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Abstract: Olmesartan (OMST) is a new angiotensin Il receptor antagonist recently approved by the FDA to treat car-
diovascular diseases. We investigated the molecular mechanisms by which OMST regulates vascular senescence.
In the present study, bleomycin (BLM) was used to induce senescence in vascular smooth muscle cells (VSMCs);
after which, the cells were treated with OMST. The effects of OMST on BLM-mediated cell senescence were evalu-
ated using cell adhesion, NAD*/NADH, and Annevin V/PI double staining assays, as well as by immunofluorescence
staining of yH2AX, Edu flow cytometry, and evaluations of senescence-associated [B-gal activity. Differentially ex-
pressed microRNAs (DEMs) were identified by miRNA microarray assays, and subsequently validated by quantitative
real time PCR. Bisulfite sequencing PCR (BSP) was used to detect the methylation status of the miR-665 promoter.
The target genes of miR-665 were predicted and confirmed using luciferase reporter assays. We found that miR-665
was upregulated in VSMCs in response to BLM-induced cellular senescence. BSP studies revealed that CpG sites in
the promoter region of the miR-665 gene underwent extensive demethylation during BLM-induced cellular senes-
cence, and there was a concomitant up-regulation of miR-665 expression. SDC1 mRNA was identified as a direct
target of miR-665. Either miR-665 overexpression or SDC1 knockdown significantly reversed the effects of OMST
on BLM-induced VSMC senescence. Moreover, SDC1 overexpression partially reversed the changes that occurred
in cells with BLM-induced senescence caused by miR-665 overexpression. Our findings suggest that the miR-665/
SDC1 axis functions as a vital modulator of VSMC senescence, and may represent a novel biological target for treat-
ing atherosclerosis.
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Introduction one of the most commonly used sclerosants,

and produces several biochemical effects,

Atherosclerosis is the major cause of coronary
heart disease, cerebral infarction, and periph-
eral vascular disease [1, 2]. It is well recognized
that vascular senescence plays an important
role in age-associated cardiovascular diseas-
es, including atherosclerosis [3]. Most arterial
walls [4] and human vascular smooth muscle
cells (VSMCs) entering senescence exhibit a
significant loss of proliferative capability and
self-repair capacity [5], and have increased lev-
els of certain senescence markers, such as
senescence-associated B-galactosidase (SA-B-
gal), p21, and pl6 [6, 7]. Bleomycin (BLM) is

including induction of cell cycle G2/M phase
arrest and apoptosis, and cellular RNA degra-
dation [8]. BLM has been used to induce devas-
tating aging-associated diseases such as pul-
monary fibrosis [9] and dermal fibrosis [10], and
has also been reported to diminish epithelial
regenerative capacity and induce alveolar epi-
thelial cell senescence [11]. Those reports sug-
gest that BLM-induced VSMC senescence co-
uld be used as a cellular senescence model in
which to explore the biochemical mechanisms
underlying atherosclerosis and identify poten-
tial molecular targets for its treatment.
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Olmesartan (OMST) is the pharmacological-
ly active metabolite of olmesartanmedoxomil,
which was found to reduce inflammation re-
sponses and increase microvascular neogene-
sis [12, 13]. Recently, OMST has attracted at-
tention as an effective drug for treating hy-
pertension, albuminuria, and glomerular hyper-
trophy [14, 15]. In particular, OMST has been
approved by the FDA as a new angiotensin |
receptor antagonist for use in treating certain
cardiovascular diseases [16]. OMST exerts its
therapeutic effects by directly inhibiting hub
kinases or indirectly modulating protein kinase
signaling pathways involved in the pathogene-
sis of atherosclerosis. Furthermore, OMST was
shown to exert anti-atherosclerotic effects [16-
19]. However, the molecular mechanisms by
which OMST regulates vascular senescence
remain unclear.

MicroRNAs (miRNAs) are small non-coding
RNAs with a length of 19-25 nucleotides.
MiRNAs play a vital role in regulating gene
expression by binding to the 3’-untranslated
region (3'UTR) of their target mRNA molecules
[20]. Recent studies have focused on the roles
played by miRNAs in vascular diseases, includ-
ing atherosclerosis. For example, miRNA-30e
was shown to regulate TGF-3-mediated NADPH
oxidase 4-dependent oxidative stress in ath-
erosclerosis via Snail [21]. However, the chan-
ges in miRNA expression that allow OMST to
regulate vascular smooth muscle cell senes-
cence have not been thoroughly investigated.

In this study, we systematically evaluated the
levels of miRNA expression in senescent vas-
cular smooth muscle cells after treatment with
OMST. The key differentially expressed miRNA
was identified, and its potential target gene
was investigated. Our study provides an experi-
mental-based rationale for investigating the
mechanism by which OMST regulates BLM-
mediated vascular smooth muscle cell senes-
cence.

Materials and methods
Cell culture and treatment

Human VMSCs (No: CRL-1999) were purchas-
ed from the American Type Culture Collection
(ATCC; Manassas, VA, USA) and cultured in Dul-
becco’s modified Eagle’s medium (DMEM; Sig-
ma-Aldrich, St. Louis, MO, USA) containing
10% FBS (Gibco; Thermo Fisher Scientific, Inc.,
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Waltham, MA, USA) at 37°C in a 5% CO, at-
mosphere. For senescence induction, cells at
90% confluence were further cultured in grow-
th medium containing 50 yM bleomycin (BLM
group) or vehicle (PBS-non-senescent control)
for 3 h in atmospheric oxygen. Next, an aliquot
of cells in the senescence group was treated
with 50 nM olmesartan (the BLM+OMST group).

Cell adhesion assay

Cell adhesion was measured with a Vybrant™
Cell Adhesion Assay Kit (V-13181, Molecular
Probes, Inc., Eugene, OR, USA) according to
the manufacturer’s instructions. Briefly, VMSCs
were washed with PBS, re-suspended in FBS-
free medium at a density of 5 x 10° cells per
mL, and subsequently incubated with a calcein-
labeled cell suspension for 60 h at 37°C. Next,
cellular fluorescence was detected at an emis-
sion maximum of 517 nm.

NAD*/NADH assay

The cellular content of NAD* and NADH was
determined using a NAD*/NADH Assay Kit with
WST-8 (S0175, Beyotime Biotechnology, Sh-
anghai, China) according to the manufactur-
er’s instructions. In brief, ~1 x 108 VMSCs were
plated into each well of six-well plates and incu-
bated with 200 pL of NAD*/NADH extraction
solution. The NAD*/NADH ratio was calculated
by using standard curves for NAD* and NADH.

Immunofluorescence

Approximately 5 x 10° VMSCs were inoculated
into each well of a six-well plate that had been
preset with sterilized coverslips; the cells were
then cultured overnight. The next day, the ce-
lls were fixed with 4% paraformaldehyde for 10
min and then permeabilized with 0.2% Triton
X-100 for 5 min. After blocking in 4% FBS for
30 min, the cells were incubated with a red fluo-
rescent antibody against yH2AX, followed by
incubation with an Alexa Fluor 594 dye-conju-
gated secondary antibody; after which, the cel-
lular nuclei were counterstained with DAPI.
Finally, the slides were photographed under an
Olympus confocal microscope (FV1000MPE,
Olympus, Tokyo, Japan).

Senescence-associated 3-gal activity assay
Cellular senescence was analyzed using a

senescence-associated -galactosidase (SA-B-
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gal) Staining Kit (Beyotime Biotechnology) ac-
cording tothe manufacturer’s protocol. Brie-
fly, VMSCs were fixed with B-galactosidase fixa-
tion solution (2% formaldehyde/0.2% glutaral-
dehyde in PBS) for 5 min, washed with PBS,
and then incubated overnight with SA-B-gal
staining solution at 37°C. The next day, the
cells were observed under a light microscope,
and the percentage of cells that stained posi-
tive for SA-B-gal was calculated as previously
described [22].

Edu flow cytometry assay

Proliferating VMSCs were detected by using a
Cell Light™ EdU Apollo®488 In Vitro Imaging
Kit (Ribobio Co., Ltd., Guangzhou, China) ac-
cording to the manufacturer’s instructions.
Briefly, VMSCs were incubated with 50 umol of
EdU labeling medium for 2 h at 37°C; after
which, they were washed three times with PBS
and then stained with 200 pL of 1 x Apollo
solution for 30 min at 37°C in the dark. Finally,
the percentage of Edu-positive cells was ana-
lyzed using a flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA).

Cell apoptosis assay

Cell apoptosis was measured using an Annexin
V-FITC Apoptosis Detection Kit (BD Bioscienc-
es, Franklin Lakes, NJ, USA) according to the
manufacturer’s protocol. VMSCs were collected
and fixed with 75% ethanol for 20 min. The
VMSCs were then washed with PBS, resus-
pended in 500 pL of Annexin-V-FITC for 10 min
at room temperature, and then incubated with
5 uL of PI for 60 min at 4°C in the dark. Cell
apoptosis was detected using a flow cytometer
(FACSCalibur, BD Biosciences) equipped with
FlowJo software.

RNA extraction

Total RNA was extracted using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA), and further
purified using an RNeasy Mini Spin Column Kit
(Qiagen, Inc., Valencia, CA, USA. The total RNA
was then quantified via spectrophotometry.

MiRNA microarray

After being checked for quality, the RNA sam-
ples were labeled using reagents in a miR-
CURY™ Power Labeling Kit (Exigon, Denmark)
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according to the manufacturer’s instructions.
The labeled RNA samples were hybridized onto
a miRCURY™ LNA Array (Exigon, Denmark),
washed with a Wash Buffer Kit (Exiqon, Den-
mark), and then scanned with a GenePix 4000B
microarray scanner (Axon Molecular Devices,
San Jose, CA, USA).

Microarray data analysis

Raw data extraction was performed with Ge-
neChip Command Console software (version
4.0; Affymetrix, Inc., Santa Clara, CA, USA).
After normalization, miRNAs that were expre-
ssed at significantly different levels in the two
groups were identified by using specific cut-off
criteria (a p-value < 0.05 and a fold-change >
2.0). Hierarchical clustering was performed to
display the differentially expressed miRNAs. A
VENN analysis was performed to screen the
overlapping significantly differentially express-
ed miRNAs (DEMs). Subsequently, the target
genes of the overlapping DEMs were predicted
by the TargetScan database (http://targetscan.
org/). These putative target genes were then
subjected to Gene Ontology (GO) classification
and Kyoto Encyclopedia of Genes and Genom-
es (KEGG) pathway analyses. The significant
GO and KEGG pathway terms were identified by
using a cut-off p-value < 0.05 and a count > 2.

Quantitative real time PCR

First, cDNA was synthesized from the same
RNA samples used in the prior microarray anal-
ysis. Next, PCR analysis was performed on an
ABI Prism 7900 Real-Time PCR system (Applied
Biosystems, Foster City, CA, USA) using SYBR-
Green PCR Master Mix (Applied Biosystems).
The expression levels of miRNAs and SDC1
were normalized to those of U6 and GAPDH,
respectively, using the 22T method. The prim-
er sequences used in this study are listed in
Table 1.

Bisulfite sequencing PCR (BSP)

Genomic DNA was extracted from cells using
TRIzol Reagent (Invitrogen), and then subject-
ed to bisulfite conversion using an EZ DNA
Methylation-Gold Kit (Zymo Research, Irvine,
CA, USA) according to the manufacturer’s
instructions. The bisulfite-converted genomic
DNA was used for a methylation analysis of the
miR-665 promoter. The predicted methylation
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Table 1. Primers used for quantitative real time PCR analysis

ding to instructions pro-
vided by the manufac-
turer.

Luciferase reporter assay

Among the predicted tar-
gets of miR-665, the 3'-
UTR of SDC1 mRNA con-
tained binding sites for
miR-665 with reasonable
scores. Therefore, SDC1
was selected as a poten-
tial target gene. Next, lu-
ciferase reporter assays
were performed to deter-
mine whether miR-665 di-
rectly targets SDC1 mR-
NA. The SDC1 3'UTR seg-
ment containing the puta-

Gene Primer sequence 5’-3’
miR-665 F: ACACTCCAGCTGGGACCAGGAGGCTGAGG

RT: CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGAGGGGCCT
miR-1267 F: ACACTCCAGCTGGGCCTGTTGAAGTGTAAT

RT: CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGTGGGGATT
miR-4742-3p F: ACACTCCAGCTGGGTCTGTATTCTCCTTTGC

RT: CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCTGCAGGCA
miR-193a-3p F: ACACTCCAGCTGGGAACTGGCCTACAAAGTC

RT: CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGACTGGGAC
miR-5579-3p F: ACACTCCAGCTGGGTTAGCTTAAGGAGTACC

RT: CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGGATCTGGT
miR-3133 F: ACACTCCAGCTGGGTAAAGAACTCTTAAAAC

RT: CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGATTGGGTT
miR-4517 F: ACACTCCAGCTGGGAAATATGATGAAACTCACAG

RT: CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCTCAGCTG
miR-942p F: ACACTCCAGCTGGGCACATGGCCGAAACAGA

RT: CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGACTTCTC
All R: CTCAACTGGTGTCGTGGA
SDC1 F: CCACCATGAGACCTCAACCC

R: GCCACTACAGCCGTATTCTCC
ue F: CTCGCTTCGGCAGCACA

R: AACGCTTCACGAATTTGCGT
GAPDH F: TGTTCGTCATGGGTGTGAAC

R: ATGGCATGGACTGTGGTCAT

tive binding site for miR-
665 was amplified and in-
serted into a pmirGLO vec-
tor (Promega), resulting in
the SDC1 WT. Meanwhile,
a mutation was introduc-
ed into the potential miR-
665 binding sites (desig-

F: forward primer; R: reverse primer; RT: reverse transcription.

primers were designed according to “Meth-
Primer” (http://www.urogene.org/cgi-bin/meth-
primer/methprimer.cgi). The amplified frag-
ments were cloned into a pGEMT Easy vector
(Promega, Madison, WI, USA), and five clones
were randomly selected for bisulfite sequenc-
ing. Percentage of methylation was calculat-
ed using QUMA (http://quma.cdb.riken.jp/top/
index.html).

Cell transfection

MiR-665 mimics, small interfering RNA target-
ing SDC1 (siSDC1), and the negative control
oligonucleotides (miR-NC and siNC) were syn-
thesized by RiboBio Co., Ltd. (Guangzhou, Chi-
na). The pcDNA3.1/SDC1 vector with the SDC1
coding region was successfully constructed by
OriGene Technologies, Inc. (Beijing, China). A
total of 2 x 10% VMSCs were plated into each
well of six-well plates in triplicate, and then
incubated overnight prior to transfection. All
plasmid transfections were performed using
Lipofectamine™ 2000 (Invitrogen, USA) accor-
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nated as MUT SDC1) by

using the Quick Change

Stratagene method. VM-
SCs (2 x 10* per well) were cultured in 24-well
plates and then transfected with 50 nM miR-
665 mimics or the NC, together with 0.5 pg of
luciferase reporter vector containing the SDC1
WT or MUT SDC1, by using Lipofectamine
2000. Forty-eight hours later, luciferase acti-
vity was assessed with a Dual-Luciferase Re-
porter Assay System (Promega).

Western blot analysis

Briefly, total protein was extracted using a RI-
PA buffer (Beyotime Institute of Biotechnology,
Shanghai, China) and the protein concentration
in each sample was determined with a BCA
assay kit (Beyotime Institute of Biotechnology).
Next, an equal amount of protein (30 ug) from
each sample was separated by 10% SDS-PAGE,
and the protein bands were transferred onto
PVDF membranes, which were subsequently
blocked with 5% non-fat milk at room tempera-
ture for 1 h. The membranes were then incu-
bated with primary antibodies against SDC1
and GAPDH (Abcam, Cambridge, UK) at 4°C
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overnight; after which, they were incubated
with the corresponding horseradish peroxi-
dase-conjugated secondary antibodies for 2 h
at room temperature. The protein bands were
visualized by using an enhanced Chemilumi-
nescent Substrate kit (Pierce; Thermo Fisher
Scientific, Inc.) and analyzed by Image-Pro Plus
software version 6.0.

Statistical analysis

All in vitro experiments were performed at least
three times and results are presented as a
mean value + standard deviation (SD). All sta-
tistical analyses were performed using SPSS
Statistics for Windows, Version 19.0 software
(IBM Corp., Armonk, NY, USA). Statistical differ-
ences between two groups were analyzed us-
ing the two-sided Student’s t-test or one-way
analysis of variance (ANOVA), followed by Dun-
nett’s post hoc test. A p-value < 0.05 was con-
sidered to be statistically significant.

Results

OMST treatment counteracted BLM-induced
cellular senescence in VSMCs

To investigate how OMST affects vascular se-
nescence, we used BLM to establish a cellu-
lar senescence model using human VSMCs. As
shown in Figure 1A, treatment with BLM result-
ed in shrunken cells that contained increased
amounts of pigment when compared to control
cells. Moreover, the adhesive ability of VSMCs
was significantly decreased by BLM treatment
(Figure 1B). Our data showed that the NAD*/
NADH ratio played a key role in regulating
cellular metabolism and energy production. Re-
sults from NAD*/NADH assays (Figure 1C) in-
dicated that the NAD*/NADH ratio in the BLM
group was significantly higher than that in the
control group, but partially decreased after
OMST treatment. We also assessed the effect
of OMST in the cellular senescence model.
Studies that employed immunostaining of yH2-
AX showed that OMST treatment obviously alle-
viated DNA damage (Figure 1D). SA-B-gal stain-
ing (Figure 1E, 1F) revealed that BLM induced
anincrease in the numbers of SA-B-Gal-positive
cells when compared with those numbers in
the control group, demonstrating that VSMC
senescence had been successfully induced by
BLM. Interestingly, the numbers of SA-B-Gal-
positive cells were significantly reduced by OM-
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ST treatment. We next tested the effects of
OMST on the proliferation and apoptosis of
senescent VSMCs. Our results showed that the
numbers of Edu-positive cells were significant-
ly increased after OMST treatment (Figure 1G,
1H), and the increased level of apoptosis am-
ong VSMCs in the BLM group was significantly
reduced by OMST treatment (Figure 1l, 1J).
Taken together, these results showed that OM-
ST inhibited VSMC senescence and promoted
the proliferation of VSMCs.

MiR-665 was expressed in response to BLM-
induced VSMC senescence

To investigate the molecular mechanism by
which OMST alleviates cellular senescence, VS-
MCs were treated with BLM alone or BLM+
OMST; after which, the cells were harvested
to examine alterations that occurred in their
miRNA profiles. A total of 8 overlapping DEMs
were identified in VSMCs via microarray analy-
sis (Figure 2A, 2B). A GO analysis indicated th-
at miR-665 and its targets were primarily gr-
ouped into the categories of ‘Organelle’ and
‘Molecular function’ (Figure 2C). Enriched pa-
thways of miR-665 and its targets were pri-
marily involved in ‘Proteoglycans in cancer’ and
‘Pathways in cancer’ (Figure 2D). We next per-
formed PCR assays to validate the differential
expression of the 8 miRNAs identified in the ini-
tial screening process. As indicated in Figure
2E, the level of miR-665 expression was sig-
nificantly up-regulated, while the levels of miR-
193-3p, miR-3133, miR-4517, and miR-942-3p
expression were all notably downregulated in
VSMCs with BLM-induced cellular senescence.
However, only the altered levels of miR-665
and miR-3133 expression were reversed by
OMST treatment. Because miR-665 showed a
more obvious alteration than miR-3133, miR-
665 was selected for further analysis.

MiR-665 was up-regulated during BLM-
induced VSMC senescence due to aberrant
DNA methylation

To explore whether the aberrant overexpres-
sion of miR-665 was due to demethylation,
BSP was used to examine the promoter CpG
Island of miR-665. As shown in Figure 3A, 3B,
the CpG Island of the miR-665 promoter was
predicted. A subsequent BSP analysis (Figure
3C) showed that the methylation status of
the miR-665 promoter was reduced from
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Figure 1. OMST treatment counteracted BLM-induced cellular senescence in human VSMCs. A. Cell morphology
was observed in the BLM and control groups. We observed thattreatment with BLM resulted in shrunken cells that
contained increased amounts of pigment when compared to control cells. B. Cell adhesion assays were performed
using VSMCs in the BLM and control groups. C. The NAD*/NADH ratio was determined by an NAD*/NADH assay.
D. Representative immunofluorescence images of nuclear yH2AX (cell nuclei: blue; yH2AX: red) in VSMCs from the
control, BLM, and BLM+OMST groups. E, F. Cell senescence was evaluated by staining for SA-B-gal-positive cells.
Representative photomicrographs showing SA-B-gal-positive cells (blue) among the VSMCs. G, H. Cell proliferation
was assessed by the Edu flow cytometry assay. |, J. Flow cytometry with Annexin V/PI staining was used to analyze
VSMC apoptosis. “*P < 0.01, “*P < 0.001 vs. control; #P < 0.05, #P < 0.01 vs. BLM group. Abbreviations: VSMCs,
vascular smooth muscle cells; BLM, bleomycin; OMST, olmesartan.
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Figure 2. Identification of miR-665 expressed in response to BLM-induced senescence in VSMCs. (A, B) The expres-
sion levels of 8 mMiRNAs in VSMCs with BLM-induced senescence with and without OMST treatment as determined
via microarray analysis. Histogram of (C) enriched GO terms and (D) KEGG signaling pathways of 8 miRNAs and their
targets. (E) The 8 differentially expressed miRNAs were validated by quantitative real time PCR. P < 0.01, "™P <
0.001 vs. control; #P < 0.05, #P < 0.01 vs. BLM group.

69.23% in the BLM group to 35.39% in the creased miR-665 expression after BLM treat-
control group, which might explain the in- ment.
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Figure 3. Analysis of the miR-665 promoter in VSMCs with BLM-induced senescence. A, B. The CpG Island of the
miR-665 promoter was predicted, and primers were designed using MethPrimer. C. BSP results and the relative
methylation ratio of each CpG site in the miR-665 promoter region in BLM-induced VSMCs are shown. The solid
circles represent methylated CpG sites, while hollow circles represent non-methylated CpG sites.

Up-regulation of miR-665 reversed the effects
of OMST on BLM-induced VSMC senescence

To investigate how miR-665 participates in
the process by which OMST alleviates BLM-
induced VSMC senescence, a miR-665 mimic
was used to examine the effects of molecular
manipulation of miR-665 on VSMC senes-
cence. As shown in Figure 4A, the level of miR-
665 in the BLM+OMST group was ~2-fold high-
er than that in the mimic control. Subsequently,
we also found that the decreases in NAD*/
NADH ratio (Figure 4B), numbers of SA-B-Gal-
positive cells (Figure 4C, 4D), and yH2AX immu-
nostaining (Figure 4E) in the BLM+OMST group
could all be significantly reversed by miR-665
overexpression. In addition, transfection with
the miR-665 mimic remarkably abolished the
effect of OMST on the proliferation (Figure 4F,
4G) and apoptosis (Figure 4F-H) of VSMCs with
BLM-induced senescence. There results indi-
cated that OMST counteracted BLM-induced
cellular senescence by down-regulating miR-
665.

SDC1 was a direct target of miR-665

We analyzed the expression of SDC1 protein
in VSMCs after transfection with the miR-665
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mimics or NC. As expected, miR-665 mimics
transfection downregulated the expression of
SDC1 protein (Figure 5A). We then used Tar-
getScan software to perform a bioinformatics
analysis that sought to identify the potential
target genes of miR-665. Among the predicted
target genes, SDC1 was reported to be asso-
ciated with aging and senescence, and was
therefore selected for further study. As shown
in Figure 5B, a potential miR-665 binding site
was identified on the 3’'UTR of SDC1 mRNA.
Therefore, a luciferase reporter assay was con-
ducted to further examine whether miR-665
might regulate SDC1 expression. Our results
showed that the relative luciferase activity in
the SDC1 WT was significantly downregulated
by transfection with the miR-665 mimic, while
no obvious change occurred after transfection
with the SDC1 MUT, confirming that miR-665
directly binds to the 3'UTR of SDC1 mRNA
(Figure 5C).

Downregulation of SDC1 reversed the effects
of OMST on BLM-induced VSMC senescence

To investigate whether SDC1 regulates the abil-
ity of OMST to alleviate BLM-induced VSMC
senescence, VSMCs in the BLM+OMST group
were transfected with siSDC1 to validate its

Am J Transl Res 2020;12(9):5205-5220
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Figure 4. Up-regulation of miR-665 reversed the effects of OMST on BLM-induced VSMC senescence. BLM-induced
VSMCs were treated with OMST with or without miR-665 mimic transfection. A. MiR-665 expression was deter-
mined by quantitative real time PCR. B. The NAD*/NADH ratio was determined by a NAD*/NADH assay. C, D. Cell
senescence was evaluated by staining for SA-B-gal-positive cells. Representative photomicrographs showing SA-
B-gal-positive cells (blue) among VSMCs. E. Representative immunofluorescence images of nuclear yH2AX (cell
nuclei: blue; yH2AX: red) in VSMCs from the control, BLM, BLM+OMST, and BLM+OMST+miR-665 mimic groups.
F-H. Cell proliferation and cell apoptopsis was assessed by the Edu flow cytometry assay and Annexin V/PI staining
flow cytometry assay. “"P < 0.001 vs. control; #P < 0.05, #P < 0.01 vs. BLM group; 4P < 0.05 vs. BLM+OMST group.
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Figure 5. SDC1 was a direct target of miR-665. A. A western blot analysis was performed to detect the expression of
SDC1 protein in VMSCs after transfection with miR-665 mimics or the NC. B. The predicted binding site of miR-665
on the 3’-UTR of human SDC1 mRNA. A mutant binding site was constructed and the red letters indicate mutated
nucleotides. C. Relative luciferase activity was evaluated. P < 0.01, P < 0.001 vs. NC. Abbreviations: UTR, un-
translated region; NC, negativecontrol; WT, wild type; MUT, mutant.

OMST counteracted BLM-induced cellular se-
nescence via miR-665 targeting of SDC1

biological function. A western blot analysis
(Figure 6A) and quantitative real time PCR anal-
ysis (Figure 6B) showed that SDC1 expression
was significantly downregulated in VSMCs with
BLM-induced VSMC senescence, but was par-
tially restored after OMST treatment. Notably,
siSDC1 transfection remarkably suppressed
SDC1 expression in the BLM+OMST group. In

A rescue experiment was performed to analyze
whether the direct targeting of SDC1 by miR-
665 accounted for the ability of OMST to coun-
teract BLM-induced cellular senescence. As
shown in Figure 7A, 7B, the miR-665 mimic

agreement with miR-665 overexpression, we
also found that siSDC1 transfection abolished
the effects that OMST exerted on the NAD*/
NADH ratio (Figure 6C), numbers of SA-B-Gal-
positive cells (Figure 6D, 6E), immunostaining
of yH2AX (Figure 6F), numbers of Edu-positive
cells (Figure 6G, 6H), and apoptosis (Figure
6G-1). There results indicated that OMST coun-
teracted BLM-induced cellular senescence by
up-regulating SDC1.
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significantly suppressed SDC1 expression in
VMSCs, while transfection with the pcDNA3.1/
SDC1 vector restored SDC1 expression in the
cells. As expected, SDC1 overexpression re-
markably reversed the effects of miR-665 ov-
erexpression on the NAD*/NADH ratio (Figure
7C), numbers of SA-B-Gal-positive cells (Figure
7D, TE), immunostaining of yH2AX (Figure 7F),
numbers of Edu-positive cells (Figure 7G, 7H),
and cellular apoptosis (Figure 7G-I). Collectively,
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Figure 6. Downregulation of SDC1 reversed the effects of OMST on BLM-induced VSMC senescence. BLM-induced
VSMCs were treated with OMST with or without siSDC1 transfection. A. SDC1 protein expression was detected
by western blot analysis. B. SDC1 mRNA expression was determined by quantitative real time PCR. C. The NAD*/
NADH ratio was determined by an NAD*/NADH assay. D, E. Cell senescence was evaluated by staining for SA-B-gal-
positivecells. Representative photomicrographs showing SA-B-gal-positive cells (blue) among VSMCs. F. Representa-
tive immunofluorescence images of nuclear yH2AX (cell nuclei: blue; yH2AX: red) in VSMCs from the control, BLM,
BLM+OMST, and BLM+OMST+siSDC1 groups. G-l. Cell proliferation and cell apoptopsis was assessed by the Edu
flow cytometry assay and Annexin V/PI staining flow cytometry assay. “*P < 0.01, P < 0.001 vs. control; *P < 0.05,

#P < 0.01 vs. BLM group; 4P < 0.05 vs. BLM+OMST group.

our findings suggest that the targeting of SDC1
by miR-665 is the molecular mechanism by
which OMST alleviates BLM-induced cellular
senescence.

Discussion

While the anti-atherosclerotic effects of OMST
are well acknowledged, the molecular mecha-
nism by which OMST regulates vascular senes-
cence has remained unclear. In this study, we
showed that OMST inhibits VMSC senescence
caused by BLM. We detected the changes in
miRNA expression that occurred in response to
effective OMST treatments, and hypothesized
that DEMs might be involved in the mecha-
nisms of induced cellular senescence. We also
found that the levels of miR-665 expression in
VMSCs with BLM-induced senescence were
significantly higher than those in control VM-
CSs, but were obviously reduced after OMST
treatment, as validated by quantitative real
time PCR. Moreover, we found that CpG sites
in the promoter region of the miR-665 gene
were extensively demethylated in cells with
BLM-induced senescence, and there was a
concomitant up-regulation of miR-665 expres-
sion. He et al. [23] reported that DNA methyla-
tion plays an important and complex role in
regulating miRNA expression. Our results indi-
cated that the up-regulation of miR-665 in ce-
lls with BLM-induced senescence was due, at
least in part, to the demethylation of CpG se-
quences in the miR-66 gene promoter region.
Moreover, our data also suggest that OMST
alleviates BLM-mediated VMSC senescence by
downregulating miR-665 expression via re-
versing demethylation of the miR-665 promot-
er (Figure 8).

Functional assays demonstrated that overex-
pression of miR-665 reversed the inhibitory
effects of OMST on BLM-induced VSMC sen-
escence, as reflected by an elevated NAD*/
NADH ratio, stronger immunostaining of yH2AX,
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increased numbers of SA-B-Gal-positive cells,
and a higher apoptosis rate. Previous studies
revealed that miR-665 was associated with cell
proliferation, differentiation, and migration [24-
26]. Li et al. [27] showed that ectopic expres-
sion of miR-665 promoted apoptosis ininflam-
matory bowel disease tissue that was exposed
to different inflammatory stimuli. Recent stud-
ies have investigated whether inhibition of miR-
665 might be a potential therapeutic approach
for reducing inflammation and apoptosis in the
clinical treatment of intestinal ischemia/re-
perfusion [28], intervertebral disc degenera-
tion [29], coronary microvessel dysfunction,
and heart failure [30]. Interestingly, miR-665
was also reported to inhibit VSMC proliferation,
invasion, and migration that occurs in athero-
sclerosis [31]. From these viewpoints, miR-665
might be an important regulator of BLM-me-
diated VMSC senescence, and could serve as
a biomarker for monitoring the pharmacologi-
cal effects of OMST in treating atherosclero-
sis.

Targetscan software was used to predict the
target genes of miR-665. A further analysis
revealed that the 3'UTR of miRNA-665 has a
binding site that enables it to directly regula-
te SDC1 expression. Syndecan-1 (SDC1) is a
transmembrane heparan sulfate proteoglycan,
and an extracellular matrix receptor involved in
intercellular communication and proliferation,
as well as angiogenesis and cell metastasis
[32, 33]. Similar to the effect of miR-665 over-
expression, we observed that downregulation
of SDC1 also reversed the effects of OMST
on BLM-induced VSMC senescence. In acc-
ordance with these data, the significance of
SDC1 expression has been studied in process-
es such as arteriogenesis [34], homeostasis
[35], and tumorigenesis [36, 37]. Although a
direct association between OMST-alleviated
BLM-mediated VMSC senescence and SDC1
expression has not been reported, alterations
in SDC1 expression have been suggested as a

Am J Transl Res 2020;12(9):5205-5220
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Figure 7. OMST counteracted BLM-induced cellular senescence via miR-665 targeting of SDC1. BLM-induced
VSMCs were treated with OMST plusmiR-665 mimics + SDC1 transfection. A. SDC1 protein expression was de-
tected by western blotting. B. SDC1 mRNA expression was determined by quantitative real time PCR. C. The NAD*/
NADH ratio was determined by a NAD*/NADH assay. D, E. Cell senescence was evaluated by staining for SA-B-gal-
positive cells. Representative photomicrographs showing SA-B-gal-positive cells (blue) among VSMCs. F. Represen-
tative immunofluorescence images of nuclear yH2AX (cell nuclei: blue; yH2AX: red) in VSMCs from the control, BLM,
BLM+OMST, BLM+OMST+miR-665 mimic, and BLM+OMST+miR-665 mimic+SDC1 groups. G-I. Cell proliferation
and cell apoptopsis was assessed by the Edu flow cytometry assay and Annexin V/PI staining flow cytometry as-
say. “*P < 0.001 vs. control; P < 0.05, #P < 0.01 vs. BLM group; 4P < 0.05 vs. BLM+OMST group; P < 0.05 vs.

BLM+0OMST+miR-665 mimic group.
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Figure 8. A diagram showing the mechanism for up-regulation of miR-665 in BLM-induced cellular senescence.

mechanism for senescence induced by geno-
toxic stress [38] and ionizing radiation [39].

Moreover, our rescue experiments further con-
firmed that OMST counteracted BLM-induced
cellular senescence via miR-665 targeting of
SDCL1. As an inhibitor of angiotensin Il-induced
VSMC migration, OMST has been demonstrat-
ed to suppress atherosclerosis progression by
mediating the Src and mitogen-activated pro-
tein kinase pathways [40], and has recently
been approved by the FDA for use in treating
cardiovascular diseases [16]. Based on our st-
udy, we hypothesize that the inhibitory effect of
OMST on BLM-mediated VMSC senescence is
due to an upregulation of SDC1 resulting from
inhibition of miR-665.

In summary, our study, for the first time, identi-
fied miR-665 as a critical molecule that regu-
lates the ability of OMST to decrease BLM-me-
diated VMSC senescence by targeting SDC1
expression. Our in vitro experiments revealed
that miR-665 overexpression significantly re-
versed the effects of OMST on BLM-mediated
VMSC senescence. The inhibitory effects of
miR-665 on BLM-mediated VMSC senescence
might result from miR-665 targeting and reduc-
ing SDC1 gene expression. Taken together, the
miR-665/SDC1 axis might be a novel therapeu-
tic target for treating atherosclerosis.
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