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Background: Atherosclerosis (AS) is a chronic in ammatory disorder driven by
dysregulated lipid metabolism and remains a leading cause of cardiovascular
morbidity. The Shen Hong Tong Luo (SHTL) preparation has demonstrated
clinical bene t in stabilizing atherosclerotic plaques, yet its molecular
mechanisms are not fully de ned.

Purpose: This research sought to elucidate the protective effects exerted by
SHTL on AS progression.

Methods: To investigate the impact of SHTL on macrophage function and plaque
stability, we utilized ApoE™’~ mice models and bone marrow-derived
macrophages (BMDMs) stimulated with lipopolysaccharide (LPS) and oxidized
low-density lipoprotein (Ox-LDL). Network pharmacological analysis was
conducted to predict potential therapeutic targets of SHTL, with a particular
focus on the efferocytosis pathway. These predictions were subsequently
con rmed by immuno uorescence (IF) staining and ow cytometry
experiments performed on ApoE~~ mice and BMDMs. Furthermore, using
data-independent acquisition (DIA) proteomics, milk fat globule-epidermal
growth factor 8 (Mfge8) was identi ed as a critical factor facilitating SHTL-
enhanced efferocytosis. Chip-PCR and GW9662 were applied to explore the
involvement of peroxisome proliferator-activated receptor gamma
(PPARg) signaling.

Results: SHTL markedly attenuated the progression of AS, demonstrated by
reduced plaque formation within both the aortic root and aorta, diminished
plasma lipid concentrations, and suppressed in ammatory responses. In vitro
assays using BMDMs revealed that SHTL signi cantly inhibited foam cell
formation and in ammation induced by Ox-LDL and LPS. Furthermore, SHTL
enhanced efferocytosis both in vivo and in vitro by upregulating Mfge8
expression. Treatment with GW9662 abolished these bene cial effects,
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con rming that SHTL exerts its protective actions via activation of the PPARg/

Mfge8 pathway.

Conclusion: SHTL demonstrates signi cant anti-in ammatory and lipid-
regulatory effects, attenuating AS progression through the PPARg/Mfge8

pathway, thereby enhancing macrophage efferocytosis. These

ndings

highlight a novel mechanism by which SHTL may contribute to preventing and
treating atherosclerotic diseases.
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Highlights

* Network pharmacology reveals that the anti-AS effect of
SHTL is associated with efferocytosis.

« Proteomics shows that SHTL increases the expression of the
bridging molecule Mfge8 during efferocytosis.

e SHTL inhibits the progression of AS by targeting the
PPARg/Mfge8 signaling pathway.

1 Introduction

AS is characterized by abnormal lipid accumulation in arterial
walls, leading to plaque development and potentially causing severe
cardiovascular disease. Recent studies have enriched our
understanding of AS’s pathophysiological mechanisms, with
efferocytosis emerging as a key focus (1, 2). This multistep,
intricately controlled process engages both professional
phagocytes. It is governed by a collaboration of various signaling
molecules. Efferocytosis involves the stages of “ nd me”, “eat me”,
phagocytosis, and post-phagocytic processes, which collectively
facilitate the clearance of apoptotic cells (3). This mechanism is
critical for maintaining physiological homeostasis and overall
health. Ef cient efferocytosis removes numerous apoptotic cells
within plaques, thereby reducing in ammation and preventing
secondary cell necrosis. Conversely, de cient efferocytosis results
in the accumulation of apoptotic and necrotic cells within plaques.

Abbreviations:SHTL, Shen Hong Tong Luo Formula; AS, Atherosclerosis; Ox-
LDL, Oxidized low-density lipoprotein, BMDMs, Bone marrow derived
macrophages; PPARg, Peroxisome proliferator-activated receptor g; CRP, C-
reactive protein; TCM, Traditional Chinese medicine; M-CSF, Macrophage
colony-stimulating factor; Mfge8, Milk fat globule-epidermal growth factor 8;
Rsv, Rosuvastatin calcium; TG, Triglyceride; TC, Total cholesterol; LDL-C, Low
density lipoprotein cholesterol; HDL-C, High density lipoprotein cholesterol;
LPS, Lipopolysaccharide; FCs, Foam cells; CE, Cholesteryl ester; TNF-a, Tumor
necrosis factor-a; TGF-b, Transforming growth factor-b; IL-1b, Interleukins-1b;
DIA, Data independent acquisition.
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Substances released from these dead cells exacerbate in ammation
and necrosis, causing plaque growth, formation of a necrotic core,
and plaque rupture, which aggravate AS (4). Consequently,
improving efferocytosis represents a valuable strategy for both
preventing and managing AS.

Peroxisome proliferator-activated receptor gamma (PPARQ)
functions as a critical transcriptional regulator that coordinately
governs lipid metabolism and in ammatory pathways, thereby
exerting pleiotropic physiological effects. Emerging evidence
demonstrates that PPARg activation promotes the differentiation
of distinct macrophage subsets and potently enhances efferocytosis
(5). As a critical “eat me” signaling bridge molecule, milk fat
globule-epidermal growth factor 8 (Mfge8) mediates apoptotic
cell clearance by establishing a molecular link between
phosphatidylserine on apoptotic cell membranes and integrin
receptors on phagocytic cells. Genetic de ciency of Mfge8 impairs
macrophage-mediated efferocytosis, thereby exacerbating necrotic
core formation and plaque instability in atherosclerotic lesions (6).
Mechanistically, PPARg acts as a transcription factor to directly
modulate Mfge8 gene expression, thereby augmenting macrophage-
mediated apoptotic cell clearance and attenuating the progression
of atherosclerosis (7).

Although statins are known to in uence efferocytosis via
multiple pathways (8), including the inhibition of RhoA
prenylation or enhancing peroxisome proliferator-activated
receptor and CD36 expression to improve apoptotic cell
recognition (9), resistance or intolerance to statins is common.
This leads to persistent in ammatory risks, highlighted by elevated
C-reactive protein (CRP) levels, potentially precipitating fatal
atherosclerotic events (10). Traditional Chinese medicine (TCM)
plays a vital role in Chinese healthcare and is a promising source for
new drug development (11). Reports have highlighted its role in
enhancing efferocytosis, such as the extract from pomegranate peel
(12), which prevents MerTK shedding and enhances macrophage
efferocytosis. Guanxin Kang (13) promotes apoptotic cell
engulfment by upregulating Axl, MerTK, and Tyro3 protein
expression, thereby enhancing efferocytosis.

Shen-Hong-Tong-Luo formula (SHTL), developed by the
renowned Master of Traditional Chinese Medicine Professor Ren
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Jixue, is a traditional Chinese herbal prescription designed to tonify
Qi and resolve blood stasis, primarily used for treating
atherosclerosis (14, 15). This formula, which is now an
institutional preparation of the Af liated Hospital of Changchun
University of Chinese Medicine (approval No. Z201701D0). Its
anti-AS ef cacy is mediated through inhibiting arterial plaque
formation, aligning with TCM principles of clearing pathogenic
stasis and phlegm. Notably, this mechanism parallels modern
understanding of macrophage-mediated efferocytosis (apoptotic
cell clearance), which prevents necrotic core accumulation
in atherosclerotic lesions. Our preliminary studies (16)
demonstrate that SHTL signi cantly attenuates macrophage lipid
accumulation—a critical determinant of efferocytotic ef ciency.
However, the precise molecular mechanisms underlying
SHTL-mediated enhancement of macrophage efferocytosis remain
incompletely characterized.

In this study, we investigated the anti-AS effects of SHTL using
ApoE”" mice and LPS/Ox-LDL-stimulated BMDMs. Network
pharmacology and experimental validation revealed that SHTL
attenuates AS by enhancing efferocytosis, with data-independent
acquisition (DIA) proteomics identifying Mfge8 as a key regulatory
target. Mechanistic studies further demonstrated that SHTL
activates the PPARg pathway, as con rmed by pharmacological
inhibition using the PPARg antagonist GW9662. These experiments
potentially yield novel insights into the molecular mechanisms
underlying SHTL inhibits AS progression.

2 Materials and methods
2.1 Preparation of SHTL

The composition of SHTL was depicted in Supplementary Table
S1, the herbal were procured from Department of Pharmacy at the
Af liated Hospital of Changchun University of Chinese Medicine
(Jilin, China), For extraction, the herbal mixture was decocted twice
in 300 mL of distilled water at 100°C for 30 min per cycle. The
combined aqueous extracts were Itered, centrifuged, and
subsequently lyophilized to yield a powdered form for
experimental use.

2.2 Extraction, differentiation, culture, and
identi cation of BMDMs

BMDMs were isolated from 4 to 6-weeks-old male C57BL/6
mice and cultured in DMEM supplemented with 10% FBS and
20 ng/mL M-CSF (PeproTech) for 7 days. The ef ciency of
differentiation into F4/80"CD11b" macrophages was veri ed via

ow cytometry (BD FACSCanto Il) using FITC-anti-F4/80 (clone
BMS8) and APC-anti-CD11b (clone M1/70) antibodies (BioLegend,
1:200 dilution).
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2.3 Induction of apoptosis in cells

Jurkat cells were exposed to 254-nm UV lamp for 15 min to
induce apoptotic cells. (17) Following irradiation, cells were stained
with a dual staining solution of 2 pM Calcein-AM (Thermo,
C3100MP) and 1.5 pM propidium iodide (PI, Sigma), diluted
1:1000 in assay buffer. The cell suspension (200 pL) was mixed
with 100 pL of staining solution and incubated, immediately
followed by ow cytometric analysis.

2.4 Preparation and drug administration of
the AS mouse model

All experimental mice were purchased from GemPharmatech
Co., Ltd. (Nanjing, China) and housed in the speci ¢ pathogen-free
(SPF)-grade Laboratory Animal Center at Changchun University of
Chinese Medicine. The facility maintained regulated environmental
conditions: temperature of 20 + 2°C, relative humidity of 55 + 10%,
and a 12/12-hour light/dark cycle. During both acclimatization and
experimental periods, mice had free access to food and water ad
libitum. The experiment protocols were reviewed and approved by
the Changchun University of Chinese Medicine’s Animal Ethics
Committee (Ethics Approval Number 2021099). Animal
Experiment 1: ApoE”" mice (n=50) were allocated into control
and various dosage groups (n=10 per group) of model, low
(1.4 g/kg), medium (2.8 mg/kg), high (5.6 g/kg) dose SHTL, and
rosuvastatin calcium (Rsv, 10mg/kg) after a week of acclimatization.
Ten C57BL/6 mice served as untreated controls. All mice, except
controls, were fed with high-fat diet whereas controls received
standard chow. Treatments were administered daily at 9:00 AM
for 10 weeks.

Animal Experiment 2: ApoE”~ mice (n=40) were randomized
into model, SHTL (2.8 g/kg oral), GW9662 (1 mg/kg
intraperitoneal), (18) and GW9662+SHTL (2.8 g/kg oral +
1 mg/kg intraperitoneal) groups (n=10/group). C57BL/6 mice
(n=10) served as blank controls. Diet regimens and vehicle
administration were the same as in Experiment 1. SHTL was
gavaged daily, and GW9662 was injected intraperitoneally each
day. The combined treatment group received both modalities.
Treatment lasted 10 weeks, with daily administration at 9:00 AM.

For mouse atherosclerosis study, mice were euthanized by CO,
inhalation and perfused with PBS via the left ventricle for 5 minutes.
After perfusion, the hearts and aortas were collected and prepared
for further analysis.

2.5 Gross Oil Red O staining of aortic
tissue

The aortas were carefully excised and triple-rinsed in ice-cold
PBS (PH 7.4), longitudinally opened, and brie y xed in 60%
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isopropanol (v/v). They were then stained with 0.5% Oil Red O
(ORO) solution in 60% isopropanol at 37°C. Differentiation was
achieved through sequential washes in 60% isopropanol until
optimal plaque-lumen contrast was observed.

2.6 Tissue sectioning for Oil Red O
staining, hematoxylin and eosin staining,
and Masson staining

ORO Staining: Cryosections (8mm thickness) were equilibrated
to room temperature, and pretreated with 60% isopropanol.
Sections were immersed in ltered Oil Red O working solution,
then rinsed thrice with distilled water. Unspeci ¢ stains were
removed by differentiating in 60% isopropanol. The sections were
then counterstained with Mayer’s hematoxylin, blued using Scott’s
tap water substitute, and mounted in aqueous glycerin gelatin
(Beyotime C0187).

H&E Staining: Paraf n-embedded sections (5um thick)
underwent serial deparaf nization and rehydration. After washing
in distilled water, sections were stained with hematoxylin,
differentiated in 1% acid ethanol, blued in 0.2% ammonia water,
and counterstained with eosin. The sections were then dehydrated
and cleared before mounting under cover glasses with Neutral
balsam (Solarbio G8590).

Masson Staining: Paraf n sections (5mm thick) were dewaxed,
rehydrated, and stained in sequence. Nuclear staining utilized
Weigert’s iron hematoxylin, followed by differentiation in 1% acid
ethanol and bluing in Masson Blue Solution. Cytoplasmic staining
employed Ponceau Fuchsin Staining Solution, while collagen was
differentiated with 1% phosphomolybdic acid (Solarbio G1340),
and bers were stained with aniline blue. Sections underwent
dehydration through an ethanol-xylene series and were mounted
in Neutral balsam (Solarbio G8590).

2.7 Nile red detection

BMDMs were xed with 4% paraformaldehyde. After three PBS
washes, staining solution (Solarbio G1264) was added for 20
minutes at 25°C in the dark. Fluorescent images were captured
using the EVOS M7000.

2.8 Determination of in ammatory
cytokines and lipid levels

In ammatory cytokines were quanti ed using ELISA Kits.
Serum lipid pro les, including total cholesterol (TC), triglycerides
(TG), low-density lipoprotein cholesterol (LDL-C), and high-
density lipoprotein cholesterol (HDL-C), were assessed with a
fully automated biochemical analyzer.
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2.9 Quantitative real-time PCR analysis

Total RNA was isolated from macrophages under varying
conditions to measure levels of IL-1b, TNF-a, and Mfge8 using a
total RNA kit (Omega, Norcross, GA, USA). One microgram of
RNA was reverse transcribed into cDNA with the iScript cDNA
synthesis kit (Bio-Rad, USA). Gene expression analyses were
conducted using a Bio-Rad CFX96 system, normalizing to
b-Actin and quantifying changes via the 2°°°t method.

IL-1b: Forward primer: TTCAGGCAGGCAGTATCACTC;
Reverse primer: GAAGGTCCACGGGAAAGACAC

TNF-a: Forward primer: TTGTCTACTCCCAGGTTCTCT;
Reverse primer: GAGGTTGACTTTCTCCTGGTATG

Mfge8: Forward primer: CCGCCTCGTCTGTGTATATGG;
Reverse primer: CTTGCTATCATAGTTGCTGGCT

b-Actin: Forward primer: CCAGCCTTCCTTCTTGGGTA,
Reverse primer: CAAATGCCTGGGTACATGGTG

2.10 Network pharmacology and molecular
docking

The Traditional Chinese Medicine Systems Pharmacology
Database and Analysis Platform (TCMSP) was employed,
focusing on oral bioavailability (OB 30%) and drug-likeness
(DL 0.18). Proteins related to Rhodiola were retrieved from the
BATMAN-TCM database. The keyword “AS” facilitated the search
for disease-related targets in databases like GeneCards, OMIM, and
DisGENET. This search allowed for mapping drug component
targets against disease targets, visualizing intersecting genes via a
Venn diagram. Networks were constructed in Cytoscape 3.7.2, with
further protein-protein interaction (PPI) analysis in the
String database and functional enrichment analyses in the
DAVID database.

Molecular docking was conducted using AutoDockVinal.1.2 to
verify interactions between active SHTL components and key
targets. AutoDockVinal.1.2 was employed for molecular docking
of active components in SHTL and key targets to verify their
interactive activity.

2.11 Phagocytosis assay

In Vitro: BMDMs were co-cultured with PKH26 Red-labeled
apoptotic Jurkat cells (3:1 ratio) for 45 minutes at 37°C. Non-
engulfed cells were washed away with ice-cold PBS, and
macrophages were labeled with FITC-anti-F4/80 for ow
cytometric analysis and imaging post- xation with 4% PFA (19).

In Vivo: Aortic root cryosections (8mm) were xed and
permeabilized and subjected to TUNEL staining (Beyotime
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C1089). Macrophages were identi ed with anti-F4/80 antibody
(2:100), and nuclei were stained with DAPI (Beyotime C1006).
The sections were then mounted with Fluoromount-G (Yeasen)
and visualized using the EVOS M7000 microscope. Efferocytosis
assays at atherosclerotic plaque sites were performed by the
immuno uorescence double staining of TUNEL and cleaved
F4/80. The phagocytic index was calculated based on the
following formula.

Phagocytic index=free apoptotic cells/macrophage associated
apoptotic cells.

2.12 DIA proteomics and Western-blot

BMDMs were prepared by washing with ice-cold PBS,
mechanically detaching using cell scrapers. The resulting cell
pellets were immediately frozen in liquid nitrogen and stored at
-80°C. DIA proteomic analysis was performed by Novogene Co.,
Ltd., these pellets were lysed in RIPA and clari ed. Protein samples
were reduced (10 mM DTT, 56°C), alkylated (50 mM
iodoacetamide, 25°C, dark), and digested with trypsin (1:50 w/w,
37°C). The resulting peptides were analyzed using DIA-MS on a Q
Exactive HF-X mass spectrometer (Thermo) coupled to an EASY-
nLC 1200 system, employing a 60-minute gradient separation on a
C18 column. MS settings were: 350-1500 m/z scan range, 30,000
resolution, 45 eV stepped collision energy. Raw data were processed
with Spectronautl7 (Biognosys) against the UniProt mouse
database. Subsequently, the expression of Mfge8 was assessed by
Western blot using a speci ¢ primary antibody (Cat. No. 12322,
Abclone) following protein separation via 10% SDS-PAGE.

2.13 Immuno uorescence staining

Cells cultured in 6-well plates underwent xation using 4%
paraformaldehyde. Subsequent permeabilization involved 0.1%
Triton X-100 and blocking with 5% BSA. Cells were then treated
with anti-Mfge8 antibody (1:100; PA5-109955) and secondary
antibody. Nuclei staining was performed using DAPI, mounting
with Fluoromount-G (Yeasen), and imaging on an EVOS
M7000 microscope.

2.14 Immunohistochemistry staining

Paraf n-embedded sections were rst deparaf nized in xylene
and rehydrated. Antigen retrieval involved heat induction in citrate
buffer (pH 6.0, 95°C). Endogenous peroxidase was quenched with
3% H,0, (in darkness). Sections were blocked using 3% BSA,
followed incubation with the primary antibody. HRP-conjugated
secondary antibody was applied. Development of the DAB
chromogen was microscopically monitored and stopped with tap
water rinse. Counterstaining was done with Mayer’s hematoxylin,
differentiated and blued under running water. The sections were
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then dehydrated and cleared before mounting with Neutral balsam
(Solarbio,G8590).

2.15 Transfection of Mfge8 siRNA in cells

BMDMs were transfected with Mfge8 siRNA (Gene Pharma)
using LipofectamineTM Transfection Reagent (Invitrogen) per
manufacturer’s guidelines. A scrambled siRNA served as a
control. The sequences for Mfge8 siRNA were: forward 5 -
GGCCUGAAGAAUAACACAAUUTT-3 ; antisense 5 -
AAUUGUGUUAUUCUUCAGCCTT-3 . BMDMs were seeded in
culture plates and maintained at 37°C in a 5% CO, incubator. The
transfection mix, prepared by combining 50 nM siRNA and an
equivalent volume of LipofectamineTM 3000, was allowed to
incubate for 15 minutes before adding to the plates. Cells were
collected after 48 hours for further analysis.

2.16 Chromatin immunoprecipitation PCR

The chromatin immunoprecipitation (ChIP) assay was
performed using the commercially available Smart-ChIP™ ChIP
Kit (Fuming, Shanghai, China) according to the manufacturer’s
instructions. Brie y, chromatin was extracted from Raw264.7 cells
and subjected to immunoprecipitation using an antibody against
PPARg(Cat N0.16643-1-AP, Proteintech). The precipitated DNA
was then analyzed by PCR to evaluate the binding of PPARg to the
promoter region of the Mfge8gene. The sequences for the mfge8
promoter was listed below:forward: taggtcttggtgtgcagctg; reverse:

cagagcctgaaaaggagggg.

2.17 Statistical analysis

Data were presented as means * standard deviations (SD).
Statistical analyses were conducted using GraphPad Prism 8.0.
Multiple comparisons were made via one-way ANOVA followed
by Tukey’s post hoc test, with a signi cance threshold set at P < 0.05.

3 Results

3.1 SHTL confers protective effects against
atherosclerosis in ApoE™~ mice

To assess the in uence of SHTL on the progression of AS, we
explored its effects on plaque development in ApoE™~ mice. The
experimental protocols for AS model creation and SHTL
administration are depicted in Figure 1A. Throughout the study,
all groups exhibited a progressive increase in body weight
(Figure 1B). Aortic plaque deposition was evaluated using Oil Red
O staining, which demonstrated a signi cant reduction in plaque
area in SHTL and Rsv treated groups compared to high-fat diet

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1727378
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Shi et al.

10.3389/fimmu.2025.1727378

B e n~op —A— HFD+1.4g/kg SHTL
A Normal diet 34 HFD -¥- HFD+2.8g/kg SHTL
32
'Intragastric administration of Normal saline ' 30 -@- HFD+Rsv & HFD+5.6g/kg SHTL
10 10 Weeks =8
L 1 1 'E: 28
CS7BL6 High fat diet T 26 e a
(x=10) I — — 24 e
Intragastric administration of Normal saline 2 -
-ll ‘l) I(iWeeks 2
20
ApoE~-
ab “AAAA AN A AAA BY
Intragastric administration of SHTL or Rsv ") i ; :'; "‘ ; "S _', ;; ; 1'0
1.4, 2.8, 5.6g/kg or 10mg/kg Time (Weeks)
C HFD
SHTL (g/kg) 40
1.4
— 30 e
E °
=20 o
£ fog . .
£10 H
=

NCD 0 1.4 28 5.6 Rsv

d
. SHTL (g/kg)
1mm m
I
ch ¥
< %0 olo *
D HFD 5304 o H
« d ek
SHTL (g/kg) 2 20
=
NCD 0 14 28 5.6 Rsv £ 104
3 -t o W 0-
o Pt Z o &% NCD 0 1.42.8 5.6 Rsv
g N A 4 B s NOL SHTL (g/kg)

Collagen positive (%)

FIGURE 1

e~
”
NCD 0 1.4 2.8 5.6 Rsv
F SHTL (g/kg)
07 L. 59 % 12 40 HFD
—_~ -~ <) #Hi#
&o < 4 ° §° % o
154 E 9 30 (4
: é 34 :0 ~ g E LTI * ek
o 10 x5 o Qs ns Q 204
8 g 2 s é H a
E 5 £ 2 8o =
5 5 £ 14 g 3 g 104
d i 0
NCD 0 1.4 2.8 5.6 Rsv NCD 0 1.4 2.8 5.6 Rsv NCD 0 1.4 2.8 5.6 Rsv NCD 0 1.4 2.8 5.6 Rsv
G SHTL (g/kg) SHTL (g/kg) SHTL (g/kg) SHTL (g/kg)
HFD HFD HFD HFD
1000 1000 10 120 e
## #4 %° *k
~ 800
,;o €7so— Es 0& ... g% .
S 600 . £ £ P
3 *x ° & 500 & £ 60
s 400 o S. a4 :;- #ﬁ#
€ 2004 = 250 = 2 g 3 8o
— 0- 0 0
NCD 0 1.4 2.8 5.6 Rsv NCD 0 14 2.8 5.6 Rsv NCD 0 1.4 2.85.6 Rsv NCD 0 1.42.8 5.6 Rsv
SHTL (g/kg) SHTL (g/kg) SHTL (g/kg) SHTL (g/kg)
HFD HFD HFD HFD

SHTL confers protective effects against atherosclerosis in ApoE™~ Mice. (A) Schematic of AS model preparation and drug administration; (B) Changes in
body weight; (C) Results and quantitative analysis of gross Oil Red O staining in aortic tissue;scale bar: 1mm; (D, E) Representative images and
quantitative analysis results of ORO, H&E, and Masson staining in the aortic root of mice; scale bar: 200mm; (F) Levels of TC, TG, LDL, and HDL in mouse
serum; (G) Changes in TNF-a, TGF-b, IL-10, and IL-12 in mouse serum. *#p<0.01 and *##p<0.001 indicate signi cant differences compared with NCD
group. *p<0.05, **p<0.01 and ***p<0.001 indicate signi cant differences compared with the model group. ns indicate not statistically signi cant.

(HFD)-fed controls (Figure 1C). H&E staining of aortic sections
revealed typical atherosclerotic lesions in the control group, while
SHTL and Rsv treatments notably diminished both plaque burden
and necrotic core areas. Further analysis with Masson’s trichrome

staining highlighted an enhancement in collagen ber content
within aortic sinus plaques post-treatment (Figures 1D, E),
underscoring the potential of SHTL in mitigating plaque
formation and lipid accumulation. Given the primary role of
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dysregulated lipid metabolism in arteriosclerosis, we quanti ed key
lipid parameters. Treatments with SHTL and Rsv effectively
lowered TC, TG, and LDL levels, while increasing HDL levels
(Figure 1F). furthermore, we assessed in ammatory markers
critical to plaque progression, observing a decrease in TNF-a and
IL-12 alongside an increase in TGF-b and IL-10 in treated mice
(Figure 1G). Collectively, these ndings establish that SHTL exerts
protective effects against atherosclerotic progression.

3.2 SHTL reduces lipid accumulation and
in ammatory responses in BMDMs

Macrophages are crucial in forming atherosclerotic plaques,
particularly as they transform into foam cells (FCs). To assess the
impact of SHTL, BMDMs were harvested from the femurs and
tibias, cultured in M-CSF for seven days, and veri ed for over 90%
purity via ow cytometry (Supplementary Figure S1A). In an Ox-
LDL induced model, Nile Red staining revealed orange-red

uorescence in the cytoplasm of Ox-LDL treated BMDMs,
whereas SHTL treatment resulted in a reduced uorescence
intensity (Supplementary Figure S1C). ELISA analysis showed
dose-dependent reductions in free cholesterol, cholesteryl ester,
and TC levels in SHTL-treated BMDMs compared to the Ox-LDL
model group (Supplementary Figure S2A). In LPS-stimulated
BMDMs, SHTL signi cantly modulated cytokine pro les,
reducing pro-in ammatory mediators (TNF-a and IL-12) while
increasing anti-in ammatory factors (TGF-b and IL-10)
(Supplementary Figure S2B). This anti-in ammatory effect was
further con rmed at the transcriptional level by downregulation
of TNF-a and IL-1b mRNA (Supplementary Figure S2C). These
ndings collectively demonstrate that SHTL exerts dual regulatory
effects in macrophages: inhibiting lipid overload and suppressing
the in ammatory response, thereby potentially attenuating
FCs formation.

3.3 SHTL improves AS by promoting the
efferocytosis of macrophages

To investigate the mechanistic basis of SHTL in ameliorating
AS, network pharmacology approaches were employed. An
intersectional analysis of drug targets and AS-associated genes
identi ed 213 overlapping target genes shared between the
therapeutic pro le of SHTL and atherosclerotic pathways
(Supplementary Figure S3A). A drug-component-target network,
constructed based on degree centrality metrics, identi ed b-
sitosterol, quercetin, kaempferol, luteolin, and stigmasterol as the
top ve core hioactive components driving potential therapeutic
effects (Supplementary Figure S3B). Functional enrichment analysis
via GO categorized biological annotations into three primary
domains: Biological process (BP) were signi cantly enriched in
signal transduction, bidirectional regulation of cell proliferation,
apoptotic signaling, and in ammatory response modulation;
cellular components (CC) were predominantly localized to
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subcellular structures such as the nucleus, cytoplasm, and plasma
membrane; molecular functions (MF) were characterized by
protein-ligand binding and enzyme regulatory activities
(Supplementary Figure S4). KEGG pathway analysis further
demonstrated signi cant associations with multiple AS-related
signaling pathways. Notably, our data unexpectedly revealed that
SHTL might be involved in the efferocytosis and PPAR signaling
pathway (Supplementary Figure S3C).

To investigate the role of efferocytosis in the action mechanism
of SHTL, in vivo studies were performed with ApoE’/" mice. IF
staining utilized F4/80 to mark macrophages and TUNEL to detect
apoptotic cells, evaluating phagocytic function. The phagocytosis
index, de ned as the proportion of TUNEL" cells engulfed by F4/80"
macrophages, was markedly elevated in the model group relative to
the blank control, indicating impaired macrophage efferocytosis
under atherosclerotic conditions. Treatment with SHTL and Rsv,
however, resulted in a notable reduction in the phagocytosis index,
suggesting a restoration of macrophage efferocytosis function in the
SHTL-treated mice (Figure 2A). In vitro studies using BMDMs were
conducted to evaluate efferocytosis via IF and ow cytometry. Jurkat
cell apoptosis exceeded 80%, con rming the stability of the
experimental setup (Supplementary Figure S1B). IF and ow
cytometry analysis revealed that, compared with the LPS-induced
and Ox-LDL-stimulated model groups, SHTL treatment at a dose of
250 mg signi cantly enhanced efferocytosis ef ciency in both models
(Figures 2B-D). However, SHTL did not improve continuous
phagocytic capacity when evaluated via the serial phagocytosis
assay (Supplementary Figure S5). These ndings highlight
efferocytosis enhancement as a crucial pathway through which
SHTL confers protective effects against atherosclerotic progression.

3.4 DIA proteomics reveals SHTL
attenuates AS through Mfge8-mediated
efferocytosis

To explore the molecular mechanisms that facilitate the
enhancement of efferocytosis by SHTL, an analysis of differential
protein expression was conducted utilizing DIA proteomics. A total
of 68,270 peptides were identi ed, corresponding to 6,395
quanti able proteins across nine samples. Principal component
analysis (PCA) revealed distinct differentiation among the three
groups, whereas the coef cient of variation (CV) analysis validated
the robust reproducibility of the samples (Supplementary Figures
S6A, B). The analysis of protein expression involved differential
screening, applying a fold change threshold of greater than 1.5 (P <
0.05) to identify upregulated proteins, while a fold change of less
than 0.67 (P < 0.05) was utilized for the detection of downregulated
proteins. The experimental group displayed 760 differentially
expressed proteins, comprising 165 that were upregulated and
595 that were downregulated. The Ox-LDL+SHTL group
exhibited 284 differentially expressed proteins, comprising 136
that were upregulated and 148 that were downregulated
(Figure 3A). Volcano plots visually illustrated the quantity and
expression patterns of signi cant differentially expressed proteins
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FIGURE 2

SHTL promotes macrophage efferocytosis in ApoE™~ mice and BMDMs. (A) IF detection and quantitative analysis of efferocytosis in ApoE™" mice;
scale bar: 100mm; (B) IF detection and quantitative analysis of efferocytosis in the LPS-induced BMDMSs;LPS,100ng/mL;scale bar: 100mm; (C) IF
detection and quantitative analysis of efferocytosis in the Ox-LDL-stimulated BMDMs;Ox-LDL,50mg/mL;scale bar: 100mm; (D) Flow cytometry
detection and quantitative analysis of efferocytosis in the LPS/Ox-LDL-stimulated BMDMs; ##p<0.01 indicate signi cant differences compared with
NCD group. *p<0.05 and **p<0.01 indicate signi cant differences compared with the model group. ns indicate not statistically signi cant.

between the groups (Figures 3B, C). A Venn diagram illustrated 39  expressed proteins (DEPs) demonstrated notable enrichment in BP,
overlapping differentially expressed proteins between the two  CC, and MF when comparing the Ox-LDL+SHTL and model
comparisons (Figure 3D), and their expression patterns were  groups (Figure 3F). KEGG pathway enrichment analysis identi ed
organized in a heatmap (Figure 3E). The analysis of differentially ~ SHTL-mediated regulation of critical pathways—including
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FIGURE 3
Analysis of differentially expressed proteins after SHTL intervention by DIA proteomics. (A) Bar chart of differential proteins; (B, C) Volcano plot,
green indicates down regulation, red indicates up regulation, and gray indicates no signi cant change in proteins; (D) Venn diagram; (E) Heatmap;
(F) GO enrichment analysis; (G) KEGG pathway analysis, OXx-LDL+SHTL vs Ox-LDL.

endocytosis, necroptosis, phagosome, and PPAR signaling pathway
—that drive atherosclerotic pathogenesis (Figure 3G).

Intersecting the 39 DEPs with those related to efferocytosis (20),
we found that SHTL speci cally regulates Mfge8 expression. In vivo,
IHC results revealed that Mfge8 expression was markedly lower in

Frontiers in Immunology

the model group, while SHTL and Rsv treatments notably restored
Mfge8 expression (Figure 4A). In vitro, experiments showed
that SHTL treatment signi cantly upregulated both Mfge8
protein expression (Figure 4B) and gene transcription levels
(Supplementary Figures S7A, B), suggesting that SHTL promotes

09 frontiersin.org


https://doi.org/10.3389/fimmu.2025.1727378
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Shi et al.

10.3389/fimmu.2025.1727378

0.20
HFD
A 0.15 s
SHTL (g/kg) 8
NCD 0 14 2.8 5.6 Rsv < 010
% * *
o0
S 005 33
- NCD 0 1.4 2.85.6 Rsv
B SHTL (g/kg)
LPS - + + + + HFD
SHTL(pg/mL) - > 15
==
EE 12
DAPI SE L
Mfge8 g3 0.9
5e
2
2 0.6
Ox-LDL - + + + + E f:
SHTL(pg/mL - 2 2 5_ e 03
DAPI 0.0
SHTL (pg/mL) - 0 62.5125250 - 0 62.5125250
Mfge8 LPS .
Ox-LDL .. o oo+ o+ o+
LPS (100ng/mL) Ox-LDL (50pg/mL)
SHTL - + - - + - + - N ¥
si-NC - - + - - - - + - -
si-Mfge8 - - - + + - - - + +
2
3
P
&
=
e
R
L
o0
3
=
£
50 40
D F ¢ E
2 _ 40 =
E E. 2% 30
e & 30 3R]
) o & 20
== g QM
¥ g = A
=S 2% 10
RE1W ot
° X
0 0
SHTL - + - + - 4+ - - + SHTL - + - - + - + - - +
si-NC - - + - - - -+ - - si-NC - - + - - - - - -
si-Mfge8 - - - + + - - - + + si-Mfge8 - - - + + - - - + +
LPS Ox-LDL LPS Ox-LDL
LPS (100ng/mL) Ox-LDL (50pg/mL)
SHTL - + - - + _ ¥ _ . "
si-NC - - + - - - - - -
si-Mfge8 - - - + - - - +
<
O ’
G L e > - p o i P! e e
PKH26

FIGURE 4

SHTL improves efferocytosis by regulating Mfge8. (A) IHC detection and semi-quantitative analysis of Mfge8 expression levels in ApoE™~ mice; scale
bar: 100mm; (B) IF detection and quantitative analysis of Mfge8 expression levels in LPS/Ox-LDL-stimulated BMDMSs;LPS,100ng/mL; Ox-LDL,50mg/
mL;scale bar: 100mm; (C, D) IF detection and quantitative analysis of phagocytosis ability in the LPS/Ox-LDL-stimulated BMDMs; (E, F) Flow

cytometry detection and quantitative analysis of phagocytosis ability in the LPS/Ox-LDL-stimu
group. * indicates comparison with the model group, ¢ indicates comparison with the GW966

signi cant differences compared with NCD group. *p<0.05 and **p<0.01 indicate signi cant differences compared with the model group. ¢p<0.05

and “%p<0.01 indicate signi cant differences compared with the SHTL group
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lated BMDMs; # indicates comparison with the normal
2 group, #p<0.05, ##p<0.01and #*#p<0.001 indicate
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