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Abstract

Introduction: Corilagin possesses a diverse range of pharmacologic bioactivities. However, the specific protective effects
and mechanisms of action of corilagin in the context of atherosclerosis remain unclear. In this study, we investigated the
impact of corilagin on the toll-like receptor (TLR)4 signaling pathway in a mouse vascular smooth muscle cell line (MOVAS)
stimulated by oxidized low-density lipoprotein (ox-LDL). Additionally, we examined the effects of corilagin in Sprague–
Dawley rats experiencing atherosclerosis.
Methods: The cytotoxicity of corilagin was assessed using the CCK8 assay. MOVAS cells, pre-incubated with ox-LDL,
underwent treatment with varying concentrations of corilagin. TLR4 expression was modulated by either downregulation
through small interfering (si)RNA or upregulation via lentivirus transfection. Molecular expression within the TLR4 signaling
pathway was analyzed using real-time polymerase chain reaction (PCR) and Western blotting. The proliferation capacity of
MOVAS cells was determined through cell counting. In a rat model, atherosclerosis was induced in femoral arteries using an
improved guidewire injury method, and TLR4 expression in plaque areas was assessed using immunofluorescence. Path-
ological changes were examined through hematoxylin and eosin staining, as well as Oil-Red-O staining.
Results: Corilagin demonstrated inhibitory effects on the TLR4 signaling pathway in MOVAS cells pre-stimulated with ox-
LDL, consequently impeding the proliferative impact of ox-LDL. The modulation of TLR4 expression, either through
downregulation or upregulation, similarly influenced the expression of downstream molecules. In an in vivo context,
corilagin exhibited the ability to suppress TLR4 and MyD88 expression in the plaque lesion areas of rat femoral arteries,
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thereby alleviating the formation of atherosclerotic plaques.
Conclusion: Corilagin can inhibit the TLR4 signaling pathway in VSMCs, possibly by downregulating TLR4 expression and,
consequently, relieving atherosclerosis.
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Introduction

Lower limb atherosclerosis stands as the prevailing and
challenging form of peripheral arterial disease (PAD). It results
in intermittent claudication, chronic limb-threatening ischemia,
and tissue damage.1 Its intricate pathogenesis, implicating
monocytes/macrophages, lymphocytes, dendritic cells, endo-
thelial cells, and vascular smooth muscle cells (VSMCs),
undermines the effectiveness of current treatments like endo-
vascular interventions, surgery, and pharmacotherapy.2,3

Recent research has underscored the significance of
VSMCs throughout the progression of atherosclerosis. En-
dothelial injury initiates the transportation of lipids and cho-
lesterol across the endothelial barrier, triggering a cascade of
inflammatory reactions within the vessel wall. This, in turn, can
influence the migration, proliferation, and characteristics of
medial VSMCs. Notably, VSMCs exhibit reduced expression
of typical smooth muscle cell (SMC) markers like SMC
myosin heavy chain and smooth muscle α-actin, while dis-
playing substantial synthetic capabilities.4 These traits em-
power VSMCs to secrete more pro-inflammatory cytokines
and extracellular matrix, potentially fostering the development
of atherosclerosis.5 Intriguingly, VSMCs transitioning pheno-
typically into macrophage-like cells may also adopt macro-
phage markers and attributes, including elevated expression of
toll-like receptors (TLRs). In atherosclerotic plaques, cells
exhibiting macrophage markers may not necessarily derive
from bone marrow-derived macrophages. Dual positivity for
SMCs andmacrophagemarkers in a large fraction of foam cells
suggests that these cells originate from VSMCs.6

Chronic inflammation has been recognized as a hallmark of
atherosclerosis and several studies have highlighted the path-
ogenic role of TLRs. For instance, atherosclerosis is attenuated
inTLR4-deficientmice.7Oxidized low-density lipoprotein (ox-
LDL), a ligand and enhancer of endogenous TLR4, contributes
to the initiation and progression of atherosclerosis by inducing
the secretion of pro-inflammatory cytokines in VSMCs.8,9 In
addition, Lee et al. demonstrated that TLR4 can accelerate
VSMC migration by activating p38 mitogen-activated protein
kinase (MAPK) and extracellular signal-regulated kinase
(ERK)1/2 signaling.10 TLR4 ligands can lead to the prompt
activation of multiple transcription factors, such as the Nuclear
Factor-kappa B (NF-κB) and interferon regulatory factor (IRF)

families. Consequently, numerous genes amplifying the initial
inflammatory response are swiftly induced, contributing to
atherogenesis.11 This evidence implies that modulation of the
TLR4 signaling pathway could impede VSMC function and,
consequently, alleviate atherosclerosis.

Corilagin (beta-1-O-galloyl-3,6-(R)-hexa hydroxy diphe-
noyl-D-glucose, Supplemental Figure 1) was extracted from
Phyllanthus urinaria and P. niruri. It has been found to have
broad-spectrum pharmacological activity.12 Corilagin has
protective effects against cholangiocarcinoma, breast cancer,
esophageal cancer, and hepatocellular carcinoma.13–16 Notably,
in breast cancer, the microenvironment is anti-inflammatory,
which favors cancer and corilagin-regulated reactive oxygen
species (ROS) release, thereby inhibiting cancer cell prolifer-
ation.16 Xu et al. found corilagin could induce inhibition of cell
growth, induce the apoptosis of gastric cancer cells, trigger
autophagy, increase intracellular ROS production. These were
powerful evidence that corilagin may be developed as a po-
tential therapeutic drug for gastric cancer.17 Furthermore, our
research team has documented the pharmacological role of
corilagin in the protection against hepatic fibrosis induced by
schistosome eggs, its anti-inflammatory and antioxidative ac-
tions in cholestasis, and its regulation of the immune response
in herpes simplex encephalitis.18–22 Some of these biological
effects are thought to be closely associated with TLRs, par-
ticularly TLR2 and TLR4, suggesting that corilagin may have
an anti-atherosclerotic effect.

In our previous investigation, we observed that corilagin
dampened the activity of pro-inflammatory factors such as
IFN-γ, IL-1β, IL-6, and TNF-α via the TLR4 signaling
pathway in macrophages.23 Given the significant contri-
bution of macrophage-like VSMCs to atherosclerosis
progression, we sought to examine whether corilagin could
similarly impede the TLR4 signaling pathway in VSMCs,
thereby mitigating the pro-atherogenic impact of
TLR4 in vivo and in vitro.

Materials and methods

Reagents

Corilagin (purity >99%) for cell experiments was sourced
from the China National Institute for the Control of
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Pharmaceutical and Biological Products in Beijing, China.
Professor Rong-Zeng Huang, from the School of Pharmacy
at Hubei University of Chinese Medicine in Hubei, China,
provided bioactives for animal experiments (purity >90%).

Fetal bovine serum (FBS, Cat No. 10,099,141C) and
Dulbecco’s modified Eagle’s medium (DMEM, Cat No.
11,965,092) were obtained from Gibco (Grand Island,
NY, USA). Phosphate-buffered saline (PBS, Cat No.
GNM20012) was purchased from Genom Biotechnology
(Hangzhou, China). Dimethyl sulfoxide (DMSO, Cat
No. C6164) was sourced from Sigma–Aldrich (Shang-
hai, China). Cell Counting kit-8 (CCK8, Cat No. CK04)
was obtained from Dojindo WST (Tokyo, Japan). Ox-
LDL (Cat No. YB-002) was obtained from Yiyuan
Biotech (Guangzhou, China).

Cell culture

The MOVAS cell lines, obtained from the American Type
Culture Collection (Manassas, VA, USA), were utilized for
experiments at passages 3-5 subsequent to their purchase.
The cells were cultured in DMEM supplemented with 10%
FBS under standard conditions at 37°C in a fully hu-
midified cell culture incubator with 5% CO2.

Cytotoxic effect of corilagin and observation of
cell morphology

The cytotoxic effects of corilagin were assessed using the
CCK8 assay. MOVAS cells were seeded in 96-well plates
at a density of 10,000 cells per milliliter and exposed to
varying concentrations of corilagin (12.5–1600 μg/mL) for
24 h. Positive and negative controls were established with
MOVAS cells in culture medium and culture medium
alone, respectively. Cell morphology was examined using a
microscope (IX2; Olympus, Tokyo, Japan). Subsequently,
10 μL of CCK8 was introduced to each well, followed by a
2-h incubation at 37°C. The absorbance at 450 nmwas then
quantified using a microplate reader.

Intervention for establishment of a cellular model

To ascertain the optimal concentration of ox-LDL
(6.25–100 μg/mL) for inducing changes in mRNA ex-
pression within the TLR4 signaling pathway, MOVAS
cells were subjected to stimulation. The presence of LPS
contamination was examined through Limulus assays,
yielding negative results (<0.01 EU/ml). Subsequently,
cells were exposed to ox-LDL for varying durations (6–
72 h) to identify the most suitable time frame for es-
tablishing a cellular model, employing the same
methodology.

Lentivirus transfection in MOVAS cells

To overexpress TLR4 expression, GV492-TLR4 a NC-
enhanced green fluorescent protein-puromycin resistance
gene (PuroR) lentivirus was transfected into MOVAS cells.
After preliminary experiments confirmed the multiplicity
of infection (MOI), we cultured MOVAS cells with len-
tivirus at a MOI of 40 in an enhanced infection solution
(ENi.S., GeneChem, Shanghai, China) for 72 h. ENi.S. was
a serum-free medium similar to minimum Eagle’s medium,
and minimal growth factors and trace elements were added.
As a filter, puromycin (Cat No. 540222, Sigma–Aldrich,
Saint Louis, MO, USA) was used to screen untransfected
cells to leave stable upregulated cells that emitted bright
green fluorescence. Following the confirmation of upre-
gulation efficiency through observation under a fluores-
cence microscope (BX-51; Olympus, Tokyo, Japan) and
validation using real-time PCR, the remaining cells were
harvested and maintained for subsequent experimental
procedures.

Small interfering (si) RNA transfection in
MOVAS cells

MOVAS cells were transfected with siRNA (Ribobio,
Guangzhou, China) to knock down TLR4 expression.
The sequence was GAAAUGAGCUGGUAAAGAATT
(sense). The transfection mixture included 100 pmol of
siRNA, 5 μL of Lipofectamine™ 2000 (Cat No. 11668500,
Invitrogen, Carlsbad, CA, USA), FBS, and DMEM, en-
suring a final siRNA concentration of 0.02 nmol/μL. The
interference persisted for 6 h, followed by a 48-h cultivation
period. Subsequent treatments were administered to the
transfected cells after confirming the efficiency of down-
regulation in gene expression through real-time PCR.

Corilagin treatment after ox-LDL stimulation

Utilizing the findings from the CCK8 assay, MOVAS cells
were initially subjected to varying concentrations of cor-
ilagin, extending up to the maximum non-toxic concen-
tration range, following 24 h of ox-LDL stimulation.
Subsequently, the expression of TLR4 was assessed
through Quantitative Real-Time Polymerase Chain Reac-
tion (qRT-PCR) at optimal experimental concentration
(Supplemental Figure 2).

MOVAS cells were seeded in six-well plates. With the
exception of the control group, all other groups underwent
overnight stimulation with ox-LDL (25 μg/mL) as part of
the experimental atherosclerotic model. The control,
siRNA-TLR4 group, Lentivirus-TLR4 group (if required),
and experimental atherosclerotic model groups were
treated with PBS only. The corilagin group was treated with
100 μg/mL, 50 μg/mL, or 25 μg/mL corilagin. Aspirin, a
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widely used medication in clinical practice for atheroscle-
rosis treatment and known to inhibit TLR4 expression.24,25

Therefore, the positive control group in this study was
treated with 10 mmol/L aspirin according to a previous
study.24

To assess the impact of corilagin on cell proliferation,
MOVAS cells were seeded at a concentration of 1 × 103

cells/ml in 12-well plates. After culturing with ox-LDL and
Corilagin, MOVAS cells were trypsinized and counted
every 3 days.

Establishment of an animal model and
specimen collection

Sprague–Dawley rats, aged 3 weeks and weighing between
100–150 g, were procured from the Experimental Animal
Centre of Tongji Medical College. They were then ran-
domly allocated into seven groups. As described by other
researchers,26,27 guidewire aspiration was performed to
injure vascular walls. With the exception of the control and
sham-operation groups, an improved method for
guidewire-induced injuries was used. Briefly, we separated
the femoral artery and temporarily occluded both the ends.
The femoral artery was then filled with sterile water (in-
stead of inserting a straight spring wire) per centimeter of
the separated artery and keep filling for 10min to ensure the
destruction of endothelial cells caused by extracellular
hypoosmosis. Following the closure of the incision with 5-
0 absorbable sutures, rats underwent a 90-day period of
high-fat and cholesterol-rich diet (D12109 C; HFKbios,
Beijing, China) post-surgical intervention. Control and
sham groups were maintained on a standard diet. Rats in the
corilagin groups received oral gavage (i.g.) of 40 mg/kg/,
20 mg/kg/d, or 10 mg/kg/d concentrations of corilagin for
1 month, as predetermined in a prior study.28 The positive
control group received aspirin (20 mg/kg/day). Physio-
logical (0.9%) saline was administered to the control group,
sham operation group, and the experimental atherosclerotic
model groups. The femoral artery on the affected side was
separated and collected for hematoxylin and eosin (HE)
staining, Oil Red O staining, and immunohistochemical
analyses.

Oil-red-O and HE staining

For pathological examination, femoral artery samples
were sectioned into frozen tissue slices measuring 5-
10 μm in thickness. These sections were then subjected
to staining with a 1% Oil Red O solution in isopropanol
for 10 min, followed by rinsing in 60% isopropanol and
water. Hematoxylin and eosin (H&E) staining was con-
ducted according to established protocols as described
previously.29

Immunofluorescence for detection of TLR4 and
myeloid differentiation factor 88 (MyD88)
expression in vascular walls

Cross-sections of the femoral artery measuring 5 µm in
thickness were fixed using 4% paraformaldehyde and then
blocked with 5% bovine serum albumin/0.5% Triton X-
100 in PBS for a duration of 30 min. Afterwards, the cells
were subjected to a 2-h incubation at 37°C with either
primary anti-TLR4 antibody (1:200 dilution; Cat No.
BA1717; Boster Biological Technology, Pleasanton, CA,
USA) or anti-MyD88 antibody (1:400 dilution; Cat No.
PB9148; Boster Biological Technology, Pleasanton, CA,
USA). Following this incubation, the cells were rinsed
three times with PBS and then incubated with the sec-
ondary antibody (goat anti-rabbit immunoglobulin-G
conjugated to Alexa 594) for an additional 2 h at 37°C.
Sections were mounted utilizing ProLong™ Antifade
mountant with 40,6-diamidino-2-phenylindole. Subse-
quently, fluorescence was examined using a fluorescence
microscope (BX-51; Olympus, Tokyo, Japan) and analyzed
using ImageJ 1.8.0 (NIH).

Quantitative real-time polymerase chain reaction

The quantitative real-time polymerase chain reaction (qRT-
PCR) was employed to assess the mRNA expression levels
of key molecules in the TLR4 signaling pathway. The
targeted molecules included toll-interleukin one receptor
domain-containing adaptor protein (TIRAP), MyD88, tu-
mor necrosis factor receptor-associated factor 6 (TRAF6),
NF-κB essential modulator (NEMO), mitogen-activated
protein kinase p38 (p38), and interferon regulatory fac-
tor 5 (IRF5). Glyceraldehyde-3-phosphate dehydrogenase
served as the reference gene in this analysis. The specific
primer sequences utilized can be found in Table 1.

Surgery was performed according to a protocol pub-
lished previously.30 First, we extracted total RNA from
MOVAS cells using RNAiso™ Plus (Cat No. 9108, Ta-
KaRa Biotechnology, Dalian, China) and reverse-
transcribed it to complementary DNA (c) using the
PrimeScript™ RT Reagent kit (Cat No. RR047 A, TaKaRa
Biotechnology). In accordance with the SYBR™ Premix
Ex Taq kit instructions (Cat No. RR036 A, TaKaRa Bio-
technology), qRT-PC amplification was conducted. The
thermal cycling conditions involved an initial denaturation
at 95°C for 30 s, followed by 40 cycles of denaturation at
95°C for 5 s, annealing at 60°C for 30 s, and extension at
72°C for 30 s. A final step consisted of denaturation at 95°C
for 15 s, annealing at 60°C for 1 min, and a final dena-
turation at 95°C for 15 s. The qRT-PCRwas executed using
a StepOne™ Plus device (Applied Biosystems, Foster City,
CA, USA). Data analysis was performed employing the
2�ΔΔCT method.
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Western blotting

Protein concentrations were quantified by western blotting,
following established protocols.28 Briefly, MOVAS cells lysed
in RIPA buffer supplemented with a cocktail of protease in-
hibitorswere chilled on ice and subsequently rinsedwith PBS to
extract total protein. The protein concentration was assessed
utilizing a bicinchoninic acid protein assay kit. Next, protein
samples were combined with an equal volume of sodium
dodecyl sulfate (SDS) loading buffer and subjected to dena-
turation at 95°C for 10 min. The proteins were separated
through sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis for approximately 90min and subsequently transferred
onto polyvinylidene difluoride (PVDF)membranes. A blocking
step was performed using 5% non-fat milk in Tris-buffered
saline containingTween 20 (TBST) for 1 h at room temperature.
Following an overnight incubation of the PVDF membranes
with primary antibodies at 4°C, the target proteins underwent
further incubation with species-specific secondary antibodies
conjugated to horseradish peroxidase for 1 h at room temper-
ature. The primary antibodies used were rabbit anti-mouse
TLR4 1:1000 (Cat No. 30400-1-AP, Proteintech, Beijing,
China), rabbit anti-mouse MyD88 1:800 (Cat No. A0980,
ABclonal), rabbit anti-mouse TIRAP 1:800 (Cat No. A12606,
ABclonal), rabbit anti-mouseTRAF61:1000 (CatNo. 12809-1-
AP, Proteintech), rabbit anti-mouse NEMO 1:1000 (Cat No.
18474-1-AP, Proteintech), rabbit anti-mouse p38MAPK1:1000
(Cat No. 14064-1-AP, Proteintech), and rabbit anti-mouse IRF5
1:1000 (Cat No. 10547-1-AP, Proteintech). Western blot band
density was analyzed using ImageJ 1.8.0 (NIH).

Enzyme-linked immunosorbent assays

The concentrations of interleukin-6 (IL-6) and Monocyte
Chemotactic Protein-1 (MCP-1) in the cell culture super-
natant were quantified using ELISAs. ELISA kits specific
for IL-6 (Cat No. E-EL-M0044c) and MCP-1 (Cat No.
E-EL-M3001) were obtained from ElabScience (Wuhan,
China). The assays were performed in accordance with the
manufacturer’s instructions, and sterile PBS was utilized as
a control during the procedures.

Annexin V staining for measurement apoptosis ratio

To analyze apoptosis, the Annexin V-FITC/PI Apoptosis
DetectionKit (CatNo.KGA1101-10,KeyGenBiotechnology,
China) was employed following the manufacturer’s guide-
lines. Each sample was subjected to flow cytometry analysis
using a FACSCalibur flow cytometer (BD Biosciences).

Statistical analyses

The results are expressed as the mean ± standard deviation
(SD). A significance level of p < .05 was considered
statistically significant. The differences in significance
were evaluated using one-way analysis of variance (AN-
OVA) followed by the Student–Newman–Keuls q-test.
Statistical analysis was conducted using SPSS version 24.0
(IBM, Armonk, NY, USA).

Ethical approval and experimental procedures

The animal experiments and procedures adhered to the
Guidelines for the Care and Use of Laboratory Animals set
forth by the National Institutes of Health (NIH) in Bethesda,
MD, USA. Approval for the study protocol was obtained from
the Animal Care and Use Committee of Tongji Medical
College, Huazhong University of Science and Technology
(Wuhan, China), with an assigned IACUC number: S2314.
The principle of randomized grouping is adhered to in our
animal experiments. The experimental process can be referred
to the flow chart (Supplemental Figure 3).

Results

Cytotoxicity and corilagin’s impact on the
TLR4 signaling pathway in MOVAS cells

The CCK8 assay showed that the half-maximal inhibitory
concentration (IC50) was 298.7 μg/mL (95% confidence
interval, 261.7–352.4). To ensure that cell viability
was ≥70%, we cultured MOVAS cells with corilagin (100,
50, 25 μg/mL) tentatively for 24 h according to the

Table 1. Primers of qRT-PCR.

Forword Reverse

TLR-4 TCGAATCCTGAGCAAACAGC CCCGGTAAGGTCCATGCTAT
TIRAP GTGGCCGCTGGAGCAAAGAC TTGCCTCTGCCATCCACATA
MyD88 AAGAAAGTGAGTCTCCCCTC TCCCATGAAACCTCTAACAC
TRAF6 GCACAAGTGCCCAGTTGACAATGA AGTGTCGTGCCAAGTGATTCCTCT
p38 ATGCTACTGTCTGCGCCTCTCT CAGCTTCTTAACTGCCACACGA
NEMO GGTGGAGAGACTGAGCTTGG CTAAAGCTTGCCGATCCTTG
IRF5 AATACCCCACCACCTTTTGA TTGAGATCCGGGTTTGAGAT
GAPDH GACCCGCTTCATGCCTGG GGTGATGGTGTCCATCTGGAC
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simulation equation of the curve (Figure 1(a)). No sig-
nificant interference was observed with regard to the cell
viability or morphological characteristics (Figure 1(b)).
There were no significant differences in the expression
levels of TLR4, TIRAP, MyD88, TRAF6, p38, NEMO, or
IRF5 (Figure 1(c)). Therefore, this concentration gradient
was used in subsequent experiments.

Concentration and duration of ox-LDL in MOVAS
cells

To determine the optimal stimulation conditions, MOVAS
cells were exposed to various concentrations and durations of
ox-LDL, guided by existing literature.31–33 Analysis revealed
that mRNA expression levels of TLR4, TIRAP, and
MyD88 were significantly elevated upon stimulation with ox-
LDL at concentrations of 25 and 50 μg/mL compared to other

concentrations (p < .05, n = 5) (Figure 2(a)). Notably, although
not statistically significant, mRNA expression at 25 μg/mL ox-
LDL exceeded that at 50 μg/mL ox-LDL. Furthermore, the
highest expression of these genes was observed after 24 h of
ox-LDL stimulation, followed by a decline (p < .05, n = 5)
(Figure 2(b)). Consequently, MOVAS cells were stimulated
with 25 μg/mL ox-LDL for 24 h in subsequent experiments.

Impact of corilagin on the TLR4 signaling pathway in
MOVAS cells under ox-LDL stimulation

After establishing an experimental atherosclerotic model using
ox-LDL, MOVAS cells were treated with corilagin (100, 50,
and 25 μg/mL) and aspirin in the positive control group. In
Figure 3(a), the mRNA expression levels of molecules impli-
cated in the TLR4 signaling pathway are depicted. Notably, all
corilagin groups exhibited a discernible decrease in expression

Figure 1. Cytotoxicity of corilagin (a) determined using the CCK8 assay for MOVAS cell viability after treatment with various
concentrations of corilagin for 24 h. The equation for the dose–effect curve was Y = (94.54/(1 + 10̂ (log X� 2.475))) + 3.035 (IC50 =
298.7 μg/mL. (b) Morphology of MOVAS cells after corilagin treatment for 24 h. (c) mRNA expression was measured by qRT-PCR. Data
are presented as mean ± SEM. No significant difference was found between groups, as determined by one-way ANOVA and subsequent
Student–Newman–Keuls q-test (n = 5).
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compared to both the model group and aspirin group (p < .05,
n = 5). No statistically significant differences were observed for
p38, NEMO, and IRF5 when comparing the aspirin and model
groups. The corresponding protein expression data are illus-
trated in Figure 3(b) and (c). In comparison to both the model
group and the aspirin group, a significant reduction in protein
expression was observed in all three corilagin groups (p < .05,
n = 5). Aspirin did not effectively inhibit IRF5 expression.
Importantly, this inhibitory effect was augmented with in-
creasing the corilagin concentration. ELISA assays revealed
elevated concentrations of IL-6 and MCP-1 in the cell culture
supernatant (Figure 3(d) and (e)). Moreover, when compared to
the experimental atherosclerotic model group, a conspicuous
decrease was noted in all three corilagin groups (p < .05, n = 5).

In contrast, the enumeration of MOVAS cells following
culture with ox-LDL and corilagin revealed that ox-LDL

promoted MOVAS cell proliferation, while corilagin effec-
tively diminished cell numbers compared to the experimental
atherosclerotic model group (p < .05, n = 5) (Figure 3(f)). The
apoptotic ratio ofMOVAS cells was determined usingAnnexin
V staining. As shown in Figure 3(g) and (h), there were no
significant differences among the control, ox-LDL, corilagin,
and ox-LDL + corilagin groups.

Impact of corilagin on upregulation of
TLR4 expression in MOVAS cells under
ox-LDL stimulation

For further investigation of corilagin’s effects, we trans-
fected MOVAS cells with the TLR4 lentiviral vector
GV492 to induce upregulation of TLR4 expression.

Figure 2. Effect of ox-LDL on the TLR4 signaling pathway in MOVAS cells. (a) mRNA expression of TLR4, TIRAP and MyD88 was
measured by qRT-PCR. *p < .05 compared with other concentrations of ox-LDL groups or control group as determined by one-way
ANOVA and subsequent Student–Newman–Keuls q-test (n = 5). (b) *p < .05 compared with either time point or control groups
determined by one-way ANOVA and subsequent Student–Newman–Keuls q-test (n = 5).
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Figure 3. Effect of corilagin on the TLR4 signaling pathway in MOVAS cells stimulated by ox-LDL. (a) mRNA expression of TLR4,
TIRAP, MyD88, TRAF6, p38, NEMO and IRF5 was measured by qRT-PCR. *p < .05 compared with the control group, #p <
.05 compared with the ox-LDL group, **p < .05 compared with the aspirin group as determined by one-way ANOVA and subsequent
Student–Newman–Keuls q-test (n = 5). (B. C) Protein abundance was measured by western blotting. *p < .05 compared with the control
group, #p < .05 compared with the ox-LDL group, **p < .05 compared with the aspirin group, as determined by one-way ANOVA and
subsequent Student–Newman–Keuls q-test (n = 5). (D, E) Abundance of IL-6 and MCP-1 in cell culture supernatant was measured by
ELISAs. *p < .05 compared with the control group, #p < .05 compared with the ox-LDL group, **p < .05 compared with the aspirin group
as determined by one-way ANOVA and subsequent Student–Newman–Keuls q-test (n = 5). (F) Effect of corilagin on the MOVAS cells
proliferation. *p < .05 compared with the control group, #p < .05 compared with the ox-LDL group determined by one-way ANOVA
and subsequent Student–Newman–Keuls q-test (n = 5). (G, H) apoptosis ratio of MOVAS were detected by Annexin V staining. No
significant difference was found among four groups determined by one-way ANOVA and subsequent Student–Newman–Keuls q-test
(n = 5).
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Seventy-2 hours post-transfection, and following 5 days of
selection with puromycin, we assessed transfection effi-
ciency by observing green fluorescence in MOVAS cells
under a fluorescence microscope. (Figure 4(a) and (b)). We
then stimulatedMOVAS cells transfected with ox-LDL prior
to treatment with corilagin or aspirin. Finally, we measured
mRNA and protein expression levels (Figure 4(c)–(e)).

In comparison to the control group, the lentiviral-TLR4
group exhibited a more than threefold increase in
TLR4 mRNA and protein expression (p < .05, n = 5). The
expression levels of TIRAP, MyD88, TRAF6, p38,
NEMO, and IRF5 were also significantly elevated. No
noticeable differences were observed in the lentiviral NC
group. Furthermore, in comparison to the lentiviral-TLR4
group, both mRNA and protein expression of molecules
within the TLR4 signaling pathway were further increased
in the ox-LDL group (p < .05, n = 5). Conversely, the
corilagin groups displayed significantly lower expression
levels of TLR4, TIRAP, MyD88, TRAF6, p38, NEMO,
and IRF5 compared to the model group and aspirin group
(p < .05, n = 5). Notably, aspirin did not exert a statistically
significant effect on the mRNA expression of p38 and
IRF5 or the protein expression of TRAF6.

Downregulation of TLR4 expression in MOVAS cells

To validate the impact of TLR4 on downstream molecules, we
employed siRNA to downregulate TLR4 expression in MO-
VAS cells. In the siRNA-TLR4 group, TLR4 expression de-
creased by 50% compared to the control group (p < .05, n = 5)
(Figure 5(a)). No significant difference was noted between the
siRNA-negative control (siRNA-NC) group and the control
groups. Downstream molecules’ expression was diminished in
the siRNA-TLR4 group (p < .05, n = 5). MOVAS cells in the
model group, stimulated with ox-LDL, exhibited significantly
higher expression of genes in the TLR4 signaling pathway
compared to the siRNA-TLR4 group (p < .05, n = 5). Notably,
corilagin treatment led to a significant reduction in expression
(p < .05, n = 5). Aspirin, however, did not exhibit an inhibitory
effect on TLR4, TRAF6, or IRF5. The abundance of
TLR4 protein in the siRNA-TLR4 group decreased by ap-
proximately 70% compared to the control group (p< .05, n= 5)
(Figure 5(b) and (c)). Protein expression levels of TIRAP,
MyD88, TRAF6, p38, NEMO, and IRF5 were also down-
regulated (p < .05, n = 5). The expression of these proteins in
the corilagin groups was significantly lower than that in the
model group and aspirin group (p < .05, n = 5).

Impact of corilagin on a model of atherosclerosis
in rats

As per the findings from HE and Oil Red O staining in
Figure 6, neither the control group nor the sham operation

group exhibited atheromatous plaque. Conversely, con-
spicuous atherosclerotic plaque lesions, foam cells, and
lipid accumulation were evident in the experimental
groups. Notably, the corilagin group displayed a nearly
30% reduction in plaque coverage percentage compared to
the model group. (p < .05, n = 6). TLR4 expression in
atherosclerotic lesions was detected using immunofluo-
rescence (Figure 7). Foam cells (derived frommacrophages
and VSMCs), VSMCs, and a few other inflammatory cells
are primary components of this area. Compared to the
model group and aspirin group, the mean fluorescence
intensity decreased significantly and statistically gradually
with an increase in corilagin concentration (p < .05, n = 6).
The changes in MyD88 expression were consistent with
those observed for TLR4 (Supplemental Figure 4).

Discussion

Ox-LDL contributes to atherosclerotic lesions by causing
VSMC dysfunction and instability of atherosclerotic pla-
ques.34 TLR4 expression is upregulated by ox-LDL
treatment.35 MOVAS cells were stimulated with ox-LDL
to generate an atherosclerosis cell model. We demonstrated
that not only was the expression of TLR4 elevated, but also
that of downstream molecules such as TIRAP, MyD88,
TRAF6, p38, NEMO, and IRF5. These data were in ac-
cordance with those reported by Chen et al.36

The TLR4 signaling pathway holds significant impli-
cations in atherosclerosis. Previous research has high-
lighted that a deficiency in MyD88 can mitigate
atherosclerosis.37,38 Furthermore, studies have suggested
that inhibiting the TRAF6/p38/NF-κB signaling pathway
can attenuate the inflammatory response.39,40 Over-
expression of IRF-5, a downstream component of the TLR-
MyD88 signaling pathway, has been shown to enhance the
production of interleukin (IL)-6 and IL-12 by inducing
interferon gene expression.41 Based on these studies, we
endeavored to pinpoint a novel medication capable of
addressing this pathway.

Previously, we showed that the expression of TLR4,
MyD88, TIR-domain-containing adaptor-inducing
interferon-β (TRIF), and TRAF6 can be effectively con-
trolled by corilagin in a cellular model of sepsis.42 Fur-
thermore, in our recent investigation, we observed that
corilagin effectively suppressed the TLR4 signaling
pathway in macrophages, leading to the amelioration of
atherosclerosis.23 Parallelly, some research also tried to
explain the possible mechanism in macrophage that how
corilagin ameliorates atherosclerosis.43–45 Yet, attributing
the anti-atherosclerotic effect of corilagin to individual
target cells poses a challenge.

Our research aimed to shift our focus towards a different
category of cells that are prevalent in atherosclerosis and
possess secretory properties along with pro-inflammatory
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Figure 4. Effect of corilagin on the TLR4 signaling pathway after upregulation of TL4 expression in MOVAS cells stimulated by ox-LDL.
(A. B) 72 hours after transfection of the lentiviral vector, >85% of MOVAS cells expressed green fluorescent protein as observed with a
fluorescence microscope. (C) mRNA expression was measured by qRT-PCR. #p < .05 compared with the control group, *p <
.05 compared with the lentivirus-TLR4 group, ##p < .05 compared with the model group (lentivirus-TLR4 + ox-LDL), 4p <
.05 compared with the aspirin group, as determined by one-way ANOVA and Student–Newman–Keuls q-test (n = 5). (D. E) Protein
abundance was measured by western blotting. #p < .05 compared with the control group, *p < .05 compared with the lentivirus-TLR4
group, ##p < .05 compared with the model group,4p < .05 compared with the aspirin group, as determined by one-way ANOVA and
subsequent Student–Newman–Keuls q-test (n = 5).
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functions. Hence, in the present study, we innovatively
investigated the impact of corilagin on the TLR4 signaling
pathway in atherosclerotic VSMCs. We demonstrated that
corilagin exerts an inhibitory effect resulting in a notable
reduction in the mRNA and protein levels of TLR4, TI-
RAP, MyD88, TRAF6, p38, NEMO, and IRF5.

Additionally, corilagin notably suppressed the secretion of
IL-6 and MCP-1, two significant gene products responsive
to TLR4. Being the prevalent anti-inflammatory and anti-
atherogenic agent, aspirin has been associated with phar-
macological inhibition of the TLR4/NF-κB signaling
pathway.46,47 We showcased corilagin’s distinct advantage

Figure 5. Effect of corilagin on the TLR4 signaling pathway after downregulation of TLR4 expression in MOVAS cells stimulated by ox-
LDL. (A) mRNA expression of molecules in the TLR4 signaling pathway was measured by qRT-PCR. #p < .05 compared with the
control group, *p < .05 compared with the siRNA-TLR4 group, ##p < .05 compared with the model group (siRNA-TLR4 + ox-LDL),
4p < .05 compared with the aspirin group, as determined by one-way ANOVA and subsequent Student–Newman–Keuls q-test (n = 5).
(B. C) Protein abundance was measured by western blotting. #p < .05 compared with the control group, *p < .05 compared with the
siRNA-TLR4 group, ##p < .05 compared with the model group,4p < .05 compared with the aspirin group, as determined by one-way
ANOVA and subsequent Student–Newman–Keuls q-test (n = 5). siRNA-TLR4: TLR4 was knocked down in MOVAS cells by siRNA.
siRNA-NC: siRNA-negative control group.
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in this capacity through a comparison with aspirin’s effects.
Meanwhile, Bo He et al. have similar interests to ours.45

They investigated corilagin’s anti-atherosclerotic effects by
inhibiting the LOX-1 signaling pathway in VSMCs. Given
the partial overlap in signal transduction between these
pathways, Bo He’s research findings provide highly fa-
vorable evidence and complement our own study.

Building upon these current findings, more research
should be endeavored to delve deep into understanding the
mechanism behind the effect of corilagin on TLR4. In order
to achieve this, utilize high throughput single-cell RNA
sequencing and bioinformatics analysis might be the
logical foundation for further investigations. The aim is to

elucidate how corilagin influences TLR4 at the DNA and
RNA level.

Moreover, corilagin inhibited the TLR4 signaling
pathway and the proliferative effect of ox-LDL onMOVAS
cells. As depicted in Figure 3, corilagin could hinder
proliferation without triggering apoptosis in MOVAS cells.
This inhibitory effect displayed a concentration-dependent
pattern. Such observations may elucidate how corilagin
alleviates atherosclerotic plaque formation in vivo.

We observed that the signaling pathway was further
augmented by ox-LDL in MOVAS cells with up-regulated
TLR4 expression. Conversely, in MOVAS cells with
downregulated TLR4, activation by ox-LDL persisted,

Figure 6. (A1-2) HE and O-R-O staining of one femoral artery in the control group viewed at 100x magnification; (B) O-R-O staining of
one femoral artery in the sham-operation group viewed at 100x magnification; (C1-3) O-R-O staining of one femoral artery in the
model group. C1 was viewed at 40x magnification and C2 and C3 were viewed at 200x magnification. (D1-2) HE and O-R-O staining of
one femoral artery in the corilagin group viewed at 200 times magnification.
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Figure 7. Effect of corilagin on TLR4 in atheromatous plaque in the femoral arteries of rats. #p < .05 compared with the control group,
**p < .05 compared with the model group, ##p < .05 compared with the aspirin group, as determined by one-way ANOVA and
subsequent Student–Newman–Keuls q-test (n = 6).
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possibly due to residual TLR4. However, corilagin dem-
onstrated potent inhibitory effects on the TLR4 signaling
pathway in both types of MOVAS cells upon ox-LDL
stimulation. Importantly, there was no regulatory effect
observed in MOVAS cells without ox-LDL stimulation.
When MOVAS were transfected with lentivirus, High
TLR4 expression in the lentiviral-TLR4 group was caused
by the Ubi promoter and exogenous TLR4 sequence. This
type of overexpression was stable and could not be re-
versed by corilagin. Moreover, ox-LDL induced further
overexpression of TLR4, which was reversed by corilagin
treatment. Therefore, we have grounds to assert that cor-
ilagin solely impeded the pathological elevation of TLR4.

In this study, the atherosclerotic plaques in the corilagin
group exhibited a significant reduction in size compared to
those in the model group, aligning with findings from previous
studies.23 Furthermore, low expression of TLR4 and
MyD88 was found in plaque lesions and in the basal zone
(where the main components were VSMCs and a few in-
flammatory cells). Relating this phenomenon with the mo-
lecular mechanisms of pharmacological action demonstrated
in vitro, we postulated that corilagin inhibits the proliferation of
VSMCs or other pro-atherogenic functions by suppressing the
TLR4 signaling pathway, and thus, opposes atherosclerosis.

Although corilagin shows minor adverse effects and toxic
effects in our research, similar to previous study, we still cannot
ignore the possible impairment of liver and kidney function
because corilagin is metabolized through the them. In addition,
current research is primarily focused on cell and animal ex-
periments, lacking sufficient clinical data to determine the
potential distance from the therapeutic target or the occurrence
of new lesions with long-term application. This highlights the
need for more extensive research on corilagin. By conducting
numerous studies, we can evaluate both the therapeutic effects
and adverse effects of corilagin, aiming to minimize toxicity
and side effects while maintaining therapeutic efficacy. Con-
sequently, it becomes essential to expedite the application of
corilagin in clinical settings.

Numerous studies have consistently reported concurrent
alterations in the expression of TLR4 and its downstream
molecules. For instance, the expressions of TLR4,MyD88, and
NF-κB p65 can be jointly regulated by a TLR4-specific in-
hibitor.48 Similarly, atorvastatin has been shown to simulta-
neously suppress the expression of TLR4 and TRAF6.49

IRF5 expression is altered in tandem with TLR4 expression
following N-acetylcysteine treatment.50 Our study demon-
strated that both the downregulation and upregulation of
TLR4 expression inMOVAS cells resulted in similar variations
in the expression of TIRAP, MyD88, TRAF6, p38, NEMO,
and IRF5. This observation suggests the existence of a potential
positive feedback mechanism between TLR4 and its down-
streammolecules. Such findings lend support to the hypothesis
that corilagin targets TLR4, thereby influencing the expression
of downstream molecules. While this hypothesis is promising,

additional experiments focusing on the molecular mechanisms
are imperative to substantiate and further validate this proposed
relationship.

In addition, previous studies predominantly focused on
detecting atherosclerotic lesions in the aorta or coronary arteries
when utilizing ApoE�/� mice to construct an atherosclerotic
mouse model. However, consistent observation of athero-
sclerosis in the peripheral arteries, particularly the femoral
artery, was not reliably achieved in this particular model. Sowe
did some improvement on traditional guidewire-induced injury
and tried to establish PAD animal model. Unfortunately, during
our initial experiment, we discovered that the femoral artery in
mice presented a challenge due to its thinness, making it
impractical for surgical procedures or specimen collection
beyond a 90-day period. Rats, if utilized, will not pose these
issues. But it is inevitable that there will be species differences
in vivo and in vitro experiments. Future studies are expected to
address and resolve these. Another limitation of our animal
experiments is the insufficient sample size, with a small number
of animals employed in the study. According to current
guidelines, a larger sample size is needed.51

The present study demonstrates four primary advan-
tages. Initially, we investigated, for the first time, cor-
ilagin’s inhibitory impact on the VSMCs’ TLR4 signaling
pathway in vivo and in vitro. Secondly, this inhibition is
exclusively targeted at pathological alterations. Thirdly,
we verified that corilagin could hinder proliferation
without triggering apoptosis in MOVAS cells. Fourthly,
our results offer insights into corilagin’s molecular
pharmacological mechanism against atherogenesis, in-
dicating that TLR4 could be a target for corilagin.

The present study had some main limitations. First, the
exact effect of corilagin on TLR4 has not been determined.
Second, whether corilagin could regulate other signaling
pathways in atherosclerosis was not tested. Third, the
species differences between in vivo and in vitro experi-
ments may affects the coherence of the experiment. Fourth,
sample size of animal experiments is insufficient.

Conclusions

We demonstrated that corilagin could inhibit the
TLR4 signaling pathway in VSMCs, possibly by down-
regulating TLR4 expression, consequently relieving ath-
erosclerosis. The intention for our findings is to pave the
way for subsequent human trials, in order to further val-
idate the anti-atherosclerosis effects of corilagin.
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