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Abstract

Purpose Endothelial cell dysfunction is a major cause of early atherosclerosis. Although the role of extracellular vesi-
cles in stabilizing atherosclerotic plaques is well established, the effect of circulating exosomes on plaque formation
is still unknown. Here, we explored the effect of exosomes on atherosclerosis based on the function that exosomes
can act on intercellular communication.

Patients and methods We extracted serum exosomes from the blood of CHD patients (CHD-Exo) and healthy
individuals (Con-Exo). The obtained exosomes were co-cultured with human umbilical vein endothelial cells (HUVECs)
in vitro. In addition, we determined that circ_0001785 functions as a competing endogenous RNA (ceRNAs) in coro-
nary artery disease by dual luciferase reporter gene analysis. The protective effect of circ_0001785 against endothelial
cell injury was also verified using over-expression lentiviral transfection functional assays. In vivo experiments, we
injected over-expressed circ_0001785 lentivirus into the tail vein of mice to observe its therapeutic effect on a mouse
model of atherosclerosis.

Results The vitro co-cultured results showed that the amount of plasma-derived exosomes have an increase

in patients with coronary artery disease, and the inflammation and apoptosis of endothelial cells were exacerbated.
Over-expression of circ_0001785 reduced endothelial cell injury through the ceRNA network pathway of miR-
513a-5p/TGFBR3. Quantitative reverse transcription-polymerase chain reaction identified that the expressed amount
of circ_0001785 was reduced in the circulating peripheral blood of CHD patients and increased within human

and mouse atherosclerotic plaque tissue. The results of in vivo experiments showed that circ_0001785 reduced aortic
endothelial cell injury and the formation of intraplaque neo-vascularization, and enhanced left ventricular diastolic
function, thereby delaying the development of atherosclerosis in mice.

Conclusion Our results demonstrated a new biomarker, exosome-derived circ_0001785, for atherogenesis, which
can reduce endothelial cell injury and thus delay atherogenesis through the miR-513a-5p/TGFBR3 ceRNA network
mechanism, providing an exosome-based intervention strategy for atherosclerosis.
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Introduction

Acute coronary syndrome (ACS) is a series of cardiovas-
cular emergencies caused by coronary flow obstruction
and acute myocardial ischemia (AMI). Coronary flow
obstruction is mainly due to plaque rupture or erosion
caused by atherosclerosis [1-3]. However, a key factor
in plaque erosion and rupture is vascular inflammation
caused by endothelial cell dysfunction [4]. Due to the
specific function of endothelial cells as a barrier between
blood vessels and tissues, it can maintain intravascu-
lar homeostasis by regulating vascular tone, as well as
antithrombotic and anti-inflammatory effects [5]. How-
ever, the mechanisms leading to mechanisms of endothe-
lial cell dysfunction are complex and therefore still need
to be explored.

Cellular communication is essential to the physiologi-
cal and pathological processes of almost all diseases,
including atherosclerosis. Exosomes are a class of small
vesicular structures that can participate in intercellu-
lar communication. It can perform biological functions
through the different biomolecules it contains, such as
DNA, RNA, proteins, lipids or metabolites. Thus, during
atherogenesis, it can facilitate communication and adhe-
sion between blood and resident cells of the vessel wall,
involving endothelial dysfunction, apoptosis, inflamma-
tory signaling and plaque rupture [6-11].

Here, we studied the mechanism by that circRNAs
affect atherogenesis through delivery. Circular RNAs
(circRNAs) are a group of noncoding RNAs with a cova-
lent closed-loop structure. resistance to degradation by
nucleic acid exonucleases allows their massive and stable
expression, which is important for clinical studies [12—
17]. It has been well demonstrated that circRNAs have
important effects on endothelial cell proliferation, migra-
tion, and neovascularization in atherosclerosis [18-20].
In addition, exosome-derived circRNAs have also shown
potential applications as disease biomarkers and novel
therapeutic targets [21]. Based on exosomes as gene
delivery vehicles, this study explains through a series of
cytological and animal experiments how plasma exoso-
mal circ_0001785 exerts its mechanism of action through
the miR-513a-p/TGFBR3 ceRNA network pathway to
attenuate ECs damage and delay the development of AS.
In conclusion, this study provides new insights into the
mechanism of action of circ_0001785 in the development
of AS.

Material and methods

Patients

This study was approved by the Ethics Committee of the
Second Affiliated Hospital of Harbin Medical Univer-
sity (approval number: KY2022-072). It is in accordance
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with the principles in the Declaration of Helsinki. In this
study, we studied data from 31 patients with coronary
heart disease and 24 patients without coronary heart
disease treated at the Department of Cardiovascular
Medicine, Second Affiliated Hospital of Harbin Medi-
cal University. All patients who participated in the study
provided informed consent. The diagnostic criteria for
coronary heart disease were reported according to the
“Nomenclature and Diagnostic Criteria for Ischemic
Heart Disease” developed by the Joint Working Group on
Clinical Nomenclature Criteria of the International Soci-
ety and Association of Cardiology and the World Health
Organization (WHO). Patients with any chronic disease
(including cancer, heart failure, diabetes mellitus, cirrho-
sis, and renal failure), connective tissue disease, inflam-
matory arthritis, active infection, or other inflammatory
disease were excluded. Patient demographics are shown
in Additional file 2: Table S1, S2.

Animal models

The Animal Care and Use Committee of the Second Affil-
iated Hospital of Harbin Medical University approved
all animal research protocols (approval number:
SYDW2022-048). All experimental procedures were in
accordance with the recommendations of the European
Ethics Committee (EEC) (2010/63/EU). We purchased
male C57BL/6 mice (8 weeks old) from the Experimen-
tal Animal Center of the Second Affiliated Hospital of
Harbin Medical University. The ApoE™'~mice were pur-
chased from Beijing Viton Lever Laboratory Animal
Technology Co. The animals were housed individually in
ventilated cages in standard animal rooms (temperature:
24-25 °C; humidity: 55%; 12-h light, 12-h dark photo-
period). C57BL/6 mice were given a normal supplemen-
tal diet. ApoE~'~ mice were fed a high-fat diet (21% fat,
20% protein, 50% carbohydrate) for 12 weeks to induce
atherosclerosis.

To assess whether circ_0001785 delays the devel-
opment of atherosclerosis in mice through exosomal
transduction communication, we randomly assigned
ApoE~"mice to 3 groups and administered tail vein
injections after 4 weeks of high-fat feeding. The specific
groups were: control (vein injection of 100 ul PBS), over-
expression virus (vein injection of 100 pl overexpres-
sion circ_0001785 lentivirus, virus titer 1*10® TU/mL),
overexpression virus control group (tail vein injection of
100 pl overexpression circ_0001785 control lentivirus,
virus titer 1*10% TU/mL). After the lentivirus injection,
these mice continued to be fed a high-fat diet for 8 weeks.
After 8 weeks, we removed the aorta and heart after ter-
minal anesthesia (1.5% isoflurane inhalation) and cervical
dislocation euthanasia.
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Extraction of exosomes

We isolated and purified exosomes from circulat-
ing blood using differential centrifugation. In detail,
whole blood was collected and left at room tempera-
ture (25+1 °C) for 20 min. The serum was then sepa-
rated to remove blood cells and debris by centrifugation
at 3000 x rpm for 15 min at 4 °C (5 ml of venous blood
was collected from the patient). Next, we dilute 1 ml of
the serum sample with 10 ml of PBS. It was then centri-
fuged at 10,000x g for 15 min at 4 °C. The supernatant
was then transferred to an ultracentrifuge tube and cen-
trifuged at 100,000 x g for 1 h at 4 °C to obtain a white or
clear precipitate. For further purification, the precipitate
was washed with PBS and the purified exosomes were
obtained by centrifugation again at 100,000 x g for 1 h at
4 °C. Finally, the isolated exosomes were resuspended and
collected in sterile PBS for subsequent studies (stored in
a refrigerator at — 80 °C).

Tracing of exosomes

First, according to the instruction, we mixed diluent
C reagent with PKH67 dye in a ratio of 1:9 to configure
the mixture. Then the different groups of exosomes were
added to the mixture of PKH67 in the ratio of 1:100.
After a full reaction in a light-proof centrifuge tube,
the mixture was incubated for 10 min and centrifuged
at 100,000x g for 70 min, followed by removal of the
supernatant. We then fully dissolved the precipitate with
100 pl of PBS. And 10 pl of each group of exosomes were
extracted for protein concentration determination (BCA
method). Based on the extracted protein concentra-
tion, the amount of exosomes in each group was calcu-
lated (15 pg/mL). Next, we placed cell crawls into 6-well
plates. We first allowed the endothelial cells to grow to
40% fusion in the 6-well plates, and then co-cultured the
exosomes and endothelial cells that had been stained
with PKH67 for 24 h. We then removed the cell crawls
and washed them 3 times with PBS. Then we added 4%
paraformaldehyde to the 6-well plates and fixed them for
30 min at room temperature, and washed them 3 times
with PBS. We then stained the nuclei with DAPI for
10 min and washed them 3 times with PBS after staining.
Finally, we removed the cell crawls and sealed the slices
to observe whether the exosomes were phagocytosed by
endothelial cells by confocal fluorescence microscopy.

Transmission electron microscopic

First, we removed 10 pl of exosomes and added them
dropwise to a copper grid for 1 min to allow them to pre-
cipitate, followed by aspiration of the sediment with filter
paper. Afterwards, we added 10 pl of uranyl acetate drop-
wise to the copper grid for 1 min and again aspirated the
sediment using filter paper. Next, we dried the sample at
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room temperature for several minutes. Finally, electron
microscopy imaging was performed with 100 kV.

Particle size analysis

First, we use the standard to perform the instrument per-
formance test, and after passing the test, we perform the
exosome sample loading. We take out 30 pl of exosomes
for particle size analysis, and information on the parti-
cle size and concentration of exosomes detected by the
instrument can be obtained after the sample analysis is
completed.

Fluorescent labeling and nano-flow cytometry detection
First, we added 30 pL of exosomes to 20 uL y of antibod-
ies labeled with different fluorescence (IgG, CD9, CD81)
and mixed thoroughly while incubating for 30 min at
37 °C under light-protected conditions. Then, we added
1 mL of pre-chilled PBS, selected an ultracentrifuge rotor
and centrifuged for 70 min at 110,000 g at 4 °C. Subse-
quently, we removed the supernatant and resuspended it
by adding 50 pL of pre-chilled 1 X PBS. We first tested the
performance of the instrument with standards, and after
passing the test, the exosome samples were assayed, and
once the assay was completed, the results of the protein
index determination of the NanoFCM instrument were
obtained.

Culture of HUVECs

First, we resuspended the thawed HUVECs by centrifu-
gation and inoculated them into culture flasks. After add-
ing 5 ml of complete medium (90% DMEM + 10% FBS) to
the culture flasks, they were incubated in an incubator at
37 °C. Then we observed the adnexal growth of endothe-
lial cells with a microscope and performed passaging
when the cell density reached more than 80%. When cell
passaging was completed, we resuspended the cells by
centrifugation at a ratio of 1:2 and reinoculated them into
new culture flasks. Finally, we inoculated the fourth gen-
eration HUVECsS into 6-well plates, 24-well plates and
96-well plates for subsequent experiments.

Statistical analysis
We used SPSS software (IBM SPSS Statistics 26.0) and
GraphPad Prism 9.4.1 for statistical analysis. We used the
t-test or ANOVA in the software to compare data with
a normal distribution and the Wilcoxon test to compare
data with a non-normal distribution. Statistical signifi-
cance was set at P <0.05.

Further information on the experimental methods has
been described in the Additional file 1.
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Results

Effects of plasma exosomes on endothelial cells in patients
with coronary artery disease

First, we separated exosomes from patients with and
without coronary artery disease by differential centrifu-
gation. We observed spherical particles with diameters of
30-150 nm by transmission electron microscopy (TEM)
(Fig. 1A, B), which is consistent with the size and mor-
phology of exosomes. For the marker proteins CD9 and
CD81 of exosomes, we examined them by nanoflow
cytometry (nFCM) (Fig. 1C, D). In addition, we deter-
mined the size of exosomes by nanoparticle tracking
analysis (NTA) technique (Fig. 1E, F). Interestingly, in
electron microscopy of exosome samples from different
diseases, we found that more exosomes were released in
patients with coronary artery disease compared to those
with non-coronary artery disease (Fig. 1A, B). To explore
the effect of these exosomes on endothelial cells, we
labeled exosomes from patients with and without coro-
nary artery disease with PKH67 and cultured them into
human umbilical vein endothelial cells (HUVECs). After
24 h of continuous labeling, we observed with confocal
microscopy that the exosomes had been effectively inter-
nalized by HUVECs. But there was no significant change
in the degree of internalization of endothelial cells by
exosomes in patients with and without coronary artery
disease (Fig. 1G, I). It is well known that endothelial cells
are the first cells to respond to atherosclerosis. Therefore,
to investigate the effect of exosomes on endothelial cells
from patients with coronary artery disease, we subse-
quently tested the proliferative capacity and cell viability
of endothelial cells (Fig. 1J, M). The results showed that
plasma exosomes from patients with coronary artery dis-
ease attenuated the viability and proliferative capacity of
endothelial cells.

circ_0001785 Protection in the population

CircRNA is difficult to be hydrolyzed by RNase R due
to its unique properties of absence of 5" and 3’ ter-
mini and poly A tail. To determine the structural fea-
tures of circ_0001785, we first examined its tolerance
to RNase R digestion. We treated total RNA extracted
from endothelial cells with RNase R and tested the
effect of RNase R treatment with its relative expression
level to the host gene ELP3 linear RNA. The results
showed that circ_0001785 was significantly tolerant to
RNase R, further demonstrating the circular structure
of circ_0001785 (Fig. 2A). To verify the reverse splice
site of circ_0001785, we performed Sanger sequenc-
ing of the cDNA amplified by qRT-PCR for this cir-
cRNA Divergent primer. From the sequencing results,
we could see that the circRNA contained the back-to-
back splice site of the exon of ELP3 gene (Fig. 2B). In
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addition, we designed Convergent-specific primers
for circ_0001785 and GAPDH, and Divergent-specific
primers for circ_0001785 and GAPDH to amplify
c¢DNA and gDNA of total RNA reversal of HUVECs,
respectively.z Finally, it was found that circ_0001785
in cDNA could be detected in the cDNA, but not in
the gDNA of HUVECs (Fig. 2C). We then investigated
the effect of Exosome-circ_0001785 on atherosclero-
sis in patients with coronary artery disease. We first
determined the cellular origin of circ_0001785. RNA
was extracted from human cardiomyocytes, endothe-
lial cells and monocytes, and then qRT-PCR experi-
ments were performed. We found that circ_0001785
had stable expression in monocytes, and its expression
was significantly higher than the other two groups.
Therefore, we determined that circ_0001785 was
mainly derived from monocytes (i.e., mainly from leu-
kocytes) (Fig. 2E). Next, we extracted leukocytes from
patients with coronary artery disease and detected the
expression of circ_0001785 by qRT-PCR, and found
that the expression level of circ_0001785 in leukocytes
from patients with coronary artery disease was sig-
nificantly lower than that in healthy control patients
(Fig. 2F). In contrast, when we examined plaque tis-
sue from patients with lower extremity atherosclerotic
plaques, we found significantly more circ_0001785 in
plaque tissue than in other tissues next to the plaque
(Fig. 2G). Therefore, we suggest that circ_0001785 may
be transferred to the site of injury via exosomes dur-
ing plaque formation or endothelial cell injury. To fur-
ther determine the relationship between circ_0001785
and patients with clinical coronary artery disease, we
divided 20 patients into two groups according to the
degree of coronary stenosis (grade III for 50%-75%
and grade IV for 75%-100%), and the results showed
that patients with severe coronary stenosis had sig-
nificantly lower circ_0001785 levels than patients with
moderate coronary stenosis levels (Fig. 2H).

Functional science validation of ECs injury model

First, we investigated the expression of circ 0001785
after co-culture of exosomes with endothelial cells and
found that the expression of circ_0001785 was signifi-
cantly lower in the CHD patient group (Fig. 3A). There-
fore, we suggest that exosome-derived circ_0001785 may
play an important role in coronary heart disease. To bet-
ter mimic the environment in which human coronary
heart disease develops, a new model of atherosclerotic
endothelial cell injury was established in this study. We
co-stimulated endothelial cells with ox-LDL combined
with LPS, and confirmed the successful model establish-
ment with functional experiments on endothelial cells,
and again analyzed the biological functions of the model.
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Fig. 1 Identification and functional verification of circulating exosomes derived from CHD or non-CHD by differential centrifugation. A, B
Ultrastructure of CHD-exosomes and non-CHD-exosomes showed approximately spherical morphology with TEM. C, D. Exosome-specific

proteins markers were confirmed using nano-flow cytometry (nFCM). E, F Nanoparticle tracking analysis (NTA) showing the size distribution

and average concentration of circulating exosomes in CHD and non-CHD. G, | PKH67-labeled exosomes were added to the HUVEC culture medium,
and exosomes taken up by the HUVECs were visualized using confocal imaging. J CCK-8 of cell viability. K, M EdU of cell proliferation. Results are
expressed as the mean £ SEM; student’s t-test or one-way ANOVA. *P <0.05, **P <0.01

In order to better simulate the developmental environ- be more toxic to ECs by CCK-8 assay versus 2000 ng/
ment of human CHD, a novel model of AS with inflam- ml LPS+100 ng/ml ox-LDL with statistical significance
matory infiltration was developed in this study. The (Fig. 3B). Through functional validation of the ECs injury
model used ox-LDL combined with LPS to co-stimulate  model, it was found that the degree of apoptosis was
ECs. 1000 ng/ml LPS+200 ng/ml oxLDL was found to  stronger and significant for 1000 ng/ml LPS+100 ng/
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and polymerization primers, respectively). D The sequence of has_circ_0001785. E circ_0001785 had stable expression in monocytes. F
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ml ox-LDL and 1000 ng/ml LPS+200 ng/ml ox-LDL in
the ECs apoptosis assay, but 2000 ng/ml LPS+100 ng/ml
ox-LDL had a less significant degree of apoptosis, which
was considered here to be due to a stronger degree of

cell death than apoptosis in 2000 ng/ml LPS+100 ng/
ml ox-LDL (Fig. 3D-F). In contrast, the wound healing
assay and cell proliferation assay of ECs showed that the
migration ability of ECs started to be enhanced when
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the concentration of ox-LDL and LPS reached 500 ng/
ml LPS+100 ng/ml ox-LDL (Figure 3E, F). A significant
decrease in the proliferation of ECs occurs when ox-LDL
and LPS concentrations exceed 1000 ng/ml LPS +100 ng/
ml ox-LDL (Fig. 3C-F). The present study provides a bet-
ter quality model of ECs injury for simulating human AS.

circ_0001785 exerts its functional through the ceRNA
network axis of miR-513a-5p/TGFBR3

To identify the downstream target genes of
circ_0001785, we first performed bioinformatics analy-
sis. In a previous study, we identified the targeting path-
way of circ_0001785/miR-513a-5p/TGFBR3 (https://
doi.org/10.3389/fcvm.2023.1070616). To validate the
predicted targets, based on the possible binding sites
between circ_0001785 and miR-513a-5p, we tested


https://doi.org/10.3389/fcvm.2023.1070616
https://doi.org/10.3389/fcvm.2023.1070616

Tong et al. Journal of Nanobiotechnology (2023) 21:362

the binding ability of circ_0001785 to miR-513a-5p by
a dual luciferase reporter gene assay in a base-com-
plementary manner. We cotransformed miR-513a-5p
mimics with a dual luciferase reporter gene plasmid
containing circ_0001785 wild-type (Wt) and mutant
(Mut) cDNA fragments into endothelial cells and
found targeted mutations in the predicted binding site
of circ_0001785 to miR-513a-5p. The results showed
that overexpression of miR-513a-5p significantly
reduced the Wt-Type circ_0001785 luciferase activity,
but not the Mut-Type circ_0001785 luciferase activ-
ity (Fig. 4A, B). And the above results also indicated
that circ_0001785 could directly bind to miR-513a-5p
by base complementation. Similarly, we also verified
the binding of miR-513a-5p and TGFBR3 (Fig. 4C, D).
To further validate the expression of miR-513a-5p and
TGFBR3, we extracted RNA from patients with coro-
nary artery disease and healthy controls and performed
qRT-PCR experiments for miR-513a-5p and TGFBR3,
respectively, which showed increased expression of
miR-513a-5p and significantly decreased expression of
TGEFBR3 in the blood of patients with coronary artery
disease (Fig. 4E, F). Similarly, we examined plaque tis-
sues from patients with lower extremity atherosclerotic
plaques and found that the amount of miR-513a-5p was
significantly less in plaque tissues than in other tissues
next to the plaque, while the amount of TGFBR3 was
more in plaque tissues than in other tissues next to the
plaque (Fig. 4G, H).

circ_0001785 promotes endothelial cell proliferation

and inhibits apoptosis and migration via miR-513a-5p/
TGFBR3

Through the above experiments, we have demon-
strated that circ_0001785 can inhibit the apoptosis and
migration of endothelial cells. And circ_0001785 can
indirectly affect the expression of TGFBR3 through
miR-513a-5p. To further explore whether circ_0001785
affects endothelial cell proliferation, migration and apop-
tosis through miR-513a-5p/TGFBR3 pathway. In this
study, we cotransfected overexpressed circ_0001785
with miR-513a-5p mimics and miR-513a-5p NC, respec-
tively, and validated them using cell functional assays.
The specific groups were control group, oe circ_NCz
group, oe circ_0001785 group, oe circ_ NC+miR
mimic-NC group, oe circNC+miR-513a-5p mimic
group, oe circ_0001785+miR mimic-NC group, oe
circ_0001785 +miR-513a-5p mimic group. The results
showed that overexpression of miR-513a-5p some-
what attenuated the proliferation promoting effect
caused by circ_0001785 overexpression (Fig. 5A, B), as
well as the inhibitory effect on apoptosis (Fig. 5C), and
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endothelial cell migration (Fig. 5D). In contrast, the
addition of miR-513a-5p NC plasmid had no signifi-
cant effect on the function of endothelial cells. We also
examined the expression level of TGFBR3 by qRT-PCR
and found that the expression level of TGFBR3 was sig-
nificantly increased in endothelial cells overexpressing
circ_0001785, while the addition of miR-513a-5p mim-
ics was able to antagonize this increase in expression,
resulting in a decrease in TGFBR3 expression. In con-
trast, the addition of miR-513a-5p NC plasmid did not
significantly change the expression of TGFBR3 in the
endothelium (Fig. 5E). The above experiments suggest
that circ_0001785 can indirectly regulate the expression
of TGFBR3 by inhibiting miR-513a-5p, thus exerting its
promotional effect on endothelial cell proliferation and
its inhibitory effect on endothelial cell apoptosis and
migration.

Construction of an endothelial injury model

of atherosclerosis in mice

As with the cellular model, we established a mouse
model with both atherosclerotic plaque and inflamma-
tory infiltration. Briefly, we fed mice with a high-fat diet
and then performed a uniform left anterior descending
branch ligation. However, the aim was not to infarct, but
to cause an inflammatory infiltrate around the ligation
line at the time of ligation, thus further approximating
the nature of human vulnerable plaques. Interestingly,
we found that after ligation of the left anterior descend-
ing branch in mice, inflammation around the ligature
line could spread directly to the aortic sinus, leading
to inflammatory infiltration at the aortic sinus plaque,
which facilitated our further observation. The spe-
cific groups were: control, AMI, ApoE™~+AMI,
ApoE™'~+ AMI +PBS, ApoE~~+ AMI +LV-oe
circ_0001785, ApoE~'~+AMI+LV-oe circNC. where
ApoE~'~ mice were given high-fat feeding for 10 weeks
before left anterior descending branch ligation (Fig. 6A).
ApoE™"+AMI mice were more prone to endothe-
lial cell detachment and inflammatory infiltration with
plaque enlargement compared with the control and AMI
groups (Fig. 6B, D, E). Also, mice in the model group had
increased atherosclerosis and were prone to increased
collagen content and thinning of the fibrous cap (Fig. 6C,
F). To observe the consistency of the mouse model with
human plaque tissue, we removed plaque tissue from
patients with lower extremity atherosclerosis from the
clinic and then performed HE and Masson staining, and
we found that both inflammatory infiltration and colla-
gen fibers were significantly increased in plaque tissue
from patients with lower extremity atherosclerosis, con-
sistent with the lesion characteristics of atherosclerotic
vulnerable plaques in the mouse model (Fig. 6G, H).
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Fig. 4 circ_0001785 exerts its functional through miR-513a-5p/TGFBR3ceRNA network axis. A Relative luciferase reporter activity of vectors carrying
the luciferase gene and a fragment of circ_0001785 wild-type or mutant-type of miR-513a-5p binding sites after cotransfection with mimic NC

or mimic miR-513a-5p. B The possible binding sites between circ_0001785 and miR-513a-5p. C Relative luciferase reporter activity of vectors
carrying the luciferase gene and a fragment of TGFBR3 wild-type or mutant-type of miR-513a-5p binding sites after cotransfection with mimic

NC or mimic miR-513a-5p. D The possible binding sites between TGFBR3 and miR-513a-5p. E, F gRT-PCR assay for the detection of miR-513a-5p
and TGFBR3 expression in the blood of coronary heart disease and healthy patients. G, H gRT-PCR assay for the detection of miR-513a-5p

and TGFBR3 expression in the plaque and paraplegic. Results are expressed as the mean + SEM; student’s t-test or one-way ANOVA. *P <0.05,

**P<0.01, **P<0.001, ***P<0.0001

Overexpression of circ_0001785 leads to reduced
endothelial injury and enhanced left ventricular diastolic
function in mice

In the present experiment, we induced AMI in mice with
ligation of the left anterior descending branch of the cor-
onary artery (LAD) and found inflammatory infiltration
at the aortic sinus. Therefore, we investigated the effect
of circ_0001785 overexpression on cardiac function after

AMI by focusing on echocardiography. Both EF and FS
were improved after overexpression of circ_0001785
treatment compared with the PBS group or circ NC
group, suggesting that overexpression of circ_0001785
slowed left ventricular (LV) dysfunction after myocar-
dial infarction (Fig. 7B, E-F). Using Masson staining,
we observed a significant reduction in infarct size in
circ_0001785 lentivirus-injected mice compared with
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Fig. 5 circ_0001785 promotes the proliferation and inhibits the apoptosis, and migration via miR-513a-5p/TGFBR3 in endothelial. A Representative
images of apoptosis, cell scratch, and proliferation after 24 h of transfection into endothelial cells using overexpressed circ_0001785 or circ_NC. B
Analysis of cell proliferation by EJU assay. C Analysis of migration area by cell scratch assay. D Analysis of apoptosis by Pl+hoechst. E gRT-PCR assay
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overexpression of circ NC and PBS controls (Fig. 7C—
G). Since human vulnerable plaques are character-
ized by intraplaque neovascularization and intraplaque
hemorrhage, we tested whether these features are also
present in ApoE ™/~ + AMI mice. We found that neovas-
cularization was observed in the plaques of mice in the
ApoE~'~+AMI+PBS group, but no significant neovas-
cularization was observed in mice in the overexpression

(See figure on next page.)

circ_0001785 group (Fig. 7D). To further verify the role
played by circ_0001785 in the mouse model, we verified
the expression of circ_0001785 in the blood of healthy
and model mice using qRT-PCR assay found that the
expression of circ_0001785 in the blood of mice in the
model group was significantly reduced.

Fig. 6 Establishment of an in vivo model of endothelial injury in atherosclerosis A Mice were divided into 5 groups. The tail vein of mice

was treated with circRNA. B HE-stained images of atherosclerotic lesions and aortic root lesion areas C Masson stained images of paraffin sections

D Immunohistochemical staining of endothelial CD31 at the aortic root lesion in mice. E HE staining of aortic root lesion area F Massonr staining

of collagen area G, H HE and Masson staining of plaque tissue in patients with lower extremity atherosclerosis. Results are expressed as mean + SEM;

Student’s t test or one-way ANOVA. **P <0.01
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Fig. 7 Overexpression of circ_0001785 leads to reduced endothelial injury and enhanced left ventricular diastolic function in mice A Mice
were divided into 5 groups. ApoE ™~ mice were injected with circRNA in the tail vein. B Echocardiographic testing to analyze cardiac function
after the onset of AMI in each group (left). C HE-stained images of atherosclerotic lesions and aortic root lesion areas. D Immunohistochemical
staining of endothelial CD31 at the aortic root lesion in mice. E Percentage of left ventricular ejection fraction (EF). F Percentage of short-axis
shortening (FS) of the left ventricle. G Area of HE staining of aortic root lesions. H gRT-PCR detection of circ_0001785 expression in control
and ApoE. ™~ +AMI mice. Results are expressed as mean + SEM; Student’s t-test or one-way ANOVA. *P <0.05

Discussion gold standards for treating atherosclerosis are to pre-
Atherosclerotic cardiovascular disease (ASCVD) is a  vent cardiovascular accidents by artificially controlling
global health problem, which leads to many adverse risk factors, such as smoking, hypertension, and hyper-
heart accidents and cardiovascular deaths [22]. The lipidemia, and to recover blood flow through surgery [23,
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24]. However, more relevant research and strategy need
to be proposed because of the limitations regarding the
treatment of cardiovascular disease. Biological mark-
ers associated with ASCVD have shown potential in the
treatment of ASCVD but need to be further explored
[25]. In addition, the introduction of extracellular vesi-
cle (EV) biology in the field of regenerative medicine has
led to a growing interest in researchers to understand
cardiovascular diseases based on the intercellular com-
munication mechanisms of EV. It has been demonstrated
that EVs play a role in all stages of atherosclerotic dis-
ease [26]. For example, high levels of circulating EVs are
associated with pathological states such as dyslipidemia,
diabetes mellitus, and inflammatory diseases, suggesting
that EVs are involved in many of the processes that cause
atherogenesis, including endothelial dysfunction, apop-
tosis, vascular remodeling, and immune responses [27,
28]. Although many studies demonstrate the role of EVs
in atherosclerotic plaque stabilization, the effect of circu-
lating exosomes in plaque formation remains unknown
[29-31]. Based on these, circulating exosomes may be
potential candidates that can be studied in atherosclero-
sis therapeutic strategies.

In this study, we investigated the effect of circRNA
in exosomes on atherosclerosis. First, we extracted
exosomes from plasma of patients with coronary heart
disease and then co-cultured them with endothelial cells.
As a result, we found that exosomes from plasma of cor-
onary heart disease patients decreased the viability and
proliferation of endothelial cells. Meanwhile, exosome-
derived circ_0001785 protected endothelial cells from
damage and reversed atherosclerosis-induced endothe-
lial cell dysfunction. This effect was less pronounced
with increasing coronary artery stenosis. We then
validated that circ_0001785 protects endothelial cells
by promoting their proliferation and inhibiting their
apoptosis and migration through the ceRNA network
mechanism of miR-513a-5p/TGFBR3. To further vali-
date the role of circ_0001785, we injected circ_0001785
into mice to verify the protective effect of circ_0001785
on endothelial cells and its ability to retard the develop-
ment of atherosclerosis in in vivo experiments. Thus,
this study contributes to further understanding of new
therapeutic strategies for atherosclerotic plaques.

The previous report has shown that circ_0001785 can
inhibit the proliferation, migration, and invasion of breast
cancer cells, either in vitro or in vivo, by up-regulating
SOCS3 through sponging miR-942 [32]. miR-513a-5p
can improve the apoptosis mediated by TNF-a and LPS
through downregulating XIAP in endothelials [33]. In
addition, TFGFBR3 also plays an important role in pro-
tecting myocardial cells after myocardial infarction [34].
It is worth noting that exosomes can serve as an essential
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mediator for the delivery of these RNAs. Exosomes origi-
nating from a variety of cells are intracellular membrane-
bound vesicles with a size of 30—150 nm in diameter and
can transfer their bioactive molecules between cells [35].
The protective effect of exosomes on the cardiovascular
system has been well demonstrated in previous reports
[36-38]. For example, exosomes produced during myo-
cardial ischemia can mediate the prevention and treat-
ment of cell transplantation [39]. These previous results
shed light on our study and provide a strong theoretical
basis for our experiments. Here, we verified the presence
of protective circRNAs in exosomes which can delay the
development of atherosclerosis through the analysis of
the ceRNA network axis of circ_0001785/miR-513a-5p/
TGEFBR3.

The limitation of this study is that we did not con-
sider the difference between the circRNA from patients
with acute ST-segment elevation myocardial infarction
and acute non-ST-segment elevation myocardial infarc-
tion, whereas atherosclerosis is prone to affect acute
non-ST-segment elevation myocardial infarction. This
question will be further investigated in the next study.
In addition, mouse models used in this study may not
be able to fully emulate the complex condition of myo-
cardial infarction in humans. Therefore, more estab-
lished models of atherosclerotic plaque rupture in mice
need to be explored with the contribution of research-
ers. Finally, due to the limitations of experimental tech-
niques, we did not further study the reasons for the
reduced expression of circ_0001785 in plasma and the
increased expression of circ_0001785 in plaque tissue,
and these questions need to be further addressed in
future studies.

In summary, we demonstrate that circ_0001785 pro-
tects against endothelial cell injury by sponging miR-
513a-5p to upregulate TGFBR3, thereby slowing the
onset of atherosclerosis, which improves our understand-
ing of the endogenous mechanisms of atherosclerotic
plaque formation. In the future, more studies on clini-
cally relevant large animal models are necessary to simu-
late clinical situations before making inferences about the
potential impact of our findings on humans.

Conclusion

In conclusion, this paper shows that circ_0001785 in
exosomes acts as a ceRNA to regulate downstream
TGFBR3 expression by "sponging”" miR-513a-5p.
Through this pathway, circ_0001785 achieves the promo-
tion of endothelial cell proliferation and the inhibition of
apoptosis and migration. Thus, it influences the develop-
ment of atherosclerotic plaques (Fig. 8).
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Fig. 8 Flow chart. In this experiment, we demonstrated that the plasma exosome circ_0001785 functions as a ceRNA to regulate the downstream
expression of TGFBR3 by "sponging" miR-513a-5p. Through this pathway, circ_0001785 promoted the proliferation and cell viability of ECs,
and inhibited the apoptosis and migration of ECs, resulting in a reduction of plaque size and improved cardiac function in mice with AS, thus

affecting the development and progression of AS

Abbreviations

ceRNA Competitive endogenous RNA

HUVECs ~ Human Umbilical Vein Endothelial Cells
gRT-PCR  Real-time quantitative reverse-transcription PCR
ECs Endothelial cells

AS Atherosclerosis

CHD Coronary atherosclerotic heart disease

DEGs Differentially expressed genes

Supplementary Information

The online version contains supplementary material available at https://doi.

0rg/10.1186/512951-023-02076-x.

Additional file 1. Basic clinical patient information.

Additional file 2. The primer sequence of qRT-PCR test. Table S1. Basic
clinical patient information. Table S2. The primer sequence of qRT-PCR
test.

Author contributions

XT designed the study; DL, XD, NW, ML, MH, YY, YY, WW conducted the
experiment; JH, JZ, YW collected clinical data; XT and YK performed statistical
analysis; XT, YK and JK drafted the manuscript. All authors read and approved
the final manuscript.

Funding
This study was supported by the National Nature Science Foundation of China
(Grant Nos. 81970419). We declared that the study sponsors had no role in the


https://doi.org/10.1186/s12951-023-02076-x
https://doi.org/10.1186/s12951-023-02076-x

Tong et al. Journal of Nanobiotechnology (2023) 21:362

study design, collection, analysis, and interpretation of data; in the writing of
the manuscript; or in the decision to submit the manuscript for publication.

Availability of data and materials
All data generated or analyzed during this study have been included in the
article and the Additional information.

Declarations

Ethical approval and consent to participate

Ethical approval for this research were obtained from the Human and Animal
Research Ethics Committee of the Second Affiliated Hospital of Harbin Medical
University (Harbin, China).

Competing interests
All authors have no competing interests to disclose.

Author details

'Department of Cardiology, The 2nd Affiliated Hospital of Harbin Medical
University, 148 Health Care Road, Harbin, Heilongjiang, China. >The Key Labo-
ratory of Myocardial Ischemia, Chinese Ministry of Education, Harbin 150000,
Heilongjiang, China. *Department of Ultrasound, The 2nd Affiliated Hospital
of Harbin Medical University, Harbin, Heilongjiang, China.

Received: 22 March 2023 Accepted: 21 August 2023
Published online: 04 October 2023

References

1. Arbustini E, Dal Bello B, Morbini P, Burke AP, Bocciarelli M, Specchia G,
et al. Plaque erosion is a major substrate for coronary thrombosis in acute
myocardial infarction. Heart. 1999;82(3):269-72.

2. HigumaT, Soeda T, Abe N, Yamada M, Yokoyama H, Shibutani S, et al. A
combined optical coherence tomography and intravascular ultrasound
study on plaque rupture, plaque erosion, and calcified nodule in patients
With ST-segment elevation myocardial infarction: incidence, morphologic
characteristics, and outcomes after percutaneous coronary intervention.
JACC Cardiovasc Interv. 2015;8(9):1166-76.

3. Davies MJ, Thomas A. Thrombosis and acute coronary-artery lesions in
sudden cardiac ischemic death. N Engl J Med. 1984;310(18):1137-40.

4. Shah PK. Inflammation, infection and atherosclerosis. Trends Cardiovasc
Med. 2019;29(8):468-72.

5. Gimbrone MA Jr, Garcia-Cardena G. Endothelial cell dysfunction and the
pathobiology of atherosclerosis. Circ Res. 2016;118(4):620-36.

6. Al-Nedawi K, Meehan B, Rak J. Microvesicles: messengers and mediators
of tumor progression. Cell Cycle. 2009;8(13):2014-8.

7. Pluchino S, Smith JA. Explicating exosomes: reclassifying the rising stars
of intercellular communication. Cell. 2019;177(2):225-7.

8. Kalluri R, LeBleu VS. The biology, function, and biomedical applications of
exosomes. Science. 2020. https://doi.org/10.1126/science.aau6977.

9. LuM,Yuans, Li§, LiL, Liu M, Wan S.The exosome-derived biomarker
in atherosclerosis and its clinical application. J Cardiovasc Transl Res.
2019;12(1):68-74.

10. Kalluri R. The biology and function of exosomes in cancer. J Clin Invest.
2016;126(4):1208-15.

11. Hutcheson JD, Goettsch C, Bertazzo S, Maldonado N, Ruiz JL, Goh W, et al.
Genesis and growth of extracellular-vesicle-derived microcalcification in
atherosclerotic plaques. Nat Mater. 2016;15(3):335-43.

12. Fan X, Zhang X, Wu X, Guo H, Hu Y, Tang F, et al. Single-cell RNA-seq tran-
scriptome analysis of linear and circular RNAs in mouse preimplantation
embryos. Genome Biol. 2015;16(1):148.

13. Yang L, Duff MO, Graveley BR, Carmichael GG, Chen LL. Genom-
ewide characterization of non-polyadenylated RNAs. Genome Biol.
2011;12(2):R16.

14. LuT, Cuil, Zhou, Zhu C, Fan D, Gong H, et al. Transcriptome-wide inves-
tigation of circular RNAs in rice. RNA. 2015;21(12):2076-87.

15. Danan M, Schwartz S, Edelheit S, Sorek R. Transcriptome-wide discovery
of circular RNAs in Archaea. Nucleic Acids Res. 2012;40(7):3131-42.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

Page 150f 16

Broadbent KM, Broadbent JC, Ribacke U, Wirth D, Rinn JL, Sabeti PC.
Strand-specific RNA sequencing in Plasmodium falciparum malaria iden-
tifies developmentally regulated long non-coding RNA and circular RNA.
BMC Genomics. 2015;16(1):454.

LiS,LiY,Chen B, Zhao J, Yu S, Tang Y, et al. exoRBase: a database of cir-
cRNA, IncRNA and mRNA in human blood exosomes. Nucleic Acids Res.
201846(D1):D106-12.

Zhang S, Song G, Yuan J, Qiao S, Xu S, Si Z, et al. Circular RNA
circ_0003204 inhibits proliferation, migration and tube formation of
endothelial cell in atherosclerosis via miR-370-3p/TGFbetaR2/phosph-
SMAD3 axis. J Biomed Sci. 2020;27(1):11.

Yang L, Yang F, Zhao H, Wang M, Zhang Y. Circular RNA circCHFR
facilitates the proliferation and migration of vascular smooth muscle
via miR-370/FOXO1/Cyclin D1 Pathway. Mol Ther Nucleic Acids.
2019,16:434-41.

Li CY, Ma L, Yu B. Circular RNA hsa_circ_0003575 regulates oxLDL induced
vascular endothelial cells proliferation and angiogenesis. Biomed Phar-
macother. 2017;95:1514-9.

Li A, SunY, Drummer CT, Lu Y, Yu D, Zhou Y, et al. Increasing Upstream
Chromatin Long-Range Interactions May Favor Induction of Circular RNAs
in LysoPC-Activated Human Aortic Endothelial Cells. Front Physiol. 2019.
https://doi.org/10.3389/fphys.2019.00433.

Biondi-Zoccai GG, Abbate A, Liuzzo G, Biasucci LM. Atherothrombosis,
inflammation, and diabetes. J Am Coll Cardiol. 2003:41(7):1071-7.

Arnett DK, Blumenthal RS, Albert MA, Buroker AB, Goldberger ZD, Hahn
EJ, et al. 2019 ACC/AHA Guideline on the Primary Prevention of Cardio-
vascular Disease: A Report of the American College of Cardiology/Ameri-
can Heart Association Task Force on Clinical Practice Guidelines. J Am Coll
Cardiol. 2019;74(10):.e177-232.

Knuuti J, Wijns W, Saraste A, Capodanno D, Barbato E, Funck-Brentano C,
etal. 2019 ESC Guidelines for the diagnosis and management of chronic
coronary syndromes. Eur Heart J. 2020;41(3):407-77.

Timmis A, Townsend N, Gale CP, et al. European society of cardiology:
cardiovascular disease statistics 2019 (Executive Summary). Eur Heart J
Qual Care Clin Outcomes. 2020;6(1):7-9.

Coly PM, Boulanger CM. Role of extracellular vesicles in atherosclerosis: an
update. J Leukoc Biol. 2022;111(1):51-62.

Suades R, Greco MF, Padro T, Badimon L. Extracellular vesicles as drivers of
immunoinflammation in atherothrombosis. Cells. 2022. https://doi.org/
10.3390/cells11111845.

Badimon L, Suades R, Arderiu G, Pena E, Chiva-Blanch G, Padro T.
Microvesicles in Atherosclerosis and Angiogenesis: From Bench to Bed-
side and Reverse. Front Cardiovasc Med. 2017;4:77.

Leroyer AS, Isobe H, Leseche G, Castier Y, Wassef M, Mallat Z, et al. Cellular
origins and thrombogenic activity of microparticles isolated from human
atherosclerotic plaques. J Am Coll Cardiol. 2007;49(7):772-7.

Mayr M, Grainger D, Mayr U, Leroyer AS, Leseche G, Sidibe A, et al. Prot-
eomics, metabolomics, and immunomics on microparticles derived from
human atherosclerotic plaques. Circ Cardiovasc Genet. 2009;2(4):379-88.
Mallat Z, Hugel B, Ohan J, Leseche G, Freyssinet JM, Tedgui A. Shed mem-
brane microparticles with procoagulant potential in human atheroscle-
rotic plaques: a role for apoptosis in plague thrombogenicity. Circulation.
1999;99(3):348-53.

Li Z, Zheng J, Lin W, Weng J, Hong W, Zou J, et al. Circular RNA hsa_
circ_0001785 inhibits the proliferation, migration and invasion of breast
cancer cells in vitro and in vivo by sponging miR-942 to upregulate
SOCS3. Cell Cycle. 2020;19(21):2811-25.

Shin S, Moon KC, Park KU, Ha E. MicroRNA-513a-5p mediates TNF-alpha
and LPS induced apoptosis via downregulation of X-linked inhibitor of
apoptotic protein in endothelial cells. Biochimie. 2012;94(6):1431-6.
Chen CY, Choong OK, Liu LW, Cheng YC, Li SC, Yen CYT, et al. MicroRNA
let-7-TGFBR3 signalling regulates cardiomyocyte apoptosis after infarc-
tion. EBioMedicine. 2019;46:236-47.

Raposo G, Stoorvogel W. Extracellular vesicles: exosomes, microvesicles,
and friends. J Cell Biol. 2013;200(4):373-83.

Yellon DM, Davidson SM. Exosomes: nanoparticles involved in cardiopro-
tection? Circ Res. 2014;114(2):325-32.

Davidson SM, Takov K, Yellon DM. Exosomes and Cardiovascular Protec-
tion. Cardiovasc Drugs Ther. 2017;31(1):77-86.


https://doi.org/10.1126/science.aau6977
https://doi.org/10.3389/fphys.2019.00433
https://doi.org/10.3390/cells11111845
https://doi.org/10.3390/cells11111845

Tong et al. Journal of Nanobiotechnology (2023) 21:362 Page 16 of 16

38. Timmers L, Lim SK, Arslan F, Armstrong JS, Hoefer IE, Doevendans PA, et al.
Reduction of myocardial infarct size by human mesenchymal stem cell
conditioned medium. Stem Cell Res. 2007;1(2):129-37.

39. Giricz Z,Varga ZV, Baranyai T, Sipos P, Paloczi K, Kittel A, et al. Cardiopro-
tection by remote ischemic preconditioning of the rat heart is mediated
by extracellular vesicles. J Mol Cell Cardiol. 2014;68:75-8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

e rapid publication on acceptance

e support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations

e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Exosome-derived circ_0001785 delays atherogenesis through the ceRNA network mechanism of miR-513a-5pTGFBR3
	Abstract 
	Purpose 
	Patients and methods 
	Results 
	Conclusion 

	Introduction
	Material and methods
	Patients
	Animal models
	Extraction of exosomes
	Tracing of exosomes
	Transmission electron microscopic
	Particle size analysis
	Fluorescent labeling and nano-flow cytometry detection
	Culture of HUVECs
	Statistical analysis

	Results
	Effects of plasma exosomes on endothelial cells in patients with coronary artery disease
	circ_0001785 Protection in the population
	Functional science validation of ECs injury model
	circ_0001785 exerts its functional through the ceRNA network axis of miR-513a-5pTGFBR3
	circ_0001785 promotes endothelial cell proliferation and inhibits apoptosis and migration via miR-513a-5pTGFBR3
	Construction of an endothelial injury model of atherosclerosis in mice
	Overexpression of circ_0001785 leads to reduced endothelial injury and enhanced left ventricular diastolic function in mice

	Discussion
	Conclusion
	Anchor 28
	References


