
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​
v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​l​​i​c​e​​n​s​e​s​​/​b​​y​-​n​c​-​n​d​/​4​.​0​/.

Hu et al. Lipids in Health and Disease          (2025) 24:167 
https://doi.org/10.1186/s12944-025-02585-8

Lipids in Health and Disease

†Dandan Hu, Litian Wang and Lin Qi contributed equally to this work.

*Correspondence:
Yewei Huang
lichuangyewei100@163.com
Jun Sheng
shengj@ynau.edu.cn
Xuanjun Wang
jwang@ynau.edu.cn

Full list of author information is available at the end of the article

Abstract
Background and aims  Atherosclerosis (AS) is a complex and chronic vascular disease and elevated low-density 
lipoprotein cholesterol (LDL-C) level is one of its primary causative factors. As a key surface receptor, low-density 
lipoprotein receptor (LDLR) plays an essential role in LDL-C clearance. Resveratrol (RSV) has emerged as a promising 
compound for investigating potential therapeutic targets for AS due to its ability to lower cholesterol, reduce 
endothelial anti-inflammatory and suppress vascular smooth muscle cell proliferation. This study explored the effects 
of RSV on AS through upregulating LDLR and analyzed the mechanism through a combination of in vivo and vitro 
experiments.

Methods  HepG2 cells were exposed to varying concentrations of RSV. The effects of RSV on LDLR expression and 
cholesterol uptake were analyzed by western blot, RT-qPCR and DiI-LDL uptake assay. In vivo, C57BL/6J ApoE−/− mice 
were used and the experimental groups were treated with RSV, Lovastatin and Gefitinib. Plaque formation in the 
arteries and aortic roots was assessed by Oil Red O staining and plaque stability was evaluated using Hematoxylin-
Eosin (H&E) and Elastic Van Gieson (EVG) staining. Western blot, RT-qPCR and immunohistochemical staining were 
employed to analyze the expression of LDLR in the livers of mice.

Results  RSV significantly enhanced the stability of LDLR mRNA and promoted LDLR protein expression. The 
inhibition experiments of EGFR signaling pathway (Cetuximab and Gefitinib) demonstrated that the efficacy of RSV 
was markedly weakened when this signaling pathway was inhibited. It indicated that RSV modulated LDLR gene 
expression by activating EGFR-ERK1/2 pathway. In ApoE−/− mice, RSV notably reduced arterial plaque formation, 
improved plaque stability and increased hepatic LDLR expression.
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Introduction
Atherosclerosis (AS) is a progressive and long-term dis-
ease widely recognized as a critical pathogenic factor 
for severe diseases, including acute coronary syndrome, 
cerebral ischemia and peripheral vascular diseases. AS 
exhibits high global morbidity and mortality rates, pos-
ing a significant threat to human life and health [1, 2]. 
Consequently, effective prevention and treatment strate-
gies for AS have garnered considerable attention within 
the global medical community. Research indicates that 
the etiology of atherosclerosis is closely associated with 
the deposition of low-density lipoprotein cholesterol 
(LDL-C) [3]. As a key component of cholesterol, LDL-C 
can penetrate the vascular endothelium, accumulate in 
the vascular wall and form atherosclerotic plaques [4, 5]. 
Therefore, controlling LDL-C level is considered a crucial 
strategy for preventing and treating AS.

Low-density lipoprotein receptor (LDLR), widely dis-
tributed on extrahepatic cell membranes, is a key mol-
ecule in regulating plasma LDL-C [6, 7]. Statistically, 
approximately 75% of plasma LDL-C is degraded through 
the LDLR pathway, which indicates the pivotal role of 
LDLR in the clearance of endogenous cholesterol [8]. 
Due to its essential function in LDL cholesterol removal, 
LDLR is considered a highly promising target for anti-
atherosclerotic therapy.

Mechanistically, LDLR expression exhibits high regula-
tory complexity and post-transcriptional regulation plays 
a particularly critical role. LDLR mRNA is an unstable 
transcript containing multiple cis-regulatory elements 
embedded in its 3’ untranslated region (3’UTR), which 
form complexes with trans-regulatory RNA-binding 
proteins to regulate the stability and degradation rate 
of LDLR mRNA [9, 10]. Recent studies have demon-
strated that ERK is a key mechanism regulating LDLR 
gene expression. Specifically, ERK activation stabilizes 
LDLR mRNA and enhances its expression level [11]. For 
instance, trixirabine has been shown to stabilize LDLR 
mRNA and augment cellular LDL uptake via an ERK-
dependent mechanism [12], while caffeine promotes 
LDLR expression through EGFR-ERK1/2 pathway [13]. 
In summary, ERK signaling pathway is crucial for main-
taining LDLR mRNA stability and regulating LDL-C 
clearance.

As a polyphenolic compound naturally present in 
various fruits and foods, Resveratrol (RSV) has received 
notable attention in recent years. RSV exhibits a wide 
range of biological effects, including antioxidant, anti-
inflammatory, anti-aging and cardioprotective properties 
[14, 15]. Its antioxidant properties can mitigate cellu-
lar damage and delay aging by neutralizing free radicals 
[16]. The anti-inflammatory effect helps to lower the risk 
of related diseases through its anti-inflammatory action 
[17, 18]. In terms of cardiovascular protection, RSV can 
lower cholesterol levels and slow the progression of AS 
[19, 20]. Specifically, studies have demonstrated that RSV 
can significantly improve arterial function by inhibiting 
atherosclerotic plaque formation and reducing choles-
terol accumulation in macrophages through activating 
PPARα/γ signaling pathway [21]. Additionally, adminis-
tering RSV in patients with metabolic diseases effectively 
diminishes foam cell formation, improves endothelial 
dysfunction and reduces total cholesterol content [22, 
23]. However, research on the role of RSV in slowing AS 
development by upregulating LDLR expression remains 
limited. This study aims to investigate whether RSV can 
alleviate AS progression by regulating LDLR expression 
and elucidate the underlying molecular mechanisms.

In this study, it was found that RSV enhanced the sta-
bility of LDLR mRNA by activating EGFR-ERK1/2 signal-
ing pathway and eventually upregulated the expression 
level of LDLR. This molecular mechanism is expected to 
explain the protective effect of RSV in anti-atheroscle-
rosis and offer a crucial theoretical basis for developing 
novel RSV-based therapeutic approaches for cardiovas-
cular diseases. This finding not only expands the under-
standing of the pharmacological mechanism of RSV, but 
also provides a theoretical foundation for cardiovascular 
disease therapies.

Materials and methods
Reagents
RSV (purity > 98%), Cetuximab, Lovastatin and Gefitinib 
were obtained from Shanghai Yuanye Biotech. Co. Ltd. 
(Shanghai, China). Anti-LDLR, β-actin and β-tubulin 
antibodies were sourced from Cell Signaling Technology 
(Boston, USA). Anti-EGFR, P-EGFR, ERK and P-ERK 
antibodies were purchased from Abclonal Technology 
Co., Ltd. (Wuhan, China). Improved Oil Red O Staining 

Conclusion  This study elucidated the mechanism by which RSV upregulates LDLR gene expression through 
activating EGFR-ERK1/2 signaling pathway. In vivo experiments demonstrated its efficacy in reducing arterial plaque 
formation and stabilizing existing plaques. These results further indicated that RSV held potential therapeutic value 
for ameliorating atherosclerosis and cardiovascular diseases. Collectively, these findings provided novel theoretical 
support for RSV’s potential role in cardiovascular therapy.
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Kit, Collagen Fiber and Elastic Fiber Staining Kit and 
Hematoxylin-Eosin (H&E) Stain Kit were sourced from 
Solarbio Science and Tech. Co., Ltd. (Beijing, China). 
Total cholesterol (TC), triglyceride (TG), LDL-C and 
high-density lipoprotein cholesterol (HDL-C) assay kits 
were purchased from Nanjing Jiancheng Bioengineering 
Institute (Nanjing, China).

Cell culture
HepG2 cells (ATCC, Manassas, VA, USA) were cultured 
in DMEM medium supplemented with 10% fetal bovine 
serum (FBS) and 1% penicillin-streptomycin antibiotics 
(Solarbio, Beijing, China). Cells were thawed in 37.5oC 
water bath and transferred to a 15 mL centrifuge tube. 
Then, HepG2 cells were resuspended in fresh medium 
and seeded into 100 mm dishes. Cells were incubated at 
37.5oC in an incubator containing 5% carbon dioxide.

Cell viability assay
HepG2 cells were seeded in 96-well plates. Cells were 
treated with RSV (0–60 µM) for 24 h. Subsequently, cells 
were incubated with 5  mg/mL MTT reagent for 4  h in 
the dark and mixed with DMSO (200 µl/ well). Finally, a 
microplate reader was used to detect the absorbance of 
the 96-well plate at a wavelength of 492 nm. Blank wells 
were used as controls to calculate the effect of RSV on 
cell activity.

Animals and treatment
C57BL/6J ApoE−/− mice (Card Vince, Changzhou, 
China) were nine-week-old male. All animal experi-
ments were performed in accordance with the Guidelines 
for The Care and Use of Experimental Animals of Yun-
nan Agricultural University and approved by the Animal 
Ethics Committee of Yunnan Agricultural University 
(YNAU2024LLWYH005-1). No adverse events were 
observed during the study period. In the experiment, all 
mice were randomly divided into 7 groups. The specific 
groups and feeding methods were as follows: Control 
group (LFD): fed standard diet (n = 6). High-fat group 
(HFD): fed a high-fat diet (40% fat, Jiangsu Synbio-Engi-
neering Co., LTD., XT108C) (n = 6). Lovastatin group 
(LOV): fed a high-fat diet and administered Lovastatin 
(20 mg/kg/d) by gavage every day. Resveratrol low-dose 
group (RSV-10): fed a high-fat diet and administered 
RSV (concentration of 2 mg/mL, 10 mg/kg/d) by gavage 
every day (n = 8) [21, 24]. Resveratrol high-dose group 
(RSV-20): fed a high-fat diet and administered RSV (con-
centration of 4 mg/mL, 20 mg/kg/d) by gavage every day 
(n = 8) [21, 24]. Gefitinib group: fed a high-fat diet and 
administered Gefitinib (concentration of 1 mg/mL, 5 mg/
kg/d) by gavage every day (n = 8). The combination group 
(Gefitinib + RSV-20): fed a high-fat diet and administered 
Gefitinib (5  mg/kg/d) and RSV (20  mg/kg/d) by gavage 

every day (n = 8). Gavage was administered once a day for 
10 weeks. At the end of the experiment, mice were eutha-
nized and their liver and arterial tissues were collected 
for subsequent analysis.

DiI-LDL uptake assay
After placing round coverslips into the 12-well plate, 
HepG2 cells were seeded into dishes and starved in 
serum-free medium for 4 h. Then, RSV (0–30 µM) were 
added to the medium and incubated with cells. Subse-
quently, DiI-LDL (10 µg/mL, 20614ES76, Yeasen, Shang-
hai, China) was added to plates and incubated for 4 h in 
the dark. Cells were fixed with 4% paraformaldehyde for 
20  min after washing with PBS. After the round cover-
slips were removed, nuclei were stained by DAPI. LDL 
uptake was finally observed under a fluorescent micro-
scope and the fluorescence intensity reflected efficiency 
of LDL uptake by cells.

RT-qPCR
HepG2 cells and liver tissue from ApoE-/- mice were lysed 
using TransZol Up reagent (ET111-01-V2, TransGen, 
Beijing, China). Subsequently, samples were added with 
chloroform, covered, shaken vigorously for 15 s and left 
for 10  min. After centrifugation at 4oC and 12,000  rpm 
for 15 min, the upper aqueous phase was removed after 
stratification. The same volume of isopropanol was added 
to the upper aqueous phase. Then, the two liquids were 
gently mixed, placed for 10–15  min and centrifuged at 
12,000 rpm for 10 min. Finally, total RNA was obtained. 
Next, reverse transcription experiments were performed 
using the PrimeScript RT reagent kit (RR037B, Takara, 
Dalian, China). Firstly, RNA was dissolved in DEPC 
water. Concentration and purity of RNA were deter-
mined using a spectrophotometer. After that, RNA was 
reverse transcribed into cDNA. Then, the qPCR reac-
tion system was configured, including cDNA template, 
primer and qPCR Mix (including SYBR Green, RR820Q, 
Takara, Dalian, China). The reaction system was added to 
a 384-well plate with 10 µL per well. The program was set 
on the qPCR instrument as follows: predenaturation at 
95oC for 30 s, denaturation at 95oC for 5 s, annealing and 
extension at 60oC for 30 s by 40 cycles. After the reaction, 
the amplification curve and dissolution curve were ana-
lyzed. The expression of LDLR gene was calculated (using 
the 2-ΔΔCt method) and β-actin was used as a control. 
The primer sequences used in this experiment are listed 
in Table 1.

Western blot experiment
Cells and mouse liver tissues were lysed using RIPA lysis 
buffer supplemented with 1% PSMF (R0010, Solarbio, 
Beijing, China) and total protein was extracted. Protein 
concentration was quantified by BCA method (P0012, 
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Beyotime, Jiangsu, China). Protein samples were mixed 
with loading buffer and denatured by boiling. Subse-
quently, SDS-PAGE gel electrophoresis was performed. 
The gel concentration of 8% was selected according to the 
molecular weight of target protein. After the experiment, 
total protein was transferred from the gel to PVDF mem-
brane. The membrane was then blocked with 5% BSA for 
1  h to reduce non-specific binding. After that, primary 
antibodies (LDLR, EGFR, P-EGFR, ERK, P-ERK and 
β-actin) diluted to 1:1000 in antibody diluent were added 
and incubated overnight at 4oC. Next day, the mem-
branes were washed with Tris Buffered Saline containing 
Tween 20® (TBST) three times for 10 min each, followed 
by the addition of secondary antibodies (horseradish per-
oxidase labeled anti-mouse or anti-rabbit IgG, Youwein-
ing, Shanghai, China) and incubation for 1  h at room 
temperature. Finally, after washing the PVDF membrane 
three times with TBST, chemiluminescence reagent A 
and B were mixed proportionally and evenly applied onto 
the PVDF membrane for light-avoidance chromogenic 
detection. Subsequently, gel imaging and photography 
were performed using a gel imager followed by analysis of 
strip intensity using ImageJ software version 1.44.

LDLR mRNA stability experiment
HepG2 cells were seeded in 10 dishes at 600 mm. Then, 
actinomycin D (5  µg/mL, Merck, Damstatt, Germany) 
was added to all dishes. After that, all dishes were divided 
into two groups: control and drug treatment group. And 
five dishes of drug treatment group were added with RSV 
(20 µM). Subsequently, RNA was extracted at 0 h, 0.5 h, 
1 h, 2 h and 3 h in each group. LDLR mRNA expression 
was detected by RT-qPCR. The decay curve was drawn 
according to time.

Oil red O staining
Mouse aorta, sections of aortic sinus and livers were col-
lected and stained following the instructions provided in 
the modified Oil Red O kit. Initially, tissue samples were 
fixed in 4% paraformaldehyde for 5 min to preserve cel-
lular morphology. Subsequently, they were immersed in 
60% isopropanol for 40  s to remove excess water. Sam-
ples were then treated with Oil red O working solution 
for 15 min to ensure complete binding of the intracellular 

lipids by the Oil red O reagent. Following this step, sam-
ples underwent washing with 60% isopropanol and dis-
tilled water twice each. Finally, observation and analysis 
of these samples were conducted using a Leica DM2500 
microscope (Wetzlar, Germany) with images captured 
accordingly.

Elastic Van Gieson staining (EVG staining)
The aortic sinus tissues of ApoE-/- mice was sectioned 
and placed in a Petri dish containing EVG dye in order 
to ensure complete exposure of each section to the dye. 
Subsequently, EVG dye penetrated the sections and 
selectively stained the elastic fibers in order to enhance 
their visibility under microscopic examination. Excess 
dye was removed by rinsing the immersed aortic sinus 
sections with tap water. During this rinsing process, care-
ful attention was paid to controlling the flow rate and 
strength of water to prevent any damage to the sections. 
The rinsed aortic sinus sections were then observed 
under a microscope to evaluate background color and 
changes in elastic fiber staining pattern. Optimal imaging 
conditions were achieved by adjusting both focal length 
and brightness settings on the microscope.

Immunofluorescence staining
The aortic sinus tissues from ApoE−/− mice were sec-
tioned and fixed with 4% neutral formaldehyde for 
15 min at room temperature. Sections were then treated 
with 0.3% Triton X-100 for 10  min to increase perme-
ability, blocked with BSA and placed in a wet box. Sub-
sequently, the sections were incubated overnight at 4oC 
with the CD68 antibody. Then, the sections were left at 
room temperature for 15  min before antibody removal 
and were subjected to another round of incubation with 
the secondary antibody for 1  h. After thorough wash-
ing with PBS, the sections were immersed in a DAPI dye 
solution to stain the nuclei blue, dropped with anti-fluo-
rescence attenuation sealant and then sealed with a glass 
cover. Finally, the expression of CD68 and the staining of 
nuclei were observed under a fluorescence microscope.

Immunohistochemical staining
First, the sections were dewaxed and hydrated at room 
temperature, followed by thermal antigen retrieval, 
which was applied to the hydrated sections. The sections 
were then placed in a humidified chamber with an immu-
nohistochemical pen forming a circle and a small amount 
of distilled water was added to maintain humidity. Sub-
sequently, goat serum blocking solution was applied and 
incubated at room temperature for 10 min. After remov-
ing the blocking solution, an antibody was applied to 
the tissue section and returned to the humidified cham-
ber overnight. In the morning, the chamber was taken 
out from 4oC refrigerator and allowed to equilibrate at 

Table 1  Sequences of primers for RT-qPCR
Gene Forward primer Reverse primer
Human LDLR GAACCCATCAAAGAGTGCG TCTTCCT-

GACCTCGTGCC
Human 
β-actin

CCCTGGCACCCAGCAC GCCGATCCA-
CACGGAGTAC

Mouse LDLR GTGCTGGATGGGGAGGTCT GAGGAACTG-
GCGGCTGAA

Mouse 
β-actin

GTGACGTTGACATCCGTAAAGA GCCGGACT-
CATCGTACTCC
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room temperature for 30 min. DAB substrate was added 
for 2  min, followed by washing with tap water. Brucine 
staining (approximately 1–2 min) until nuclei turned blue 
indicated completion of reaction. Further washing with 
tap water or PBS ensued before sealing with neutral gum. 
Subsequently, images were captured using a microscope 
(Nikon Eclipse Ti-E, Tokyo, Japan).

Statistical analysis
Data were expressed as the mean ± standard error of the 
mean (SEM). All experiments were repeated three times. 
Protein bands were analyzed using Image J software. 
Image-Pro Plus 6.0 was used to analyze plaque area and 

other staining area. All data were analyzed using Graph-
Pad Prism 8.0. “One-way ANOVA” was used to evaluate 
statistical differences within groups. A significance level 
of P < 0.05 was considered statistically significant.

Result
RSV enhanced DiI-LDL uptake in HepG2 cells by 
upregulating LDLR expression
Firstly, after incubation with RSV for 24  h, HepG2 cell 
viability was analyzed using MTT assay. The results 
demonstrated that RSV exhibited no cytotoxic effects 
on HepG2 cells within 10–30 µM range (Fig. 1A). Con-
sequently, the concentrations of 10, 20 and 30 µM were 

Fig. 1  RSV elevated DiI-LDL uptake by increasing LDLR expression. (A) After treated HepG2 cells with RSV (10, 20 and 30 µM), cell viability was measured 
by MTT assay. (B, C) Western blot and RT-PCR were performed to assess LDLR protein and mRNA levels, respectively. (D) DiI-LDL uptake was detected 
under a fluorescence microscope. (E) HepG2 cells were exposed to actinomycin D and RSV (20 µM), followed by RT-qPCR analysis to assess LDLR mRNA 
level. Date are expressed as mean ± SEM. Significant differences versus the control group are denoted by **P < 0.01 and ***P < 0.001
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selected for subsequent experiments. Around 70% of 
LDL-C circulation is removed through LDLR-depen-
dent endocytosis. In order to explore how RSV affects 
LDLR expression, western blot was performed to exam-
ine RSV-induced changes in LDLR protein expression. 
Notably, experimental results indicated that RSV sig-
nificantly enhanced LDLR protein expression (Fig.  1B). 
In circulation, low-density lipoprotein (LDL) serves as 
the primary cholesterol carrier. To examine the role of 
RSV on cholesterol metabolism, the effect of RSV on 
LDL uptake was evaluated through DiI-LDL assay. This 
assay measured fluorescence intensity to assess cellular 
LDL uptake capacity, which revealed a concentration-
dependent promotion of LDL uptake by RSV (Fig.  1C). 
To further explore the mechanism of RSV promoting 
LDLR protein expression, RT-qPCR was performed to 
assess LDLR mRNA expression. The results showed that 
RSV promoted LDLR mRNA expression (Fig.  1D). Like 
transcription and translation, mRNA half-life is also 
strictly regulated and is an important factor affecting 
protein expression. To further elucidate the regulatory 
mechanism of RSV on LDLR gene expression, its impact 
on LDLR mRNA stability was investigated using actino-
mycin D blocking DNA transcription. The result showed 
that the degradation rate of LDLR mRNA decreased 
and RSV enhanced LDLR stability (Fig. 1E). These find-
ings indicated that RSV could increase HepG2 cells’ LDL 
uptake capacity through stabilizing LDLR mRNA and 
thereby increasing LDLR protein level.

RSV activated EGFR-ERK1/2 signaling pathway to promote 
LDLR expression in HepG2 cells
The above studies found that RSV reduced the deg-
radation rate of LDLR mRNA. These findings pro-
vided valuable insights for future investigations into 
the molecular mechanisms underlying RSV-mediated 
regulation of LDLR expression. Previous studies have 
reported that activation of EGFR-ERK could stabilize 
LDLR mRNA [11]. This suggests a potential role for RSV 
in modulating LDLR mRNA stability through its influ-
ence on EGFR-ERK. To validate this hypothesis, more 
experiments were conducted. Western blot revealed that 
increasing concentrations of RSV corresponded to ele-
vated P-EGFR and P-ERK1/2 protein levels (Fig.  2A). It 
indicated that RSV may stabilize LDLR mRNA through 
activating EGFR-ERK signaling pathway. To further cor-
roborate these findings, Cetuximab (an EGFR monoclo-
nal antibody) was employed to inhibit EGFR signaling in 
HepG2 cells. A significant attenuation in both EGFR and 
ERK1/2 activation induced by RSV was observed as well 
as the decrease in LDLR protein expression and impaired 
functionality related to LDL uptake ability (Fig.  2B, C). 
In summary, all these results demonstrated that RSV 
enhanced intracellular level of LDLR by stabilizing its 

mRNA stability via modulation of EGFR-ERK1/2 signal-
ing pathway. Thereby it increased the capacity of HepG2 
cells for efficient uptake of LDL.

RSV ameliorated atherosclerosis in ApoE−/− mice fed a 
high-fat diet
Given that the pathological characteristics and progres-
sion of AS in ApoE−/− mice closely mirror those observed 
in humans, C57BL/6J ApoE−/− mice were employed 
to evaluate the effects of RSV on LDLR expression and 
ameliorate AS. To assess therapeutic effect of RSV on 
AS, the mice were assigned to seven groups: LFD group, 
HFD group, LOV group, RSV-10 group, RSV-20 group, 
Gefitinib group and Gefitinib + RSV group. This grouping 
design allowed for a comprehensive study of the mech-
anisms and effects of RSV on AS. Plaque formation is a 
crucial indicator in atherosclerosis pathology [20]. Oil 
Red O staining was performed to evaluate the develop-
ment of lesions in ApoE−/− mice. The results exhibited a 
significant increase in both aortic and aortic root plaque 
area in HFD group compared to LFD group. However, 
plaque deposits in LOV group were significantly reduced 
compared to HFD group. These findings confirmed the 
successful establishment of atherosclerosis model and 
indicated that the experimental conditions remained 
stable throughout the study. Simultaneously, the study 
found that the plaque area of RSV-10 and RSV-20 groups 
was also significantly reduced compared to HFD group. It 
indicated that RSV had a significant improvement effect 
on AS. Gefitinib group and Gefitinib + RSV group had 
no effect on reducing plaque deposits of aorta and aortic 
root of ApoE−/− mice (Fig. 3A, B).

Additionally, HFD group showed significantly increase 
of lipid-rich area in aortic root compared to LFD group. 
However, treatment with LOV, RSV-10 and RSV-20 
groups resulted in a significant reduction in lipid-rich 
core area of the aortic root. Conversely, neither Gefi-
tinib alone nor combined with RSV treatment had any 
effect on reducing the lipid-rich core area of aortic root 
(Fig.  4A). The infiltration of inflammatory cells in aor-
tic root was further analyzed using the CD68 immuno-
fluorescence staining method. The results demonstrated 
the significant increase in CD68 accumulation in aortic 
root of ApoE−/− mice fed with a high-fat diet compared 
to LFD group. However, treatment with LOV, RSV-10 
and RSV-20 resulted in reduced CD68 accumulation. 
Gefitinib alone or combined with RSV did not affect it 
(Fig. 4B). Additionally, EVG staining was used to analyze 
the changes in elastic fibers in the aortic root. The find-
ings revealed the extremely significant decrease in elastic 
fiber count of HFD group compared to LFD group. How-
ever, treatment with LOV, RSV-10 and RSV-20 resulted 
in a higher count of elastic fibers. Gefitinib alone or 
combined with RSV did not influence it (Fig. 4C). These 
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Fig. 2  RSV activated EGFR-ERK1/2 signaling pathway to promote LDLR expression. (A) HepG2 cells were exploed to RSV (10 µM, 20 µM and 30 µM). Ex-
pression levels of P-EGFR, EGFR, ERK and P-ERK were analyzed by western blot. (B) Cetuximab (5 µg/ml) and RSV (20 µM) were co-administered to HepG2 
cells. Protein levels of P-EGFR, EGFR, ERK, and P-ERK were assessed using western blot analysis. (C) Dil-LDL uptake was visualized under a fluorescence 
microscope. Date are expressed as mean ± SEM. Significant differences versus the control group are denoted by *P < 0.05, **P < 0.01, ***P < 0.001
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findings collectively indicated that RSV can ameliorate 
the onset and progression of AS.

RSV promoted LDLR expression in HFD-fed ApoE−/− mice 
by activating EGFR/ERK signaling pathway
In vitro, studies showed that RSV significantly increased 
LDLR gene expression by activating EGFR-ERK1/2 
signaling pathway. To determine whether biological 
effects of RSV in vivo is consistent with the results in 
vitro, RT-qPCR was employed to assess the impact of 
RSV on LDLR mRNA in mouse livers. The date showed 
that LDLR mRNA levels of RSV-10 and RSV-20 were 

increased compared to HFD group. However, there 
was no notable change observed in LDLR mRNA levels 
among ApoE−/− mice receiving Gefitinib group or Gefi-
tinib + RSV group (Fig.  5A). Subsequently, western blot 
and immunohistochemistry technique were utilized 
to confirm the effect of RSV on related protein levels 
(LDLR, P-EGFR and P-ERK) within liver tissues. Com-
pared to HFD group, ApoE−/− mice administered RSV 
(10 and 20 mg/kg/d) exhibited significantly higher levels 
of LDLR, P-EGFR and P-ERK protein. The results were 
consistent with cell-based experiments. However, no 
substantial differences were observed for these proteins 

Fig. 3  RSV reduced aortic plaque formation in high-fat diet-fed ApoE-/- mice. (A, B) The presence of plaques in the aorta and aortic sinuses was assessed 
through Oil red O staining and the area of these plaques was quantified using Image J. Date are expressed as mean ± SEM. Significant differences versus 
the control group are denoted by *P < 0.05, **P < 0.01 and ***P < 0.001 (n = 6)
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Fig. 4  RSV enhanced plaque stability in a high-fat diet ApoE-/- mice. (A, C) H&E and EVG staining were performed on aortic sinus sections to assess the 
necrotic core area and elastic fiber content, respectively. (B) Immunofluorescent staining was performed on aortic sinus section to assess macrophage 
deposition. Date are expressed as mean ± SEM. Significant differences versus the control group are denoted by *P < 0.05, **P < 0.01 and ***P < 0.001 (n = 6)
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Fig. 5  RSV enhanced LDLR expression by activating EGFR-ERK signaling pathway in high-fat diet-fed ApoE-/- mice. (A) The mRNA expression of LDLR in 
livers was measured by RT-qPCR. (B) Western blot was performed to measure protein levels of LDLR, P-EGFR, EGFR, P-ERK and ERK in lives. (C) Immunohis-
tochemical staining was used to analyze LDLR, P-EGFR and EGFR expression in livers. Date are expressed as mean ± SEM. Significant differences versus the 
control group are denoted by *P < 0.05, **P < 0.01 and ***P < 0.001 (n = 6)
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between ApoE−/− mice receiving Gefitinib group or Gefi-
tinib + RSV group (Fig.  5B, C). Collectively, these find-
ings suggested that activating EGFR-ERK1/2 by RSV may 
enhance hepatic expression of LDLR.

RSV reduced liver lipid accumulation and improved blood 
lipid biochemical indices
Dysregulated lipid metabolism is a key factor in the 
pathogenesis of AS. To further substantiate that RSV 
improved AS by enhancing LDL clearance, serum lipid 
profiles were examined in ApoE−/− mice. The results 

demonstrated that TG and TC levels in ApoE−/− mice 
treated with LOV and RSV-20 were significantly reduced. 
Notably, LDL-C level was also markedly reduced in RSV-
20 group. Although LDL-C level in LOV group exhibited 
a trend toward reducing, this effect was not statistically 
significant. Meanwhile, neither LOV nor RSV affected 
serum HDL-C levels. Neither Gefitinib alone nor in 
combination with RSV altered the serum lipid profiles 
(Fig.  6A). In addition, excessive fat intake can lead to 
hepatic lipid accumulation in the form of lipid droplets. 
Therefore, livers in HFD group exhibited substantially 

Fig. 6  RSV reduced liver lipid accumulation and improved blood lipid biochemical indices. (A) Serum levels of TG, TC, LDL-C and HDL-C were measured 
in ApoE-/- mice. (B) Oil red O staining was employed to detect lipid deposition in livers. Date are expressed as mean ± SEM. Significant differences versus 
the control group are denoted by *P < 0.05, **P < 0.01 and ***P < 0.001 (n = 6)
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higher lipid accumulation than those in LFD group, as 
evidenced by Oil Red O staining. However, this condi-
tion improved significantly in ApoE−/− mice treated with 
LOV, RSV-10 and RSV-20. In contrast, Gefitinib alone or 
in combination with RSV did not influence hepatic lipid 
accumulation (Fig. 6B). These findings further supported 
the hypothesis that RSV promoted LDLR expression, 
enhanced LDL clearance, improved lipid metabolism and 
reduced hepatic fat accumulation.

Discussion
As a global primary chronic disease, AS has become a 
significant challenge in the field of public health due to its 
high incidence and high mortality [25]. The core patho-
logical feature of this disease is chronic inflammatory 
lesions caused by abnormal deposition of cholesterol in 
the arterial intima [26]. Substantial evidence confirmed 
that elevated plasma LDL-C level directly contribute AS 
pathogenesis as an independent risk factor [27]. Given 
that LDL is the principal vehicle for cholesterol transport 
in circulation, regulating its metabolism is a key focus in 
combating AS [28]. LDLR plays a pivotal role in choles-
terol homeostasis by regulating plasma cholesterol level 
and is a critical component of cholesterol metabolic 
pathways [29]. This study revealed that RSV can amelio-
rate AS by activating EGFR-ERK signaling pathway and 
upregulating LDLR expression.

In HepG2 cells, RSV upregulated LDLR protein level 
through increasing post-transcriptional stabilization of 
LDLR mRNA and improved LDL uptake. However, at a 
concentration of 10 µM, this increase was not statistically 
significant. This may be attributed to the involvement 
of other intracellular receptors involved in lipoprotein 
metabolism such as scavenger receptors or alternative 
signaling pathways that indirectly influence LDL uptake 
efficiency through synergistic or compensatory mecha-
nisms. Given that ANGPTL3 has been recognized as a 
key controller of lipoprotein metabolism [30, 31], RSV 
may also reduce circulating LDL-C levels by inhibiting 
ANGPTL3 to promote VLDL clearance. Therefore, it 
was hypothesized that the mechanism of action of RSV 
was not confined to the LDLR pathway alone but likely 
involves a complex multi-signal regulatory network.

Previous studies have demonstrated that ERK kinase 
can regulate gene expression by stabilizing the promoter 
region of LDLR. At the same time, this study found that 
RSV could significantly increase the phosphorylation lev-
els of EGFR and ERK, which further verified the molec-
ular mechanism of RSV regulation of LDLR expression. 
In addition, alterations in cholesterol metabolism are 
closely associated with EGFR signaling in certain aggres-
sive cancers. EGFR mutations can enhance cellular cho-
lesterol uptake by stimulating LDLR expression [32, 33]. 
Therefore, it may be an effective mechanism that RSV 

regulated LDL metabolism by activating EGFR-ERK sig-
naling pathway.

In the high-fat diet-induced AS model of ApoE−/− mice, 
RSV was observed to significantly reduce arterial plaque 
deposition and the infiltration of macrophages. Mean-
while it increased content elastic fiber. Moreover, RSV 
improved lipid metabolism and reduced lipid accumula-
tion in livers. These findings indicated that RSV exerted 
a substantial ameliorative effect on AS at appropri-
ate doses. However, when RSV was combined with the 
EGFR inhibitor Gefitinib, the beneficial effects on plaque 
reduction were abrogated. This likely occurred because 
Gefitinib blocked EGFR signaling pathway, thereby coun-
teracting the therapeutic effects of RSV. These results 
suggested a potential antagonistic interaction between 
RSV and Gefitinib.

Strengths and limitations
This study was the first to reveal the molecular mecha-
nism by which RSV upregulates LDLR expression by acti-
vating EGFR-ERK signaling pathway. It provided novel 
ideas for targeted intervention. In addition, traditional 
studies have mainly focused on the antioxidant effect of 
RSV [34]. However, this study revealed a non-classical 
pathway through which RSV regulated lipid metabo-
lism via EGFR and expanded the understanding of RSV 
pleiotropy.

Despite the achievements of this study, there are still 
some limitations that are not fully elucidated. First of all, 
RSV can significantly change the capacity of LDL uptake 
and LDLR expression level at a concentration of 10 µM 
in HepG2 cells, but the specific molecular mechanism of 
the regulation has not been fully understood. In addition, 
studies have shown that impaired ANGPTL3 function 
leads to a notable reduction in LDL-C, triglyceride-rich 
lipoproteins and concurrent risk reduction in develop-
ment of coronary artery disease [35–37]. As a key regu-
lator of lipid metabolism, ANGPTL3 is independent of 
the classical LDLR pathway, so it is a valuable research 
direction to explore whether RSV affects cholesterol 
metabolism by regulating ANGPTL3. Finally, the mech-
anism of interaction between RSV and cell membrane 
components needs to be elucidated including its regula-
tion of membrane fluidity, membrane protein conforma-
tion and other physical properties. These breakthroughs 
in basic research not only help to reveal the multi-target 
characteristics of RSV, but also provide new theoretical 
basis and therapeutic targets for the intervention strategy 
of AS. Moreover, to achieve clinical translation of RSV, it 
is still necessary to systematically analyze its molecular 
network and comprehensively evaluate its regulatory effi-
cacy on lipid metabolism.
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Conclusion
In summary, this study revealed a novel mechanism of 
RSV upregulating LDLR expression by activating the 
EGFR-ERK1/2 signaling pathway and elucidated the 
molecular basis of its improvement in the occurrence 
and development of AS. This finding improves the under-
standing of mechanisms underlying the cardiovascular 
protective effects of RSV. At the same time, it provides a 
novel theoretical basis and potential therapeutic strategy 
for the targeted therapy of atherosclerotic cardiovascular 
diseases.
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