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Abstract. Oxidized low‑density lipoprotein (ox‑LDL) is a 
major and critical mediator of atherosclerosis, and the under-
lying mechanism is thought to involve the ox‑LDL‑induced 
dysfunction of endothelial cells (ECs). MicroRNAs (miRNAs), 
which are a group of small non‑coding RNA molecules that 
post‑transcriptionally regulate the expression of target genes, 
have been associated with diverse cellular functions and the 
pathogenesis of various diseases, including atherosclerosis. 
miRNA‑98 (miR‑98) has been demonstrated to be involved in 
the regulation of cellular apoptosis; however, the role of miR‑98 
in ox‑LDL‑induced dysfunction of ECs and atherosclerosis 
has yet to be elucidated. Therefore, the present study aimed to 
investigate the role of miR‑98 in ox‑LDL‑induced dysfunction 
of ECs and the underlying mechanism. It was demonstrated 
that miR‑98 expression was markedly downregulated in 
ox‑LDL‑treated human umbilical vein ECs (HUVECs) and 
that miR‑98 promoted the proliferation and alleviated apop-
tosis of HUVECs exposed to ox‑LDL. In addition, the results 
demonstrated that lectin‑like oxidized low‑density lipoprotein 
receptor 1 (LOX‑1) was a direct target of miR‑98 in HUVECs, 
as indicated by a luciferase assay. The results of the present 
study suggested that miR‑98 may inhibit the uptake of toxic 
ox‑LDL, maintain HUVEC proliferation and protect HUVECs 
against apoptosis via the suppression of LOX‑1.

Introduction

The health and homeostasis of blood vessels is dependent on 
the integrity of the endothelial lining (1). Endothelial cells 
(ECs) have an important role in vascular homeostasis and have 
been implicated in various diseases; their dysfunction marks an 
early stage of atherosclerosis (2). Cardiovascular risk factors, 
including hyperlipidemia, insulin resistance and vascular 
inflammation, may induce endothelial injury and apoptosis 
during atherosclerosis (3). Endothelial injury and dysfunction 
may be repaired by adjacent viable ECs in a process involving 
cellular proliferation, migration and apoptosis (4,5). An effec-
tive strategy for the prevention or treatment of atherosclerosis 
is the maintenance of endothelial barrier integrity, which is 
achieved by preserving the proliferative capacity and inhibiting 
the apoptosis of ECs (6). Oxidized low‑density lipoprotein 
(ox‑LDL) is a critical marker of atherosclerosis (7). Ox‑LDL 
induces vascular EC activation and dysfunction, which induces 
the pro‑adhesive properties of ECs and promotes the recruit-
ment of monocytes, leading to subsequent inflammation and 
the accumulation of lipid‑rich macrophages and proinflamma-
tory lymphocytes within the intima of artery walls (7). This 
ultimately leads to the formation of atherosclerotic plaques (7). 
Ox‑LDL induces pro‑inflammatory responses, pro‑oxidative 
conditions and EC apoptosis (8,9). Since ox‑LDL is a major 
risk factor for the onset and development of atherosclerosis (7), 
the present study used ox‑LDL‑treated human umbilical vein 
ECs (HUVECs) as an experimental model to identify the 
specific microRNAs (miRNAs) associated with endothelial 
dysfunction in atherosclerosis.

miRNAs are a family of highly conserved, small 
non‑coding RNAs that post‑transcriptionally repress the 
expression of their target genes by inducing the degradation of 
their target mRNA or inhibiting their translation (10). miRNAs 
are involved in diverse cellular functions, including differen-
tiation, growth, proliferation and apoptosis (10). Some specific 
miRNAs have previously been implicated in the pathogenesis 
of atherosclerosis by regulating various cellular functions and 
the properties of vascular cells (11). In addition, miRNAs have 
been demonstrated to be differentially expressed at the various 
stages of atherosclerosis  (12), and abnormally expressed 
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miRNAs have been closely associated with the pathogen-
esis of atherosclerosis  (12). For example, a previous study 
demonstrated that miR‑21 was involved in atherosclerosis by 
regulating the function of arterial smooth muscle cells (13). 
Furthermore miR‑133a was shown to regulate the functions 
of arterial smooth muscle cells by targeting RhoA, and was 
involved in the pathogenesis of arterial sclerosis occlusion, 
which is a type of atherosclerosis affecting the lower extremi-
ties (14). In our previous study, a miRNA microarray analysis 
demonstrated that miR‑98 was downregulated in atheroscle-
rotic tissue (13), thus suggesting that miR‑98 may be involved 
in the pathogenesis of atherosclerosis. Furthermore, miR‑98 
was identified as a modulator of proliferation and apoptosis in 
numerous types of cancer cells (15). miR‑98 was demonstrated 
to suppress the P53 tumor suppressor gene and has been 
suggested to be involved in the potential therapeutic effect of  
(‑)‑epigallocatechin‑3‑gallate for the treatment of various types 
of non‑small‑cell lung cancers (16). Based on these results, the 
authors of the present study hypothesized that miR‑98 may be 
a regulator of endothelial function. 

Lectin‑like oxidized low‑density lipoprotein receptor 1 
(LOX‑1), which has a C‑type lectin‑like extracellular domain 
and a short cytoplasmic tail, is a novel type  II membrane 
protein receptor for ox‑LDL (17). In addition, LOX‑1 is a key 
molecule involved in the pathogenesis of atherosclerosis (17), 
and is a critical receptor that induces the uptake of toxic 
ox‑LDL by ECs, which subsequently results in a series of 
vascular pathological processes  (18). Under certain patho-
logical conditions, high LOX‑1 expression may be harmful 
to vascular cells, in particular ECs, inducing vascular cell 
injury by decreasing cellular viability, reducing cell growth 
and proliferation and promoting cell death (19,20). Therefore, 
LOX‑1 may be considered a potential target for the regulation 
of EC turnover. The present study aimed to investigate the 
role of miR‑98 in ox‑LDL‑induced dysfunction of ECs and the 
underlying mechanism.

Materials and methods

Reagents. miR‑98 mimics and inhibitor, and their control oligo-
nucleotides (oligos), were purchased from Guangzhou RiboBio, 
Co., Ltd. (Guangzhou, China). Lipofectamine® RNAiMAX 
transfection reagent was purchased from Invitrogen (Thermo 
Fisher Scientific, Inc., Waltham, MA, USA). Ox‑LDL and 
1,1'‑dioctadecyl‑3,3,3'3'‑tetra‑methylindocyanide perchlo-
rate (Dil)‑labeled ox‑LDL (Dil‑ox‑LDL) were obtained 
from Yiyuan Biological Technology, Co., Ltd. (Guangzhou, 
China). The Cell Counting kit‑8 (CCK‑8) Assay kit and the 
Annexin V/Propidium Iodide (PI) Flow Cytometry Detection 
kit were purchased from Dojindo Molecular Technologies, 
Inc. (Shanghai, China). The EdU Assay and Hoechst 33342 
Assay kits were purchased from Guangzhou RiboBio, 
Co., Ltd. Rabbit anti‑human LOX‑1 monoclonal antibody 
(cat. no. ab175922) was purchased from Abcam (Cambridge, 
UK). Rabbit anti‑human B‑cell lymphoma‑2 (Bcl‑2) mono-
clonal antibody (cat. no. 2870S), rabbit anti‑Bcl‑2‑associated X 
protein (Bax) polyclonal antibody (cat. no.  2772S), rabbit 
anti‑caspase‑3 polyclonal antibody (cat. no.  9662S) and 
rabbit anti‑β‑actin monoclonal antibody (cat. no. 8457S) were 
purchased from Cell Signaling Technology, Inc. (Danvers, 

MA, USA). Primers for LOX‑1, glyceraldehyde 3‑phosphate 
dehydrogenase (GAPDH), miR‑98 and U6 were obtained from 
Takara Biotechnology, Co., Ltd. (Dalian, China).

Cell culture. HUVECs were purchased from Fuxiang 
Biotechnology, Co., Ltd. (Shanghai, China) and cultured in 
Dulbecco's modified Eagle's medium (DMEM; Invitrogen; 
Thermo Fisher Scientific, Inc.) supplemented with 10% fetal 
bovine serum (Invitrogen; Thermo Fisher Scientific, Inc.) and 
100 µg/ml penicillin/streptomycin (Invitrogen; Thermo Fisher 
Scientific, Inc.).

RNA interference. miR‑98 mimics were used to imitate 
miR‑98 and an miR‑98 inhibitor to deplete endogenous 
miR‑98. HUVECs were seeded into wells 24 h prior to trans-
fection. The cells were transfected with the miR‑98 mimics, 
miR‑98 inhibitor or their control oligos (60 nmol/l) using 
Lipofectamine® RNAiMAX transfection reagent, according 
to the manufacturer's protocol. The transfection medium was 
replaced with fresh DMEM at 8 h following transfection.

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). HUVECs (2x105 cells/well) were seeded 
into 6‑well plates 12 h prior to transfection. Ox‑LDL was 
added to the cells 24 h following transfection and the cells 
were incubated for an additional 48 h. After washing the cells 
twice with phosphate‑buffered saline (PBS), total RNA was 
extracted using TRIzol reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.), according to the manufacturer's protocol. 
Total RNA was reverse‑transcribed into cDNA using the 
PrimeScript RT Reagent kit (Takara Biotechnology, Co., Ltd.). 
cDNA was amplified by qPCR using SYBR Premix Ex Taq II 
(Takara Biotechnology, Co., Ltd.) on a CFX96 thermocycler 
(Bio‑Rad Laboratories, Inc., Hercules, CA, USA), according 
to the manufacturer's protocol. For miR‑98 amplification, the 
PCR conditions were as follows: One cycle at 95˚C for 10 sec; 
39 cycles at 95˚C for 5 sec and 60˚C for 20 sec; one cycle at 
95˚C for 15 sec and 65˚C for 10 sec; and a final increase to 
95˚C. For LOX‑1 mRNA amplification, the PCR conditions 
were as follows: One cycle at 95˚C for 30 sec; 39 cycles at 
95˚C for 3 sec and 60˚C for 30 sec, one cycle at 95˚C for 15 sec 
and 60˚C for 10 sec; and a final increase to 95˚C. The relative 
LOX‑1 and miR‑98 expression levels were calculated using the 
2‑ΔΔCq method (21), following normalization to the GAPDH 
and U6 small nuclear RNA internal controls, respectively. The 
sequences of the primers were as follows: LOX‑1 forward, 
5'‑GTC​CAT​AGG​GCA​CTT​CCA​GAAA‑3' and reverse, 5'‑TGC​
TCG​GAA​GCT​GAA​TGA​GAA‑3'; GAPDH forward, 5'‑GCA​
CCG​TCA​AGG​CTG​AGAAC‑3' and reverse, 5'‑TGG​TGA​AGA​
CGC​CAG​TGGA‑3'; miR‑98, 5'‑CCG​AGG​TAG​TAA​GTT​GTA​
TTGTT‑3'; and U6, 5'‑ACG​CAA​ATT​CGT​GAA​GCG​TT‑3' 
(Takara Biotechnology, Co., Ltd.).

Western blot analysis. HUVECs (2x105 cells/well) were seeded 
into 6‑well plates 12 h prior to transfection. Ox‑LDL was added 
to the cells 24 h following transfection and the cells were incu-
bated for an additional 48 h. The cells were washed twice with 
PBS and lysed in radioimmunoprecipitation assay lysis buffer 
(Cell Signaling Technology, Inc.), supplemented with protease 
inhibitors (Roche Diagnostics, Basel, Switzerland). The total 
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protein concentrations were determined using a BCA Protein 
Assay kit (Thermo Fisher Scientific, Inc.). The protein lysates 
were separated on an 8‑12% gradient gel by SDS‑PAGE and 
transferred to a polyvinylidene fluoride membrane (EMD 
Millipore, Billerica, MA, USA). The membrane was blocked 
with 5% non‑fat dry milk in PBS buffer for 1  h at room 
temperature, then incubated with rabbit anti‑human LOX‑1, 
Bcl‑2, Bax, β‑actin, and caspase‑3 primary antibodies (dilu-
tions, 1:1,000) overnight at 4˚C. Subsequently, the membrane 
was incubated with the secondary antibody for 1 h at room 
temperature and the immunoblotting signal was developed 
using an Enhanced Chemiluminescence Western Blotting 
Analysis kit (Invitrogen; Thermo Fisher Scientific, Inc.) and 
exposed on X‑ray films (Kodak, Rochester, NY, USA). The 
relative protein expression levels were normalized to β‑actin 
and analyzed using ImageJ software (https://imagej.nih.
gov/ij/).

Cell proliferation. HUVECs (1x104 cells/well) were seeded 
into 96‑well plates in triplicate 12 h prior to transfection. 
Ox‑LDL (80 µg/ml) was added to the cells 24 h following 
transfection and the cells were incubated for an additional 
48 h. For the CCK‑8 assay, 10 µl CCK‑8 solution was added 
to each well and incubated for 1 h, after which the absorbance 
values were measured at 450 nm using a spectrophotometer. 
For the EdU assay, the cells were incubated with 50 µM EdU 
for 2 h and then fixed using 4% paraformaldehyde for 15 min. 
The cells were subsequently treated with 100 µl Apollo reac-
tion cocktail for 30 min, followed by 50 µl 1% Hoechst 33342 
for 30 min for nuclei staining. Finally, an inverted fluorescence 
microscope was used for visualization. A total of 10 random 
microscope fields in each well were imaged, and the number 
of Apollo‑positive nuclei was divided by the total number of 
nuclei stained with Hoechst 33342. The fluorescence images 
were analyzed using Image‑Pro® Plus software 6.0 (Media 
Cybernetics, Rockville, MD, USA).

Fluorescence microscopy analysis of Dil‑ox‑LDL uptake and 
cellular apoptosis. HUVECs (1x104 cells/well) were seeded 
into 96‑well plates in triplicate 12 h prior to transfection. 
Ox‑LDL (80 µg/ml) was added to the cells 24 h following 
transfection and the cells were incubated for an additional 
48 h. To visualize and assess ox‑LDL uptake, the HUVECs 
were incubated with 20 µg/ml Dil‑ox‑LDL for 3 h at 37˚C. 
Following incubation, the cells were gently washed three times 
with PBS and immediately imaged using an inverted fluores-
cence microscope. To visualize the morphological changes in 
the nuclear chromatin of apoptotic cells, the cells were washed 
three times with PBS and fixed using 4% paraformaldehyde 
for 15 min, followed by another three washes with PBS. The 
fixed cells were incubated with 100 µl Hoechst 33342 solution 
(5 µg/ml dissolved in PBS) for 20 min in the dark. HUVEC 
nuclear staining was examined using an inverted fluorescence 
microscope. Viable HUVEC nuclei exhibited a pale blue color 
with organized structures, whereas the nuclei of apoptotic 
HUVECs exhibited a bright blue color and were reduced in 
size.

Flow cytometric analysis of cellular apoptosis. HUVECs 
(2x105 cells/well) were seeded into 6‑well plates in triplicate 

12 h prior to transfection. Ox‑LDL (80 µg/ml) was added 
to the cells 24 h following transfection and the cells were 
incubated for an additional 48 h. The cells were washed twice 
with PBS, digested with EDTA‑free trypsin and washed three 
times with PBS. Subsequently, the cells were double‑stained 
using the Annexin  V/PI Flow Cytometry Detection kit, 
according to the manufacturer's protocol. The percent-
ages of viable cells (Annexin V‑ and PI‑negative), apoptotic 
cells (Annexin  V‑positive and PI‑negative) and necrotic 
cells (Annexin V‑ and PI‑positive) were detected using an 
EPICS XL‑MCL™ Flow Cytometer (Beckman Coulter, 
Inc., Fullerton, CA, USA). The results were analyzed using 
Kaluza 1.2 software (Beckman Coulter, Inc.).

Luciferase assay. Using TargetScan 6.2, miR‑98 was predicted 
a potential target region in position 447‑453 of LOX‑1 mRNA 
3'‑untranslate dregion (UTR). The 3'‑UTR miR‑98 binding 
sites of LOX‑1 mRNA were amplified by PCR and cloned 
into the pLUC luciferase reporter vector (Guangzhou Liang Zi 
Kang Biotechnology, Co., Ltd., Guangzhou, China) to construct 
the fluorescent reporter system. A pLUC vector containing the 
LOX‑1 mRNA 3'‑UTR with mutated binding sites for miR‑98 
was also generated. HEK293T cells (Guangzhou Liang Zi 
Kang Biotechnology, Guangzhou, China) were cultured in 
96‑well plates in triplicate at 37˚C until 70% confluence was 
reached, after which the cells were co‑transfected with the 
wild‑type or mutant LOX‑1 3'‑UTR vectors and the miR‑98 
mimics or control oligos (100 nmol/l) using FuGENE® HD 
(Roche Diagnostics), according to the manufacturer's protocol. 
After 48 h, the cells were lysed and the luciferase activity 
was measured using the Dual‑Glo™ Luciferase Assay kit 
(Promega Corporation, Madison, WI, USA), according to the 
manufacturer's protocol.

Statistical analysis. Data are presented as the mean ± stan-
dard deviation of at least three repeated experiments 
and were analyzed using Student's t‑test to compare two 
conditions. One‑way analysis of variance was used for 
comparing three or more conditions. Statistical analyses 
were performed using GraphPad Prism software, version 5.01 
(GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was 
considered to indicate a statistically significant difference.

Results

Downregulation of miR‑98 expression upregulates the expres‑
sion of LOX‑1 in ox‑LDL‑treated HUVECs. HUVECs were 
exposed to ox‑LDL at various concentrations (20‑80 µg/ml) for 
48 h or 40 µg/ml ox‑LDL for various durations (0‑48 h), and 
the expression levels of miR‑98 and LOX‑1 mRNA were deter-
mined by RT‑qPCR. Incubation of HUVECs with 0‑80 µg/ml 
ox‑LDL for 48 h resulted in a dose‑dependent downregulation 
of miR‑98 expression (Fig. 1A). In addition, miR‑98 expression 
was gradually downregulated during 40 µg/ml ox‑LDL treat-
ment, decreasing by >75% at the 48 h time‑point (Fig. 1B). In 
HUVECs treated with 0‑80 µg/ml ox‑LDL, a dose‑dependent  
increase in LOX‑1 mRNA and protein expression levels was 
observed (Fig. 1C and D). Incubation of HUVECs with 40 µg/ml 
ox‑LDL for 0‑48 h resulted in a time‑dependent increase in 
LOX‑1 mRNA and protein expression levels (Figs. 1E and F).
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miR‑98 regulates ox‑LDL uptake by HUVECs. To investigate 
the effects of miR‑98 on the uptake of ox‑LDL by HUVECs, 
HUVECs were pretreated with ox‑LDL (80 µg/ml) for 48 h, 
followed by treatment with Dil‑ox‑LDL (20 µg/ml) for 3 h 
at 37˚C and visualization. As is shown in Fig. 2, ox‑LDL 
enhanced the uptake of Dil‑ox‑LDL. Furthermore, the miR‑98 
mimics blocked ox‑LDL uptake, whereas the miR‑98 inhibitor 
increased ox‑LDL uptake.

miR‑98 regulates proliferation in ox‑LDL‑treated HUVECs. 
To elucidate the role of miR‑98 in HUVEC proliferation, 
CCK‑8 and EdU assays were performed. HUVECs were trans-
fected with the miR‑98 mimics, miR‑98 inhibitor or control 
oligos and were then exposed to 80 µg/ml ox‑LDL for 48 h. 
Exposure of HUVECs to ox‑LDL inhibited cell proliferation, 
which was reversed by transfection with the miR‑98 mimics. 
Conversely, the miR‑98 inhibitor suppressed the proliferation 
of HUVECs (Fig. 3A‑C).

miR‑98 inhibits apoptosis in ox‑LDL‑treated HUVECs. To 
assess the effects of miR‑98 on ox‑LDL‑induced apoptosis 
of ECs, HUVECs were transfected with miR‑98 mimics, 
miR‑98 inhibitor or control oligos and were then incubated 
with 80 µg/ml ox‑LDL for 48 h. Subsequently, the levels of 
apoptosis were assessed by determining the protein expres-
sion levels of LOX‑1, Bax, Bcl‑2, caspase‑3 and activated 
caspase‑3 (p17). As is shown in Fig.  4A, the expression 
levels of LOX‑1, Bax and activated caspase‑3 (p17) were 
significantly increased, and those of Bcl‑2 were significantly 
decreased, in HUVECs treated with 80 µg/ml ox‑LDL for 
48 h, as compared with the vehicle group. In addition, the 
effects of ox‑LDL on HUVECs were attenuated by miR‑98 
mimics and aggravated by the inhibitor. Subsequently, the 
levels of apoptosis were examined using FITC‑conjugated 
Annexin V/PI double‑staining and flow cytometry. As is 
shown in Fig. 4B and C, treatment with ox‑LDL induced 
apoptosis in HUVECs, and this was alleviated by the 
miR‑98 mimics and exacerbated by the miR‑98 inhibitor. To 
examine the morphological changes in nuclear chromatin, 
an inverted fluorescence microscope was used to visualize 
Hoechst 33342 staining. The majority of nuclei in the vehicle 
group exhibited a uniform pale blue color and had an orga-
nized structure, whereas ox‑LDL treatment resulted in nuclei 
with bright blue staining, indicating pyknosis. The miR‑98 
mimics alleviated cell death, whereas the miR‑98 inhibitor 
enhanced apoptosis (Fig. 4D).

LOX‑1 is a direct target of miR‑98. LOX‑1 was selected as 
a potential target of miR‑98, since its mRNA 3'‑UTR was 
complementary to miR‑98 (predicted by TargetScan  6.2) 
(Fig.  5A). The protein expression levels of LOX‑1 were 
decreased in HUVECs transfected with miR‑98 mimics, as 
compared with cells transfected with control oligos (Fig. 5B). 
Conversely, the protein expression levels of LOX‑1 were 
increased in HUVECs transfected with miR‑98 inhibitor 
(Fig. 5C). Notably, the effect of the miR‑98 mimics on LOX‑1 
mRNA expression levels was similar to that on LOX‑1 
protein expression levels (Fig. 5D). These results suggest 
that miR‑98 may bind to the 3'‑UTR of LOX‑1 mRNA and 
induce mRNA degradation, resulting in the downregulation 

of LOX‑1 expression at the mRNA and protein levels. In order 
to determine whether miR‑98 directly binds to the 3'‑UTR 
of LOX‑1 mRNA a luciferase reporter assay was performed. 
The miR‑98 mimics significantly reduced luciferase activity 
in the presence of the LOX‑1 3'‑UTR (wild‑type 3'‑UTR), as 
compared with the negative control (Fig. 5E). However, when 
the 3'‑UTR of the LOX‑1 mRNA was mutated to disrupt the 
miR‑98 binding site (Fig. 5A), the inhibitory effect of miR‑98 
on the relative luciferase activity was partially reversed 
(Fig. 5E). These results suggest that LOX‑1 is a direct target 
of miR‑98.

Discussion

The present study demonstrated that miR‑98 expression was 
essential for the replicative response of HUVECs to ox‑LDL 
injury. In addition, miR‑98 was shown to be essential for 
the protective effect against ox‑LDL‑induced apoptosis by 
targeting the ox‑LDL membrane receptor, LOX‑1. The ability 
of miR‑98 to preserve EC proliferation and inhibit apoptosis 

Figure 1. ox‑LDL treatment altered the expression of miR‑98 and LOX‑1 
in HUVECs. (A)  HUVECs treated with 0‑80  µg/ml ox‑LDL for 48  h 
exhibited a dose‑dependent downregulation of miR‑98 expression levels. 
(B) miR‑98 was downregulated in a time‑dependent manner following treat-
ment of HUVECs with 40 µg/ml ox‑LDL. (C and D) Ox‑LDL treatment of 
HUVECs increased the mRNA and protein expression levels of LOX‑1 in 
a dose‑dependent manner. (E and F) Treatment of HUVECs with 40 µg/ml 
ox‑LDL increased the mRNA and protein expression levels of LOX‑1 in a 
time‑dependent manner. The relative levels of miR‑98 and LOX‑1 mRNA 
in HUVECs were analyzed by reverse transcription‑quantitative polymerase 
chain reaction. Relative LOX‑1  protein levels were analyzed by western blot-
ting. Data are presented as the mean ± standard deviation. *P<0.05, **P<0.01 
vs. the 0 µg/ml or 0 h groups. ox‑LDL, oxidized low‑density lipoprotein; 
miR‑98, microRNA‑98; LOX‑1,  lectin‑like oxidized low‑density lipoprotein 
receptor 1; HUVECs, human umbilical vein endothelial cells; GAPDH, glyc-
eraldehyde 3‑phosphate dehydrogenase.

  A   B

  C   D

  E   F
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may be responsible for the reduction in lesion formation at 
regions where endothelial permeability is increased due to 
hyperlipidemic stress.

Endothelial dysfunction, which includes cell proliferation 
defects and aberrant apoptosis, is a key characteristic of athero-
sclerosis  (22). Hyperlipidemia in atherosclerosis typically 

Figure 2. miR‑98 regulates Dil‑ox‑LDL uptake in HUVECs, as determined by inverted fluorescence microscopy. Ox‑LDL enhanced the uptake of Dil‑ox‑LDL. 
miR‑98 mimics blocked ox‑LDL uptake, whereas the miR‑98 inhibitor increased ox‑LDL uptake. miR‑98, microRNA‑98; ox-LDL, oxidized low density 
lipoprotein; Dil‑ox‑LDL, 1,1'‑dioctadecyl‑3,3,3'3'‑tetra‑methylindocyanide perchlorate‑labeled ox-LDL; HUVECs, human umbilical vein endothelial cells.

Figure 3. Effects of miR‑98 mimics and inhibitor on the proliferation of ox‑LDL‑treated HUVECs. (A) The miR‑98 mimics significantly promoted the 
proliferation of ox-LDL-treated HUVECs, whereas the miR-98 inhibitor exerted the opposite effect, as determined by cell counting kit-8 assays. (B and C) The 
miR‑98 mimics significantly promoted the proliferation of ox-LDL-treated HUVECs, whereas the miR-98 inhibitor exerted the opposite effect, as determined 
by EdU assays. The second group of “vehicle” were treated with ox-LDL while the first group of “vehicle” not. *P<0.05 vs. the vehicle and ox‑LDL treatment 
group. miR‑98, microRNA‑98; ox‑LDL, oxidized low‑density lipoprotein; HUVECs, human umbilical vein endothelial cells; oligo, oligonucleotide.

  A   B

  C
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leads to EC injury and death, as well as detachment of ECs 
from the vascular wall, loss of anti‑adhesive properties toward 
leukocytes and an increased permeability of the endothelial 
wall to circulating lipids, all of which lead to atherosclerotic 
lesion formation (23). Therefore, the proliferative capacity of 
ECs is essential for maintaining endothelial wall integrity by 
repairing the endothelial lining of the vessel in response to 
injury. Elevated levels of ox‑LDL as a result of hyperlipidemia 
have been demonstrated to inhibit the proliferation of ECs by 
suppressing basic fibroblast growth factor expression, which is 
essential for endothelial proliferation (24). The mitogen‑acti-
vated protein kinase/extracellular‑signal‑regulated kinase 1/2 
signaling pathway is involved in the cytotoxic effects of 
ox‑LDL that inhibit the proliferation of HUVECs (25). The 
cytotoxicity of ox‑LDL in HUVECs is dependent on the 
LOX‑1 receptor  (26). Therefore rescuing EC proliferation, 
which represents a potential therapeutic approach for limiting 
the development of atherosclerosis (27), may be achieved by 
inhibiting the expression of LOX‑1.

LOX‑1 is located at the EC membrane and is highly 
expressed under specific pathological conditions, including 

during the early stage of atherosclerosis  (19). Under acute 
inflammatory conditions, the lectin‑like extracellular domain 
of LOX‑1 may be released from the cell membrane into circula-
tion as the soluble LOX‑1 (sLOX‑1) protein (28,29). Therefore, 
sLOX‑1 may be considered a potential diagnostic and prog-
nostic marker for atherosclerosis‑associated events, including 
acute coronary syndrome (28,29). LOX‑1 is the major receptor 
for ox‑LDL uptake by ECs and induces a series of pathological 
processes in ECs (30). A previous study demonstrated that 
endothelial‑specific LOX‑1 overexpression enhanced aortic 
ox‑LDL levels, resulting in endothelial dysfunction, vascular 
inflammation and plaque formation (31).

Stimulation of ECs with ox‑LDL has previously been 
demonstrated to promote the expression of LOX‑1 (32), and 
this was consistent with the present study; pretreatment of 
HUVECs with ox‑LDL upregulated the LOX‑1 receptor at the 
transcriptional level in a time‑ and concentration‑dependent 
manner. In turn, elevated levels of LOX‑1 facilitated ox‑LDL 
uptake, resulting in pathological processes, including uptake 
of ox‑DL and HUVEC apoptosis. LOX‑1 has a critical role in 
the ox‑LDL/LOX‑1 positive feedback loop (33). In a previous 

Figure 4. Effects of miR‑98 mimics and a miR‑98 inhibitor on the apoptosis of ox‑LDL‑treated HUVECs. (A) The protein expression levels of Bcl‑2 were  
upregulated, and those of LOX‑1, Bax and cleaved caspase‑3 were downregulated, in HUVECs transfected with miR‑98 mimics, as determined by western 
blotting. (B and C) Ox‑LDL‑induced apoptosis levels were decreased in HUVECs transfected with miR‑98 mimics, whereas they were increased in HUVECs 
transfected with a miR‑98 inhibitor, as shown by an Annexin V/PI dual‑staining assay. (D) miR‑98 mimics alleviated, whereas a miR‑98 inhibitor enhanced, 
cellular apoptosis and pyknosis in ox‑LDL‑treated HUVECs, as demonstrated by the Hoechst 33342 staining assay. *P<0.05, vs. the vehicle and ox‑LDL 
treatment group. Oligo, oligonucleotide; miR‑98, microRNA‑98; ox‑LDL, oxidized low‑density lipoprotein; HUVECs, human umbilical vein endothelial cells; 
Bcl‑2, B‑cell lymphoma‑2; LOX‑1, lectin‑like oxidized low‑density lipoprotein receptor 1; Bax, Bcl‑2‑associated X protein; PI, propidium iodide. 
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study, ox‑LDL was demonstrated to be taken up by LOX‑1 
and subsequently induced pathological changes in HUVECs, 
including senescence and apoptosis  (34). These results 
suggested that LOX‑1 may be a promising target for the treat-
ment of vascular endothelial dysfunction.

LOX‑1 mediates ox‑LDL‑induced apoptosis in ECs (35). 
Cellular apoptosis is induced via two major signaling path-
ways involving death receptors or the mitochondrial signaling 
pathway. In a previous study, LOX‑1 was shown to mediate 
the ox‑LDL‑induced increase in Fas‑mediated apoptosis in 
HUVECs via the death receptors pathway (36). Conversely, 
LOX‑1 triggered the apoptotic cascade in human coronary 
artery ECs via the mitochondrial pathway (37). In the mito-
chondrial apoptotic signaling pathway, the cell membrane 
potential is altered, leading to the release of cytochrome c 
and activation of the caspase signaling pathway (37). It has 
also been suggested that LOX‑1 may mediate ox‑LDL‑induced 
apoptosis in ECs via the endoplasmic reticulum stress signaling 
pathway (38). All apoptosis pathways eventually converge on 
caspase‑3 activation (39), and thus caspase‑3 is considered a 
critical factor or regulator in the apoptotic process. Caspase‑3 
can be cleaved to form two mature subunits, including p17 
(17 kDa) and p12 (12 kDa) (40). The level of cleaved caspase‑3 
is an indicator of the level of activated caspase‑3 and, in turn, 
the level of cellular apoptosis (40). The present study measured 
the levels of p17 (17 kDa) by western blotting in order to assess 
the apoptosis of HUVECs. Apoptosis is regulated by several 
apoptosis‑associated proteins, including Bcl‑2, which serves 
as an anti‑death factor (41). Bcl‑2 is an integral mitochondrial 

membrane protein that forms heterodimers with Bax to 
prevent mitochondrial alterations and the subsequent release 
of cytochrome c and other pro‑apoptotic factors from the 
mitochondria  (41). Conversely, polymerized Bax reduces 
the mitochondrial membrane potential, thereby inducing 
cytochrome c release and caspase activation, and leading to 
apoptosis (42). Therefore, the expression ratio of Bax/Bcl‑2 
regulates the induction of caspase activation pathways by 
ox‑LDL (43). LOX‑1 mediates ox‑LDL‑induced apoptosis in 
ECs and thus may be a potential target for blocking the athero-
sclerosis process at an early stage (44).

Considering the role of LOX‑1 in suppressing the prolifera-
tion and inducing the apoptosis of ECs in response to ox‑LDL, 
the present study assessed whether miRNAs were able to 
regulate LOX‑1 expression and activity in ox‑LDL‑treated 
HUVECs. A bioinformatics analysis suggested that LOX‑1 was 
a potential target of miR‑98. Therefore, in order to investigate 
the association between miR‑98 and LOX‑1, the present study 
used miR‑98 mimics and a miR‑98 inhibitor to regulate LOX‑1 
expression in HUVECs. The miR‑98 mimics decreased the 
expression of LOX‑1 at the mRNA and protein levels, thus 
suggesting that miR‑98 may bind to a seed site in the 3'‑UTR 
of LOX‑1 and promote LOX‑1 mRNA degradation. In order to 
determine whether LOX‑1 is a direct target of miR‑98, a dual 
luciferase reporter assay was performed, which confirmed that 
miR‑98 was able to directly bind to the 3‑UTR seed sequence 
of LOX‑1 mRNA. These results suggested that, by suppressing 
LOX‑1 expression, miR‑98 blocked ox‑LDL uptake in HUVECs 
and alleviated LOX‑1‑mediated HUVEC apoptosis.

Figure 5. LOX‑1 is a direct target of miR‑98. (A) Depiction of the miR‑98 seed sequence in the wild‑type 3'‑UTR of LOX‑1 and the mutated site. (B and C) The pro-
tein expression levels of LOX‑1 were downregulated by the miR‑98 mimics (60 nmol/l) and upregulated by the miR‑98 inhibitor (60 nmol/l), as assessed by 
western blotting. (D) The mRNA expression levels of LOX‑1 were downregulated by miR‑98 mimics and upregulated by the miR‑98 inhibitor (60 nmol/l), 
as assessed by reverse transcription‑quantitative polymerase chain reaction. *P<0.05, **P<0.01, vs. the vehicle group. (E) Co‑transfection of miR‑98 with the 
wild‑type LOX‑1 3'‑UTR in HEK293T cells led to a marked decrease in luciferase activity, whereas co‑transfection of miR‑98 with the mutant LOX‑1 3'‑UTR 
had no effect on luciferase activity. The luciferase activities were measured using the dual‑luciferase reporter assay. **P<0.01, vs. the mimics control group. 
LOX‑1, lectin‑like oxidized low‑density lipoprotein receptor 1; miR‑98, microRNA‑98; 3'‑UTR, 3'‑untranslated region; GAPDH, glyceraldehyde 3‑phosphate 
dehydrogenase; oligo, oligonucleotide.
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In the present study, as well as enhancing the protein 
expression levels of LOX‑1, ox‑LDL increased the cleavage and 
activation of caspase‑3 (p17), decreased the expression levels 
of the anti‑apoptotic protein Bcl‑2, and increased the expres-
sion levels of the pro‑apoptotic Bax in HUVECs. Conversely, 
the miR‑98 mimics downregulated LOX‑1 and Bax expression 
levels, elevated the expression levels of Bcl‑2 and inhibited the 
activation of caspase‑3. The miR‑98 inhibitor produced the 
opposite effects.

As well as suppressing the uptake of ox‑LDL by HUVECs, 
the miR‑98 mimics were able to attenuate ox‑LDL‑mediated 
suppression of HUVEC proliferation. These results suggested 
that miR‑98 may be essential for the growth and proliferation 
of HUVECs, as well as the replicative endothelial regeneration 
process required to repair the damaged endothelial lining in 
atherosclerosis.

In conclusion, the present study demonstrated that miR‑98 
exerted a protective effect on proliferation and anti‑apoptotic 
functions on ECs by suppressing LOX‑1 expression in response 
to ox‑LDL. The results of the present study may provide novel 
insights into the molecular mechanisms underlying endothe-
lial injury and into the pathogenesis of atherosclerosis. The 
authors of the present study hypothesize that, as the functional 
roles of other miRNAs are established, miRNAs will emerge 
as novel targets in therapeutic strategies for the treatment of 
endothelial dysfunction in atherosclerosis.
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