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Vascular remodeling (VR), induced by the massive proliferation and reduced apoptosis of vascular smooth muscle cells (VSMCs), is primarily responsible for many cardiovascular conditions, such as restenosis and pulmonary arterial hypertension. Sodium selenite (SSE) is an inorganic selenium, which can block proliferation and stimulate apoptosis of tumor cells; still, its protective effects on VR remains unknown. In this study, we established rat models with carotid artery balloon injury and monocrotaline induced pulmonary arterial hypertension and administered them SSE (0.25, 0.5, or 1 mg/kg/day) orally by feeding tube for 14 consecutive days. We found that SSE treatment greatly ameliorated the development of VR as evidenced by an improvement of its characteristic features, including elevation of the ratio of carotid artery intimal area to medial area, right ventricular hypertrophy, pulmonary arterial wall hypertrophy and right ventricular systolic pressure. Furthermore, PCNA and TUNEL staining of the arteries showed that SSE suppressed proliferation and enhanced apoptosis of VSMCs in both models. Compared with the untreated VR rats, lower expression of PCNA and CyclinD1, but higher levels of Cleaved Caspase-3 and Bax/Bcl-2 were observed in the SSE-treated rats. Moreover, the increased protein expression of MMP2, MMP9, p-AKT, p-ERK, p-GSK3β and β-catenin that occurred in the VR rats were significantly inhibited by SSE. Collectively, treatment with SSE remarkably attenuates the pathogenesis of VR, and this protection may be associated with the inhibition of AKT and ERK signaling and prevention of VSMC’s dysfunction. Our study suggest that SSE is a potential agent for treatment of VR-related diseases.
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INTRODUCTION
Vascular remodeling (VR) refers to adaptive modifications of the vascular wall structure and plays an essential part in the physiology of vascular homeostasis. On the other hand, pathological vascular remodeling is related to the origination and development of numerous cardiovascular conditions such as atherosclerosis, post-angioplasty restenosis and pulmonary arterial hypertension, which have the highest mortality rate in developing as well as developed countries (Sprague and Khalil, 2009; Becher et al., 2020). Vascular smooth muscle cells (VSMCs) constitute the major resident cells of the arteries. In response to vascular injury, VSMCs turn into a high rate of proliferation and reduce apoptosis, and move to the vessel’s luminal side, which is critical for remodeling processes in vascular disorders (Alexander and Owens, 2012; Bennett et al., 2016; Lacolley et al., 2017). Given the prominent role of VSMCs, identifying pharmacological interventions with combined anti-proliferation and pro-apoptosis properties is a vital step in the prevention and treatment of VR-related diseases.
Selenium (Se) is a crucial component of selenoproteins and an essential trace mineral in human bodies. Under standard physiological circumstances, a proportionately high amount of selenium in serum has a positive contribution to the function of the cardiovascular system, while a low amount of selenium in serum elevates the likelihood of cardiovascular diseases and mortality (Akbaraly et al., 2005; Dhanya et al., 2014). Sodium selenite (SSE) is the most common reagent that is used as a Se supplement for clinical use, which can inhibit tumor cell proliferation and migration as well as induce cell apoptosis (Okuno et al., 2014). In addition, SSE manages a spectrum of signals in tumor cells such as AKT, glycogen synthase kinase 3 beta (GSK3β)/β-catenin, extracellular-signal-regulated kinase (ERK), and phosphatase and tensin homologue deleted on chromosome 10 (PTEN), and because of these effects, SSE is a potential novel chemotherapy drug for cancer (Ren et al., 2009; Luo et al., 2013; Gong and Li, 2016; Kim et al., 2020).
Although the anti-proliferation and pro-apoptosis effects of SSE on cancer cells are well documented, the exact role and mechanism of SSE in VR-related diseases remains undetermined. In the present study, we evaluated the potential therapeutic effects of SSE on VSMC’s proliferation and apoptosis, as well as its impact on carotid and pulmonary artery remodeling caused by two different vascular injuries in vivo. To examine the mechanisms underlying its activity, we investigated the signaling pathways that are possibly influenced by SSE.
MATERIALS AND METHODS
Animals and Reagents
Sprague-Dawley rats, male, were retrieved from the Experimental Animal Center of Zhejiang Province. The study protocol was authorized by the Ethics Review Board of Animal Use Application of The Lishui Municipal Central Hospital (Lishui, China) in compliance with the National Institutes of Health Guidelines For the Care and Use of Experimental Animals. Prior to the experiments, the rats were placed in a room under the controlled conditions of 20–26°C, 45–55% humidity, a 12 h light/dark cycle, and freely available water and standard rat chow.
SSE (purity>99.0%), bovine serum albumin (BSA) and monocrotaline (MCT) were obtained from Sigma Aldrich (Darmstadt, Germany). SSE was dissolved in normal saline. MCT was liquefied in 1M HCL neutralized with 1M NaOH, and thinned down with standard saline. Thereafter, PH was altered to 7.2–7.4. Anti-PCNA, anti-CyclinD1, anti-MMP2, anti-MMP9, anti-Bax, and anti-Bcl-2, antibodies were purchased from Abcam (Cambridge, United Kingdom). Anti-Cleaved Caspase-3, anti-p-GSK3β, anti-GSK3β, anti-β-catenin, anti-p-AKT, anti-AKT, anti-p-ERK, anti-ERK and anti-GAPDH were retrieved from Cell Signaling Technology (Danvers, MA, United States). The hematoxylin and eosin (H&E) stain kit was obtained from Solarbio (Beijing, China). The Colorimetric TUNEL Apoptosis assay kit was purchased from Beyotime Institute of Biotechnology (Jiangsu, China).
Experimental Design
In the carotid artery balloon injury experiment, 48 rats weighing 350–400 g were separated into five different groups at random: I) the control group (n = 12) which underwent sham operation in the right carotid artery; II) the balloon injury (BI) group (n = 12) received BI in the left carotid artery; III) the SSE low group (n = 12) received BI in the left carotid artery and SSE at 0.25 mg/kg/day; IV) the SSE medium group (n = 12) received BI in the left carotid artery + SSE at 0.5 mg/kg/day; and V) the SSE high group (n = 12) received BI in the left carotid artery + SSE at 1 mg/kg/day. This high dose was chosen in accordance with data contained in the literature (Jacobs and Forst, 1981; Laureano-Melo et al., 2015).
In the pulmonary arterial hypertension experiment, 48 rats weighing 220–240 g were separated into five different groups at random: I) the control group which received standard saline (n = 8); II) the MCT group received MCT at 60 mg/kg (n = 10); III) the SSE low group received MCT and SSE at 0.25 mg/kg/day (n = 10); IV) the SSE medium group received MCT and SSE at 0.5 mg/kg/day (n = 10); and V) the SSE high group received MCT and SSE at 1 mg/kg/day (n = 10).
Rat Carotid Artery Balloon Injury Model
At day 0, the rats were sedated, intraperitoneally, with sodium pentobarbital (30 mg/kg). After that, to uncover the left external carotid artery, a mid-line incision in the neck was performed. Through an arteriotomy, a 2.0 Fogarty arterial embolectomy catheter was inserted into the artery and moved into the common carotid artery. The balloon was first blown up with 2 atm and thereafter removed in a rotating movement in the direction of the external carotid artery. The routine was repeated thrice. After removal of the catheter, ligation of the external carotid artery was performed. In sham operated rats, the right common carotid artery was exposed without catheterization. Two weeks afterward, the rats of the SSE groups received intragastrically varying dosages of SSE, which was continued every day for the duration of 2 weeks.
Following these four weeks, the rats were euthanized and the injured carotid arteries were gathered for histology and western blot analyses.
Rat Pulmonary Arterial Hypertension Model
The pulmonary arterial hypertension model was created through a single subcutaneous injection of MCT per 60 mg/kg on day 0. Two weeks afterward, the rats of the SSE groups received intragastrically varying dosages of SSE, which was continued every day for the duration of two weeks. Four weeks following the MCT injection, anesthesia of the rats with sodium pentobarbital (30 mg/kg) was conducted intraperitoneally. Thereafter, measurement of the right ventricle systolic pressure (RVSP) was performed according to previously reported literature (Zhu et al., 2016). After the hemodynamic measurements, separation of the right ventricle (RV) was conducted, and the weight proportion of RV to left ventricle (LV) plus septum (S), and the weight proportion of RV to body weight (BW) were computed. Then, the tissues of the lung were removed for histology and western blot analyses.
Histological and Morphometric Analysis
The isolated carotid arteries and lungs taken from the rats in all experimental groups were fixated in 4% paraformaldehyde and cut into 4 μm tissue sections. H&E staining was conducted in accordance with the manufacturer’s protocols. The images were obtained through a light microscope (Nikon Corporation). The morphometric analysis was performed with the Image-Pro Plus image analysis software (Media Cybernetics, Inc., Rockville, MD, United States).
Intimal hyperplasia was defined as the formation of a neointimal layer medial to the internal elastic lamina. Intima area (IA) = internal elastic lamina area − luminal area and the medial area (MA) = external elastic lamina area − internal elastic lamina area. Thereafter, the intima/media (I/M) ratio was calculated.
For each pulmonary artery with diameters from 50 to 150μm, the degree of wall thickness (WT) was calculated in the following ways: the fraction of vascular wall thickness as WT% = 100% × (external diameter − internal diameter)/external diameter and the fraction of the vascular wall area as WA% = 100% × (total vascular area − lumen area)/total vascular area. For each section, three vessels were randomly selected for measurement. Two independent lung sections were analyzed for each animal, and the resulting values were averaged.
Immunohistochemistry
Carotid artery and lung sections were dewaxed and rehydrated. Then, at 100°C antigens were retrieved and blocked at room temperature with 5% BSA for 1 h. Following incubation overnight of the sections with anti-PCNA antibodies at 4°C, they were incubated with the addition of corresponding secondary antibodies. Then, the sections were visualized at room temperature with DAB staining for 5 min and counterstained, also at room temperature, with hematoxylin for 2 min. TUNEL assay was used to analyze apoptosis according to instructions of the manufacturer. To quantitatively calculate the percentage of PCNA and TUNEL positive cells (positive cells% = 100% × number of positive cell nuclei/total number of cell nuclei), the number of normal and positive cell nuclei was counted in three fields of each section.
Western Blot
Proteins were extracted from the carotid arteries (two or three blood vessels merged into one sample) and lungs using lysis buffer containing protease and phosphatase inhibitors. After complete homogenization on ice, the samples were centrifuged. Then the supernatants were separated with 10–12% SDS PAGE and relocated to PVDF membranes. Subsequently, the membranes were blocked at room temperature with 5% BSA for 2 h and incubated together with primary antibodies at 4°C overnight. Then, the membranes were washed and incubated at room temperature with the secondary antibodies, anti-rabbit, or anti-mouse, for 1 h. Chemiluminescence was used to visualize the protein bands. Through densitometric quantification with AlphaView software (ProteinSimple, San Jose, CA, United States), the protein content was analyzed and GAPDH was used as an internal control. Densitometry of western blot was expressed relative to control groups.
Statistical Analysis
Analyses were conducted with GraphPad Prism version 5.0 (GraphPad Software, Inc., La Jolla, CA, United States) and the data were depicted as the mean and standard error of the mean. The differences among multiple groups were analyzed with one-way ANOVA followed by the Student-Newman-Keuls post-hoc test. A p-value below 0.05 was regarded as an indication of statistical significance.
RESULTS
SSE Attenuated Neointimal Formation Induced by Carotid Artery Balloon Injury
Vascular histomorphometric analysis revealed that the intima in BI rats was thickened and that the luminal area was significantly narrowed in comparison to the control group. Notably, we observed that SSE concentrations of both 0.5 and 1 mg/kg markedly attenuated neointimal formation and stenosis, as indicated by the dramatically reduced intimal area (IA) and I/M ratio in the injured vessels (Figure 1).
[image: Figure 1]FIGURE 1 | SSE attenuated neointimal formation induced by carotid artery balloon injury. (A): Representation of neointimal formation in arteries with H&E staining. Magnification ×100, scale bar: 100 μm. (B): Representation of neointimal formation in arteries with H&E staining. L: lumen, I: intima, M: media. Magnification ×400, scale bar: 50 μm. (C), (D) and (E): Quantitative analysis for the values of IA, MA and the IA/MA ratio from images. n = 4–5 per group. ##p < 0.01 vs. CT group, *p < 0.05, **p < 0.01 vs. BI group. CT: control, BI: balloon injury, SSE0.25: sodium selenite 0.25 mg/kg, SSE0.5: sodium selenite 0.5 mg/kg, SSE1: sodium selenite 1 mg/kg, IA: intimal area, MA: medial area.
SSE Attenuated Monocrotaline Induced Pulmonary Arterial Hypertension
The parameters RVSP, right ventricle/left ventricle plus septum weight ratio (RV/LV + S) and right ventricle/body weight ratio (RV/BW) that reflect the severity of pulmonary arterial hypertension, were significantly increased after MCT injection, whereas reduction followed in the SSE 1 mg/kg group (Figures 2A–C). In addition, MCT treated rats exhibited obvious increased pulmonary artery wall thickness compared to the control group. Furthermore, SSE treatment significantly inhibited these pathological alternations in a dose dependent manner (Figures 2D–F). Overall, the results demonstrated that SSE was effective in inhibiting pulmonary arterial hypertension.
[image: Figure 2]FIGURE 2 | SSE attenuated pulmonary arterial hypertension induced by MCT. (A), (B) and (C): Quantitative analysis for the values of RVSP, RV/LV + S and RV/BW. n = 6–8 per group. (D): Representation of pulmonary artery remodeling identified by H&E staining. Magnification ×400, scale bar: 50 μm. (E) and (F): Quantification analysis of SSE on WT% and WA% for the pulmonary artery. n = 6. ##p < 0.01 vs. CT group, *p < 0.05, **p < 0.01 vs. MCT group. RVSP: right ventricular systolic pressure, RV/LV + S: right ventricle/left ventricle plus septum weight ratio, RV/BW: right ventricle/body weight ratio. WT: wall thickness, WA: wall area.
SSE Inhibits the Proliferation of VSMCs
A high-dose treatment of SSE (1 mg/kg) was selected for further analyses to additionally clarify the potential mechanisms responsible for the protective effects on VR. Considering that VSMCs’ proliferation is one of the most direct causes of VR, the cellular proliferation markers PCNA and CyclinD1 were detected and compared in balloon injury-stimulated carotid arteries and MCT-stimulated lungs from different groups. The control group demonstrated very few PCNA-positive brown cells in the blood vessels’ media, while the rats that received balloon injury and MCT injection showed a great number of PCNA-positive cells in the media and intima (the cells that were positive in balloon injury rats were primarily found in the intima). Notably, SSE significantly decreased the positive rate (Figures 3A–D). The suppression of SSE in proliferation was further validated using western blot analysis. As Figures 3E–J shows, PCNA and CyclinD1 proteins’ expression levels were obviously elevated in both balloon injury and MCT treated rats, whereas the opposite effect was observed in SSE rats.
[image: Figure 3]FIGURE 3 | SSE inhibited the proliferation of VSMCs. Representative photomicrographs of serial carotid artery (A) and lung (C) sections were immunostained for PCNA. Magnification ×400, scale bars = 50 μm. In the images, the black arrows point out the positive cells. The bar graph reflects the percentage of PCNA-positive cells in carotid arteries (B, n = 3 per group) and pulmonary arteries (D, n = 6 per group). The expression of PCNA and CyclinD1 in the carotid arteries (E,F,G, n = 3 per group) and lungs (H,I,J, n = 6 per group) was examined by western blot analysis. #p < 0.05, ##p < 0.01 vs. CT group, *p < 0.05, **p < 0.01 vs. BI/MCT group.
SSE Enhanced the Apoptosis of VSMCs
To confirm the effects of SSE on apoptosis of VSMCs, the carotid arteries and lungs of rats were subjected to TUNEL staining, and the percentage of apoptosis cells were calculated. As shown in Figures 4A–D, balloon injury and MCT markedly attenuated VSMCs’ apoptosis, which was further enhanced by SSE. Moreover, SSE significantly decreased the protein Bcl-2, which is anti-apoptotic, while it further increased the proteins Bax and Cleaved Caspase-3, which are pro-apoptotic (Figures 4E–H). These results indicate that SSE increased the apoptosis of VSMCs caused by balloon injury and MCT.
[image: Figure 4]FIGURE 4 | SSE enhanced the apoptosis of VSMCs. Representative photomicrographs of serial carotid artery (A) and lung (C) sections were immunostained for TUNEL. Magnification ×400, scale bars = 50 μm. In the images, the black arrows point out the positive cells. The bar graph reflects the percentage of TUNEL-positive cells in carotid arteries (B, n = 3 per group) and lungs (D, n = 6 per group). The expression of Bax, Bcl-2 and Cleaved Caspase-3 in carotid arteries (E,F, n = 3 per group) and lungs (G,H, n = 6 per group) was examined by western blot analysis. #p < 0.05, ##p < 0.01 vs. CT group, *p < 0.05, **p < 0.01 vs. BI/MCT group.
SSE Alleviated the Expression of Matrix Metalloproteinases
During VR, VSMCs clearly show migratory properties. Matrix metalloproteinases (MMPs), especially MMP2 and MMP9, are largely involved in and profoundly mediate the migration of VSMCs. Therefore, we examined the protein expression levels of MMP2 and MMP9 in injury induced carotid arteries and MCT treated lungs. Western blot analysis revealed significantly up-regulated MMP2 and MMP9 expression post-injury, which was dramatically alleviated by SSE treatment (Figure 5).
[image: Figure 5]FIGURE 5 | SSE alleviated the expression of matrix metalloproteinases. The expression of MMP2 and MMP9 in carotid arteries (A,B,C, n = 3 per group) and lungs (D,E,F, n = 6 per group) were examined by western blot analysis. #p < 0.05, ##p < 0.01 vs. CT group, *p < 0.05, **p < 0.01 vs. BI/MCT group.
SSE Suppressed Activation of the AKT and ERK Signaling Pathways
Vascular injury that triggers AKT and ERK signaling activation induces a crucial modification in the process of arterial reconstruction. Western blot demonstrated that p-AKT/AKT, p-ERK/ERK, p-GSK3β/GSK3β and β-catenin in balloon injury-induced rats were significantly up-regulated compared with the control rats, however, these increases were diminished by SSE (Figures 6A–C). Meanwhile, similar results were observed in lungs isolated from SSE treated rats in response to MCT (Figures 6D–F).
[image: Figure 6]FIGURE 6 | SSE suppressed activation of the AKT and ERK pathways. The expressions of p-AKT, AKT, p-ERK, ERK, p-GSK3β, GSK3β, and β-catenin in carotid arteries (A,B,C, n = 3 per group) and lungs (D,E,F, n = 6 per group) were analyzed by western blot analysis. #p < 0.05, ##p < 0.01 vs. CT group, *p < 0.05, **p < 0.01 vs. BI/MCT group.
DISCUSSION
Selenium is an essential trace element found in mammals (Rayman et al., 2008). The main forms of selenium are divided into organic selenium [such as CH3SeH and seleno-L-methionine (SeMet)] and inorganic selenium [such as SSE (Na2SeO3)] (Okuno et al., 2014). Previous studies have shown that SSE regulates multiple signaling pathways and could potentially be used clinically for systemic conditions such as different forms of cancers, inflammation, and bacterial infections (Pfister et al., 2016; Amoolya et al., 2018; Soliman et al., 2018; Wu et al., 2019). In this study, we demonstrate for the first time that SSE reversed the progression of VR induced by carotid artery balloon injury and MCT injection in rats. In both models, SSE suppressed proliferation but promoted apoptosis of VSMCs in vivo, indicating that SSE might be a promising drug for VR-related diseases.
Obstruction of the coronary flow inducted by atherosclerotic diseases can be attenuated by stent implantation. Nonetheless, the damage to the tunica media leads to restenosis and massive neointimal formation, which results in recurring ischemia (Stone et al., 2008). Therefore, it is necessary to design new drug eluting stents (Cheng et al., 2017). In the research of vascular restenosis postoperatively, a broad range of different animal models have been utilized. Although, until now, in vivo balloon injury rat models are still the most commonly utilized models, since their capacity to replicate neointimal formation and its pathogenesis are similar to humans (Orozco et al., 2012; Holt and Tulis, 2013). Therefore, our study used this model and confirmed that SSE exhibited, in rats, protection against balloon injury-induced neointimal formation, and this effect was dose dependent.
Pulmonary arterial hypertension is also a common but devastating cardiovascular disease based on VR (Thompson and Lawrie, 2017). In the present study, we used the previously described method to establish a pulmonary arterial hypertension model (Wu et al., 2020) and observed that the rats, which received daily SSE treatments two weeks subsequent to the MCT injection, had large decreases in right ventricular hypertrophy, pulmonary arterial remodeling, and pulmonary artery pressure compared with only MCT injected rats. Collectively, these results show the suppressive effect of SSE on VR-related diseases.
In vascular homeostasis, alteration of VSMC’s phenotype is fundamental. When blood vessels endure severe damage, VSMCs will change into a synthetic state from a contractile state, in which their proliferative and apoptosis resistance capacities are enhanced, and remodeling occurs gradually (Rensen et al., 2007). Proliferating cell nuclear antigen (PCNA), which is in VSMCs used as a proliferation marker, has been confirmed to be related closely to the cellular DNA’s production; therefore, the level of cell proliferation can be indicated by the amount of PCNA expression (Xu et al., 2015). The present study demonstrated that SSE inhibited the increase of, both the balloon injury and MCT injection induced, PCNA positive cells. Furthermore, previous studies have demonstrated the effectivity of SSE in eliminating cancerous cells and its close relation to the induction of apoptosis (Shigemi et al., 2017; Tao et al., 2018). In line with anti-cancer effects, SSE attenuated apoptosis resistance in VSMCs, as evidenced by growth in the number of TUNEL positive cells and the expression of pro-apoptosis markers Bax/Bcl-2 and Cleaved Caspase-3.
VSMCs maintain the capacity to differentiate unlike cardiac muscle cells, skeletal cells and other type of cells. VSMCs have the ability to transdifferentiate into a phenotype that is synthetic by secreting MMPs (mainly MMP2 and MMP9) and increasing extracellular matrix (ECM) deposition. Furthermore, the deposition of ECM promotes VSMC’s proliferation and migration (Kim et al., 2013; Kim and Ko, 2014). In our study, SSE decreased expression of MMP2 and MMP9 in the carotid artery in the balloon injury model, as well as the lung in the pulmonary arterial hypertension model.
The dynamic process of VR involves numerous molecular signaling cascades governing pathological growth and phenotypic switching of VSMCs (Rabinovitch, 2012; Jochen et al., 2015; Wu et al., 2016). Mounting evidence have shown that the activity of AKT and ERK is significantly enhanced in rat models of VR induced by balloon injury and MCT and vascular disease patients (Muto et al., 2007; Xu et al., 2013; Cai et al., 2019). The up-regulated AKT and ERK subsequently promote the proliferation, migration and apoptosis resistance of VSMCs by activating phosphorylated GSK3β (Ser9) to reduce β-catenin degradation (Riascos-Bernal et al., 2017; Li et al., 2019). Therefore, inhibition of AKT and ERK signaling is closely related to the maintenance of vascular homeostasis. Our data have shown that, in the balloon injured carotid arteries as well as the MCT treated lungs, SSE treatment lead to a reduction of the phosphorylated AKT, ERK, GSK3β (Ser9), and β-catenin, indicating that SSE significantly inhibited the AKT and ERK pathways.
Based on results from the present study, balloon injury and MCT injection induced the increase in PCNA, CyclinD1 proteins and decrease in Bax/Bcl-2, Cleaved Caspase-3. The changes of these proteins indicate that vascular injury caused by balloon injury and MCT leads to excessive proliferation and reduced apoptosis of VSMCs, and eventually to VR (Rensen et al., 2007). Therefore, we proposed that SSE improves VSMCs dysfunction and subsequently alleviates VR, and this process may be mediated by suppressing the AKT and ERK signals.
It has been reported that SSE inhibits tumor growth by regulating GSK3β/β-catenin and its upstream AKT and ERK signals (Ren et al., 2009; Kim et al., 2020). We speculate that SSE may suppress the activation of GSK3β-β/catenin by affecting AKT, ERK or their crosstalk, thus restore VSMCs to normal. In addition, the phenotype of VSMCs is strictly controlled by the platelet-derived growth factor (PDGF). Both AKT and ERK are crucial intermediate molecules in the signal transduction process of PDGF regulating VSMCs (Zhu et al., 2019). Perhaps, SSE has a certain antagonistic effect on PDGF. In order to further clarify the mechanism of action of SSE, relevant in vitro cell experiments need be performed in the future.
In conclusion, in the present study, using both rat carotid artery balloon injury model and MCT induced pulmonary arterial hypertension model, an inorganic selenium, SSE, was recognized as a prospective agent of VR according to its mediatory effects on the proliferation and apoptosis of VSMCs. The ability of SSE to alleviate VR may depend on its inhibition of AKT and ERK signaling. Even though further research is needed, the current study contributes to the standpoint that SSE is a promising candidate for the treatment of VR-related diseases.
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