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Taoren Honghua drug is a traditional Chinese medicinal drug used to treat cardiovascular disease. The aim of the study is to investigate the effects of Taoren Honghua drug on inflammation and atherosclerosis in ApoE knock-out mice and RAW264.7 cells. ApoE knock-out mice fed with high fat diet for 8 weeks were randomly divided into five groups and then continued the high fat diet, or plus Taoren Honghua drug at concentrations of 3.63, 1.815, and 0.9075 g/ml, or plus Simvastatin at 2.57 mg/kg. RAW 264.7 cells were intervened with lipopolysaccharide or lipopolysaccharide plus different concentrations of Taoren Honghua drug. Compared to mice only with high fat diet, mice with high fat diet and Taoren Honghua drug showed lower body weight, triglyceride, cholesterol, IL-6 and TNF-α, smaller plaque sizes, less lymph vessel, and T cell contents of lymph nodes, but higher IL-10 level. In RAW264.7 cells, groups with LPS plus Taoren Honghua drug had lower IL-6 and TNF-α, but higher IL-10 than LPS group, as revealed by PCR or ELISA methods. A decrease of total or phosphorylated ERK1/2, JNK, p38, ERK5, STAT3, and AKT were detected, so was the translocation of NF-κB p65 from nuclear to cytoplasm. These results suggested that Taoren Honghua drug could attenuate atherosclerosis and play an anti-inflammatory role via MAPKs, ERK5/STAT3, and AKT/NF-κB p65 signaling pathways in ApoE knock-out mice and lipopolysaccharide-induced RAW264.7 cells.
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Introduction

Cardiovascular disease (CVD) is the second leading cause of death in the overall population (Barish et al., 2019) with a prevalence of 48.0% in adults (older than 20 years) according to the data from 2013 to 2016 (Benjamin et al., 2019). The population suffering from CVD is becoming younger (Andersson and Vasan, 2018). Atherosclerosis (AS) is a pathological manifestation in most CVD patients (Conte and Vale, 2018). Inflammatory response runs through the whole AS process (Christodoulidis et al., 2014; Momiyama et al., 2014) and increases the rate of cardiovascular death (Li et al., 2019), providing a new explanation for the pathogenesis of coronary artery disease (CAD) (Tuttolomondo et al., 2012). A clinical trial has verified anti-inflammatory interventions are more precise and personalized for patients with CAD (Libby, 2017). However, the AS guidelines and clinical treatment schemes still aim to lower blood lipids and stabilize plaques (Khan et al., 2015). No targeted treatment for acute and chronic inflammation has been widely applied.

Recently, traditional Chinese medicine (TCM) researchers have been studying the anti-inflammatory effect of TCM herbs on AS (Li et al., 2019). According to TCM, AS is a manifestation of the “blood stasis status”, and therefore should be treated with blood-activating drugs. Previous studies suggested that TCM herbs with blood-activating property could exert anti-inflammatory, anti-platelet aggregation, and anti-ischemia effects on AS (Huang et al., 2011; Wang et al., 2015; Wu et al., 2017). Taoren Honghua drug (THD), based on a classical formula in an ancient book named Su’an Consilia, consists of blood-activating herbs. Clinical trials suggested that THD could effectively improve clinical symptoms of CAD caused by AS (Chen, 2011; Li, 2017). However, the underlying mechanism is still unclear.

Hence, we designed this study to explore the attenuating and anti-inflammatory effects of THD on AS in ApoE−/− mice and RAW264.7 cells.



Methods


Plant Materials

THD, which contains eleven herbs (Table 1), is offered by the Pharmacy of Longhua Hospital Affiliated to Shanghai University of Traditional Chinese Medicine. The herbs were authenticated by a pharmacognosist of Longhua Hospital Affiliated to Shanghai University of Traditional Chinese Medicine, in accordance with standard protocols of the Chinese Pharmacopoeia (Version 2015). All the herbaria are stored in the specific Herbarium Room of Longhua Hospital Affiliated to Shanghai University of Traditional Chinese Medicine. Firstly, all the herbs of the precise weight were soaked in a pot with 400 ml double distilled water (ddH2O) for 30 min, Then, the water was boiled for 30 min. After pouring out the liquid in the glassware, another 400 ml of ddH2O was added in the same pot and the procedure was repeated. The obtained liquid was mixed and concentrated in a rotary steamer to 100 ml. Finally, 12.25 g lyophilized powder was obtained in a lyophilizer. The powder was resolved in 0.9% saline for oral administration to mice and in Dulbecco’s Modified Eagle Medium (DMEM) high glucose medium supplemented with 10% fetal bovine serum (FBS) for cells intervention. High Performance Liquid Chromatography (HPLC) experiment of THD was conducted (data not shown, Additional File 1).


Table 1 | Components of THD.





Animals

The animal study protocol was approved by the ethics committee of Longhua Hospital Affiliated to Shanghai University of Traditional Chinese Medicine (No. 2019-N002, Additional File 2). The ApoE−/− mice were purchased from GemPharmatech Co., Ltd (Nanjing, Jiangsu, http://www.gempharmatech.com) and C57BL/6 mice were from Lingchang BioTech Co., Ltd (Shanghai, China). These mice were bred at the Animal Center of Longhua Hospital Affiliated to Shanghai University of Traditional Chinese Medicine.

Fifty ApoE−/− mice were randomly divided into five groups (10 mice/group): model group (MOD), high THD group (concentration at 3.63 g/ml, TH), medium THD group (concentration at 1.815 g/ml, TM), low THD group (concentration at 0.9075 g/ml, TL), and 2.57 mg/kg Simvastatin group (ST). After 8 weeks’ feeding of high fat diet (HFD), the mice were orally administrated with various concentrations of THD or Simvastatin for 12 weeks. MOD received the same volume of 0.9% saline. Meanwhile, 10 C57BL/6 mice were fed with normal diet without any intervention as the control group (CON). The body weight of the mouse was measured once a week during the experiment.

Simvastatin could decrease the low density lipoprotein cholesterol (LDL-C) level, a key risk factor of CAD, in animal experiments and decrease the levels of triglyceride and total cholesterol in clinical trials. All these are important indexes of arteriosclerotic lesions to evaluate the effects of anti-AS drugs. Therefore, Simvastatin was chosen in the present study as a positive control to evaluate whether THD could play an anti-AS role.

All mice in this study were maintained at the Animal Center of Longhua Hospital Affiliated to Shanghai University of Traditional Chinese Medicine with free access to sterile water and food. At the end of experiments, mice were sacrificed via carbon dioxide asphyxiation.



Cell Culture

To further verify the results of the in vivo experiments, we conducted in vitro cell experiments. RAW264.7 murine macrophage cell line was purchased from Shanghai Cell Bank Type Culture Collection Committee (Shanghai, China). RAW264.7 cells grown in DMEM high glucose medium supplemented with 10% FBS were maintained at 37°C in a humidified incubator with 5% CO2.

RAW264.7 cells (5×104 cells/well) were seeded into 96-well plates and incubated with various concentrations of THD (25, 50, 100, 200, 400, and 800 μg/ml) for 24 h. Cell Counting Kit-8 (Beyotime Biotechnology, China) solution (10 μl/well) was then added to the cells and incubated for 1 h. Then the absorbance of each well was measured under 450 nm to determine cell viability.

Lipopolysaccharide (LPS) was chosen as the inducer because it could enhance inflammation and might promote AS and plaque instability (Sieve et al., 2018). LPS biosynthesis has been proven to up-regulate the atherosclerotic lesion size, plaque area, and the production of IL-4, IL-6, and TNF-α in 16-week-old apolipoprotein E knok out (ApoE−/−) mice (Yoshida et al., 2018). Therefore, we believed that LPS-induced RAW 264.7 cells could simulate the inflammation in arteriosclerotic lesions.

For the inhibitors (Sellect, China), RAW264.7 cells were knocked-down (KD) with 100 μg/ml LPS and 10 μM extracellular signal-regulated kinase (ERK) 1/2 inhibitor (PD98059) or c-Jun N-terminal kinase (JNK) inhibitor (SP60012) or p38 inhibitor (SB203580) for 24 h.



Evaluation of Serum Lipid in the ApoE−/− Mice

Blood samples collected under chloral hydrate anesthesia were kept still for 1 h at room temperature and then centrifuged for 15×min at 18×g. The upper transparent serum of the samples was transferred into new tubes and diluted with ddH2O (2:3) for examinations. Total cholesterol (CHOL), triglyceride (TRIG), high density lipoprotein cholesterol (HDL), and low density lipoprotein cholesterol (LDL) levels were analyzed using automatic MODULAR biochemical identification instrument offered by the Clinical Laboratory Department of Longhua Hospital Affiliated to Shanghai University of Traditional Chinese Medicine.



ELISA for Quantitative Analysis of IL-6, IL-10, and TNF-α

The contents of interleukin (IL)-6, IL-10, and tumor necrosis factor (TNF)-α in blood serum of mice and culture medium of RAW264.7 cells were measured by Enzyme-linked immunosorbent assay (ELISA) kits (Beyotime, China) according to the manufacturer’s instructions.

Mouse blood serum was obtained as described before, and culture medium of cells was derived as follows: RAW264.7 cells (4×105 cells/well) in 96-well plates were treated with various concentrations of THD for 0.5 h, followed by incubation with 100 µg/ml LPS for 23.5 h.



Oil Red O Staining for Mice Aortic Sinus Lipid-Rich Plaque

The heart was sliced into 10-µm-thick cross-sections to reveal the atrium and aortic sinus. Frozen slices were made as follows: the fresh tissues were fixed in 4% paraformaldehyde at 4 °C for 24 h, then dehydrated in 10%, 20%, and 30% sucrose solutions for 24 h, respectively, and finally embedded with OCT glue. Frozen slices were stained with Oil Red O solution (0.5% in isopropanol, diluted with ddH2O in ratio of 3:2) for 1 h at room temperature and counterstained with hematoxylin for 2 min. The Oil Red O stained lipid-rich plaque areas were quantified using ImageJ Software. Data were expressed as the percentage of positive staining in total intimal area.



Immunofluorescence Staining for Lymphatic Vessels in Heart Atrium and T Cells in Mediastinal Lymph Nodes

Frozen slices of heart atrium and mediastinal lymph nodes were made as mentioned before. On the first day, frozen slices were fixed with 4% paraformaldehyde for 20 min and transparent with 0.1% Triton for 15 min. After being washed for three times with phosphate buffer saline (PBS), the slices were incubated with bovine serum albumin (BSA) solution for 1 h, then with anti-LYVE-1 (for lymphatic vessels in heart atrium) and anti-CD3 (for T cells in mediastinal lymph nodes) (Abcam, UK) at 4°C overnight. On the second day, after washing twice with PBS, the slices were incubated with goat anti-rabbit IgG H&L (Alexa Fluor® 488, CST, USA) at room temperature for 1 h. Then they were washed twice with PBS and mounted after staining with 4’,6-diamindino-2-phenylindole (DAPI). The immunofluorescence staining results were analyzed with ImageJ Software.



Extraction and Reverse of RNA and Real-Time Quantitative PCR

Gene expressions of IL-6, IL-10, and TNF-α at mRNA level within the mice aorta and cells were tested. RAW264.7 cells were pre-protected with THD for 0.5 h and then stimulated with LPS for 23.5 h.

Total RNA was extracted using RNA Purification Kit (EZBioscience, CN) according to the manufacturer’s instructions. 1 μg RNA was used for reverse transcription to synthesize 20 μl cDNA using PrimeScript RT Reagent Kit (TAKARA, China) according to the manufacturer’s instructions. Then 60 μl ddH2O was added to dilute it to 80 μl.

In real-time quantitative PCR (RT-PCR) using TB Green Premix EX Taq with fluorescence quantitative PCR instrument (Applied Biosystems), 4 μl of total RNA was incubated with 1 μl primer (0.1 µg/µl), 10 μl TB Green, 0.4 μl ROXII enzyme, and 4.6 µl ddH2O. PCR primers for the IL-6, IL-10, TNF-α, and β-actin were designed using online website PrimerBLAST of NCBI (National Center for Biotechnology Information) and synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). Detailed sequence of primers was listed in Table 2.


Table 2 | List of primers for real-time PCR analysis.





Western Blotting

Mouse aortas (mashed manually after frozen with liquid nitrogen) or cells (after washing twice with PBS) with radio immunoprecipitation assay (RIPA) lysis buffer were collected into 1.5 ml microcentrifuge tubes to fully dissociate for 30 min (shaken on a vortex machine completely every 10 min). The whole protein was extracted from the supernatant after centrifugation. The protein contents were measured with the bicinchoninic acid (BCA) protein assay kit (Beyotime, China), separated with 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis for 80 min and transferred onto a polyvinylidene fluoride (PVDF) membrane for 50 min. After being blocked with 2.5% BSA for 1 h, the membrane was incubated in a sealed plastic box with each primary antibody diluted using 2.5% BSA overnight at 4°C. Subsequently, the membrane was washed with Tris-buffered saline with Tween-20 (TBST) and incubated with the appropriate secondary antibody for 1 h. After washing the membrane with TBST five times for 50 min, the signal was visualized using an electrochemiluminescence (ECL) western blot kit (Beyotime, China). The bands were visualized and photographed using the ChemiScope 6000 imaging machine (CLINX, China).

RAW 264.7 cells (6×105 cells/well) with 30 min THD pre-treatment was treated with LPS for 30 min because phosphorylated-proteins levels maxed in 30 min (Wei et al., 2016).



Statistical Analysis

The results were shown as the mean ± standard deviation (SD). One-way analysis of variant (ANOVA) test was used to determine the statistical significance between groups. Statistical significance was determined at p < 0.05. All experiments were conducted three times or as indicated.




Results


THD Attenuates Body Weight and Serum Lipid Profiles in Mice

The mice in the MOD, THD, and ST groups had much higher body weights than those in the CON group after 8 weeks (P< 0.01); while after 12 weeks’ intervention of THD or ST, the body weight of mice in the THD and ST groups was significantly lower than those of the MOD group at the 20th week (P< 0.05, P< 0.01, Figures 1A, B).




Figure 1 | Body weight, serum lipid profiles and inflammatory cytokines in the ApoE−/− mice. Body weight are shown (A, B). −9 to −8 period means one week’s adaption to environment, −8 to 0 period means 8 weeks’ HFD and 0 to 12 period means 12 weeks’ THD or ST intervention. TRIG, CHOL, HLD, and LDL levels of serum were detected (C). Production of IL-6, IL-10, and TNF-α in plasma were measured by ELISA kit (D–F). Aorta gene expression of IL-6, IL-10, and TNF-α were detected by RT-PCR method (G–I). CON means control group, MOD means model group, TH means high THD group, TM means medium THD group, TL means low THD group, ST means Simvastatin group. TRIG, triglyceride; CHOL, total cholesterol; HDL, high density lipoprotein cholesterol; LDL, low density lipoprotein cholesterol. MOD group was compared to CON group and THD or ST group was compared with MOD group. Data are expressed as mean ± SD. *P < 0.05, **P < 0.01 versus CON group; #P < 0.05, ##P < 0.01 versus MOD group.



TRIG, CHOL, HDL, and LDL of serum samples were explored. As shown in Figure 1C, all the four indexes in MOD group were higher than those in CON group (P< 0.01). Compared to the MOD group, TRIG levels in all the intervention group were lower (P< 0.01, P< 0.05), while CHOL levels in TH, TM, and ST groups were lower (P< 0.01, P< 0.05). However, no significant differences were found in the HDL and LDL levels.



THD Attenuates Inflammatory Cytokine Expression in Mice

The plasma levels of three typical inflammatory cytokines, IL-6, IL-10, and TNF-α, were detected by ELISA method. As shown in Figures 1D–I, the plasma levels of IL-6 and TNF-α in MOD group increased compared with those in CON group (P<0.05, P<0.01), but after 12 weeks’ intervention of THD or ST, the levels of IL-6 and TNF-α were significantly decreased (P<0.01, P<0.01). However, the plasma level of IL-10 expression showed no significant difference among these groups except in TL group as compared to the MOD group (P<0.05). These results were consistent with the changes of mRNA level in mouse aortas as revealed by RT-PCR (P<0.01, P<0.01), except for the IL-6 mRNA level in ST group (no significant change).



THD Decreased Atherosclerotic Lesion Area in Aortic Sinus of Mice

The progress of lipid-rich plaques was assessed by Oil Red O staining. As shown in Figures 2A–F, lipid-rich plaques were clearly observed in ApoE−/− AS model mice, but not detected in mice of the CON group (P< 0.01). In contrast, a significant reduction of plaque size was detected in the THD-treated and ST-treated groups (P< 0.01) compared to MOD group (Figure 2G).




Figure 2 | Atherosclerosis of aortic sinus in mice. Oil Red O staining was used to detect the progress of lipid-rich plaques and the representative image of CON group (A), MOD group (B), TH, TM, and TL group (C–E), and ST group (F) are shown. Immunofluorescence staining method was used to show the lymphatic vessels of mice heart atrium (H1–M3) and contents of T cells in mediastinal lymph nodes (O1–R3). The areas of lesion (G), the numbers of lymphatic vessels (N) and T cell (S) were calculated respectively by ImageJ analysis software. CON means control group, MOD means model group, TH means high THD group, TM means medium THD group, TL means low THD group, ST means Simvastatin group. MOD group was compared to CON group and THD or ST group was compared with MOD group. Data are expressed as mean ± SD. **P < 0.01 versus CON group; ##P < 0.01 versus MOD group.





THD Reduced Density of Lymphatic Vessels in Heart Atrium and Number of T Cells

To observe the effects of THD on lymphatic vessel proliferation, LYVE-1 expression of epicardium in heart atrium was examined by immunofluorescence staining. As shown in Figures 2H1–M3, the density of lymphatic vessels increased, and their shapes were more discontinuous compared with CON group (P< 0.01). However, the densities of lymphatic vessels in THD and ST groups were significantly lower than that in MOD group (P< 0.01) (Figure 2N).

As CD3 was a main marker of T cells, we evaluated the contents of T cells in mediastinal lymph nodes through immunofluorescence staining. As shown in Figures 2O1–R3, the T cell content of MOD group was higher than that of CON group, and after TH and ST intervention, the T cell content decreased (Figure 2S).



Optimal THD Concentration for RAW264.7 Cells

Since 5 µg/ml THD did not result in any significant cytotoxicity in LPS-induced RAW264.7 cells, subsequent experiments were conducted with concentrations at 5, 2.5, and 1.25 µg/ml.



THD Attenuates Inflammatory Cytokine Levels in RAW264.7 Cells

Expressions of IL-6, IL-10, and TNF-α in RAW264.7 cell supernatant were detected in order to further confirm the results of the above observation. RAW264.7 cells were pretreated with THD for 0.5 h and then stimulated with LPS for 23.5 h. As shown in Figures 3A–F, the expression levels of IL-6 and TNF-α increased, while the IL-10 expression decreased in the LPS group (P< 0.01). After THD intervention, IL-6 and TNF-α fell while IL-10 rose in ELISA kit detection (P< 0.01). These results were consistent with the changes in mRNA level as revealed by RT-PCR (P< 0.01).




Figure 3 | Inflammatory cytokine levels in RAW264.7 cells. Gene expression of IL-6, IL-10, and TNF-α was measured by RT-PCR method (A–C) and production of these three cytokines were explored by ELISA kits (D–F). TH means THD at 5 µg/ml concentration, TM means THD at 2.5 µg/ml concentration, TL means THD at 1.25 µg/ml concentration. Data are expressed as mean ± SD. **P < 0.01 versus group without LPS and THD; ##P < 0.01 versus group with LPS only.





THD Inhibited MAPKs-Related Protein Expression Levels in Mice and RAW264.7 Cells

In order to testify whether the increased inflammatory cytokines, lymphatic vessels and lymph nodes were related to MAPKs, total p38, JNK, and ERK1/2 were examined by WB assays (Figure 4A). The expression of MAPKs in MOD group was higher than that in CON group (P< 0.01), lower than those in THD and ST groups (P< 0.01) except for ERK1/2 expression in ST group (Figures 4B–D).




Figure 4 | Effects of THD on different signaling pathways in mice and LPS-induced RAW264.7 cells. Protein was extracted from mice aorta. Then p38, JNK, ERK1/2, ERK5, STAT3, and AKT were tested by western blotting assay (A). Protein was extracted from RAW264.7 cells. The total and phosphorylated levels of p38, JNK, ERK1/2, ERK5, STAT3, and AKT were determined by western blotting assay (H). The quantitative results were depicted (B–G, I–N). In Figures 4A–G, CON means control group, MOD means model group, TH means high THD group, TM means medium THD group, TL means low THD group, ST means Simvastatin group. Data are expressed as mean ± SD. ** P < 0.01 versus CON group; #P < 0.05, ##P < 0.01 versus MOD group. In the Figures 4H–N, TH means THD at 5 µg/ml concentration, TM means THD at 2.5 µg/ml concentration, TL means THD at 1.25 µg/ml concentration. Data are expressed as mean ± SD. **P < 0.01 versus group without LPS and THD; ##P < 0.01 versus group with LPS only.



To further testify the above results, 5, 2.5, and 1.25 μg/ml THD-treated LPS-induced cells and phosphorylation of p38, JNK, and ERK1/2 were examined (Figure 4H), which showed a significant reduction at the phosphorylation levels of these kinases except for p-JNK/JNK in 2.5 μg/ml THD group (Figures 4I–K).



THD Suppressed ERK5/STAT3 Activation

ERK5/signal transducer and activator of transcription (STAT) 3 pathway was also investigated. As shown in Figure 4A, ERK5 of mouse aorta in THD and ST groups decreased (P< 0.01), while STAT3 was reduced in TH group (P< 0.01) but rose in ST group (P< 0.01) (Figures 4E, F).

In RAW 264.7 cells (Figure 4H), p-ERK5/ERK5 was lower in all the THD groups compared to MOD group (P< 0.01), but p-STAT3/STAT3 was decreased only in TH group (P< 0.01) (Figures 4L, M).



THD Suppressed AKT Activation and NF-κB p65 Translocation

We also investigated the effects of THD on AKT/NF-κB p65 nuclear translocation—the key regulator of AS. As shown in Figure 4A, AKT of mouse aorta in THD groups was decreased compared to that in MOD group (P< 0.05, P< 0.01) (Figure 4G). Besides, p-AKT/total AKT of RAW 264.7 cells was decreased in TH group compared to that in MOD group (P< 0.01) (Figures 4H, N).

Moreover, NF-κB p65 of RAW264.7 cells was decreased in the cytoplasm and increased in the nucleus in the LPS-stimulated group compared to CON group. After THD (5 μg/ml) intervention, NF-κB p65 levels decreased in the nucleus, suggesting that THD significantly decreased AKT activation and NF-kB p65 translocation into nuclei (Figures 5A1–D).




Figure 5 | NF-κB p65 signaling pathway in LPS-induced RAW264.7 cells. Immunofluorescence staining method was used to show the NF-κB p65 translocation (A1–C3) The ratios of positive cells were calculated by ImageJ analysis software (D). CON means control group, MOD means model group, TH means high THD group, ST means Simvastatin group. MOD group was compared to CON group and THD or ST group was compared with MOD group. Data are expressed as mean ± SD. **P < 0.01 versus CON group; ##P < 0.01 versus MOD group.





THD Decreased Inflammatory Cytokine Levels in MAPKs-KD RAW264.7 Cells

To further verify the role of MAPKs in the anti-inflammatory function of THD, three specific inhibitors (SB203580, a p38 inhibitor; SP60012, a JNK inhibitor; PD98059, an ERK1/2 inhibitor) were employed (Figures 6A–F). These inhibitors significantly blocked the production of IL-6, IL-10, and TNF-α as shown in ELISA analysis (P< 0.01). Additionally, gene expressions of IL-6, IL-10, and TNF-α were dramatically reduced by inhibitors compared to the LPS group (P< 0.05, P< 0.01).




Figure 6 | Further investigation of effect of THD on MAPKs signaling pathway. Gene expression of IL-6, IL-10, and TNF-α was detected by RT-PCR (A–C). IL-6, IL-10, and TNF-α production in the supernatant was examined through ELISA kits (D–F). SB means p38 inhibitor, SP means JNK inhibitor, PD means ERK1/2 inhibitor. Data are expressed as mean ± SD. **P < 0.01 versus group without LPS and inhibitors; ##P < 0.01 versus group with LPS only.






Discussion

Chronic inflammation worsens the condition by increasing cytokines (Patil et al., 2019). As CAD or AS is associated with inflammation, anti-inflammation is an effective therapeutic strategy to prevent disease progression (Gaudino and Crea, 2019).

The main finding of this study is the role of THD in reducing atherosclerotic area in aortic sinus by triggering anti-inflammatory response. The anti-inflammatory effect of THD found in this study is consistent with the previous research (Sen, 2016). Clinical studies also suggested that THD could improve blood stasis status and clinical symptoms of CAD patients (Weibin and Zheng, 2011; Junhui, 2017). In this research, we also found THD could decrease TRIG and CHOL levels, as well as body weight. Moreover, THD intervention decreased IL-6 and TNF-α and increased IL-10 in mice and cells. In our study, the reason why the IL-10 mRNA level and protein level did not match could be explained as follows: the translation of mRNA into protein is very complex. Non-coding RNAs might decrease the production of protein; even though the protein was produced, posttranslational modification could have an effect on the function and detection of protein; the samples used to detect mRNA or protein levels were different. In Figure 1H, the samples to detect protein production were blood serum of mice, while in Figure 1E, the samples to explore mRNA level were total RNA extracted from aorta of mice. In Figures 3E and 6E, the samples used to detect protein production were RAW264.7 cell supernate, while in Figures 3B and 6B the samples to explore mRNA levels were total RNA extracted from RAW 264.7 cells. We considered that IL-10 was a secreting protein, and thus the expression of IL-10 in cell supernate was much higher than that in cells.

According to previous papers, proliferation of lymphatic vessels in the heart and plaques was found in CAD and progressing of AS (Kholova et al., 2011; Telinius and Hjortdal Ve Dmsc, 2019), which could be a new treatment target (Vuorio et al., 2017). Additionally, T cells significantly increased in CAD patient’s peripheral blood and epicardial adipose tissues (Hwang et al., 2016; Mraz et al., 2019). Our results are in accordance with these reports: contents of lymphatic vessels in mouse heart atrium and T cells in mediastinal lymph nodes increased in MOD group. By contrast, THD decreased both lymphatic vessels and T cells.

Recently, studies have suggested that the attenuation of inflammation and AS is strongly related to MAPKs signaling pathway (Jin et al., 2010; Olejarz et al., 2014). To explore the anti-inflammatory mechanism of THD, we detected the total and phosphorylated p38, JNK, and ERK1/2 expression in mice and cells. As shown by the results, THD intervention decreased total MAPKs of mice and phospho-MAPKs of cells. The inhibitors testified that THD could achieve its anti-inflammatory function via MAPKs signaling pathway.

ERK5 is a potential therapeutic target in systematic inflammation because of it may restrain the possible side effects (Wilhelmsen et al., 2015). Moreover, Stat3 could control T cell differentiation (Yuan et al., 2019) and promote ERK5 upregulation (Liu et al., 2017). Thus, we investigated total and activated ERK5 and STAT3. Our results revealed that THD could exert the anti-inflammatory effect through ERK5/STAT3 pathway.

AKT plays a role in inflammation-associated diseases (Yan et al., 2018) and NF-κB p65 is a treatment target to control inflammation (Zhou et al., 2014; Zhang et al., 2019). Activated NF-κB can be translocated into nucleus, then the phosphorylated NF-κB becomes the transcription factors of inflammatory genes (Viatour et al., 2005). Several recent studies have highlighted the noteworthy cross-talk between the AKT and MAPK pathways (Enayat et al., 2013). Our data also indicated THD suppressed the expression of pro-inflammatory cytokines through inhibiting AKT/NF-κB p65 activity.

Compared to MOD group, we found that ST could effectively decrease the body weight, triglyceride, total cholesterol, IL-6, TNF-α, plague area, numbers of heart lymphatic vessels, and T cells in lymph nodes through p38/JNK/ERK5. Simvastatin is commonly recognized to have pleiotropic effects including anti-inflammatory effect in mice, which is consistent with the results of IL-6 and TNF-α in our mice experiments. However, Simvastatin seemed less effective compared to the THD groups. According to the HPLC results, we believe that it was the synergism of several compounds in THD, such as the amygdalin, Salvianolic acid B, and Tanshinone, that enhanced the anti-inflammatory effect.

Lots of available theories in TCM address the use of traditional plant-based medicine in CAD treatment, yet few of them has been explored. Thus, the prospect of discovering new anti-inflammatory medications is promising.

In conclusion, the primary mechanism of THD as an anti-inflammatory medicine was explored. THD was verified to suppress MAPKs, ERK5/STAT3, and AKT/NF-κB p65 signaling pathway, leading to a decreased production of pro-inflammatory cytokines in ApoE−/− mice and LPS-stimulated RAW264.7 cells. Therefore, we believe that THD plays a strong anti-inflammatory role and is worth further investigation.
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