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Downregulation of microRNA-34a inhibits oxidized
low-density lipoprotein-induced apoptosis and oxidative
stress in human umbilical vein endothelial cells
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Abstract. Oxidized low-density lipoprotein (ox-LDL)
promotes endothelial cell dysfunction, which is a primary risk
factor for the development of atherosclerosis. A previous study
reported that microRNA (miRNA/miR)-34a is upregulated in
atherosclerotic samples. However, its function and underlying
mechanisms remain to be fully elucidated. In the present study,
miRNA microarray analysis was performed to investigate the
miRNA expression profile in atherosclerotic plaque tissues
and examine the role of miR-34a in ox-LDL-induced apoptosis
of human umbilical vein endothelial cells (HUVECs:). Cell
viability, apoptosis and protein expression was determined
by a cell counting kit-8 assay, flow cytometry and western
blot analysis, respectively. It was observed that miR-34a was
upregulated in atherosclerotic plaque tissues and that ox-LDL
treatment significantly increased the levels of miR-34a in a
dose-dependent manner in the HUVECs. The knockdown
of miR-34a increased the protein expression of B-cell
lymphoma 2 (Bcl-2) and cell viability, improved mitochondrial
membrane potential, and decreased the activity of caspase-3,
number of apoptotic cells and release of cytochrome ¢ from
mitochondria in the ox-LDL-treated HUVECs. The results
also demonstrated that the knockdown of miR-34a suppressed
the levels of ox-LDL-induced reactive oxygen species (ROS)
in HUVECs. Additionally, it was found that Bcl-2 was a target
of miR-34a in HUVECsS, and that silencing Bcl-2 abrogated
the protective effects of the downregulation of miR-34a on
ox-LDL-induced apoptosis. These data indicated that the
knockdown of miR-34a protected against ox-LDL apoptosis
and ROS in HUVEC: via inhibiting the mitochondrial apop-
totic pathway, suggesting it may offer potential as a biomarker
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in the clinical diagnosis and as a target for the treatment of
atherosclerosis.

Introduction

Atherosclerotic cardiovascular disease is the main cause of
high morbidity and mortality rates worldwide (1). It has been
documented that endothelial cell (EC) injury is an early step in
the development of cardiovascular diseases, including myocar-
dial infarction, cardiac failure and atherosclerosis (2). The EC
injury and dysfunctions are considered to be involved in the
recovery of the injured endothelium and human or animal
atherosclerotic lesions via regulating EC proliferation and
apoptosis, which is associated with the development of athero-
sclerosis (3-5). Oxidized low-density lipoprotein (ox-LDL)
can cause an oxidative chain reaction and induce endothelial
dysfunction, which is an essential atherosclerotic risk factor
in the progression of atherosclerosis (6,7). ox-LDL has been
identified to bind with the lectin-like ox-LDL receptor-1 on
the endothelial cell surface, which induces apoptosis and leads
to reactive oxygen species (ROS) accumulation (7). Several
studies have shown that EC apoptosis is important in athero-
sclerosis via promoting inflammatory cell infiltration (8),
neointima formation (9), lipid transport (10) and plaque
rupture (11). Therefore, it is critical to protect endothelial
cells against ox-LDL-induced apoptosis in the treatment of
atherosclerosis.

MicroRNAs (miRNAs) are small endogenous, non-coding
RNA molecules of 22-25 nucleotides, which function as
unique gene expression regulators at the post-transcriptional
level by repressing translation or promoting RNA degradation.
Increasing evidence has shown that miRNAs are able to modu-
late various biological and pathological processes, including
cellular differentiation, proliferation, apoptosis and carcino-
genesis (12-14). A previous study demonstrated that certain
miRNAs function as essential regulators in atherosclerosis by
modulating crucial factors or key pathways (15). Sun et al (16)
reported that the systemic delivery of miR-181b attenuated
atherosclerosis by inhibiting NF-xB signaling in the vascular
endothelium. miR-21 was shown to be associated with the
progression of atherosclerosis by suppressing apoptosis and
inducing proliferation in vascular smooth muscle cells (17),
and another study reported that miR-513a-5p modulates tumor
necrosis factor-a- and lipopolysaccharide-induced apoptosis
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via downregulating X-linked inhibitor of apoptotic protein
in human umbilical vein endothelial cells (HUVECS) (18).
However, whether miRNAs are also involved in ox-LDL-
induced EC apoptosis remains to be fully elucidated.

Several studies have shown that miR-34a has pro-apoptotic
effects on various cells, including vascular ECs (19,20). A
previous study revealed that miR-34a was upregulated in
atherosclerotic samples (21). In the present study, miRNA
microarray analysis from the Gene Expression Omnibus
(GEO) database (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE96621), was obtained, and it was observed that
miR-34a is upregulated in atherosclerotic plaque tissues.
Therefore, it was hypothesized that miR-34a may be important
in the development of atherosclerosis. In the present study, the
expression of miR-34a in atherosclerotic patients was further
verified, and the role of miR-34a in ox-LDL-induced HUVEC
apoptosis and the underlying mechanisms were investigated.

Materials and methods

Atherosclerotic serum and plaque tissue collection. A total of
25 patients with atherosclerosis and 25 healthy subjects who
attended the Department of Cardiology, Huaihe Hospital of
Henan University (Henan, China) were recruited between June
2015 and June 2016. Serum samples were obtained from the
patients with atherosclerosis and healthy subjects for the subse-
quent experiments. Human advanced atherosclerotic plaques
were collected during carotid endarterectomy of patients from
the hospital. A total of six plaque tissues from different patients
were analyzed in the present study. In addition, ascending
aortas without visible atherosclerotic changes (control vessels)
were sampled as controls from six patients undergoing aortic
valve replacement surgery at Huaihe Hospital of Henan
University. All individuals provided informed consent for the
use of human specimens for clinical research. The present
study was approved by the Ethics Committees of Huaihe
Hospital of Henan University.

Cell culture andtreatment. HUVECs (HUVEC-CS; CRL-2873;
American Type Culture Collection, Manassas, VA, USA) were
maintained in DMEM (Gibco; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) supplemented with 10% fetal bovine
serum (Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml peni-
cillin and 100 pg/ml streptomycin (Sigma; EMD Millipore,
Billerica, MA, USA). The cells were cultured at 37°C in
a humidified chamber containing 5% CO,. The HUVECs
were treated with different concentrations (10-200 ug/ml) of
ox-LDL (Union-Bio Technology, Beijing, China) and were
collected at 24 h for further measurements.

Cell transfection. The miR-34a mimics/inhibitor and
mimics/inhibitor negative control (NC) were designed and
synthesized by GenePharma Co., Ltd. (Shanghai, China).
B-cell lymphoma 2 small interfering (si)RNA (siBcl-2;
5'-GGTACGATAACCGGGAGATAGTGAT-3) and siRNA
NC (si-Scramble; 5'-GGTTAGCAAGGCGAGATATGA
CGAT-3") were synthesized by BioMics Biotechnologies,
Co., Ltd. (Nantong, China). The HUVECs were seeded into
six-well plates and transfected with miR-34a mimics/inhibitor,
mimics/inhibitor NC or si-Bcl-2 using Lipofectamine 2000
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(Invitrogen; Thermo Fisher Scientific, Inc.) according to the
manufacturer's protocol. Following transfection for 48 h, the
cells were exposed to ox-LDL (80 pg/ml) for 24 h and collected
for further measurements.

RNA extraction and reverse transcription-quantitative
polymerase chain reaction (RT-gPCR) analysis. Total RNA
was isolated from atherosclerotic plaque tissues and cells
using TRIzol reagent (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's protocol. Subsequently,
the miRNA and mRNA were reverse transcribed into cDNA
at 37°C for 1 h using the Reverse Transcriptase M-MLV kit
(Takara Biotechnology Co., Ltd., Dalian, China). RT-qPCR
analysis was performed on an Applied Biosystems 7500
Real-Time PCR machine with miRNA-specific primers using
a TagMan Gene Expression Assay (Applied Biosystems;
Thermo Fisher Scientific, Inc.). The RT-qPCR reaction system
(30 ul) contained 5 ul cDNA, 10 pl mix, 1 ul upstream primer,
1 ul downstream primer and 13 ul double distilled H,O. The
PCR reaction consisted of an initial denaturation at 95°C for
3 min, followed by 22 cycles of 95°C for 15 sec and 60°C for
30 sec. The U6 gene served as an endogenous control for
miR-34a and B-actin served as a reference control for Bcl-2.
The primers sequences were as follows: miR-34a forward,
5'-GAGACAGCCAGGAGAAATCA-3' and reverse, 5'-CCT
GTGGATGACTGAGTACC-3"; Bcl-2 forward, 5-GGATTG
TGGCCTTCTTTGAG-3' and reverse, S-TACCCAGCCTCC
GTTATCCT-3'; B-actin forward, 5-GAGCGCGGCTACAGC
TT-3' and reverse, 5S"TCCTTAATGTCACGCACGATTT-3";
U6 forward, 5'-CTCGCTTCGGCAGCACA-3' and reverse,
5'-AACGCTTCACGAATTTGCGT-3'. The miR-34a relative
expression was analyzed using the 224%4 method (22). All
reactions were performed in triplicate.

Cellviability analysis. The 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) assay was used to measure
cell viability. Briefly, 1x10* cells were seeded into 96-well
plates overnight. Following transfection for 48 h, the cells
were exposed to ox-LDL (80 pg/ml) for 24 h. Subsequently,
20 ul 5 mg/ml MTT solution (Sigma; EMD Millipore) was
supplemented into each well and incubated for an additional
4 h. Subsequently, the supernatant was removed and 150 pl
dimethylsulfoxide was added to each well. The absorbance
was determined at 570 nm using a microplate reader (Tecan
Group, Ltd., Médnnedorf, Switzerland).

Analysis of caspase-3 activation. A fluorimetric assay kit
(BioVision, Inc., Milpitas, CA, USA) was used to measure
the caspase-3 activity according to the manufacturer's
protocol. This assay is based on the principle that activated
caspases in apoptotic cells cleave the synthetic substrates
to release free chromophore p-nitroanilide (pNA), which
is measured at 405 nm. The pNA is generated following
the specific action of caspase-3 on tertrapeptide substrate
DEVD-pNA. In brief, the reaction mixture consisted of 50 pul
of cell extract protein, 50 pl of 2X reaction buffer containing
10 mM dithiothreitol, and 5 ul of 4 mM DEVD-pNA (for
caspase-3) substrate in a total volume of 105 pl. The reac-
tion mixture was incubated at 37°C for 1 h and the sample
absorbance was determined at 405 nm using a microplate
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reader (Model 680; Bio-Rad Laboratories, Inc., Hercules,
CA, USA). The results were determined as fold changes
compared with the control group.

Analysis of apoptosis. Following transfection for 48 h,
the HUVECs were treated with 80 ug/ml of ox-LDL for
24 h. Apoptosis was measured using flow cytometry. Cells
(1x10%) were collected by centrifugation at 1,000 x g for
10 min at 4°C, followed by washing of the cell pellet twice
with HEPES-buffered saline. The cells were then fixed with
70% ice-cold methanol at 4°C for 30 min. Following resus-
pension with binding buffer, the cells were added to 5 ul of
AnnexinV-FITC and 1 pl of propidium iodide (PI; 50 pug/ml)
(BD Biosciences, Franklin Lakes, NJ, USA) working solution
in 100 pl cell suspension. The stained cells were analyzed
using flow cytometry (FACSCalibur; BD Biosciences). The
measurements were recorded at least three times in individual
experiments.

Western blot analysis. Total protein from the treated HUVECs
was isolated using RIPA buffer with protease inhibitor cocktail
(Pierce; Thermo Fisher Scientific, Inc.). The cytosolic and mito-
chondrial protein extracts from the HUVECs were prepared
using the Mitochondria/Cytosol fractionation kit (Enzo Life
Sciences, Farmingdale, NY, USA) according to the manu-
facturer's protocol. The BCA Protein Assay kit (CWBiotech,
Beijing, China) was used to measure the protein concentration.
The protein samples (30-50 i g) were then resolved by 10 or 12%
SDS-PAGE (Sigma-Aldrich; EMD Millipore) and transferred
onto polyvinylidene difluoride membranes (BD Pharmingen,
San Diego, CA, USA). Following blocking with 5% skimmed
milk at room temperature for 1 h, the membranes were incu-
bated with primary antibodies at 4°C overnight against Bcl-2
(1:500; cat. no. SC-526; Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA), cleaved-caspase-3 (1:1,000; cat. no. SC-5298;
Santa Cruz Biotechnology, Inc.), cleaved caspase-8 (1:1,000;
cat. no. 9496; CST Biological Reagents Co., Ltd., Shanghai,
China) cleaved caspase-9 (1:1,000; cat. no. ab185719;
Abcam, Cambridge, MA, USA), Cytochrome ¢ (Cyt c;
1:200; cat. no. SC-65396; Santa Cruz Biotechnology, Inc.),
Bcl-2-associated X protein (Bax; 1:50; cat. no. SC-526;
Santa Cruz Biotechnology, Inc.), cleaved-poly (ADP-ribose)
polymerase (PARP; 1:1,000; cat. no. SC-56196; Santa
Cruz Biotechnology, Inc.), gp91 (1:1,000; cat. no. SC-5827;
Santa Cruz Biotechnology, Inc.) and p22phox (1:200;
cat. no. SC-271968; Santa Cruz Biotechnology, Inc.) at 4°C
overnight. The B-actin (1:1,000; cat. no. SC-47778; Santa Cruz
Biotechnology, Inc.) and Cyt ¢ oxidase (Cox) IV (1:1,000; cat
no. abl4744; Abcam) antibodies served as the internal controls
for protein loading. Following this, membranes were incubated
with goat anti-mouse IgG horseradish peroxidase secondary
antibody (1:500; cat. no. SC-2005; Santa Cruz Biotechnology,
Inc.) for 1 h at room temperature. Subsequently, the protein
bands were scanned on X-ray film using an enhanced chemi-
luminescence detection system (PerkinElmer, Inc., Waltham,
MA, USA). The relative intensity of each band on the western
blots was determined using Alpha Imager 2200 software
version 3.1.2 (Alpha Innotech Corporation, San Leandro, CA,
USA). The measurements were taken five times on three sepa-
rate occasions.
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Measurement of mitochondrial membrane potential. The loss
of mitochondrial membrane potential was determined via the
fluoroprobe (JC-1) as previously described (23). The cultured
cells were incubated with 2.0 ug/ml of JC-1 fluoroprobe at
37°C for 30 min. Following washing with ice-cold PBS, the
hepatocytes were visualized on a Nikon Eclipse TE2000
inverted microscope (Nikon Corporation, Tokyo, Japan; x400
magnification). The mitochondrial membrane potential drives
the formation of red fluorescing JC-1 dimers. The ratio of
red fluorescent dimers to green fluorescent monomers was
evaluated through comparing the red fluorescence inten-
sity (Ex/Em: 580/590 nm) to green fluorescence intensity
(Ex/Em: 510/527 nm) using a Bio-Tek fluorescent microplate
reader (Bio-Tek Instruments, Inc., Winooski, VT, USA).

Intracellular ROS measurement. The effects of miR-34a on
intracellular ROS levels were measured using a total ROS
detection kit (BioVision, Inc., Milpitas, CA, USA) according
to the manufacturer's protocol. Briefly, the HUVECs were
collected and washed with PBS. Subsequently, the cells were
incubated with 500 pl ROS detection solution and stained at
37°C for 30 min in the dark. The staining solution was replaced
with PBS, and the samples were analyzed by flow cytometry.

Luciferase reporter assay. The potential binding site
between Bcl-2 and miR-34a was searched using TargetScan
(http://www.targetscan.org). The miR-34a mimics/inhibitor
and corresponding NC were synthesized by GenePharma
Co., Ltd. The fragment of the 3'-untranslated region (UTR)
of Bcl-2 containing the putative wild-type (wt) binding sites
and mutated (mut) binding sites for miR-34a was ampli-
fied and cloned into the pMIR-REPORT luciferase vector
(Ambion; Thermo Fisher Scientific, Inc.). Site-directed muta-
genesis of the Bcl-2 3'-UTR at the putative miR-34a binding
site was performed using a QuikChange kit (Qiagen, Inc.,
Valencia, CA, USA). Subsequently, the HUVECs (2x10°/well)
were seeded into 24-well plates and co-transfected with
0.8 pug of pMIR-Bcl-2-3'-UTR or pMIR-Bcl-2-mut-3'-UTR,
50 nM miR-34a mimic/inhibitor or corresponding NC using
Lipofectamine 2000 reagent (Invitrogen; Thermo Fisher
Scientific, Inc.). At 48 h post-transfection, the luciferase
activity was measured using a Dual-Light luminescent reporter
gene assay (Applied Biosystems; Thermo Fisher Scientific,
Inc.). The ratio of Renilla luciferase to Firefly luciferase was
calculated for each well. Each experiment was performed at
least three times in individual experiments.

Statistical analysis. All statistical analyses were performed
using SPSS 14.0 software (SPSS, Inc., Chicago, IL, USA). Each
experiment was performed five times on three separate occa-
sions. Numerical data are presented as the mean + standard
error of the mean. The results were evaluated using Student's t
test. P<0.05 was considered to indicate a statistically significant
difference.

Results
miR-34a is upregulated in human atherosclerotic plaques and

serums. To examine the potential involvement of miRNAs
in atherosclerosis, the miRNA expression profiles were
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Figure 1. miR-34a is upregulated in atherosclerotic plasma samples. (A) Microarray data obtained from the Gene Expression Omnibus database
(https:/www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE96621). The heat map shows miRNA expression profiles in serum from patients with atheroscle-
rosis (n=3) and without atherosclerosis (n=3). The color code is linear within the heat map: Green represents the lowest level of expression and red the highest.
The upregulated miRNAs are shown from green to red, whereas the downregulated miRNAs are shown from red to green. (B) Expression of miR-34a was
measured using RT-qPCR analysis in the plaque tissues from patients with atherosclerosis (n=6) and healthy subjects (n=6). (C) Levels of miR-34a were
measured using RT-qPCR analysis in the serum samples form patients with atherosclerosis (n=25) and healthy subjects (n=25). Data are presented as the
mean + standard deviation of three individual experiments (“"P<0.001, vs. control). miR, microRNA; RT-qPCR, reverse transcription-quantitative polymerase

chain reaction.

obtained from the GEO database (https:/www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE96621), which exhibited the
microarray profiles of atherosclerotic and non-atherosclerotic
serum of patients. Several miRNAs were altered in the patients
with atherosclerosis and miR-34a was one of the miRNAs
identified as being upregulated most markedly, compared
with the patients without atherosclerosis (Fig. 1A). A previous
study also identified miR-34a as being overexpressed in
atherosclerotic samples (21). To further validate these results,
atherosclerotic plaques and control vessels were collected,
and miR-34a was identified using RT-qPCR analysis. It was
found that the level of miR-34a was significantly upregulated
in the atherosclerotic plaques, compared with that in the
control vessels (P<0.01; Fig. 1B). The results further verified
that miR-34a was upregulated in the serum of patients with
atherosclerosis, compared with that of the control (P<0.01;
Fig. 1C). These data indicated that miR-34a may be important
in atherosclerotic progression and function as a biomarker in
the clinical diagnosis of atherosclerosis.

Knockdown of miR-34a prevents ox-LDL-induced HUVEC
apoptosis. As a model for investigations involving ECs,
HUVECs (HUVEC-CS) are widely used in the investiga-
tion of atherosclerosis (18,24,25). To investigate the effect of
miR-34a on the development of atherosclerosis, the HUVEC
model was established, which was treated with different
concentrations (10-200 xg/ml) of ox-LDL for 24 h, and the
level of miR-34a was measured using RT-qPCR analysis. It was
found that treatment with 10-200 pg/ml of ox-LDL increased

the levels of miR-34a in a dose-dependent manner in the
HUVEC:s (Fig. 2A). miR-34a was increased 273.92+23.07%
at 80 ug/ml ox-LDL for 24 h, compared with blank group.
Therefore, this concentration was selected in subsequent exper-
iments. Firstly, the inhibition efficiency of miR-34a inhibitor
and overexpression efficiency of miR-34a mimic were investi-
gated in HUVECs transfected with miR-34a mimic/inhibitor
or mimic/inhibitor NC. As shown in Fig. 2B, transfection with
miR-34a mimic/inhibitor resulted in the upregulation and
downregulation of miR-34a, respectively, compared with the
NC cells (P<0.01). To determine whether miR-34a can influ-
ence the effects of ox-LDL-mediated apoptosis on HUVECs,
the HUVECs were treated with ox-LDL (80 pg/ml) for 24 h
following transfection with miR-34a inhibitor or inhibitor NC,
and an MTT assay was used to measure cell viability. The
results showed that ox-LDL treatment markedly reduced the
cell viability, compared with that in the blank control group,
however, the ox-LDL-induced reduction in cell viability was
reversed by the downregulation of miR-34a (P<0.01; Fig. 2C).
As shown in Fig. 2D and E, the knockdown of miR-34a also
significantly decreased the activity of caspase-3 and proportion
of apoptotic cells in the ox-LDL-treated HUVECs, compared
with the inhibitor NC cells (P<0.01). Additionally, to evaluate
the molecular mechanisms of miR-34a-mediated apoptosis,
western blot analysis was used to measure the expression levels
of apoptosis-related proteins in the ox-LDL-treated HUVECs
following transfection with miR-34a inhibitor or inhibitor
NC. The data revealed that ox-LDL treatment markedly
increased the pro-apoptotic proteins (cleaved-caspase-3, -8,
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Figure 2. Knockdown of miR-34a inhibits ox-LDL-induced HUVEC apoptosis. (A) RT-qPCR analysis was performed to identify the expression of miR-34a in
HUVEC: following treatment with different concentrations (10-200 ug/ml) of ox-LDL for 24 h. (B) HUVECs were transfected with miR-34a mimic/inhibitor
or mimic/inhibitor NC. The expression of miR-34a was measured using RT-qPCR analysis (“P<0.01, vs. inhibitor NC; #/P<0.01, vs. mimic NC). (C) HUVECs
were treated with 80 yg/ml of ox-LDL for 24 h following transfection with miR-34a inhibitor or inhibitor NC, and an MTT assay was performed to measure cell
viability. Treated HUVECs were analyzed using a (D) fluorimetric assay kit, (E) flow cytometry and (F) western blot analyses to measure caspase-3 activity,
apoptotic cells and apoptosis-related proteins (Bcl-2, cleaved-caspase-3, -8, -9, Bax and cleaved-PARP), respectively. ('P<0.05 and “P<0.01, vs. blank group;
"P<0.01, vs. ox-LDL-treated group). (G) Protein levels of Cyto ¢ in mitochondria and cytosol was measured using western blot analysis. f-actin and Cox IV
were used as loading controls for the cytosolic and mitochondrial fractions, respectively. ('P<0.05 and “P<0.01, vs. blank group; #/P<0.01, vs. ox-LDL-treated
group). (H) Mitochondrial membrane potential levels in the treated HUVECSs were analyzed using the JC-1 fluorescent probe. The relative red/green fluores-
cence ratio was obtained by Microplate Multimode Reader Modulus. Data are presented as the mean + standard deviation of three independent experiments
("P<0.05 and ""P<0.01, vs. blank group; “P<0.01, vs. ox-LDL-treated group). miR, microRNA; HUVECSs, human umbilical vein endothelial cells; ox-LDL,
oxidized low density lipoprotein; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein; PARP, poly (ADP-ribose) polymerase; Cyt ¢, cytochrome c;
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Figure 3. Knockdown of miR-34a reduces ox-LDL-induced ROS in HUVECs. (A) At 24 h post-transfection with miR-34a inhibitor or inhibitor NC, the
HUVECs were treated with 80 yg/ml of ox-LDL and a ROS detection kit was used to measure ROS levels. (B) Protein levels of gp91 and p22phox were
detected using western blot analysis. B-actin was used as an internal control. Data are presented as the mean + standard deviation of three individual experi-
ments ("P<0.05 and “P<0.01, vs. blank group; P<0.01, vs. ox-LDL-treated group). miR, microRNA; HUVECs, human umbilical vein endothelial cells;
ox-LDL, oxidized low density lipoprotein; ROS, reactive oxygen species; NC, negative control.

-9, Bax and cleaved-PARP) and decreased the protein expres-
sion of anti-apoptotic Bcl-2, compared with the blank control
group (P<0.01; Fig. 2F). However, the knockdown of miR-34a
significantly inhibited the expression of pro-apoptotic
proteins (cleaved-caspase-3, -8, -9, Bax and cleaved-PARP)
and increased the protein expression of anti-apoptotic Bcl-2,
compared with the inhibitor NC group (P<0.01; Fig. 2F).

The release of Cyto ¢ from mitochondria into the cytosol
is a critical event in apoptosis. To further investigate the effect
of miR-34a on Cyto c release, the HUVECs were treated
with ox-LDL (80 ug/ml) for 24 h following transfection with
miR-34a inhibitor or inhibitor NC, and the protein levels of
Cyto c in the mitochondria and the cytosol was measured using
western blot analysis. The results showed that ox-LDL treat-
ment induced the release of Cyto ¢ from the mitochondria, and
the knockdown of miR-34a attenuated the ox-LDL-induced
Cyto c release (P<0.01; Fig. 2G). Subsequently, mitochon-
drial membrane potential was analyzed using the JC-1
fluorescent probe; it was found that ox-LDL treatment
significantly reduced the red/green fluorescence ratio,
compared with that in the blank control cell (P<0.01; Fig. 2H).
However, the knockdown of miR-34a significantly increased
the red/green fluorescence ratio in the ox-LDL-treated
HUVECs (P<0.01; Fig. 2H). Collectively, these data suggested
that the knockdown of miR-34a protected HUVECs against
ox-LDL-induced apoptosis via inhibiting the mitochondrial
apoptotic pathway.

Knockdown of miR-34a protects against ox-LDL-induced
ROS. A previous study revealed that ROS is associated with
the initiation and progression stages of atherogenesis (25).
Therefore, the present study investigated the effects of miR-34a
on ROS induced by ox-LDL in HUVECs. The HUVECs
were treated with 80 yg/ml of ox-LDL for 24 h following
transfection with miR-34a inhibitor or inhibitor NC, and the
ROS levels were determined using a ROS detection kit. As
shown in Fig. 3A, ox-LDL treatment markedly increased the
ROS levels, compared with those in the blank control group,
however, the ROS levels were significantly decreased by the
knockdown of miR-34a, compared with the ox-LDL-treated
group (P<0.01; Fig. 3A). To confirm the anti-oxidative effects
of the downregulation of miR-34a, western blot analysis
was performed to detect the expression level of oxidative
injury-related proteins gp91 (NOX2) and p22phox (26). As
shown in Fig. 3B, the knockdown of miR-34a markedly reduced

the expression of gp91 and p22phox in the ox-LDL-treated
HUVECs (P<0.01; Fig. 3B). These results suggested that the
knockdown of miR-34a exerted anti-oxidative effects against
ox-LDL-induced ROS levels in the HUVECs.

miR-34a inhibits the expression of Bcl-2 by targeting its
3"-UTR in HUVECs. Previous studies have found that miR-34a
exerts pro-apoptotic effects by targeting anti-apoptotic protein
Bcl-2 in various types of cancer (27,28). Therefore, it was
hypothesized that ox-LDL-induced HUVEC apoptosis was
regulated by miR-34a via suppressing Bcl-2. The target gene
of miR-34a was predicted using bioinformatics analysis. It
was found that miR-34a may regulate Bcl-2 by binding with
its 3-UTR (Fig. 4A). As shown in Fig. 4B, compared with the
mimic NC group, miR-34a mimics markedly repressed the
luciferase activity in the presence of the wt 3'-UTR, however,
the miR-34a inhibitor markedly increased the luciferase
activity (P<0.01; Fig. 4B), whereas no inhibition of lucif-
erase activity was found for the mut 3'UTR group (Fig. 4B).
To verify that Bcl-2 was negatively modulated by miR-34a,
western blot and RT-qPCR analyses were performed to detect
the protein and mRNA levels of Bcl-2 in HUVECs transfected
with miR-34a mimic/inhibitor or corresponding NC, respec-
tively. The results demonstrated that the overexpression of
miR-34a markedly reduced Bcl-2 at the protein and mRNA
levels, whereas the knockdown of miR-34a led to a significant
increase in the protein and mRNA levels of Bcl-2, compared
with those in the NC group (P<0.01; Fig. 4C and D). RT-qPCR
analysis was used to detect the mRNA levels of Bcl-2 in
atherosclerotic plaque tissues (n=6), and it was found that the
expression of Bcl-2 was significantly decreased in the plaque
tissues, compared with that in the control (P<0.01; Fig. 4E).
The results also verified that the mRNA level of Bcl-2 was
downregulated in the serum of patients with atheroscle-
rosis (n=25; P<0.01; Fig. 4F). The correlation analysis showed
a negative association between the expression of Bcl-2 and the
expression of miR-34a in serum samples from the patients with
atherosclerosis (r=-0.8404, P<0.001; Fig. 4G). Taken together,
these data indicated that miR-34a repressed Bcl-2 via targeting
its 3'-UTR in HUVECs, suggesting that miR-34a may induce
HUVEC apoptosis in atherosclerosis through targeting Bcl-2.

Silencing Bcl-2 inhibits the protective effects of the downregu-
lation of miR-34a on ox-LDL-induced HUVEC apoptosis.
The present study evaluated the interference efficiency of
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Figure 4. Bcl-2 is a direct target of miR-34a in HUVECs. (A) Putative miR-34a binding sites on 3'-UTR of Bcl-2 mRNA were predicted using TargetScan.
(B) Relative luciferase activity of Bcl-2 wt or mut 3'-UTR in HUVECS following transfection with the miR-34a mimic, inhibitor or corresponding NC
(""P<0.01, vs. mimic NC; "P<0.01, vs. inhibitor NC). HUVECs were transfected with (C) miR-34a mimic or (D) inhibitor, or corresponding NC, the protein
and mRNA levels of Bcl-2 were measured using a western blot assay and RT-qPCR analysis, respectively (“'P<0.01, vs. corresponding NC). $-actin was used as
an internal control. (E) RT-qPCR analysis was used to determine the mRNA expression of Bcl-2 in atherosclerotic plaque tissues (n=6). (F) RT-qPCR analysis
was used to determine the mRNA expression of Bcl-2 in serum samples from patients with atherosclerosis (n=20) and control subjects (n=20). (G) Negative
correlation between levels of Bcl-2 and miR-34a in serum samples from patients with atherosclerosis and control subjects (n=20; r=-0.8404, P<0.001). Data are
presented as the mean + standard deviation of three individual experiments. (H) HUVECs were transfected with si-Bcl-2 and si-Scramble, or co-transfected
with miR-34a inhibitor and si-Bcl-2. RT-qPCR analysis was used to detect the mRNA level of Bcl-2 in HUVECs (“P<0.01, vs. si-Scramble; #/P<0.01, vs.
miR-34a inhibitor). Data are presented as the means =+ standard deviation of three individual experiments. miR, microRNA; HUVECs, human umbilical vein
endothelial cells; UTR, untranslated region; Bcl-2, B-cell lymphoma 2; si-, small interfering RNA; wt, wild-type; mut, mutant; NC, negative control; RT-qPCR,
reverse transcription-quantitative polymerase chain reaction.

si-Bcl-2 in HUVEC:s transfected with si-Bcl-2 or si-Scramble,  In addition, the inhibition of miR-34a significantly increased
or co-transfected with miR-34a inhibitor and si-Bcl-2. As  the expression of Bcl-2, whereas silencing Bcl-2 eliminated
shown in Fig. 4H, si-Bcl-2 interfered with the expression of  the effect of the miR-34a inhibitor-induced upregulation of
Bcl-2, compared with that in the si-Scramble group (P<0.01).  Bcl-2 in HUVECs co-transfected with miR-34a inhibitor and
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Figure 5. Silencing Bcl-2 suppresses the protective effects of the downregulation of miR-34a on ox-LDL-induced HUVEC apoptosis. The HUVECs were
treated with 80 yg/ml of ox-LDL for 24 h following co-transfection with miR-34a inhibitor and si-Bcl-2 or transfection with either miR-34a inhibitor or
si-Bcl-2. (A) Western blot analysis, an (B) MTT assay, (C) fluorimetric assay, (D) flow cytometric analysis, (E) JC-1 fluorescent probe and a (F) ROS detec-
tion kit were used to measure the expression of Bcl-2, cell viability, caspase-3 activity, apoptotic cells, mitochondrial membrane potential and ROS levels,
respectively. Data are presented as the mean + standard deviation of three individual experiments (‘P<0.05 and “"P<0.01, vs. blank group; #P<0.01, vs.
ox-LDL-treated group). miR, microRNA; HUVECs, human umbilical vein endothelial cells; Bcl-2, B-cell lymphoma 2; si-, small interfering RNA; ox-LDL,
oxidized low density lipoprotein; ROS, reactive oxygen species; NC, negative control.
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Figure 6. Mechanism schematic. Upregulation of miR-34a is induced by
ox-LDL in human umbilical vein endothelial cells. miR-34a then inhibits the
target gene Bcl-2, and upregulates the apoptotic proteins cleaved-caspase-3,
Bax and cleaved-PARP. Finally, the overexpression of miR-34a aggravates
ox-LDL-induced cell damage via activating the mitochondrial apoptotic
pathway. miR, microRNA; ox-LDL, oxidized low density lipoprotein;
Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein; PARP, poly
(ADP-ribose) polymerase; cleav-, cleaved.

si-Bcl-2 (P<0.01; Fig. 4H). Subsequently, to verify whether
the protective effects of the downregulation of miR-34a on
ox-LDL-induced apoptosis is modulated by the expression
of Bcl-2, the HUVECs were co-transfected with miR-34a
inhibitor and si-Bcl-2 or were transfected with either the
miR-34a inhibitor or si-Bcl-2 prior to ox-LDL treatment.
Western blot analysis, an MTT assay, a fluorimetric assay,
flow cytometric analysis, the JC-1 fluorescent probe and a
ROS detection kit were then used to measure the expression
of Bcl-2, cell viability, caspase-3 activity, apoptotic cells,
mitochondrial membrane potential and ROS levels, respec-
tively. Consistent with the above results, the knockdown
of miR-34a increased the protein expression of Bcl-2, cell
viability and the red/green fluorescence ratio, and decreased
the activity of caspase-3, apoptotic cells and ROS levels in the
ox-LDL-treated HUVECs. The effects of the downregulation
of miR-34a on the ox-LDL-treated HUVECs were eliminated
by silencing Bcl-2 (P<0.01; Fig. 5A-F). These results indicated
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that the protective effects of the downregulation of miR-34a
on ox-LDL-induced HUVEC apoptosis were weakened by
silencing Bcl-2.

Discussion

A previous study documented that certain specific miRNAs
are involved in the progression of atherosclerosis by modu-
lating the properties of vascular cells and different cellular
functions (29), and their expression have been closely
associated with the pathogenesis of atherosclerosis (29). A
previous study reported that the upregulation of miR-876
induced EC apoptosis in the development of atherosclerosis by
repressing anti-apoptotic protein Bcl-extra large (Bcl-xL) (30).
Zhang et al (25) demonstrated that the inhibition of miR-155
improved high glucose-induced EC injury by suppressing the
activation of nuclear factor-kB. miR-34a is upregulated in
atherosclerotic samples and is involved in the progression of
atherosclerosis (21), in addition to possessing pro-apoptotic
effects on ECs (20). Previous miRNA microarray analysis
confirmed that the levels of miR-34a are increased in the
serum of patients with atherosclerosis. However, the potential
molecular mechanism of miR-34a in atherosclerosis requires
further investigation to be fully elucidated. In the present
study, the expression of miR-34a was further validated in
atherosclerotic plaque tissues and the underlying mechanisms
of miR-34a in ox-LDL-induced HUVEC apoptosis were
examined. It was found that miR-34a was upregulated in the
atherosclerotic plaque tissues. The results also demonstrated
that ox-LDL treatment increased the levels of miR-34a in a
dose-dependent manner, and that the knockdown of miR-34a
inhibited ox-LDL-induced apoptosis and ROS levels in the
HUVEC:s. In addition, Bcl-2 was identified as a direct target of
miR-34a, and silencing Bcl-2 abrogated the protective effects
of the downregulation of miR-34a on ox-LDL-induced apop-
tosis in HUVECs.

It has been confirmed that ox-LDL is an important factor
in the initiation and progression of atherosclerosis (31).
Ox-LDL has also been identified as being increased in diabetic
patients, causing atherogenesis and endothelial damage (32).
Additionally, ox-LDL promotes the recruitment of monocytes
by vascular cells and triggers their differentiation into macro-
phages (33). Ox-LDL is able to induce monocyte adhesion,
ROS generation and apoptosis in vascular ECs via binding
the lectin-like endothelial ox-LDL receptor (LOX-1) (34-36).
However, the mechanism underlying ox-LDL-mediated
HUVEC apoptosis remain to be fully elucidated.

Chen et al (37) reported that miR-98 inhibits prolif-
eration and decreases ox-LDL-induced apoptosis through
targeting LOX-1 in HUVECs. miR-26a protects ECs from
ox-LDL-induced apoptosis in the setting of atherosclerosis by
targeting transient receptor potential cation channel subfamily
C member 6 (38). The natural product 2.4,5-trihydroxybenz-
aldehyde has been found to effectively inhibit oxygen-glucose
deprivation/reperfusion-induced EC injury via suppressing
miR-34a (20). Therefore, it was hypothesized that miR-34a may
modulate ox-LDL-mediated apoptosis in HUVECs. RT-qPCR
analysis was used to measure the expression of miR-34a in
HUVEC:s treated with different concentration (10-200 ug/ml)
of ox-LDL. The results indicated that ox-LDL treatment
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increased the levels of miR-34a in a dose-dependent manner,
suggesting that miR-34a is important in ox-LDL-induced
apoptosis. It was also observed that ox-LDL treatment reduced
cell viability, and increased the activity of caspase-3 and
the number of apoptotic cells, whereas the downregulation
of miR-34a increased cell viability, and reduced the activity
of caspase-3 and apoptotic cells in the ox-LDL-treated
HUVECs. These data indicated that the downregulation of
miR-34a protected against ox-LDL-induced apoptosis in
HUVECs.

Oxidative stress is a potent pathogenic mechanism in
atherosclerosis via inducing apoptosis, mitochondria dysfunc-
tion and cellular injury (39,40). Oxidative stress is considered
as the increased bioactivity of ROS relative to antioxidant
defenses (41). ROS have been identified to act as a major
trigger of EC apoptosis (42). Zhang et al (43) revealed that
miR-34a/sirtuin-1/foxo3a exerts an important function in
genistein in preventing ox-LDL-induced oxidative damage
in HUVECs. According to these findings, the present study
examined whether the knockdown of miR-34a ameliorates
ox-LDL-induced apoptosis via modulating ROS, and exam-
ined the protective effects of the downregulation of miR-34a
on oxidative injury. The results demonstrated that the knock-
down of miR-34a reduced ox-LDL-induced ROS levels in the
HUVECs. Various enzymatic sources within the myocardium
are capable of producing excess ROS, including nicotinamide
adenine dinucleotide phosphate (NADPH). NADPH oxidases
are multimeric enzymes, which contain a membrane-bound
core, comprising a catalytic gp91phox subunit (NOX2) and
a p22phox subunit (44). Li et al (45) revealed that miR-34a
induced apoptosis and enhanced the production of ROS
in a human glioma cell via targeting NOX2. In the present
study, the results demonstrated that the downregulation of
miR-34a attenuated the expression of gp91 and p22phox in
the ox-LDL-treated HUVECs. However, further investigation
is required to determine the factors underlying the possible
pathway of miR-34a-regulated expression of gp91 and p22phox
in HUVECs. These findings suggested that the knockdown of
miR-34a exerted protective effects against ox-LDL-induced
HUVEC injury via suppressing the production of ROS.

Apoptosis, or programmed cell death, is important in phys-
iological and pathological conditions, and ox-LDL-induced
EC apoptosis is considered to be key in atherosclerosis (46).
EC apoptosis is also involved in atherosclerotic plaque
development and progression (47). The balance of Bcl-2
family members, including anti-apoptotic proteins Bcl-xLL
and Bcl-2, and pro-apoptotic proteins Bcl-2-associated death
promoter, Bcl-2 homologous antagonist/killer, and Bax, is
disrupted, which is a vital mechanism that contributes to
apoptosis (48). A previous study demonstrated that miR-1907
aggravates atherosclerosis-associated EC apoptosis by inhib-
iting Bcl-2 (49). It has been extensively reported that Bcl-2
is a direct target of miR-34a in various cells (27,28,50,51).
In the present study, the results confirmed that miR-34a
suppressed the expression of Bcl-2 by directly targeting its
3'-UTR in HUVECs. Furthermore, silencing Bcl-2 impaired
the protective effects of the downregulation of miR-34a on
ox-LDL-induced apoptosis. Collectively, these data suggested
that miR-34a regulated ox-LDL-induced apoptosis by targeting
the anti-apoptotic protein Bcl-2 in HUVECs.
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Mitochondria-mediated apoptosis, an intrinsic pathway
of apoptosis, is usually activated by loss of mitochondrial
membrane potential, and proceeds through the release of
Cyto ¢ and ROS from the intermembraneous space of the
mitochondria to the cytosol (52). Mitochondrial dysfunction
can result in the release of Cyto ¢ into the cytosol, where it
forms a complex with apoptotic peptidase activating factor
1, which subsequently recruits and activates procaspase-9
into active caspase-9 (53,54). Caspase-9 cleaves and acti-
vates procaspase-3, a downstream executioner caspase
protein, which cleaves various ‘death substrates’ and
thereby triggers the apoptotic cell phenotype. A previous
study demonstrated that the knockdown of miR-34a altered
the integrity of the mitochondrial outer membrane and
increased the release of Cyto ¢ from mitochondria, finally
activating the caspase-mediated apoptotic pathway in
vascular ECs (20). In the present study, the results showed
that the knockdown of miR-34a inhibited cleaved-caspase-3,
-8, -9, Bax and cleaved-PARP, and increased Bcl-2 in the
ox-LDL-treated HUVECsSs. In addition, the knockdown of
miR-34a attenuated the ox-LDL-induced release of Cyto ¢
and improved mitochondrial membrane potential. Taken
together, these findings indicated that the ox-LDL-mediated
upregulation of miR-34a induced HUVEC apoptosis via
activating the apoptotic pathway (Fig. 6), suggesting it
offers potential as a prognostic biomarker and therapeutic
target for atherosclerosis.

In conclusion, the results of the present study demonstrated
that miR-34a was upregulated in atherosclerotic plaque tissues,
and that the knockdown of miR-34a prevented ox-LDL-induced
HUVEC apoptosis by increasing cell viability, decreasing
caspase-3 activity, and inhibiting apoptotic cells and ROS. In
addition, miR-34a modulated ox-LDL-induced apoptosis by
repressing anti-apoptotic protein Bcl-2 in the HUVECs. These
findings indicated that the knockdown of miR-34a protected
against ox-LDL-induced apoptosis and oxidative stress via
inhibiting the mitochondrial apoptotic pathway, suggesting
that miR-34a serves as a biomarker in the clinical diagnosis
and treatment of atherosclerosis.
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