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Vascular smooth muscle cell (VSMC) phenotypic transition represents the fundamental pathophysiological alteration in the vascular remodeling process during the initiation and progression of cardiovascular diseases. Recent studies have revealed that Icariside II (ICS-II), a flavonol glycoside derived from the traditional Chinese medicine Herba Epimedii, exhibited therapeutic effects in various cardiovascular diseases. However, the therapeutic efficacy and underlying mechanisms of ICS-II regarding VSMC phenotypic transition were unknown. In this study, we investigated the therapeutic effects of ICS-Ⅱ on vascular remodeling with a rat’s balloon injury model in vivo. The label-free proteomic analysis was further implemented to identify the differentially expressed proteins (DEPs) after ICS-II intervention. Gene ontology and the pathway enrichment analysis were performed based on DEPs. Moreover, platelet-derived growth factor (PDGF-BB)-induced primary rat VSMC was implemented to verify the restoration effects of ICS-II on the VSMC contractile phenotype. Results showed that ICS-II could effectively attenuate the vascular remodeling process, promote SMA-α protein expression, and inhibit OPN expression in vivo. The proteomic analysis identified 145 differentially expressed proteins after ICS-II intervention. Further, the bioinformatics analysis indicated that the focal adhesion signaling pathway was enriched in the ICS-II group. In vitro studies showed that ICS-II suppressed VSMC proliferation and migration, and promoted VSMC contractile phenotype by modulating the focal adhesion signaling pathway. Taken together, our results suggest that ICS-II attenuates the vascular remodeling process and restores the VSMC contractile phenotype by promoting the focal adhesion pathway.
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INTRODUCTION
Cardiovascular diseases (CVD) and associated co-morbidities are the leading cause of death globally (Roth et al., 2020). Many of these pathologies such as hypertension (Renna et al., 2013), atherosclerosis (Kiechl and Willeit, 1999), stenosis (Pasterkamp et al., 2000), and aneurysms (Frösen et al., 2019; Cañes et al., 2021) are accompanied by sophisticated pathophysiological alterations of the vascular tone and structure, in response to external stimuli as well as genetic preconditioning, which is termed as vascular remodeling (Lyle and Taylor, 2019). The phenotypic transition of vascular smooth muscle cells (VSMCs) in the media, the most dominant cell type in vessel wall composition, plays an essential role in vascular remodeling (Jaminon et al., 2019; Shi et al., 2019). Thereby, medical treatments targeting the VSMC phenotypic transition are crucial for overcoming the tremendous burden caused by vascular remodeling of CVDs on human health (Chakraborty et al., 2021).
To date, several pharmaceuticals targeting VSMC phenotypic transition, including rapamycin and paclitaxel, have been applied in clinical practice to reverse the vascular remodeling process (Briguori et al., 2021). In addition, recently, herbal medicines, especially derivatives from anti-atherosclerotic plants, are raising attention for modulating the VSMC phenotypic transition (Saleh Al-Shehabi et al., 2016). Icariside II (ICS-II, C27H30O10, 514.57 g/mol), the bioactive metabolic ingredients of the traditional Chinese medicine Herba Epimedii, have been reported to exhibit a wide range of biological and pharmacological properties including anti-inflammatory, anti-apoptotic, and anti-cancer properties (Zheng et al., 2020). Furthermore, substantial investigations revealed the valid therapeutic efficacy of ICS-II in various cardiovascular diseases (Qi et al., 2017; Liu et al., 2018; Guan et al., 2020). However, evidence about ICS-II in the VSMC phenotypic modulation is still limited and needs to be further elucidated.
Thus, the present study aims to investigate the pharmacological effects of ICS-II on the VSMC phenotypic transition and reveal the underlying mechanisms through in vivo and in vitro experiments. Our results highlight the therapeutic benefits of ICS-II targeting VSMC phenotypic transition and support the potential of pharmacological strategies in CVD management.
MATERIALS AND METHODS
Ethics
The protocols and procedures in this present study were approved by the Experimental Ethics Committee of Zunyi Medical University. All protocols were consistent with the Guide for the Care and Use of Experimental Animals at the Animal Center of Zunyi Medical University.
Study Design and Animal Model Induction
A total of 30 SPF (specific pathogen-free) male Sprague–Dawley (SD) rats (body weight:300–400 g) were used in this study. The rats were randomly divided into three groups and subjected to the following treatments: the sham group (n = 10): received a sham operation with the same volume of saline by gavage daily; the control group (n = 10): model induction with the same volume of saline by gavage daily; the ICS-II group (n = 10): model induction with ICS-II 20 mg/kg by gavage daily. The protocols for the rat carotid artery balloon injury model were described previously (Lv et al., 2018). Briefly, the rats were anesthetized with 5% isoflurane in oxygen. A midline cervical incision was made to expose the bilateral carotid arteries. A 2F Fogarty balloon catheter (Edwards Lifesciences Corporation; United States) was inserted into the left common carotid artery (CCA) three times to disrupt the endothelium through the external carotid artery (ECA). After that, the ECA was sutured and the left CCA was re-perfused. All processes during the operation were performed by a single researcher. All rats were euthanatized on day 14 for the following experiments.
Morphometric Analysis
For the morphometric analysis, artery samples were fixed in 4% paraformaldehyde, embedded in paraffin, and then sectioned into 4 mm thickness. After deparaffinization and rehydration, sections were stained with hematoxylin and eosin (H&E) to observe the morphological changes. For each section, five randomly selected non-continuous microscopic fields were pictured to determine the mean thickness value of the intima and media, respectively. Finally, the thickness ratio of intima to media of each section was determined.
Immunohistochemistry
IHC experiments were implemented for assessing the protein expression level of the VSMC synthetic marker OPN in vitro. Protocols for the IHC experiments were described previously (Wen et al., 2020). In brief, after de-paraffinization and rehydration, sections were incubated with 3% H2O2 to deactivate endogenous peroxidase followed by a heat-induced antigen retrieval process. Then, sections were incubated with primary and secondary antibodies before image acquisition.
Tissue Lysis and Protein Extraction
The arterial tissue samples were lysed with an SDT (4% SDS in 0.1 M Tris-HCl, pH = 7.6) solution, transferred into a Lysing Matrix A (MP, cat: 6910-100-99219) tube, and homogenized and broken with an MP homogenizer (MP Fastprep-24 5G, 24 × 2, 6.0 M/S, 60 s, twice). The supernatant was filtered through a 0.22 µm centrifuge tube and the filtrate was collected. Protein quantification was performed using the BCA (Beyotime Biotechnology, P0012) method. About 80 μg of the protein solution was taken for each sample, and DTT (dithiothreitol, Sigma, 43819-5G) was added to a final concentration of 100 mM, boiled for 5 min, and cooled to room temperature. Then, 200 μL of the UA (8 M urea in 0.15 M Tris-HCl, pH = 8.5) buffer was added, mixed, and transferred to a 30 kDa ultracentrifuge tube (Sartorius, VN01H22); the mixture was centrifuged at 12,500 g for 15 min, and the filtrate (repeat this step once) was discarded. Further, 100 μL of IAA (iodoacetamide, Sigma, I1149-5G) buffer (100 mM IAA in UA) was added and the mixture was shaken at 600 rpm for 1 min and centrifuged at room temperature for 30 min at 12,500 g for 15 min. Then, 100 μL of the UA buffer was added and centrifuged at 12,500 g for 15 min. Subsequently, 100 μL of 40 mM NH4HCO3 solution was added, centrifuged at 12,500 g for 15 min, and the procedure was repeated twice. After that, 40 μL of trypsin buffer (4 μg of trypsin in 40 μL of 40 mM NH4HCO3 solution) was added and the mixture was shaken at 600 rpm for 1 min, and allowed to stand at 37°C for 16–18 h. The collection tube was replaced with a new one and centrifuged at 12,500 g for 15 min; then 20 μL of 40 mM NH4HCO3 solution was added and centrifuged at 12,500 g for 15 min, and the filtrate was collected. The peptide was desalted by C18 Cartridge (Waters, WAT023590), and 40 μL of 0.1% formic acid (Thermo Fisher Scientific, A117) solution was added after the peptide was lyophilized; the peptide was quantified (OD 280).
Label-free Quantitative Proteomic Analysis
For LC–MS/MS analysis, each sample was analyzed using the Easy nLC system (Thermo Fisher Scientific). Buffer solution A was 0.1% formic acid in water and solution B was 0.1% formic acid with 80% acetonitrile in water. The chromatographic column was equilibrated with 100% solution A. Samples were separated by autosampler loading onto an analytical column (Thermo Fisher Scientific, Acclaim PepMap RSLC 50 μm × 15 cm, nano Viper, P/N164943) at a flow rate of 300 nL/min. The samples were separated by chromatography and analyzed by mass spectrometry using a Q Exactive (Thermo Fisher Scientific) mass spectrometer. Precursor mass spectra were recorded in a 350–1,800m/z (mass/charge ratio) mass range at 70,000 resolution and 17,500 resolution for fragment ions. Data obtained were analyzed using MaxQuant (version 1.5.5.1) against the UniProt database (Uniprot_RattusNorvegicus_36080_20180123) based on the LFQ (label-free quantitation) method (Cox et al., 2014) with the following parameters: enzyme, trypsin; max missed cleavages, two; main search, 4.5 ppm; first search, 20 pp; MS/MS tolerance, 20 ppm; fixed modification, carbamidomethyl (C); dynamic modification, oxidation (M), acetyl (protein N-term); peptide and protein FDR (false discovery rate), <0.01.
Analysis of Differentially Expressed Proteins (DEPs)
The DEP Package (Zhang et al., 2018) in R software (version: 4.0.2) was applied for differentially expressed protein analysis. Proteins were filtered to remove contaminants and missing values in more than one sample per group. Then, background correction and normalization by the variance-stabilizing transformations method (Huber et al., 2002) were performed. The remaining missing values were estimated and imputed by impute.MinProb function for left-censored missing data (Lazar, 2015). A differential expression analysis based on protein-wise linear models with empirical Bayes statistics was then performed on the imputed dataset. Proteins with the absolute value of fold change >1.5 and p-value < 0.05 were identified as significant DEPs.
Construction of Protein–Protein Interaction (PPI) Network
Construction of the PPI network was implemented with the Search Tool for Retrieval of Interacting Genes/Proteins (STRING: https://string-db.org/) database (Szklarczyk et al., 2019) with criteria of medium confidence (interaction score >0.4). Then, the derived PPI network was visualized and analyzed by the analysis network function via Cytoscape (version 3.8.0) (Shannon et al., 2003) software. Proteins in the aforementioned PPI network with a degree >5 were selected for visualization and subsequent enrichment analysis.
Functional and Pathway Enrichment Analysis
Enrichment analysis regarding Gene Ontology (GO) (Ashburner et al., 2000) terms describing the biological process (BP), molecular function (MF), and cellular component (CC), as well as the Kyoto Encyclopedia of Genes and Genomes (KEGG) (Ogata et al., 1999) pathway, were performed by using the clusterProfiler (Yu et al., 2012) package in R. Enriched terms with FDR <0.05 were selected and visualized.
Cell Culture and Experimental Design
Rat VSMCs were primarily isolated and cultured by the explant method as described previously (Li et al., 2020). In brief, thoracic aortas were gently dissected from 8-week-old male SD rats and the surrounding connective tissue was removed. Aortas were longitudinally dissected, and the epithelial monolayer was detached by scraping. Tissue fragments were delivered to culture plates with Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. After 2 days, tissue fragments were removed and the sprouting VSMCs were maintained until 80% confluence. Cells were trypsinized and seeded on a culture flask for in vitro experiments. All cells were maintained in a humidified atmosphere containing 5% CO2 at 37°C, and passages between three and six were used in the present study.
The primarily cultured VSMCs were randomly divided into three experimental groups: the control group, 0.5% DMSO; the PDGF group, 25 ng/ml PDGF; and the ICS-II group, 20 μM ICS-II + 25 ng/ml PDGF. All experimental cell groups were incubated with corresponding drugs for 24 h, respectively.
Immunofluorescence (IF)
Briefly, cells were seeded onto coverslips and incubated for 24 h in 6-well plates. After that, the cells were fixed with formaldehyde and permeabilized with 0.25% Triton X-100 in PBS and 1% bovine serum albumin (BSA) for 5 min. Cells were then blocked with 5% goat serum in PBS for 1 h. Then, the cells were incubated with primary antibodies overnight at 4°C and treated with secondary antibodies in 3% BSA in PBS for 2.5 h at room temperature. Then, the nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) and observed under a fluorescence microscope. Negative isotypes were incubated with PBS under the same conditions.
Western Blot
Briefly, the total proteins from different groups were extracted by lysing VSMCs with RIPA buffer (Beyotime, Shanghai, China), and the protein concentration was determined by using a BCA Protein Assay Kit (Beyotime, Shanghai, China). Then, the protein samples were separated by SDS–PAGE and subsequently transferred to PVDF membranes (Millipore, United States). After being blocked in 5% BSA at room temperature for 2 h, membranes were incubated for 12 h at 4°C with primary antibodies. After being washed three times with PBS, HRP-conjugated secondary antibodies were used to incubate the membranes for 1 h at room temperature. Finally, protein bands were visualized using chemiluminescence equipment.
In vitro Scratch Assay
The primarily cultured VSMCs were seeded into 6-well plates at a cell density of 5×105 until 80% confluence. The cells were scratched with a 10 μL pipette tip, the residue was rinsed, and the corresponding drugs with the medium containing 1% serum were added. The cell scratch assay was observed under an inverted microscope (Olympus, Japan), and photographed at 0 and 24 h, respectively.
Transwell Migration Assay
The VSMC transwell migration assay was implemented using 24-well transwell chambers (8 μm pore size; BD Biosciences, United States). Briefly, a total of 10,000 cells per well were re-suspended in a serum-free medium with corresponding interventions, respectively. Cells were then added into the top chamber with the same medium containing 10% FBS at the bottom of the chambers. After 24 h, the migrated cells through the biofilms were fixed and stained with a crystal violet staining solution (C0121, Beyotime, China) for morphological observation with the microscope (Olympus, Japan).
Statistical Analysis
Results are expressed as mean ± SEM (standard error of the mean) and the statistical significance between the means of the two groups was determined by the two-tailed t-test or Mann–Whitney test. The p-value < 0.05 was considered statistically significant. GraphPad Prism (version 8.2.1, United States) was used for all statistical analyses.
RESULTS
ICS-II Attenuated Vascular Remodeling and Restored VSMC Contractile Phenotype in vivo
To investigate the role of ICS-II in vascular remodeling, a rat carotid artery balloon injury model was implemented, which is capable of mimicking vascular remodeling as well as VSMC phenotypic transition validly in vivo (Tulis, 2007; Zhang and Trebak, 2014). Results from the morphometric analysis showed that ICS-II significantly suppressed intima thickness and intima/media ratio (Figure 1A–C) at day 14 compared to the control group (p < 0.05). Immunohistochemistry experiments showed that SMA-α, a contractile phenotype marker of VSMC, was significantly enhanced in the arterial tissue compared with the control group (p < 0.05), as shown in Figures 1D,E. In contrast, the expression level of synthetic marker OPN was attenuated after ICS-II administration (Figure 1F,G). The data aforementioned indicated that ICS-II effectively attenuated the vascular remodeling process and restored VSMC contractile phenotype in vivo.
[image: Figure 1]FIGURE 1 | ICS-II attenuated vascular remodeling and restored the VSMC contractile phenotype in vivo. (A) Representative H&E staining images of the injured left common carotid arteries from the sham group, control group, and ICS-II group, respectively. (B) Quantification of the intima thickness. (C) The lesion was calculated using the ratio of intima/media. (D) Representative IHC images of SMA-α in the sham group, control group, and ICS-II group, respectively. (E) Quantification of the SMA-α expression level in vivo. (F) Representative IHC images of OPN in the sham group, control group, and ICS-II group, respectively. (G) Quantification of the OPN expression level in vivo. X100, scale bar = 100 μm; X400, scale bar = 20 μm; Data are presented as mean ± S.E.M. N = 5 per group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
DEP Analysis After ICS-II Intervention
To further elucidate the proteomic changes after ICS-II intervention in vascular remodeling, the label-free quantitative proteomic analysis was implemented. With the steps of filtering, normalization, and imputing missing values embedded in the DEP algorithm (Figure 2A–D), a total of 145 differential proteins (including 70 up-regulated proteins and 75 down-regulated proteins) in the ICS-II group compared to the control group, were identified. The volcano plot of the differential analysis is presented in Figure 2E. In addition, the expression levels of PTK2, PXN, ZYX, and ELN are plotted in Figure 2F, respectively. Results indicated significantly higher protein expression levels of PTK2, PXN, ZYX, and ELN in the ICS-II group compared to the control group (p < 0.05).
[image: Figure 2]FIGURE 2 | Differentially expressed protein (DEP) analysis after ICS-II intervention. (A) Overlap of protein identifications between samples. (B) The number of identified proteins per sample. (C) Comparison of raw and normalized data. (D) Protein intensity distributions before and after missing value imputation. (E) Volcano plot for DEPs between the ICS-II group and control group. (F) Bar plots of ELN, PTK2, PXN, and ZYX expression levels. ELN: elastin; PTK2: protein tyrosine kinase 2; PXN: paxilline; ZYX: Zyxin.
Bioinformatic Analysis Indicated ICS-II Enhanced VSMC Contractile Phenotype Through the Focal Adhesion Pathway
To further elucidate the underlying protein–protein interactions and intricated networks, the PPI network, and enrichment analyses were conducted. Seventy up-regulated and 75 down-regulated proteins in the ICS-II group were imported into the STRING database to derive the PPI network, as shown in Figure 3A,F, respectively. Proteins with degrees >5 were further selected for the enrichment analysis. The biological process enrichment analysis showed that up-regulated DEPs were mainly enriched in the artery development, actomyosin structure organization, response to transforming growth factor β, actin filament bundle assembly, and organization. (Figure 3B). The cellular components enrichment analysis showed that up-regulated DEPs were mainly enriched in the stress fiber, contractile actin filament bundle, actin filament, focal adhesion, actin cytoskeleton, myofibril, etc. (Figure 3C). For molecular function, enriched terms mainly included actin binding, actinin binding, muscle alpha-actinin binding, etc. (Figure 3D). The KEGG pathway enrichment analysis revealed that up-regulated DEPs were mainly correlated with focal adhesion, regulation of actin cytoskeleton, VEGF pathway, etc. (Figure 3E). For down-regulated DEPs, enriched terms mainly included fatty acid metabolism, respiratory chain complex, regulation of reactive oxygen species biosynthetic and metabolic processes, amino acid metabolism, etc. (Figure 3G–J). The aforementioned bioinformatic results indicated that ICS-II attenuated vascular remodeling through the focal adhesion pathway by enhancing the VSMC contractile phenotype and suppressing signaling pathways related to cellular metabolism.
[image: Figure 3]FIGURE 3 | PPI network construction and functional annotation. (A) PPI network construction, (B) biological process, (C) cellular component, (D) molecular function, and (E) KEGG pathway enrichment analysis based on 70 up-regulated DEPs, respectively. (F) PPI network construction, (G) biological process, (H) cellular component, (I) molecular function, and (J) KEGG pathway enrichment analysis based on 75 down-regulated DEPs. DEPs: differentially expressed proteins; PPI: protein–protein interaction; BP: biological process; CC: cellular component; MF: molecular function; KEGG: Kyoto Encyclopedia of Genes and Genomes.
ICS-II Inhibited VSMC Proliferation and Migration
To further verify that ICS-II restored the VSMC contractile phenotype during vascular remodeling, we used primarily cultured rat aortic VSMC to conduct in vitro experiments (Figure 4A,B). Excessive proliferation is the major feature during VSMC phenotypic modulation. Western blot results showed that ICS-II significantly attenuated the protein expression levels of PCNA and CCND1 (Figure 4C–E), which indicated that ICS-II inhibited VSMC proliferation. Cell migration represents another essential hallmark for the VSMC phenotypic transition. Therefore, in vitro scratch assay and transwell assay were implemented to assess the ability of VSMC migration after ICS-II intervention. Results of the scratch assay revealed the suppressed migration ability of VSMC after ICS-II intervention compared to the PDGF-BB group (p < 0.05, Figure 4F,G). The transwell assay showed similar results, as shown in Figure 4H,I.
[image: Figure 4]FIGURE 4 | ICS-II inhibited VSMC proliferation and migration. (A) VSMCs were primarily cultured by using the explant method. (B) Verification of VSMCs at passage 3 with SMA-α (green) and DAPI (blue) staining. (C) Western blot images for PCNA and CCND1. Quantification of (D) CCND1 and (E) PCNA protein levels, respectively. (F) In vitro scratch assay for control, ICS-II and PDGF-BB, and PDGF-BB + ICS-II groups, respectively. (G) Quantification of the gap area in the scratch assay. (H) Transwell migration assay for control, ICS-II, and PDGF-BB and PDGF-BB + ICS-II groups, respectively. (I) Quantification of migrated cell number in the transwell assay. Scale bar = 20 μm; Data are presented as mean ± S.E.M. N = 5 per group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
ICS-II Restored VSMC Contractile Phenotype Through the Focal Adhesion Signaling Pathway
We next examined the protein expression level of SMA-α and OPN by cellular IF experiments. Results revealed that the ICS-II intervention significantly enhanced the SMA-α expression level while it inhibited the OPN protein expression compared to the PDGF-BB group (p < 0.05, Figures 5A–D). The aforementioned results showed that ICS-II restored the VSMC contractile phenotype in vitro.
[image: Figure 5]FIGURE 5 | ICS-II restored VSMC contractile phenotype through the focal adhesion signaling pathway. (A) Co-staining of SMA-α (green) and OPN (red) for control, ICS-II, and PDGF-BB and PDGF-BB + ICS-II groups, respectively. Quantification of the relative expression level of (B) SMA-α, (C) OPN, and (D) ratio of SMA-α/OPN, respectively. (E) Western blot images for PTK2, PXN, and ZYX. Quantification of (F) PTK2, (G) PXN, and (H) ZYX protein levels, respectively. Scale bar = 20 μm; Data are presented as mean ± S.E.M. N = 5 per group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
To elucidate the role of the focal adhesion pathway in the ICS-II-induced VSMC contractile phenotype, we next examined the protein expression levels of PTK2, PXN, and ZYX after ICS-II intervention. Western blot showed significantly enhanced PTK2, PXN, and ZYX protein levels in the ICS-II group compared to PDGF-BB stimulation (p < 0.05, Figures 5E–H). Taken together, ICS-II restored VSMC contractile phenotype by enhancing focal adhesion signaling activity.
DISCUSSION
The vascular remodeling process mediated by VSMC phenotypic transition is the major pathophysiological basis of numerous cardiovascular diseases (Lyle and Taylor, 2019). Pharmacological inhibition of the VSMC phenotypic transition will inevitably provide solid strategies for the prevention and treatment of cardiovascular diseases. Emerging basic pharmacological studies underscored the vital implication of traditional Chinese herbal medicine for cardiovascular diseases and vascular remodeling processes (Liu and Huang, 2016; Wang et al., 2020). Herein, ICS-II, a bioactive flavonol glycoside derived from the traditional Chinese medicine Herba Epimedii, was validated for its therapeutic value in the vascular remodeling process. Results indicated that ICS-II attenuated vascular remodeling by restoring the VSMC contractile phenotype through the focal adhesion pathway.
The rat carotid artery balloon injury model is one of the most well-characterized and frequently practiced rodent models for investigating vascular remodeling (Holt and Tulis, 2013). Pathophysiological responses to this model include VSMC dedifferentiation into synthetic phenotype featured by VSMC proliferation and migration, enhanced extracellular matrix synthesis and deposition, and proliferation of endothelium and luminal narrowing. Deciphering the mechanisms of VSMC phenotypic regulation and elucidating how these mechanisms can be targeted for treatment are fundamental for cardiovascular diseases (Chakraborty et al., 2021). In this study, a rat carotid artery balloon injury model was selected for the therapeutic efficacy of ICS-II in vascular remodeling. The morphometric analysis revealed that ICS-II significantly suppressed the vascular remodeling process in vivo. Moreover, in vitro studies using PDGF-BB-stimulated VSMC further indicated that ICS-II restored VSMC contractile phenotype.
Maintenance of three-dimensional cellular integrity is crucial for VSMC contraction and preservation of the contractile phenotype (Yamin and Morgan, 2012). The major intracellular cytoskeletal components for contractile units of VSMC include actin, myosin, microtubules, and filaments. Moreover, the physical interactions between VSMC contractile units and the extracellular matrix also contribute to VSMC contractile capability, which is termed focal adhesion (Zhang and Gunst, 2008). Focal adhesions are integrin-mediated multi-protein assemblies that provide mechanical bridges between the intracellular actin skeleton and the extracellular matrix in numerous cell types (Geiger et al., 2009). Emerging studies have highlighted the fundamental role of the focal adhesion signaling pathway, beyond the classical calcium-dependent pathways, in modulating VSMC contraction and phenotypic alteration (Ribeiro-Silva et al., 2021). PTK2 (also named FAK) and PXN are signaling transducers that translate mechanical signals from transmembrane integrin to biochemical signals in the focal adhesion pathway; meanwhile, zyxin (coded by ZYX gene) acts as downstream actin cross-linking mediator that is tightly associated with the actomyosin apparatus (Horton et al., 2015). In our study, proteomic and enrichment analyses indicated that the focal adhesion signaling pathway was activated in VSMC after ICS-II treatment. Moreover, in vitro studies showed the enhanced protein expression levels of PTK2, PXN, and ZYX in the ICS-II group. Taken together, the current research suggests that the focal adhesion signaling pathway participates in ICS-II-induced VSMC contractile phenotype modulation.
Elastin (encoded by ELN) is the main extracellular matrix protein deposited on the arterial wall. Recent studies have indicated that elastin is not only required for ensuring the elasticity of the arterial wall but also promotes VSMC phenotypic modulation. Karnik et al. (2003) highlighted the critical role of ELN in inducing actin stress fiber organization and maintaining VSMC contractile phenotype (. Similarly, using an ELN deficiency model, Lin et al. (2021)showed that ELN knockout contributes to neointima hyperplasia and alters the VSMC phenotype (. In another study, the same group illustrated that the loss of elastin gene expression in VSMC causes discontinuous internal elastic lamina, which facilitates VSMC migration into the lumen, thus leading to neointima hyperplasia (Lin et al., 2019). Taken together, ELN, as an extracellular matrix component, is not only involved in the structural integrity of the vessel wall but also regulates VSMC phenotypic transformation in neointima formation and vascular remodeling.
Sophisticated interactive signaling pathways determined the phenotypic transition of VSMC and facilitated the development of cardiovascular diseases (Frismantiene et al., 2018). Liao et al. (2017) reported that the VEGF signaling pathway promoted VSMC proliferation and thus negatively correlated with the VSMC contractile phenotype. It is controversial that the VEGF signaling pathway was enriched in the up-regulated protein set after ICS-II intervention in our study. This may be attributed to the fact that endothelium proliferation is another major feature of the present animal model in addition to the VSMC phenotypic transition, and the VEGF signaling pathway is the major mechanism that promotes endothelium proliferation, although we scraped the endothelium during the sampling process. It is also noteworthy that the two genes enriched to the VEGF signaling pathway happened to be mainly involved in the focal adhesion pathway, which may lead to false-positive results of the enrichment analysis. The TGF-β signaling pathway was reported to be critical for VSMC phenotypic maintenance, and impairment of the TGF-β signaling pathway leads to the development of various cardiovascular diseases (Goumans et al., 2009). Consistent with this, we found that the TGF-β signaling pathway was enriched after ICS-II intervention. Conclusively, more in-depth studies are encouraged to decrypt the molecular basis and complicated signaling networks in the VSMC phenotypic transition process.
Increasing studies revealed that the VSMC phenotypic transition was driven by the metabolic switch, and VSMCs altered their metabolism to accommodate the bioenergetic demands during the phenotypic transition (Shi et al., 2020). Evidence showed that abnormal metabolic modulation of glucose, fatty acids, and amino acids, as well as metabolic crosstalk between VSMC and other cell types, played a role in the VSMC phenotypic transition during cardiovascular diseases (Shi et al., 2020). In our study, several metabolic signaling pathways were enriched after ICS-II intervention, such as oxidative phosphorylation, fatty acid metabolism, tryptophan, valine, leucine, and isoleucine metabolism, etc. Our results highlighted the underlying pivotal role of metabolism processes in the VSMC phenotypic transition during vascular remodeling; further studies are needed to emphasize the related metabolic signaling pathways during the VSMC phenotypic transition.
CONCLUSION
In conclusion, the present study demonstrates that ICS-II, a plant flavonol glycoside, attenuates vascular remodeling by restoring the VSMC contractile phenotype in vivo and in vitro. The focal adhesion pathway participated in the pharmaceutical effects of ICS-II in VSMC phenotypic modulation. Our results highlighted the potential therapeutic efficacy of ICS-II in vascular remodeling diseases such as neointima formation and restenosis. Further investigations are needed to elucidate the underlying molecular mechanisms and signaling pathways related to VSMC phenotypic modulation after ICS-II intervention in vascular remodeling.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the iProX partner repository with the dataset identifier PXD033724.
ETHICS STATEMENT
The animal study was reviewed and approved by the Experimental Ethics Committee of Zunyi Medical University (approval number: 2020.2-385).
AUTHOR CONTRIBUTIONS
HW and JL conceived and designed the whole study. HW, YL, YL and DY conducted the animal experiments and proteomic analysis. JL implemented bioinformatic analysis. XL and BL performed in vitro experiments. JL drafted the paper and HW revised it.
FUNDING
This study was supported by the National Natural Science Foundation of China (No. 81860715) and Doctor Foundation of Affiliated Hospital of Zunyi Medical University (No. 201712).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H., Cherry, J. M., et al. (2000). Gene Ontology: Tool for the Unification of Biology. The Gene Ontology Consortium. Nat. Genet. 25 (1), 25–29. doi:10.1038/75556
 Briguori, C., Visconti, G., Golino, M., Focaccio, A., Scarpelli, M., Nuzzo, S., et al. (2021). Paclitexel versus Sirolimus-Coated Balloon in the Treatment of Coronary Instent Restenosis. Panminerva. Med. [Epub ahead of print]. doi:10.23736/s0031-0808.21.04573-0
 Cañes, L., Alonso, J., Ballester-Servera, C., Varona, S., Escudero, J. R., Andrés, V., et al. (2021). Targeting Tyrosine Hydroxylase for Abdominal Aortic Aneurysm: Impact on Inflammation, Oxidative Stress, and Vascular Remodeling. Hypertension 78 (3), 681–692. doi:10.1161/HYPERTENSIONAHA.121.17517
 Chakraborty, R., Chatterjee, P., Dave, J. M., Ostriker, A. C., Greif, D. M., Rzucidlo, E. M., et al. (2021). Targeting Smooth Muscle Cell Phenotypic Switching in Vascular Disease. JVS Vasc. Sci. 2, 79–94. doi:10.1016/j.jvssci.2021.04.001
 Cox, J., Hein, M. Y., Luber, C. A., Paron, I., Nagaraj, N., and Mann, M. (2014). Accurate Proteome-wide Label-free Quantification by Delayed Normalization and Maximal Peptide Ratio Extraction, Termed MaxLFQ. Mol. Cell. Proteomics 13 (9), 2513–2526. doi:10.1074/mcp.M113.031591
 Frismantiene, A., Philippova, M., Erne, P., and Resink, T. J. (2018). Smooth Muscle Cell-Driven Vascular Diseases and Molecular Mechanisms of VSMC Plasticity. Cell. Signal 52, 48–64. doi:10.1016/j.cellsig.2018.08.019
 Frösen, J., Cebral, J., Robertson, A. M., and Aoki, T. (2019). Flow-induced, Inflammation-Mediated Arterial Wall Remodeling in the Formation and Progression of Intracranial Aneurysms. Neurosurg. Focus 47 (1), E21. doi:10.3171/2019.5.FOCUS19234
 Geiger, B., Spatz, J. P., and Bershadsky, A. D. (2009). Environmental Sensing through Focal Adhesions. Nat. Rev. Mol. Cell. Biol. 10 (1), 21–33. doi:10.1038/nrm2593
 Goumans, M. J., Liu, Z., and ten Dijke, P. (2009). TGF-beta Signaling in Vascular Biology and Dysfunction. Cell. Res. 19 (1), 116–127. doi:10.1038/cr.2008.326
 Guan, B. F., Dai, X. F., Huang, Q. B., Zhao, D., Shi, J. L., Chen, C., et al. (2020). Icariside II Ameliorates Myocardial Ischemia and Reperfusion Injury by Attenuating Inflammation and Apoptosis through the Regulation of the PI3K/AKT Signaling Pathway. Mol. Med. Rep. 22 (4), 3151–3160. doi:10.3892/mmr.2020.11396
 Holt, A. W., and Tulis, D. A. (2013). Experimental Rat and Mouse Carotid Artery Surgery: Injury & Remodeling Studies. ISRN Minim. Invasive Surg. 2013. doi:10.1155/2013/167407
 Horton, E. R., Byron, A., Askari, J. A., Ng, D. H. J., Millon-Frémillon, A., Robertson, J., et al. (2015). Definition of a Consensus Integrin Adhesome and its Dynamics during Adhesion Complex Assembly and Disassembly. Nat. Cell. Biol. 17 (12), 1577–1587. doi:10.1038/ncb3257
 Huber, W., von Heydebreck, A., Sültmann, H., Poustka, A., and Vingron, M. (2002). Variance Stabilization Applied to Microarray Data Calibration and to the Quantification of Differential Expression. Bioinformatics 18 (Suppl. 1), S96–S104. doi:10.1093/bioinformatics/18.suppl_1.s96
 Jaminon, A., Reesink, K., Kroon, A., and Schurgers, L. (2019). The Role of Vascular Smooth Muscle Cells in Arterial Remodeling: Focus on Calcification-Related Processes. Int. J. Mol. Sci. 20 (22). doi:10.3390/ijms20225694
 Karnik, S. K., Brooke, B. S., Bayes-Genis, A., Sorensen, L., Wythe, J. D., Schwartz, R. S., et al. (2003). A Critical Role for Elastin Signaling in Vascular Morphogenesis and Disease. Development 130 (2), 411–423. doi:10.1242/dev.00223
 Kiechl, S., and Willeit, J. (1999). The Natural Course of Atherosclerosis. Part II: Vascular Remodeling. Bruneck Study Group. Arterioscler. Thromb. Vasc. Biol. 19 (6), 1491–1498. doi:10.1161/01.atv.19.6.1491
 Lazar, C. (2015). imputeLCMD: A Collection of Methods for Left-Censored Missing Data Imputation. R Package Version 20. Available at: https://CRAN.R-project.org/package=imputeLCMD. 
 Li, Y. Q., Li, Y. L., Li, X. T., Lv, J. Y., Gao, Y., Li, W. N., et al. (2020). Osthole Alleviates Neointimal Hyperplasia in Balloon-Induced Arterial Wall Injury by Suppressing Vascular Smooth Muscle Cell Proliferation and Downregulating Cyclin D1/CDK4 and Cyclin E1/CDK2 Expression. Front. Physiol. 11, 514494. doi:10.3389/fphys.2020.514494
 Liao, X. H., Xiang, Y., Li, H., Zheng, L., Xu, Y., Xi Yu, C., et al. (2017). VEGF-A Stimulates STAT3 Activity via Nitrosylation of Myocardin to Regulate the Expression of Vascular Smooth Muscle Cell Differentiation Markers. Sci. Rep. 7 (1), 2660. doi:10.1038/s41598-017-02907-6
 Lin, C-J., Staiculescu, M. C., Wagenseil, J., and Mecham, R. P. (2019). VASCULAR SMOOTH MUSCLE-SPECIFIC ELASTIN DELETION IS A NOVEL GENETIC MODEL FOR NEOINTIMAL HYPERPLASIA. J. Am. Coll. Cardiol. 73 (9_Supplement_1), 2035. doi:10.1016/s0735-1097(19)32641-5
 Lin, C. J., Hunkins, B. M., Roth, R. A., Lin, C. Y., Wagenseil, J. E., and Mecham, R. P. (2021). Vascular Smooth Muscle Cell Subpopulations and Neointimal Formation in Mouse Models of Elastin Insufficiency. Arterioscler. Thromb. Vasc. Biol. 41 (12), 2890–2905. doi:10.1161/ATVBAHA.120.315681
 Liu, C., and Huang, Y. (2016). Chinese Herbal Medicine on Cardiovascular Diseases and the Mechanisms of Action. Front. Pharmacol. 7, 469. doi:10.3389/fphar.2016.00469
 Liu, X. Y., Liao, H. H., Feng, H., Zhang, N., Yang, J. J., Li, W. J., et al. (2018). Icariside II Attenuates Cardiac Remodeling via AMPKα2/mTORC1 In vivo and In vitro. J. Pharmacol. Sci. 138 (1), 38–45. doi:10.1016/j.jphs.2018.08.010
 Lv, J., Wang, L., Zhang, J., Lin, R., Wang, L., Sun, W., et al. (2018). Long Noncoding RNA H19-Derived miR-675 Aggravates Restenosis by Targeting PTEN. Biochem. Biophys. Res. Commun. 497 (4), 1154–1161. doi:10.1016/j.bbrc.2017.01.011
 Lyle, A. N., and Taylor, W. R. (2019). The Pathophysiological Basis of Vascular Disease. Lab. Invest. 99 (3), 284–289. doi:10.1038/s41374-019-0192-2
 Ogata, H., Goto, S., Sato, K., Fujibuchi, W., Bono, H., and Kanehisa, M. (1999). KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucleic Acids Res. 27 (1), 29–34. doi:10.1093/nar/27.1.29
 Pasterkamp, G., de Kleijn, D. P., and Borst, C. (2000). Arterial Remodeling in Atherosclerosis, Restenosis and after Alteration of Blood Flow: Potential Mechanisms and Clinical Implications. Cardiovasc Res. 45 (4), 843–852. doi:10.1016/s0008-6363(99)00377-6
 Qi, W., Li, Q., Liew, C. W., Rask-Madsen, C., Lockhart, S. M., Rasmussen, L. M., et al. (2017). SHP-1 Activation Inhibits Vascular Smooth Muscle Cell Proliferation and Intimal Hyperplasia in a Rodent Model of Insulin Resistance and Diabetes. Diabetologia 60 (3), 585–596. doi:10.1007/s00125-016-4159-1
 Renna, N. F., de Las Heras, N., and Miatello, R. M. (2013). Pathophysiology of Vascular Remodeling in Hypertension. Int. J. Hypertens. 2013, 808353. doi:10.1155/2013/808353
 Ribeiro-Silva, J. C., Miyakawa, A. A., and Krieger, J. E. (2021). Focal Adhesion Signaling: Vascular Smooth Muscle Cell Contractility beyond Calcium Mechanisms. Clin. Sci. (Lond) 135 (9), 1189–1207. doi:10.1042/CS20201528
 Roth, G. A., Mensah, G. A., Johnson, C. O., Addolorato, G., Ammirati, E., Baddour, L. M., et al. (2020). Global Burden of Cardiovascular Diseases and Risk Factors, 1990-2019: Update from the GBD 2019 Study. J. Am. Coll. Cardiol. 76 (25), 2982–3021. doi:10.1016/j.jacc.2020.11.010
 Saleh Al-Shehabi, T., Iratni, R., and Eid, A. H. (2016). Anti-atherosclerotic Plants Which Modulate the Phenotype of Vascular Smooth Muscle Cells. Phytomedicine 23 (11), 1068–1081. doi:10.1016/j.phymed.2015.10.016
 Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al. (2003). Cytoscape: a Software Environment for Integrated Models of Biomolecular Interaction Networks. Genome Res. 13 (11), 2498–2504. doi:10.1101/gr.1239303
 Shi, J., Yang, Y., Cheng, A., Xu, G., and He, F. (2020). Metabolism of Vascular Smooth Muscle Cells in Vascular Diseases. Am. J. Physiol. Heart Circ. Physiol. 319 (3), H613–H31. doi:10.1152/ajpheart.00220.2020
 Shi, N., Mei, X., and Chen, S. Y. (2019). Smooth Muscle Cells in Vascular Remodeling. Arterioscler. Thromb. Vasc. Biol. 39 (12), e247–e52. doi:10.1161/ATVBAHA.119.312581
 Szklarczyk, D., Gable, A. L., Lyon, D., Junge, A., Wyder, S., Huerta-Cepas, J., et al. (2019). STRING V11: Protein-Protein Association Networks with Increased Coverage, Supporting Functional Discovery in Genome-wide Experimental Datasets. Nucleic Acids Res. 47 (D1), D607–D13. doi:10.1093/nar/gky1131
 Tulis, D. A. (2007). Rat Carotid Artery Balloon Injury Model. Methods Mol. Med. 139, 1–30. doi:10.1007/978-1-59745-571-8_1
 Wang, Y., Zhang, Y., Li, T. J., Laher, I., and Wang, H. (2020). Editorial: The Potential Effect and Mechanism of Chinese Traditional Medicine on Vascular Homeostasis and Remodeling. Front. Pharmacol. 11, 599766. doi:10.3389/fphar.2020.599766
 Wen, H., Wang, M., Gong, S., Li, X., Meng, J., Wen, J., et al. (2020). Human Umbilical Cord Mesenchymal Stem Cells Attenuate Abdominal Aortic Aneurysm Progression in Sprague-Dawley Rats: Implication of Vascular Smooth Muscle Cell Phenotypic Modulation. Stem Cells Dev. 29 (15), 981–993. doi:10.1089/scd.2020.0058
 Yamin, R., and Morgan, K. G. (2012). Deciphering Actin Cytoskeletal Function in the Contractile Vascular Smooth Muscle Cell. J. Physiol. 590 (17), 4145–4154. doi:10.1113/jphysiol.2012.232306
 Yu, G., Wang, L. G., Han, Y., and He, Q. Y. (2012). clusterProfiler: an R Package for Comparing Biological Themes Among Gene Clusters. OMICS 16 (5), 284–287. doi:10.1089/omi.2011.0118
 Zhang, W., and Gunst, S. J. (2008). Interactions of Airway Smooth Muscle Cells with Their Tissue Matrix: Implications for Contraction. Proc. Am. Thorac. Soc. 5 (1), 32–39. doi:10.1513/pats.200704-048VS
 Zhang, W., and Trebak, M. (2014). Vascular Balloon Injury and Intraluminal Administration in Rat Carotid Artery. J. Vis. Exp. 94. doi:10.3791/52045
 Zhang, X., Smits, A. H., van Tilburg, G. B., Ovaa, H., Huber, W., and Vermeulen, M. (2018). Proteome-wide Identification of Ubiquitin Interactions Using UbIA-MS. Nat. Protoc. 13 (3), 530–550. doi:10.1038/nprot.2017.147
 Zheng, Y., Deng, Y., Gao, J. M., Lv, C., Lang, L. H., Shi, J. S., et al. (2020). Icariside II Inhibits Lipopolysaccharide-Induced Inflammation and Amyloid Production in Rat Astrocytes by Regulating IKK/IκB/NF-κB/BACE1 Signaling Pathway. Acta Pharmacol. Sin. 41 (2), 154–162. doi:10.1038/s41401-019-0300-2
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 © 2022 Lv, Li, Wu, Li, Luan, Li, Li, Yang and Wen. 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-13-897615-g005.gif





OPS/images/fphar-13-897615-g003.gif





OPS/images/fphar-13-897615-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Icariside II Restores Vascular Smooth Muscle Cell Contractile Phenotype by Enhancing the Focal Adhesion Signaling Pathway in the Rat Vascular Remodeling Model		Introduction

		Materials and Methods		Ethics

		Study Design and Animal Model Induction

		Morphometric Analysis

		Immunohistochemistry

		Tissue Lysis and Protein Extraction

		Label-free Quantitative Proteomic Analysis

		Analysis of Differentially Expressed Proteins (DEPs)

		Construction of Protein–Protein Interaction (PPI) Network

		Functional and Pathway Enrichment Analysis

		Cell Culture and Experimental Design

		Immunofluorescence (IF)

		Western Blot

		In vitro Scratch Assay

		Transwell Migration Assay

		Statistical Analysis





		Results		ICS-II Attenuated Vascular Remodeling and Restored VSMC Contractile Phenotype in vivo

		DEP Analysis After ICS-II Intervention

		Bioinformatic Analysis Indicated ICS-II Enhanced VSMC Contractile Phenotype Through the Focal Adhesion Pathway

		ICS-II Inhibited VSMC Proliferation and Migration

		ICS-II Restored VSMC Contractile Phenotype Through the Focal Adhesion Signaling Pathway





		Discussion

		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
'frontiers ‘ Frontiers in Pharmacology

cariside Il Restores Vascular
Smooth Muscle Cell Contractile
Phenotype by Enhancing the
Focal Adhesion Signaling
Pathway in the Rat Vascular
Remodeling Model






OPS/images/fphar-13-897615-g001.gif





OPS/images/fphar-13-897615-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





