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The roles and mechanisms of miR-26 derived from exosomes
of adipose-derived stem cells in the formation of carotid
atherosclerotic plaque
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Background: This study explored the serum concentrations of miR-26 in patients with carotid
atherosclerosis (CAS) and defined the roles and mechanisms of miR-26 derived from the exosomes of
adipose-derived stem cells (ADSC-exos).

Methods: The carotid artery width was diagnosed by ultrasound examination in patients with different
degrees of CAS. The serum levels of total cholesterol (T'C), triglyceride (T'G), high-density lipoprotein
cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C) in patients were detected by
biochemistry. The serum levels of miR-26 were determined by quantitative polymerase chain reaction (QPCR).
A model of CAS in ApoE™" mice fed with a rich-fat diet was established to analyze the regulatory effects of
serum miR-26 on blood lipids in mice. Adipose mesenchymal stem cell lines transfected with miR-26 were
established. The regulatory relationship between the expression levels of inflammatory factors, including
tumor necrosis factor-o. (TNF-a), interleukin-6 (IL-6) and IL-1p, and the expression levels of miR-26 in the
supernatant of each group of cells was determined by gPCR. The ADSC-exos were extracted from ADSCs and
injected into model mice through the tail vein. The therapeutic effect of ADSCs expressing miR-26 on model
mice was evaluated by detecting the levels of inflammatory factors and blood lipids in the serum of the mice.
Results: The degree of atherosclerosis (AS) was positively associated with the intima-media thickness
(IMT) of the carotid artery. The serum levels of miR-26 in patients were inversely correlated with the levels
of blood lipids (T'C, T'G, and LDL-C), and positively correlated with HDL-C levels. Similarly, in the CAS
mouse model, the serum levels of miR-26 were inversely correlated with the levels of blood lipids (T'C, TG,
and LDL-C), and positively correlated with HDL-C level. In ADSCs transfected with miR-26, the miR-
26 expression in the cell supernatant was negatively regulated by the expression of inflammatory factors,
TNF-0, IL-6, and IL-1B, in the cell supernatant. ADSC-exos expressing miR-26 has positive effects on
correcting blood lipids and inflammatory factors in the mouse model of CAS.

Conclusions: miR-26 has an active role in CAS and may be a novel target for the treatment of CAS in the
future.
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Introduction

Atherosclerosis (AS) is a complex arterial disease characterized
by inflammation and remodeling of the vascular wall that
eventually forms atherosclerotic plaques (1). According to
the site of plaque formation, clinical manifestations of AS
can be coronary artery disease (CAD), carotid atherosclerosis
(CAS), or peripheral artery disease (PAD) (2). The carotid
artery is one of the specific sites for plaques to aggregate,
especially at the opening and bifurcation of the common
carotid artery, which may be related to the altered blood flow
at these sites (3). CAS is a bellwether of systemic vascular
AS, and its emergence indicates the greatly increased risk of
AS in intracranial arteries, coronary arteries, and both lower
limb arteries. CAS will lead to thickening of the vascular
wall, narrowing of the vascular lumen, reduced blood flow,
followed by intracranial ischemia, resulting in dizziness,
blurred vision, tinnitus, nausea, and other symptoms. If the
plaque is unstable and suddenly ruptures, it can be rushed off
with blood flow, resulting in cerebral infarction after blocking
the blood vessels of the brain, or blindness after blocking
the blood vessels of the fundus oculi. In addition, AS can
reflexively raise blood pressure after narrowing the carotid
artery, resulting in hypertension or cause the blood pressure
of patients with hypertension to be out of control (4-6).
If CAS is not detected in a timely manner and effectively
controlled and treated, there is a high risk of coronary heart
disease and/or cerebral infarction, which can severely affect a
patient’s morbidity and mortality. Figure I shows a Doppler
ultrasound image of a carotid artery plaque.

Human studies on CAS have mainly focused on
determining the expression of microRNAs (miRNAs) in
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the carotid atherosclerotic plaques obtained during carotid
endarterectomy in patients with symptomatic stenosis (7,8).
Indeed, the miRNAs expressed in the serum of patients with
carotid plaques differ from that of patients with healthy
carotid arteries (9).

Abnormal lipid metabolism and imbalances in cholesterol
homeostasis can lead to AS, including CAS. There are
many types of miRNAs related to lipid metabolism,
including miR-27, miR-122, miR-370, miR-33, and miR-
143. However, the role of the miR-26 family in AS has
been less well-studied. miR-26 regulates lipid metabolism
and cholesterol at the post-transcriptional level, primarily
by affecting the expression of genes involved in lipid
synthesis, transportation, and oxidation. And miR-26 affects
progression and stability of carotid plaque, and participates
in programmed cell death, which are closely related to
carotid atherosclerotic plaque formation (10). Similar to
most regulatory mechanisms in vivo, the regulatory role
of miRNAs on lipid metabolism is a complex system (11).
Target genes of multiple miRNAs not only play a regulatory
role independently, but also overlap and interact with each
other (12). Furthermore, miRNAs may represent potential
diagnostic and therapeutic tools for the development of
novel target drugs in clinical practice.

Proangiogenic factors, such as vascular endothelial
growth factor (VEGF), basic fibroblast growth factor
(bFGF), and tumor necrosis factor o (TNF-0), have been
shown to decrease miR-26a expression in endothelial cells
(ECs). This in turn inhibits SMADI1 expression by binding
the 3'-untranslated region (UTR), thereby decreasing
inhibitor of DNA binding 1 (ID1) and increasing the

Heterogeneous echogenic flat plaque on the anterior
wall of the common carotid artery with strong echo

Figure 1 A Doppler ultrasound of a carotid artery plaque.
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Severe stenosis at bifurcation of the common
carotid artery
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Figure 2 Proangiogenic factors. VEGE, vascular endothelial growth factor; bFGE, basic fibroblast growth factor; TNF-a, tumor necrosis

factor o; BMP, bone morphogenetic protein; BMPRI/II, bone morphogenetic protein receptor type-I/type-II; LNA, locked nucleic acid;

EC, endothelial cell.

expression of cell growth arrest proteins, p21 and p27,
resulting in reduced EC growth and angiogenesis.
Neutralizing miR-26a with locked nucleic acid anti-
miR-26a (LNA-anti-miR-26a) can alleviate the miR-
26a-mediated inhibition of bone morphogenetic (BMP)/
SMAD1 signaling pathway and increase EC growth and
angiogenesis.

miR-26 is known to be involved in programmed cell
death, oxidative stress, transforming growth factor (T'GF)
signaling pathways, and importantly, in smooth muscle cell
proliferation. Indeed, miR-26 is involved in regulating the
phenotypic transformation of vascular smooth muscle cells
through SMAD1 (Figure 2) and SMAD#4 proteins (13).
A study has shown that miRNA-26a participates in
the feedback network to control cholesterol and lipid
homeostasis, and targeting reverse cholesterol transcription
may be a novel approach for the treatment of cardiovascular
diseases (14). It has been suggested that miR-26 may affect
the nuclear factor kB (NF-«B) inflammatory signaling
pathway associated with the formation of atherosclerotic
plaques. Whether miR-26 plays a positive role in carotid AS
warrants further investigation. In addition, angiogenesis in
atherosclerotic plaques and its role in plaque progression
may cause serious complications, such as plaque rupture,
hemorrhage, and apoptosis. miR-26 can reduce the
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production of inflammatory factors, as well as inhibit
apoptosis and differentiation of cell (15).

Adipose-derived stem cells (ADSCs) are a class of stem
cells with a variety of differentiation potential, and thus,
have been widely used for the rehabilitation of various
types of tissue damage. ADSCs can secrete many cytokines,
proteins, growth factors, and extracellular vesicles that can
be used in regenerative medicine with great potential. In
addition, exosomes also carry and secrete miRNAs, such
as miR-21, miR-24, and miR-26 (16). Recently, it was
demonstrated that ADSCs can act through certain miRNAs
secreted by the exosomes. Therefore, developing new
therapeutic strategies involving ADSC secretions is of great
interest globally.

In this study, ADSC lines expressing miR-26 were
constructed to generate exosomes that overexpress miR-
26 [exosomes of adipose-derived stem cells (ADSC-exos)].
The roles and mechanisms of miR-26 derived from ADSC-
exos in the formation of carotid atherosclerotic plaques
were examined using a mouse model of CAS. Furthermore,
the therapeutic effects of exosomes expressing miR-26 on
CAS were investigated. We present the following article in
accordance with the MDAR reporting checklist (available at
https://atm.amegroups.com/article/view/10.21037/atm-22-
4247/rc).
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Table 1 Primer sequences used in the study
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Name Primer sequences

miR-26

Forward primer: 5'-ATGGCTTCAAGTAATCCAGGA-3'

Reverse primer: 5'-GTGCAGGGTCCGAGGT-3'

Reverse transcription primer: 5'-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAGCCTA-3'

Methods
Study participants

A total of 60 patients who were newly diagnosed with
CAS and 60 healthy subjects were enrolled in this study.
Male or female patients aged 40-75 years, who underwent
ultrasonic testing in the Electrophysiology Department
of The Second Affiliated Hospital of Qiqihar Medical
University from 2018 to 2019, and who did not present
with transient ischemic attack, minor stroke, nor transient
dizziness within 6 months were included. Ultrasonic testing
showed that patients with CAS had intima-media thickness
(IMT) >1.0 mm and healthy subjects had IMT <1.0 mm.
The following exclusion criteria were applied: patients
with non-atherosclerotic carotid stenosis; patients with a
pacemaker, metal implants, or claustrophobia; patients with
acute myocardial infarction (MI), acute coronary syndrome,
or stroke within 4 weeks prior to presentation; patients with
severe cerebral artery stenosis or atrial fibrillation; patients
with systemic diseases, such as liver, kidney, blood system, or
other malignant diseases; patients with a history of bilateral
carotid endarterectomy or have immediate planning for
carotid endarterectomy; and pregnant women and nursing
mothers. The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study was
approved by The Second Affiliated Hospital of Qigihar
Medical University (No. 2021138) and informed consent
was taken from all the patients.

Ultrasound diagnosis

All subjects underwent ultrasonography with a GE VIVID
E80 color Doppler ultrasound diagnostic instrument
to measure the carotid IMT. The examinations were
conducted by an experienced operator. The patient was
place in a position that fully exposed the neck, with the 2D
probe at a frequency of 7.5 kHz and the blood flow beam
<60 °C. Plaques with an IMT >1.5 mm were defined as
atherosclerotic plaques. The subjects were graded according
to the severity of AS using the classification standards for
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CAS. Grade I was defined as lumen area stenosis <25%;
grade I was defined as lumen area stenosis between 26%
and 50%; grade III was defined as lumen area stenosis was
between 51% and 75%; and grade IV was defined as lumen
area stenosis between 76% and 100%. Grade I-II were
considered mild disease, grade III was considered moderate
and grade IV was considered severe disease.

Cell lines and cell culture

Human ADSC lines were purchased from the
American Type Culture Collection (ATCC) Cell Bank
(CAT#PCS-500-011). Cells were cultured in Minimum
Essential Medium o (a-MEM; Gibco, CAT#12561056),
supplemented with 10% fetal bovine serum (Gibco,
CAT#10099141C) and antibacterial agent (100 U/mL
penicillin, 100 pg/mL streptomycin, CAT#15140122), and

maintained in an incubator containing 5% CO, at 37 °C.

RNA extraction and quantitative polymerase chain
reaction (qPCR) amplification

Total RNA was extracted from ADSCs with TRIzol reagent
(Invitrogen™, CAT#15596018) and reverse-transcribed to
cDNA using the TagMan Advanced MicroRNA assay kit
(Applied Biosystems, CAT#A28007). miR-26 was amplified
with the Tagman MicroRNA amplification kit (Applied
Biosystems, CAT#A25576) and GAPDH was employed as
the internal control to calculate the relative expression of
miR-26. All experiments were performed in triplicates. See
Table 1 for primer sequences.

Establisbment of the mouse model of CAS

ApoE knocked out mice (ApoE”" C57BL/6; 6 weeks old,
male, purchased from Cyagen Biosciences) were used as
the model group and C57BL/6 mice (6 weeks old, male,
purchased from Cyagen Biosciences) were used as the
control group. There were 10 mice in each group. C57BL/6
mice in the control group were fed a general diet (Trophic
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Animal Feed High-tech Co., Ltd., China; CAT#LADO0011),
and mice in the model group were fed a rich-fat diet
containing 21% fat and 0.15% cholesterol (Trophic Animal
Feed High-tech Co., Ltd., China; CAT#LADO0011). Carotid
artery ligation was performed on mice after feeding for one
week, and the lipid index levels of each group was tested at
12 weeks after feeding. Mice from the model group could
be used only after satisfying the conditions of CAS. The
inclusion criteria for AS in mice were carotid artery width
IMT >1.5 mm and low-density lipoprotein cholesterol
(LDL-C) >2.5 mmol/L. The exclusion criteria were carotid
artery width IMT <1.5 mm and LDL-C <2.5 mmol/L. The
animal experiments were approved by the Ethics board of
Second Affiliated Hospital of Qiqihar Medical University
(No. 2021138), in compliance with Second Affiliated
Hospital of Qigihar Medical University institutional
guidelines for the care and use of animals.

Vector construct and retrovirus transfection

The 293 T cell line (Chinese Academy of Sciences Cell
Bank, CAT#GNHul7) was co-transfected with the
lentivirus plasmids, pLVPTtTRKRAB-LNC-miR-26-NC
or the pLVPTtTRKRAB-LNC-miR-26-promoterRNA
(synthesized by RiBoBio), or the packaging plasmid. To
prepare lentivirus particles, cells were cultured until 40-50%
confluency. The medium was replaced with 10 mL of fresh
DMEM medium (GIBCO, CAT#10566016) supplemented
with 10% fetal bovine serum (Gibco, CAT#10099141C),
without double antibodies. After 30 minutes, cells were
transfected with the plasmids. After 8 h of transfection,
the original medium was removed, and 7 mL of complete
medium was added. After 24 h of transfection, about 3 mL
of complete medium was supplemented. After 48 h of
transfection, the supernatant containing the virus was
carefully harvested and centrifuged at 1,000 g for 5 minutes.
The supernatant was collected, filtered using a 0.2-pm filter,
and frozen at -80 °C for later use.

Cell transfection

ADSCs were culture in 6-well plates for 12 h until cells
reached 50% confluency. The original culture medium
was then removed, and the cells washed with phosphate
buffered saline (PBS). Approximately 1 mL of the virus
solution was added to each well and the cells were incubated
for 10 h. The virus medium was then aspirated and replaced
with complete culture medium. The expression of the viral
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vectors reached a peak after 72 h of infection, and stable
cell lines expressing miR-26 were obtained. The cells were
harvested for further iz vitro experiments.

Western blot analysis

Total protein was extracted from ADSCs and the protein
concentration was measured using BCA solution (Enzyme-
linked Biotechnology Co., Ltd., CAT#ml095490). After
the protein concentration was determined, sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
was performed for each tissue/cell and transferred to
polyvinylidene fluoride (PVDF) membranes (Enzyme-linked
Biotechnology Co., Ltd., CAT#ml017798). The membranes
were blocked with PBS Tween (PBST) containing 5%
skim milk (Enzyme-linked Biotechnology Co., Ltd.,
CAT#ml095678) for 1 h at room temperature, followed
by incubation with primary antibodies at 4 °C overnight,
in accordance with the manufacturer’s instructions. The
primary antibodies used were anti-human CD63 (LifeSpan,
CATH#LS-C5463-100, RRID#AB_859461), anti-human CD9
(LifeSpan, CAT#LS-C46004-100, RRID#AB_1053357),
anti-human CD81 (LifeSpan, CAT#LS-C5595-100,
RRID#AB_859702), anti-human CD90 (Dianova,
CAT#DIA-10, RRID#AB_2756409), anti-human TNF-a
(Biolegend, CAT#502801), anti-human interleukin (IL)-6
(LifeSpan, CAT#LS-C7940-500, RRID#AB_864897), and
anti-human IL-1B (Biolegend, CAT#508201). After 3 washes
with PBST for 5 minutes each time, the membranes were
incubated with the secondary horseradish peroxidase (HRP)-
conjugated goat anti-mouse IgG (Biolegend, CAT#405306)
at room temperature for 1 h. Following another 3 washes
in PBST, the protein bands were detected with enhanced
chemiluminescence (ECL) chemiluminescence solution
(Merck Millipore, CAT#WBKLS0010) according to the
manufacturer’s instructions, and visualized with a gel
chemiluminescence imager.

Exosomes extraction

ADSCs stably expressing miR-26 were harvested at 1x10°
and centrifuged at 2,000 g for 10 minutes. The supernatant
was collected and centrifuged at a high speed at 10,000 g
for 30 minutes. The resultant supernatant was then
centrifuged at 140,000 g for 90 minutes. The obtained
precipitation containing the exosomes was washed with
PBS buffer (Enzyme-linked Biotechnology Co., Ltd.,
CAT#WBKLS0010), resuspended, and centrifuged again at
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140,000 g for 90 minutes. The pellet was then resuspended,
precipitated with PBS buffer, and stored at 4 °C for later use.

Therapeutic effects of exosomes on the mouse model of CAS

ADSC-exos stably expressing miR-26 were injected into the
tail vein (1x10'°/mouse) of model mice at 200 pL/mouse.
The plaque size and carotid width were measured with oil
red O staining solution at 1 and 2 weeks post-injection. The
levels of TNF-a, IL-6, and IL-1p in the plaques and serum
of mice after exosome treatment were detected by Western
blot, enzyme-linked immunosorbent assay (ELISA), and
gPCR. The levels of total cholesterol (T'C), triglyceride
(T'G), high-density lipoprotein cholesterol (HDL-C),
and LDL-C in the serum were detected by biochemical
methods (17).

Statistical analysis

Statistical analyses were performed using the SPSS software.
Pearson correlation was used for the pairwise correlation
of the degree of AS sclerosis, carotid IMT, serum miR-
26, and blood lipids (T'C, TG, LDL-C, and HDL-C). An
absolute value of correlation coefficient between 0.1 and 0.3
was considered as a weak correlation between variables, an
absolute value of correlation coefficient between 0.3 and 0.5
was considered as a moderate correlation between variables,
and an absolute value of correlation coefficient greater than
0.5 was considered as a strong correlation between variables.
Differences between the two groups were analyzed with the
t-test, and differences among multiple groups were analyzed
by analysis of variance (ANOVA). A P value less than 0.05
was considered statistically significant and indicated as
follows: *P<0.05, **P<0.01, and ***P<0.001. All experiments
were replicated 3 times, and abnormal data outside the
inclusion or exclusion criteria were excluded from data
analysis.

Results

The degree of AS was positively correlated with the carotid
IMT

The carotid IMT in subjects with different severity of AS
was diagnosed by ultrasound. The results showed that
the carotid IMT in patients with CAS was significantly
higher than that in healthy subjects (Figure 34). Pearson
correlation analysis showed that carotid blood flow velocity
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was significantly negatively correlated with carotid IMT
(r=-0.91; Figure 3B).

The degree of AS in patients was inversely associated with
serum miR-26 levels

The levels of miR-26 in the serum of patients with and
without AS were determined by qPCR. There was a
negative correlation between the degree of sclerosis and
serum miR-26 levels in AS patients (Figure 44). Biochemical
testing revealed that the degree of sclerosis in AS patients
was positively associated with the levels of blood lipids,
including TC, TG, and LDL-C (Figure 4B-4D), and
negatively correlated with HDL-C levels (Figure 4E).

A mouse model of CAS showed decreased expression of
miR-26 in tissues and serum, and abnormal blood lipid
levels

ApoE™" mice were used to establish a CAS model in which
mice were fed a rich-fat diet. The miR-26 levels in plaques
and serum of mice were examined by qPCR. The results
showed that the miR-26 levels were significantly lower in
the plaques and serum of model mice with AS compared to
those in healthy mice (Figure 5A4,5B). Biochemical testing
revealed that the levels of blood lipids (T'C, TG, and
LDL-C) in model mice with AS were significantly higher
than those in healthy mice (Figure 5C-5E). Furthermore,
the HDL-C levels in model mice with AS were significantly
lower than that in healthy mice (Figure 5F).

The levels of inflammatory factors significantly decreased
in the supernatant of ADSCs overexpressing miR-26

ADSCs were stably transfected with the miR-26-promoter
or the negative control, miR-NC. The miR-26 expression
levels in the supernatant were significantly higher in cells
overexpressing miR-26 compared to cells transfected with
the vector control (Figure 6A4). The levels of inflammatory
factors, TNF-a, IL-6, and IL-1B, in the supernatant of
ADSCs overexpressing miR-26 were significantly decreased
compared to cells transfected with the negative control
(Figure 6B-6D).

The NF-kB inbibitor synergistically enbanced the miR-
26-mediated downregulation of inflammatory factors

ADSC:s stably transfected with the miR-26-promoter or
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Heterogeneous flat plaque from mid to distal
posterior wall of the common carotid artery

Figure 3 The degree of atherosclerosis was positively correlated with the carotid intima-media thickness. (A) A Doppler ultrasound detection

of a carotid plaque. (B) AS is significantly positively correlated with carotid IMT. The carotid IMT in AS patients was significantly different to

that in healthy subjects (P<0.05). AS was negatively correlated with carotid blood velocity, and there were significant differences in the carotid

blood flow velocity between AS patients and healthy subjects (P<0.01). AS, atherosclerosis; IMT, intima-media thickness.

miR-NC were treated with an NF-«B inhibitor. Treatment
with the NF-«B inhibitor significantly decreased the
expression of TNF-a, IL-6, and IL-1B in both groups
(Figure 7A4-7C), suggesting that the NF-kB inhibitor
enhanced the miR-26-mediated downregulation of
inflammatory factors.

Identification of exosome markers

Exosomes were extracted from the stably transfected ADSCs
and the expression of miR-26 was assessed. The miR-26
expression in the exosomes of ADSCs overexpressing miR-26
was significantly higher than that detected in the exosomes
of the control ADSCs (Figure 84). Western blot analyses
demonstrated that there was no significant difference in the

expression of CD63, CD9, CD89, nor CD90 between the 2
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groups (Figure §B-8E).

Treatment with exosomes improved the AS in mice

ADSC-exos overexpressing miR-26 were injected into
the tail vein of the CAS mouse model. The plaque size,
cross-sectional area, and area stenosis of the carotid intima
were measured. The IMT in mice treated with miR-
26-overexpressing exosomes was significantly decreased
compared to that in control mice (Figure 94). The levels of
TNF-0, IL-6, and IL-1B in both the plaques and serum of
exosome-treated mice were significantly decreased compared
to that in control mice (Figure 9B-9D). Biochemical testing
revealed that mice treated with the miR-26-overexpressing
exosome had significantly lower levels of TC, TG, and
LDL-C compared to the control group (Figure 9E-9G), and
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Figure 4 The degree of sclerosis in AS patients was inversely associated with serum miR-26 levels. (A) Serum miR-26 levels in patients with

CAS were lower than that observed in healthy subjects, and the miR-26 levels were lower in patients with severe stenosis. (B-D) In patients
with CAS, the serum levels of TC, TG, and LDL-C were higher than those in healthy subjects. (E) The levels of HDL-C in CAS patients
were lower than that in healthy subjects. *, P<0.05. AS, atherosclerosis; CAS, carotid atherosclerosis; TC, total cholesterol; TG, triglyceride;

LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol.

significantly elevated HDL-C levels (Figure 9H).

Discussion

The plaque in CAS is a common cause of carotid artery
stenosis, that can lead to ischemic stroke. The etiology of
CAS is multifactorial, with a complex pathogenesis, neither
of which has been fully elucidated. The main risk factors
include hypertension, hyperlipidemia, diabetes, obesity,
smoking and drinking, genetic factors, high-salt diet, lack

© Annals of Translational Medicine. All rights reserved.

of exercise, nervous mental activity, irregular lifestyle,
age, and gender. The formation of AS is complex, and
is mainly caused by repeated and minor damages to the
endarterium (endothelium) through various mechanisms
(18-22). The current treatments for AS are mainly surgery
and symptomatic drug treatment. Unfortunately, there is
no rapid and effective specific drug for the treatment of
AS. Drugs designed to regulate lipid metabolism at the
molecular level may be a potential treatment modality for
AS in the future (23).
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Figure 5 Carotid atherosclerosis model mice showed decreased expression of miR-26 in tissues and serum, as well as abnormal blood

lipid levels. (A,B) The miR-26 expression levels in the plaque tissues and serum of mice with CAS were lower than those in normal mice.
(C-E) The levels of TC, TG, and LDL-C in the serum of mice with CAS were higher than those in normal mice. (F) The levels of HDL-C

in mice with CAS were lower than that in normal mice. *, P<0.05. CAS, carotid atherosclerosis; T'C, total cholesterol; TG, triglyceride;

LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol.

A basic progression of AS is the aggregation of
monocytes/macrophages on the vascular wall to produce
proinflammatory cytokines. It has been reported that
molecular-engineered exosomes derived from M2
macrophage can relieve inflammation by promoting the
release of anti-inflammatory cytokines. Paeoniflorin can
inhibit AS by significantly enhancing miR-223 expression
in monocyte exosomes and inhibiting the STAT?3 pathway.
Exosomes loading heat shock protein 27 (HSP27) can
significantly stimulate and activate NF-kB to release IL-10.
The study suggests that exosomes may be used as a vector

© Annals of Translational Medicine. All rights reserved.

for anti-inflammatory therapy (24).

Mesenchymal stem cell-derived exosomes (MSC-
exos) have gained much interest in the regeneration and
rehabilitation of diseases such as ischemic stroke. Chen ez a/.
showed in a rat model that ADSC-exos can enhance neural
regeneration and significantly reduce infarcts after ischemic
stroke (25). The administered dose of ASC-exos can reduce
brain edema and contraction on the third day after the
occurrence of acute ischemic stroke (26). It has been shown
that ASC-exos overexpress miR-21, thereby promoting the
vascularization of ECs. Interestingly, the increased platelet-
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Figure 6 The levels of inflammatory factors were significantly decreased in the supernatant of adipose-derived stem cells overexpressing

miR-26. (A) ADSCs were transfected with the miR-26-promoter or miR-NC negative control. The miR-26 expression levels were

significantly increased in the supernatant of cells transfected with the miR-26-promoter compared to cells transfected with the negative
control. (B-D) ELISA and qPCR showed that the levels of TNF-a, IL-6, and IL-1p in the supernatant of cells transfected with the miR-

26-promoter were significantly decreased compared to those in the negative control group. *, P<0.05. Ov, overexpression; bl, blank; ADSC,

adipose-derived stem cell; NC, negative control; ELISA, enzyme-linked immunosorbent assay; gPCR, quantitative polymerase chain

reaction; TNEF, tumor necrosis factor; IL, interleukin.

derived growth factor (PDGF) levels alter the content of
RNAs and proteins in the extracellular vesicles by changing
the expression of anti-inflammatory and immunoregulatory
factors. These changes can enhance the production of
IL-10 and TGF-B1, and stimulate the formation of T cells,
thereby protecting muscles from being affected by acute
ischemia i vivo (27).

Exosomes have superior and irreplaceable biological
functions, and therapeutic exosomes have a high potential
for clinical applications. First, due to the protection of the
phospholipid bilayer, exosomes can avoid phagocytosis and
bypass lysosomes, thereby exhibiting a longer circulating
half-life. Second, the phospholipid bilayer of exosomes also
favors the fusion of recipient cells to the cell membrane.
Third, exosomes from animals or patients have high
homology and low immune response to avoid exosome
degradation. Finally, exosomes with homing effect play
a role in regulating the cell types produced by needle
exosomes. The value of MSC-exo treatment in cardiac

© Annals of Translational Medicine. All rights reserved.

protection was highlighted by Piffoux ez 4/., who showed
that MSCs secrete the largest number of exosomes (24).
Song er al. reported that local injection of exosomes can
attenuate the apoptosis of cardiomyocytes and ECs in
an animal model of preclinical MI (28). As additional
substances in exosomes, miRNA can be selectively released
from blood vessels or blood cells into the peripheral blood
circulation and transferred to recipient cells. Unlike other
extracellular vesicles, exosomes are thought to be released
by living cells through an active process in response
to environmental perturbations, thereby transferring
miRNA to recipient cells, and playing a role in cell-to-
cell communication. As natural drug delivery vectors,
exosomes have good biocompatibility and targeting ability.
Exosomes released from various cells contain potentially
valuable biological information about the development
and progression of CAS (29). There is increasing evidence
that cell-derived exosomes modulate exosome-mediated
intercellular crosstalk in AS (30). Based on their potential
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Annals of Translational Medicine, Vol 10, No 20 October 2022

|
=
[e]
IS
€
.dh
L
P4
'_
Before-treat Before-treat After-treat After-treat
bl group  Ov group bl group Ov group
2.0 - .
*
_|
=
o
€
IS
o
&

Before-treat Before-treat After-treat After-treat

bl group  Ov group bl group Ov group

Page 11 of 16

IL-6, mmol/L

Before-treat Before-treat After-treat  After-treat

blgroup  Ovgroup  blgroup  Ov group

Figure 7 The NF-kB inhibitor synergistically enhanced the miR-26-mediated downregulation of inflammatory factors. ADSCs stably
transfected with the miR-26-promoter or miR-NC were treated with the NF-kB inhibitor. (A-C) ELISA results showed that the expressions
of TNF-a, IL-6, and IL-1p significantly decreased in the supernatant of the miR-26-promoter cell group after treatment with the NF-

kB inhibitor. *, P<0.05. Ov, overexpression; bl, blank; ADSC, adipose-derived stem cell; NC, negative control; ELISA, enzyme-linked

immunosorbent assay; TNF, tumor necrosis factor; IL, interleukin; NF-kB, nuclear factor kB.

roles as biomarkers and pharmacological targets, cell-
contained exosomes are considered for their use in novel
drug delivery devices (31). EC-derived miR-92a exosomes
regulate paracrine macrophage overexpression of KLF4
during AS. Furthermore, miR-92a exosomes play a key role
in AS-susceptible endothelium by downregulating KLEF2
and KLF4 (32).

CircRNAs have attracted attention as new diagnostic
markers for diseases including cancer. CircRNAs constitute
an abundant, stable, diverse and conserved family of RNA
molecules. Emerging evidence suggests that circRNAs
are involved in various biological processes, such as
angiogenesis, proliferation, and differentiation (33).
Recently, Zhang et a/. demonstrated that crosstalk between
circRNAs and their competing mRNAs may play a critical
role in the development of AS by regulating cell adhesion,
migration, and activation (34). Furthermore, exosomal
circRNAs from peripheral circulating serum were associated
with UA formation. Jiang et 4/. reported that peripheral
circulating serum-exos could induce TNF-a and IL-6

© Annals of Translational Medicine. All rights reserved.

production in macrophages via miRNA cargo (35). The
miRNA-26 family, including miR-26a, miR-26b, miR-1297,
and miR-4465, is a group of widely conserved miRNAs with
identical seed region sequence (36). They play multiple key
roles in regulating the growth, development, and activation
of cells. Recent evidence supports the central role of the
miR-26 family in cardiovascular diseases. Indeed miR-26
has been shown to controlled key signaling pathways, such
as the BMP/SMADI signaling pathway (Figure 2), as well
as key targets associated with EC growth, angiogenesis,
and left ventricular (LV) function after MI. Recent study
has suggested that miR-26 may play an important role in
a range of cardiovascular rehabilitation mechanisms, as
well as in antigen presenting cell (APC) differentiation
and adipose tissue metabolism (37). Deletion of all miR-26
coding sites in mice resulted in rapid expansion of adipose
tissues in adult animals fed with normal diet. In contrast,
overexpression of miR-26a transgene protected mice from
rich-fat diet-induced obesity, indicating that miR-26 plays
an important role in lipid metabolism (38).
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Figure 8 Identification of exosome markers. (A) QPCR showed that miR-26 expression was significantly higher in the exosomes

overexpressing miR-26 compared with the blank group. (B-E) Western blot analysis showed high expression of CD9, CD63, CD81, and

CD90 in the exosomes of both groups (P>0.05). *, P<0.05. Ov, overexpression; bl, blank; qPCR, quantitative polymerase chain reaction; bl,

blank.

Furthermore, miR-26 can directly target ATP-binding
cassette transporter Al (ABCAL1) and participate in
feedforward or feedback networks to control cholesterol
and lipid homeostasis. ABCALI is a key regulator of cellular
cholesterol efflux and HDL maturation. ABCA1 mRNA has
an abnormally long 3'-UTR, which makes it very vulnerable
to targeting and inhibition by miRNAs. Indeed, multiple
miRNAs have been reported to directly target ABCAI,
including miR-33a/b, miR-26, miR-106b, and miR-758 (39).

CAS is closely linked to blood lipid indicators, such
as serum levels of TC, TG, LDL-C, and HDL-C. The
accumulation of LDL-C in the endarterium is a key step in
the initiation and development of AS. Recent study showed

© Annals of Translational Medicine. All rights reserved.

that the maximum LDL-C concentration was detected
directly downstream of carotid stenosis, which supports the
observation that the existing atherosclerotic lesions tend
to develop downstream of the stenosis (40). A dependence
between potential blood flow patterns and LDL-C
concentration uptake on arterial wall was detected using
mathematical and computational models (41).

Study has shown that antibodies targeting IL-18
combined with canakinumab can reduce the risk of CAS
recurrence, suggesting that anti-inflammatory strategies
may have a great promise (42). Since inflammation and
metabolic changes are closely linked in immune cells and
ECs, therapeutic targets that change the cellular metabolism
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Figure 9 Atherosclerosis in mice was improved after exosome treatment. (A) After exosome treatment, mice in the ADSC + miR-26-

promoter group had smaller plaques and lower rates of arterial stenosis compared with mice in the ADSC + miR-NC group. (B-D) ELISA

demonstrated that the levels of TNF-o, IL-6, and IL-1p were significantly decreased both in plaques and serum of mice in the ADSC +

miR-26-promoter group treated with exosomes overexpressing miR-26. (E-G) Biochemical testing showed that the levels of TC, TG, and

LDL-C were significantly decreased in mice treated with exosomes overexpressing miR-26. (H) The HDL-C levels significantly increased

in mice in the ADSC + miR-26-promoter group treated with exosomes overexpressing miR-26. *, P<0.05. ADSC, adipose-derived stem cell;

NG, negative control; ELISA, enzyme-linked immunosorbent assay; TINF, tumor necrosis factor; IL, interleukin; TC, total cholesterol; TG,

triglyceride; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; Ov, overexpression; bl, blank.

of activated cells may have great potential in the treatment
of patients with cardiovascular diseases (43).

In this current investigation, the levels of miR-26 in the
serum of patients with CAS were explored. Decreased miR-
26 levels had a negative effect on blood lipids, inflammatory
factors, and other related indicators in patients with CAS.
In vivo animal experimental data demonstrated that miR-26
derived from ASC-exos positively regulated the secretion of
inflammatory factors and the levels of TC, TG, HDL-C,

© Annals of Translational Medicine. All rights reserved.

and LDL-C in the serum of mice in the carotid AS model.
Herein, miR-26 levels were shown to be negatively
correlated with blood lipids and inflammatory factors in
the serum, and exosomes expressing miR-26 had a positive
therapeutic effect on carotid atherosclerotic vascular
rehabilitation, suggesting that miR-26 may be a novel target
for the treatment of patients with CAS.

AS and CAS are risk factors for the development of
stroke. Studies using endarterectomy and plasma/urine
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samples to reveal biomarkers of instability of plaques or
severity of diseases clearly suggest that miRNA can serve
not only as a potential diagnostic target, but also as a
therapeutic target in CAS (44-46). Further studies on larger
cohorts and patients involving various comorbidities and
using animal models of instability of plaques are needed to
reveal the true potential of miRNAs in CAS and provide
evidence for future clinical practice. In conclusion, miRNAs
derived from ADSC-exos may have potential therapeutic
and diagnostic benefits in CAS.

"The severity of CAS in patients was negatively correlated
with serum miR-26 levels. The levels of inflammatory
factors significantly decreased in the supernatant of ADSCs
overexpressing miR-26. The NF-«B inhibitors collaboratively
enhanced the miR-26-mediated downregulation of
inflammatory factors. After treating the mice in the CAS
model with ADSC-exos loaded with miR-26, the CAS was
improved, as shown by the significantly decreased levels
of inflammatory factors and the return of blood lipids to
acceptable values, indicating that miR-26 may have an active
role in the treatment of CAS.
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