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Abstract. The aim of the current study was to determine the 
expression of microRNA (miRNA/miR)‑329‑3p in patients 
with type  2 diabetes mellitus (T2DM) and to investigate 
the effect of miR‑329‑3p on vascular endothelial cell func‑
tion under high‑glucose conditions. A total of 33 healthy 
individuals and 31 patients with T2DM were enrolled in the 
present study. Peripheral blood was collected from all partici‑
pants. Human umbilical vein endothelial cells (HUVECs) 
were transfected with a miR‑329‑3p mimic or miR‑329‑3p 
inhibitor. Following treatment with 25  mmol/l glucose, a 
Cell Counting Kit‑8 assay and flow cytometry analysis were 
used to assess cell viability and apoptosis levels, respectively. 
A dual luciferase reporter assay, western blot analysis and 
reverse transcription‑quantitative PCR were used to assess 
molecular mechanism of miR‑329‑3p in HUVECs. The results 
revealed that plasma miR‑329‑3p expression was decreased 
patients with T2DM compared with healthy controls, and in 
HUVECs treated with high glucose concentrations. In addi‑
tion, miR‑329‑3p reduced high glucose‑induced damage to 
HUVEC cells. miR‑329‑3p directly bound to toll like receptor 
(TLR)‑4 and regulated its expression at the transcriptional and 
post‑transcriptional levels. miR‑329‑3p was also demonstrated 
to be involved in the regulation of the TLR4/tumor necrosis 
factor receptor associated factor 6 (TRAF6)/nuclear factor 
(NF)‑κB signaling pathway and the nuclear translocation of 
NF‑κB under a high glucose environment. In conclusion, the 
results indicated that miR‑329‑3p may protect endothelial 
cells from high glucose‑induced apoptosis via inhibition of the 
TLR4/TRAF6/NF‑κB signaling pathway. The present study 
also demonstrated that miR‑329‑3p expression in the plasma of 

patients with T2DM was reduced, suggesting that upregulation 
of miR‑329‑3p may alleviate high glucose‑induced endothe‑
lial cell injury via inhibition of the TLR4/TRAF6/NF‑κB 
signaling pathway.

Introduction

Diabetes mellitus is a lifelong metabolic disease with a variety 
of causes, and is characterized by chronic hyperglycemia (1). 
Diabetic angiopathy is a common complication in patients with 
diabetes mellitus and is one of the main causes of disability 
and mortality (1). Vascular endothelial cells are single‑layer 
cells of the vascular intima that serve important roles in the 
maintenance of vascular structure and function (2). It has been 
demonstrated that vascular endothelial dysfunction may repre‑
sent the pathophysiological basis for diabetic angiopathy (2). 
Hyperglycemia can damage vascular endothelial cell function 
through a variety of mechanisms, including inflammation, 
oxidative stress and apoptosis (2). High rates of apoptosis in 
endothelial cells can lead to a series of complex chain reac‑
tions, including the release of interleukin‑1, cytochrome C 
and other active substances, which promote the inflammatory 
response and aggravate vascular damage (2‑4).

MicroRNAs (miRNAs/miRs) are a class of non‑coding 
RNAs between 18 and 22 base pairs in length. These 
molecules bind to the 3'‑untranslated region (UTR) of target 
genes to regulate their expression, which subsequently affects 
various biological processes within the cell (5). It has been 
demonstrated that miRNA molecules are associated with 
endothelial cell injury under high‑glucose conditions. For 
instance, miR‑503 can inhibit endothelial cell proliferation 
and promote apoptosis under high glucose conditions via 
the insulin like growth factor 1 receptor  (6). Additionally, 
miR‑145 has been revealed to inhibit the oxidative stress and 
inflammation induced by high glucose in retinal endothelial 
cells  (7). miR‑329‑3p is a member of the 14q32 miRNA 
gene cluster (8). A variety of 14q32 miRNA molecules have 
been demonstrated to serve a role in cardiovascular disease, 
regulate the interaction between focal adhesion plaques and 
the extracellular matrix, and serve roles in vascular remod‑
eling (9). Welten et al (10) demonstrated that downregulation 
of miR‑329‑3p promotes vascular endothelial cell proliferation 
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and restores blood flow in the ischemic lower limbs of mice. 
In addition, Wang et al (11) revealed that miR‑329‑3p inhib‑
ited angiogenesis by targeting cluster of differentiation 146. 
However, to the best of the authors' knowledge, the expression 
of miR‑329‑3p in diabetes mellitus, and whether miR‑329‑3p 
may be involved in the regulation of high glucose‑induced 
vascular endothelial cell injury, has not yet been investigated.

Toll like receptor (TLR) 4 is a transmembrane protein 
that belongs to the pattern recognition receptor family. TLR4 
activation induces the intracellular signaling pathway respon‑
sible for activating the innate immune system via nuclear 
factor (NF)‑κB (12). A number of studies have demonstrated 
that the TLR4/NF‑κB signaling pathway serves a critical 
role in high glucose‑induced inflammation and apoptosis in 
retinal ganglion cells, retinal microvascular endothelial cells 
and human retinal endothelial cells (13‑15). Welten et al (10) 
revealed that downregulation of miR‑329‑3p leads to reduced 
TLR4 mRNA in a lower limb ischemic mouse model (10). 
However, the association between miR‑329‑3p and the 
TLR4/NF‑κB signaling pathway in endothelial cells under 
high‑glucose condition is unclear. Therefore, miR‑329‑3p 
expression in patients with type 2 diabetes mellitus (T2DM) 
and the effect of miR‑329‑3p on vascular endothelial cell 
function under high glucose conditions was investigated in the 
present study.

Materials and methods

Patients. A total of 31 patients (sex, 16 males and 15 females; 
mean age, 58±7.1 years) who were diagnosed with T2DM 
at The First People's Hospital of Jinan (Shandong, China) 
between January 2016 and January 2018 were included in the 
present study. In addition, a total of 33 healthy subjects with 
similar sex ratio and mean age (16 males and 17 females; mean 
age, 56±6.4 years old) who underwent a physical examination 
at The First People's Hospital of Jinan in the same time period 
were included as the control group. The inclusion criteria 
for patients with T2DM were: A fasting blood glucose level 
of ≥7.0 mmol/l or a 2 h postprandial blood glucose level of 
≥11.1 mmol/l. The inclusion criteria for the control group were 
as follows: i) Contemporaneous healthy subjects undertaking 
physical examinations; ii)  without diabetes; iii)  without 
dyslipidemia and; iv) no history of hypertension or vascular 
disease. The exclusion criteria were: i) Subjects exhibited signs 
or symptoms of infection; ii) had received drugs that affected 
glucose metabolism; iii) presented with liver or kidney failure; 
or iv) had a history of malignant tumors. Peripheral blood 
(3 ml) was collected and transferred to anticoagulant tubes 
prior to plasma separation via centrifugation at 3,000 x g 
and 4˚C for 10 min. Separated plasma samples were stored 
in aliquots of 500 µl at ‑80˚C prior to subsequent use. All 
procedures performed in the current study were approved by 
the Ethics Committee of The First People's Hospital of Jinan. 
Written informed consent was obtained from all patients or 
their families.

Cells and transfection. Human umbilical vein endothelial 
cells (HUVECs) were cultured in endothelial cell medium 
supplemented with 5% FBS and 1% endothelial cell growth 
factor (all purchased from ScienCell Research Laboratories, 

Inc.) at 37˚C and 5% CO2. Cells in the high‑glucose group were 
treated with 25 mmol/l glucose for 24, 48 or 72 h to simulate 
a high‑glucose environment in the body. Control group cells 
were treated with 25 mmol/l D‑mannose for 24, 48 or 72 h 
(Sigma‑Aldrich; Merck KGaA) (6,14).

HUVECs in the miR‑329‑3p mimic group, miR‑329‑3p 
inhibitor and miRNA negative control (NC) groups were 
transfected with 50 nmol/l miR‑329‑3p mimic, 100 nmol/l 
miR‑329‑3p inhibitor (Guangzhou RiboBio Co., Ltd.) and 
50 nmol/l miR‑NC (Merck KGaA), respectively, using the 
riboFECT™ CP kit (Guangzhou RiboBio Co., Ltd.) according 
to the manufacturer's protocol. Cells were collected for further 
study after 48 h transfection.

The TLR4 overexpression Ad5 adenovirus and adeno‑
virus with empty vector (negative control) were purchased 
from Hanbio Biotechnology Co., Ltd. and transfection was 
performed according to the manufacturer's protocol. For 
co‑transfection with miR‑329‑3p mimics/miR‑NC and TLR4 
overexpression vectors, HUVECs were first transfected with 
TLR4 overexpression adenovirus or adenovirus with empty 
vector (multiplicity of transfection, 20) for 24 h, following 
which cells were transfected with miR‑329‑3p mimics 
(50 nmol) or miR‑NC (50 nmol). Cells were collected for 
further study 48 h following transfection.

Cell Counting Kit (CCK)‑8 assay. HUVECs were seeded at 
a density of 1,000 cells/well in 96‑well plates. At 0, 24, 48 
and 72 h, 10 µl CCK‑8 reagent (5 g/l; Beyotime Institute of 
Biotechnology) was mixed with 100 µl complete medium and 
then added to the cells following which the cells were incubated 
at 37˚C for 1 h. The absorbance of each well was subsequently 
measured at 490 nm using a plate reader (Thermo Fisher 
Scientific, Inc.) and used to chart cell viability. Each group was 
tested in three replicate wells and the values were averaged.

Flow cytometry. Following transfection and high‑glucose 
treatment, HUVECs (1x106) in each group were washed 
with pre‑cooled PBS twice and subjected to flow cytometry 
analysis using the Annexin V/FITC Apoptosis Detection kit 
(BD Biosciences) according to the manufacturer's protocol. 
Annexin V‑positive cells were considered to be early apoptotic 
cells, while propidium iodide‑positive cells were considered 
to be necrotic cells and double‑positive cells were considered 
to be late apoptotic cells. The data were analyzed using the 
NovoExpress® software (version 1.2.1; ACEA Biosciences; 
Agilent Technologies, Inc.).

Reverse transcription‑quantitative (RT‑q)PCR. Total RNA was 
extracted from 200 µl plasma using a miRNeasy Serum/Plasma 
kit (Qiagen GmbH). A total of 3.5 µl spike‑in Caenorhabditis 
elegans miRNA‑39 (cel‑miR‑39; 1.6x108 copies) was used as 
an external reference to evaluate miRNA extraction from the 
plasma. RNA was extracted from HUVECs using miRNeasy 
Mini Kit (Qiagen GmbH) according to the manufacturer's 
instructions. Extracted total RNA (6 µl) was subjected to RT 
using the miScript II RT kit (Qiagen GmbH), according to 
the manufacturer's protocol. The RT reaction conditions were 
as follows: 37˚C for 60 min, followed by 95˚C for 5 min. A 
total of 10 µl cDNA solution was subsequently mixed with 
100 µl ddH2O prior to RT‑qPCR being performed using a ABI 
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StepOne Plus instrument (Thermo Fisher Scientific, Inc.). The 
reaction system (25 µl) comprised 12.5 µl SYBR Green Master 
Mix (Qiagen GmbH), 2.5  µl 10X miR‑329‑3p/cel‑miR‑39 
primers (Qiagen GmbH), 2.5 µl 10X universal primer, 2 µl 
diluted cDNA and 5.5 µl RNase‑free ddH2O. Each sample was 
tested in triplicate. The thermal cycling parameters for qPCR 
were as follows: 95˚C for 15 min, followed by 40 cycles of 
95˚C for 15 sec, 55˚C for 30 sec and 70˚C for 30 sec.

Total RNA was extracted from cells using TRIzol reagent 
(Thermo Fisher Scientific, Inc.) according to the manufac‑
turer's protocol. Extracted RNA (500 ng) was subjected to 
RT and qPCR using a ReverTra Ace® qPCR RT kit (Toyobo 
Life Science), according to the manufacturer's protocol. The 
primer sequences used were as follows: Tumor necrosis factor 
receptor associated factor 6 (TRAF6) forward, 5'‑TCT​ACA​
CTG​GCA​AAC​CCG‑3', and reverse, 3'‑AGG​GAG​GTG​GCT​
GTC​ATA‑5'; TLR4 forward, 5'‑GAC​CTG​TCC​CTG​AAC​
CCT​A‑3', and reverse, 3'‑TCT​CCC​AGA​ACC​AAA​CGA‑5'; 
GAPDH forward, 5'‑ATG​CTG​GCG​CTG​AGT​ACG​TC‑3', and 
reverse, 3'‑GGT​CAT​GAG​TCC​TTC​CAC​GAT​A‑5'. The 2‑ΔΔCq 

method  (16) was used to calculate miR‑329‑3p expression 
relative to cel‑miR‑39, as well as the expression of TRAF6 or 
TLR4 relative to GAPDH. Each sample was tested in triplicate.

Total protein and nuclear protein isolation. Total protein 
was extracted using RIPA Lysis Buffer (Beyotime Institute 
of Biotechnology). To isolate the nuclear protein, 3x106 cells 
were collected and treated with a Minute Plasma Membrane 
Protein Isolation kit (Invent Biotechnologies, Inc.) according 
to the manufacturer's protocol. Cells were lysed using buffer 
A on ice for 5 min prior to transfer into filtration columns. 
Centrifugation was performed at 16,000 x g for 30 sec and 
again at 700 x g for 1 min, both at 4˚C. The sediment contained 
complete nuclei and was subsequently lysed using RIPA buffer 
(Beyotime Institute of Biotechnology) on ice for 10  min. 
Following the addition of 1/4 volumes of 5X SDS‑PAGE 
loading buffer, samples were boiled at 100˚C for 10 min. The 
protein concentration of total and nuclear protein was using 
Bicinchoninic Acid Protein Assay Kit (Beyotime Institute of 
Biotechnology).

Western blot analysis. Protein samples (20 µg) were subjected 
to 10% SDS‑PAGE at 100  V. Proteins were subsequently 
transferred to PVDF membranes on ice for 1 h (250 mA) 
and blocked with 5% skimmed milk at room temperature 
for 1 h. Membranes were subsequently incubated with rabbit 
anti‑human TLR4 (dilution, 1:1,000; cat. no. ab13556; Abcam), 
rabbit anti‑human TRAF6 (dilution, 1:4,000; cat. no. ab181622; 
Abcam), rabbit anti‑human NF‑κB (dilution, 1:1,000; 
cat. no. AF1234; Beyotime Institute of Biotechnology), and 
rabbit anti‑human cleaved caspase‑3 (dilution, 1:1,000; 
cat. no. 9664; Cell Signaling Technology, Inc.) polyclonal 
primary antibodies, and mouse anti‑human GAPDH (dilution, 
1:2,000; cat. no. AF0006; Beyotime Institute of Biotechnology), 
mouse anti‑human β‑actin (dilution, 1:2,000; cat. no. AF0003; 
Beyotime Institute of Biotechnology) and mouse anti‑human 
H3 (dilution, 1:1,000; cat. no. AF0009; Beyotime Institute 
of Biotechnology) monoclonal primary antibodies overnight 
at 4˚C. After washing with PBS containing Tween‑20 in 
triplicate (15  min each time), membranes were incubated 

with goat anti‑mouse horseradish peroxidase‑conjugated IgG 
(H+L; dilution, 1:3,000; cat. no. A0216; Beyotime Institute 
of Biotechnology) or goat anti‑rabbit horseradish peroxi‑
dase‑conjugated IgG (H+L; dilution, 1:3,000; cat. no. A0208; 
Beyotime Institute of Biotechnology) for 1 h at room tempera‑
ture. The membrane was then developed with an enhanced 
chemiluminescence detection kit (Sigma‑Aldrich; Merck 
KGaA). Quantity One software (version 4.4.0.36; Bio‑Rad 
Laboratories, Inc.) was used to acquire and analyze imaging 
signals. The relative target proteins were expressed relative to 
their respective internal reference proteins.

Laser confocal microscopy. HUVECs were seeded onto poly‑
lysine‑coated cover slips (diameter, 14 mm). When 40‑60% 
confluence was achieved, the cells were transfected using 
the aforementioned methods. At 24 h following transfection, 
cells were treated with high glucose for 24 h. The cells were 
then fixed with 4% paraformaldehyde for 10 min and treated 
with 0.2% Triton X‑100 for 10 min, both at room tempera‑
ture. After blocking with 10% goat serum (Sigma‑Aldrich; 
Merck KGaA) for 30 min at room temperature, 50 µl rabbit 
anti‑NF‑κB primary antibody was added (dilution, 1:100; 
cat. no. AF1234; Beyotime Institute of Biotechnology) and 
the cells were incubated at 4˚C overnight. Samples were then 
incubated with Cy3‑labeled Goat anti‑mouse IgG secondary 
antibody (dilution, 1:500; cat. no. A0521; Beyotime Institute of 
Biotechnology) at room temperature for 1 h prior to observation 
using laser confocal microscopy.

Bioinformatics. Bioinformatics‑based predictions are a 
powerful tool for the assessment of miRNA function. In 
the current study, TargetScan (version no. 7.2; http://www.
targetscan.org) was used to predict target genes that may be 
regulated by miR‑329‑3p. The targeted genes with at least 7 
binding sites with miR‑329‑3p and those previously reported 
to play serve roles in HG‑induced endothelial dysfunction 
were given priority.

Dual luciferase reporter assay. According to the bioinfor‑
matics analysis, the wild‑type (WT) and mutant seed regions 
(designed to break the binding) of miR‑329‑3p in the 3'‑UTR 
of the TLR4 gene were chemically synthesized in vitro. To 
achieve this, the two ends were attached using SpeI and HindIII 
restriction sites and cloned into pMIR‑REPORT luciferase 
reporter plasmids (Takara Biotechnology Co., Ltd.). Plasmids 
(0.8 µg) encoding the WT or mutant 3'‑UTR sequences were 
co‑transfected with 100  nM agomiR‑329‑3p (Guangzhou 
RiboBio Co., Ltd.) into 293T cells (Type Culture Collection of 
the Chinese Academy of Sciences) using Lipofectamine 3000 
(Thermo Fisher Scientific, Inc.). 293T cells were transfected 
with an agomiR‑NC as a control. At 48 h following transfec‑
tion, the cells were lysed using a dual luciferase reporter assay 
kit (Promega Corporation) according to the manufacturer's 
protocol, and the luminescence intensity was measured using 
a GloMax 20/20 luminometer (Promega Corporation). Using 
Renilla luminescence activity as an internal reference, the 
luminescence values of each group of cells were measured.

Statistical analysis. The results were analyzed using SPSS 
20.0 statistical software (IBM Corp.). The data were expressed 
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as the mean  ±  standard deviation. Data were tested for 
normality. Differences among multiple groups were analyzed 
by one‑way ANOVA. In cases of homogeneity of variance, a 
least significant difference and Student‑Newman‑Keuls test 
were used. In cases of heterogeneity of variance, a Tamhane's 
T2 or a Dunnett's T3 test was used. Comparisons between two 
groups were performed using a Student's t‑test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Plasma miR‑329‑3p expression is decreased in patients with 
T2DM and following high‑glucose treatment of HUVECs. 
To determine miR‑329‑3p expression in human samples and 
cell lines, RT‑qPCR analysis was performed. The results indi‑
cated that miR‑329‑3p expression in the plasma of patients 
with T2DM was significantly lower when compared with 
the control group (P<0.01; Fig. 1A). In addition, miR‑329‑3p 
expression in HUVECs treated with 25 mmol/l glucose for 
24, 48 or 72 h was significantly lower when compared with 
the control group (P<0.01; Fig. 1B). The results indicate that 
miR‑329‑3p expression is lower in the plasma of patients 
with T2DM and in HUVECs treated with a high glucose 
concentration.

miR‑329‑3p reduces high glucose‑induced damage to 
HUVECs. RT‑qPCR analysis was performed to assess the 
efficiency of the miR‑329‑3p mimic and inhibitor. The 
results demonstrated that transfection with the miR‑329‑3p 
mimic and inhibitor significantly increased and decreased 
miR‑329‑3p expression levels compared with the miR‑NC 
group, respectively (P<0.01; Fig. 2A). A CCK‑8 assay, flow 
cytometry and western blot analysis were then performed to 
assess the effect of miR‑329‑3p overexpression and inhibition 
on cell viability and apoptosis in HUVEC cells. The results 
of the CCK‑8 assay indicated that, following treatment with 
high glucose for 24 h, the absorbance of HUVECs transfected 
with the miR‑329‑3p mimic was significantly higher when 
compared with the NC group (P<0.05), and the absorbance 
of HUVECs transfected with the miR‑329‑3p inhibitor was 
significantly lower compared with the NC group (P<0.05; 
Fig. 2B). The level of apoptosis was then detected using flow 
cytometry. The results indicated that for HUVECs cultured 
under D‑mannose conditions (control group), the apoptotic 
rate was ~2.9±1.2% (Fig. 2C). Following treatment with high 
glucose concentrations for 24 h, the apoptotic rate of HUVECs 
transfected with the miR‑329‑3p mimic was significantly lower 
compared with the NC group (P<0.05), whereas HUVECs 
transfected with miR‑329‑3p inhibitor exhibited a significantly 
higher apoptotic rate compared with the NC group (P<0.05; 
Fig. 2C). Consistent with the flow cytometry results, western 
blot analysis demonstrated that cleaved caspase‑3 (an apoptotic 
marker) expression in HUVECs treated with a high glucose 
concentration for 24 h and transfected with miR‑329‑3p mimic, 
was significantly lower when compared with the NC group 
(P<0.05). However, HUVECs transfected with the miR‑329‑3p 
inhibitor had significantly higher cleaved caspase‑3 expres‑
sion compared with the NC group (P<0.05; Fig. 2D). These 
results suggest that miR‑329‑3p reduces high glucose‑induced 
HUVEC cell damage.

miR‑329‑3p binds directly to TLR4 and regulates its expres‑
sion at the transcriptional and post‑transcriptional level. To 
understand the mechanisms of miR‑329‑3p, TargetScan was 
used to predict target genes of miR‑329‑3p. The results demon‑
strated that miR‑329‑3p has seven complementary binding 
sites with the 3'‑UTR of TLR4 (Fig. 3A). To confirm direct 
binding of miR‑329‑3p with the TLR4 3'‑UTR, a dual lucif‑
erase reporter assay was performed. The results demonstrated 
that miR‑329‑3p significantly reduced the luminescence of the 
WT when compared with the NC group (P<0.05), but had no 
effect on luminescence in the mutant group (P>0.05; Fig. 3B). 
RT‑qPCR and western blot analyses were performed to assess 
the effect of miR‑329‑3p on TLR4 mRNA and protein expres‑
sion. The results revealed that TLR4 mRNA and protein 
expression in HUVECs transfected with the miR‑329‑3p mimic 
were significantly lower when compared with the miR‑NC 
group (P<0.05). By contrast, TLR4 mRNA and protein expres‑
sion in HUVECs transfected with the miR‑329‑3p inhibitor 
were significantly higher compared with the miR‑NC group 
(P<0.05; Fig. 3C and D). These results indicate that miR‑329‑3p 
may directly bind with TLR4 and regulate its expression at the 
transcriptional and post‑transcriptional level.

miR‑329‑3p regulates HUVEC cell injury under high glucose 
conditions via the TLR4/TRAF6/NF‑κB signaling pathway. 
To further elucidate the molecular mechanisms by which 
miR‑329‑3p regulates endothelial cell injury induced by 
high glucose, the expression of TLR4 and its downstream 
signaling molecule, TRAF6, were examined. The results 

Figure 1. miR‑329‑3p expression in (A) plasma from patients with T2DM and 
healthy controls and (B) human umbilical vein endothelial cells treated with 
25 mmol/l glucose for 24, 48 or 72 h. *P<0.05, **P<0.01 vs. Control. miR, 
microRNA; T2DM, type 2 diabetes mellitus.



EXPERIMENTAL AND THERAPEUTIC MEDICINE  21:  29,  2021 5

demonstrated that transfection with the miR‑329‑3p mimic 
significantly decreased the expression of TLR4 and TRAF6 
mRNA in HUVECs when compared with cells transfected 
with the miR‑NC (P<0.05). However, transfection with the 
miR‑329‑3p inhibitor increased TLR4 and TRAF6 mRNA 
expression in HUVECs compared with cells transfected 
with miR‑NC (P<0.05; Fig.  4A). Similarly, western blot 
analysis indicated that miR‑329‑3p upregulation inhibited 
TLR4 and TRAF6 protein expression (P<0.05), while down‑
regulation of miR‑329‑3p promoted the expression of TLR4 

and TRAF6 (P<0.05; Fig. 4B). In addition, nuclear NF‑κB 
protein expression in HUVEC cells transfected with the 
miR‑329‑3p mimic was significantly lower compared with the 
miR‑NC group (P<0.05), while expression in HUVEC cells 
transfected with the miR‑329‑3p inhibitor was significantly 
higher compared with the miR‑NC group (P<0.05; Fig. 4C). 
Immunofluorescence results indicated that the upregulation 
of miR‑329‑3p markedly decreased the nuclear translocation 
of NF‑κB, while downregulation of miR‑329‑3p markedly 
increased NF‑κB nuclear translocation (Fig. 4D). These results 

Figure 2.Effect of miR-329-3p on cell viability and apoptosis under high glucose condition. (A) miR-329 relative expression after miR-329 mimic or miR-329 
inhibitor transfection. (B) Absorbance of HUVECs transfected with miR-NC, miR-329-3p mimic or miR-329-3p inhibitor. (C) Apoptotic rate of HUVECs 
transfected with miR-NC, miR-329-3p mimic or miR-329-3p inhibitor. Flow cytometry was carried out to detect apoptosis. (D) Expression of cleaved caspase 
3 in HUVECs transfected with miR-NC, miR-329-3p mimic or miR-329-3p inhibitor. Western blotting was used to determine protein expression. *P<0.05 and 
**P<0.01 vs. miR‑NC group. miR, microRNA; HUVEC, human umbilical vein endothelial cell; NC, negative control.
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suggest that miR‑329‑3p may be involved in regulating the 
TLR4/TRAF6/NF‑κB signaling pathway and NF‑κB nuclear 
translocation under high glucose conditions.

miR‑329‑3p protects HUVEC cells from high glucose‑induced 
apoptosis via inhibition of the TLR4/TRAF6/NF‑κB signaling 
pathway. Next, TLR4 was overexpressed to determine the 
effect of miR‑329‑3p on the TLR4/TRAF6/NF‑κB signaling 
pathway during HUVECs apoptosis under high glucose condi‑
tions. CCK‑8 assay demonstrated that transfection with the 
miR‑329‑3p mimic significantly increased the absorbance of 
HUVECs compared with the miR‑NC group and the empty 
vector control (vehicle group) (P<0.05), and overexpression 
of TLR4 significantly reduced the absorbance of HUVECs 
transfected with the miR‑329‑3p mimic (P<0.05; Fig. 5A). 
Flow cytometry analysis revealed that transfection with the 
miR‑329‑3p mimic significantly reduced the HUVEC apop‑
totic rate when compared with the miR‑NC and vehicle groups 
(P<0.05), and overexpression of TLR4 significantly increased 
the apoptotic rate of HUVECs transfected with the miR‑329‑3p 
mimic (P<0.05; Fig. 5B). A TLR4 overexpression adenovirus 
was used to further elucidate the role of TLR4 in HUVECs 
under high glucose conditions. The results demonstrated 
that TLR4 overexpression markedly increased TLR4 protein 
expression when compared with the negative control (Fig. 5C). 

Western blot analysis revealed that TLR4, TRAF6 and cleaved 
caspase‑3 protein expression in HUVECs transfected with the 
miR‑329‑3p mimic were significantly reduced when compared 
with the miR‑NC group (P<0.05). However, TLR4 overex‑
pression significantly increased TLR4, TRAF6 and cleaved 
caspase‑3 protein expression in HUVECs transfected with the 
miR‑329‑3p mimic (P<0.05; Fig. 5D). In addition, the expres‑
sion of nuclear NF‑κB protein in HUVECs transfected with the 
miR‑329‑3p mimic was significantly reduced when compared 
with the miR‑NC group (P<0.05), while overexpression of 
TLR4 significantly increased the expression of nuclear NF‑κB 
protein in HUVECs transfected with the miR‑329‑3p mimic 
(P<0.05; Fig. 5E). These results indicate that miR‑329‑3p may 
protect endothelial cells from high glucose‑induced apoptosis 
via inhibition of the TLR4/TRAF6/NF‑κB signaling pathway.

Discussion

Previous studies have demonstrated that the abnormal expres‑
sion of miRNA is frequently associated with diseases such as 
diabetes (5,6). miR‑329‑3p exhibits abnormal expression in a 
variety of tumors and is associated with tumor stage and prog‑
nosis (17‑19). Wang et al (17) demonstrated that miR‑329‑3p 
expression in pancreatic cancer was reduced and survival rates 
were decreased in patients with low miR‑329‑3p expression (17). 

Figure 3. Effect of miR‑329‑3p on TLR4 expression. (A) Bioinformatics prediction of the direct interaction between miR‑329‑3p and TLR4. Red font refers to 
mutated sites. (B) Dual luciferase reporter assay analysis of the direct binding of miR‑329‑3p with wt or mutant TLR4 3'‑UTR sequences; **P<0.01 as indicated. 
(C) Expression of TLR4 mRNA and (D) protein in human umbilical vein endothelial cells transfected with miR‑NC, miR‑329‑3p mimic or a miR‑329‑3p 
inhibitor, as determined by reverse transcription‑quantitative PCR and western blot analysis, respectively. All values were normalized to that of miR‑NC 
groups in (C and D) **P<0.01 vs. miR‑NC group. miR, microRNA; TLR4, toll like receptor 4; wt, wild‑type; UTR, untranslated region; NC, negative control.
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Jiang et al (18) revealed that miR‑329‑3p expression is decreased 
in patients with osteosarcoma, and its expression is correlated 
with tumor stage  (18). Li  et al  (19) demonstrated that low 
miR‑329‑3p expression is exhibited in gastric cancer and glioma, 
and that upregulation of miR‑329‑3p can inhibit the prolif‑
eration and migration of gastric cancer and glioma cells (20). 
However, to the best of our knowledge, miR‑329‑3p expres‑
sion in patients with diabetes has not yet been reported. In the 
present study, the results demonstrated that plasma miR‑329‑3p 

expression in patients with T2DM, or in HUVECs treated with 
a high glucose concentration, is decreased when compared with 
normal controls. This suggests that miR‑329‑3p may affect 
T2DM progression by modulating the damaging effects of high 
glucose on endothelial cells. Future studies will assess whether 
miR‑329‑3p expression in patients with T2DM is associated 
with sex, age or additional factors, using a larger sample size.

TLRs are key transmembrane proteins that transmit extra‑
cellular antigen recognition information intracellularly and 

Figure 4. Molecular mechanisms underlying the role of miR‑329‑3p in high glucose‑induced cell injury. Expression of TLR4 and TRAF6 (A) mRNA and 
(B) protein in HUVECs transfected with a miR‑NC, a miR‑329‑3p mimic or a miR‑329‑3p inhibitor, as determined by reverse transcription‑quantitative PCR 
and western blot analyses, respectively. (C) Expression of nu‑NF‑κB protein as determined by western blot analysis. (D) Distribution of NF‑κB in HUVECs. 
**P<0.01 vs. miR‑NC group. miR, microRNA; TLR4, toll like receptor 4; TRAF6, tumor necrosis factor receptor associated factor 6; HUVEC, human 
umbilical vein endothelial cell; NC, negative control; nu‑NF‑κB, nuclear‑nuclear factor‑κB.
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activate inflammatory responses (21). TLR4 serves an important 
role in mediating signal transduction and inflammation in a 
variety of cell types (13). Elevated expression of TLR4 has been 
observed in peripheral blood mononuclear cells obtained from 
patients with type 1 and type 2 diabetes (22,23). In clinical and 
experimental studies (23,24), TLR4 expression in a variety of 
cell types was observed to be significantly increased under high 
glucose conditions, which was associated with the occurrence 
of complications associated with diabetes (24). Welten et al (10) 
revealed that TLR4 mRNA expression is upregulated in an 
ischemic lower limb mouse model following downregulation of 

miR‑329‑3p. The results obtained in the present study demon‑
strated that TLR4 is a target gene of miR‑329‑3p. In addition, 
downregulation of miR‑329‑3p increased TLR4 expression and 
its associated downstream genes, increased the nuclear translo‑
cation of NF‑κB and increased the apoptotic rate of endothelial 
cells under high glucose conditions. In addition, upregulation 
of miR‑329‑3p protected endothelial cells from the apoptosis 
induced by high glucose by inhibiting the TLR4 signaling 
pathway. Overexpression of TLR4 abolished the protective effect 
of miR‑329‑3p, which indicated that high glucose stimulation 
may lead to inhibition of miR‑329‑3p expression in endothelial 

Figure 5. Effect of TLR4 overexpression on the viability and apoptosis of HUVECs transfected with miR‑329‑3p mimic under high‑glucose conditions. 
(A) Cell Counting Kit‑8 cell viability analysis of HUVECs transfected with a miR‑NC, the empty vector control (vehicle) a miR‑329‑3p mimic or a miR‑329‑3p 
mimic and TLR4. (B) Flow cytometry analysis of the apoptotic rate of HUVECs transfected with a miR‑NC, a miR‑329‑3p mimic or a miR‑329‑3p mimic and 
TLR4. (C) TLR4 expression determined by western blot analysis. (D) TLR4, TRAF6 and cleaved caspase‑3 protein expression determined by western blot 
analysis. (E) Nu‑NF‑κB protein expression determined by western blot analysis. *P<0.05 and **P<0.01 vs. the NC + vehicle group; #P<0.05 and ##P<0.01 vs. the 
miR‑329‑3p mimic group. TLR4, toll like receptor 4; HUVEC, human umbilical vein endothelial cell; miR, microRNA; NC, negative control; TRAF6, tumor 
necrosis factor receptor associated factor 6; nu‑NF‑κB, nuclear‑nuclear factor‑κB.
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cells, activate the TLR4 signaling pathway, promote nuclear 
translocation of NF‑κB, reduce the viability of endothelial 
cells and enhance apoptosis.

In conclusion, the present study demonstrated that plasma 
miR‑329‑3p expression is decreased in patients with T2DM. 
In addition, miR‑329‑3p may affect the development of T2DM 
by regulating the TLR4/TRAF6/NF‑κB signaling pathway 
and high glucose‑induced endothelial cell injury. The results 
of the present study provide experimental evidence for the 
role of miR‑329‑3p in high glucose‑associated endothelial 
dysfunction, which may help to understand the role of miRNA 
in endothelial injury induced by hyperglycemia.
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