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Abstract. Atherosclerosis (AS) is a disease with high global 
incidence and mortality rates. Currently, the treatment of 
AS in clinical practice carries a high risk of adverse effects 
and toxic side effects. The pretreatment of mesenchymal 
stem cells (MSCs) with drugs may enhance the bioactivity 
of MSC‑derived exosomes (MSC‑exos), which could be a 
promising candidate for inhibiting the progression of AS. 
The aim of the present study was to investigate the ability of 
exos derived from baicalin‑preconditioned MSCs (Ba‑exos) 
to exhibit an inhibitory effect on AS progression and to 
explore the potential molecular mechanisms. Exos were 
isolated from untreated MSCs and MSCs pretreated with Ba, 
and were characterized using transmission electron micros‑
copy, nanoparticle tracking analysis and western blotting. 
Subsequently, Cell Counting Kit‑8 and Transwell assays, 
reverse transcription‑quantitative PCR, immunofluorescence, 
western blotting and ELISA were used to evaluate the effects 
of Ba‑exos on AS, and the possible molecular mechanisms. 
Oil Red O and Masson staining were used to assess AS patho‑
logical tissue in a high‑fat diet‑induced mouse model of AS. 
Notably, MSC‑exos and Ba‑exos were successfully isolated. 
Compared with MSC‑exos, Ba‑exos demonstrated superior 
inhibitory effects on the viability and migration, and the levels 
of inflammatory factors in oxidized low‑density lipoprotein 
(ox‑LDL)‑induced vascular smooth muscle cells (VSMCs). 

Additionally, compared with MSC‑exos, Ba‑exos significantly 
inhibited NF‑κB activation by upregulating sirtuin 1 (SIRT1), 
thereby suppressing inflammation in ox‑LDL‑induced VSMCs 
to a greater extent. In mice with high‑fat diet‑induced AS, 
Ba‑exos exhibited the ability to inhibit AS plaque formation 
and to alleviate AS progression by reducing the levels of 
inflammatory factors compared with MSC‑exos; however, the 
difference was not significant. In conclusion, Ba‑exos may 
serve as a potential strategy for treating AS by regulating the 
SIRT1/NF‑κB signaling pathway to suppress inflammation.

Introduction

Atherosclerosis (AS) is a type of chronic metabolic disease 
characterized by the deposition of lipid plaques on the inner 
wall of large and medium‑sized arteries, leading to arterial 
hardening and other secondary pathological changes, which has 
high incidence and mortality rates worldwide (1). The patho‑
genesis of AS is complex and involves various pathological 
processes, including abnormal endothelial cell function, lipid 
deposition, vascular smooth muscle cell (VSMC) proliferation 
and migration, and inflammatory reactions (1,2). At present, 
the clinical treatment of AS mainly includes lifestyle inter‑
ventions (3), lipid‑lowering therapy (4) and anti‑thrombotic 
treatment (5). Notably, these therapies mainly rely on frequent 
systemic injections, which lead to unexpected side effects. 
For example, lipid‑lowering statins can cause muscle pain and 
liver toxicity in some patients, whereas anti‑thrombotic drugs 
such as aspirin may lead to gastrointestinal bleeding (6,7). 
Therefore, there is a need to develop new drugs with high 
delivery specificity and fewer off‑target effects.

NF‑κB is a dimer composed of two protein subunits, p50 
and p65, which is expressed in almost all animal cells and 
serves as a convergence point for multiple signaling pathways, 
playing a crucial role in the occurrence and development of 
inflammation (8). NF‑κB can induce the excessive or sustained 
expression of cytokines, such as TNF‑α and IL‑6, adhesion 
factors and chemotactic factors, promoting inflammatory reac‑
tions in diseases (9,10). It has previously been shown that the 
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upregulation of NF‑κB is closely related to the occurrence of 
cardiovascular diseases (11). In addition, inflammation induced 
by oxidized low‑density lipoprotein (ox‑LDL) is an important 
event in the progression of AS (12). Multiple studies have 
shown that ox‑LDL can promote NF‑κB activation, further 
accelerating the occurrence and development of AS (13,14). 
Sirtuin 1 (SIRT1) is a member of the NAD‑dependent deacety‑
lase family, which can affect inflammatory reactions by 
regulating the deacetylation of transcription factors, proteins 
and histones (15). Research has shown that SIRT1 inhibits 
inflammatory reactions through interaction with the RelA/p65 
subunit of NF‑κB (16). A recent study has shown that dihy‑
dromyricetin suppresses the polarization of proinflammatory 
cells‑M1 macrophages and alleviates the progression of AS 
by regulating the SIRT1/NF‑κB signaling pathway (17). These 
previous findings suggest that activating SIRT1, blocking 
NF‑κB signaling and inhibiting inflammatory reactions during 
the progression of AS may be a key strategy for its treatment.

Mesenchymal stem cell (MSC)‑based therapies have been 
shown to exert strong anti‑inflammatory and immune‑regula‑
tory effects in various pathological processes of cardiovascular 
diseases (18). Notably, the paracrine function of MSCs serves 
an important role in cardiovascular disease progression. 
Exosomes (exos) are membrane‑derived nanosized vesicles 
(size range, 30‑200  nm), which serve as the main form 
of paracrine secretion of MSCs. They contain bioactive 
substances, such as nucleic acids, proteins and lipids, medi‑
ating intercellular communication and serving important roles 
in physiological and pathological processes (19). Increasing 
evidence has revealed that MSC‑derived exos (MSC‑exos) 
have beneficial effects in AS. Zhang et al (20) showed that 
MSC‑exos can reduce plaque formation in ApoE‑knockout 
mice with AS through FENDRR. Ma et al (21) demonstrated 
that MSC‑exos can promote M2 macrophage polarization and 
reduce macrophage infiltration to alleviate AS by delivering 
microRNA (miRNA/miR)‑21a‑5p to macrophages. However, 
the mechanism by which MSC‑exos exert protective effects 
through regulation of the SIRT1/NF‑κB signaling pathway 
and the inhibition of inflammation in AS remains unclear.

It has been reported that pretreatment with cytokines, 
drugs, hypoxia or physical factors can improve the transplan‑
tation efficacy of MSC‑exos, enhance the biological functions 
of MSCs and prepare them with the desired characteris‑
tics (22). For example, hypoxic preconditioning can increase 
the secretion of anti‑inflammatory cytokines from MSCs (23), 
whereas apelin pretreatment can enhance the cardioprotec‑
tive effects of MSCs (24). Baicalin (Ba) is one of the most 
abundant active ingredients extracted from the dried roots 
of Scutellaria baicalensis, a Chinese herbal medicine; it has 
various pharmacological effects, including anti‑inflammatory, 
antimicrobial, antifibrotic, antioxidant and anticancer activi‑
ties (25‑27). Notably, several studies have revealed the potential 
of Ba in the prevention and treatment of AS. Ba has been 
shown to target high mobility group box 1 and to upregulate 
miR‑126‑5p, which can inhibit the proliferation and migration 
of ox‑LDL‑VSMCs, thus alleviating AS (28). Furthermore, 
Ba alleviates oxidative stress and inflammation by deacti‑
vating the NF‑κB and p38 MAPK signaling pathways, thus 
relieving AS (29). However, the benefits of exos derived from 
Ba‑preconditioned MSCs (Ba‑exos) in AS are still unclear.

The current study aimed to investigate the potential role 
of Ba‑exos in alleviating the progression of AS using both 
in vivo and in vitro models. Furthermore, the key mechanisms 
by which Ba‑exos alleviate AS progression through regulation 
of the SIRT1/NF‑κB signaling pathway and the inhibition of 
inflammation were investigated further. The current study 
elucidated the potential advantages of Ba‑exos in the progres‑
sion of AS, and provides an effective and promising approach 
to optimize the treatment process of MSC‑exos in AS.

Materials and methods

Cell culture. Mouse aortic VSMCs (cat. no. CP‑M076) and 
mouse adipose‑derived MSCs (cat. no.  CP‑M138) were 
purchased from Wuhan Pricella Biotechnology Co., Ltd. The 
use of primary cells was approved by the Experimental Animal 
Ethics Review Committee of the Guangdong Work Injury 
Rehabilitation Hospital (approval no.  GDWIRH2023044; 
Guangzhou, China). The cells were cultured in RMPI‑1640 
medium (Thermo Fisher Scientific, Inc.) supplemented with 
10% fetal bovine serum (Thermo Fisher Scientific, Inc.), 
100 U/ml penicillin and 0.1 mg/ml streptomycin. The cells 
were maintained in a CO2 incubator at 37˚C with 5% CO2. 
The culture medium was replaced every day and subculturing 
was performed when cells reached ~85% confluence. In addi‑
tion, the medium of MSCs was supplemented with 1 µ M Ba 
(MedChemExpress) and incubated at 37˚C for 48 h for the 
subsequent isolation of exos.

Collection and purification of MSC‑exos. When MSCs 
reached 80% confluence, they were cultured in serum‑free 
medium for 24 h to collect the cell supernatant. The exos 
were collected using differential centrifugation. Firstly, the 
collected cell supernatant was centrifuged at 300 x g for 10 min 
at 4˚C, followed by centrifugation at 2,000 x g for 10 min at 
4˚C, and then at 10,000 x g for 30 min at 4˚C to obtain the 
supernatant. The supernatant was filtered through a 0.22‑µm 
filter and transferred to an ultracentrifuge tube. The precipitate 
was collected by centrifugation at 12,000 x g for 70 min at 
4˚C and resuspended in PBS. The resuspended precipitate was 
then centrifuged again at 12,000 x g for 70 min at 4˚C, and 
the obtained precipitate was resuspended in an appropriate 
amount of PBS and stored at ‑80˚C for further study.

Identification and characterization of exos. A total of 10 µl exo 
sample was added to an equal volume of 2.5% glutaraldehyde 
and incubated at room temperature for fixation on a transmis‑
sion electron microscope (TEM) grid for 2 min. The samples 
were then embedded in epoxy resin at 60˚C for 24  h and 
sectioned into 70‑nm ultrathin slices. Subsequently, 3% phos‑
photungstic acid was added and the grid was stained at room 
temperature for 2 min. The grid was then washed with distilled 
water and images were captured under a TEM (TM4000plusII; 
Hitachi, Ltd.). In addition, 5 µl exo sample was diluted with 
PBS to a 1,000‑fold dilution for particle size analysis using a 
nanoparticle tracking analyzer (NTA; NanoSight Pro; Malvern 
Panalytical, Ltd.). The expression levels of the specific marker 
proteins TSG101 (1:2,000; cat. no. 28283‑1‑AP), CD9 (1:1,000; 
cat. no. 20597‑1‑AP) and CD63 (1:1,000; cat. no. 32151‑1‑AP) 
all from Proteintech Group, Inc.) in exos were detected by 
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western blotting; the membranes were incubated with these 
primary antibodies at 4˚C overnight.

VSMC grouping and intervention methods. Third‑generation 
VSMCs with good growth status were cultured in a 6‑well 
plate (1x105 cells/well) containing DMEM (Thermo Fisher 
Scientific, Inc.) supplemented with 100 mg/l ox‑LDL (cat. 
no. 20605ES05; Shanghai Yeasen Biotechnology Co., Ltd.) and 
incubated for 24 h; this was designated as the ox‑LDL group. 
Cells cultured in DMEM without ox‑LDL served as the control 
group. After 24 h of ox‑LDL induction, 50 µg MSC‑exos or 
50 µg Ba‑exos were added to the ox‑LDL + MSC‑exos group 
and the ox‑LDL + Ba‑exos group, respectively (30). In addi‑
tion, small interfering RNA (si)‑negative control (NC)‑ or 
si‑SIRT1‑transfected Ba‑exos were co‑cultured with VSMCs 
for 48 h, which were designated as the Ba‑exos + si‑NC group 
and the Ba‑exos + si‑SIRT1 group, respectively. For transfec‑
tion, a total of 1x106 cells were seeded into a cell culture plate 
and transfected with 50 nM siRNA using Lipofectamine® 2000 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) at room 
temperature for 48 h, strictly following the manufacturer's 
protocol. The transfection efficiency was evaluated by reverse 
transcription‑quantitative PCR (RT‑qPCR) analysis 48  h 
post‑transfection. The siRNA sequences that were used were as 
follows: si‑NC sense, 5'‑CAG​GAG​GUU​ACG​CGC​AAG​UUC‑3' 
and antisense, 5'‑ACU​UGA​GCG​UCC​AAA​CCU​GAU‑3'; 
si‑SIRT1 sense, 5'‑UGA​ACA​AAA​GUA​UAU​GGA​CCU‑3' and 
antisense, 55'‑GUC​CAU​AUA​CUU​UUG​UUC​AGC‑3'.

Cell counting kit‑8 (CCK‑8) assay. VSMCs in logarithmic 
growth phase were digested with 0.25% trypsin, centrifuged 
at 100 x g for 5 min at 4˚C, resuspended and counted. The 
cells were then adjusted to a concentration of 103 cells/l and 
were seeded into a 96‑well plate at 200 µl/well. The cells were 
treated according to the aforementioned grouping strategy. 
After 48 h, 10 µl CCK‑8 solution (cat. no. C0041; Beyotime 
Institute of Biotechnology) was added to each well, and the 
cells were incubated for 2 h. The absorbance of each group 
of cells was measured using an automatic microplate reader 
(Biotek SynergyH4; Biotek; Agilent Technologies, Inc.).

Transwell assay. VSMCs in logarithmic growth phase were 
adjusted to a concentration of 1x105 cells/ml. Subsequently, 
150 µl cell suspension was seeded in the upper chamber of 
a 24‑well plate with a Transwell insert (pore size, 8 µm). 
The lower chamber was filled with 10% serum‑containing 
medium. After incubation at 37˚C for 24 h, the cells in the 
upper chamber were gently removed using a sterile cotton 
swab. The cells that had migrated to the lower chamber were 
fixed in prepared 90% methanol solution for 30 min and 
stained with crystal violet for 30 min at room temperature. 
After air‑drying, the cells were counted under a high‑power 
light microscope (BX53; Olympus Corporation).

Immunofluorescence. VSMCs cultured in confocal cell 
culture dishes were fixed at room temperature with 4% 
paraformaldehyde for 20  min. After discarding the solu‑
tion, the cells were treated with 0.2% Triton‑100 solution at 
room temperature for 15 min to permeabilize the membrane. 
Subsequently, the cells were blocked with 5% bovine serum 

albumin (MedChemExpress) solution at room temperature 
for 30 min and were incubated overnight at 4˚C with primary 
antibodies against monocyte chemoattractant protein 1 
(MCP‑1; 1:1,000, cat no.  26161‑1‑AP; Wuhan Sanying 
Biotechnology), vascular cell adhesion molecule 1 (VCAM‑1; 
1:1,000, cat. no. 11444‑1‑AP; Wuhan Sanying Biotechnology), 
SIRT1 (1:1,000, cat. no. ab189494; Abcam), p65 (1:1,000, cat. 
no. ab32536; Abcam) and PKH67 (cat. no. C3635S; Beyotime 
Institute of Biotechnology). Subsequently, the cells were incu‑
bated at room temperature for 2 h with Goat Anti‑Rabbit IgG 
H&L (Alexa Fluor® 488) (1:1,000, cat. no. ab150077; Abcam) 
secondary antibodies. The cells were then incubated at room 
temperature with DAPI (cat. no. C1005; Beyotime Institute 
of Biotechnology) diluted solution for 10 min. Finally, 1 ml 
PBS was added, and the cells were observed and images were 
captured using a laser confocal microscope (BX53; Olympus 
Corporation).

RT‑qPCR. Total RNA was extracted from VSMCs using 
TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.). The 
concentration and purity of RNA were determined by UV 
analysis. The RNA was reverse transcribed into cDNA using a 
RT kit (cat. no. RR037A; Takara Bio, Inc.) at 37˚C for 15 min 
and 85˚C for 5 sec. qPCR was performed according to the 
instructions of the SYBR Green kit (cat. no. FP205; Tiangen 
Biotech Co., Ltd.) under the following thermocycling condi‑
tions: Pre‑denaturation at 95˚C for 5 min, followed by 40 cycles 
of denaturation at 95˚C for 20 sec, annealing at 60˚C for 30 sec 
and extension at 72˚C for 10 sec. The expression levels of the 
target genes were calculated using the 2‑ΔΔCq method (31), with 
GAPDH used as the control gene. The primer sequences are 
shown in Table I.

Animal model of AS. A total of 20 male C57BL/6 mice (age, 
6‑8 weeks; weight, 18‑22 g) were purchased from RayBiotech 
Life. The mice were maintained at a temperature of ~25˚C, 55% 
humidity and under a 12‑h light/dark cycle, with free access 
to food and water. After 1 week of acclimation, the mice were 
divided into a normal diet group and a high‑fat diet (composi‑
tion: 60% kcal from fat, 20% kcal from carbohydrates and 20% 
kcal from protein) group. The total feeding period was 12 weeks. 
After 12 weeks, the mice were divided into four groups: Control 
group, the high‑fat diet (model) group, the model + MSC‑exos 
group, and the model + Ba‑exos group (n=5 mice/group). The 
model + MSC‑exos group and the model + Ba‑exos group, 
which were injected with 150 µg MSC‑exos or Ba‑exos twice a 
week, respectively. The control group mice were injected with 
saline twice a week. A high‑fat diet was continued during the 
entire 16‑week high‑fat feeding period. Subsequently, 100 µl 
blood was collected from the tail vein of mice immediately 
before sacrifice. The collected blood was allowed to clot at 
room temperature for 30 min, followed by centrifugation at 
3,000 x g for 15 min at 4˚C to separate the serum. The resulting 
serum was stored at ‑80˚C until further analysis. Mouse serum 
was used for the detection of blood glucose, total cholesterol, 
LDL‑cholesterol (LDL‑C), high‑density lipoprotein‑cholesterol 
(HDL‑C), triglycerides and uric acid levels using an auto‑
matic biochemical analyzer (BS‑240VET; Shenzhen Mindray 
Bio‑Medical Electronics Co., Ltd.). Subsequently, mice were 
euthanized by cervical dislocation, and the chest was opened 
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for dissection. The main arteries were isolated and rinsed. The 
aortic arch segment was fixed in 4% paraformaldehyde at 4˚C 
for 24 h, then embedded in paraffin at 60˚C for 2 h and cut into 
4‑µm sections. For Oil Red O staining, the sections were stained 
with 0.5% Oil Red O solution (cat. no. G1015‑100ML; Wuhan 
Servicebio Technology Co., Ltd.) for 15 min at room tempera‑
ture, then counterstained with hematoxylin for 1 min. For 
Masson's trichrome staining (cat. no. G1006; Wuhan Servicebio 
Technology Co., Ltd.), the sections were stained with Weigert's 
iron hematoxylin for 10 min, differentiated with phosphomo‑
lybdic‑phosphotungstic acid for 5 min and stained with aniline 
blue for 5 min, all at room temperature (25˚C). Images of the 
stained sections were captured using a light microscope (BX53; 
Olympus Corporation). The animal experiment was approved 
by the Experimental Animal Ethics Review Committee of 
the Guangdong Work Injury Rehabilitation Hospital (approval 
no. GDWIRH2023043).

Western blotting. Total proteins were extracted from VSMCs 
and the arterial tissues derived from mice with high‑fat 
diet‑induced AS using lysis buffer (cat. no. C500005; Sangon 
Biotech Co., Ltd.). Exosomal proteins were extracted using lysis 
buffer (cat. no. C500005; Sangon Biotech Co., Ltd.) to lyse the 
exosomes, followed by centrifugation at 13,680 x g at 4˚C for 
5 min to remove insoluble debris. After quantifying the protein 
concentration in the supernatant using the BCA protein assay 
kit (cat. no. P0009; Beyotime Institute of Biotechnology), total 
protein was mixed with loading buffer and incubated at 100˚C 
for 5 min. Depending on the molecular weight of the target 
protein, denatured cellular proteins (10‑20 µg) were separated 
by sodium dodecyl sulfate‑polyacrylamide gel electrophoresis 
on 6‑15% gels and were then transferred to polyvinylidene 
fluoride membranes. The membranes were blocked with 5% 
non‑fat dry milk in Tris‑buffered saline‑Tween‑20 (0.5%) for 
2 h at room temperature. The membranes were incubated 
overnight at 4˚C with primary antibodies against GAPDH 
(1:5,000; cat. no. 10494‑1‑AP; Wuhan Sanying Biotechnology), 
p65 (1:1,000; cat. no. ab32536; Abcam), phosphorylated (p)‑p65 
(1:1,000; cat. no.  ab239882; Abcam), acetylated p65 (cat. 
no. 3045s; Cell Signaling Technology, Inc.), MCP‑1 (1:1,000; 
cat. no. 26161‑1‑AP; Wuhan Sanying Biotechnology), IL‑6 
(1:1,000; cat. no. 21865‑1‑AP; Wuhan Sanying Biotechnology), 
VCAM‑1 (1:1,000; cat. no.  11444‑1‑AP; Wuhan Sanying 

Biotechnology), intercellular adhesion molecule 1 (ICAM‑1; 
1:1,000; cat. no. 16174‑1‑AP; Wuhan Sanying Biotechnology) 
and SIRT1 (1:1,000; cat. no. ab110304; Abcam). The next day, the 
membraned were incubated at room temperature for 1 h with the 
corresponding HRP‑conjugated Goat Anti‑Rabbit IgG(H+L) 
(1:8,000; cat. no. SA00001‑2; Wuhan Sanying Biotechnology) 
and HRP‑conjugated Goat Anti‑Mouse IgG(H+L) (1:8,000; 
cat. no. SA00001‑1; Wuhan Sanying Biotechnology) secondary 
antibodies. Chemiluminescence (cat. no. STP262; Seyotin) was 
used for visualization, and ImageJ (1.53K; National Institutes 
of Health) was used for analysis.

Co‑immunoprecipitation (co‑IP). Cells were lysed in RIPA 
buffer (cat. no. P0013B; Beyotime Institute of Biotechnology), 
and the lysates were collected. A total of 200 µg lysate was used 
per IP reaction. The lysates were incubated with 1 µg anti‑SIRT1 
(1:1,000; cat. no. ab189494; Abcam), anti‑NF‑κB p65 (1:1,000; 
cat. no. ab207297; Abcam) or IgG (cat. no. ab18443; 1:10,000; 
Abcam), and mixed thoroughly using a mixer at 4˚C for 24 h. 
A total of 50 µl protein A/G magnetic beads (cat. no. 10002D; 
Thermo Fisher Scientific, Inc.) were then added and incubated 
at 4˚C overnight. Beads were collected by centrifugation at 
16,000 x g at 4˚C for 10 min. The beads were washed with 
1 ml cold PBS, and the bound proteins were eluted by boiling. 
The samples were then eluted with SDS‑PAGE sample buffer 
to dissociate the protein complexes from the antibodies. The 
eluted proteins were separated by SDS‑PAGE, transferred 
to a PVDF membrane and probed with anti‑NF‑κB p65 and 
anti‑SIRT1 antibodies for western blot analysis.

ELISA detection of MCP‑1, IL‑6, VCAM‑1 and ICAM‑1 levels 
in mouse serum. The mouse serum from each experimental 
group was collected, and the levels of MCP‑1, IL‑6, VCAM‑1 
and ICAM‑1 were detected according to the instructions of 
the respective ELISA kits: MCP‑1 (cat. no. PC125; Beyotime 
Institute of Biotechnology), IL‑6 (cat. no. AF0201; Beyotime 
Institute of Biotechnology), VCAM‑1 (cat. no.  PV951; 
Beyotime Institute of Biotechnology) and ICAM‑1 (cat. 
no. PI493; Beyotime Institute of Biotechnology).

Statistical analysis. GraphPad Prism (version 8.0; Dotmatics) 
was used for statistical analysis. Data are presented as the 
mean ± SD of three replicates. Significance was assessed 

Table I. Primer sequences.

Gene	 Forward, 5'‑3'	 Reverse, 5'‑3'

MCP‑1	 CCACTCACCTGCTGCTACTCA	 TCCTTCTTGGGGTCAGCACA
IL‑6	 AGCCAGAGTCCTTCAGAGAGAT	 AGCCACTCCTTCTGTGACTCC
VCAM‑1	 AGTCCGTTCTGACCATGGAGC	 GGGGGCCACTGAATTGAATCT
ICAM‑1	 CACATTCACGGTGCTGGCTA	 GGGTGTCGAGCTTTGGGATG
SIRT1	 AGCAGGTTGCAGGAATCCAA	 CACCTAGGGCACCGAGGAAC
IL‑1β	 ACCTGTGTCTTTCCCGTGGA	 GGAACGTCACACACCAGCAG
TNF‑α	 GCCACCACGCTCTTCTGTC	 CTCCAGCTGCTCCTCCACT
GAPDH	 AAATCAAGTGGGGCGATGCT	 AACATGGGGGCATCAGCAGA

ICAM‑1, intercellular adhesion molecule 1; MCP‑1, monocyte chemoattractant protein 1; VCAM‑1, vascular cell adhesion molecule 1.
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using the unpaired Student's t‑test for two‑group comparisons 
or one‑way ANOVA with Tukey's multiple comparisons test 
for comparisons among three or more groups. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Isolation and identification of exos. Exos were isolated from 
MSCs and MSCs treated with Ba using differential ultracen‑
trifugation. The morphology of purified exos was observed 
under TEM (Fig. 1A) and characteristic disc‑like structures 
limited by a lipid bilayer were exhibited. The size distribution 
of exos was determined by NTA, which showed a diameter 
range of 70‑200 nm (Fig. 1B). Western blotting confirmed 
the expression of the exo‑specific markers CD9, CD63 and 
TSG101 (Fig. 1C). These results indicated the successful isola‑
tion of MSC‑exos and Ba‑exos. Subsequently, MSC‑exos and 
Ba‑exos were co‑cultured with VSMCs, and immunofluores‑
cence tracking results demonstrated that both MSC‑exos and 
Ba‑exos were efficiently internalized by VSMCs (Fig. 1D).

Ba‑exos inhibit the viability and migration of VSMCs. 
Abnormal proliferation and migration of VSMCs are critical 
factors in accelerating the progression of AS (28). VSMCs 
were induced with ox‑LDL to investigate the effects of Ba‑exos 
on viability and migration. ox‑LDL treatment significantly 
promoted the viability and migration of VSMCs, whereas 
treatment with MSC‑exos and Ba‑exos inhibited these abilities 
of VSMCs (Fig. 2A and B). Notably, Ba‑exos exhibited a better 
inhibitory effect on VSMC viability and migration compared 
with MSC‑exos treatment.

Ba‑exos inhibit NF‑κB and alleviate inflammation in VSMCs. 
Inflammation is a driving force in the progression of AS and 
late‑stage AS plaque rupture (32); therefore, the effects of 
Ba‑exos on inflammation in AS were investigated. The results 
of RT‑qPCR demonstrated that the expression levels of the 
inflammatory genes IL‑6, MCP‑1, VCAM‑1 and ICAM‑1 
were upregulated in VSMCs induced with ox‑LDL, whereas 
treatment with MSC‑exos reduced the expression levels of 
these genes compared with the ox‑LDL group (Fig.  3A). 
Furthermore, treatment with Ba‑exos further decreased the 
expression levels of IL‑6, MCP‑1, VCAM‑1 and ICAM‑1 in 
VSMCs compared with MSC‑exos; however, no significant 
difference was observed in MCP‑1 expression between the 
MSC‑exos and Ba‑exos groups. Immunofluorescence results 
confirmed these results; the expression levels of MCP‑1 and 
VCAM‑1 were elevated in ox‑LDL‑induced VSMCs, and 
were reversed in the MSC‑exos and Ba‑exos treatment groups 
(Fig. 3B). Furthermore, Ba‑exos treatment significantly reduced 
the levels of MCP‑1 and VCAM‑1 in VSMCs compared with 
those in the MSC‑exos group. These results revealed the 
inhibitory effects of Ba‑exos on inflammation in VSMCs 
induced by ox‑LDL. Additionally, a number of proinflamma‑
tory mediators, enzymes, chemokines and cytokines involved 
in AS can be regulated by the NF‑κB transcription factor (33); 
therefore, the role of Ba‑exos in inflammation in AS through 
NF‑κB was investigated. Immunofluorescence results showed 
that treatment with MSC‑exos and Ba‑exos markedly inhibited 
ox‑LDL‑mediated NF‑κB nuclear translocation in VSMCs, 
with a more pronounced effect observed in the Ba‑exos group 
(Fig. 3C). Western blotting showed reduced acetylation levels 
of the NF‑κB p65 subunit and decreased expression levels 

Figure 1. Separation and identification of exos. (A) Transmission electron microscope observation of the morphology of exos. (B) Nanoparticle tracking 
analysis of the particle size of exos. (C) Protein expression of the exo‑specific proteins CD9, CD63 and TSG101. (D) Immunofluorescence analysis of vascular 
smooth muscle cells uptake of exos. n=3. Ba‑exos, exos derived from baicalin‑preconditioned MSCs; exos, exosomes; MSC‑exos, MSC‑derived exos; MSC, 
mesenchymal stem cell.
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of p‑p65 in the MSC‑exos and Ba‑exos treatment groups 
compared with in the ox‑LDL group, with a more prominent 
trend observed in the Ba‑exos group (Fig. 3D and E). These 
results suggested that Ba‑exos may inhibit NF‑κB and alleviate 
inflammation in VSMCs.

Ba‑exos regulate the interaction between SIRT1 and NF‑κB 
by upregulating SIRT1. SIRT1 is a deacetylase that has 
been shown to inhibit NF‑κB signaling by deacetylating the 
p65 subunit of NF‑κB, thereby alleviating NF‑κB‑mediated 
inflammation (34). In the present study, the role of Ba‑exos 
in regulating the SIRT1/NF‑κB signaling pathway was 
investigated. The results of RT‑qPCR revealed that the expres‑
sion levels of SIRT1 were low in ox‑LDL‑induced VSMCs, 
which was reversed following treatment with MSC‑exos and 
Ba‑exos, with Ba‑exos showing a more significant effect 
(Fig. 4A). Immunofluorescence results also validated this 
finding (Fig. 4B). To elucidate the mechanism of interaction 
between SIRT1 and NF‑κB, the interaction between SIRT1 
and NF‑κB was confirmed through co‑IP (Fig. 4C), and the 
co‑expression of SIRT1 and NF‑κB was further confirmed in 
VSMCs through immunofluorescence (Fig. 4D). These results 
indicated that Ba‑exos may regulate the interaction between 
SIRT1 and NF‑κB by upregulating SIRT1.

Ba‑exos alleviate inflammation, and inhibit the viability and 
migration of VSMCs by regulating SIRT1. si‑NC and si‑SIRT1 
were transfected into Ba‑exos‑treated VSMCs to further 
investigate the effect of Ba‑exos on AS progression through 
SIRT1. The results of RT‑qPCR showed that the mRNA 
expression levels of SIRT1 were reduced in the si‑SIRT1 
group compared with those in cells transfected with si‑NC, 
indicating successful transfection of si‑SIRT1 (Fig. S1). As 
shown in Fig. S2A and B, knocking down SIRT1 reversed the 
inhibitory effects of Ba‑exos on the viability and migration 
of VSMCs, thus promoting their viability and migration. The 
results of RT‑qPCR showed that silencing SIRT1 reversed the 
inhibitory effects of Ba‑exos on the expression of inflamma‑
tory factors in VSMCs, upregulating the mRNA expression 
levels of IL‑6, MCP‑1, VCAM‑1 and ICAM‑1 in VSMCs 
(Fig. 5A). Immunofluorescence results also indicated that 
MCP‑1 and VCAM‑1 expression levels were decreased in the 

Ba‑exos‑treated group, whereas this trend was significantly 
reversed following knockdown of SIRT1, although the differ‑
ence was not significant (Fig. 5B). In addition, western blotting 
showed that, compared with those in the Ba‑exos‑treated 
group, the protein expression levels of IL‑6, MCP‑1, VCAM‑1 
and ICAM‑1 were increased in VSMCs following SIRT1 
knockdown, and the ratio of p‑p65/p65 was also increased in 
VSMCs (Fig. 5C). In summary, these results suggested that 
Ba‑exos may regulate SIRT1 to alleviate inflammation, and 
inhibit the viability and migration of VSMCs.

Ba‑exos alleviate AS progression in vivo. Finally, the effect 
of Ba‑exos on AS progression was investigated in vivo. The 
results revealed that the levels of blood glucose, total choles‑
terol, HDL‑C, triglycerides and uric acid were increased, 
whereas the levels of LDL‑C were decreased in the serum 
of the model group; by contrast, the levels of these indica‑
tors were reversed following treatment with MSC‑exos and 
Ba‑exos (Fig. 6A). Notably, compared with in the MSC‑exos 
group, the levels of these indicators in the serum of mice 
were further reversed following Ba‑exos treatment, but the 
difference was not significant. Oil red O and Masson staining 
results showed that the model group exhibited markedly 
increased lipid‑containing lesions and obvious AS plaques in 
the aortic arch, which were reduced following treatment with 
MSC‑exos and Ba‑exos, with a further reduction in lesion and 
plaque area after Ba‑exos treatment compared with MSC‑exos 
(Fig.  6B  and  C). Furthermore, ELISA detected increased 
levels of MCP‑1, IL‑6, VCAM‑1 and ICAM‑1 in the serum of 
the model group, which were decreased following treatment 
with MSC‑exos and further decreased after Ba‑exos treatment 
compared with MSC‑exos treatment, but the difference was 
not significant (Fig. 6D). Notably, western blotting results 
showed that MSC‑exos and Ba‑exos upregulated the expres‑
sion levels of SIRT1 in the model group and lowered the ratio 
of p‑p65/p65. However, no significant difference in SIRT1 
expression was detected between the MSC‑exos group and 
the model group. These trends were more pronounced in the 
Ba‑exos treatment group (Fig. 6E). Concurrently, RT‑qPCR 
and western blotting indicated that, compared with those in the 
model group, the expression levels of TNF‑α, IL‑1β, ICAM‑1, 
MCP‑1, VCAM‑1 and IL‑6 were significantly reduced in both 

Figure 2. Ba‑exos inhibit the viability and migration of VSMCs. (A) Cell Counting Kit‑8 assay was performed to detect the viability of VSMCs. (B) Transwell 
assay was conducted to detect the migration of VSMCs. n=3. *P<0.05, **P<0.01 and ***P<0.001. Ba‑exos, exos derived from baicalin‑preconditioned MSCs; exos, 
exosomes; MSC‑exos, MSC‑derived exos; MSC, mesenchymal stem cell; ox‑LDL, oxidized low‑density lipoprotein; VSMCs, vascular smooth muscle cells.
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Figure 3. Ba‑exos inhibit NF‑κB activation and alleviate inflammation in VSMCs. (A) Reverse transcription‑quantitative PCR was performed to detect 
the expression levels of the inflammatory genes MCP‑1, IL‑6, VCAM‑1 and ICAM‑1 in VSMCs. Immunofluorescence was used to detect the (B) levels of 
MCP‑1 and VCAM‑1, and (C) NF‑κB nuclear translocation in VSMCs. Western blotting was performed to detect the (D) acetylation levels of NF‑κB and the 
(E) protein expression levels of p65 and p‑p65 in VSMCs. n=3. *P<0.05, **P<0.01 and ***P<0.001. Ba‑exos, exos derived from baicalin‑preconditioned MSCs; 
exos, exosomes; ICAM‑1, intercellular adhesion molecule 1; MCP‑1, monocyte chemoattractant protein 1; MSC‑exos, MSC‑derived exos; MSC, mesenchymal 
stem cell; ox‑LDL, oxidized low‑density lipoprotein; p‑, phosphorylated; VCAM‑1, vascular cell adhesion molecule 1; VSMCs, vascular smooth muscle cells.
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the MSC‑exos and Ba‑exos groups, with the Ba‑exos group 
showing a more pronounced effect (Fig. S3). In conclusion, 
Ba‑exos may alleviate AS progression in vivo by regulating 
SIRT1/NF‑κB.

Discussion

In recent years, with changes in lifestyle, the incidence of 
AS has increased, leading to a larger number of patients with 
cardiovascular diseases, such as stroke, coronary heart disease 
and myocardial infarction, which severely threaten human life 
and health (35,36). Although current clinical treatments for 
AS exhibit a certain degree of effectiveness, there are toxic 
side effects and risks; therefore, there is a need to identify new 
therapeutic methods that are safe and effective with minimal 
side effects. MSCs are stem cells with multi‑differentiation 
potential and self‑renewal ability; due to their abundant 
sources and ease of culture and expansion, they have garnered 
interest in various research fields  (37). In disease models, 
it has been shown that stem cells can exert their unique 
anti‑inflammatory and immune‑regulatory capabilities by 
secreting various bioactive substances in conditions such as 
coronary heart disease, Alzheimer's disease, fibrotic diseases 
and cancer (38‑41). As a long‑term inflammatory disease of 
blood vessels, AS may be markedly regulated by MSC‑based 
therapies (42). In the present study, Ba‑exos were isolated from 
Ba‑pretreated MSCs, and the mechanism by which Ba‑exos 
regulates the SIRT1/NF‑κB signaling pathway to inhibit 
inflammation and exert protective effects on AS was explored.

The advantages of exos in treating various diseases have 
previously been confirmed (43,44). MSC‑exos contain a rich 
array of bioactive substances, including miRNAs, cytokines 
and proteins, that can inhibit inflammation, regulate immune 

cell activity and stimulate tissue regeneration through targeted 
delivery of these bioactive molecules  (45). Research has 
shown that the substances carried by exos vary depending 
on the type of source cells and their state, such as transfor‑
mation, differentiation, stimulation and stress (46). Notably, 
pretreated MSC‑exos have been reported to enhance thera‑
peutic and transplant efficacy. For example, exos derived from 
atorvastatin‑pretreated MSCs have been shown to accelerate 
diabetic wound healing by enhancing angiogenesis through 
the AKT/eNOS pathway  (30). Additionally, exos derived 
from TNF‑α‑pretreated gingival MSCs can enhance M2 
macrophage polarization, inhibit inflammation and alleviate 
periodontitis (47). Furthermore, Ba has shown good thera‑
peutic effects on cardiovascular diseases. Previous studies 
have revealed that Ba exhibits potential in treating AS and 
myocardial ischemia/reperfusion injury through anti‑inflam‑
matory, antioxidant and lipid metabolism mechanisms (48,49). 
Zhu et al (50) demonstrated that osteoclast‑derived factors 
and exosomes containing miRNAs can enhance or inhibit 
osteoblast differentiation through paracrine and cell‑contact 
mechanisms, suggesting a central coupling role in bone 
formation. Similarly, the present study explored the potential 
paracrine effects of Ba‑exos on VSMCs through the regula‑
tion of inflammatory pathways, highlighting the therapeutic 
potential of exosome‑based interventions in AS. Additionally, 
Zhao et al (51) and Zhang et al (52) have reported that Ba‑exos 
may alleviate acute liver injury and improve ischemia/reperfu‑
sion injury, highlighting their therapeutic potential in tissue 
repair and regeneration. In the present study, it was hypoth‑
esized that intervening with Ba in MSC‑exos may endow 
them with anti‑inflammatory properties, thereby alleviating 
the progression of AS. As anticipated, it was revealed that 
Ba‑exos significantly inhibited inflammation and alleviated 

Figure 4. Ba‑exos regulate the interaction between SIRT1 and NF‑κB by upregulating SIRT1. (A) Reverse transcription‑quantitative PCR was performed 
to detect the mRNA expression levels of SIRT1 in VSMCs. (B) Immunofluorescence was used to detect the levels of SIRT1 in VSMCs. (C) Co‑IP analysis 
of the interaction between SIRT1 and NF‑κB. (D) Immunofluorescence colocalization of SIRT1 and NF‑κB expression in VSMCs. n=3. *P<0.05, **P<0.01 
and ***P<0.001. Ba‑exos, exos derived from baicalin‑preconditioned MSCs; exos, exosomes; IP, immunoprecipitation; MSC‑exos, MSC‑derived exos; MSC, 
mesenchymal stem cell; ox‑LDL, oxidized low‑density lipoprotein; SIRT1, sirtuin 1; VSMCs, vascular smooth muscle cells.
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Figure 5. Ba‑exos attenuate inflammation of VSMCs by regulating SIRT1. (A) Reverse transcription‑quantitative PCR was performed to detect the expression 
of inflammatory genes MCP‑1, IL‑6, VCAM‑1 and ICAM‑1 in VSMCs. (B) Immunofluorescence was used to detect the levels of MCP‑1 and VCAM‑1 in 
VSMCs. (C) Western blotting was performed to detect the protein levels of MCP‑1, IL‑6, VCAM‑1, ICAM‑1, p65 and p‑p65 in VSMCs. n=3. *P<0.05, **P<0.01 
and ***P<0.001. Ba‑exos, exos derived from baicalin‑preconditioned MSCs; exos, exosomes; ICAM‑1, intercellular adhesion molecule 1; MCP‑1, monocyte 
chemoattractant protein 1; MSC‑exos, MSC‑derived exos; MSC, mesenchymal stem cell; NC, negative control; ox‑LDL, oxidized low‑density lipoprotein; 
p‑, phosphorylated; si, small interfering RNA; SIRT1, sirtuin 1; VCAM‑1, vascular cell adhesion molecule 1; VSMCs, vascular smooth muscle cells.
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Figure 6. Ba‑exos may alleviate the progression of atherosclerosis in vivo by regulating SIRT1/NF‑κB. (A) Automatic biochemical analyzer was used to detect 
blood glucose, total cholesterol, LDL‑C, HDL‑C, triglycerides and uric acid levels in mouse serum. (B) Oil Red O staining (arrows indicate the locations of 
the lesions) and (C) Masson staining (arrows indicate the locations of the lesions) were performed to assess tissue pathology. (D) ELISA was used to detect the 
levels of MCP‑1, IL‑6, VCAM‑1 and ICAM‑1 in mouse serum. (E) Western blotting was used to detect the protein expression levels of SIRT1, p65 and p‑p65 
in mouse tissues. n=5. *P<0.05, **P<0.01 and ***P<0.001. Ba‑exos, exos derived from baicalin‑preconditioned MSCs; exos, exosomes; HDL‑C, high‑density 
lipoprotein‑cholesterol; ICAM‑1, intercellular adhesion molecule 1; MCP‑1, monocyte chemoattractant protein 1; LDL‑C, low‑density lipoprotein‑cholesterol; 
MSC‑exos, MSC‑derived exos; MSC, mesenchymal stem cell; p‑, phosphorylated; SIRT1, sirtuin 1; VCAM‑1, vascular cell adhesion molecule 1.
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AS progression compared with MSC‑exos. This result is 
consistent with the findings of a previous study that reported 
Ba‑exos can alleviate acute liver injury (51). These findings 
indicated that Ba pretreatment may enhance the therapeutic 
efficacy of MSC‑exos in diseases.

VSMCs are important components of the vascular 
wall, which are responsible for regulating vascular 
contraction and relaxation, while also secreting various vaso‑
active factors (53,54). Abnormal proliferation and migration of 
VSMCs are involved in plaque formation, and are key factors 
driving the progression of AS (55,56). An increasing number 
of studies have confirmed that exos serve a critical role in 
AS by regulating the proliferation and migration of VSMCs. 
For example, Guo  et  al  (57) demonstrated that adipose 
tissue‑derived exos can exacerbate the progression of AS by 
promoting the proliferation and migration of VSMCs within 
plaques. Liu et al (58) also reported that macrophage‑derived 
exos induced by ox‑LDL may promote the progression of AS 
by regulating the circ_100696/miR‑503‑5p/PAPPA axis, which 
mediates VSMC proliferation and migration. Similarly, in the 
present study, it was shown that Ba‑exos significantly inhibited 
ox‑LDL‑induced viability and migration of VSMCs. Notably, 
inflammatory factors expressed in VSMCs, such as MCP‑1, 
VCAM‑1 and ICAM‑1, accelerate the progression of AS (59). 
Therefore, effectively blocking these proteins may suppress 
the development of AS. In the present study, it was revealed 
that Ba‑exos could inhibit the ox‑LDL‑induced upregulation 
of the inflammatory genes IL‑6, ICAM‑1 and VCAM‑1, and 
the chemokine MCP‑1 in VSMCs. These results suggested that 
Ba‑exos could alleviate the progression of AS by inhibiting 
VSMC viability and migration, and by downregulating cell 
inflammatory factors in VSMCs.

Inflammatory responses are closely related to AS, and 
NF‑κB is a key target in controlling inflammation. The acti‑
vation of NF‑κB serves an important role in the occurrence 
and development of AS by enhancing the transcription of 
various proinflammatory cytokines (60). However, to the best 
of our knowledge, the potential protective effect of Ba‑exos 
on AS related to the inhibition of NF‑κB activation has not 
yet been reported. The results of the current study indicated 
that ox‑LDL induced the phosphorylation of p65 in VSMCs, 
promoting the nuclear translocation of NF‑κB, whereas the 
expression of NF‑κB was significantly increased in AS tissues. 
However, these trends were reversed following treatment with 
Ba‑exos. These findings suggested that Ba‑exos may reduce 
the production of proinflammatory factors by inhibiting the 
activation of NF‑κB in AS.

SIRT1 influences inflammation, apoptosis and other 
processes through the deacetylation of transcription factors, 
proteins and histones, acting as a regulator of inflammatory 
processes related to the deacetylation of NF‑κB (61). SIRT1 
interacts with the RelA/p65 subunit of NF‑κB and inhibits 
NF‑κB transcription by deacetylating the lysine 310 residue 
of this subunit  (62). In the current study, an interaction 
between SIRT1 and NF‑κB was identified, and treatment with 
Ba‑exos significantly upregulated SIRT1 while reducing the 
acetylation levels of NF‑κB p65. These findings indicated that 
Ba‑exos may increase the deacetylation of NF‑κB p65 by acti‑
vating SIRT1, thereby lowering the expression of NF‑κB p65 
and inhibiting inflammation to alleviate AS. This is similar 

to the findings of Wei et al  (63), in which platelet‑derived 
exos were shown to regulate endothelial cell inflammation 
in coronary thrombosis by promoting SIRT1 expression and 
inhibiting NF‑κB transcription. In summary, the aforemen‑
tioned results demonstrated that Ba‑exos may alleviate AS by 
activating SIRT1 and inhibiting NF‑κB transcription, thereby 
suppressing inflammation.

In conclusion, exos from MSCs and MSCs pretreated with 
Ba were successfully isolated. Compared with MSC‑exos, 
Ba‑exos markedly reduced the formation of AS plaques 
and decreased the lesion area by reducing the secretion of 
inflammatory factors in the mouse serum. Furthermore, 
Ba‑exos significantly inhibited the viability and migration of 
ox‑LDL‑induced VSMCs, and suppressed the expression of the 
inflammatory factors MCP‑1, IL‑6, VCAM‑1 and ICAM‑1 in 
VSMCs compared with MSC‑exos. Mechanistically, Ba‑exos 
upregulated the expression of SIRT1, inhibited NF‑κB 
activation and thus suppressed inflammation to alleviate AS 
progression. In summary, the results of the present study 
demonstrated that Ba‑exos exhibit notable ability to inhibit AS 
progression, providing novel methods and perspectives for the 
clinical treatment of AS.
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