ELISA kit (Mouse TGF-β1 ELISA Kit, Cusabio, China) following the manufacturer’s protocol. Total protein of cell or tissue was extracted by using RIPA lysis buffer for subsequent Western blot assay. Nuclear extracts from hearts were collected by using a commercial Nuclear Protein Extraction Kit (Solarbio, Beijing). The concentration of protein from each sample was tested by BCA detection kit (Beyotime, China). Protein was separated by electrophoresis and transferred onto PVDF membranes. After blocking with 5% dry milk in TTBS for 1 h, we incubated the membranes with the primary antibodies against CD31, VE-cadherin, vimentin, α-SMA, phosphorylated Smad2/3 (P-Samd2/3), total Smad2/3 (t-Smad2/3), Smad-4, phosphorylated ERK1/2 (P-ERK1/2), total ERK1/2 (t-ERK1/2), gapdh, β-actin, and Histone H3 and then incubated the membranes with a fluorescence-conjugated IgG secondary antibody. Primary antibodies were purchased from BBI Life Sciences (China), Abcam (United Kingdom), Boster (China), and Cell Signaling (United States). Secondary antibodies were purchased from LI-COR Bioscience (United States). Protein expression was quantitatively analyzed by evaluating the gray-value of each protein band and the gray-value was calculated by Image J software. Gapdh, β-actin, or Histone H3 was used for data normalization.
Statistical Analysis
Student’s t-test and one-way ANOVA were used for statistical comparisons for two groups and multiple groups, respectively. Kaplan-Meier’s analysis with log-rank testing was used for survival analysis. Values were expressed as mean ± SEM and p < 0.05 was considered significant.
RESULTS
Kanglexin Improves Cardiac Function in Transverse Aortic Constriction-Operated Mice
We used the mouse TAC model to investigate the role of this novel anthraquinone derivative (KLX) on the improvement of left ventricular dysfunction after pressure overload. The M-mode of echocardiography was performed at 8 weeks after KLX administration before scarification. Compared with the control group, mice after TAC surgery had impaired cardiac function characterized by reduced LVEF% from 69.96 ± 1.84% to 50.24 ± 5.54% and LVFS% from 33.27 ± 1.50% to 22.86 ± 3.67% (Figures 2A,B). These changes were dose-dependently alleviated by KLX at 20, 10, and 5 mg/kg/d, indicated by increased LVEF% and LVFS% compared with those of the vehicle-treated mice. LVEF% increased from 50.24 ± 5.54% to 68.16 ± 2.22%, 59.63 ± 3.61%, and 53.64 ± 5.42%, respectively (Figure 2A). LVFS% increased from 22.86 ± 3.67% to 32.88 ± 1.62%, 27.54 ± 2.15%, and 24.02 ± 3.00%, respectively (Figure 2B). Statistical analysis indicated that 20 mg/kg/d KLX treatment showed the best therapeutic effects. Thus, 20 mg/kg/d KLX was chosen to evaluate whether KLX increased the survival rate of mice after pressure overload. As illustrated in Figure 2C, the mortality rate of animals in the control group was 0%. The survival rate of mice in the TAC + vehicle group was 63.41%. However, treatment with KLX at a dose of 20 mg/kg/d showed no preventive effect on pressure overload-induced mortality and maintained the survival rate at 68.42%. These data showed that KLX improves cardiac function in TAC-operated mice, but that does not eliminate pressure overload-induced animal mortality.
[image: Figure 2]FIGURE 2 | KLX alleviates cardiac dysfunction in mice of TAC. Cardiac function including LVEF% (A) and LVFS% (B) was investigated by echocardiographic analysis (n = 5 in each group). (C) Cumulative mouse mortality data of control (n = 35), vehicle (n = 41), or KLX administration at dose of 20 mg/kg/d (n = 38) were recorded at each time point after TAC operation. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with control group and #p < 0.05 compared with TAC + vehicle group.
Kanglexin Prevents Cardiac Hypertrophy of Transverse Aortic Constriction Mice
To verify whether the protective role of KLX on cardiac dysfunction was related to the inhibition of cardiac hypertrophy, the hearts were harvested, after eight-week different concentration administration. As illustrated in Figure 3A, the hearts of TAC mice were larger than those from controls, while KLX dose-dependently abolished this change. We also examined the heart weight/body weight (HW/BW) ratio of mice as a cardiac index of change in cardiac hypertrophy. The results showed that the ratio of HW/BW of TAC mice was obviously increased, indicating increased heart weight after pressure overload. In contrast, the administration of KLX prevented the increase of this hypertrophic parameter in a dose-dependent manner. HW/BW ratio increased from 6.02 ± 1.05 mg/g for vehicle cohort to 5.16 ± 0.33 mg/g, 5.11 ± 0.39 mg/g, and 5.58 ± 0.42 mg/g, respectively, at 20, 10, and 5 mg/kg/d KLX administration (Figure 3C). Additionally, we also examined the ratio of HW/BW in angiotensin Ⅱ (Ang Ⅱ) infusion mice. As expected, KLX administration mice showed dose-dependent suppression of cardiac index increase induced by Ang Ⅱ infusion (Supplementary Figure S2). Morphological analysis with HE staining confirmed that the cell surface area (CSA) of cardiomyocytes of TAC mice obviously enlarged, which was dose-dependently suppressed by KLX intragastric administration (Figures 3B,D). Furthermore, HE staining revealed that KLX prevented pathological changes in the myocardium of TAC mice, including myocardial structure disorganization, cardiomyocyte necrosis, and myofibrillar rupture (Figure 3B). At the molecular level, treatment with KLX at a dose of 20 mg/kg/d downregulated the transcription levels of hypertrophic markers of TAC mice, including ANP, BNP, and β-MHC (Figure 3E). These data indicate that KLX exerts a preventive effect on cardiac hypertrophy.
[image: Figure 3]FIGURE 3 | Role of KLX on TAC-induced cardiac hypertrophy. (A) Hearts from control, TAC + vehicle, and TAC + KLX (20, 10, and 5 mg/kg/d) groups are shown. (B) Heart tissues stained with HE, magnification, ×200 and scale bar = 100 µm. The black arrows point to hypertrophic cardiomyocytes. (C) The ratio of HW/BW revealed that KLX ameliorates cardiac index changes in TAC-operated mice (n = 9 in each group). (D) Quantitative data revealed that long-term administration of KLX dose-dependently decreased the cell surface area (CSA) during pressure overload (n = 5 in each group). (E) Pressure overload increased the transcription of ANP, BNP, and β-MHC compared with controls, which was dramatically suppressed by long-term administration of KLX (n = 5 in each group). *p < 0.05, **p < 0.01, and ***p < 0.001 compared with control group and #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with TAC + vehicle group.
Kanglexin Alleviates Cardiac Fibrosis of Transverse Aortic Constriction Mice
To verify the possible role of KLX in modulating cardiac fibrosis, we performed Masson’s trichrome staining to test collagen production and deposition in the myocardium. Our results showed that collagen synthesis and deposition increased markedly in TAC-operated groups compared with controls in both the perivascular area and the intramyocardial area (Figures 4A,B). KLX administration at a dose of 20 mg/kg/d strongly prevented collagen accumulation (Figures 4A,B). Additionally, the antifibrotic effect of KLX on the heart of TAC mice was also confirmed by dose-dependent suppression of the increased collagen Ⅰ and collagen Ⅲ transcription (Figure 4C). Consistent with the above results, the left ventricular hydroxyproline content in the TAC + vehicle group was upregulated as compared with controls, whereas the hydroxyproline content was dose-dependently downregulated by KLX intragastric administration (Figure 4D). We also examined the left ventricular hydroxyproline content in Ang Ⅱ infusion mice. As expected, the hearts in the KLX treatment group showed dose-dependent suppression of the upregulation of hydroxyproline content induced by Ang Ⅱ (Supplementary Figure S3). The above data demonstrate that KLX affects cardiac fibrosis.
[image: Figure 4]FIGURE 4 | Role of KLX on cardiac fibrosis. (A) Heart tissues stained with Masson’s trichrome. Blue areas indicate collagen deposition, magnification, ×200 and scale bar = 100 µm. (B) Quantitative data showed that collagen synthesis and deposition increased markedly in TAC-operated groups compared with controls in both perivascular area and intramyocardial area; KLX administration at dose of 20 mg/kg/d strongly prevented collagen accumulation (n = 5 in each group). Pressure overload significantly upregulated collagen Ⅰ and collagen Ⅲ transcription (C; n = 5 in each group) and cardiac hydroxyproline content compared with controls (D; n = 9 in each group), which was significantly suppressed by long-term administration of KLX in a dose-dependent manner. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with control group and #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with TAC + vehicle group.
Kanglexin Relieves Fibroblast Activation and Function Induced by TGF-β1 in Primary Cultured Adult Mouse Cardiac Fibroblasts
The activation of CFs and subsequent collagen secretion are the key procedure to drive the fibrogenesis response in case of cardiac stress. In the current study, primary cultured adult mouse CFs were used to explore the regulatory role of KLX on fibrogenesis response in vitro. We first examined the basic cell viability of CFs in response to different concentrations of KLX (0.01, 0.1, 1, and 10 μmol/L). After 24 h treatment, the cell viability was not apparently changed in CFs (Figure 5A). It means that KLX cannot alter the basic cell viability of CFs. TGF-β1 is an important cytokine, which has been shown to stimulate fibroblast activation (Ruiz-Ortega et al., 2007). To explore whether KLX directly affected CFs to protect the heart against fibrosis, CFs were stimulated by TGF-β1 at the concentration of 10 ng/ml for 24 h with or without a different concentration of KLX (0.1, 1, and 10 μmol/L). Because the process of fibroblasts to myofibroblasts activation, characterized by overexpression of α-SMA, plays a key role in cardiac fibrosis, we then examined the expression of α-SMA in TGF-β1-stimulated CFs with or without KLX. As expected, the expression of α-SMA in TGF-β1-stimulated CFs was significantly increased, which were concentration-dependently abolished by cotreatment with KLX (Figure 5B). However, of note is that significant effects of KLX on CFs activation were observed only at the concentration of 1 and 10 μmol/L, even though the similar change was also observed with the lowest concentration. In response to injurious stimuli, fibroblasts proliferate rapidly in the injured myocardium. We performed BrdU cell proliferation assay to demonstrate the role of KLX on TGF-β1-induced cell proliferation. Our results showed that TGF-β1 treatment stimulated fibroblast proliferation; KLX cotreatment eliminated TGF-β1-induced proliferative response in CFs (Figure 5C). The deposition of collagen leads to the remodeling of ECM in fibrous myocardium. The key role of activated fibroblasts in the pathological remodeling ECM is to secrete collagen. We detected collagen content in culture medium to examine whether KLX played a regulatory role in collagen production and secretion of CFs. Our data revealed that TGF-β1 induced a remarkable increase of collagen content in culture medium, but only higher concentration (1 and 10 μmol/L) of KLX decreased these changes (Figure 5D).
[image: Figure 5]FIGURE 5 | KLX relieves fibroblast activation and function induced by TGF-β1 in primary cultured adult mouse CFs. (A) KLX showed no significant effect on cell viability of CFs. TGF-β1 significantly upregulated α-SMA expression (B), proliferation (C), and collagen secretion (D) in adult mouse CFs compared with untreated cells, which was concentration-dependently suppressed by KLX cotreatment (n = 3–4 in independent experiments). **p < 0.01 and ***p < 0.001 compared with control group and #p < 0.05 and ##p < 0.01 compared with TAC + vehicle group.
Kanglexin Attenuates the Endothelial to Mesenchymal Transition
Endothelial cells are one of the main sources of myofibroblasts, which have been demonstrated and involved in cardiac fibrosis through EndMT (Sanchez-Duffhues et al., 2018). Therefore, we investigated the potential regulation of KLX on EndMT in TAC mice. Our experiments showed that KLX markedly prevented the upregulation of mesenchymal-specific markers (α-SMA and vimentin) and the downregulation of endothelial-specific markers (VE-cadherin and CD31) of the TAC mice (Figures 6A–E). These results suggest that KLX attenuates TAC-induced EndMT.
[image: Figure 6]FIGURE 6 | KLX alleviates EndMT in TAC-pressured heart. (A) Western blot analysis of CD31, VE-cadherin, vimentin, and α-SMA in mouse hearts. The relative protein levels of CD31 (B), VE-cadherin (C), vimentin (D), and α-SMA (E) in mouse hearts (n = 4 in each group). *p < 0.05, **p < 0.01, and ***p < 0.001 compared with control group and #p < 0.05 and ###p < 0.001 compared with TAC + vehicle group.
To confirm the direct influence of KLX on endothelial cells, HUVECs were applied for our following in vitro experiments. We first examined the basic cell viability of HUVECs in response to different concentrations of KLX (0.01, 0.1, 1, and 10 μmol/L). KLX did not affect the cell viability of HUVECs after 24 h treatment (Figure 7B). It means that KLX cannot alter the basic cell viability of HUVECs. After heart injury, endothelial cells proliferation promotes EndMT and induces cardiac fibrosis. Therefore, we then evaluated the role of KLX on TGF-β1-induced HUVECs proliferative response. HUVECs were cultured and stimulated by TGF-β1 at the concentration of 10 ng/ml for 24 h with or without different concentration of KLX (0.1, 1, and 10 μmol/L). As shown in Figure 7C, we found a proliferative response following treatment with TGF-β1, while KLX concentration-dependently reduced the proliferation of HUVECs stimulated by TGF-β1. Collagen secretion from endothelial cells reveals evidence of EndMT. We next examined whether KLX played a role in the regulation of collagen synthesis and secretion in HUVECs. Our results revealed that TGF-β1 induced a significant increase of collagen content in culture medium, but KLX concentration-dependently reversed these changes. Of note, the statistical difference was only found in the high concentration group (10 μmol/L) (Figure 7D). Additionally, the results from double immunofluorescence staining of CD 31 and vimentin confirmed that endothelial cells with KLX pretreatment inhibited TGFβ1-induced EndMT with an increase for the staining of CD31 and decrease for the staining of vimentin (Figure 7A). These data indicate that KLX target endothelial cells to protect the heart against fibrosis.
[image: Figure 7]FIGURE 7 | KLX suppresses EndMT stimulated by TGF-β1 in HUVECs. (A) Representative immunofluorescence images showing staining of endothelial marker CD31 and mesenchymal marker vimentin in different treatment of HUVECs, magnification, ×200 and scale bar = 100 µm. (B) KLX showed no significant effect on cell viability of HUVECs. TGF-β1 significantly increased cell proliferation (C) and collagen secretion (D) in HUVECs compared with untreated cells, which was concentration-dependently suppressed by KLX cotreatment (n = 3–4 in independent experiments). *p < 0.05 and ***p < 0.001 compared with control group and #p < 0.05 and ##p < 0.01 compared with TAC + vehicle group.
The Effect of Kanglexin on Canonical and Noncanonical Pathways of TGF-β1 Signaling
In order to explore the molecular mechanisms through which KLX regulate cardiac fibrosis, the associated signaling pathways at the protein level were screened. TGF-β1 is a key cytokine that induces fibrogenesis response in a stress heart. Our data showed that TGF-β1 expression in the left ventricle was increased in long-term pressure overload heart compared with controls, which was reduced by KLX intragastric administration (Figure 8A). We then examined the effects of KLX on TGF-β1/Smads canonical pathway. Interestingly, TAC-operated hearts exhibited no significant phosphorylated expression level of Smad2/3 (P-Smad2/3) and nuclear expression levels of Smad4, suggesting that the heart during pressure overload had a blunted response to TGF-β1/Smads pathway (Figure 8B). In contrast, TGF-β1-stimulated HUVECs, as a positive control, showed a highlighted protein band of p-Samd2/3, indicating activation of TGF-β1/Smads pathway. In addition to the Smads pathway, TGF-β1 also induce several noncanonical pathways of TGF-β1 signaling, among which mitogen-activated protein kinase, ERK, has been proved to be involved in TGF-β1-induced fibrogenic response (Xu et al., 2017). In this study, we verified whether KLX inhibited cardiac fibrosis by modulating ERK1/2 activation. Our data showed that phosphorylated ERK1/2 (p-ERK1/2) was upregulated in TAC-operated hearts compared with controls. KLX was able to inhibit the upregulation of p-ERK1/2 expression significantly in mouse hearts after TAC operation (Figure 8C).
[image: Figure 8]FIGURE 8 | The effect of KLX on canonical and noncanonical pathways of TGF-β1 signaling. (A) ELISA results showed that cardiac TGF-β1 protein expression was upregulated in long-term pressure overload heart compared with the control cohort, which was reversed by KLX administration (n = 7 in each group). (B) The expression levels of p-Smad2/3, t-Smad2/3, and Smad4 in mouse hearts were measured by Western blot. TAC-operated hearts showed no significant P-Smad2/3 protein expression in total, cytoplasmic, and nuclear fractions. TAC-operated hearts exhibited no significant nuclear expression of Smad4. TGF-β1-stimulated HUVECs, as a positive control, showed a highlighted protein band of p-Samd2/3, indicating activation of Smad2/3. (C) The relative expression levels of p-ERK1/2 and t-ERK1/2 in mouse hearts were measured by Western blot. TAC operation significantly increased ERK phosphorylation compared with controls, which was suppressed by KLX administration (n = 5 in each group). **p < 0.01 and ***p < 0.001 compared with control group and ##p < 0.01 compared with TAC + vehicle group.
DISCUSSION
Anthraquinone compounds exhibit a series of biological activities, but their application as new drug candidates are limited by their physical and chemical properties. The druggability related parameters, including Gibbs free energy, topological Polar Surface Area (tPSA) and logP of the anthraquinone derivative (KLX) were evaluated according to ChemDraw professional software. Gibbs-free energy of KLX was reduced from −357.13 kJ/mol of the original anthraquinone compound to −782.36 kJ/mol, which will increase the binding with its target theoretically. Chemicals usually have favorable intestinal absorption, if their tPSA are lower than 140.2 (Ertl et al., 2000; Stenberg et al., 2000). By ChemDraw professional software, tPSA of KLX is 127.2, which means it has high success rate as drug candidate. The logP of KLX is also appropriately increased to 1.98. Therefore, compared with nature anthraquinone compounds, the chemical structure of KLX was beneficial to its druggability.
Cardiac fibrosis is a common pathological change accompanied by a variety of heart diseases, which increases the incidence and mortality of many cardiovascular diseases (Massare et al., 2010). It has been recognized that antifibrotic therapies are useful in improving cardiac dysfunction of patients with heart diseases (Diez et al., 2002; Fang et al., 2017; Park et al., 2019). In the present study, we focused on investigating the therapeutic effect on cardiac dysfunction and cardiac fibrosis in long-term pressure overload mouse hearts. Our results demonstrated that long-term administration of KLX improved the cardiac dysfunction of TAC mice, including decreasing heart index, the degree of cardiac hypertrophy, and reducing collagen deposition in the interstitial and perivascular space. We also found that KLX treatment downregulated the increased heart index and cardiac hydroxyproline content of experiment mice to chronic Ang Ⅱ stimulation. It suggests that KLX can alleviate cardiac structural remodeling of hypertensive mice induced by long-term persistent Ang Ⅱ stimulation (Supplementary Figures S2,S3). In addition to the present study, our previous research revealed that KLX reduced the infarct size and attenuates cardiac dysfunction of myocardial infarction mice (Bian et al., 2020). Therefore, KLX can improve cardiac structural and functional remodeling in different types of heart disease.
We next verified the regulatory role of KLX (a novel anthraquinone derivative) on fibrogenic responses in cultured CFs. Herein, we found that KLX at the concentration of 1 and 10 μmol/L prevented cardiac fibrogenesis via directly inhibiting the transformation of fibroblasts to myofibroblasts, cell proliferation, and collagen secretion induced by TGF-β1. Furthermore, more and more pieces of evidence support that endothelial cells are the main source of myofibroblasts during cardiac fibrosis (Sanchez-Duffhues et al., 2018). A landmark study published in 2007 confirmed that EndMT is involved in cardiac fibrosis of the adult heart (Zeisberg et al., 2007). Many studies demonstrated that the inhibition of EndMT might be a useful strategy in the therapy of cardiac fibrosis (Song et al., 2019; Tsai et al., 2019). In this study, we demonstrated the potential regulation of KLX on EndMT in TAC mice. Our experiments showed that KLX markedly prevented the upregulation of mesenchymal markers (vimentin and α-SMA) and the downregulation of endothelial-specific markers (CD31 and VE-cadherin) of the TAC mice, which indicates that KLX attenuates TAC-induced EndMT. Meanwhile, we found that the inhibitory role of KLX on cell proliferation and collagen secretion in TGF-β1-treated HUVECs demonstrated its direct regulatory effect on endothelial cells.
Although there are many factors and regulators affecting cardiac fibrosis, TGF-β1 is an important cytokine involved in the process of cardiac fibrosis (Ruiz-Ortega et al., 2007). Our results showed that cardiac TGF-β1 expression was dramatically downregulated in KLX administration mice than vehicle cohort in response to long-term pressure overload. Corresponding to our phenotypic verification findings of in vivo and in vitro study, the results of cardiac TGF-β1 expression in TAC mice with or without KLX administration further implicated that KLX could effectively attenuate cardiac fibrosis. As an upstream regulator, TGF-β1 activates downstream canonical and noncanonical signaling cascades. In TGF-β1 canonical pathway, activated TGF-β1 binds to the transmembrane TGF-βR II, which results in the recruitment of TGF-βR Ⅰ. TGF-β1/TGF-βR II/TGF-βR Ⅰ complex subsequently triggers the phosphorylation of Smad2/3 and then phosphorylated Smad2/3 recruits Smad4. The complex of Smad2/3/4 migrates into the nucleus and regulates ECM-associated gene transcription and then stimulates fibroblast activation and collagen production (Shi and Massague, 2003; Bujak and Frangogiannis, 2007). It is reported that TGF-β1/Smads signaling pathway is apparently downregulated in mouse CFs from the elder in comparison with CFs from the young (Bujak et al., 2008). That means the sensitivity of TGF-β1/Samds canonical signaling pathway is related to age. The TAC mice in our study were approximately 36 weeks old, when sacrificed for further investigation, so the response of TGF-β1/Smads signaling of hearts was inclined to the elder animal. The blunted TGF-β1/Smads response of the hearts to long-term pressure overload stimulation was consistent with their age in our present study. In addition to the Smads pathway, TGF-β1 also induce several noncanonical pathways of TGF-β1 signaling, among which mitogen-activated protein kinase, ERK, has attracted the attention of many researchers. TGF-β1 activates TGF-βR Ⅰ and then directly phosphorylates ShcA to induce the recruitments of Grb2 and Sos complex and finally induces the ERK1/2 activation (Lee et al., 2007). Importantly, various drugs protect the heart against pathological remodeling by regulating the ERK1/2 signaling pathway (Zhang et al., 2016; Tang et al., 2018; Wang et al., 2018). Our data showed that KLX was able to inhibit the upregulation of phosphorylated ERK1/2 expression significantly in mouse hearts after TAC operation, which indicated that TGF-β1/ERK1/2 noncanonical but not TGF-β1/Smads canonical pathway was involved in the antifibrosis effect of KLX on hearts of pressure overload mice (Figure 9). These findings do not exclude the possibility of other signaling pathways by which KLX exerts a regulatory role in cardiac fibrosis, and this notion needs further investigation.
[image: Figure 9]FIGURE 9 | Schematic diagram of the underlying mechanisms by which KLX exerts a regulatory role in cardiac fibrosis.
CONCLUSION
Our study provides evidence that KLX (1,8-dihydroxy-6-methyl-9,10-anthraquinone-3-oxy ethyl succinate) alleviates cardiac dysfunction and fibrosis after pressure overload. Furthermore, TGF-β1/ERK1/2 noncanonical pathway attributes to the beneficial effect of KLX on cardiac fibrosis. In order to develop KLX as a cardioprotective candidate agent, pharmacokinetic studies will be carried out in the future.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
This study was carried out in accordance with the recommendations of US National Institutes of Health (NIH) guidelines for the care and use experimental animals. The protocol was approved by Ethics Committee of Harbin Medical University.
AUTHOR CONTRIBUTIONS
YZ and BfY participated in research design; NC and YnZ contributed to project administration and supervision; XL and WnH contributed to original draft preparation; NA, LlD, XlC, TtW, and SY conducted the pharmacological experiments; XZ and JxZ performed the data ananlysis; AR prepared the required compound; JH and JW designed the compound; LhS, CC, and KxW conducted supplementary experiments. All authors approved the submitted version of manuscript.
FUNDING
This study was supported by the NSFC-FRQS project (2019-2021), National Natural Science Foundation of China (81730012/81870259/81700220), Heilongjiang Province Science Fund for Returnees (LC2017033), Heilongjiang Postdoctoral Fund (LBH-Z18183), and National Science and Technology Major Project of the Ministry of Science and Technology of China (2018ZX09735005).
ACKNOWLEDGMENTS
We appreciate the science and technology park of Harbin Medical University for providing us with required laboratories and instruments. We are also thankful for the other support from the Department of Pharmacology of Harbin Medical University.
Supplementary Material
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2020.572637/full#supplementary-material.
REFERENCES
 Berk, B. C., Fujiwara, K., and Lehoux, S. (2007). ECM remodeling in hypertensive heart disease. J. Clin. Invest. 117, 568–575. doi:10.1172/jci31044
 Bian, Y., Li, X., Pang, P., Hu, X.-l., Yu, S.-t., Liu, Y.-n., et al. (2020). Kanglexin, a novel anthraquinone compound, protects against myocardial ischemic injury in mice by suppressing NLRP3 and pyroptosis. Acta Pharmacol. Sin. 41, 319–326. doi:10.1038/s41401-019-0307-8
 Bujak, M., and Frangogiannis, N. (2007). The role of TGF-β signaling in myocardial infarction and cardiac remodeling. Cardiovasc. Res. 74, 184–195. doi:10.1016/j.cardiores.2006.10.002
 Bujak, M., Kweon, H. J., Chatila, K., Li, N., Taffet, G., and Frangogiannis, N. G. (2008). Aging-related defects are associated with adverse cardiac remodeling in a mouse model of reperfused myocardial infarction. J. Am. Coll. Cardiol. 51, 1384–1392. doi:10.1016/j.jacc.2008.01.011
 Díez, J., Querejeta, R., López, B., González, A., Larman, M., and Martínez Ubago, J. L. (2002). Losartan-dependent regression of myocardial fibrosis is associated with reduction of left ventricular chamber stiffness in hypertensive patients. Circulation 105, 2512–7. doi:10.1161/01.cir.0000017264.66561.3d
 Dou, F., Liu, Y., Liu, L., Wang, J., Sun, T., Mu, F., et al. (2019). Aloe-emodin ameliorates renal fibrosis via inhibiting PI3K/Akt/mTOR signaling pathway in vivo and in vitro. Rejuvenation Res. 22, 218–229. doi:10.1089/rej.2018.2104
 Ertl, P., Rohde, B., and Selzer, P. (2000). Fast calculation of molecular polar surface area as a sum of fragment-based contributions and its application to the prediction of drug transport properties. J. Med. Chem. 43, 3714–3717. doi:10.1021/jm000942e
 Fang, L., Murphy, A. J., and Dart, A. M. (2017). A clinical perspective of anti-fibrotic therapies for cardiovascular disease. Front. Pharmacol. 8, 186. doi:10.3389/fphar.2017.00186
 Fosso, M. Y., Chan, K. Y., Gregory, R., and Chang, C.-W. T. (2012). Library synthesis and antibacterial investigation of cationic anthraquinone analogs. ACS Comb. Sci. 14, 231–235. doi:10.1021/co2002075
 Huang, Q., Lu, G., Shen, H.-M., Chung, M. C. M., and Ong, C. N. (2007). Anti-cancer properties of anthraquinones from rhubarb. Med. Res. Rev. 27, 609–630. doi:10.1002/med.20094
 Hussain, H., Al-Harrasi, A., Al-Rawahi, A., Green, I. R., Csuk, R., Ahmed, I., et al. (2015). A fruitful decade from 2005 to 2014 for anthraquinone patents. Expert Opin. Ther. Pat. 25, 1053–1064. doi:10.1517/13543776.2015.1050793
 GBD 2015 Mortality and Causes of Death Collaborators (2016). Global, regional, and national life expectancy, all-cause mortality, and cause-specific mortality for 249 causes of death, 1980-2015: a systematic analysis for the Global Burden of Disease Study 2015.Lancet 388, 1459–1544. doi:10.1016/S0140-6736(16)31012-1
 Jackson, T. C., Verrier, J. D., and Kochanek, P. M. (2013). Anthraquinone-2-sulfonic acid (AQ2S) is a novel neurotherapeutic agent. Cell Death Dis. 4, e451. doi:10.1038/cddis.2012.187
 Janicki, J. S., and Brower, G. L. (2002). The role of myocardial fibrillar collagen in ventricular remodeling and function. J. Card. Fail. 8, S319–S325. doi:10.1054/jcaf.2002.129260
 Lee, M. K., Pardoux, C., Hall, M. C., Lee, P. S., Warburton, D., Qing, J., et al. (2007). TGF-β activates Erk MAP kinase signalling through direct phosphorylation of ShcA. EMBO J. 26, 3957–3967. doi:10.1038/sj.emboj.7601818
 Li, X., Hu, X., Pan, T., Dong, L., Ding, L., Wang, Z., Song, R., Wang, X., Wang, N., Zhang, Y., et al. (2020). Kanglexin, a new anthraquinone compound, attenuates lipid accumulation by activating the AMPK/SREBP-2/PCSK9/LDLR signalling pathway. Biomed Pharmacother 133, 110802.
 Lian, Y., Xia, X., Zhao, H., and Zhu, Y. (2017). The potential of chrysophanol in protecting against high fat-induced cardiac injury through Nrf2-regulated anti-inflammation, anti-oxidant and anti-fibrosis in Nrf2 knockout mice. Biomed. Pharmacother. 93, 1175–1189. doi:10.1016/j.biopha.2017.05.148
 Liu, F., Zhang, J., Qian, J., Wu, G., and Ma, Z. (2018). Emodin alleviates CCl4‑induced liver fibrosis by suppressing epithelial‑mesenchymal transition and transforming growth factor‑β1 in rats. Mol. Med. Rep. 18, 3262–3270. doi:10.3892/mmr.2018.9324
 Ma, L., Li, H., Zhang, S., Xiong, X., Chen, K., Jiang, P., et al. (2018). Emodin ameliorates renal fibrosis in rats via TGF-β1/Smad signaling pathway and function study of Smurf 2. Int. Urol. Nephrol. 50, 373–382. doi:10.1007/s11255-017-1757-x
 Massare, J., Berry, J. M., Luo, X., Rob, F., Johnstone, J. L., Shelton, J. M., et al. (2010). Diminished cardiac fibrosis in heart failure is associated with altered ventricular arrhythmia phenotype. J. Cardiovasc. Electrophysiol. 21, 1031–1037. doi:10.1111/j.1540-8167.2010.01736.x
 Maya, L., and Villarreal, F. J. (2010). Diagnostic approaches for diabetic cardiomyopathy and myocardial fibrosis. J. Mol. Cell. Cardiol. 48, 524–529. doi:10.1016/j.yjmcc.2009.06.021
 Park, S., Nguyen, N. B., Pezhouman, A., and Ardehali, R. (2019). Cardiac fibrosis: potential therapeutic targets. Transl. Res. 209, 121–137. doi:10.1016/j.trsl.2019.03.001
 Ruizortega, M., Rodriguezvita, J., Sanchezlopez, E., Carvajal, G., and Egido, J. (2007). TGF-β signaling in vascular fibrosis. Cardiovasc. Res. 74, 196–206. doi:10.1016/j.cardiores.2007.02.008
 Sánchez-Duffhues, G., García de Vinuesa, A., and Ten Dijke, P. (2018). Endothelial-to-mesenchymal transition in cardiovascular diseases: developmental signaling pathways gone awry. Dev. Dyn. 247, 492–508. doi:10.1002/dvdy.24589
 Shi, Y., and Massagué, J. (2003). Mechanisms of TGF-β signaling from cell membrane to the nucleus. Cell 113, 685–700. doi:10.1016/s0092-8674(03)00432-x
 Song, S., Liu, L., Yu, Y., Zhang, R., Li, Y., Cao, W., et al. (2019). Inhibition of BRD4 attenuates transverse aortic constriction- and TGF-β-induced endothelial-mesenchymal transition and cardiac fibrosis. J. Mol. Cell. Cardiol. 127, 83–96. doi:10.1016/j.yjmcc.2018.12.002
 Stenberg, P., Luthman, K., and Artursson, P. (2000). Virtual screening of intestinal drug permeability. J. Control. Release 65, 231–243. doi:10.1016/s0168-3659(99)00239-4
 Su, S., Wu, J., Gao, Y., Luo, Y., Yang, D., and Wang, P. (2020). The pharmacological properties of chrysophanol, the recent advances. Biomed. Pharmacother. 125, 110002. doi:10.1016/j.biopha.2020.110002
 Tang, S.-G., Liu, X.-Y., Ye, J.-M., Hu, T.-T., Yang, Y.-Y., Han, T., et al. (2018). Isosteviol ameliorates diabetic cardiomyopathy in rats by inhibiting ERK and NF-κB signaling pathways. J. Endocrinol. 238, 47–60. doi:10.1530/joe-17-0681
 Tian, S.-L., Yang, Y., Liu, X.-L., and Xu, Q.-B. (2018). Emodin attenuates bleomycin-induced pulmonary fibrosis via anti-inflammatory and anti-oxidative activities in rats. Med. Sci. Monit. 24, 1–10. doi:10.12659/msm.905496
 Torina, A. G., Reichert, K., Lima, F., de Souza Vilarinho, K. A., de Oliveira, P. P., do Carmo, H. R., et al. (2015). Diacerein improves left ventricular remodeling and cardiac function by reducing the inflammatory response after myocardial infarction. PLoS One 10, e0121842. doi:10.1371/journal.pone.0121842
 Tsai, T. H., Lin, C. J., Hang, C. L., and Chen, W. Y. (2019). Calcitriol attenuates doxorubicin-induced cardiac dysfunction and inhibits endothelial-to-mesenchymal transition in mice. Cells 8 (8), 865. doi:10.3390/cells8080865
 Wang, L., Xue, Y., Ma, H., Shi, H., Wang, L., and Cui, X. (2018). Prazosin protects myocardial cells against anoxia-reoxygenation injury via the extracellular signal‑regulated kinase signaling pathway. Mol. Med. Rep. 17, 2145–2152. doi:10.3892/mmr.2017.8175
 Xiao, D., Zhang, Y., Wang, R., Fu, Y., Zhou, T., Diao, H., et al. (2019). Emodin alleviates cardiac fibrosis by suppressing activation of cardiac fibroblasts via upregulating metastasis associated protein 3. Acta Pharmaceutica Sinica. B 9, 724–733. doi:10.1016/j.apsb.2019.04.003
 Xu, Y., Xiao, H., Luo, H., Chen, Y., Zhang, Y., Tao, L., et al. (2017). Inhibitory effects of oxymatrine on TGF-β1-induced proliferation and abnormal differentiation in rat cardiac fibroblasts via the p38MAPK and ERK1/2 signaling pathways. Mol. Med. Rep. 16, 5354–5362. doi:10.3892/mmr.2017.7277
 Yasuno, S., Kuwahara, K., Kinoshita, H., Yamada, C., Nakagawa, Y., Usami, S., et al. (2013). Angiotensin II type 1a receptor signalling directly contributes to the increased arrhythmogenicity in cardiac hypertrophy. Br. J. Pharmacol. 170, 1384–1395. doi:10.1111/bph.12328
 Yuan, J., Hong, H., Zhang, Y., Lu, J., Yu, Y., Bi, X., et al. (2019). Chrysophanol attenuated isoproterenol‐induced cardiac hypertrophy by inhibiting Janus kinase 2/signal transducer and activator of transcription 3 signaling pathway. Cell Biol. Int. 43, 695–705. doi:10.1002/cbin.11146
 Zeisberg, E. M., Tarnavski, O., Zeisberg, M., Dorfman, A. L., McMullen, J. R., Gustafsson, E., et al. (2007). Endothelial-to-mesenchymal transition contributes to cardiac fibrosis. Nat Med 13, 952–961. doi:10.1038/nm1613
 Zhang, L., Ding, W. Y., Wang, Z. H., Tang, M. X., Wang, F., Li, Y., et al. (2016). Early administration of trimetazidine attenuates diabetic cardiomyopathy in rats by alleviating fibrosis, reducing apoptosis and enhancing autophagy. J. Transl. Med. 14, 109. doi:10.1186/s12967-016-1068-5
 Zhang, M., Li, X., Liang, H., Cai, H., Hu, X., Bian, Y., et al. (2018). Semen Cassiae extract improves glucose metabolism by promoting GlUT4 translocation in the skeletal muscle of diabetic rats. Front. Pharmacol. 9, 235. doi:10.3389/fphar.2018.00235
 Zhao, Y., Zhu, J., Liang, H., Yang, S., Zhang, Y., Han, W., et al. (2019). Kang le xin reduces blood pressure through inducing endothelial-dependent vasodilation by activating the AMPK-eNOS pathway. Front. Pharmacol. 10, 1548. doi:10.3389/fphar.2019.01548
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Liu, Han, An, Cao, Wu, Yang, Ding, Chen, Chen, Aruhan, Zhang, Wang, Suo, Huang, Wang, Zhao, Zhu, Zhang and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-11-572637-g005.gif





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





OPS/images/fphar-11-572637-g003.gif





OPS/images/fphar-11-572637-g004.gif





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





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





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





OPS/xhtml/nav.xhtml
Contents

		Cover

		Kanglexin protects against cardiac fibrosis and dysfunction in mice by TGF-β1/ERK1/2 noncanonical pathway		Introduction

		Materials and Methods		Synthesis and Identification of KLX

		Animals and Animal Models

		Echocardiographic Measurements

		Histological Analysis

		Measurement of Myocardial Hydroxyproline Content

		Cell Culture

		Methylthiazolyldiphenyl-tetrazolium bromide(MTT) Assay

		Cell Proliferation Assay

		Quantification of Collagen Content

		Immunofluorescence

		Real-Time Quantitative Reverse Transcription Polymerase Chain Reaction

		Enzyme-Linked Immunosorbent Assay and Western Blot

		Statistical Analysis





		Results		Kanglexin Improves Cardiac Function in Transverse Aortic Constriction-Operated Mice

		Kanglexin Prevents Cardiac Hypertrophy of Transverse Aortic Constriction Mice

		Kanglexin Alleviates Cardiac Fibrosis of Transverse Aortic Constriction Mice

		Kanglexin Relieves Fibroblast Activation and Function Induced by TGF-β1 in Primary Cultured Adult Mouse Cardiac Fibroblasts

		Kanglexin Attenuates the Endothelial to Mesenchymal Transition

		The Effect of Kanglexin on Canonical and Noncanonical Pathways of TGF-β1 Signaling





		Discussion

		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Acknowledgments

		Supplementary Material

		References









OPS/images/fphar-11-572637-g001.gif
Ty

Q0 o

Hnpour
T i





OPS/images/fphar-11-572637-g002.gif





OPS/images/fphar-11-572637-t001.jpg
Gene

Collagen |
Collagen il
ANP

BNP
B-MHC

Gapdh

Primer sequences

Forward primer: 5'-CTCGTCACAGCCTTCAC-3'
Reverse primer: 5'-AATCCAGTAGTAATCGCTCTTC-3'
Forward primer: 5'-CTACACCTGCTCCTGTCATT-3'
Reverse primer: 5'-CCACCCATTCCTCCGACT-3'
Forward primer: 5'-ACCTGCTAGACCACCTGGAG-3"
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