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Abstract

Objective: Atherosclerosis (AS) is a chronic inflammatory vascular disease characterized by dysregulated lipid homeostasis and plaque
formation. Consequently, there is an ongoing need for therapies with high efficacy and low toxicity. Thus, this study aimed to investigate
the effects of guggulsterone (GS) on atherosclerotic plaques in mice and to elucidate the molecular mechanisms underlying the beneficial
effects of GS in this pathological context. Methods: A total of 53 male ApoE™ knockout mice were fed on a high-fat Western-type diet for
8 consecutive weeks to induce atherosclerotic lesions; three mice were randomly selected for model validation by serum lipid analysis
and histopathological examination, and were excluded from subsequent grouping. The remaining 50 mice were randomly assigned
to five groups (n = 10 per group): model group, low/medium/high-dose GS treatment groups (35/70/140 mg/kg GS, respectively),
and an atorvastatin (AT) group (2.6 mg/kg). An additional 10 C57BL/6J mice served as the normal control group. After 8 weeks
of intragastric treatment, serum lipid levels (Total cholesterol [TC], Triglycerides [TG], Low-density lipoprotein-cholesterol [LDL],
High-density lipoprotein-cholesterol [HDL]) and a composite AS index were analyzed using standard biochemical methods. Serum
nitric oxide (NO), monocyte chemoattractant protein-1 (MCP-1), interleukin-6 (IL-6), and prostacyclin (PGI2) levels were measured by
enzyme-linked immunosorbent assay (ELISA). Aortic pathological changes were evaluated by hematoxylin and eosin staining, while
monocyte/macrophage-specific monoclonal antibody 2 (MOMA-2) and a-smooth muscle actin (a-SMA) expression were evaluated by
immunohistochemistry; Aortic Hmger and Srebp2 mRNA levels were quantified using reverse transcription quantitative polymerase
chain reaction (RT-qPCR). Outcome assessments were conducted in a blinded manner. Results: Compared with the control group, the
model group exhibited poorer general status, increased body weight, abnormal lipid levels, elevated levels of inflammatory factors, and
typical aortic AS pathological changes (all p < 0.05), together with the upregulation of aortic Srebp2 and Hmgcer mRNA levels (all p <
0.05). In contrast, mice in the medium- and high-dose GS groups and the AT treatment group exhibited improved general status, reduced
body weight, normalized lipid levels and inflammatory factors, and ameliorated aortic pathological damage, along with the reversal of
the molecular changes observed in AS model mice (all p < 0.05). Notably, high-dose GS exerted comparable or even superior regulatory
effects versus AT on the levels of TC, TG, LDL, NO, PGI, IL-6 and MOMA-2. Conclusion: GS treatment reduces atherosclerotic plaque
area and delays AS progression in mice, potentially through the regulation of Srebp2/Hmgcr mRNA expression, thereby improving lipid
metabolism, inhibiting inflammatory responses, and enhancing autophagy.
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1. Introduction

Atherosclerosis (AS) is a chronic pathological pro-
cess characterized by persistent impairment of vascular wall
structure and function, accompanied by lipid accumulation,
intimal thickening, and sustained local inflammatory ac-
tivation. With the progression of atherosclerotic lesions,
plaque enlargement and instability may eventually result
in vascular stenosis or occlusion, thereby contributing to
the development of severe cardiovascular events [1,2]. Al-
though the pathogenesis of AS is multifactorial and not yet
fully elucidated, disorders of lipid metabolism and exces-
sive inflammatory activation are generally considered ma-
jor contributors to disease progression.

Previous studies have indicated that the Srebp2/Hmgcr
signaling pathway is closely associated with the mainte-
nance of metabolic balance and inflammatory regulation
[3]. Several key molecules within this pathway are involved
in the functional modulation of vascular smooth muscle
cells and macrophages. Dysregulation of this signaling axis
has been reported to facilitate abnormal proliferation and
migration of vascular smooth muscle cells, reduce intra-
cellular lipid clearance, and promote foam cell formation,
thereby aggravating lipid metabolic disorders. Further-
more, activation of this pathway may stimulate downstream
inflammatory signaling cascades, increase the production
of pro-inflammatory mediators such as tumor necrosis
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factor-a (TNF-a) and interleukin-6 (IL-6), and contribute to
the progression of atherosclerotic lesions [4]. Previous evi-
dence also suggests that targeting the Srebp2/Hmgcr signal-
ing pathway may alleviate lipid metabolism abnormalities
and inflammatory responses, thereby slowing the progres-
sion of AS [5].

However, it is important to note that the pathogene-
sis of AS involves a complex regulatory network of mul-
tiple signaling pathways. In addition to Srebp2/Hmgcr,
other pathways such as NF-kB signaling and oxidative
stress-related mechanisms also play critical roles in vas-
cular inflammation and endothelial dysfunction. Recent
studies have demonstrated that guggulsterone (GS) can
inhibit NF-xB nuclear translocation and reduce reactive
oxygen species (ROS) generation, thereby alleviating 7-
ketocholesterol-induced vascular endothelial injury [6].
These findings suggest that the protective effects of GS on
the cardiovascular system are mediated through the mod-
ulation of multiple pathways rather than a single signaling
axis.

GS is a resin component extracted from the tradi-
tional Chinese medicine Commiphora myrrha, and is the
predominant material basis for the pharmacological effects
of this medicine. Its functions include promoting blood
circulation to relieve pain, reducing swelling, and promot-
ing granulation, and in addition to pronounced antioxi-
dant, anti-inflammatory, lipid-lowering, microcirculation-
improving, and blood stasis-alleviating effects [7]. Stud-
ies have reported that GS treatment significantly improves
lipid metabolism in model animals, as evidenced by the de-
creased levels of key indicators such as Total cholesterol
(TC), Triglycerides (TG), and Low-density lipoprotein-
cholesterol (LDL), suggesting its regulatory effect on ab-
normal lipid metabolism [8]. Moreover, as a selective an-
tagonist of farnesoid X receptor (FXR), GS exerts anti-
inflammatory and lipid-regulating pharmacological effects
through mechanisms that may be related to the regulation of
lipid metabolism and vascular endothelial protection path-
ways [9]. Recent evidence has further clarified the molecu-
lar basis of these effects [10]. A comprehensive review pub-
lished in 2025 systematically demonstrated that GS antag-
onizes FXR to promote cholesterol efflux and suppress in-
flammatory signaling, thereby contributing to the improve-
ment of lipid metabolism and vascular inflammation. In ad-
dition, consistent with its anti-inflammatory and endothelial
protective roles, GS has been shown to attenuate vascular
endothelial injury by inhibiting NF-kB activation and re-
ducing oxidative stress [11].

In pharmacological and preclinical animal studies, GS
has been shown to potentially mitigate core pathological
processes driving AS progression [12]. However, there has
been relatively little research focused on its direct effect on
the stability of AS plaques or the underlying molecular reg-
ulatory mechanisms, emphasizing a need to clarify the sig-
naling pathways and key targets of GS treatment. As such,

the present study was developed to provide experimental
support for the utility of GS as an intervention for AS pre-
vention or management by identifying its regulatory effects
on gene expression in this disease, with a particular focus
on the Srebp2/Hmgcr mRNA levels.

2. Materials and Methods

2.1 Experimental Animals

Fifty-three 8-week-old SPF male ApoE”" mice (18-21
g) and ten C57BL/6J mice were purchased from Changzhou
Cavens Laboratory Animal Co., Ltd. (License No.: SCXK
(Su) 2021-0013). All mice were housed in a specific
pathogen-free animal room with good ventilation, a tem-
perature of 24 + 1 °C, humidity of 45%—65%, and a 12 h
light/dark cycle, with free access to food and water. This
study was approved by the Animal Ethics Committee of
Changsha Medical University (No. 2023-014). All anes-
thesia and euthanasia procedures were performed in strict
accordance with the ARRIVE guidelines and the animal
welfare regulations approved by the Animal Ethics Com-
mittee of Changsha Medical University, to minimize the
pain and distress of experimental animals. The sample size
(n =10 per group) was determined based on previous stud-
ies using the same ApoE”" mouse atherosclerosis model, in
which groups of 10 mice were sufficient to detect signifi-
cant differences in key outcomes [13].

2.2 Drugs and Reagents

Guggulsterone (purity >98%, Batch No.: 230526) was
purchased from Shanghai Yiji Industrial Co., Ltd., Shang-
hai, China. A triglyceride assay kit (Cat. No.:S03027),
cholesterol assay kit (Cat. No.:S03042), and High-
density lipoprotein-cholesterol (HDL) assay kit (Cat.
No.:S03025) were obtained from Shenzhen Rayto Life
Sciences Co., Ltd., Shenzhen, China. An interleukin-6
(IL-6) Enzyme-linked immunosorbent assay (ELISA) kit
(Cat. No..GEMO0001), a monocyte chemoattractant protein-
1 (MCP-1) ELISA kit (Cat. No.:GEMO0017), an a-smooth
muscle actin (a-SMA) antibody (Cat. No.:GB111364),
and hydrochloric acid (Cat. No.:10011028) were pur-
chased from China National Pharmaceutical Group Chem-
ical Reagent Co., Ltd. PBS (Cat. No.:G0002), univer-
sal tissue fixative (Cat. No.:G1101), bovine serum albu-
min (BSA) (Cat. No.:GC305010), normal rabbit serum
(Cat. No.:G1209), a hematoxylin-eosin (H&E) staining
kit (Cat. No.:G1004), hematoxylin differentiation solu-
tion (Cat. No.:G1039), hematoxylin bluing solution (Cat.
No.:G1040), HRP-conjugated goat anti-rabbit IgG (Cat.
No.:GB23303), TBST (Cat. No.:G2150-1L), 0.45 um
PVDF membranes (Cat. No.:WGPVDF45), a BCA protein
quantification kit (Cat. No.:G2026), a general ECL chemi-
luminescence kit (Cat. No.:G2014-50ML), a 50 protease
inhibitor cocktail (Cat. No.:G2006-250UL), phosphatase
inhibitors (Cat. No.:G2007-1ML), and OCT embedding
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medium (Cat. No.:G6059-110ML) were all from Wuhan
Servicebio Technology Co., Ltd., Wuhan, China.

2.3 Instruments

This study utilized a decolorizing shaker, vortex
mixer, and high-speed tissue grinder from Wuhan Service-
bio Technology Co., Ltd., Wuhan, China; an electronic bal-
ance from Mettler-Toledo Instruments (Shanghai) Co., Ltd.;
a cryostat microtome from Thermo Fisher Scientific Inc.;
a microplate reader from BioTek Instruments, Inc., USA;
a desktop high-speed refrigerated centrifuge from Dragon
Lab Instruments (Beijing) Co., Ltd.; an automatic biochem-
ical analyzer from Shenzhen Rayto Life Sciences Co., Ltd.,
Shenzhen, China; an electric constant temperature water
bath from Shanghai Jinghong Experimental Equipment Co.,
Ltd.; a microwave oven from Galanz Microwave Appli-
ances Co., Ltd.; and a microscope from Nikon Instruments
Inc.

2.4 Model Establishment and Grouping

After adaptive feeding, C57BL/6J mice were used as
the normal control group, while the remaining ApoE”" mice
were fed a high-fat diet to establish an AS model [14]. Dur-
ing the modeling period, the general status of the mice was
continuously observed. Of the 53 utilized ApoE”~ mice, 3
were randomly selected for model validation via serum lipid
analysis and histopathological examination, and were not
included in subsequent grouping. After successful model
establishment, the remaining ApoE”~ mice were randomly
divided into 5 groups using a random number table, in-
cluding a model group, low-dose GS group (35 mg/kg),
medium-dose GS group (70 mg/kg), high-dose GS group
(140 mg/kg), and AT group (2.6 mg/kg), with 10 mice per
group. All drugs were administered once daily by gavage
for 8 consecutive weeks. Outcome assessments were con-
ducted in a blinded manner.

2.5 Body Weight Measurement

The body weight of mice in each group was monitored
during the experiment, with measurements being recorded
once per week at a fixed time. A body weight change curve
was plotted to evaluate the effects of different treatments on
overall growth status.

2.6 Sample Collection

After the 8-week intervention, mice were fasted for
12 h with free access to water. Blood samples were col-
lected via the orbital venous plexus under inhalation anes-
thesia with 3% isoflurane (RWD Life Science, China). Fol-
lowing blood collection, mice were humanely sacrificed by
intraperitoneal administration of 1% sodium pentobarbital
(100 mg/kg body weight, Merck, Germany), strictly adher-
ing to the institutional humane endpoint criteria and ani-
mal welfare protocols. Death was confirmed by the per-
manent cessation of heartbeat and breathing, and the aortic
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tissues were quickly isolated on ice. The isolated tissues
were divided and treated according to the subsequent ex-
perimental requirements, with partial tissues fixed in 4%
paraformaldehyde for pathological analysis, and the rest be-
ing snap-frozen in liquid nitrogen and stored at —80 °C for
subsequent molecular biology detection.

2.7 Detection of Serum TC, TG, LDL, HDL Levels and AS
Index Calculation

Serum levels of TC, TG, LDL, and HDL were detected
using an automated biochemical analyzer in strict accor-
dance with the provided instructions. The AS index, which
was used to comprehensively evaluate the degree of dyslipi-
demia, was calculated according to the following formula
[15]: AS index = (TC - HDL) / HDL.

2.8 ELISAs

Frozen serum samples were used to detect the expres-
sion levels of nitric oxide (NO), prostacyclin (PGI2), MCP-
1, and IL-6 using appropriate ELISA kits in accordance
with the provided directions. All plates were read using a
microplate reader.

2.9 Evaluation of Aortic Pathology

Aortic tissues were fixed with paraformaldehyde, then
dehydrated and cleared using standard methods, embedded
in paraffin, and cut into sections for H&E staining and ob-
servation of the morphological structure of vascular walls
and related pathological changes under a microscope.

2.10 Immunohistochemistry

Immunohistochemical staining was used to detect the
expression of monocyte/macrophage-specific monoclonal
antibody 2 (MOMA-2) and a-SMA in aortic tissues. Posi-
tive staining area was analyzed in a semi-quantitative man-
ner in ImageJ (Version 1.53t, National Institutes of Health,
Bethesda, MD, USA).

2.11 Reverse transcription quantitative polymerase chain
reaction (RT-qPCR)

Total RNA was extracted from aortic tissues and
reverse-transcribed into cDNA. RT-qPCR was used to de-
tect the expression of Hmgcr and Srebp2 at the mRNA level,
using Gapdh expression as a normalization control. All
primers used for this study are shown in Table 1.

2.12 Statistical Analysis

SPSS 26.0 (IBM Corp., Armonk, NY, USA) was used
for all data analysis. Continuous data were expressed as
the mean + standard deviation (X + s). Body weight data
were analyzed using repeated-measures ANOVA to evalu-
ate the effects of Group, Time, and the Group x Time in-
teraction. Other multi-group comparisons (such as serum
lipids, inflammatory cytokines, and mRNA expression lev-
els) were performed using one-way analysis of variance
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Table 1. Primer sequences.

Primer name Sequence Number of base pairs Product length/bp
F: ACAGCGGAGCAGGCTAAGGT 20
Hmgcer 239
R: TTTGAGGTCACGACGGGAGA 20
F: CAAGAAGAAGGCAGGCGACC 20
Srebp?2 103
R: CACAAATCCCACAGAGTCCACA 22
F: CCTCGTCCCGTAGACAAAATG 21
Gapdh 133
R: TGAGGTCAATGAAGGGGTCGT 21

(ANOVA), followed by Tukey’s post-hoc test for pairwise
comparisons. p < 0.05 was considered significant.

3. Results
3.1 General Status of Mice in Each Group

During the entire experimental period, mice in the
control group exhibited good general health status, with
high fur luster, frequent activity, sensitive responses, and a
stable mental state. Mice in the model group exhibited obvi-
ous abnormalities, including dull fur, reduced activity, and
lethargy, indicating successful model establishment. Com-
pared with the model group, mice in each treatment group
showed varying degrees of improvement in fur color, activ-
ity, and mental state after intervention.

3.2 GS Attenuates High-Fat Diet-Induced Body Weight
Gain in ApoE”~ Mice

Before modeling, there were no significant differences
in general status or body weight among all experimental
groups (p > 0.05). During the high-fat diet intervention, the
body weight of mice in all groups showed a gradual increas-
ing trend, with no significant difference among groups (p >
0.05). By Week 8, following the high-fat diet induction,
the body weight of mice in the model group and all treat-
ment groups showed a significant and consistent increase
compared with the control group (p < 0.05, Table 2), con-
firming the successful establishment of the obesity model
prior to drug intervention. Following the commencement
of GS or AT treatment, the body weight in the treatment
groups exhibited a progressive decrease and was signifi-
cantly lower than that in the model group during the sub-
sequent observation weeks (p < 0.05), as evidenced by the
repeated-measures ANOVA results (Fig. 1, Table 2).

3.3 Serum TC, TG, LDL, HDL, and AS Index Analyses

Compared with the control group, serum levels of TC,
TG, and LDL in the model group were significantly in-
creased, while HDL levels were significantly decreased,
and the AS index was significantly elevated (all p < 0.05),
which collectively verified the successful induction of
atherosclerotic lesions in our experimental mouse model.
Compared with the model group, serum TC, TG, and LDL
levels in mice treated with different doses of GS showed
a downward trend with GS dose, while HDL levels rose
gradually, and the AS index was significantly reduced in

all treatment groups (all p < 0.05). The strongest effects
were observed in response to medium- and high-dose GS
treatment, with evidence of dose-dependence. The positive
control AT treatment group exhibited beneficial effects sim-
ilar to those in the high-dose GS group (Fig. 2).

3.4 Serum NO, PGI2, MCP-1, and IL-6 Levels

Compared with the control group, the serum levels
of NO and PGI2 in the model group were decreased by
61.54% and 80.85%, respectively, while the levels of MCP-
1 and IL-6 were increased by 281.83% and 89.92% (all
p < 0.05), indicating a significant enhancement of the in-
flammatory response. Compared with the model group,
the PGI2 level in the low-dose GS group was increased by
31.51%, while MCP-1 and IL-6 levels were decreased by
3.39% and 10.02% (all p <0.05), respectively, and NO lev-
els were not significantly affected (p > 0.05). The NO lev-
els in the medium/high-dose GS groups and the AT group
were increased by 60.00%, 100.00%, and 120.00% relative
to the model group, respectively, while PGI2 levels were in-
creased by 105.47%, 269.95%, and 314.34%, MCP-1 levels
were reduced by 25.72%, 25.75%, and 36.24%, and IL-6
levels were reduced by 25.51%, 34.25%, and 40.49% (all
p <0.05). Notably, the high-dose GS group exhibited ther-
apeutic effects comparable to the AT group, with no sig-
nificant differences observed between them (p > 0.05, Fig.
3).

3.5 Aortic Pathological Changes

The aortic intima of mice in the control group was in-
tact with smooth vascular walls and no obvious lipid depo-
sition. The aortic intima of mice in the model group was
significantly thickened with massive lipid deposition, and
foam cell aggregation and plaque formation were observed.
Compared with the model group, all GS-treated groups and
the AT group showed decreased aortic lipid deposition and
reduced plaque area, with the high-dose GS group and AT
group exhibiting stronger ameliorative effects (Fig. 4).

3.6 Aortic MOMA-2 and a-SMA Protein Expression

A significant increase in positive MOMA-2 and a-
SMA staining area was observed in the aortas of mice in
the model group (p < 0.05), suggesting obvious smooth
muscle cell proliferation and inflammatory infiltration. In
response to GS or AT intervention, MOMA-2 expression
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Fig. 1. Body weight measurements among different groups of mice (n = 10 per group). Dynamic changes in body weight were

measured in all six experimental groups (Control, Model, low-dose guggulsterone [GS], medium-dose GS, high-dose GS, and atorvastatin

[AT] positive control groups) at Weeks 1, 8, 10, 12, 14, and 16. Results are presented as mean = SD. Statistical significance was determined

using repeated-measures ANOVA followed by Tukey’s post-hoc test: a, compared with the control group (p < 0.05); b, compared with

the AS model group (p < 0.05); ¢, compared with the GS low-dose group. SD, Standard Deviation.

Table 2. Body weight comparisons among different groups of mice.

Groups n Week 1 Week 8 Week 10 Week 12 Week 14 Week 16
Control group 10 21.53+1.07 28.17+1.13 28.68+130 2885+136 30.10+£1.72  30.63+2.27
Model group 10 20.69+1.68 31.82+0.89° 31.25+1.73* 31.51+1.78 31.70+2.46* 32.06+2.51*
GS low-dose group 10 2121129 31.24+1.92° 30.59+1.62*% 32.23+1.59* 30.63+2.52°> 30.21 £3.18°
GS medium-dose group 10 20.78 £ 1.11 31.30+1.84* 3034+ 1.75%> 31.87+2.42% 31.03+2.68° 30.34 +2.84°
GS high-dose group 10 21.19+1.17 31.54+1.74° 3044+2.67** 32.01+1.75* 30.95+2.66° 29.75+2.82b¢
AT group 10 21.96+1.52 31.45+1.91* 31.84+2.62* 31.86+2.76* 31.17+1.59> 29.98 £2.65°

Note: Data are presented as mean+ SD (n= 10). Statistical analysis was performed using repeated-measures ANOVA. Repeated-

measures ANOVA revealed significant main effects of Group and Time, as well as a significant Group x Time interaction (all

p <0.05). a, compared with the control group (p < 0.05); b, compared with the AS model group (p < 0.05); ¢, compared with

the GS low-dose group (p < 0.05).

was significantly downregulated, while 0-SMA expression
was markedly increased in a dose-dependent manner across
the low-dose, medium-dose, and high-dose GS groups (p <
0.05), indicating that inflammatory infiltration was allevi-
ated and plaque stability was enhanced. These results con-
firm that both interventions can effectively inhibit vascular
wall inflammation and ameliorate associated structural ab-
normalities (Figs. 5,0).

3.7 Aortic Hmgcer and Srebp2 mRNA Expression

Compared with the control group, the mRNA levels of
Hmgcr and Srebp?2 in the aortas of mice in the model group
were increased by 71.00% and 35.00%, respectively (all p <
0.05). Compared with the model group, Hmgcr expression
atthe mRNA level in the low/medium/high-dose GS groups
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and the AT group was decreased by 21.64%, 37.43%,
56.14% and 51.46%, while the corresponding expression
of Srebp2 was decreased by 4.43%, 11.11%, 21.48% and
44.43% (all p < 0.05). Notably, high-dose GS treatment
demonstrated inhibitory effects on Hmgcr and Srebp2 ex-
pression comparable to those of the AT group (p > 0.05,
Fig. 7).

4. Discussion

AS is a chronic vascular disease caused by lipid de-
position in the arterial wall, inflammation, and vascular
endothelial dysfunction, with the core drivers of patho-
genesis being arterial intimal damage and abnormal lipid
metabolism leading to vascular stenosis or occlusion, ul-
timately inducing cardiovascular and cerebrovascular dis-
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Fig. 2. Comparison of serum total cholesterol (TC), triglycerides (TG), low-density lipoprotein-cholesterol (LDL), high-density
lipoprotein-cholesterol (HDL), and AS index levels among different groups of mice. (A-E) Changes in serum TC, TG, LDL, HDL,
and AS index among different experimental groups. GS treatment improved lipid metabolism and reduced the AS index in a dose-
related manner compared with the model group. Results are presented as mean + SD. Statistical significance was indicated as follows: a,
compared with the control group (p < 0.05); b, compared with the AS model group (p < 0.05); ¢, compared with the GS low-dose group
(» <0.05); d, compared with the GS medium-dose group (p < 0.05); and e, compared with the GS high-dose group (p < 0.05).
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Fig. 3. Comparison of serum NO, MCP-1, IL-6, and PGI2 levels among different groups of mice. Bar graphs demonstrating
endothelial protective and anti-inflammatory activity of guggulsterone (GS) and atorvastatin (AT) across six experimental cohorts: normal
control group, atherosclerotic model group, low-dose GS group, medium-dose GS group, high-dose GS group, and AT positive control
group. (A) Serum nitric oxide (NO) levels. (B) Serum prostacyclin (PGI2) levels. (C) Serum monocyte chemoattractant protein-1 (MCP-
1) levels. (D) Serum interleukin-6 (IL-6) levels. Results are presented as mean + SD. Statistical significance was indicated as follows: a,
compared with the control group (p < 0.05); b, compared with the AS model group (p < 0.05); ¢, compared with the GS low-dose group
(p <0.05); d, compared with the GS medium-dose group (p < 0.05); and e, compared with the GS high-dose group (p < 0.05).

ease [15]. Although statins can improve this disease to  to adverse reactions [16], emphasizing the value of explor-
some extent in the clinic, long-term medication can give rise ing safe and effective alternative interventional measures.
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Fig. 4. Hematoxylin-eosin (H&E) staining of the aorta in different groups of mice. Micrographs illustrating aortic morphological

and pathological changes across six experimental cohorts, with a scale bar of 200 um for all images. (A) Normal control group. (B)
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Fig. 5. Results of immunohistochemical staining of the aorta in different groups of mice.

group

Representative images showing

monocyte/macrophage-specific monoclonal antibody 2 (MOMA-2) and a-smooth muscle actin (a-SMA) staining in aortic tissues of

mice from the control, model, GS-treated, and AT groups. GS treatment reduced inflammatory infiltration and promoted the accumu-

lation of a-SMA-positive smooth muscle cells compared with the model group. (A1-F1): MOMA-2 staining (A1: control group, B1:
model group, C1: GS low-dose group, D1: GS medium-dose group, E1: GS high-dose group, F1: AT-treated group); (A2-F2): a-SMA
staining (A2: control group, B2: model group, C2: GS low-dose group, D2: GS medium-dose group, E2: GS high-dose group, F2:

AT-treated group). GS treatment reduced inflammatory infiltration and abnormal vascular smooth muscle changes compared with the

model group. Scale bar = 50 pm.

The dysregulation of lipid metabolism is a key patho-
logical driver of the progression of AS lesions. Abnor-
mal increases in TC, TG, and LDL levels, coupled with
lower HDL levels, directly lead to lipid deposition in the
vascular endothelium, promoting foam cell formation and
atherosclerotic plaque progression. As an important indi-
cator for evaluating lipid metabolism disorder and AS risk,
the AS index reflects the elevated risk of disease occurrence
[17]. In addition, Hmgcr and Srebp2 are key regulators
of cholesterol synthesis, and their overexpression enhances
endogenous cholesterol production in addition to aggravat-
ing lipid accumulation.

In the present study, ApoE~~ mice fed a high-fat diet
were used as a widely accepted model to simulate the patho-
logical characteristics of human AS [18]. In these ex-
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perimental animals, GS or AT treatment improved lipid
metabolism, as evidenced by decreased TC, TG, and LDL
levels, increased HDL levels, and a reduced AS index.
Histopathological analysis further indicated that GS or AT
reduced aortic pathological lesion severity, while also as-
sociated with Srebp2/Hmgcr mRNA expression changes.
Taken together, these findings suggest that GS treatment is
associated with improvements in lipid metabolism-related
indicators. These results are generally consistent with pre-
vious reports [19].

The inflammatory response is a central driver of the
initiation and progression of AS, involving inflammatory
cell recruitment, cytokine release, and vascular dysfunction
[20]. MCP-1 plays a key role in recruiting monocytes to
vascular lesions, where they differentiate into macrophages,
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Fig. 6. Comparison of the percentage of MOMA-2 and a-SMA positive area in the aortas of mice in different experimental
groups. Quantification of the immunohistochemical staining in Fig. 5 was performed. (A) Percentage of positive expression area of
the macrophage-specific marker MOMA-2. (B) Percentage of positive expression area of the vascular smooth muscle cell marker a-
SMA. Results are presented as mean + SD. Statistical significance was indicated as follows: a, compared with the control group (p <
0.05); b, compared with the AS model group (p < 0.05); ¢, compared with the GS low-dose group (p < 0.05); d, compared with the GS
medium-dose group (p < 0.05); and e, compared with the GS high-dose group (p < 0.05).
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Fig. 7. Comparison of the relative mRNA expression levels of Hmgcr and Srebp2 in the aortas of mice in different experimental

groups (n = 10). Reverse transcription quantitative polymerase chain reaction (RT-qPCR) was used to analyze the mRNA expression of
Hmgcr and Srebp2, two key regulators of cholesterol and lipid metabolism. Results are presented as mean + SD. Statistical significance
was indicated as follows: a, compared with the control group (p < 0.05); b, compared with the AS model group (p < 0.05); ¢, compared
with the GS low-dose group (p < 0.05); d, compared with the GS medium-dose group (p < 0.05); and e, compared with the GS high-dose
group (p < 0.05).

as reflected by MOMA-2 expression [21]. IL-6 further ex-
acerbates endothelial injury, while a-SMA is closely associ-
ated with vascular smooth muscle cell activation and plaque
stability [22]. NO and PGI2 are important endothelial-
derived protective factors that regulate vascular tone and
inhibit thrombosis and inflammation [23,24]. Excessive in-
flammatory responses can reduce NO and PGI2 levels, es-
tablishing a vicious cycle that aggravates vascular dysfunc-
tion [25].

The results of the present study revealed that GS
or AT treatment helped mitigate the imbalance between
proinflammatory and protective factors in AS model mice,
as indicated by decreased MCP-1 and IL-6 levels to-
gether with increased NO and PGI2 levels. In addition,
reduced MOMA-2 expression and increased a-SMA ex-
pression suggested the alleviation of macrophage infiltra-
tion and improved vascular remodeling. Associated with
Srebp2/Hmgcr mRNA expression changes was also ob-
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served in the GS and AT groups. These findings sug-
gest that GS treatment may be associated with the mod-
ulation of inflammatory responses and lipid metabolism-
related pathways. However, it should be noted that such
changes do not establish a direct mechanistic link between
these findings, and further studies are required to clarify the
underlying molecular pathways. However, these findings
are generally consistent with previous reports [26]. In the
present study, the regulatory role of GS was primarily veri-
fied at the mRNA level. Further investigations involving
protein expression analysis and functional rescue experi-
ments are needed to fully substantiate the mediation of the
Srebp2/Hmgcr signaling pathway.

One prior study reported that GS may aggravate
atherosclerotic lesions in ApoE”~ mice [27]. The discrep-
ancy between that study and the present findings may be at-
tributable to differences in experimental conditions, such as
dosage, treatment duration, dietary composition, or model
variability. This suggests that the effects of GS on AS may
be context-dependent and require further investigation.

In addition, accumulating evidence indicates that the
cardiovascular protective effects of GS involve multiple
signaling pathways [28]. For example, GS has been re-
ported to attenuate endothelial injury by inhibiting NF-xB
nuclear translocation and reducing reactive oxygen species
(ROS) generation. Furthermore, GS acts as an FXR an-
tagonist, promoting cholesterol efflux and exerting anti-
inflammatory effects, as summarized in a recent review
[29]. These findings suggest that the effects of GS are likely
mediated through a complex, multi-pathway regulatory net-
work rather than a single signaling axis.

In conclusion, GS intervention can improve lipid
metabolism, alleviate inflammatory response, and effec-
tively inhibit the progression of atherosclerotic lesions in
ApoE~~ mice. These effects are associated with alterations
in lipid metabolism and inflammatory pathways, although
a definitive causal relationship cannot be established based
on the current data. This study provides experimental evi-
dence supporting the potential value of GS as an approach
to AS treatment. However, given the multi-target nature of
traditional Chinese medicine, further studies are required to
elucidate the precise molecular mechanisms underlying its
effects and to validate these findings.

5. Limitations

Despite demonstrating the anti-atherosclerotic effects
of GS in ApoE”~ mice, several limitations of this study
should be acknowledged. First, GS was administered by
oral gavage, a route associated with relatively low bioavail-
ability. Previous studies have reported that the absolute oral
bioavailability of Z-GS in rats is approximately 42.9%, in-
dicating a substantial first-pass effect. Limited systemic
exposure may therefore underestimate its pharmacological
efficacy. In addition, oral administration is influenced by
gastrointestinal conditions and metabolic variability, which
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may contribute to experimental heterogeneity. Second, the
precise mechanism of action remains incompletely defined.
Although our findings highlight the regulatory effects of GS
on Srebp2 and Hmgcr, these observations were primarily
limited to the mRNA level. The absence of protein expres-
sion analysis (e.g., Western blot) and pathway-specific res-
cue experiments means that the definitive mediating role of
the Srebp2/Hmgcr signaling pathway requires further sub-
stantiation. Additionally, GS is also a known FXR antago-
nist, and its effects may result from direct modulation of in-
tracellular signaling proteins or indirect receptor-mediated
mechanisms. The lack of pathway-specific intervention
precludes definitive conclusions regarding causality. Third,
the potential differences between Z- and E-isomers were not
addressed. GS consists of both stereoisomers, which dif-
fer in pharmacokinetics and biological activity. The use of
mixed isomers may obscure isomer-specific effects, partic-
ularly given their rapid clearance and short half-lives ob-
served in vivo. Fourth, the evaluation of atherosclerotic le-
sions in this study was primarily based on H&E staining.
While H&E staining provides essential morphological in-
formation regarding intimal thickening and foam cell ag-
gregation, more specific staining methods, such as Oil Red
O for lipid deposition or Masson’s trichrome for collagen
content, would provide more comprehensive evidence for
plaque characterization. Nonetheless, the pathological as-
sessment in the present study was supplemented by quanti-
tative serum lipid profiles and immunohistochemical anal-
ysis of MOMA-2 and a-SMA, which collectively support
the ameliorative effects of GS on AS lesions. Furthermore,
the study is limited by a relatively small sample size and the
use of a single animal model. Although ApoE~~ mice are
widely used, they do not fully replicate human AS. Valida-
tion in additional models (e.g., LDL receptor-deficient mice
or large animal models) is warranted. Finally, no trans-
lational or clinical validation was performed. Therefore,
the relevance of these findings to human atherosclerosis re-
mains to be established. Future studies should address these
limitations, including optimization of drug delivery strate-
gies [30] and further mechanistic investigations.

6. Conclusion

In this study, GS significantly lowered TC, TG, and
LDL-C, increased HDL-C, and markedly reduced aortic
pathological lesion severity, while this process was associ-
ated with Srebp2/Hmgcr mRNA expression changes. GS
suppressed MCP-1 and IL-6 production while enhancing
NO and PGI2 levels, reducing MOMA-2 expression, and
increasing a-SMA levels. These results suggest that GS
may attenuate AS, but such effects are associative observa-
tions that do not establish causality. This study is limited by
the lack of mechanistic insight, dose-response analyses, and
safety assessment. Future studies should attempt to validate
the underlying mechanisms, optimize dosing, and evaluate
the efficacy and safety of GS in different animal models
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and clinical settings. In summary, GS shows potential as a
therapeutic agent in AS, but caution is warranted.
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