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MicroRNA-26a protects vascular smooth muscle cells
against H,O,-induced injury through activation
of the PTEN/AKT/mTOR pathway
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Abstract. Abdominal aortic aneurysm (AAA) is a common
disease, which is characterized by the apoptosis of vascular
smooth muscle cells (VSMCs). In previous years, microRNAs
(miRNAs) have been associated with AAA and functionally
implicated in the pathogenesis of this disease. However, the
role of miRNAs in the apoptosis of VSMCs remains to be
fully elucidated. The present study aimed to elucidate the role
and mechanism of miRNAs in protecting against hydrogen
peroxide (H,0,)-induced apoptosis in VSMCs. The expression
of miRNAs in peripheral blood from patients diagnosed with
AAA was analyzed using a microarray and reverse transcrip-
tion polymerase chain reaction. A VSMC injury model induced
by H,0, was used to determine the potential role of miR-26a
against cell injury. Cell viability, cell apoptosis and reactive
oxygen species (ROS) generation were determined by a CCKS8
assay, flow cytometry and a 2',7'-DCF diacetate assay, respec-
tively. It was observed that miRNA (miR)-26a (miR-26a-1-5p)
was significantly downregulated in peripheral blood samples
from patients with AAA. It was revealed that H,O, treatment
dose-dependently inhibited cell viability, enhanced apoptosis
and induced the production of ROS, which indicated the
success of the model establishment. It was also observed
that miR-26a was downregulated in the VSMCs following
H,0, stimulation. The upregulation of miR-26a attenuated
H,0,-induced cell injury, as evidenced by the enhancement
of cell viability, and inhibition of the activity of caspase-3,
apoptosis and ROS production. In addition, phosphatase
and tensin homolog (PTEN), a well-known regulator of the
AKT/mammalian target of rapamycin (mTOR) pathway, was
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found to be a direct target of miR-26a in the VSMCs and this
was validated using a luciferase reporter assay. Overexpression
of PTEN by pcDNA-PTEN plasmids markedly eliminated
the protective effects of the overexpression of miR-26a on
H,0,-induced cell injury. Finally, it was found that miR-26a
mediated its anti-apoptotic action by reactivation of the
AKT/mTOR pathway, as demonstrated by the upregulation of
phosphorylated (p-)AKT and p-mTOR, and the Akt inhibitor
API-2 reversing the protective effects on VSMCs mediated
by miR-26a. These results indicated that miR-26a protected
VSMCs against H,0,-induced injury through activation of the
PTEN/AKT/mTOR pathway, and miR-26a may be considered
as a potential prognostic biomarker and therapeutic target in
the treatment of AAA.

Introduction

Abdominal aortic aneurysm (AAA) is a common, potentially
life-threatening, chronic vascular degenerative disease with a
high mortality rate following rupture (1). AAA is commonly
found in adult patients, particularly elderly men and may
have severe complications, including acute kidney injury,
myocardial infarction and stroke (2,3). Although there has
been substantial effort to clarify the mechanism underlying
the development of AAA, there are no effective therapeutic
strategies to reduce AAA development and rupture (4,5). The
apoptosis of vascular smooth muscle cells (VSMCs) is one
of the pathological features of AAA, and is considered to
be important in the development of AAA, possibly through
promoting plaque calcification and medial degeneration,
preventing expansive remodeling (1,6). Therefore, therapeutic
strategies that inhibit or delay VSMC apoptosis are urgently
required.

Oxidative stress is a pathological feature, which is impor-
tant in the formation and progression of AAA in humans (7,8).
Oxidative damage to VSMCs sharply decreases the capability
to synthesize elastin and collagens, resulting in the degen-
eration of aortic walls and eventual rupture (7-10). Hydrogen
peroxide (H,0,), a highly reactive oxygen species (ROS),
leads to widespread intracellular damage and apoptosis, and
has been widely used to mimic oxidative stress in vitro (11).
Extensive studies using a H,0, induced-VSMC injury model
have shown that VSMC apoptosis is a major cellular compo-
nent in the onset of a variety of vascular diseases (12,13).
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This model has attracted considerable interest for its potential
relevance to human AAA, as it can activate various pathways
of apoptosis (14). Therefore, the H,O,-induced VSMC injury
model of AAA was used in the present study for further
investigations.

MicroRNAs (miRNAs) are small conserved, single-
stranded, non-coding RNA molecules (~18-25 nucleotides in
length), which regulate target gene expression through either
inducing transcript degradation or inhibiting translation (15).
Increasing evidence has shown that miRNAs are crucial in
the formation of AAA. For example, Wu et al showed that
the upregulation of miRNA (miR)-145 prevented the forma-
tion of AAA in ApoE” mice induced by Angiotensin (Ang) IT
through modulating the expression of matrix metalloproteinase
(MMP)2 (16). Maegdefessel et al reported that the inhibition of
miR-29b with a locked nucleic-acid (LNA)-anti-miR-29b led
to reduced AAA expansion and a significant decrease in the
aortic rupture rate with Ang II-treatment (17). Notably, several
studies have shown that various functions in VSMCs are finely
regulated by miRNAs. Taconetti ef al reported that miR-23b
regulated the VSMC phenotypic switch in vitro and following
vascular injury in vivo (18). Lai et al found that miR-574-5p
promoted the cell growth of VSMCs in the progression of
coronary artery disease (19). However, few studies have been
reported on whether miRNAs are involved in the regulation of
VSMC apoptosis in AAA disease.

In the present study, the miRNA expression profile was
examined in peripheral blood from patients with AAA.
Furthermore, using an H,0,-induced VSMC injury model to
mimic the pathological characteristics of AAA, the role of
miR-26a in preventing the apoptosis of VSMCs was exam-
ined, and the role of the phosphatase and tensin homolog
(PTEN)/AKT/mammalian target of rapamycin (mTOR)
pathway in the protective activity of miR-26a against VSMC
injury was confirmed. The results are likely to have important
implications for further elucidating the molecular mechanisms
and identifying novel therapeutic targets in AAA.

Materials and methods

Tissue samples. Peripheral blood samples were obtained from
30 patients with AAA undergoing ascending aorta replace-
ment procedures at the Department of Vascular Surgery, The
First Hospital of Hebei Medical University (Shijiazhuang,
China) from January 2015 to June 2016. Control peripheral
blood tissues were obtained from 30 donors without vascular
diseases. The clinicopathological data of the patients is
reported in Table I. All experimental protocols were approved
by the Ethics Committee of the First Hospital of Hebei Medical
University. All experiments were performed in accordance
with the ethical guidelines of the Ethics Committee of the
First Hospital of Hebei Medical University. Informed consent
was obtained from all patients.

MicroRNA expression profiling. Total RNA was extracted
from the venous peripheral blood of patients with AAA and
controls using a PAXgene Blood RNA kit (Qiagen GmbH,
Hilden, Germany). The RNA quantity and quality were
assessed by NanoDrop ND-1000 spectrophotometry (Thermo
Fisher Scientific, Inc., Waltham, MA, USA) and an Agilent
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2100 bioanalyzer (Agilent Technologies, Inc., Santa Clara,
CA, USA), respectively. Total RNA (200 ng) was labeled with
fluorescence dye hy3 or hy5 using the miRCURY Hy3/HyS5
Power Labeling kit and hybridized on the miRCURY™ LNA
array (v.16.0; Exiqon A/S, Copenhagen, Denmark) according
to the manufacturer's protocol. Data were analyzed using
GeneSpring software version 7.3 (Agilent Technologies, Inc.).
Observations with adjusted P-values of P=0.05 were removed,
and thus excluded from further analysis. The heat map of the
50 microRNAs with the most marked differences was created
using a method of hierarchical clustering by GeneSpring GX,
version 7.3 (Agilent Technologies, Inc.).

Reverse transcription-quantitative polymerase chain
reaction (RT-gPCR) analysis. miRNA was prepared using the
miRNeasy Mini kit (Qiagen, Inc., Valencia, CA, USA) and
total RNA was prepared using TRIzol reagent (Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol. For
miRNA reverse transcription, cDNA was synthesized using the
miRNA reverse transcription kit (Applied Biosystems; Thermo
Fisher Scientific, Inc.). For mRNA reverse transcription, cDNA
was synthesized using the High Capacity RNA-to-cDNA kit
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The
RT-qPCR reaction system (30 pl) contained 5 ul cDNA,
15 pl 2X gqPCR mix, 1 ul upstream primer, 1 yl downstream
primer and 8 pl double distilled H,O. The PCR protocol was
as follows: 95°C for 15 min, followed by 40 cycles of 94°C for
15 sec, 55°C for 30 sec and 70°C for 30 sec and a final exten-
sion step at 72°C for 5 min using an Applied Biosystems Prism
7900HT Fast Real-Time PCR system (Applied Biosystems;
Thermo Fisher Scientific, Inc.). Relative quantification was
determined by normalization to U6 or GAPDH. The primers
for RT-qPCR analysis were as follows: Reverse transcription
primer for precursor miR-26a, 5'-GTCGTATCCAGTGCA
GGGTCCGAGGTATTCGCACTGGATACGACAGCCTA-3,
miR-26a, forward 5'-CGTCCTTCAAGTAATCCAGGA-3'
and reverse 5'-GCAGGGTCCGAGGTATTC-3"; U6 forward
5" TGCGGGTGCTCGCTTCGCAGC-3' and reverse 5'-CCA
GTGCAGGGTCCGAGGT-3"; PTEN, forward 5"TGGAAA
GGGACGAACTGGTG-3', and reverse 5'-CATAGCGCCTCT
GACTGGGA-3"; GAPDH, forward 5-AGGTCGGTGTGA
ACGGATTTG-3' and reverse 5“-TGTAGACCATGTAGTTGA
GGTCA-3". The PCR amplification protocol was as follows:
Initial 95°C for 5 min, and 40 cycles of 94°C for 15 sec, 55°C
for 30 sec, and 70°C for 30 sec. The RT-qPCR assays were
performed in triplicate and the change in expression level was
calculated using the 2244 method (20).

Cell culture and treatment. Primary vascular smooth muscle
cells (VSMCs) were isolated and obtained using a technique
combining explant culture and enzymatic digestion from
the abdominal aorta of five male Sprague-Dawley rats (age,
3-4 weeks; weight, 80+20 g) obtained from the Laboratory
Animal Center of Hebei Medical University (Shijiazhuang,
China) as described previously (21). All animals were housed
in a 12 h light/dark schedule in a temperature (22+2°C) and
humidity (<40%) controlled room with free access to food
and water. Briefly, the rats were anesthetized with intraperi-
toneal chloral hydrate (400 mg/kg; Sigma-Aldrich; Merck
KGaA, Darmstadt, Germany) and the thoracic aortas were
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Table I. Characteristics of AAAs and control groups.

Characteristics AAA (n=30) Control (n=30)
Male/female 18/12 16/14

Age (years) 65.2+4.5 38.3+9.5
Aneurysm diameter, cm 7.56x1.21 -
Hypertension (%) 5(16.7) -
Smoking habit (%) 12 (40.0) -

AAA, Abdominal aortic aneurysm. Data are presented as the
mean =+ standard deviation.

isolated. The adhesive fat and tissues were removed. The
aorta artery was subsequently cut into ~I mm? segments
after the endothelial cell layer of endangium was removed.
The tissue blocks were cultured in DMEM supplemented
with 10% fetal bovine serum (Hyclone; GE Healthcare
Life Sciences, Logan, UT, USA), 100 U ml"' penicillin and
streptomycin at 37°C in a humidified atmosphere with 5%
CO,. The VSMCs were treated with different concentra-
tions of H,0, (30% w/w solution; Sigma; EMD Millipore,
Billerica, MA, USA) for further measurements. Cells in the
control group were treated with the same medium without
H,0,. All animal procedures were performed according
to approved protocols from the Institutional Animal Care
and Use Committee of the First Hospital of Hebei Medical
University.

Cell transfection. The miR-26a mimics, miR-26a inhibitor,
and the corresponding control vectors were purchased from
GeneCopoeia, Inc. (Guangzhou, China). The PTEN-expressing
vector (cat. no. 28298) was obtained from Addgene, Inc.
(Cambridge, MA, USA). The VSMCs (1.0x10° per well) were
seeded and grown overnight in six-well plates. The following
day, transfection was performed using Lipofectamine® 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) following the
manufacturer's protocol.

Cell viability. The VSMCs (5x10° per well) were suspended
in DMEM (100 pl) containing 10% fetal bovine serum and
cultured in 96-well plates overnight, following which they
were transfected with miR-26a mimics, miR-26a mimics +
pcDNA-PTEN or negative control oligonucleotides 2 h prior
to H,O, treatment and incubated for 6 h. The cell viability was
determined using a Cell Counting Kit-8 (CCK-8; Beyotime
Institute of Biotechnology, Jiangsu, China) assay. Briefly,
10 ul CCK-8 solution was added to each well and incubated at
37°C in a CO, cell incubator for 90 min, and the absorbance
rates were then measured at 450 nm using a microplate reader
(Infinite M200; Tecan Austria, GmbH, Grodig, Austria). All
experiments were performed in triplicate.

Cellapoptosis.Cell apoptosis was determined using an Annexin
V-FITC Apoptosis Detection kit (Abcam, Cambridge, UK)
according to the manufacturer's protocol. Briefly, the VSMCs
were seeded in 6-well plates at a density of 1.0x10° cell/well,
and subjected to the various treatments as described above.
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At the end of the exposure, the cells were harvested and
washed twice with PBS, and the cells were then stained with
Annexin V and propidium iodide. Following incubation at
room temperature in the dark for 15 min, cell apoptosis was
analyzed on a FACScan flow cytometer (Beckman Coulter,
Inc., Brea, CA, USA).

Caspase-3 activity assay. The VSMCs were seeded in 6-well
plates at a density of 1x10° cells/well for 24 h. Following treat-
ment for 6 h, caspase-3 activity in cell lysates was determined
using a Caspase-3 Activity Assay kit (Beyotime Institute of
Biotechnology), according to the manufacturer's protocol.

Detection of ROS generation. The generation of myocardial
ROS was assessed using 2',7'-DCF diacetate (DCF-DA;
Sigma-Aldrich; EMD Millipore) as previously reported (22).
Briefly, the cell culture medium was discarded and the cells
were incubated with 20 gmol/l DCFH for 30 min at 37°C.
The cells were then washed twice with PBS, and were stained
at 37°C in the dark for 20 min, following which they were
visualized by fluorescence microscopy (Leica Microsystems
GmbH, Wetzlar, Germany). The fluorescence levels of the
samples were measured using a fluorescence microplate
reader at 488 nm excitation and 525 nm emission wavelengths.
Fold-increases in ROS levels were determined by comparison
with the control group.

Bioinformatics. TargetScan 7.0 (targetscan.org/) and miRanda
(microrna.org/) target gene prediction software were used to
select PTEN as a target gene of miR-26a. TargetScan target
gene prediction software was used to identify the 2619-2626
site at the 3'-untranslated region (UTR) of PTEN mRNA as a
possible site of action of miR-26a.

Luciferase assays. The 3'-UTR of PTEN, with wild-type
(wt) or mutant (mut) binding sites for miR-26a, was ampli-
fied and cloned into the pGL3 vector (Promega Corporation,
Madison, WI, USA) to generate the pGL3-wt-PTEN-3'-UTR
plasmid or pGL3-Mut-PTEN-3'-UTR plasmid, respectively.
For the luciferase reporter assay, 293 cells (American Type
Culture Collection, Manassas, VA, USA) were co-transfected
with the luciferase reporter vectors and miR-26a mimics,
miR-26a inhibitor or corresponding negative control using
Lipofectamine 2000 reagent. The pRL-TK plasmid (Promega
Corporation) was used as a normalizing control. After 48 h,
luciferase activity was analyzed using the Dual-Luciferase
Reporter Assay system (Promega Corporation) according to
the manufacturer's protocol.

Western blot assay. Total proteins were extracted from the
tissues and cells using radioimmunoprecipitation assay lysis
buffer (Sigma; EMD Millipore) and quantified with a bicincho-
ninic acid protein assay kit (Pierce; Thermo Fisher Scientific,
Inc.). The protein samples (40 ug) were separated by 10%
SDS-PAGE (Bio-Rad Laboratories, Inc., Hercules, CA, USA)
and transferred onto a polyvinylidene difluoride membrane
(EMD Millipore) and blocked with 5% skimmed milk at room
temperature for 1 h. The blots were incubated with primary
antibodies against cleaved caspase-3 (dilution, 1:1,000; cat.
no. 9579), total-caspase-3 (dilution, 1:1,000; cat. no. 9665),
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Figure 1. miR-26a is downregulated in peripheral blood from patients with AAA. (A) Heatmap of normalized expression levels of miRNAs in peripheral
blood from patients with AAA and donors without vascular disease (n=3/group). Green indicates low expression levels; red indicates high expression levels.
(B) Expression of miR-26a was determined by reverse transcription-quantitative polymerase chain reaction analysis in 30 peripheral blood samples from
patients with AAA and 30 peripheral blood samples from donors without vascular diseases. P<0.01, vs. normal group. miR, microRNA; AAA, abdominal

aortic aneurysm.

PTEN (dilution, 1:1,000; cat. no. 9188), AKT (dilution, 1:1,000;
cat. no. 4691), phosphorylated (p-)AKT (dilution, 1:1,000; cat.
no. 5012), mTOR (dilution, 1:1,000; cat. no. 2893), p-mTOR
(dilution, 1:1,000; cat. no. 5536) and B-actin (dilution, 1:2,000,
cat. no. 4970) at 4°C overnight. Then the membranes were
incubated with horseradish peroxidase conjugated secondary
antibodies (1:50,000; cat. no. 7054) for 1 h at room temperature.
All antibodies were obtained from Cell Signaling Technology,
Inc. (Danvers, MA, USA). The protein bands were visualized
using ECL detection reagent (GE Healthcare Life Sciences,
Piscataway, NJ, USA). The intensity of protein fragments was
quantified with Quantity One software (4.5.0 basic; Bio-Rad
Laboratories, Inc.).

Statistical analysis. Statistical analysis was performed using
GraphPad Prism 5.0 (GraphPad Software, Inc., San Diego,
CA, USA). The results are presented as the mean + standard
deviation. Differences were analyzed with Student's t-test
between two groups or with one-way analysis of variance
among multiple groups. P<0.05 was considered to indicate a
statistically significant difference.

Results

miR-26a is downregulated in peripheral blood from patients
with AAA. In order to identify miRNAs associated with AAA,
a microRNA array was performed to determine miRNA
levels in peripheral blood from patients with AAA. The data
revealed that, compared with the normal group, 21 miRNAs
were upregulated and 29 miRNAs were downregulated in the
AAA patient group (Fig. 1A). Among the aberrantly expressed
miRNAs, miR-26a (miR-26a-1-5p) was selected for further
investigation as its expression level was identified as the lowest

in the AAA patient group. Consistent with these results, two
previous studies reported that miR-26a was also found to
be downregulated in AAA, indicating that miR-26a may be
involved in the formation or progression of AAA (23,24).
Additionally, previous studies have reported that miR-26a
prevented endothelial cell apoptosis in the setting of athero-
sclerosis (25,26). However, whether miR-26a has a protective
effect against the apoptosis of VSMCs in AAA remains to be
elucidated. Therefore, the present study focused on miR-26a
for further investigation.

To validate the expression trend of miR-26a obtained
from the miRNA microarray assay, RT-qPCR analysis was
performed to detect miR-26a in the peripheral blood from
30 patients with AAA and 30 donors without vascular disease
(normal group). As shown in Fig. 1B, the expression of miR-26a
was significantly downregulated in the peripheral blood from
the patients with AAA, compared with that in the normal
group. These data indicated that miR-26a may be involved in
the pathogenesis of AAA.

miR-26a is downregulated in an H,O0,-induced injury
model of VSMCs. As is known, the H,0,-induced VSMC
injury model has been widely used to simulate pathological
conditions of AAA in vitro (12). Following treatment of the
VSMCs with different concentrations of H,O, for 6 h, cell
viability, caspase-3 activity, ROS production, apoptosis,
and the expression of apoptosis-associated proteins were
evaluated. The results showed that H,0, dose-dependently
inhibited the cell viability of VSMCs, compared with that
in the control group (Fig. 2A). Treatment with 200 M
H,O0, significantly reduced the cell viability by 50%,
compared with that in the control group. Therefore, 200 xM
H,O, was selected as the appropriate concentration in the
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Figure 2. Effect of H,0, on relative expression of miR-26a in cultured VSMCs. (A) VSMCs were incubated with 50, 100, 200 or 400 xM H,0, for 6 h and cell
viability was assessed using a Cell Counting Kit-8 assay. (B) VSMCs were incubated with 50 and 200 zM H,0, for 6 h, and the protein expression levels of
cleaved-caspase-3 and total caspase-3 were detected by western blot analysis and (C) statistically analyzed. (D) VSMCs were incubated with 50 and 200 xM
H,O0, for 6 h, and apoptosis was detected by flow cytometry. (E) VSMCs were incubated with 50 and 200 xM H,0, for 6 h, and the activity of caspase-3 was
measured using a commercial kit. (F) VSMCs were incubated with 50 and 200 M H,0, for 6 h, and the production of ROS was detected using 2',7'-DCF
diacetate. (G) VSMCs were incubated with 50, 100, 200 or 400 M H,0,, and the expression of miR-26a was determined by reverse transcription-quantitative
polymerase chain reaction analysis. Data are presented as the mean + standard deviation of three independent experiments. "P<0.05 and “P<0.01, vs. control
group. VSMCs, vascular smooth muscle cells; H,O,, hydrogen peroxide; miR, microRNA; ROS, reactive oxygen species; PI, propidium iodide.

subsequent experiments. Furthermore, western blot analysis
revealed that the level of cleaved-caspase-3 was significantly
increased in the H,O,-treated group, compared with the
control group, however, the levels of total cleaved-caspase-3
were not affected (Fig. 2B and C). The percentage of
apoptotic cells in the H,0,-treated group was significantly
increased, compared with that in the control group (Fig. 2D).
These results indicated that H,O, treatment markedly inhib-
ited cell viability and induced cell apoptosis in the VSMCs.
The activity of caspase 3, determined using a commercial
assay, was found to be concomitantly upregulated by H,O,
treatment (Fig. 2E). As ROS and the resulting oxidative
stress in VSMCs is pivotal in the pathophysiology of AAA,
the present study investigated the effect of H,0, on the
production of ROS using a DCF-DA assay. Compared with
the control group, the production of intracellular ROS was
markedly increased in the H,O,-treated group (Fig. 2F).
The above data indicated that model establishment was
successful. To further examine the role of miR-26a in VSMC
injury, the effect of H,O, on the level of miR-26a in VSMCs
was determined. As shown in Fig. 2G, it was confirmed
that miR-26a was significantly downregulated in the
H,O0,-treated VSMCs, and this effect was dose-dependent,

which was consistent with the results in the clinical samples.
These data provide support for the possible role of miR-26a
in the development of AAA.

Overexpression of miR-26a attenuates H,O,-induced
VSMC injury. To further examine the role of miR-26a in
H,0,-induced VSMC injury, the miR-26a mimics was added
to the cultured VSMCs 2 h prior to H,O, treatment, and incu-
bated for 6 h. The RT-qPCR analysis showed the successful
enhancement of cellular miR-26a by the miR-26a mimics,
compared with that in the negative control (Fig. 3A). Using a
CCK-8 assay, it was demonstrated that the overexpression of
miR-26a restored VSMC proliferation activity following H,O,
treatment (Fig. 3B). In addition, it was found that upregula-
tion of miR-26a reversed the promoting effect of H,O, on
caspase 3 activity and cell apoptosis in the VSMCs, as deter-
mined through a caspase-3 activity assay and flow cytometry
(Fig. 3C and D). It was also found that the overexpression of
miR-26a inhibited the effect of H,O, treatment of the produc-
tion of ROS (Fig. 3E). Taken together, these results indicated
that the overexpression of miR-26a protected the VSMCs
against H,0,-induced injury, suggesting that miR-26a may be
a key protective factor in AAA.
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Figure 3. Overexpression of miR-26a inhibits H,0,-induced VSMC injury. VSMCs were transfected with miR-26a mimics for 2 h, followed by treatment with
200 uM H,0, for 6 h, and harvesting of cells for subsequent experiments. (A) Expression of miR-26a was determined by reverse transcription-quantitative
polymerase chain reaction analysis. (B) Cell viability was assessed using a Cell Counting Kit-8 assay. (C) Activity of caspase-3 was measured using a
commercial kit. (D) Apoptosis was detected by flow cytometry. (E) Production of ROS was detected using 2',7'-DCF diacetate. Data are presented as the
mean + standard deviation of three independent experiments. “P<0.05 and “'P<0.01, vs. control group. ”P<0.01, vs. H,0, + mimics NC group. VSMCs, vascular
smooth muscle cells; H,0,, hydrogen peroxide; miR, microRNA; ROS, reactive oxygen species; PI, propidium iodide; NC, negative control.

PTEN is a direct target of miR-26a. To further elucidate
the underlying molecular mechanisms involved in the
miR-26a-mediated protective role in the VSMC injury model,
two publicly available databases TargetScan 7.0 (targetscan.
org/) and miRanda (microrna.org/) were used to search for the
potential downstream targets of miR-26a. The data in these two
public databases showed that PTEN, an important regulator of
the AKT/mTOR pathway, was potentially a downstream target
of miR-26a. As shown in Fig. 4A and B, the complementary
sequence of miR-26a was found in the 3'-UTR of PTEN
mRNA. Initially, it was found that there are three binding sites
of miR-26a in the 3'-UTR of PTEN mRNA, however, only this
site is valid, the effects of the other two binding sites were weak
(data not shown), suggesting that miR-26a exerts its function
through this binding site. To experimentally validate whether
PTEN was a direct target of miR-26a, a luciferase reporter
assay was performed. The results revealed that the enforced
miR-26a expression significantly attenuated the luciferase
activity of the PTEN-3'UTR wt reporter plasmid, whereas the
knockdown of miR-26a increased luciferase activity. Similarly,
the cells co-transfected with miR-26a mimics, miR-26a inhib-
itor, and the PTEN-3'UTR mut reporter plasmid, showed no
significant change in luciferase activity (Fig. 4C). To confirm

that PTEN was regulated by miR-26a, western blot analysis
was used. As shown in Fig. 4D, the expression of PTEN was
markedly downregulated by the overexpression of miR-26a,
but was markedly upregulated by the suppression of miR-26a,
compared with the respective controls. In addition, the results
showed that the mRNA level of PTEN was markedly upregu-
lated in the H,O,-treated VSMCs in a dose-dependent manner
(Fig. 4E) and the overexpression of miR-26a attenuated the
promoting effect of H,O, on the expression of PTEN (Fig. 4F).
These results indicated that miR-26a exerted an inhibitory
effect on the expression of PTEN in the VSMC injury model.

miR-26a protects VSMCs from H,O,-induced apoptosis by
targeting PTEN. As mentioned above, PTEN was a direct
target of miR-26a in VSMCs, therefore, the present study
further investigated whether miR-26a protected VSMCs from
H,0,-induced apoptosis by downregulating PTEN. The PTEN
expression vector, pcDNA-PTEN and miR-26a mimics were
co-transfected into VSMCs 2 h prior to H,O, treatment, and
incubated for 6 h. It was found that the expression level of
PTEN was significantly upregulated in the VSMCs following
H,0, treatment, compared with that in the control group,
whereas the H,0,-induced upregulation was decreased by the
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overexpression of miR-26a. In addition, the expression level of
PTEN was restored when pcDNA-PTEN was transfected into
the H,O,-treated cells (Fig. 5A). Functionally, these results
revealed that the overexpression of miR-26a attenuated the
reduction in viability of the H,O,-treated VSMCs, whereas
the overexpression of PTEN partly abrogated the promoting
effects of the overexpression of miR-26a on the viability of
H,0O,-treated VSMCs (Fig. 5B). It was also found that the over-
expression of miR-26a recovered the injury induced by H,0,,
whereas the overexpression of PTEN eliminated the protec-
tive effect of the overexpression of miR-26a on the activity of
caspase 3, cell apoptosis and production of ROS (Fig. 5C-E).
These data suggested that miR-26a protected the VSMCs from
H,0,-induced injury by targeting PTEN.

miR-26a prevents H,O-induced VSMC apoptosis through
the Akt/mTOR pathway. Subsequently, the molecular path-
ways responsible for the protective effects of miR-26a on
H,0,-induced VSMC injury were examined. As PTEN acts
as a major negative regulator of the Akt/mTOR signaling

pathway, which is directly related to the apoptosis of
cells (27,28), further experiments were designed to investi-
gate the effects of miR-26a on the activation of Akt/mTOR
in H,O,-treated VSMCs. The results of western blot analysis
demonstrated that the protein expression of p-Akt was reduced
in the H,O,-treated VSMCs, compared with that in the control
group, as was the expression of p-mTOR. The overexpression
of miR-26a reversed the inhibitory effect of H,O, on the levels
of p-Akt and p-mTOR (Fig. 6A and B). These data suggested
that miR-26a prevented H,0,-induced VSMC apoptosis
through re-activation of the Akt/mTOR pathway.

Akt/mTOR signaling pathway is required for mediating the
effects of miR-26a on the inhibition of H,O,-induced VSMC
injury. To investigate whether the Akt/mTOR signaling
pathway is critically involved in the function of miR-26a in
the inhibition of H,0,-induced VSMC injury, the activity of
the Akt/mTOR signaling pathway was inhibited with API-2,
which is a potent inhibitor of all three AKT isoforms, exhib-
iting a specific activity on mutant AKT1 (29,30). The results
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showed no significant difference in the protein level of PTEN
between the miR-26a mimics group and miR-26a mimics
+ API-2 group, however, the protein levels of p-AKT were
decreased by treatment with API-2 (Fig. 7A). The overexpres-
sion of miR-26a attenuated the reduction in viability of the
H,0,-treated VSMCs, whereas API-2 partly abrogated the
promoting effects of the miR-26a mimics on the cell viability
(Fig. 7B). Subsequently, it was demonstrated that miR-26a
mimics inhibited the activity of caspase 3, apoptosis and ROS
production, and its inhibitory effect was reversed following
treatment with API-2 (Fig. 7C-E). These data suggested that

the Akt/mTOR signaling pathway was required for medi-
ating the protective effects of miR-26a on the inhibition of
H,0,-induced VSMC injury.

Discussion

Inthe present study, it was shown that miR-26a was significantly
downregulated in the peripheral blood of patients with AAA.
Using an H,0,-induced VSMC injury model, it was found
that the overexpression of miR-26a protected VSMCs against
H,0,-induced ROS accumulation and apoptosis. Notably, the
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Figure 7. Akt/mTOR signaling pathway is required for mediating the effects of miR-26a on the inhibition of H,0,-induced VSMC injury. VSMCs were
transfected with miR-26a mimics for 2 h, followed by treatment with 200 M H,O, and API-2 for 6 h, and the cells were harvested for analysis. (A) Protein
expression levels of p-AKT and PTEN were detected by western blot analysis. (B) Cell viability was assessed using a Cell Counting Kit-8 assay. (C) Activity of
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data indicated that the overexpression of miR-26a exerted
protective effects by reactivating the PTEN/AKT/mTOR

inhibited the development of AAA and protected from aneu-
rysm expansion (33). Nakao et al showed that miR-33 was

signaling pathway in the H,0,-induced VSMCs (Fig. 8). These
findings suggested that miR-26a may be an effective thera-
peutic target for the treatment of AAA in clinical practice.
Several studies have demonstrated that miRNAs are aber-
rantly expressed in AAA aortic tissues and are involved in
several pathophysiological processes, including inflammation,
oxidation and apoptosis (31,32). For example, Maegdefessel et al
found that miR-21 is a key modulator of VSMC injury in an
AAA murine model, and lentiviral overexpression of miR-21

increased in human AAA tissues and the inhibition of miR-33
suppressed the formation of AAA via c-Jun n-terminal kinase
inactivation (34). Kim et al found that miR-205 was induced in
the abdominal aortic endothelium in an AAA mouse model,
and silencing miR-205 effectively prevented the development
of AAA through decreased aortic MMP activity and inflam-
mation (35). These previous findings suggest that miRNAs
may be an attractive therapeutic target for AAA. Therefore,
the present study performed an miRNA microarray profiling
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assay on the peripheral blood of patients with AAA to screen
for the miRNAs involved in AAA, and found large numbers
of miRNAs were significantly deregulated; in particular,
miR-26a was one of the miRNAs exhibiting the most marked
downregulation. These results suggested a potential clinical
relevance of miR-26a in human AAA.

miR-26a has been reported to act as a novel regulator of
VSMC function, with marked effects on cell proliferation and
apoptosis (22,36). Another study reported the regulatory effects
of miR-26a on cellular oxidative stress (37). Therefore, it was
hypothesized that miR-26a may affect the progression of AAA
through the regulation of cell apoptosis and oxidative stress,
which has not been investigated previously. In the present study,
using an H,0,-induced VSMC injury model, it was observed
that H,O, treatment of VSMCs led to significant decrease in
cell viability and significant increases in apoptosis and ROS
production in a dose-dependent manner. Accordingly, treatment
of VSMCs with H,0, significantly decreased the expression of
miR-26a in a dose-dependent manner, which provided support
for the possible role of miR-26a in AAA. The overexpression
of miR-26a exerted a protective effect against H,0,-induced
injury, consolidating the functional roles of miR-26a in AAA.

To elucidate the potential mechanism of the protection role
of miR-26a against H,0O,-induced injury, bioinformatics analysis
was performed to predicate the putative targets of miR-26a, and
PTEN was identified as the potential target of miR-26a. PTEN,
a negative regulator of the AKT/mTOR signaling pathway, has
been shown to regulate cell proliferation, survival and growth
of VSMC:s, in addition to its role in tumor cells (38,39). Notably,
a previous study showed that miR-26a suppressed the prolifera-
tion and metastasis of different gastric cancer cells via targeting
PTEN (40). Yu et al found that miR-26a inhibited proliferation
and migration by targeting the PTEN gene in HaCaT kerati-
nocytes (41). However, whether PTEN is a functional target of
miR-26a in VSMCs remained to be elucidated. In the present
study, PTEN was validated as a target gene of miR-26a in
VSMC:s. In addition, the protective effects of miR-26a mimics
on H,0,-induced VSMC injury were abrogated by the over-
expression of PTEN, suggesting that miR-26a protected against
H,0,-induced VSMC injury via suppressing the expression of
PTEN. However, the possible molecular mechanism requires
further investigation to be fully understood.

It is well known that the PTEN gene negatively regu-
lates the PI3K/AKT/mTOR pathway. Activation of the
PI3K/Akt/mTOR signaling pathway is implicated in VSMC
function (phenotype), including cell migration (42), prolif-
eration (43), calcification (44) and apoptosis (45). In a porcine
pancreatic elastase-induced AAA model, activation of the
PI3K/Akt has also been demonstrated to mediate a protective
effect against AAA (46). Previous studies have reported that
miRNAs are important in the regulation of VSMC function
through activating the PI3K/Akt signaling pathway. For
example, Jiang et al showed that the miR-21-mediated acti-
vation of the PI3K/Akt signaling pathway may contribute to
VSMC proliferation (47). Of note, Jiang et al demonstrated
that miR-26a was involved in the Toll-like receptor 9 medi-
ated growth and migration of lung cancer cells through the
PI3K-Akt signaling pathway (48). In order to elucidate the
mechanisms underlying the miR-26a-associated protec-
tion from VSMC injury, the effects of aberrantly expressed

PENG et al: MicroRNA-26a PROTECTS AGAINST H,0,-INDUCED VSMC INJURY

miR-26a on key kinases in the Akt/mTOR signaling pathway
were examined in the present study. The data showed that the
Akt/mTOR signaling pathway was suppressed in H,O,-treated
VSMCs, and the overexpression of miR-26a restored the
activity of this signaling pathway, suggesting that the protec-
tive effect of miR-26a on H,0,-induced VSMC injury may
mediated by the Akt/mTOR signaling pathway.

In conclusion, the present study revealed that the expres-
sion of miR-26a was downregulated in the peripheral blood
of patients with AAA, and the overexpression of miR-26a
inhibited H,0,-induced VSMC injury by reactivating the
PTEN/AKT/mTOR signaling pathway. These findings support
the hypothesis that enhancing the expression of miR-26a may
be a desirable therapeutic approach for the treatment of AAA,
however this requires further experiments in animals prior to
clinical application.
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