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Abstract: Shenzhu Guanxin Formula (SGF), a traditional Chinese medicinal compound comprising nine classical
herbal constituents, has demonstrated clinical efficacy in the treatment of coronary heart disease. However, its
bioactive components and mechanistic underpinnings in atherosclerosis (AS) remain elusive. This study aimed to
elucidate the anti-atherosclerotic effects, bioactive constituents, therapeutic targets, and underlying mechanisms
of both SGF decoction and granule formulations. An atherosclerotic rat model was established using a 16-week
high-fat diet, supplemented with vitamin D, injections and carotid artery clamping. The anti-atherosclerotic efficacy
of varying doses of SGF granules and decoction was assessed by quantifying serum lipid profiles, antioxidant ca-
pacity, inflammatory markers, and vascular morphology. Mechanistic insights were explored by integrating network
pharmacology with carotid artery transcriptomics, followed by experimental validation in human umbilical vein endo-
thelial cells (HUVECSs) treated with SGF-medicated serum. Results indicated that SGF dose-dependently ameliorated
atherosclerotic progression in rats, evidenced by improved serum lipid parameters, reduced carotid plaque burden
and arterial/hepatic lipid deposition, enhanced antioxidant status (elevated superoxide dismutase and glutathione
levels), and decreased concentrations of interleukin (IL)-6, IL-13, and tumor necrosis factor-a (TNF-a). Western
blot analysis revealed downregulation of phosphorylated Akt (p-Akt), phosphorylated phosphatidylinositol 3-kinase
(p-PI3K), vascular endothelial growth factor A (VEGF-A), intercellular adhesion molecule-1 (ICAM-1), and vascular
cell adhesion molecule-1 (VCAM-1), along with upregulation of endothelial nitric oxide synthase (eNOS). Integrated
network pharmacology and transcriptomic analyses identified 99 putative active components and 243 AS-related
targets, highlighting the PI3K-Akt signaling pathway as pivotal. In oxidized low-density lipoprotein (oxLDL)-injured
HUVECs, SGF-medicated serum attenuated reactive oxygen species (ROS) generation and suppressed PI3K/Akt
activation, thereby supporting the in-silico predictions. In conclusion, both SGF decoction and granule formulations
exert comparable anti-atherosclerotic effects in rats, primarily through ameliorating dyslipidemia, inflammation, and
plaque burden, largely mediated via inhibition of the PI3K/Akt pathway.
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Introduction activation throughout the continuum from le-

sion formation to thrombotic occlusion [2-4].
Atherosclerosis (AS) represents the principal

pathological foundation of cardiovascular dis-
eases, which constitute the foremost cause of
global morbidity and mortality [1]. Its pathogen-
esis is predominantly driven by dyslipidemia-
induced endothelial dysfunction, initiating a
cascade of lipid deposition, chronic inflamma-
tion, oxidative stress, and sustained platelet

In Traditional Chinese Medicine (TCM), AS is
attributed to dysfunction of the liver, spleen,
and kidney, leading to the accumulation of
phlegm and blood stasis [5]. TCM formulations
designed to strengthen the spleen, tonify qi,
resolve phlegm, and activate blood circulation
have demonstrated well-established anti-AS
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Table 1. Detailed compositions of SGF

Traditional name

Family of the Scientific name

Formula components of the component Part used component of the component Weight
Ginseng Renshen Dried root and rhizome Araliaceae  Panax ginseng C. A. Mey. 5¢g
Danshen Danshen Dried root and rhizome Lamiaceae  Salvia miltiorrhiza Bge. 10¢g
American Ginseng Xiyangshen Dried root Araliaceae  Panax quinquefolium L. 5¢g
Notoginseng Sanqi Dried root and rhizome Araliaceae  Panax notoginseng (Burk.) 5¢g
F. H. Chen
Leech Shuizhi Dried whole body Hirudinidae  Hirudo nipponica Whitman 3g
Pinellia Tuber (Prepared) Fabanxia Processed product of Araceae Pinellia ternata (Thunb.) Breit. 10¢g
Pinellia ternata tuber

Largehead Atractylodes Baizhu Dried rhizome Asteraceae  Atractylodes macrocephala 10g
Rhizome Koidz.

Dried Tangerine Peel Chenpi Dried mature pericarp Rutaceae Citrus reticulata Blanco 10¢g
Pummelo Peel Huajuhong Dried outer layer of pericarp Rutaceae Citrus grandis ‘Tomentosa’ or 10¢g

Citrus grandis (L.) Osbeck

efficacy [6-9]. Shenzhu Guanxin Formula (SGF),
a patented TCM compound derived from
Wendan Decoction and modified by Professor
Deng Tietao, is clinically employed for coronary
heart disease and platelet hyperactivity [10-
13]. Comprising nine medicinal components,
SGF exhibits lipid-regulating and antithrombot-
ic properties, with identified bioactive constitu-
ents including notoginsenoside R1 and various
ginsenosides [14, 15]. Nevertheless, the pre-
cise mechanisms underlying its anti-AS effects,
particularly in endothelial regulation, remain
inadequately elucidated.

Traditional TCM decoctions are constrained
by laborious preparation processes and limit-
ed portability [16], whereas formula granules -
modern (formulations involving single-herb ex-
traction and pre-blending) - offer enhanced
convenience and improved quality control [17,
18]. However, the therapeutic equivalence
between granules and traditional combined
decoctions remains a critical unresolved issue
requiring rigorous validation [19].

To date, no direct comparative study has evalu-
ated the anti-AS efficacy and mechanisms
of SGF decoction versus granules. Herein, we
employed an atherosclerotic rat model to con-
duct a head-to-head comparison of these two
formulations. By integrating transcriptomic pro-
filing of carotid arteries, network pharmacology
predictions, and in vitro validation, we system-
atically elucidated the underlying mechanisms.
This study provides novel insights into the ther-
apeutic equivalence of SGF granules and de-
coction in anti-AS interventions and reveals
their core pharmacological mechanisms.
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Material and methods
Preparation of SGF

SGF comprises nine natural medicinal ingredi-
ents (Table 1). All raw Chinese herbal medi-
cines and corresponding formula granules were
supplied by Guangdong EFONG Pharmaceutical
Co., Ltd., and these materials were inspected
by two senior Chinese medicine pharmacists.
For the traditional decoction, the nine herbs
were accurately weighed in accordance with
the formula proportions. They were then im-
mersed in purified water for 30 minutes and
boiled in a clay pot for 30 minutes. Subsequent-
ly, the mixture was simmered over low heat for
30 minutes, after which the medicinal liquid
was filtered and collected. An eightfold volume
of water was added to the remaining herb resi-
due, followed by boiling for 15 minutes and fil-
tration. The resulting filtrates were combined
and evaporated to a concentration of 1 g/mL
using a rotary evaporator (Hei-VAP Core, Hei-
dolph, Germany) to form the decoction solu-
tion. The SGF granule formulation was prepared
by proportionally dissolving single-ingredient
formula granules in purified water and heating
the solution to achieve a concentration of 1 g/
mL.

Animal experiments

Sprague-Dawley rats (6 weeks; 200 g + 20 g;
male) were obtained from the Zhuhai Bes-
Test Bio-Tech Co,. Ltd. (SCXK 2020-0051001).
Fifteen rats were used for collecting drug-con-
taining serum for in vitro experiments, while 48
rats were used for in vivo experiments. Rats
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were housed in a standardized breeding envi-
ronment with 12 h light/dark cycle and provid-
ed with sufficient food and water. The animal
experiments were performed in compliance
with the ARRIVE guidelines and approved by
the Animal Ethics Committee of The Eighth
Affiliated Hospital of Sun Yat-sen University
(Approval number: No. 202403301).

Following a one-week acclimatization period,
48 SD rats were randomly divided into eight
groups: sham, model, low-/medium-/high-dose
traditional decoction (TD-L/TD-M/TD-H), and
low-/medium-/high-dose granule (G-L/G-M/G-
H) groups. In the sham group, the carotid artery
was exposed but not occluded. All other groups
underwent 20-min occlusion of the left carotid
artery with a vascular clamp, followed by reper-
fusion. Postoperatively, penicillin (800,000 IU/
day) was administered intramuscularly for three
consecutive days to all animals. The sham gr-
oup were maintained on standard chow, while
the remaining groups were fed with high-fat
feed (containing 36% fat, 0.2% sodium cholate
and 1.2% cholesterol). After surgery, all sub-
jects were injected with vitamin D, (600,000
IU/kg; cat# 080681417; Harbin Sanma Animal
Pharmaceutical, China) through the intraperito-
neal route, with subsequent monthly injections
of 100,000 IU/kg, while the sham group was
given equivalent saline [7].

The dose of gastric infusion was determined
by using the body surface area conversion
method [20]. The low, medium and high gavage
doses (calculated based on the amount of raw
drug) were 3.03 g-kg'day?, 6.07 g-kg'day* and
12.14 g-kglday?, respectively. All animals were
administered their respective formulations by
gavage once every two days in 16 weeks.

Preparation of high-concentration medicated
serum

Fifteen rats were administered decoction (6.07
g/kg/day), granules (6.07 g/kg/day), and sa-
line. After a 7-day gavage intervention, the rats
were euthanized and serum was collected. The
serum was heat-inactivated in a 56°C water
bath for 30 minutes, then filtered through 0.22
um membranes, aliquoted into several equal
portions, and finally stored in an ultra-cold
freezer at -80°C.
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Sample collection

Following a one-week acclimatization period,
blood was collected from the retro-orbital plex-
us. At week 16, carotid ultrasound was per-
formed under 2% isoflurane anesthesia; ani-
mals were then euthanized by exsanguination
under deep anesthesia. Kidney, heart, liver,
aorta and carotid artery were collected for sub-
sequent analysis. The organ index was calcu-
lated as organ weight (mg) divided by body

weight (g).

Histopathology

Carotid artery specimens were fixed in 10%
neutral buffered paraformaldehyde for 24 h,
followed by standard gradient dehydration, par-
affin infiltration and embedding. Tissues were
sectioned into 4-6 um slices, deparaffinized
with xylene, and stained with hematoxylin and
eosin (H&E) using a commercial kit (Cat# G10-
76, Servicebio, China). Images were acquired
from three random visual fields per section
under an upright optical microscope (Nikon
Eclipse C1, Japan). Carotid intima-media thick-
ness (CIMT) was measured using ImageJ soft-
ware (Java 13.0.6, USA).

For assessment of lipid deposition, rat carotid
artery and liver samples were fixed, embedded
in OCT compound, and processed for cryosec-
tioning. Subsequent staining with Oil Red O
was performed on these sections (Cat# G1015,
Servicebio, China). ImageJ software was used
to calculate the proportion of lipid area in the
total tissue area.

Ultrasound imaging of carotid artery

Rats were anesthetized with 2% isoflurane and
carotid arteries were examined using a small
animal ultrasound imaging device (Vevo 2100,
Visualsonics, Canada). The operator was blind-
ed to the animal grouping. The carotid artery
wall thickness, peak systolic velocity (PSV), end-
diastolic velocity (EDV), plaque size and vascu-
lar stenosis were evaluated.

Detection of serum biochemical index

Low-density lipoprotein cholesterol (LDL-C),
total cholesterol (TC), high-density lipoprotein
cholesterol (HDL-C), and triglycerides (TG) lev-
els in serum were detected using reagent
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kits from Elabscience Biotechnology (Wuhan,
China). Glutathione (GSH) and superoxide dis-
mutase (SOD) levels were measured using
reagent kits from Beyotime Biotechnology and
Nanjing Jiancheng Bioengineering Institute.

Enzyme-linked immunosorbent assay (ELISA)

IL1B, IL6 and TNF-a levels in serum were
determined by ELISA kits (Cat# E-HSEL-RO002;
Cat# E-EL-MO0044; Cat# E-EL-R0019c) from
Elabscience Biotechnology Co., Ltd.

Transcriptome sequencing and analysis

Five replicates were included for each of the
sham, model group, decoction (high dose) and
granule group (high dose). Carotid artery tis-
sues were sent to Beijing Novogene for tran-
scriptome sequencing. Differentially expressed
genes (DEGs) were identified using the DESeq2
software; genes with p-value < 0.05 and |log2
fold change| > 1 were selected. In addition, Kyo-
to Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis and Gene Onto-
logy (GO) functional enrichment analysis were
conducted, with p-value < 0.05 as the enrich-
ment threshold.

Network pharmacology analysis

Collection of active ingredients and targets of
SGF components: The active ingredients of
SGF were screened under the conditions of
oral bioavailability > 30% and drug-likeness >
0.18 based on the TCMSP database. The com-
pound components contained in “Ginseng”,
“Atractylodes Macrocephala”, “Notoginseng”,
“Pinellia Ternata”, “American Ginseng”, “Tanger-
ine Peel”, “Exocarpium Citri Grandis”, and “Sal-
via Miltiorrhiza” were retrieved from TCMSP.
Literature sources were consulted, and the
chemical components of “Hirudo” were retriev-
ed from the Herb database. By searching the
PubChem platform, we obtained the matching
SMILES codes. Subsequently, compounds were
screened using the SwissADME platform to
identify compounds with high gastrointestinal
absorption (Gl absorption) and those that met
at least two of the five rules proposed by Egan,
Veber, Ghose, Muegge, and Lipinski, enabling
the prediction of SGF active ingredients. Next,
we utilized the SwissTargetPrediction platform
to predict the effective component targets of
the aforementioned TCM, and set the predicted
probability threshold to > O. We then sorted the
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prediction results to eliminate duplicate tar-
gets.

Screening of atherosclerosis targets: The Dis-
GeNET database, OMIM database and Gene-
Cards database were searched using “athero-
sclerosis” as the keyword. The targets of ath-
erosclerosis were obtained after removing
duplicates.

Analysis of the association between disease
targets and drugs: The targets of atherosclero-
sis were intersected with those of SGF to ob-
tain the anti-atherosclerotic targets of SGF. To
obtain the interaction relationships between
these targets, they were imported into the
STRING database. The “minimum required
interaction score” was set to > 0.400, the spe-
cies was selected as “Homo sapiens”, and
other parameters were set to default. Finally,
the Cytoscape software (3.10.3) was used to
construct a protein-protein interaction (PPI)
network. Subsequently, the Centiscape 2.2 plu-
gin was employed to screen for key target po-
ints. Within the plugin, the Degree, Closeness,
and Betweenness algorithms were selected,
resulting in the identification of key target
nodes.

Gene enrichment analysis: To annotate the
gene functions, GO enrichment analysis, con-
taining Biological Process (BP), Cellular Com-
ponent (CC), Molecular Function (MF) and KEGG
signal pathway enrichment analysis was per-
formed through the Metascape database.

Experimental cells

Human umbilical vein endothelial cells (HUV-
ECs) were acquired from Zhonggiao Xinzhou
Biotechnology Co., Ltd., while trypsin and phos-
phate-buffered saline were sourced from
Thermo Fisher Scientific (Beijing, China). Fetal
bovine serum, endothelial cell culture medium,
penicillin-streptomycin (100x), and endothelial
cell growth factor were sourced from ScienCell.
The incubator was set at a constant tempera-
ture of 37°C with 95% humidity and 5% CO,,.
Medium was replaced every 48 h, and cells
were passaged with 0.25% trypsin upon reach-
ing 90% confluence.

CCK-8 and reactive oxygen species (ROS) as-
say

Cell proliferation was detected using a CCK-8
kit. HUVECs seeded in 96-well plates were
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treated with oxidized low-density lipoproteins
(oxLDL) (Yiyuan Biotechnology, China) for 24 h,
followed by treatment with or without drug-con-
taining serum for an additional 24 h. Then,
CCK-8 reagent (DOJINDO, Japan) (10 uL/well)
was added and incubated for 1 h before mea-
suring absorbance at 450 nm.

ROS levels were detected according to the
standard procedure in the instruction manual
of the ROS detection kit (Beyotime Biotech-
nology). After 24 hours of oxLDL treatment,
cells were cultured with drug-containing serum
and/or Sc79 (an agonist of Akt, Beyotime Bio-
technology), then incubated in the dark for 25
minutes after the addition of DCFH-DA. Images
were captured under an upright fluorescence
microscope (Axio Observer 7, ZEISS, Germany)
using an excitation wavelength of 488 nm.

Western blotting

The protein concentrations of arterial tissues
and cells were determined using the BCA
kit. Western blotting was performed to detect
the expression of vascular endothelial growth
factor (VEGF-A), intercellular adhesion mole-
cule (ICAM-1), endothelial nitric oxide synthase
(eNOS), vascular cell adhesion molecule (VCAM-
1), phosphorylated Threonine Kinase (p-Akt),
phosphorylated phosphatidylinositol 3-Kinase
(p-PI3K), Akt and PI3K proteins. The following
antibodies were used: GAPDH Monoclonal anti-
body (Cat No.60004-1-Ig) and VEGFA Polyclonal
antibody (Cat#26157-1-AP) were purchased
from Proteintech Technology; VCAM-1 Rabbit
PolymAb (Cat#A19131PM) and ICAM-1/CD54
Rabbit mAb (Cat# A24648) were purchased
from ABclonal Technology; Anti-Pl 3 Kinase p85
alpha (phospho Y467) + PI3 Kinase p55 (phos-
pho Y199) antibody (Cat# ab278545) was pur-
chased from Abcam; eNOS (D9A5L) Rabbit
mAb (Cat# 32027), Akt Antibody (Cat# 9272),
P13 Kinase p85 Antibody (Cat# 4292), Phospho-
Akt (Serd73) Rabbit mAb antibody (Cat# 4060S)
and Anti-rabbit 1gG HRP-linked Antibody (Cat#
7074S) were purchased from Cell Signaling
Technology. Band intensities were measured
using ImageJ software (Java 13.0.6).

Statistical analysis

Data analysis and graph generation were per-
formed using SPSS version 27.0.1.0 and
GraphPad Prism version 10.3.1. The Shapiro-
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Wilk test was applied to assess the normality of
measurement data. Data conforming to a nor-
mal distribution were presented as mean + SD.
For data with homogeneous variances, one-
way ANOVA followed by LSD post hoc test was
used for multiple comparisons. For data with
heterogeneous variances, Tamhane’s T2 post-
hoc test was adopted for multiple pairwise
comparisons. All statistical tests were two-sid-
ed, and P < 0.05 was considered statistically
significant.

Results

Effects of SGF on organ indices in atheroscle-
rotic rats

In the analysis of organ indices, compared with
the sham group, the heart, liver, and kidney
weight indices were significantly increased in
atherosclerotic model rats (P < 0.001, Table 2).
SGF treatment significantly reduced the kidney
index (P < 0.001) and heart index relative to the
model group (P < 0.01). Significant improve-
ments in liver indices were seen in the high
dose (P < 0.001) and medium dose groups (P <
0.01) (Table 2). No statistically significant dif-
ferences were observed between granule and
decoction formulations (P > 0.05).

Effects of SGF on serum lipoproteins in athero-
sclerotic rats

At week 16, the model group exhibited higher
LDL-C, TC, and TG levels and lower HDL levels
compared with the sham group (all P < 0.001;
Table 2). All SGF doses significantly reduced TC
and TG (P < 0.01 vs. model). High- and medium-
dose groups had significantly increased HDL (P
< 0.001) and decreased LDL-C (P < 0.001). The
low-dose groups did not significantly affect HDL
or LDL-C (P > 0.05).

Effects of SGF on serum biochemical indica-
tors in atherosclerotic rats

The model group showed higher IL-13, IL-6, and
TNF-a concentrations and lower GSH and SOD
levels compared with the sham group (all P <
0.01; Table 3). Low-dose SGF did not signifi-
cantly alter TNF-a or SOD levels (P > 0.05). All
SGF doses significantly reduced IL-6 (P < 0.001)
and increased GSH (P < 0.05). IL-1B (P < 0.05)
and TNF-a levels (P < 0.01) were numerically
lower in low or medium dose granule groups
than in corresponding decoction groups.
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Table 2. Effect of SGF on organ index and serum lipid levels in atherosclerotic rats (X +s, n=06)

Group K|d(rr1neg klgcf)e X/ He(ztg_:gjie)x/ LI\(/rigEg_?)X/ TC/(mmolL?)  TG/(mmolL?) HDL-C/(mmolL?) LDL-C/(mmolL?)
Sham 3.40+0.72" 1.63+£0.32""" 17.90+2.97" 3.03+0.55"" 1.14+0.02" 0.94+0.04™ 0.89+0.10""
Model 8.84+1.81%# 3.56+0.57%# 49.59+9.52%# 4.35+0.09%# 2.83+0.09%## 0.50+0.04## 2.15+0.13%#
TD-H 4.51+0.82""# 1.81+0.43™" 27.38+6.417""# 3.17+0.08" 1.25+0.18" 0.91+0.01™ 1.05+£0.04™"
G-H 3.40+0.63" 1.72+0.35™" 21.04+3.61"" 3.16+£0.18" 1.22+0.09"" 0.88+0.07""# 0.92+0.06™
TD-M 5.38+0.85""#  2.39+0.38™"##  37.47+4.64™##  3.33+0.09""##* 1.97+0.07"##*  0.81+0.06" " 1.47+0.03"""###
G-M 4.73+0.57%  2.38+0.27###*  33.17+7.99"##*  3.28+0.06"**  1.67+0.13"# 0.81+0.04 """ ### 1.42+0.05 " ###
TD-L 6.15+0.48 " ##  2.79+0.20 " ### 43.09+6.96%* 4.09+0.15™"##  2.209+0.17""###* 0.52+0.04### 1.87+0.07###
G-L 6.20+0.89 " "##*  2.95+0.18™**  36.76+9.45™ "  4,01+0.18""## 2 47+0.10™"##* 0.46+0.06"## 1.88+0.07###

Note: The serum levels of TC, TG, HDL and LDL-C were evaluated in 16th week. Compared to the Model group: P < 0.01, ***P < 0.001; compared to the Sham group: *P
< 0.05, #P < 0.01, *#*#P < 0.001. TD-H, TD-M, TD-L: High/Medium/Low dose traditional decoction of SGF. G-H, G-M, G-L: High/Medium/Low dose granule of SGF.

Table 3. SGF significantly reduced oxidative stress and inflammatory damage in atherosclerotic rats

(Xts, n=6)

Group IL-1B/(pgml) IL-6/(pgml) TNF-0/(pgml™) GSH/(mmol-L) SOD/(Uml?)
Sham 53.11+8.34™ 29.00+6.59™" 84.37+12.85™" 365.20+63.54™ 8.63+1.34™
Model 565.43+142.65*  346.23+50.16**  551.34+68.63**  90.03+21.55% 2.46+0.32*
TD-H 90.41+12.55"## 85.98+45.50™"#  226.83+79.86™"" 259.75+25.80™"" 6.32+1.43"
G-H 88.20+16.64™ 68.64+30.94™#  219.67+33.90""# 265.39+28.32""" 6.21+1.17"
TD-M 135.41+19.375"## 148.37+26.35""###  423.54+60.19%#* 186.55+20.55""# 4.56+0.68 "##
G-M 123.28+13.32##  151.09+21.33""### 351.93+41.06™#* 203.68+17.82""*# 4.41+0.51 " #*
TD-L 270.24+42.94%* 274.65+20.02"#*  496.65+67.15%* 133.16+17.78™*# 2.91+0.41%*
G-L 245.94+60.24"*  274.80+24.09""##  436.38+90.58"  130.19+15.75"# 3.16+0.38*

Note: Compared to the Model group: *P < 0.05, **P < 0.01, ***P < 0.001; compared to the Sham group: *P < 0.05, #P < 0.01,
###p < 0.001. TD-H, TD-M, TD-L: High/Medium/Low dose traditional decoction of SGF. G-H, G-M, G-L: High/Medium/Low dose

granule of SGF.

Carotid artery ultrasound findings after treat-
ment with SGF

Carotid ultrasound revealed smooth arterial
walls in the sham group, while the atherosclero-
sis group exhibited markedly thickened and
rough intimal surfaces, along with protruding
spots and distinct raised plaques. SGF treat-
ment alleviated atherosclerosis-related patho-
logical changes, including arterial wall thicken-
ing and hardened spots (Figure 1). High- and
medium-dose SGF significantly increased PSV
and EDV (P < 0.05; Table 4) and reduced wall
thickness (P < 0.05; Table 4), with the high-
dose groups showing the greatest improvement
(P < 0.01; Table 4). No significant differences
were found between granule and decoction
groups (P > 0.05; Table 4).

The pathological section results of the left
carotid arteries and liver

H&E staining revealed that the model group
had significantly increased carotid intima me-
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dia thickness (CIMT) compared with the sham
group (P < 0.05; Table 5). High-dose SGF mark-
edly reduced CIMT (P < 0.05; Table 5), with
intact endothelial layer and normal media
(Figure 2A). Medium-dose groups showed par-
tial improvement with residual vacuolization
and smooth muscle proliferation (P < 0.05;
Table 5). Low-dose groups displayed limited
improvement (P > 0.05; Table 5). Oil red O stain-
ing demonstrated that SGF dose-dependently
decreased the relative lipid-positive area in
carotid arteries (P < 0.05 for High, medium
dose groups; Figure 2B) and hepatic lipid accu-
mulation (P < 0.01 for all doses; Figure 2C). No
significant differences were detected between
decoction and granule forms (P > 0.05).

Effects of SGF on protein levels of VCAM-1,
ICAM-1, eNOS and VEGF-A in atherosclerotic
rats

Western blot analysis revealed that, compared
with the sham group, the protein expression
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TD-H TD-M

Figure 1. Ultrasonic images of carotid arteries in rats of each group after SGF treatment. Note: The green horizontal line area in the figure is the atherosclerotic
plaque of the vessel wall.
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Table 4. Quantitative analysis results of PSV, vessel wall thickness and EDV in each group (X s, n=6)

EDV/(mms?)

vessel wall thickness/(mm)

Group PSV/(mm-s™)
Sham 2426.74+164.80"""
Model 1026.73+91.43%#
TD-H 2048.94+172.77""
G-H 2290.85+381.51""
TD-M 1592.50+394.71"
G-M 1720.194239.25™"#*
TD-L 1350.09+265.96"#
G-L 1322.87+206.61##

557.15+72.89"""
188.51+68.74"#
381.38+66.65"" "
430.68+60.87""###*
311.83+69.43""###*
319.29+63.77""###*
188.87+44.32%#
184.17+28.13%#

0.13+0.02*"
0.20+0.02%##
0.15+0.01""
0.14+0.02""
0.17£0.01"*#
0.16+0.02"*"#
0.18+0.01"###
0.18+0.03"##

Note: PSV, peak systolic velocity; EDV, end diastolic velocity. Compared to the Model group: *P < 0.05, **P < 0.01, “*P < 0.001;
compared to the Sham group: *P < 0.05, #P < 0.01, #*#P < 0.001. TD-H, TD-M, TD-L: High/Medium/Low dose traditional decoc-

tion of SGF. G-H, G-M, G-L: High/Medium/Low dose granule of SGF.

Table 5. The semi-quantification results of carotid intima-media thickness of the carotid artery and oil
red O-stained area in carotid arteries and liver (x£s, n=6)

Group CIMT oil red O staining area of carotid artery (%) oil red O staining area of liver
Sham 1.00+0.07" 0.95+0.72* 1.00+0.20"

Model 3.30+0.95* 47.23+14.34 3.21+0.05%#

TD-H 1.28+0.12"# 4.04+1.19"# 2.04+0.09 " ###

G-H 1.25+0.10"# 2.62+1.79"# 1.79+0.28""#*

TD-M 1.52+0.06"### 9.16+3.96" 2.49+0.07" " ##

G-M 1.47+0.09"### 6.16+2.32" 2.37+0.04 " ###

TD-L 1.76+£0.21% 24.03+9.82 2.87+0.11"###

G-L 1.73+0.18%# 20.95+7.34# 2.73+0.06™""###

Note: CIMT, carotid intima-media thickness. Compared to the Model group: P < 0.05, **P < 0.01, ***P < 0.001; compared to
the Sham group: #*P < 0.05, #P < 0.01, **P < 0.001. TD-H, TD-M, TD-L: High/Medium/Low dose traditional decoction of SGF.

G-H, G-M, G-L: High/Medium/Low dose granule of SGF.

levels of VCAM-1, ICAM-1, and VEGF-A were sig-
nificantly increased (Figure 3A), while the eNOS
ratio was significantly downregulated (Figure
3B) in the atherosclerotic model rats. The high-
dose groups of both decoction and granules
significantly downregulated the expression of
VCAM-1, ICAM-1, and VEGF-A (Figure 3C-E),
while significantly increasing the level of eNOS
protein. Although low- and medium-dose SGF
exhibited similar trends in their effects, these
changes were not statistically significant. In
addition, the therapeutic effects of the granule
groups and the decoction groups were com-
parable.

Transcriptome sequencing analysis

Using a threshold of P < 0.05 and [log FC| > 1,
we identified 575 and 493 DEGs in the high-
dose SGF granule and decoction groups ver-
sus the model group, respectively (Figure 4A).
Hierarchical clustering heatmaps of core AS-
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related genes showed that pro-inflammatory
IL6 and PI3K/Akt pathway genes (Akt1, Pik3rl)
were downregulated, while endothelial protec-
tive Nos3 and antioxidant Sod1l were upregu-
lated by TD-H and G-H treatment (Figure 4B).
GO analysis showed that DEGs in both treat-
ment groups were prominently enriched in lipid
metabolism processes, including triglyceride,
neutral lipid, and fatty acid metabolic path-
ways, providing a transcriptional basis for the
observed improvement in dyslipidemia. Extra-
cellular matrix (ECM) components and colla-
gen-related terms were also highly enriched,
suggesting regulation of plaque fibrosis and
stability. Additionally, terms related to blood
vessel morphogenesis and leukocyte-mediated
cytotoxicity indicate effects on vascular remod-
eling and inflammatory cell activity (Figure 4C).
KEGG analysis identified the PI3K/Akt signaling
pathway as a key enriched term, with 30 and
23 DEGs from the decoction and granule gr-
oups annotated to this pathway, respectively
(Figure 4D).
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Figure 2. SGF can ameliorate endothelial injuries, reduce carotid and liver lipid deposition in rats with atherosclerosis. A. H&E Staining of the left carotid arteries
of the rats after 16-week treatment (200x magnification) and determination of carotid intima-media thickness (CIMT). The arrow indicated endothelial cell thicken-
ing and endothelial rupture, accompanied by disordered smooth muscle cell arrangement or calcification. B. Optical microscope image of oil red O staining of rat
carotid artery (100x magnification). The area indicated by the black arrow shows red lipid deposits and purple calcification. C. Optical microscope image of liver
oil red O staining (400x magnification).
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Figure 3. SGF reduced protein expression levels of VCAM-1, VEGF-A, and ICAM-1 and increased protein expression
levels of eNOS in arteries. A. Representative images of eNOS, VCAM-1, VEGF-A and ICAM-1. B-E. Protein semi-
quantitative analysis normalized to internal references (X +s, n=6). eNOS, endothelial nitric oxide synthase; VCAM-
1, vascular cell adhesion molecule-1; VEGF-A, vascular endothelial growth factor-A; ICAM-1, intercellular adhesion
molecule-1. TD-H, TD-M, TD-L: High/Medium/Low dose traditional decoction of SGF. G-H, G-M, G-L: High/Medium/

Low dose granule of SGF.
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Figure 4. Transcriptome sequencing results. A. Venn diagram of the three groups of DEGs. B. Hierarchical clustering
heatmap of core atherosclerotic-related genes in the high-dose SGF decoction group (TD-H) and the model group
(left figure), and in the high-dose SGF granule group (G-H) and the model group (right figure). The heatmap shows
Z-score normalized mRNA expression of representative genes associated with inflammation, PI3K/Akt signaling,
endothelial function, and antioxidant defense. Red indicates upregulated expression, and blue indicates down-
regulated expression. Each column represents an individual rat sample, and each row represents a target gene.
C. GO enrichment analysis. GO analysis was conducted on the DEGs between the high-dose decoction group (left
figure) and the model group, as well as between the high-dose granule group (right figure) and the model group. The
ten most significant GO terms across BP, MF, and CC were identified. D. KEGG pathway enrichment analysis was
performed on DEGs comparing the high-dose decoction group (left) and high-dose granule group (right) against the

model group. The results show the top 20 enriched pathways, all of which include the PI3K-Akt pathway.

Network pharmacology results

Through database search, we finally obtained
99 candidate active ingredients (Appendix 1).
Subsequently, the targets of these ingredients
were predicted, and after removing duplicates,
654 unique targets were obtained. By search-
ing and screening the GeneCards, DisGeNET
and OMIM databases, 1,259 atherosclerosis
targets were obtained. The intersection of the-
se disease targets with the predicted targets of
SGF identified 243 potential targets for SGF
against atherosclerosis (Figure 5A). A total of
243 potential therapeutic targets associat-
ed with atherosclerosis were included in the
STRING database, and the results were visual-
ized as a PPI network using Cytoscape (Figure
5B). Subsequent analysis identified 60 key tar-
gets (Figure 5C).

After meeting the screening criteria of P < 0.01,
there were 2,482, 138, and 291 terms in the
GO-BP, GO-CC, and GO-MF, respectively, and
219 terms in the KEGG pathway. GO enrich-
ment analysis demonstrated that the most
prominent terms were associated with inflam-
mation (regulation of inflammatory response),
leukocyte migration (positive regulation of cell
migration), vascular processes (circulatory sys-
tem process), along with kinase- and integrin-
binding activities (Figure 5D). KEGG pathway
analysis further revealed that “Lipid and ath-
erosclerosis”, “Fluid shear stress and athero-
sclerosis”, and the TNF, MAPK, and PI3K-AKT
signaling pathways were among the most sig-
nificantly enriched (Figure 5E). These pathways
directly link SGF targets to lipid-driven inflam-
mation, endothelial mechanotransduction, and
key inflammatory cascades that regulate pla-
que formation and stability. Combined with the
results of previous transcriptome KEGG an-
alysis, this convergent finding from two orthog-
onal approaches - together with the pathway’s
established roles in endothelial dysfunction,
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lipid metabolism, and vascular inflammation -
provided a clear rationale for selecting PI3K/
Akt as the key candidate mechanism for subse-
quent experimental validation.

Effects of SGF on key proteins in the PI3K/Akt
pathway in the atherosclerotic rats

The images semi-quantitative analysis results
of the western blot showed that, compared with
the sham operation group, the ratios of p-PI3K/
PI3K and p-Akt/Akt in the arterial tissue of the
atherosclerotic model rats was significantly
increased (P < 0.001; Figure 6A). The levels of
p-PI3K/PI3K (P < 0.001) and p-Akt/Akt (P <
0.05) were significantly decreased in the high-
dose SGF group (Figure 6B, 6D), but the protein
levels of PI3K and Akt were not changed (Figure
6C, 6E). Collectively, atherosclerosis activated
PI3K/Akt signaling via transcriptional upregula-
tion and increased protein phosphorylation,
without affecting total protein content. SGF
effectively restrained this pathological activa-
tion by reversing both gene upregulation and
PI3K/Akt hyperphosphorylation.

SGF ameliorated the reduction in HUVEC vi-
ability and the generation of intracellular ROS
induced by oxLDL

To evaluate the safety of drug serum in vitro, we
exposed HUVECs to different concentrations
of SGF. After 24 hours, 5% and 10% SGF-me-
dicated serum enhanced the activity of HUVECs
(P < 0.0001; Figure 7A). Additionally, oxLDL sig-
nificantly reduced the activity of HUVECs in a
dose-dependent manner (P < 0.05; Figure 7B).
We treated HUVECs for 24 hours with 5% and
10% SGF drug-containing serum and 75 pg/mL
oxLDL, and SGF significantly alleviated oxLDL-
induced cell viability damage caused by oxLDL
(P < 0.05; Figure 7C).

ROS fluorescence staining showed that SGF-
medicated serum inhibited oxLDL-induced ROS
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Figure 5. Network pharmacology results. A. Venn diagram of atherosclerotic disease targets versus SGF therapeutic
targets from OMIN, DiSGeNET, and GeneCards databases. B. The PPl network diagram of 243 potential targets for
treating atherosclerosis with the Shenzhu Guanxin Formula. C. The anti-atherosclerosis critical targets of SGF. The
orange central area indicates the top 15 out of the 60 key targets. D. GO enrichment analysis of potential therapeu-
tic targets of SGF for atherosclerosis. The top 10 GO terms in BP, MF and CC were shown. E. Conducted a top 20
KEGG enrichment pathway analysis on the potential targets of SGF in the treatment of atherosclerosis.
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Figure 6. SGF selectively inhibits the protein levels of p-PI3K and p-Akt in the arteries of atherosclerosis models
without affecting the total protein levels. A. Representative immunoblots of p-PI3K, p-Akt, PI3K and Akt. B-E. Protein
semi-quantitative analysis normalized to internal references (X+s, n=3). Note: G-H, G-M, G-L: High/Medium/Low
dose granule of SGF.

production in HUVECs (P < 0.0001; Figure 7D, Discussion
7E); this antioxidant effect was abolished by co-
treatment with the Akt agonist Sc79 (Figure Atherosclerosis features platelet aggregation
7E). and vulnerable plaques, whose rupture initi-
ates thrombosis and subsequent cardiovascu-
SGF exerts anti-atherosclerotic effects through lar or cerebrovascular diseases such as myo-
the PI3K/Akt pathway cardial and cerebral infarction [21]. The path-
ogenesis of AS is driven by interconnected
After treating cells with 75 pg/mL oxLDL for 24 pathological processes: dyslipidemia, chronic
hours, western blot analysis showed an increa- inflammation, oxidative stress, and endothelial
se in the expression levels of p-PI3K and p-Akt injury, which form a feedforward loop to pro-
proteins in HUVECs (P < 0.05; Figure 7F, 7G). mote lesion initiation and progression [22, 23].
However, treatment with serum containing SGF,
the phosphorylation activation of the PI3K/Akt The rat AS model established in this study,
pathway was inhibited without altering the total combining a high-fat diet, vitamin D, injection,
protein levels (P < 0.05; Figure 7G). Notably, and carotid artery clamping, has strong clini-
this inhibitory effect was counteracted after cal translational relevance. Unlike single-factor
pretreatment with 10 yM Sc79 (an Akt agonist) high-fat models, this “three-hit” model simulta-
for 2 hours (Figure 7G). neously recapitulates three core pathological
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Figure 7. SGF reversed oxLDL-induced HUVECSs' cytotoxicity and intracellular ROS (X s, n > 3), and can inhibit the
upregulation of p-PI3K and p-Akt protein expression in HUVECs induced by oxLDL-induced damage, and this effect
can be reversed by Sc79. A. Cell viability of HUVECs after being continuously cultured for 24 hours with 10% drug-
free serum, 5% or 10% drug serum containing SGF in the form of decoction or granules. B. The viability of HUVECs
after being treated with oxLDL at concentrations ranging from O to 100 pg/mL for 24 hours. C. HUVECs were divided
into NC (10% concentrations of no medicated serum), oxLDL, 5% or 10% concentrations of medicated serum SGF
decoction or granule cultured for 24 h, then cell viability was assessed. D. Representative image of the ROS fluo-
rescence experiment. E. Quantitative analysis of intracellular fluorescence intensity. F. Representative graphs of
p-PI3K, PI3K, p-Akt and Akt. G. p-PI3K, PI3K, p-Akt and Akt protein semi-quantitative analysis normalized to internal
reference protein (X +s, n > 3). MS (TD), MS (G): The medicated serum extracted from rats by gavage of traditional

decoctions and granules of SGF.

features of human AS: systemic dyslipidemia,
vascular calcification, and hemodynamic dis-
turbance-induced local endothelial injury. It
enables rapid formation of stable atheroscle-
rotic lesions without the long breeding cycle of
genetically modified models, providing a robust
and clinically relevant in vivo system for evalu-
ating SGF’s anti-AS efficacy.

Dyslipidemia, hepatic steatosis, and hemody-
namic impairment are interconnected drivers
of atherosclerosis [2, 24-26]. The ability of SGF
to improve serum lipids, hepatic lipid deposi-
tion, and carotid blood flow suggests a coordi-
nated effect on systemic lipid metabolism and
vascular function. By reducing circulating lipid
levels, SGF likely lowers blood viscosity and
attenuates apolipoprotein deposition on dam-
aged endothelium, thereby preserving endothe-
lial integrity and hemodynamic competence
[24, 26].

Chronic inflammation and oxidative stress joint-
ly propel atherogenesis. Pro-inflammatory cyto-
Kines such as TNF-a, IL-13, and IL-6 promote
endothelial activation and plaque progression
[27], and their downregulation by SGF therefore
represents a critical anti-atherosclerotic mech-
anism. Concurrently, SGF restored antioxidant
defenses - evidenced by increased arterial SOD
and GSH levels in vivo and suppressed oxLDL-
induced ROS production in HUVECs - counter-
acting the lipid peroxidation and endothelial
injury that drive disease progression [28, 29].
These findings indicate that SGF breaks the
feed-forward loop between oxidative damage
and vascular inflammation.

Endothelial dysfunction is a central event
throughout the entire course of AS. The down-
regulation of eNOS impairs vasodilation and
anti-inflammatory defense, while the upregula-
tion of ICAM-1, VCAM-1 and VEGF-A promotes
monocyte infiltration, pathological neovascu-
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larization, and plaque instability [30-32]. The
reversal of these endothelial injury markers by
SGF demonstrates that it protects vascular
endothelial integrity, thereby blocking the pro-
gression from early endothelial damage to
advanced atherosclerotic lesions.

Network pharmacology identified 99 bioactive
components of SGF, with core active com-
pounds including naringenin, quercetin, ginsen-
oside Rh2, and nobiletin - all of which have
been reported to alleviate AS via multi-targeted
modulation of lipid metabolism, inflammation,
and endothelial integrity [33-36]. Among the
identified key targets, core hub genes converge
on a functional module driving core AS patho-
logical processes: pro-inflammatory cytokines
(IL-1B, IL-6, TNF), signaling kinases and tran-
scription factors (AKT1, NF-kB1, STAT3) [37,
38], and vascular injury response mediators
(PPARG, TGF-B1, MMP9) [39, 40]. This module
is closely associated with sustained vascular
inflammation, endothelial activation, and pla-
que instability, which aligns perfectly with the
anti-inflammatory, endothelial-protective, and
plaque-stabilizing effects of SGF observed in
our in vivo experiments. To avoid analytical bias
from single-method approaches and better fit
the multi-target, multi-pathway regulatory char-
acteristics of TCM compounds, we adopted an
orthogonal analytical strategy combining net-
work pharmacology prediction with in vivo
carotid artery transcriptomic profiling of AS rats
after SGF intervention. Notably, this dual-omics
analysis revealed robust convergence on the
PI3K/Akt signaling pathway. As a canonical
phosphorylation cascade, the PI3K/Akt path-
way regulates all key AS pathological hallmarks
observed in our study, including endothelial
dysfunction, lipid metabolism disorders, inflam-
matory response, and vascular remodeling [41,
42]. This consistent convergence from two in-
dependent analytical approaches provides rig-
orous preclinical rationale for selecting the
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PI3K/Akt pathway as the core mechanistic tar-
get for subsequent experimental validation.

For TCM clinical translation, the equivalence
between traditional decoctions and modern
formula granules is a core concern. Decoctions
are the classic TCM dosage form with high flex-
ibility for syndrome differentiation, but they
have limitations of inconvenient preparation
and poor portability. Formula granules, pro-
duced by standardized modern extraction and
granulation processes, overcome these limita-
tions while retaining the core principles of TCM
prescription [43]. This study is the first to dem-
onstrate that SGF decoction and granules exert
equivalent anti-AS efficacy in rats, with compa-
rable modulation of lipid profiles, inflammation,
oxidative stress, endothelial function, and the
core PI3K/Akt regulatory pathway. This finding
provides robust preclinical evidence for the
clinical promotion and standardized application
of SGF granules.

Some limitations exist in this research that war-
rant consideration. Firstly, these findings are
based on a rat AS model, which does not fully
recapitulate the complex immune and meta-
bolic intricacies of human disease. Additionally,
the study lacks a systematic assessment of
long-term toxicity, and the bioactive constitu-
ents of SGF along with their downstream path-
ways require further elucidation.

In conclusion, this study demonstrates that
both SGF granules and traditional decoctions
attenuate atherosclerosis in rats induced by a
high-fat diet, vitamin D, and vascular injury,
primarily through inhibition of PI3K/Akt signal-
ing. In vitro, SGF reduced oxLDL-induced ROS
production and suppressed PI3K/Akt activa-
tion. In addition, 99 active components and 60
core targets associated with the anti-athero-
sclerotic effects of SGF were identified. Overall,
these findings provide mechanistic insight into
the therapeutic effects of SGF and offer experi-
mental support for the biological equivalence
between TCM formula granules and traditional
decoctions.
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Appendix 1. The active components of SGF were screened by network pharmacology

Serial Number Name

1 sitosterol

2 naringenin

3 5,7-dihydroxy-2-(3-hydroxy-4-methoxyphenyl)chroman-4-one

4 Citromitin

5 nobiletin

6 Diop

7 Stigmasterol

8 beta-sitosterol

9 Chrysanthemaxanthin

10 arachidonate

11 ginsenoside rh2

12 Inermin

13 kaempferol

14 Aposiopolamine

15 Deoxyharringtonine

16 Dianthramine

17 Frutinone A

18 Girinimbin

19 Panaxadiol

20 Fumarine

21 suchilactone

22 (3S,8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17-[(2R,5S)-5-propan-2-yloctan-2-yl]-
2,3,4,7,8,9,11,12,14,15,16,17-dodecahydro-1H-cyclopenta[a]phenanthren-3-ol

23 3pB-acetoxyatractylone

24 8pB-ethoxy atractylenolide Ill

25 Mandenol

26 DFV

27 ginsenoside f2

28 quercetin

29 24-Ethylcholest-4-en-3-one

30 Cavidine

31 baicalein

32 Baicalin

33 gondoic acid

34 coniferin

35 Cycloartenol

36 beta-D-Ribofuranoside, xanthine-9

37 crocetin

38 croomionidine

39 genipinic acid

40 methyl(2e,8z)-decadien-4,6-diynoate

41 ursolic acid

42 hirudin

43 stigmast-7-enol

44 papaverine

45 (8S,9S,10R,13R,14S,17R)-17-[(1R,4R)-4-ethyl-1,5-dimethylhexyl]-10,13-dimethyl-

1,2,8,9,11,12,14,15,16,17-decahydrocyclopenta[a]phenanthren-7-one
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46 (2R,3S,4S,5R,6R)-2-(hydroxymethyl)-6-[[(3S,5R,8R,9R,10R,12R,13R,14R,17S)-12-
hydroxy-4,4,8,10,14-pentamethyl-17-[(2S)-6-methyl-2-[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-
6-(hydroxymethyl)oxan-2-ylJoxyhept-5-en-2-yl]-2,3,5,6,7,9,11,12,13,15,16,17-dodecahydro-1H-c

47 poncirin

48 Isosinensetin

49 5,7,4’-Trimethylapigenin

50 neohesperidin_qt

51 Sinensetin

52 didymin

53 formyltanshinone

54 Poriferasterol

55 poriferast-5-en-3beta-ol

56 isoimperatorin

57 Dehydrotanshinone Il A

58 digallate

59 luteolin

60 o-amyrin

61 5,6-dihydroxy-7-isopropyl-1,1-dimethyl-2,3-dihydrophenanthren-4-one
62 2-isopropyl-8-methylphenanthrene-3,4-dione

63 3a-hydroxytanshinonella

64 (E)-3-[2-(3,4-dihydroxyphenyl)-7-hydroxy-benzofuran-4-yl]acrylic acid
65 4-methylenemiltirone

66 2-(4-hydroxy-3-methoxyphenyl)-5-(3-hydroxypropyl)-7-methoxy-3-benzofurancarboxaldehyde
67 neocryptotanshinone ii

68 salvianolic acid j

69 sugiol

70 3-beta-Hydroxymethyllenetanshiquinone

71 Methylenetanshinquinone

72 przewalskin b

73 Przewaquinone B

74 przewaquinone ¢

75 (6S,7R)-6,7-dihydroxy-1,6-dimethyl-8,9-dihydro-7H-naphtho[8,7-g]benzofuran-10,11-dione
76 przewaquinone f

7 sclareol

78 tanshinaldehyde

79 Danshenol B

80 Danshenol A

81 Salvilenone

82 cryptotanshinone

83 deoxyneocryptotanshinone

84 C09092

85 isocryptotanshi-none

86 Isotanshinone I

87 miltionone |

88 miltionone I

89 miltipolone

90 Miltirone

91 neocryptotanshinone

92 1-methyl-8,9-dihydro-7H-naphtho[5,6-g]benzofuran-6,10,11-trione
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93 salvianolic acid g

94 salviolone

95 Tanshindiol B

96 Przewaquinone E

97 tanshinone iia

98 (6S)-6-(hydroxymethyl)-1,6-dimethyl-8,9-dihydro-7H-naphtho[8,7-g]benzofuran-10,11-dione
99 tanshinone VI
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