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Background/Aim: Macrophage polarization and phenotypic switching of smooth muscle cells (SMCs) are multi-faceted events dominating atherosclerosis (AS) progression. TGF-β was proved to been one of the bridge on the crosstalk between macrophage and SMC. ShenLian (SL) was extracted from a potent anti-atherosclerotic formula. However, its exact mechanism rebalancing inflammatory microenvironment of AS remain largely unknown. Within the entirety of macrophage and SMC, this study investigated the pharmacological effects of SL on stabilizing atherosclerotic plaques.
Methods: The main components of SL were examined by high performance liquid chromatography. Co-culture and conditioned medium models of macrophage/SMC interactions were designed to identify the relationship between macrophage polarization and switching of SMC phenotypes. Flow cytometry, immunofluorescent staining, RT-PCR, western blotting, and ELISA were used to determine the expression of molecules relating to AS progression. An atherosclerosis animal model, established by placing a perivascular collar on the right common carotid artery in ApoE−/− mice, was used to investigate whether TGF-β is the key molecular mediator of SL in crosstalk between macrophage and SMC. Plaque size was defined by nuclear magnetic resonance imaging. Key markers related to phenotypic transformation of macrophage and SMC were determined by immunohistochemical staining.
Results: Results revealed that, accompanied by rebalanced M2 macrophage polarization, SL supported SMC phenotypic transformation and functionally reconstruct the ECM of plaques specifically in macrophage-SMC co-cultural model. Molecularly, such activity of SL closely related to the activation of STAT3/SOCS3 pathway. Furthermore, in co-culture system, up-regulation of α-SMA induced by SL could neutralized by 1D11, a TGF-β neutralizing antibody, indicating that SL mediated Macrophage-SMC communication by enhancing TGF-β. In the AS model constructed by ApoE−/− mice, effects of SL on phenotypic transformation of macrophage and SMC has been well verified. Specific blocking of TGF-β largely attenuated the aforementioned effects of SL.
Conclusion: Our findings highlighted that TGF-β might be the responsive factor of SL within macrophage and SMC communication. This study revealed that crosstalk between macrophage and SMC forms a holistic entirety promoting atherosclerotic plaque stability.
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INTRODUCTION
Cardiovascular diseases (CVDs) caused by atherosclerosis (AS) are the top-ranking global disease in terms of annual mortality (Moss et al., 2016). During the advanced stages of CVDs, the rupture of AS plaques can act as a major trigger for acute cardiovascular events (Badimon and Vilahur, 2014; Gistera and Hansson, 2017). Moreover, autopsy studies have shown that ruptured plaques are extremely thin and are infiltrated by large numbers of inflammatory cells (Badimon and Vilahur, 2014). Macrophage and smooth muscle cells (SMCs) are mainly responsible for regulation of inflammation and the stability of the fiber caps on plaques. (Gomez and Owens, 2012; Tabas and Bornfeldt, 2016). These two major cellular components of the fibrous cap on atherosclerotic plaques possess remarkable effects on phenotypic plasticity and play a pivotal role in preventing their rupture (Tabas and Bornfeldt, 2016; Harman and Jørgensen, 2019). Consequently, there is an urgent need to identify the precise function and interactions of macrophage and SMC with respect to atherosclerotic plaques.
As the main cellular component of the plaque fibrous cap, SMC often show a physiological trend to adopt a contractile phenotype, thus leading to normal vasoconstrictive activity (Jaminon et al., 2019). However, when blood vessels are damaged or stimulated, SMC is converted into a synthetic phenotype that is hypertrophic and promotes proliferation and migration, and reduces vascular compliance (Mathieu et al., 2020). Pathology-based studies have also documented that synthetic SMC dominates in the fibrous caps of atherosclerotic plaques and create fibrous caps that are thinner and more unstable; collectively, these features can result in an acute coronary event (Tilstam et al., 2020). Maintaining the contractile phenotype of SMC and stabilizing the extracellular matrix (ECM) are important factors when considering how to stabilize atherosclerotic plaques.
Macrophage is involved in all stages of AS and perform a dual role in that they can regulate both anti- and pro-inflammatory signals (Tabas and Bornfeldt, 2016; Shapouri-Moghaddam et al., 2018; Yang et al., 2020). M1 macrophage, in their classic activation state, are characterized by elevated levels of pro-inflammatory activity and can functionally contribute to the phenotypic switch of SMC towards a synthetic state. This process can increase the likelihood of plaque rupture (De et al., 2014; Tucureanu et al., 2016). In contrast, M2 macrophage, an alternatively activated status, exhibit strong inflammatory activity and can promote SMC to adopt a contractile state to promote plaque stabilization (Koga and Aikawa, 2012). Transforming growth factor beta (TGF-β) is viewed a maker of M2 polarized macrophage (Toma and McCaffrey, 2012). In addition, TGF-β is also a potent regulator of the synthesis and degradation of the ECM in an SMC-dependent manner (Goumans et al., 2018). Therefore, we propose that, by targeting TGF-β, bio-activity of macrophages could support the SMC phenotypic transformation and functionally reconstruct the ECM which would be beneficial for AS plaque stabilization, which is a useful therapeutic target for intervention in patients with AS.
Traditional Chinese medicine (TCM) considers atherosclerosis as the“chest bi-impediment” or “cardiac pain” induced by “Blood Heat” and “Blood Stasis” (Li, 2017; Zhang et al., 2020). After AS plaque has formed, TCM treatment of AS should be based on principle of clearing away heat and removing blood stasis. ShenLian (SL), extracted from Salvia miltiorrhiza Bunge and Andrographis paniculata which are the fully proved anti-atherosclerotic TCM formula (Guo et al., 2016; Guo et al., 2020). Salvia miltiorrhiza Bunge endowed with potent ability to promote blood circulation and remove blood stasis (Chen and Chen, 2017). Andrographis paniculata has excellent effects including clearing away heat, detoxifification, and purging fire of blood (Wu et al., 2018; Jiang et al., 2021). These functions of SL beneficial for prevent and treat atherosclerosis and cardiovascular diseases (Zhou et al., 2013; Guo et al., 2016). In our previous studies, we used high performance liquid chromatography (HPLC) to confirm the identity of the three main components (Andrographolide, Tanshinone IIA, Salvianolic acid B) of SL and revealed that these three active components existed in a certain ratio (Guo et al., 2020). Notably, Danshen dripping pills, whose main active components were extracted from Salvia miltiorrhiza Bunge, have been widely applied in the clinical treatment of CVDs since introduction into the Chinese drug market in 1994, and its pills were the first traditional Chinese medicine to complete Phase III clinical trials by the United States Food and Drug Administration (Writing Group of Recommendations of Expert Panel from Chinese Geriatrics Society on the Clinical Use of Compound Danshen Dripping Pills, 2017; Jia et al., 2018). Modern pharmacological studies have indicated that SL has the effect on intervene to atherosclerosis involving reduction of the atherosclerotic plaque area, an increase of blood flow in the proximal carotid artery, and regulation of lipids levels in the blood (Li et al., 2011; Guo et al., 2016; Guo et al., 2020). This study aimed to elucidate whether SL could enhance the bio-activity of macrophages to support the SMC phenotypic transformation and functionally reconstruct the ECM which would be beneficial for AS plaque stabilization.
MATERIALS AND METHODS
Preparation of SL Extract and Regents
Salvia miltiorrhiza Bunge and Andrographis paniculata were obtained from Beijing Tongrentang Co., Ltd. The taxonomic authenticity was identified by Professor Xirong He, who worked in the Institute of Chinese Materia Medica of the China Academy of Chinese Medical Sciences. The SL extract is composed of Salvia miltiorrhiza Bunge extract and Andrographis paniculata extract at a ratio of 15:9. The Salvia miltiorrhiza Bunge extract included two components, one extracted with ethanol (EtOH) under percolation and was then concentrated under reduced pressure, and the other was prepared by soaking in dilute EtOH, and purified using macroporous resins SP825. The Andrographis paniculata extract was prepared by soaking in dilute EtOH, and purified using macroporous resins SP825. The extraction rates of the water-soluble partial extract of Salvia miltiorrhiza Bunge was 2.27% and that of the fat-soluble extract was 1.31%. The extraction rate of Andrographis paniculata was 2.11%. The components from SL extract were Tanshinone IIA (3%), salvianolic acid B (38%), and andrographolide (20%) and were detected by HPLC (Guo et al., 2020 or Supplementary Material S1).
Rosuvastatin(P), as positive control drug, was purchased from AstraZeneca Pharmaceuticals (China) Co., Ltd. Phorbol-12-myristate-13-acetate (PMA) was obtained from Beijing Solarbio Technology Co., Ltd. Oxidized low density lipoprotein (ox-LDL) was purchased from Shenzhen Angyubio Co., Ltd. JSI-124 (Cucurbitacin I hydrate), the JAK2/STAT3 blocker, was purchased from Sigma Co., Ltd. (United States). 1D11, a murine antibody that neutralizes all three major active TGF-β isoforms, was also provided by Genzyme (Framingham, United States).
AS Animal Models and Drug Administration
Male ApoE−/− mice (n = 80, 8 weeks old, on C57BL/6 J mice genetic background), and male C57BL/6 J mice (n = 10, 8 weeks old) were purchased from HFK Bioscience Co. (Beijing, China). All mice were housed under specific pathogen-free conditions. The animal experiments were performed in accordance with the Guidelines for the Care and Use of Laboratory Animals and were approved by the local Laboratory Animal Ethics Committee of the Institute of Chinese Materia Medica of the China Academy of Chinese Medical Sciences (Beijing, China; reference number 201802014). All mice were allowed to acclimatize with a standard laboratory diet for 1 week.
The atherosclerotic model was established using perivascular constrictive silastic collars (0.3 mm in the inner diameter) that were positioned on the right carotid arteries of ApoE−/− mice. Meanwhile, the right common carotid artery of the control C57BL/6 J mice were isolated without positioning the constrictive collar. All mice were anesthetized by peritoneal injection of pentobarbital sodium (at a dose of 50 mg kg−1) during surgery.
Oneweek after surgery, ApoE−/− mice were randomly divided by weight into six groups (10 mice/group). Each group was treated orally: the model group (0.5% carboxymethylcellulose sodium); positive control (rosuvastatin, 1.3 mg kg−1 d−1); SL extract low, medium, and high groups (95, 190, and 380 mg kg−1 d−1, respectively); the TGF-β blocking group (pirfenidone, 250 mg kg−1 d−1); and the combination group (SL 190 mg kg−1 d−1 + pirfenidone, 250 mg kg−1 d−1). Based on the pharmacodynamics study results in our previous studies, we chose 95, 190, 380 mg kg−1 d−1 as the low, medium, and high doses (Guo et al., 2016). Rosuvastatin (1.3 mg kg−1·d−1, referred to as P) was chosen as a positive control drug because it is a commonly used anti-atherosclerotic drug (Kalanuria et al., 2012). The ApoE−/− mice were fed with a high-fat diet containing 10% lard, 1% cholesterol, 10% egg yolk powder, and 79% basal diet. The C57BL/6 J mice in the control group were fed ordinary rodent chow for 10 weeks.
Cell Culture
The human acute monocytic leukemia cell line THP-1 obtained from the American Type Culture Collection (United States) was cultured in RPMI 1640. The mice monocytic macrophage cell line RAW264.7 was purchased from China Infrastructure of Cell Line Resource (China) and human aortic smooth muscle cells (HVASMCs, BeNa Culture Collection, China) were cultured in DMEM, supplemented with 10% of FBS, 1% L-glutamine, streptomycin (100 μg ml−1), and penicillin (100 units ml−1) and incubated at 37°C in a 5% CO2 atmosphere.
Three days before the extraction of peritoneal macrophage, 8-week-old C57BL/6 J mice were injected with 1 ml of 3% thioglycolate medium (BD Biosciences, United States). Peritoneal macrophage was isolated by washing the peritoneal cavity with endotoxin-free phosphate buffered saline (PBS, Hyclone, United States) and cultured at 37°C in 5% CO2 in RPMI 1640 medium supplemented by 10% fetal bovine serum (FBS, Hyclone). Peritoneal macrophage cells (2 × 106·per well) were seeded into six-well plates with 1 ml fresh medium and washed three times with PBS before treatment.
Establishment of THP-1 and HVASMCs Co-culture System
We designed two co-culture systems using macrophage and SMC to detect fibrosis and inflammatory levels influenced by the SL extract.
Protocol for Co-culture Experiments

1) THP-1 culture: THP-1 cells were cultured in 24-well plates with the permeable support basket (0.4 µm pore size, Costar) and stimulated with PMA (50 μg ml−1, Solarbio, Chain) to induce their differentiation to mature macrophage. After full induction, the differentiated cells can adhere onto the upper chamber for the subsequent experiments.
2) HVASMC culture: HVASMC cells were seeded in 24-well plates and cultured for 24 h.
3) Establishment of the co-culture system: the co-culture system was established 24 h after seeding by transferring the upper basket was lined with differentiated Thp1 cells into the wells containing HVASMC.
4) Drug treatment: After the co-culture system were successfully established, the SL extract (5.0, 10.0, 20.0 μg ml−1) was added to the co-culture medium for 24 h in the absence or presence of ox-LDL (10 μg ml−1), and then the drug-containing medium was totally removed and replaced with the fresh medium (SL-free medium).
Protocol for the Conditional Medium Transfer Model
To exclude the direct influence of SL on SMC, the conditional medium transfer model was established as Figure 4A. THP-1 cell was seeded on six well plate and then stimulated with PMA (50 μg ml−1) and treated with SL (5.0, 10.0, 20.0 μg ml−1) for 24 h in the absence or presence of ox-LDL (10 μg ml−1). Next, the SL-containing medium was replaced with fresh medium (SL-free medium) for 24 h and then transferred to the HVASMC plates. The SL-free medium and HVASMC ware collected for detection of indicators.
Flow Cytometry
The cells were collected by cell scraper and fixed with 100% methanol (5 min), and then incubated in 3% FBS in 0.1% PBS-Tween 20 for 1 h to permeabilize the cells and to block non-specific protein-protein interactions followed by the antibody (CD206: 1:100 dilution, Abcam, United States; CD86: 1:150 dilution, Santa Cruz, Dallas, TX, United States) for 1 h at room temperature. The secondary antibody used was Fluorescein (FITC)-conjugated IgG (H + L) (ZSGB-BIO, China) at 1:500 dilution for 30 min at room temperature. After staining, the cells were analyzed with a CD206+gate by flow cytometry (Beckman, United States).
Western Blotting Analysis
As described previously (Li Q et al., 2016), total protein was extracted using RIPA lysis buffer (Beyotime, China) containing 20 mM Tris HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, and 1% Triton X-100. The concentration of the protein samples was detected by the BCA Protein Quantitative kit (Beyotime, China). The same amounts of denatured protein samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and the gels were electrically blotted onto a PVDF membrane (Millipore, United States). Membranes were blocked with 5% skim milk in Tris-buffered saline containing 1% Tween 20 (TBST) for 2 h at room temperature. Primary antibodies included iNOS (1:1000 dilution, Abcam, United States ), phosphorylated (phospho)-JAK2 (1:2000 dilution, Abcam), JAK2 (1:100 dilution, Bioss Antibodies, China), phospho-STAT3 (1:1000 dilution, Abcam), total-SOCS3 (1:1000 dilution, Abcam, United States), Fibronectin (1:2000 dilution, Proteintech, China), α-SMA (1:4000 dilution, Proteintech, China), phospho-Smad2/3 (1:800 dilution, Abcam), Smad2/3 (1:800 dilution, Bioss Antibodies, China). Then the membrane was washed for three times by TBS-T and incubated with secondary antibody conjugated with horseradish peroxidase (HRP). The aim bands were visualized using chemiluminescence detection reagents (Thermo, United States). β-actin (ACTB) or GDPDH was used as the internal control.
Enzyme-Linked Immunosorbent Assay
The cytokines TGF-β, tumor necrosis factor (TNF)-α, and interleukin (IL)-1β concentration from culture supernatants samples were measured by the enzyme-linked immunosorbent assay (ELISA) (Dakewei, China) method. The TNF-α, IL-1β, and TGF-β ELISA kits performed in this study were “Sandwich” kits which possess potent capacity for quantitatively measuring TNF-α, IL-1β, and TGF-β present in serum and culture media. The manufacturer’s instructions were precisely followed. The concentration of the target molecules in the sample was calculated, after making suitable correction for dilution, according to their standard curve.
RT-PCR Assay
As described previously (Chen et al., 2016), mRNA levels of Collagen1, OPN, SM-MHC, α-SMA were determined by the reverse transcriptase-polymerase chain reaction (RT-PCR) assay. Total RNA was isolated from cells using TRIzol reagent (Life Technologies, United States). The detailed steps of the RT-PCR assay were performed in accordance with the manufacturer’s instructions (Thermo Fisher Scientific, United States). GAPDH was loaded as the internal control. Forward and reverse primer sequences are shown in Table 1. The amount of RNA obtained using agarose gel electrophoresis and the results were visualized and photographed using a UV transilluminator.
TABLE 1 | Oligonucleotide primers used for RT-PCR.
[image: Table 1]Nuclear Magnetic Resonance Detection of Plaque Stability in ApoE−/− Mice
Nuclear magnetic resonance (NMR) plays a significant role in the study of experimental atherosclerosis which can effectively assess luminal narrowing (van Bochove et al., 2010). In our study, mice were sent to the National Center for Nanoscience and Technology (Beijing) for NMR detection of the left and right carotid arteries (LCA and RCA) in the tenth week after modeling. The mice were firstly anesthetized with isoflurane gas. After the mice were anesthetized, the mice were connected to a gas anesthesia snorkel and placed in a 25 mm coil. A 7.05Tmagnetic field small animal NMR imager parameters: 25 mm coil, T1WI (TR 1328 ms, TE 5.53 ms); acquisition repetition times 1 time, layer thickness 0.5 mm, layer number 23, field of view (FOV) 25 mm, self-contained. The cervical coronal section of the mouse was scanned by a spiral echo sequence (SE). The obtained images were analyzed using ImageJ 1.4u (ImageJ, NIH, United States). The raw NMR image were presented at a ratio of 1:50. Then, we calculated the LCA and RCA areas (areas of each obtained NMR images divided by 2500).
Sirius Red Staining and Immunohistochemistry
The samples to be subjected to Sirius red staining and immunohistochemistry (IHC) included the RCA within 1 cm (centering on the perivascular constrictive silastic collar (length, 3.5 mm). RCAs were fixed in 4% paraformaldehyde (pH 7.0–7.4) and then sliced into 4 μm sections for pathological evaluation. Sirius red staining (Solarbio, China) was performed according to the manufacture’s instruction for collagen staining of vascular plaque fibrous cap. Images were collected by an optical microscope graphic analysis system (BX51, Olympus, Japan). Quantification of collagen was determined with ImageJ 1.4u (ImageJ, NIHby measuring the ratio of the optical density (OD) of Sirius red staining to that of the aorta.
RCAs were sliced into 4 μm paraffin sections for pathological evaluation. Samples for IHC were subjected to heat-induced epitope retrieval and incubated with corresponding antibodies including CD86 (1:100 dilution, Santa Cruz, Dallas, TX, United States), CD206 (1:150 dilution, Abcam), α-SMA (1:2000 dilution, Proteintech, China), Fibronectin (1:200 dilution, Proteintech), MMP9 (1:200 dilution, Proteintech), at 4°C overnight, the samples for CD86 and CD206 subsequently labeled with HRP-conjugated immunoglobulin G (IgG), and α-SMA, Fibronectin, MMP9 labeled with biotin conjugated-second antibody at room temperature for 45 min. Finally, they were visualized by DAB and observed by upright microscopy (Carl Zeiss, Germany).
Statistical Analysis
All imaging results were analyzed using ImageJ 2.0 (National Institute of Health, United States). Data were presented as the mean ± standard deviations (SD) and were processed using the statistical analysis software SPSS 17.0 (SPSS Inc., United States). Statistical analyses were performed by one-way analysis of variance (ANOVA), and an LSD post hoc test was used to show differences for each pair of factor levels. p < 0.05 was considered statistically significant.
RESULTS
SL Extract Regulated Transformation of Macrophage Phenotype in an Inflammatory Injury Model
Herein, we identified the effects of SL on transformation of macrophage phenotype in the inflammatory injury model. First, we examined the effects of SL on the expression of the M1 marker CD86 and M2 marker CD206 in vitro by flow cytometry. The results in Figures 1C,F showed that SL significantly inhibited expression of CD86 (Figure 1C) and facilitated the expression of CD206 (Figure 1F). Secondly, macrophage uptakes lipoproteins, particularly ox-LDL, and then become foam cells, which have been considered the main cells that contribute to the inflammation associated with atherosclerotic lesions. Using the ox-LDL as M1 priming factors, we further investigated effects of SL on macrophage polarization in the oxidized-lipid inflammatory injury model. Figures 1A,B show that ox-LDL increased iNOS protein expression and the SL extract reversed the trend. In the cell supernatant, the SL extract reduced the expression of TNF-α, IL-1β (Figures 1D,E), and increased that of TGF-β compared to cells induced by the ox-LDL group (Figure 1G). The results suggested that the SL extract could reverse the pathological polarization state of macrophage in the LPS- stimulated and ox-LDL- stimulated inflammatory injury model.
[image: Figure 1]FIGURE 1 | SL extract regulated transformation of macrophage phenotype in an inflflammatory injury model. (A, B) Western blotting verifification of M1 macrophage polarization related marker iNOS in cells treated with SL (from 5 to 20 μg ml-1) for 24 h in RAW264.7 cells in the absence or presence of ox-LDL, n=3. (C) Effect of SL on the expression of M1 marker CD86 in RAW264.7 by flflow cytometry. n=4 (D, E) Detection of M1 macrophage polarization related markers (TNF-α and IL-1β) by ELISA in supernatant of RAW264.7 cells treated with SL 24 h, n=3. (F) Effect of SL on expression of the M2 marker CD206 in RAW264.7 by flflow cytometry in the absence or presence of LPS (50 ng ml-1), n=6. (G) Detection of M2 macrophage polarization related marker (TGF-β) by ELISA in supernatant of RAW264.7 cells treated with SL 24 h, n=3. *p < 0.05 and **p < 0.01 compared to untreated group, and #p < 0.05 and ##p < 0.01 compared to control groups treated with model group.
Transformation of Macrophage Phenotype Induced by SL Involves STAT3/SOCS3 Pathway
Based on the functional influences of SL on macrophage polarization and TGF-β, we focused on the main regulatory pathway, the STAT3/SOCS3 pathway. As shown in Figures 2A–D, the SL extract can effectively promote the phosphorylation of JAK2, STAT3 and totle SOCS3 molecules compared with the ox-LDL group. Next, we blocked the JAK/STAT3 pathway by using its inhibitor JSI-124. The up-regulation of SOCS3 induced by SL was significantly neutralized (Figures 2E,F). Above the results suggested that the SL extract could effectively stimulate up-regulation in JAK2, STAT3, and SOCS3 phosphorylation. When the JAK2/STAT3 pathway was impeded, the efficacy of the SL extract was blocked, which indicated that the SL extract activated SOCS3 via the JAK2/STAT3 pathway.
[image: Figure 2]FIGURE 2 | Transformation of macrophage phenotype induced by SL involves STAT3/SOCS3 pathway. (A–D) Detection of the phospho-JAK2, total-JAK2, phospho-STAT3, total-STAT3, total-SOCS3 and β-actin in SL-treated macrophages for 24 h, n = 3. (E,F) After specific blockading of JAK/STAT3 by JSI-124, total SOCS3 expression was detected by western blotting, n = 3. *p < 0.05 and **p < 0.01 compared to the untreated group, and #p < 0.05 and ##p < 0.01 compared to control groups treated with ox-LDL, ^ ^p < 0.01 compared with the SL-5 group, △△p < 0.01 compared with the SL-10 group, and && p < 0.01 compared with the SL-20 group.
The SL Extract Increased the SMC Contractile Phenotype Both in Macrophage-SMC Co-cultures and When Exposed to Conditioned Media Models
To clarify whether SL regulates the interaction between macrophage and SMC, we established the macrophage-SMC co-culture and conditioned medium models, as shown in Figures 3A, 4A. The functional influences of SL treatment within the macrophage-SMC unit were molecularly analyzed. Specifically, the expression of ECM components was detected by evaluating collagen1 levels. In addition, the molecular markers representing SMC phenotypic changes were also quantified by the RT-PCR assay. As shown in Figures 3B,D, OPN, chosen as the marker for synthetic SMC, were significantly decreased in the SL treated groups. Conversely, we also observed enhanced mRNA expression of SM-MHC and α-SMA as well as that of α-SMA protein, which reflected the functional state of contractile SMC. In addition, we employed a TGF-β neutralizing antibody (1D11) (Tabe et al., 2013). in the co-culture system to investigate whether SL-induced SMC phenotypic switching was dependent on TGF-β released from M2 polarized macrophage. Consistent with our existing data, the result indicated that 1D11 neutralized the contractile SMC related marker (α-SMA) in the macrophage/SMC co-culture model. The above results may provide a molecular explanation of the induction of the contractile phenotypic of SL within the macrophage-SMC unit.
[image: Figure 3]FIGURE 3 | SL increases SMCs contractile phenotype in macrophage/SMC co-culture model. (A)In vitro, the protocol of co-culture model for efficacy identification of SL. (B–F) RT-PCR assay for ECM related marker (Collagen1), synthetic SMCs related markers (OPN), contractile SMCs related markers (SM-MHC, α-SMA) in HVASMCs from macrophage/SMCs co-culture model (G–I) Detection of the protein expression of Fibronectin, α-SMA and GAPDH treated with SL in HVASMCs from the macrophage/SMC co-culture model. (J, K) TGF-β was neutralized by TGF-β neutralizing antibody (1D11), Western blotting analysis for α-SMA protein expression (L) TGF-β levels detected by ELISA in the supernatant of macrophage/SMC co-culture model (M, N)p-SMA 2/3 normalized by Smad2/3 levels in the western blotting assay. *p < 0.05 and **p < 0.01 compared with the untreated group, and #p < 0.05 and ##p < 0.01 compared to control groups treated with ox-LDL, ^p < 0.05 compared with the SL-5 group, △p < 0.05 compared with the SL-10 group, and &p < 0.05 compared with the SL-20 group, n = 3.
[image: Figure 4]FIGURE 4 | SL increases the SMC contractile phenotype in the macrophage/SMC conditional medium transferring model. (A)In vitro, the protocol of macrophage/SMC conditional medium transferring model for efficacy identification of SL. (B-F) RT-PCR assay for ECM related marker (Collagen1), synthetic SMC-related marker (OPN), contractile SMC-related markers (SM-MHC, α-SMA) in HVASMCs from the macrophage/SMC conditional medium transferring model. (G-I) Detection of the protein expression of fibronectin, α-SMA, and GAPDH treated with SL in HVASMCs from the macrophage/SMC conditional medium transferring model. (J) TGF-β levels detected by ELISA in the supernatant of the macrophage/SMC conditional medium transferring model. (K, L) p-Smad 2/3 normalized by Smad 2/3 level in western blotting assay. *p < 0.05 and **p < 0.01 compared with the untreated group, and #p < 0.05 and ##p < 0.01 compared to control groups treated with ox-LDL, n = 3.
To specifically demonstrate that the phenotypic changes of SMC induced by SL were based on the integrative influences on the macrophage-SMC unit rather than on the direct effects on SMC alone, the conditioned medium transfer model was designed. In this model, SL extracts were first used to treat the macrophage alone. By replacing the SL-containing medium with drug-free medium at 24 h after treatment, we ensured that the direct effects of SL on the SMC could be clearly excluded. In accordance with our hypothesis, the results showed that the SL possesses the effect of up-regulating the mRNA of Collagen1, SM-MHC, α-SMA as well as the protein expression of fibronectin and α-SMA, and down-regulating mRNA of OPN.
Mechanistically, TGF-β/Smad2/3 is the primary pathway maintaining the SMC phenotypic balance and is responsible for the stability variation of AS plaques. In light of such recognition, our results indicated the activation states of this pathway in the presence of SL using the above-mentioned models. Figures 4L–N and Figures 1J–L show that the elevated concentrations of TGF-β can be effectively induced by SL exposure, and as a result, increased the phosphorylation level of Smad2/3 downstream of TGF-β.
Specific Blocking of TGF-β Attenuated the Functional Plaque Stability Provided by SL in ApoE−/− Mice
The silastic collars were positioned to the right carotid arteries of ApoE−/− mice to establish the atherosclerotic plaque model. The effects of SL on acrophage-SMC unit and plaque stability was verified in vitro. Specific blocking of TGF-βof ApoE−/− mice was used to investigate whether TGF-β is responsive molecular mediator of SL.
Pharmacologically, as NMR image described (Figure 5A), in RCA of sham group, the inner wall of the blood vessel is clear, the shape is basically round and the lumen is transparent. In the model group, vascular lumen was almost blocked in RCA. While the LCA, the healthy carotid, the edge of the vessel wall has irregularities, and some highlights indicate the formation of small lipid plaques. By detecting the coronal view area, as shown in Figure 5A the areas of RCA and LCA in the model group were significantly reduced compared with the sham group. The vascular area in the Rosuvastatin group was significantly improved compared with the model group. Similarly, SL increased the coronal view area, especially in the middle and high dose groups.
[image: Figure 5]FIGURE 5 | Specific blocking of TGF-β attenuated the functional plaque stability provided by SL in ApoE-/- mice. (A) Carotid artery coronal images captured by NMR and measurements of areas of the RCA and LCA. (B, C) TNF-α and TGF-β in the serum of treated were detected by ELISA. (D) Intravascular Sirius red, Scale bar, 800 μm. (E, F) IHC analysis and measurement of atherosclerotic aortic root, the expression of M1 macrophage polarization related marker CD86 and M2 macrophage polarization related marker CD206, Scale bar, 1000 μm. (G, H) IHC analysis and measurement of plaque, the expression level of contractile SMCs related markers α-SMA, ECM related marker Fibronectin, Scale bar, 1500 μm. (I) IHC analysis for MMP9, Scale bar, 1000 μm. *p < 0.05 and **p < 0.01 compared to the sham-treated group, and #p < 0.05 and ## p < 0.01 compared to model group, P = Rosuvastatin, Pi = Pirfenidone, n = 3.
In this model, to molecularly further identify the activity of SL on phenotypic transformation of macrophage and SMC. Representative factors of phenotypic transformation of macrophage and SMC were detected. As shown in Figure 5, the intervention of SL extract could effectively reduce the production of inflammatory cytokine TNF-α and increase the content of pro-inflammatory cytokine TGF-β in the mice serum (Figures 5A). Histopathologically, SL extract could increase the expression of M2 polarization maker CD206 (Figure 5F) and decrease the expression of M1 polarization maker CD86 (Figure 5E). Meanwhile, collagen is an indispensable and protective component for a stable plaque. Rosuvastatin and SL (SL-M and SL-H) was increased the collagen expression in plaque compared with model group (Figure 5D). We further verified the effects of SL on SMC phenotype switching and ECM. Contractile SMC related markers α-SMA, ECM related marker Fibronectin were increased by SL (Figures 5G,H). But as for the extracellular matrix, MMP-9 was reduced significantly in Rosuvastatin and SL extract groups (Figure 5I). This results ware in line with those obtained in vitro experiments.
Mechanistically, to further explore whether the TGF-β was the responsive molecular mediator of SL. Pirfenidone (Pi), the TGF-β blocker, was applied to the AS mice model. The Pi and SL-M combination group attenuated the effects of SL in regulating the RCA area of the arteries (Figure 5A), TNF-α (Figure 5B) and TGF-β (Figure 5C) levels, the intensity of collagen (Figure 5D), CD86 (Figure 5E), α-SMA (Figure 5G), and MMP-9 (Figure 5I) compared with the SL-M group.
Collectively, above data consistently demonstrated that SL treatment functionnally promotes macrophage-SMC unit and stabilizes atherosclerotic plaques which shown high correlation with TGF-β.
DISCUSSION
The stability of the atherosclerotic plaques is characterized by both dynamicity and plasticity, which contribute significantly to the progression of AS (Libby et al., 2011). A dense fibrosis plaque tends to be stable in the coronary artery. Conversely, when fibrous caps become thinner and contain a reduced number of collagen, there is a tendency for stable plaques to become much more vulnerable. Vulnerable plaques represent the trigger for the majority of acute cardiovascular events but are also the adjustable step in the progression of AS (Harman and Jørgensen, 2019). Therefore, maintaining the stability of plaques might extend the therapeutic time-window for patients who have already formed plaques. Furthermore, the development of drugs that can effectively target vulnerable plaques, especially during the late-phase of atherosclerosis, may make a significant contribution to the reduction of acute cardiovascular events. Previous studies have demonstrated that SL treatment possesses potent anti-atherosclerotic capabilities, at both theoretical and therapeutic levels (Li et al., 2011; Zhou et al., 2013; Guo et al., 2016; Li Y. J et al., 2016). In vivo, our results further showed that the collagen in plaque was up-regulated by SL (Figure 5D), meanwhile, the constituent of ECM was also changed in SL groups (Figures 5H,I). These results were consistently suggested that SL possessed potential effect on stabilizing atherosclerotic plaque.
Vulnerable plaque in AS was characterized by thin fibrous cap that is infiltrated by inflammatory cells and low VSMC density (Falk et al., 2013) (Koga and Aikawa, 2012) reported that macrophage may promote the activation and pro-atherogenic functions of SMC. In the AS model constructed by ApoE−/− mice, we have evaluated the protein expression of phenotypic transformation of macrophage and SMC markers, which suggested that SL possesses a capacity for transferring phenotype of macrophage and SMC which would be beneficial for AS plaque stabilization (Figures 5E,F). Notably, besides the detection of markers in transformation of macrophage and SMC phenotype in vivo, we also have evaluated the protein expression of M1 and M2 makers in macrophage in vitro (Figure 2), which could further reflect the SL effects on M1/M2 polarization. Mechanically, the influence to macrophage of SL was closely correlated and likely attributable to the regulation of STAT3/SOCS3 pathway (Figure 3).
Although SL displayed the function on transformation SMC phenotype in vivo (Figure 5G), SL had no direct effect on protein expression of α-SMA (Supplementary Material S2), a contractile SMC related marker in vitro. Inspired by the interaction of macrophages and SMC and the effect of SL on macrophage, two co-culture systems were designed to identify whether SL regulate the crosstalk of the two cells to stabilize atherosclerotic plaque. The co-culture model represents an in vivo inflammatory microenvironment for SMC, while we excluded the direct influence of drugs on SMC by using the conditioned medium system. Confining within the macrophage-SMC communication, we observed the SL enhanced the bio-activity of macrophages to support the SMC phenotypic transformation and functionally reconstruct the ECM which would be beneficial for AS plaque stabilization. This pharmacological influence to macrophage of SL shares high similarity to and might be determined by M2 polarization in microenvironment from AS plaque.
SMC often reside close to macrophage in vascular lesions and are most likely to be influenced by cytokines released from polarized macrophages (Koga and Aikawa, 2012). Among all this factors, TGF-β has been proved to be the most dominant effect in pharmacological regulation (Vergallo and Crea, 2020). Our results showed that SL enhanced TGF-β expression in the supernatant of macrophage and two co-culture systems (Figures 1J, 2G, 4L), accompanied by increasing of contractilepic SMC(Figures 1, 4). TGF-β is often considered to have atheroprotective properties due to its role in tissue repair, particularly with regard to the biosynthesis of collagen and the reorganization of the ECM (Goumans et al., 2018). In our study, in the atherosclerotic model, a specific blocking or neutralizing of TGF-β largely attenuated SMC with a contractile phenotype and the anti-atherosclerotic function of SL. These results indicated that TGF-β might be the responsive factor of SL within macrophage and SMC communication.
The crosstalk between macrophage and SMC is a complex communication network involved multiple factors, dominated by but not limited to TGF-β, including platelet-derived growth factor, fibrogenic connective tissue growth factor, macrophage colony stimulating factor, MCP-1, IL-6 and so on (Hayashi et al., 1992; Vasudevan et al., 2003; Kang et al., 2012; Koga and Aikawa, 2012). As exemplified as growth factors (Hayashi et al., 1992; Kang et al., 2012), platelet-derived growth factor and fibrogenic connective tissue growth factor from macrophage were proved to foster the VSMC and promote its proliferation.
In conclusion, the present study demonstrated that SL stabilized atherosclerotic plaques, in which TGF-β might be the bridge factor within macrophage-SMC unit. In the future studies, we need a more systematic analysis to determine how SL enhances this unit to pharmacologically stabilize vulnerable plaques.
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