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a b s t r a c t

Background: The senescence of endothelial cells is of great importance involving in atherosclerosis (AS)
development. Recent studies have proved the protective role of mesenchymal stem cell-derived extra-
cellular vesicles in AS, herein, we further desired to unvei their potential regulatory mechanisms in
endothelial cell senescence.
Methods: Senescence induced by H2O2 in primary mouse aortic endothelial cells (MAECs) was evaluated
by SA-b-gal staining. Targeted molecule expression was detected by qRT-PCR and Western blotting. The
biological functions of MAECs were determined by CCK-8, flow cytometry, transwell, and tube formation
assays. Oxidative injury was assessed by LDH, total and lipid ROS, LPO and MDA levels. The proliferation
of adipose-derived mesenchymal stem cell (ADSCs) was analyzed by EdU assay. Effect of ADSCs-derived
extracellular vesicles (ADSC-EVs) on AS was investigated in HFD-fed ApoE�/� mice.
Results: miR-674-5p was up-regulated, while C1q/TNF-related protein 9 (CTRP9) was down-regulated in
H2O2-induced senescent MAECs. CTRP9 was demonstrated as a target gene of miR-674-5p. miR-674-5p
inhibition restrained senescence, oxidative stress, promoted proliferation, migration, and angiogenesis of
H2O2-stimulated MAECs via enhancing CTRP9 expression. Moreover, treatment with ADSC-EVs inhibited
H2O2-induced senescence and dysfunction of MAECs through regulating miR-674-5p/CTRP9 axis. In the
in vivo AS mouse model, ADSC-EVs combination with miR-674-5p silencing slowed down AS progression
via up-regulation of CTRP9.
Conclusion: ADSC-EVs repressed endothelial cell senescence and improved dysfunction via promotion of
CTRP9 expression upon miR-674-5p deficiency during AS progression, which might provide vital evi-
dence for ADSC-EVs as a promising therapy for AS.
© 2024, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
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Table 1
Primer sequences for RT-qPCR.

Gene Forward (50-30) Reverse (50-30)

miR-674-5p GCGGCGGGCACTGAGATGGGAG ATCCAGTGCAGGGTCCGAGG
P16 CGAACTCGAGGAGAGCCATC TACGTGAACGTTGCCCATCA
P21 TAAGGACGTCCCACTTTGCC AAAGTTCCACCGTTCTCGGG
P53 AAACGCTTCGAGATGTTCCG CAAGGCTTGGAAGGCTCTAGG
LMNB1 GAGGAGGAGGAGGAG CAAGTTCACATAATGCCACAG
U6 TCGCTTCGGCAGCACATA GGGCCATGCTAAATCTTCTC
GAPDH GGTGAAGGTCGGTGTGAACG CTCGCTCCTGGAAGATGGTG
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1. Introduction

Atherosclerosis (AS) is an aging-associated inflammatory dis-
order of the vascular system featured by atheroma formation in the
arteries, which remains the primary cause of cardiovascular and
cerebrovascular diseases and has high morbidity and mortality
worldwide [1]. Depending on disease severity, therapeutic strate-
gies for AS include acute, common, drug-based therapies, and
surgery [2e4]. Although the therapeutic methods for AS are
continuously improving, there is still a high mortality for AS pa-
tients at high risk [5]. Thus, identification of novel therapies for AS
is still highly required.

As key components of the vascular inner layer, vascular endo-
thelial cells are responsible for maintaining vascular homeostasis
[6]. However, during aging-induced vascular dysfunctions, senes-
cent endothelial cells may lose vascular repair ability, thus
decreasing endothelial-dependent vasomotor function [7]. Endo-
thelial cell senescence has been recognized as a crucial mediator for
vascular aging-associated disease, including AS [8]. It has been re-
ported that endothelial cell senescence leads to endothelial barrier
dysfunction as a result of endothelial erosion during AS progression
[9]. Therefore, inhibition of endothelial senescence represents a
therapeutic strategy for preventing atherosclerotic lesion. So far,
the effective interventions for preventing endothelial cell senes-
cence during AS development are limited.

C1q/TNF-related protein 9 (CTRP9) is a novel identified adipo-
nectin, possessing anti-inflammatory capacities [10]. Growing evi-
dence has proved that CTRP9 exerts protection against obesity, and
diabetes that are risk factors for AS [11,12]. Recent studies indicated
that CTRP9 could attenuate AS via repressing inflammation, lipo-
genesis, and endothelial dysfunction, suggesting CTRP9 as a po-
tential treatment target for AS [13e15]. Although the therapeutic
action of CTRP9 on AS has been documented, the exact mechanisms
underlying CTRP9 regulation still need to be clarified.

Mesenchymal stem cells (MSCs) have been considered as
beneficial cells as a regenerative treatment choice for AS [16]. MSCs
can be isolated from multiple sources, including adipose tissue. It
has recognized that the biological functions of MSCs are associated
with their paracrine activity through extracellular vehicles (EVs)
release [17]. EVs can carry various functional constituents,
including proteins and microRNAs (miRNAs), which elicit powerful
biological effects. MSCs-derived EVs have been reported to exhibit
anti-atherosclerotic roles, which were similar to their parent cells
[18]. Notably, CTRP9 is a secretory protein that mainly produced by
adipose tissue [19]. Thus, we speculated that EVs from adipose-
derived MSCs (ADSC-EVs) might mitigate AS progression via
delivering CTRP9 protein.

This study explored whether ADSC-EVs suppressed endothelial
cell senescence via releasing CTRP9 protein and its up-stream
modulatory mechanisms in AS model. We found that CTRP9 was
targeted by miR-674-5p. miR-674-5p inhibition promoted CTRP9
expression, thereby suppressing endothelial cell senescence.
Moreover, ADSC-EVs restrained senescence and restored biological
functions of endothelial cells by enhancing CTRP9 expression.
ADSC-EVs combined with miR-674-5p inhibition effectively
ameliorated AS development via CTRP9 up-regulation. In summary,
our current findings suggest that miR-674-5p inhibition in combi-
nation with ADSC-EVs might be an effective therapy for AS.

2. Methods

2.1. Ethic statement

The animal procedures were conducted in compliance with the
Directive 2010/63/EU of the European Parliament on animal
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protection and approved by the Ethic Committee of Hainan Affili-
ated Hospital of Hainan Medical University (Hainan General
Hospital).

2.2. Isolation of mouse aortic endothelial cells (MAECs) and
treatment

Primary MAECs were isolated from C57BL/6J mice (Slac Jingda
Laboratory Animal Co., Ltd, Hunan, China) as previously described
[20]. In brief, the mice were anesthetized to obtain the abdominal
aorta, followed by cutting into 1 mm pieces. The aortic segments
weremaintained onmatrix for 3 d. Then, theMAECs were passaged
and cultured with endothelial cell growth medium at 37 �C with 5%
CO2. MAECs at 2e3 passages were adopted in this study.

The primary MAECs were stimulated with various concentra-
tions of H2O2 (0, 25, 50, and 100 mM) for 24 h for the evaluation of
senescence.

2.3. Immunofluorescence staining

For characterization of MAECs, cells were fixed with 10%
formalin for 30 min. After treatment with 0.4% Triton X-100 and 3%
BSA for 30 min, MAECs were probed with anti-CD31 antibody
(1:50, A0378, ABcolnal, Wuhan, China) at 4 �C overnight. The cells
were incubated with Cy3 Goat Anti-Rabbit IgG (1:100, AS007,
ABcolnal) for 1 h. Finally, the MAECs were stained DAPI and
examined using a fluorescence microscope (Olympus, Japan).

2.4. Senescence-asociated-b-glactosidase (SA-b-gal) staining

To evaluate MAEC senescence, the treated cells were fixed with
fixative solution for 15 min, and stained using the Senescence b-
Galactosidase Staining Kit (Beyotime, Haimen, China) at 37 �C
overnight in the absence of CO2. The stained MAECs were observed
under a light microscope.

2.5. Quantitative real-time polymerase chain reaction (qRT-PCR)

Total RNA was isolated from MAECs or aortas using the miR-
Neasy Kit (Qiagen, Germany) and reverse-transcribed into cDNA
using the PrimeScript RT Reagent Kit (Takara, Japan). The PCR
amplificationwas conducted using the quantitative SYBR Green RT-
PCR kit (Qiagen). Relative expression of genes normalized to U6 or
GAPDH was calculated by the 2�DDCt method. The primers used in
this study were listed in Table 1.

2.6. Western blotting

Total proteins were extracted using the RIPA buffer (Beyotime)
and the protein concentrationwas detected using the BCA assay kit
(Thermo Fisher, USA). Protein samples (30 mg) were subjected to
SDS-PAGE, and blotted onto polyvinylidene fluoride membranes.
After blocking in 5% non-fat milk, the membranes were incubated
primary antibodies against CTRP9 (1:500, NBP2-46834, Novus
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Biologicals, USA), TSG101 (1:500, A1692, ABcolnal), CD63 (1:100,
A5271, ABcolnal), Calnexin (ab22595, 1:1000, Abcam, UK), GAPDH
(1:10,000, A19056, ABcolnal) at 4 �C overnight, followed by incu-
bation with HRP Goat Anti-Rabbit IgG (H þ L) (1:2000, AS014,
ABcolnal) for 1 h. The protein bands were visualized with the ECL
luminescence reagent (Sangon, Shanghai, China).
2.7. Dual luciferase reporter assay

The wild type (WT) sequences of the CTRP9 30-UTR containing
the putative miR-674-5p binding sites or mutant (MUT) sequences
were inserted into the psiCHECK-2 vector (Promega, USA). The
constructed vectors together with miR-674-5p mimic or mimic NC
(GenePharma, Shanghai, China) were transfected into HEK-293T
cells. The Dual-Lucy Assay Kit (Solarbio, Beijing, China) was used
to determine the relative luciferase activity.
2.8. Extraction, culture, and characterization of ADSCs

Primary ADSCs were extracted from the adipose tissues in the
inguinal region of C57BL/6 mice according to a previous study [21].
Briefly, the adipose tissues were digested with 1 mg/mL Type I
collagenase at 37 �C for 30 min and then filtered using the 40-mm
cell strainer. After centrifugation at 200g for 5 min, the cell pellets
were incubated in erythrocyte lysis buffer for 10 min at 4 �C, fol-
lowed by centrifugation at 200g for 5 min. The isolated ADSCs were
cultured in DMEM/F-12 (Thermo Fisher) supplemented with 10%
FBS (Gibco, USA).

To evaluate the multidirectional differentiation capacities,
ADSCs were maintained in adipogenic (Gibco) or osteogenic
(Gibco) differentiation media for 3 weeks with medium changed
every 2 days. Then, differentiated ADSCs were subjected to Oil Red
O staining (Sigma-Aldrich, USA), and Alizarin Red S staining
(Sigma-Aldrich) to verify adipogenic and osteogenic differentiation,
respectively.
2.9. Isolation and characterization of ADSCs-derived EVs

To isolate EVs, ADSCs with 80% confluence were cultured in 10%
exosome-depleted FBS (Thermo Fisher) for 48 h. Subsequently, the
supernatant was collected and dead cells and cellular debris were
removed by differential centrifugation at 300g for 10min, at 2000 g
for 10 min, and subsequent filtration through a 0.22 mm filter. Then,
the EVs were collected by centrifugation at 10,000 g for 30 min,
followed by ultracentrifugation at 178,000 g for 2 h. After the
centrifugation, the pellets were resuspended in sterile PBS. ADSCs-
derived EVs were examined using the transmission electron mi-
croscope (TEM) to observe their morphology. Size distribution of
ADSCs-derived EVs was evaluated by nanoparticle tracking analysis
(Nanosight NS300, Malvern, UK). In addition, the levels of bio-
markers for EVs, including TSG101 and CD63, and endoplasmic
reticulum biomarker, Calnexin were assessed by Western blotting.
2.10. Uptake of ADSC-EVs by MAECs

The ADSCs-derived EVs were labeled with PKH26 (Sigma-
Aldrich) following the provided protocol. Then, MAECs were incu-
bated with PKH26-labeled EVs at 37 �C for 4 h. After fixation with
4% paraformaldehyde, the MAECs were counterstained with DAPI.
The uptake of ADSC-EVs was observed under a fluorescence
microscope.
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2.11. Cell transfection

Lentivirus carrying antagomir-miR-674-5p (anti-miR-674-5p)
or antagomir NC (scramble), shRNA targeting CTRP9 (sh-CTRP9) or
sh-NC, CTRP9 overexpression plasmid or vector were packaged by
GenePharma. MAECs or ADSCs were infected with the produced
recombinant lentivirus supplemented with 8 mg/mL Polybrene.

2.12. Cell counting kit-8 (CCK-8)

To evaluate cell viability, MAECs were planted into 96-well
plates (3000 cells per well). After various treatments, MAECs
were reacted with 10 mL of CCK-8 reagent (Solarbio) at 37 �C for 2 h.
The results were detected at 450 nm on a microplate reader
(Thermo Fisher).

2.13. 5-Ethynyl-20-deoxyuridine (EdU) assay

The iClick™ EdU Andy Fluor 594 Imaging Kit (GeneCopoeia,
Guangzhou, China) was adopted to monitor ADSCs proliferation.
Briefly, ADSCs were labeled with 10 mM EdU solution for 2 h. The
labeled ADSCs were fixed with 3.7% formaldehyde and infiltrated
with 0.5% Triton X-100 for 20 min. The cells were stained with
iClick reaction buffer, and counterstained with DAPI (Beyotime).
Under a fluorescence microscope, the stained ADSCs were observed
and photographed. The percentage of EdU positive cells was
quantified using Image J software.

2.14. Determination of lactate dehydrogenase (LDH), lipid peroxide
(LPO), and malondialdehyde (MDA)

The levels of LDH, LPO, andMDA inMAECs weremeasured using
the commercial LDH Activity Assay Kit (Solarbio), LPO Content
Assay Kit (Solarbio), MDA Content Assay Kit (Solarbio), according to
the provided protocols, respectively.

2.15. Flow cytometry

Annexin V-FITC/PI staining was conducted to detect apoptosis of
MAECs. After digestion, MAECs with various treatments were
resuspended in labeling solution, followed by adding with Annexin
V-FITC (5 mL) and PI solution (5 mL). After staining for 20 min in
dark, the MAECs were analyzed on a flow cytometer (Agilent, USA).

2.16. Detection of reactive oxygen species (ROS)

For total ROS measurement, MAECs with indicated treatments
were added with 10 mmol/L DCFH-DA (Solarbio) and incubated at
37 �C for 20 min. For lipid ROS detection, MAECs from different
groups were stained with 50 mM C11-BODIPY (Thermo Fisher) for
1 h. Redundant DCFH-DA or C11-BODIPY was eliminated by rinsing
with PBS for three times. The labeled MAECs were analyzed on a
microplate reader.

2.17. Transwell assay

The treated MAECs or ADSCs were resuspended in serum-free
medium. A 200 mL cell suspension containing 5 � 104 cells was
added into the top Transwell chambers (Corning, USA), while
500 mL culture medium containing 10% FBS was added into the
bottom chambers. After culture for 24 h, MAECs or ADSCs
traversing the membranes were stained with 0.1% crystal violet for
15 min and photographed under a light microscope.



Fig. 1. CTRP9 was a target gene of miR-674-5p. (A) The potential binding sites of miR-674-5p to CTRP9 30UTR were predicted by miRDB database. (B) The direct binding between
miR-674-5p and CTRP9 was validated by dual luciferase reporter assay. MAECs were infected with lentivirus carrying antagomir-miR-674-5p or antagomir NC. (C) qRT-PCR analysis
of miR-674-5p expression in MAECs. (D) Protein abundance of CTRP9 in MAECs was determined by Western blotting. Values were shown as mean ± SD (n ¼ 3). **p < 0.01,
***p < 0.001.
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2.18. Tube formation assay

To evaluate tube formation, the 96-well plates were pre-coated
with Matrigel (BD Falcon, USA). Subsequently, 1.5 � 104 MAECs
were seeded into 96-well plates. After incubation at 37 �C for 24 h,
the capillary-like structure formation was observed and photo-
graphed using a light microscopy. The tube length and branch
points were analyzed using the AxioVision Rel (Carl Zeiss AG,
Germany) software.
Fig. 2. miR-674-5p was up-regulated and CTRP9 was down-regulated in H2O2-induced sene
MAECs were exposed to H2O2 (0, 25, 50, 100 mM) for 24 h. (B) Senescence of MAECs was eval
P16, P21, P53, and LMNB1. (D) miR-674-5p expression in MAECs was detected by qRT-PCR
mean ± SD (n ¼ 3). *p < 0.05, **p < 0.01, ***p < 0.001.
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2.19. Animals and treatment

Male ApoE�/� (C57BL/6J background, six weeks old) mice and
age-matched male wild type C57BL/6 J mice were provided by
Shanghai Biomodel Organism. To establish AS model, ApoE�/� mice
were fedwith high-fat diet (HFD, Research Diets, USA) for 16weeks.
C57BL/6J mice were fed with normal diet. At 8 weeks after HFD
feeding, the AS model mice were divided into 2 groups: 1) model
group, 200 ml of PBS was injected into the mice via tail vein once a
scence of MAECs. (A) Identification of MAECs by immunofluorescent staining of CD31.
uated by SA-b-gal staining. (C) qRT-PCR analysis of mRNA levels of senescence markers
. (E) Western blotting analysis of CTRP9 expression in MAECs. Values were shown as
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day for 8 weeks; 2) ADSC-EVs þ Anti-miR-674-5p group, 200 ml of
ADSC-EVs (0.5 mg/mL) combined with antagomir-miR-674-5p
(100 mg) was injected into the mice via tail vein once a day for 8
Fig. 3. miR-674-5p inhibition repressed H2O2-induced senescence of MAECs via target reg
combined with or without sh-CTRP9, followed by stimulation with H2O2. (A) Cell viability
etry. (CeF) The levels of LDH, total ROS, lipid ROS, LPO, and MDA in MAECs were determine
P16, P21, P53, and LMNB1 mRNA levels were detected by qRT-PCR. (I) The protein abundance
*p < 0.05, **p < 0.01, ***p < 0.001.
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weeks. HFD feeding was maintained for another 8 weeks during
injection. At the end of the experiments, serum samples were ob-
tained and all mice were euthanized by cervical dislocation.
ulation of CTRP9. MAECs were infected with lentivirus containing Antagomir-miR-674
was measured by CCK-8 assay. (B) Apoptosis of MAECs was evaluated by flow cytom-
d by commercial kits. (G) Senescence of MAECs was assessed by SA-b-gal staining. (H)
of CTRP9 was measured byWestern blotting. Values were shown as mean ± SD (n ¼ 3).
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2.20. Serum lipid analysis

The mouse serum levels of triglycerides (TG), total cholesterol
(TC), and low-density lipoprotein (LDL-C) were detected using the
automatic biochemical analyzer (Hitachi, Japan).

2.21. Histological examination

The arteries of the mice were collected and fixed in 10% neutral
buffered formalin. To determine atherosclerotic lesions, the arteries
were embedded in optimal cutting temperature compound, and
sliced into 8-mm sections. The sections were subjected to
hematoxylin-eosin (HE) staining and Masson's staining using the
HE Stain Kit (Solarbio) and the Masson's Trichrome Stain Kit
(Solarbio) and quantitively analyzed using the Image J software.

2.22. Statistical analysis

Data are expressed as the mean ± standard deviation (SD) from
at least three independent experiments. Statistical significances
were evaluated by Student's t-test for two groups, and a one-way
analysis of variance with Tukey's post-hoc test for multiple
groups using SPSS 22.0. p < 0.05 was defined as statistical
significance.

3. Results

3.1. CTRP9 was identified as a target of miR-674-5p

As predicted by miRDB and Targetscan databases, miR-674-5p is
the only candidate that possesses binding sites on CTRP9 30-un-
translated regions (UTR) by overlapping the results (Fig. 1A). Thus,
miR-674-5p was focused on. Furthermore, the luciferase activity of
CTRP9WTwas evidently lowered bymiR-674-5p mimic, while that
of CTRP9 MUT was not changed, suggesting the direct interplay
between miR-674-5p and CTRP9 (Fig. 1B). To validate the
Fig. 4. miR-674-5p down-regulation restored the impaired migration and angiogenesis of H
674 combined with or without sh-CTRP9 were infected into H2O2-exposed MAECs. (A) The m
MAECs was evaluated by tube formation assay. Values were shown as mean ± SD (n ¼ 3).
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modulation of miR-674-5p in CTRP9 expression, MAECs were
infected with lentivirus carrying antagomir-miR-674-5p. Lenti-
virus-mediated down-regulation of miR-674-5p in MAECs was
verified by qRT-PCR assay (Fig. 1C). Notably, the protein level of
CTRP9 in miR-674-5p-down-regulated MAECs was remarkably
elevated (Fig. 1D). Therefore, CTRP9 was demonstrated as a target
gene of miR-674-5p.

3.2. Abnormal up-regulation of miR-674-5p and down-regulation
of CTRP9 in H2O2-induced senescence of MAECs

Next, a senescent cell model was established through H2O2
exposure in primary MAECs. As illustrated in Fig. 2A, the primary
MAECs were identified by positive expression of CD31 via immu-
nofluorescence staining. Subsequently, we evaluated the senes-
cence of MAECs using SA-b-gal staining, and found that the
percentage of senescentMAECswas dose dependently enhanced by
H2O2 (Fig. 2B). Moreover, the senescence markers P16, P21, and P53
were up-regulated, but LMNB1was down-regulated in MAECs with
the increasing of H2O2 concentration (Fig. 2C). Additionally, we
observed an increase in miR-674-5p expression, while a reduction
in CTRP9 expression after H2O2 challenge in a dose dependent
manner (Fig. 2DandE). These data indicated that miR-674-5p was
up-regulated and CTRP9was down-regulated during H2O2-induced
senescence in MAECs.

As the therapeutic action of CTRP9 on AS has been documented,
subsequently, we performed rescue experiments to investigate
whether overexpression of CTRP9 could rescue senescence phe-
notypes in H2O2-treated model. We found that the decreased
expression of CTRP9 in H2O2-treated MAECs was restored by
infection with lentiviruses containing CTRP9 overexpression
plasmid (Fig. S1A). In addition, CTRP9 overexpression partly
weakened the enhanced percentage of SA-b-gal positive cells after
H2O2 exposure (Fig. S1B). Besides, H2O2-mediated up-regulation of
P16, P21, and P53, and down-regulation of LMNB1 were partially
reversed by CTRP9 overexpression (Fig. S1C).
2O2-treated MAECs via up-regulation of CTRP9. Lentivirus containing Antagomir-miR-
igratory ability of MAECs was determined by Transwell assay. (B) The angiogenesis of

*p < 0.05, **p < 0.01, ***p < 0.001.



Fig. 5. miR-674-5p silencing contributed to proliferation and migration of ADSCs through enhancing CTRP9 expression. (A) The morphology of ADSCs was observed under an optical
microscope (200 �). (B) Oil red O staining and Alizarin red staining were performed to evaluate the adipogenic and osteogenic differentiation abilities of ADSCs (200 �). (C) EdU
assay for the detection of cell proliferation of ADSCs. (D) The migration of ADSCs was detected by Transwell assay. (E) Western blotting analysis of CTRP9 protein abundance in
ADSCs. Values were shown as mean ± SD (n ¼ 3). **p < 0.01, ***p < 0.001.
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3.3. Down-regulation of miR-674-5p targeted CTRP9 to mitigate
H2O2-induced impaired viability and senescence of MAECs

Given that miR-674-5p/CTRP9 axis was dysregulated during
MAEC senescence, we further explored its biological functions.
For this purpose, MAECs were infected with lentiviruses con-
taining antagomir-miR-674-5p together with or without sh-
CTRP9. The viability of MAECs was strikingly reduced by H2O2
stimulation, which was partly elevated by miR-674-5p silencing.
However, antagomir-miR-674-5p-mediated improvement in
MAEC viability was abolished by CTRP9 knockdown (Fig. 3A).
Besides, H2O2 exposure-triggered apoptosis of MAECs was
restrained by miR-674-5p inhibition, whereas CTRP9 depletion
reversed the inhibitory effect of antagomir-miR-674-5p (Fig. 3B).
Furthermore, the enhanced levels of LDH, total ROS, lipid ROS,
LPO, and MDA in H2O2-stimulated MAECs were decreased after
miR-674-5p down-regulation, which could be counteracted by
CTRP9 deficiency (Fig. 3CeF). Additionally, miR-674-5p silencing
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strikingly decreased the percentage of senescent MAECs induced
by H2O2, however; CTRP9 depletion remarkably elevated senes-
cent MAEC proportion (Fig. 3G). Accordingly, antagomir-miR-674-
5p down-regulated P16, P21, and P53, while up-regulated LMNB1
in H2O2-exposed MAECs, which were reversed by CTRP9
silencing (Fig. 3H). As assessed by Western blotting, the
decreased CTRP9 protein level in H2O2-challenged MAECs was
prominently raised by antagomir-miR-674-5p, whereas sh-CTRP9
abrogated the promotive effect of antagomir-miR-674-5p (Fig. 3I).
Collectively, down-regulation of miR-674-5p enhanced CTRP9
expression to protect against H2O2-induced impaired viability
and senescence of MAECs.

3.4. miR-674-5p inhibition repressed H2O2-induced impaired
migration and angiogenesis of MAECs via regulating CTRP9

To further investigate the migrative capacity of MAECs, trans-
well assay was conducted. H2O2 stimulation distinctly suppressed



Fig. 6. Identification of ADSC-EVs and their internalization by MAECs. (A) ADSC-EVs were examined under a transmission electron microscope (TEM). (B) The protein levels of
TSG101, CD63, and Calnexin in ADSC and ADSC-EVs were detected by Western blotting. (C) The particle distribution of ADSC-EVs was evaluated by nanoparticles tracking analysis.
(D) Uptake of PKH26-labeled ADSC-EVs by MAECs was observed under a fluorescence microscope. Values were shown as mean ± SD (n ¼ 3).
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migration of MAECs, which was greatly recovered by miR-674-5p
inhibition. However, antagomir-miR-674-5p-mediated migration
of MAECs was abolished after CTRP9 was depleted (Fig. 4A).
Furthermore, tube formation assay indicated that the angiogenic
ability of MAECs was impaired by H2O2 challenge. miR-674-5p
down-regulation effectively improved the angiogenesis of MAECs
upon H2O2 exposure, which was counteracted in CTRP9-deficient
MAECs (Fig. 4B). Therefore, miR-674-5p silencing restored the
migration and angiogenesis of H2O2-induced MAECs via the regu-
lation of CTRP9.

3.5. Down-regulation of miR-674-5p promoted proliferation and
migration of ADSCs through increasing CTRP9 expression

Transplantation of ADSCs has been shown to alleviate AS through
suppressing endothelial dysfunction [22]. Thus, we further evaluated
the biological function of miR-674-5p/CTRP9 axis in ADSCs. The
primary ADSCs were isolated from C57BL/6J mice and their
morphology was observed under a light microscope (Fig. 5A). The
adipogenic and osteogenic differentiation capacities of ADSCs were
confirmed by Oil red O and Alizarin red staining (Fig. 5B). Subse-
quently, lentivirus carrying antagomir-miR-674-5p combined with
sh-CTRP9 or sh-NC were infected into ADSCs. EdU assay suggested
that the proliferation of ADSCs was facilitated by miR-674-5p inhi-
bition, whereas CTRP9 down-regulation reversed antagomir-miR-
674-5p-meidated enhancement in proliferation (Fig. 5C). Moreover,
antagomir-miR-674-5p enhanced the migrative ability of ADSCs,
which was counteracted by CTRP9 knockdown (Fig. 5D). Western
blotting indicated that miR-674-5p silencing remarkably increased
CTRP9 expression in ADSCs, however, sh-CTRP9 deliver evidently
reversed up-regulation of CTRP9 (Fig. 5E). The above findings
revealed that miR-674-5p silencing facilitated the proliferative and
migrative abilities of ADSCs via up-regulating CTRP9.

3.6. Characterization of ADSC-EVs and their internalization by
MAECs

It has been identified that ADSCs exert their function predomi-
nantly via delivering information to recipient cells through
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releasing EVs [23]. Therefore, we extracted EVs from ADSCs. The
round or cup-shaped morphology of ADSC-EVs was found using
TEM (Fig. 6A). In addition, we validated the presence of biomarkers
of EVs TSG101 and CD63, and absence of endoplasmic reticulum
biomarker Calnexin in ADSC-EVs (Fig. 6B). Nanoparticles tracking
analysis revealed that the particle size distribution of ADSC-EVs
was 50e200 nm (Fig. 6C). Moreover, the internalization of
PKH26-labeled ADSC-EVs by MAECs was observed under a fluo-
rescence microscope (Fig. 6D). These observations indicated that
ADSC-EVs were successfully isolated and could be internalized by
MAECs.

3.7. ADSC-EVs rescued the impaired biological functions and
senescence of H2O2-triggered MAECs

We further investigated the therapeutic efficacy of ADSC-EVs on
H2O2-triggered dysfunction in MAECs. The decreased viability of
MAECs upon H2O2 exposure was restored by administration with
ADSC-EVs (Fig. 7A). Besides, treatment with ADSC-EVs reversed the
elevated levels of LDH, total ROS, lipid ROS, LPO, and MDA in H2O2-
stimulated MAECs (Fig. 7BeE). Moreover, the senescent MAEC
percentage was lowered by ADSC-EVs (Fig. 7F). In addition, ADSC-
EVs led to down-regulation of P16, P21, and P53, and up-
regulation of LMNB1 in H2O2-treated MAECs (Fig. 7G). The
impaired migration and angiogenesis induced by H2O2 was
improved after interventionwith ADSC-EVs (Fig. 7H and I). Notably,
we observed a reduction in miR-674-5p expression, and increase in
CTRP9 expression in ADSC-EVs-treated MAECs (Fig. 7J and K). To
sum up, H2O2-induced dysfunction and senescence of MAECs were
attenuated by ADSC-EVs.

3.8. ADSC-EVs combined with anti-miR-674-5p attenuated AS
development in ApoE�/� mice

Finally, the influence of ADSCs EVs in combination with anti-
miR-674-5p on AS progression in vivo was explored. The enhanced
TC, TG, and LDL-C levels of AS mice were effectively reduced by
anti-miR-674-5p combined with ADSC-EVs (Fig. 8AeC). Histologi-
cal examination showed that the atherosclerotic lesion area and



Fig. 7. ADSC-EVs suppressed H2O2-induced dysfunction and senescence of MAECs. H2O2-exposed MAECs were treated with ADSC-EVs or PBS. (A) Cell viability of MAECs was
detected by CCK-8. (BeE) The levels of LDH, total ROS, lipid ROS, LPO, and MDA in MAECs were measured by commercial kits. (F) Senescent MAECs were assessed by SA-b-gal
staining. (G) P16, P21, P53, and LMNB1 mRNA levels were determined by qRT-PCR. (H) The migratory ability of MAECs was evaluated by Transwell assay. (I) The angiogenesis of
MAECs was detected by tube formation assay. (J) qRT-PCR analysis of miR-674-5p expression in MAECs. (K) The protein abundance of CTRP9 was measured by Western blotting.
Values were shown as mean ± SD (n ¼ 3). *p < 0.05, **p < 0.01, ***p < 0.001.
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collagen deposition area were strikingly raised in the arteries of
model group, which were weakened by anti-miR-674-5p plus
ADSC-EVs (Fig. 8D and E). Accordingly, miR-674-5p was up-
regulated, while CTRP9 was down-regulated in the arteries of AS
mice, which were reversed by ADSC-EVs together with miR-674-5p
inhibition (Fig. 8F and G). Taken together, the progression of AS in
micewas delayed by ADSC-EVs combinedwith anti-miR-674-5p via
promoting CTRP9 expression.

4. Discussion

AS remains a chronic vascular disorder, which is closely asso-
ciated with aging. The senescence of vascular endothelial cells may
result in inflammatory response and oxidative damage and causes
endothelial dysfunction, thereby promoting the progression of AS
[24]. Therefore, uncovering the modulatory mechanisms of endo-
thelial cell senescence is vital to develop effective therapies for
delaying AS development. In this paper, we provided first evidence
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that miR-674-5p inhibition attenuated H2O2-induced senescence in
MAECs by enhancing CTRP9 expression. In addition, ADSC-EVs
conferred protection against endothelial senescence and dysfunc-
tion through modulation of miR-674-5p/CTRP9 pathway. More
importantly, the combination of ADSC-EVs with anti-miR-674-5p
repressed atherosclerotic plaque formation in vivo. Our findings
provide theoretical basis for the development of effective therapy
for treating endothelial cell senescence during AS.

As an endogenous cardiovascular protector, CTRP9 is responsible
for vascular relaxation [25]. Down-regulation of CTRP9 has been
found in obese mice [26]. CTRP9 was reported to enhance carotid
plaque stability by restraining macrophage inflammation [27].
Extensive evidence has suggested that CTRP9 exerted protection
against endothelial dysfunction and maintained vascular homeo-
stasis [28,29]. It has been documented that CTRP9 restrained
endothelial cell senescence to mitigate diabetic-associated AS [9].
Therefore, targeting CTRP9 has been recognized as a therapeutic
strategy for AS. However, the upstream modulatory mechanism of



Fig. 8. ADSC-EVs-anti-miR-674-5p combined treatment delayed AS development in ApoE�/� mice. ApoE�/� mice were injected with PBS or ADSC-EVs þ Anti-miR-674-5p after 8
weeks of HFD via caudal vein, followed by HFD feeding for another 8 weeks. (AeC) TC, TG, and LDL-C levels were detected. (D) Atherosclerotic lesions in the aortic sinus were
observed by HE staining. (E) Collagen deposition in the aortic sinus was evaluated by Masson staining. (F) qRT-PCR analysis of miR-674-5p expression in the arteries. (G) The protein
abundance of CTRP9 was analyzed by Western blotting. Data are reported as mean ± SD (n ¼ 6). *p < 0.05, **p < 0.01, ***p < 0.001.
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CTRP9 in AS remains largely unknown. MicroRNAs (miRNAs) can
negatively modulate target gene expression via directly binding to
the 30-UTR to prevent protein translation [30]. miRNAs have been
revealed to exert pivotal roles in diverse diseases, including AS. For
instance, down-regulation of miR-98 drove AS progression via
inducing endothelial cell dysfunction [31]. In this work, we identi-
fied that miR-674-5p was aberrantly highly expressed in senescent
MAECs, and predicted miR-674-5p as a potential candidate for
binding to CTRP9.miR-674-5p is located onmouse genomeGRCm38.
So far, the regulation of miR-674-5p in AS has not been documented.
For the first time, we demonstrated that miR-674-5p inhibition
restrained endothelial cell senescence and dysfunction via up-
regulating CTRP9. Therefore, miR-674-5p selectively targeted
CTRP9 in H2O2-induced endothelial cell senescence during AS.

MSCs with tissue repair capacities have been used for treating
AS [4]. However, the clinical application of MSCs has been con-
strained by the lower survival of transplanted MSCs, vascular
thrombosis, and immune rejection [32]. EVs derived fromMSCs can
solve the above problems and are recognized as a perfect alterna-
tive to MSCs MSC therapies [33]. Previous studies have suggested
BMSC-derived EVs as an effective therapy to attenuate AS symp-
toms [4,34]. A previous study suggested that BMSC-derived EVs
repressed endothelial dysfunction during the progression of AS in
hamsters [35]. In this study, ADSC-EVs had a protective action
against AS via up-regulating CTRP9 and down-regulating miR-674-
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5p, thereby reducing endothelial senescence and improving the
biological functions of MAECs. Our study elucidated a novel
mechanism by which ADSC-EVs mitigated endothelial senescence
in AS. Other potential miRNAs might also affect endothelial cell
senescence via targeting CTRP9, which is considered as a limitation
of this study. In our future study, we will investigate the biological
functions of other potential miRNAs during this process.
5. Conclusions

In conclusion, this study proved that ADSC-EVs relieved AS by
suppressing endothelial senescence. ADSC-EVs-mediated promo-
tion of CTRP9 expression may be key to attenuate endothelial
senescence in AS, which was intensified by miR-674-5p inhibition.
Our observations shed light on the mechanisms underlying ADSC-
EVs-mediated beneficial actions on AS, and provide theoretical
foundation for its clinical application in treating AS.
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