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Abstract. Previous studies have identified microRNA 
(miRNA/miR)‑3613‑3p as a heat stress (HS)‑related miRNA 
in endothelial cells that can lead to apoptosis. However, the 
mechanism underlying the miR‑3613‑3p‑mediated apoptosis 
of HS‑exposed endothelial cells remains unclear. In the 
present study, western blot analysis and reverse transcrip‑
tion‑quantitative PCR were used to determine protein and 
miRNA expression levels, respectively. Annexin V‑fluorescein 
isothiocyanate/propidium iodide staining, caspase‑3 
activity measurements and DNA fragmentation assays 
were performed to detect apoptosis. To evaluate whether 
mitogen‑activated protein kinase kinase kinase 2 (MAP3K2) 
was a direct target of miR‑3613‑3p, a luciferase reporter assay 
was performed. In addition, transient transfection was used 
to carry out loss‑ and gain‑of‑function experiments. The 
results revealed that miR‑3613‑3p expression was reduced in 
human umbilical vein endothelial cells (HUVECs) following 
HS, which led to apoptosis. Mechanistically, following HS, 
a decrease in miR‑3613‑3p binding to the 3'‑untranslated 
region of MAP3K2 directly upregulated its expression, 
and the downstream p38 and caspase‑3 pathways, thereby 
leading to apoptosis. Taken together, the results of the 
present study demonstrated that HS suppressed miR‑3613‑3p 
expression, which activated the MAP3K2/p38/caspase‑3 
pathway, leading to the apoptosis of HUVECs. In conclu‑
sion, the miR‑3613‑3p/MAP3K2/p38/caspase‑3 pathway may 

serve an indispensable role in regulating the progression of 
apoptosis, indicating a regulatory role of miR‑3613‑3p in the 
pathophysiology of HS‑exposed endothelial cells.

Introduction

Heat stroke, which has a mortality rate of 10‑15% world‑
wide (1), arises from acute and irreversible multiple organ 
dysfunction induced by severe heat stress (HS) (2). Severe 
HS‑induced multiple organ dysfunction is thought to be 
associated with excessive death of endothelial cells (e.g., via 
apoptosis, autophagy or necrosis), which constitute the greatest 
surface area of the human circulatory system (3‑5). Notably, 
HS can cause damage to cells in various tissues, including 
endothelial cells. In response to the direct injurious effect of 
HS and the increased levels of inflammatory mediators caused 
by HS, endothelial cell apoptosis is an early event in heat 
stroke, suggesting its critical role in the pathogenesis of this 
condition (2,3,6). Endothelial cell apoptosis is closely associ‑
ated with microvascular dysfunction, including impaired 
permeability, coagulation, fibrinolysis, vascular tone and 
leukocyte recruitment (7). Microvascular dysfunction causes 
interstitial leakage, impaired microcirculatory blood flow and 
tissue hypoperfusion, and directly contributes to life‑threat‑
ening organ failure (8‑10). A more detailed understanding 
of HS‑induced endothelial cell apoptosis may be helpful for 
future therapy and in limiting HS‑induced organ failure.

MicroRNA (miRNA/miR) is a type of endogenous small 
noncoding RNA molecules that regulate gene expression by 
pairing with a sequence‑specific target or via other mecha‑
nisms; therefore, it has been suggested that miRNAs can control 
diverse cellular and signalling pathways (11). In numerous 
pathological conditions, miRNA and miRNA‑related regu‑
latory networks serve a crucial role in the prevention and 
treatment of endothelial cell death (11‑14). Several miRNA 
molecules have been reported to be aberrantly expressed in 
endothelial cells following HS, and their dysregulation is 
thought to be linked to pathological phenotypes of endothelial 
cells, such as proapoptotic, proinflammatory, proadhesive and 
procoagulant phenotypes (12). However, despite extensive 
investigation of these molecules in other diseases, exploration 
of their roles and the underlying pathogenic mechanisms in 
HS‑induced endothelial cell death is limited.
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In endothelial cells, the mitogen‑activated protein kinase 
(MAPK) pathway is reported to be one of the most frequently 
activated pathways in several pathogenic conditions (13,14). 
Accumulating evidence has indicated that the MAPK pathway 
is involved in HS‑induced organ injury and endothelial cell 
apoptosis; therefore, this pathway is thought to be a valu‑
able therapeutic target in heat stroke (15). Several miRNA 
molecules, such as miR‑199b‑3p, miR‑30‑3p and miR‑9‑5p in 
endothelial cells, have been proposed to negatively regulate the 
MAPK pathway and inhibit endothelial cell apoptosis (16‑18). 
However, whether MAPK can be negatively regulated by 
relevant miRNAs in endothelial cells after HS and its role 
remains poorly understood.

Our previous study demonstrated that miR‑3613‑3p was 
suppressed in HS‑treated human umbilical vein endothelial 
cells (HUVECs) (19). In our preliminary study, it was revealed 
that a decrease in miR‑3613‑3p might promote cell apoptosis 
by negative post‑transcriptional regulation of the target gene 
MAPK kinase kinase 2 (MAP3K2) (19), a component of the 
MAPK pathway. However, whether the miR‑3613‑3p/MAP3K2 
axis, along with downstream signalling molecules, contributes 
to HS‑induced apoptosis remains unclear.

The aim of the present study was to investigate whether 
miR‑3613‑3p is a critical mediator in the progression of the 
HS‑induced apoptosis of HUVECs, and whether this may 
involve changes in the activity of MAP3K2 and its downstream 
molecules.

Materials and methods

Cell culture and treatment. HUVECs were purchased from 
the American Type Culture Collection and cultured in 
RPMI‑1640 medium (Invitrogen; Thermo Fisher Scientific, 
Inc.) supplemented with 5% FBS (Invitrogen; Thermo Fisher 
Scientific, Inc.), 1% Eco Growth Supplement (Promocell 
GmbH), 100 U/ml penicillin and 100 µg/ml streptomycin 
(Invitrogen; Thermo Fisher Scientific, Inc.) in a humidified 
atmosphere at 37˚C and 5% CO2. All experiments were carried 
out with the 3‑6 generation HUVECs. For induction of HS, 
HUVECs were heated in a humidified incubator at different 
temperatures (39, 41, 43 or 45˚C for 2 h followed by 37˚C for 
6 h) or for different heat exposure times (43˚C for 1, 2, 3 or 4 h 
followed by 37˚C for 6 h), then transferred to normal culture 
conditions (5% CO2 at 37˚C) for 6 h before analysis. Cells 
cultured at 37±0.5˚C for 2 h were used as control cells. The 
use of non‑immortal HUVECs has received ethical approval 
from the Ethics Committee of Hefei Boe Hospital Co., Ltd. 
(approval no. 20190106).

Transient  t ransfect ion.  The miR‑3613‑3p mimic 
(cat.  no.  m iR10 017991‑1‑5,  ht tps://www. r ibobio.
com/en/product_ detail/?sku=miR10017991‑1‑5), negative 
control (NC) miRNA (miR‑NC; cat. no. miR1N0000001‑1‑5, 
https://www.ribobio.com/en/product‑search/?Category=all&
species=all&keywords=micron mimic NC), miR‑36‑13‑3p 
inhibitor (cat. no. miR20017991‑1‑5, https://www.ribobio.
com/en/product_detail /?sku=miR20017991‑1‑5) and 
anti‑miR‑NC (cat. no. miR2N0000001‑1‑5, https://www.
ribobio.com/en/product‑search/?category=all&species=all&
keywords=micrOFF inhibitor NC#22) were purchased from 

Guangzhou RiboBio Co., Ltd.. For construction of recombi‑
nant DNA or interference with gene expression, the pcDNA3.1 
plasmid (cat. no. E0648; Sigma‑Aldrich; Merck KGaA) 
was used as the vector. The pcDNA3.1‑MAP3K2 plasmid 
was constructed by Shanghai GeneChem Co., Ltd.. The 
empty pcDNA3.1 vector was used as the control. The 
MAP3K2 small interfering RNA (siRNA; si‑MAP3K2; 
cat. no. siB06111516204‑1‑5) and corresponding NC (si‑NC; 
cat. no. siN0000001‑1‑5) were purchased from Guangzhou 
RiboBio Co., Ltd.. Cells were seeded into 6‑well plates at a 
density of ~1.5x105 cells/well. Following the manufacturer's 
instructions, transient transfection was carried out with 
Lipofectamine® 3000 reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) at 37˚C for 24 h. Different concentrations 
of miR‑3613‑3p mimic or miR‑3613‑3p inhibitor were used 
(miR‑3613‑3p mimic at 25, 50 and 100 nM; miR‑3613‑3p 
inhibitor at 25, 50 and 100 nM) to determine the effect of HS 
on apoptosis of HUVECs. The appropriate concentrations of 
these factors were selected and used in further experiments 
The concentrations of other reagents were as follows: miR‑NC, 
50 nM; anti‑miR‑NC, 100 nM; pcDNA3.1‑MAP3K2, 100 nM; 
pcDNA3.1, 100 nM; si‑MAP3K2, 50 nM; and si‑NC, 50 nM. 
After transfection, cells were treated with 43˚C or control 
heat treatments. Then, transfected cells were collected for 
subsequent analysis.

RNA extraction and reverse transcription‑quantitative 
PCR (RT‑qPCR). Total RNA was isolated from HUVECs 
(~5x106 cells) using TRIzol® (Thermo Fisher Scientific, Inc.) 
and the miRNA easy mini kit (Qiagen, Inc.), according to the 
manufacturer's protocols. A Nanodrop™ spectrophotometer 
(Thermo Fisher Scientific, Inc.) was used to measure the quan‑
tity and quality of RNA, and 1% agarose gel electrophoresis was 
used to detect RNA integrity. The expression levels of miRNA 
were detected via RT‑qPCR, and the primers were synthesized 
and purchased from Shanghai Gene Pharmaceutical Co., 
Ltd. U6 was employed as the endogenous control for miRNA 
expression. The primer sequences were as follows: miR‑3613‑3p 
sense, 5'‑CGT CCC TTC CCA ACC CGA AAA AAA‑3' and 
antisense, 5'‑CGC AGG GTC CGA GGT ATT C‑3'; and U6 sense, 
5'‑CTC GCT TCG GCA GCA CA‑3' and antisense, 5'‑AAC GCT 
TCA CGA ATT TGC GT‑3'. Briefly, specific stem‑loop primers 
and a TaqMan® MicroRNA Reverse Transcription kit (Applied 
Biosystems; Thermo Fisher Scientific, Inc.) were used to 
reverse transcribed sample total RNA (10 ng) into cDNA. In 
a 15‑µl reaction volume, mixtures were incubated for 30 min 
at 16˚C, 30 min at 42˚C and 5 min at 85˚C, and held at 4˚C. 
Following the RT reaction, qPCR was carried out with an 
ABI 7300 Real‑Time PCR system (Bio‑Rad Laboratories, Inc.) 
and SYBR Green (Invitrogen; Thermo Fisher Scientific, Inc.) 
according to the manufacturer's protocol. The thermocycling 
conditions were 95˚C for 10 min, followed by 40 cycles of 95˚C 
for 15 sec and 60˚C for 60 sec in a 20‑µl reaction volume (20,21). 
The relative level of each miRNA was determined by the 2‑ΔΔCq 
method (22). All results were normalized to U6 expression 
levels, which were analyzed simultaneously. All experiments 
were performed at least in triplicate.

Flow cytometric analysis of apoptosis. Cell apoptosis 
was determined with an Annexin V‑FITC Apoptosis kit 
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(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocol. In total, ~1x106 cells were collected, 
washed with ice‑cold PBS prior to resuspension in binding 
buffer containing 5 µl Annexin V‑FITC for 10 min in the dark 
at room temperature. Subsequently, the cells were pelleted by 
centrifugation at ~157 x g and 4˚C for 10 min, the buffer was 
removed and the cells were resuspended in reaction buffer 
containing 10 µl propidium iodide (PI). The suspension 
was mixed and incubated in the dark at room temperature 
for 15 min. Finally, cell apoptotic rates (early+late) were 
determined using a f low cytometer (FACSCanto™ II; 
BD Biosciences). FlowJo version 7.6.1 software (Tree Star, 
Inc.) was used to analyze the data. The experiment was 
performed at least three times.

Protein extraction and western blot analysis. Protein 
extraction, measurement of total protein concentration and 
western blot analysis were performed as described previ‑
ously (19). The primary antibodies used were as follows: 
Mouse anti‑human MAP3K2 (cat. no. SAB5300054), mouse 
anti‑human p38 MAPK (cat. no. M8177), mouse anti‑human 
phosphorylated (p)‑p38 MAPK (cat. no. MABS64), 
mouse anti‑human extracellular signal‑regulated kinase 
(ERK1/2; cat. no. M8159), mouse anti‑human p‑ERK1/2 
(cat. no. M7802), mouse anti‑human c‑Jun N‑terminal 
kinase (JNK; cat. no. SAB4200176), rabbit anti‑human 
p‑JNK (cat. no. ZRB1173), mouse anti‑human caspase‑3 
(cat. no. C5737) and mouse anti‑human actin (cat. no. A4700) 
(all from Sigma‑Aldrich; Merck KGaA). All primary 
antibodies were di luted 1:1,000. Goat anti‑mouse 
horseradish peroxidase‑conjugated immunoglobulin G 
(cat. no. SAB3701029) and goat anti‑rabbit horseradish 
peroxidase‑conjugated immunoglobulin G (cat. no. AP156P) 
(both from Sigma‑Aldrich; Merck KGaA) were diluted 
1:8,000 and used as secondary antibodies. Protein expression 
levels were normalized to those of actin as the endogenous 
control.

Luciferase reporter assay. The luciferase vector reporter 
plasmids pGL3‑MAP3K2 with the wild‑type 3'‑untrans‑
lated region (3'‑UTR) (MAP3K2‑WT) or mutant 3'‑UTR 
(MAP3K2‑MUT) were purchased from Guangzhou RiboBio 
Co., Ltd. miR‑NC or anti‑miR‑NC were used as the NCs. 
HUVECs (~1x105 cells/well) were seeded in 24‑well plates and 
cultured for 24 h prior to transfection. Cells were co‑transfected 
with luciferase vectors (MAP3K2‑WT or MAP3K2‑MUT 
reporter plasmid) and either miR‑3613‑3p mimic or miR‑NC 
at room temperature for 24 h. Simultaneously, cells were 
co‑transfected with luciferase vectors (MAP3K2‑WT or 
MAP3K2‑MUT reporter plasmid) and either miR‑3613‑3p 
inhibitor or anti‑miR‑NC at room temperature for 24 h. 
Lipofectamine® 3000 reagent was used according to the 
manufacturer's protocol. The dual‑luciferase activity was 
measured at 48 h after transfection. The dual‑Luciferase 
reporter system (Promega Corporation) was used to quantify 
Firefly and Renilla luciferase activities according to manufac‑
turer's protocol. All experiments were performed in triplicate; 
n=3‑6 for each experiment. The final concentrations were as 
follows: MAP3K2‑WT, 100 nM; MAP3K2‑MUT, 100 nM; 
miR‑3613‑3p mimic, 50 nM; miR‑3613‑3p inhibitor, 100 nM; 

miR‑NC, 50 nM; and anti‑miR‑NC, 100 nM. All experiments 
were performed in triplicate; n=3‑6 for each experiment.

Treatments with selective pathway inhibitors. SB203580 
(an inhibitor of p38 MAPK), PD98059 (an inhibitor of ERK) 
and SP600125 (an inhibitor of JNK) were from Sigma‑Aldrich 
(Merck KGaA). All inhibitors were diluted in DMSO (stock 
concentrations 10 and 20 mM) and kept at ‑20˚C. During the 
experiments, they were used at a final concentration of 10 µM. 
They were respectively added in culture medium 24 h prior to 
HS exposure at 37˚C.

Caspase‑3 activity assay. A caspase‑3 activity fluorescent 
assay kit (Enzo Life Sciences, Inc.) was used according to 
the manufacturer's protocol. Cells were seeded at a density 
of 1x105 cells/well in 96‑well plates. After 24 h, cells were 
exposed to HS or control heat. Cells were then lysed in 
caspase‑3 sample lysis buffer, and total cellular protein 
was extracted and quantified using a BCA Protein assay kit 
(Thermo Fisher Scientific, Inc.) according to the manufactur‑
er's protocol. Prior to the caspase‑3 assay, samples containing 
equal amounts of total protein were incubated with the DEVD 
substrate conjugate provided in the kit at 37˚C for 2 h. The 
samples were then evaluated by measurement at an excitation 
wavelength of 400 nm and emission wavelength of 505 nm in 
an automatic microplate reader (SpectraMax M5; Molecular 
Devices, LLC).

DNA fragmentation assay. A Cellular DNA Fragmentation 
ELISA kit (Roche Applied Science; cat. no. 11585045001) was 
used according to the manufacturer's instructions. This assay is 
based on the quantitative detection of 5‑bromo‑2'‑deoxyuridine 
(BrdU)‑labeled DNA fragments. Cells were seeded at a density 
of 1x105 cells/well in 96‑well plates. After 24 h of growth, cells 
were exposed to different treatments. Subsequently, 10 µM 
BrdU was added to each well, and the cells were cultured with 
BrdU for 24 h. The complexes were centrifuged at ~250 x g 
for 10 min at 4˚C, the supernatant carefully removed. After 
DNA labelling, the cells were lysed in 200 µl incubation 
buffer and soluble DNA fragments were quantified using the 
Cellular DNA Fragmentation ELISA kit, according to the 
manufacturer's instructions. Absorbance values were detected 
spectrophotometrically at 450 nm using an ELx808 ELISA 
reader (BioTek Instruments). All experiments were performed 
in triplicate.

Statistical analysis. Data are presented as the mean ± standard 
error of the mean from at least three independent experiments 
performed in duplicate. Statistical analysis was performed 
using SPSS version 20.0 (IBM Corp.). Differences between 
two groups were compared using unpaired Student's t‑test. 
Comparisons among multiple groups were performed with 
one‑way analysis of variance followed by Tukey's test. P<0.05 
was considered to indicate a statistically significant difference.

Results

Apoptosis is induced by HS in HUVECs. To evaluate the 
apoptosis of HUVECs following HS, Annexin V‑fluorescein 
isothiocyanate/PI staining and flow cytometry were performed. 
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Cells were incubated at different temperatures (39, 41, 43, or 
45˚C for 2 h followed by 37˚C for 6 h) or for different heat 
exposure times (43˚C for 1, 2, 3 or 4 h followed by 37˚C for 6 h). 
The apoptotic rate was increased with increasing temperature 
or heat exposure time, peaking at 43˚C or 2 h in the respec‑
tive experiments (Fig. 1A and B). These results suggested that 
HUVEC apoptosis was enhanced by HS.

HS induces miR‑3613‑3p downregulation and MAP3K2 
upregulation in HUVECs. To evaluate the expression levels 
of miR‑3613‑3p and MAP3K2 in HUVECs during HS expo‑
sure, RT‑qPCR and western blot analysis were performed. In 
HUVECs treated with different temperatures or for different 
heat exposure durations, the expression levels of miR‑3613‑3p 
were decreased, whereas those of MAP3K2 were increased. As 

Figure 1. Apoptosis is induced by HS in HUVECs. (A) Apoptosis of HUVECs after HS exposure at different temperatures was determined using an 
Annexin V/PI apoptosis kit. (B) Apoptosis of HUVECs after HS exposure for different durations was determined with an Annexin V/PI apoptosis kit. *P<0.05 
vs. 37˚C group. FITC, fluorescein isothiocyanate; HUVECs, human umbilical vein endothelial cells; HS, heat stress; miR‑3613‑3p, microRNA‑3613‑3p; 
PI, propidium iodide.
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shown in Fig. 2A and B, the expression levels of miR‑3613‑3p 
were significantly decreased and those of MAP3K2 were 
significantly increased at all time points. Furthermore, as 
shown in Fig. 2C and D, the expression levels of miR‑3613‑3p 
were consistently decreased at all durations, and those of 
MAP3K2 were significantly increased after HUVECs were 
exposed to HS for 2 h. These results indicated that HS induced 
opposing changes in the expression levels of miR‑3613‑3p 
and MAP3K2 in HUVECs; however, whether miR‑3613‑3p 
directly or indirectly targets MAP3K2 remains unknown.

miR‑3613‑3p regulates the HS‑induced apoptosis of HUVECs. 
To further understand the relationship between miR‑3613‑3p 
and the apoptosis of HS‑exposed HUVECs, HUVECs were 
transfected with a miR‑3613‑3p inhibitor or miR‑3613‑3p 
mimic. Compared with the NC groups, cells successfully 
transfected with the miR‑3613‑3p inhibitor or miR‑3613‑3p 
mimic exhibited reduced or increased miR‑3613‑3p expres‑
sion levels, respectively (Fig. 3A). HS significantly reduced 
the expressionlevel of miR‑3613‑3p in HUVECs. The use of 
miR‑3613‑3p inhibitors further aggravated the reduction of 
miR‑3613‑3p in HUVECs exposed to HS. Moreover, the effect 
of miR‑3613‑3p inhibitor was dose‑dependent, with the inhibi‑
tion reaching its peak at 100 nM (Fig. 3B). The miR‑3613‑3p 
inhibitor, which led to a marked decrease in miR‑3613‑3p 
expression, resulted in upregulation of HS‑induced apoptosis. 
The effects of the miR‑3613‑3p inhibitor were dose‑dependent 
and peaked at 100 nM (Fig. 3C). Transfection of miR‑3613‑3p 
mimic could partially reverse the inhibition effect of HS on 
miR‑3613‑3p in HUVECs. The effect was dose‑dependent, 
peaking at 50 nM (Fig. 3D). In addition, transfection with 
the miR‑3613‑3p mimic reduced HS‑induced apoptosis of 

HUVECs in a dose‑dependent manner. This effect gradually 
increased with increasing miR‑3613‑3p mimic concentration 
and reached a peak at 50 nM (Fig. 3E). These results indi‑
cated a regulatory effect of miR‑3613‑3p on the HS‑induced 
apoptosis of HUVECs. The similar effects of the miR‑3613‑3p 
mimic at 50 and 100 nM were considered to be related to the 
degree of saturation of intermediate binding sites between the 
miR‑3613‑3p mimic and mRNA. In subsequent experiments, 
the optimal concentration of 100 nM miR‑3613‑3p inhibitor or 
50 nM miR‑3613‑3p mimic was used.

MAP3K2 is a target of miR‑3613‑3p in HUVECs. Previous 
bioinformatics analysis indicated that MAP3K2 may be a 
target gene of miR‑ 3613‑3p (12). The present study investi‑
gated the relationship between miR‑3613‑3p and MAP3K2 
in the context of HS. Overexpression of miR‑3613‑3p in 
HUVECs induced using the miR‑3613‑3p mimic inhibited 
HS‑induced MAP3K2 expression (Fig. 4A), whereas suppres‑
sion of miR‑3613‑3p induced using the miR‑3613‑3p inhibitor 
enhanced HS‑induced MAP3K2 expression in HUVECs 
(Fig. 4B). To further confirm whether the predicted target sites 
of miR‑3613‑3p were located within the 3'‑UTR of MAP3K2 
mRNA, dual luciferase reporter assays were performed with 
either the MAP3K2‑WT or MAP3K2‑MUT plasmid in 
HUVECs at 37˚C. A schematic representation of the putative 
miR‑3613‑3p binding site in the MAP3K2 mRNA 3'‑UTR is 
shown in Fig. 4C. Reduced luciferase activity was detected in 
HUVECs transfected with MAP3K2‑WT and the miR‑3613‑3p 
mimic compared with that in HUVECs co‑transfected with 
MAP3K2‑WT and miR‑NC (Fig. 4D). Moreover, the luciferase 
assay data indicated that luciferase activity was significantly 
increased in HUVECs co‑transfected with MAP3K2‑WT and 

Figure 2. HS induces miR‑3613‑3p downregulation and MAP3K2 upregulation in HUVECs. (A) Expression of miR‑3613‑3p in HUVECs after HS exposure at 
different temperatures was determined by RT‑qPCR. (B) Expression of MAP3K2 in HUVECs after HS exposure at different temperatures was determined by 
western blot analysis. (C) Expression of miR‑3613‑3p in HUVECs after HS exposure for different durations was determined by RT‑qPCR. (D) Expression of 
MAP3K2 in HUVECs after HS exposure for different durations was determined by western blot analysis. *P<0.05 vs. 37˚C group. HUVECs, human umbilical 
vein endothelial cells; HS, heat stress; miR‑3613‑3p, microRNA‑3613‑3p; MAP3K2, mitogen‑activated protein kinase kinase kinase 2; RT‑qPCR, reverse 
transcription‑quantitative PCR.
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the miR‑3613‑3p inhibitor compared with that in HUVECs 
co‑transfected with MAP3K2‑WT and anti‑miR‑NC 
(Fig. 4E). Conversely, no change in the luciferase activity of 
the MAP3K2‑MUT vector was detected after co‑transfection 
with the miR‑3613‑3p mimic, the miR‑3613‑3p inhibitor or the 

corresponding NC (Fig. 4D and E). Collectively, these data 
indicated that MAP3K2 was a target of miR‑3613‑3p.

MAP3K2 mediates HS‑induced HUVEC apoptosis. The present 
study also aimed to determine whether MAP3K2 was involved in 

Figure 3. miR‑3613‑3p regulates the HS‑induced apoptosis of HUVECs. (A) Reverse transcription‑quantitative PCR analysis of miR‑3613‑3p expression in 
miR‑3613‑3p inhibitor‑ or miR‑3613‑3p mimic‑transfected cells. *P<0.05 vs. 37˚C + anti‑miR‑NC/miR‑NC group; #P<0.05 vs. HS + anti‑miR‑NC/miR‑NC 
group. (B) Expression of miR‑3613‑3p in HUVECs after HS exposure and/or miR‑3613‑3p silencing. *P<0.05 vs. 37˚C group; #P<0.05 vs. HS + anti‑miR‑NC 
group. (C) Apoptosis of HUVECs after HS exposure and/or miR‑3613‑3p silencing. *P<0.05 vs. 37˚C group; #P<0.05 vs. HS + anti‑miR‑NC group. (D) Expression 
of miR‑3613‑3p in HUVECs after HS exposure and/or miR‑3613‑3p overexpression. *P<0.05 vs. 37˚C group; #P<0.05 vs. HS + miR‑NC group. (E) Apoptosis of 
HUVECs after HS exposure and/or miR‑3613‑3p overexpression. *P<0.05 vs. 37˚C group; #P<0.05 vs. HS + miR‑NC group. FITC, fluorescein isothiocyanate; 
HUVECs, human umbilical vein endothelial cells; HS, heat stress; miR, microRNA; NC, negative control; PI, propidium iodide.
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the HS‑induced apoptosis of HUVECs. As shown in Fig. 5A and C, 
HUVECs were successfully transfected with si‑MAP3K2 or 
pcDNA3.1‑MAP3K2; compared with in the control groups, 
the transfected cells exhibited decreased or increased protein 
expression levels of MAP3K2, respectively. Notably, si‑MAP3K2 
treatment protected HUVECs from HS‑induced apoptosis 
(Fig. 5B), whereas pcDNA3.1‑MAP3K2 treatment resulted in 
increased HS‑induced apoptosis of HUVECs (Fig. 5D).

miR‑3613‑3p acts through MAP3K2 to influence HUVEC 
apoptosis. To determine whether MAP3K2 was involved in 

the pathogenic role of miR‑3613‑3p in HS‑induced HUVEC 
apoptosis, the present study investigated the relationship 
among miR‑3613‑3p, MAP3K2 and apoptosis in HS‑exposed 
HUVECs. MAP3K2 expression and apoptosis in HUVECs 
following HS were significantly inhibited by the miR‑3613‑3p 
mimic. Transfection with pcDNA3.1‑MAP3K2 partially 
reversed the miR‑3613‑3p mimic‑induced inhibition of 
MAP3K2 expression and apoptosis (Fig. 6A and B), whereas 
transfection with si‑MAP3K2 promoted the miR‑3613‑3p 
mimic‑induced inhibition of MAP3K2 expression and 
apoptosis (Fig. 6C and D).

Figure 4. MAP3K2 is a target of miR‑3613‑3p in HUVECs. (A) Expression of MAP3K2 in HUVECs after HS exposure and/or miR‑3613‑3p overexpression. 
*P<0.05 vs. HS + miR‑NC group. (B) Expression of MAP3K2 in HUVECs after HS exposure and/or miR‑3613‑3p silencing. *P<0.05 vs. HS + anti‑miR‑NC 
group. (C) Schematic representation of the putative miR‑3613‑3p binding site in the 3'‑untranslated region of MAP3K2. MAP3K2‑MUT indicates the MAP3K2 
3'‑UTR with a mutation in the miR‑3613‑3p binding site. (D) Relative luciferase activity in HUVECs after transfection with luciferase reporter plasmids 
(MAP3K2‑WT or MAP3K2‑MUT) and miR‑3613‑3p mimic or miR‑NC was determined by a luciferase reporter assay. (E) Relative luciferase activity in 
HUVECs after transfection with luciferase reporter plasmids (MAP3K2‑WT or MAP3K2‑MUT) and miR‑3613‑3p inhibitor or anti‑miR‑NC was determined 
by a luciferase reporter assay. *P<0.05, as indicated. HUVECs, human umbilical vein endothelial cells; HS, heat stress; MAP3K2, mitogen‑activated protein 
kinase kinase kinase 3; miR, microRNA; MUT, mutant; NC, negative control; WT, wild type.
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Figure 5. MAP3K2 mediates HS‑induced HUVEC apoptosis. (A) Western blot analysis of MAP3K2 protein expression in si‑MAP3K2‑ or si‑NC‑transfected 
cells. *P<0.05 vs. 37˚C + si‑NC group; #P<0.05 vs. HS + si‑NC group. (B) Apoptosis of HUVECs after HS exposure and/or MAP3K2 silencing. *P<0.05 
vs. 37˚C group; #P<0.05 vs. HS group. (C) Western blot analysis of MAP3K2 protein expression in pcDNA3.1‑MAP3K2‑ or pcDNA3.1‑transfected cells. 
*P<0.05 vs. 37˚C group; #P<0.05 vs. HS + pcDNA3.1 group. (D) Apoptosis of HUVECs after HS exposure and/or MAP3K2 overexpression. *P<0.05 vs. 37˚C 
+ pcDNA3.1 group; #P<0.05 vs. HS group. FITC, fluorescein isothiocyanate; HUVECs, human umbilical vein endothelial cells; HS, heat stress; MAP3K2, 
mitogen‑activated protein kinase kinase kinase 3; miR, microRNA; NC, negative control; PI, propidium iodide; si, small interfering.
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Figure 6. miR‑3613‑3p acts through MAP3K2 to influence HUVEC apoptosis. (A) Expression of MAP3K2 in HUVECs after HS exposure, miR‑3613‑3p 
overexpression and/or MAP3K2 overexpression. (B) Apoptosis of HUVECs after HS exposure, miR‑3613‑3p overexpression and/or MAP3K2 overexpression 
(C) Expression of MAP3K2 in HUVECs after HS exposure, miR‑3613‑3p overexpression and/or silencing MAP3K2. (D) Apoptosis of HUVECs after HS 
exposure, miR‑3613‑3p overexpression and/or silencing MAP3K2. *P<0.05 vs. HS group; #P<0.05 vs. HS + miR‑3613‑3p mimic. FITC, fluorescein isothio‑
cyanate; HUVECs, human umbilical vein endothelial cells; HS, heat stress; MAP3K2, mitogen‑activated protein kinase kinase kinase 3; miR, microRNA; 
NC, negative control; PI, propidium iodide; si, small interfering.
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MAP3K2 affects the HS‑induced apoptosis of HUVECs by 
increasing p38 phosphorylation and caspase‑3 activity. To 
elucidate the molecular mechanisms by which MAP3K2 
mediates HUVEC apoptosis, the underlying signalling path‑
ways were assessed. As shown in Fig. 7A, HS had no effect on 
the expression levels of p38, JNK and ERK, but significantly 
upregulated their phosphorylation. Moreover, HS resulted in 
cleavage of caspase‑3 in HUVECs. To further investigate the 
effects of different MAPKs on the HS‑induced apoptosis of 
HUVECs, HUVECs were exposed to HS and treated with a 
range of specific inhibitors, including SB203580, PD98059 

and SP600125. As shown in Fig. 7B, inhibition of p38 MAPK, 
but not ERK or JNK, diminished the production of cleaved 
caspase‑3 and DNA fragments in HS‑treated HUVECs. In 
addition, the relationship between MAP3K2 and p38 was 
determined. Western blot analysis revealed that HS increased 
the phosphorylation of p38 and activation of caspase‑3; 
notably, knockdown of MAP3K2 expression significantly 
suppressed the HS‑induced increases in p38 phosphorylation 
and caspase‑3 activation, whereas overexpression of MAP3K2 
markedly promoted these effects (Fig. 7C). Collectively, these 
findings indicated that MAP3K2 may accelerate HUVEC 

Figure 7. MAP3K2 affects the HS‑induced apoptosis of HUVECs by upregulating p38 phosphorylation and caspase‑3 activity. (A) Expression and phosphory‑
lation of p38, ERK and JNK, and the level of cleaved caspase‑3 in HUVECs after HS exposure. (B) Caspase‑3 activity and DNA fragmentation in HUVECs 
after HS exposure and treatment with SB203580, SP600125 or PD98059. *P<0.05 vs. 37˚C group; #P<0.05 vs. HS group. (C) Expression and phosphorylation 
of p38 and the level of cleaved caspase‑3 in HUVECs after HS exposure and MAP3K2 overexpression or knockdown. *P<0.05 vs. HS group. ERK, extracel‑
lular signal‑regulated kinase; HUVECs, human umbilical vein endothelial cells; HS, heat stress; JNK, c‑Jun N‑terminal kinase; MAP3K2, mitogen‑activated 
protein kinase kinase kinase 3; p‑, phosphorylated; si, small interfering.
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apoptosis induced by HS via regulation of the p38/caspase‑3 
signalling pathway.

Discussion

Accumulating evidence has indicated that miRNA and 
miRNA‑mediated regulatory networks serve a vital role in 
the onset and development of endothelial cell‑related diseases 
and may represent therapeutic targets (23‑25). Our previous 
miRNA expression profiling data in HUVECs indicated that 
miR‑3613‑3p may be a HS‑related miRNA (12). Furthermore, 
using an in vivo approach, our previous study revealed a regu‑
latory relationship between miR‑3613‑3p and MAP3K2 that 
mediated the apoptosis of HS‑treated HUVECs (19).

The present study confirmed that miR‑3613‑3p could 
target MAP3K2 to suppress its protein expression and 
participate in HS‑mediated HUVEC apoptosis. This conclu‑
sion was confirmed by the following experiments: i) A 
negative association between miR‑3613‑3p and MAP3K2 
expression was observed in HUVECs upon exposure to HS. 
ii) Inhibition of miR‑3613‑3p promoted MAP3K2 expression, 
whereas upregulation of miR‑3613‑3p suppressed MAP3K2 
expression. iii) miR‑3613‑3p negatively regulated MAP3K2 
expression in HUVECs via binding to a site in the 3'‑UTR 
of MAP3K2 mRNA. Notably, luciferase activity induced 
by the MAP3K2‑WT plasmid was specifically responsive 
to miR‑3613‑3p, unlike the MAP3K2‑MUT plasmid. iv) In 
a HS model, inhibition of MAP3K2 decreased HS‑induced 
apoptosis, whereas HS‑induced apoptosis was increased when 
MAP3K2 expression was enhanced. v) Restoration of MAP3K2 
expression partially restored the suppression of apoptosis 
induced by miR‑3613‑3p overexpression, whereas inhibition 
of MAP3K2 enhanced miR‑3613‑3p‑induced suppression of 
apoptosis. Thus, the present results indicated that MAP3K2 
was a target of miR‑3613‑3p in terms of molecular mechanism 
and function.

There are three types of MAPK in the evolutionarily 
conserved MAPK cascades: MAPK kinase kinases (MAP3Ks), 
MAPK kinases (MAP2Ks) and MAPKs. By sequentially 
activating each other, MAPKs transduce signals from the 
activated receptors to the nucleus (26,27). MAP3K2 is an 
upstream kinase in the MAPK signalling pathway and has 
been reported to participate in numerous important cellular 
processes, such as apoptosis, proliferation and differentia‑
tion (28‑30). To explore the biological function of MAP3K2 
in the HS‑induced apoptosis of HUVECs, the present study 
assessed the downstream genes of MAP3K2. HS stimulation 
increased ERK, JNK and p38 MAPK phosphorylation in 
HUVECs when apoptosis was notably increased, which was 
accompanied by increased cleavage of caspase‑3. Moreover, 
inhibition of p38, but not JNK or ERK, markedly suppressed 
HS‑induced production of cleaved caspase‑3 (a key executor 
of apoptosis) and DNA fragmentation. In addition, in the 
present study, the HS‑induced increases in p38 phosphoryla‑
tion and caspase‑3 activation in HUVECs were partially 
reversed by suppression of MAP3K2. Moreover, upregulation 
of MAP3K2 enhanced the HS‑induced phosphorylation of 
p38 and activation of caspase‑3 in HUVECs. The p38 MAPK 
pathway has been reported to enhance caspase‑3 activity by 
promoting heat shock protein (Hsp)27‑78 phosphorylation and 

MAPK‑activated protein kinase 2 (MK2) expression in neural 
stem cells (31). In nerve cells, targeting other oncogenes down‑
stream of p38, such as Bcl‑2‑like protein 11, has been reported 
to increase caspase‑3 activity (32). These findings collectively 
suggest that p38 may act as the downstream target of MAP3K2 
and could promote apoptosis via caspase‑3 in HUVECs upon 
exposure to HS.

p38 MAPK is first activated by typical MEKK or 
mixed‑lineage kinases, then activates mitogen‑activated 
protein kinase kinase 3 (MKK3) and MKK6, which are 
highly selective for p38 MAPK (33,34). In general, MAP3K2 
phosphorylation was previously reported to preferentially 
regulate the JNK and ERK5 pathways by phosphorylating 
and activating MKK5 as well as MAP kinase 7 (35‑38). 
However, the functional experiments in the present study 
revealed that HS‑induced activation of the MAP3K2 pathway 
in a p38‑dependent manner and resulted in HUVEC apoptosis. 
Consistent with the present findings, some previous studies 
have reported that MAP3K2 is associated with the activa‑
tion of p38 (28,39). For example, sublytic C5b‑9 promoted 
the apoptosis of glomerular mesangial cells by activating 
the MAP3K2/p38 MAPK axis (28). These findings indicated 
that the pathways engaged by MAP3K2 are highly context 
dependent, and vary by both cell type and stimulus.

Liu et al (40) observed that significant phosphorylation of 
p38 occurred in HUVECs after 15 min at 43˚C. Li et al (41) 
investigated the time course of p38 MAPK phosphorylation in 
HUVECs stimulated by HS; p38 phosphorylation was detected 
as early as 1 h after heat shock and continued to the 9‑h time 
point, which was also consistent with the time period during 
which caspase‑9 and caspase‑3 activation, Bcl‑2 ubiquitination 
and apoptosis occurred. Similar to the alterations observed 
in HUVECs, p38 MAPK was shown to be rapidly activated 
after heat shock in glial cells; its phosphorylation peaked at 
3 h and was maintained to the 12‑h time point in glial cells, 
consistent with the time course of HS‑induced apoptosis (42). 
Additionally, phosphorylation of p38 has been shown to be 
elevated at 6 h after HS in intestinal epithelial cells (43), and 
HS‑induced activation of p38 was measurable in cardiomyo‑
cytes 1 h after HS exposure (44). In this study, phosphorylation 
of p38 was at a high level 2 h after HS, coinciding with the 
decrease in miR‑3613‑3p and increase in MAP3K2 expression. 
p38 MAPK is a downstream molecule of multiple signalling 
pathways, and is eventually activated through signalling path‑
ways composed of extracellular signalling molecules, specific 
receptors on the surface of the membrane and intracellular 
signalling molecules (45‑47). Notably, the initiation time and 
duration of p38 MAPK activation are irregular and may vary 
with different cell types or environmental stresses.

In addition to the present findings, previous studies have 
revealed that HS can activate different MAPK signalling 
pathways in a variety of cell types. p‑MAPKs, which are 
downstream genes of MAPKs, and some of their downstream 
molecules, were the focus of these studies. Li et al (31) indi‑
cated that p38/MK2/Hsp27‑78 signalling was activated during 
HS‑induced apoptosis and autophagy progression in neural 
stem cell. In addition, Liu et al (44) reported that HS promoted 
the activation of p38, leading to cardiomyocyte apoptosis and 
cardiac dysfunction. Huang et al (15) indicated that the ERK 
pathways participated in the HS‑induced receptor‑interacting 
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protein 1/3‑dependent necroptosis of pulmonary vascular 
endothelial cells, which exacerbated lung injury. A previous 
study also indicated that activation of p38/c‑Jun served a 
proapoptotic role in HS‑induced intestinal epithelial cell 
apoptosis, which eventually led to reduced epithelial barrier 
integrity and increased intestinal permeability, whereas ERK 
conferred resistance to apoptosis (43). In summary, these 
data suggested that both the activation of MAPKs and the 
biological outcome of MAPK activation are dependent on the 
intensity/duration of HS and are cell type‑ and tissue‑specific. 
However, the relationship between HS and MAPK signal‑
ling is complex, and whether a single MAPK pathway drives 
functions in various physiological processes, or whether the 
same physiological process involves multiple MAPK pathways 
requires further research.

Some limitations of the current study must be mentioned: 
i) The present study used HUVECs to reveal the mechanism 
underlying HS‑induced apoptosis. All experiments were in 
cell models, which may have major differences from in vivo 
models and cannot perfectly imitate the clinical course of HS. 
Future in vivo studies are required to determine the effect of 
endothelial cell apoptosis on heat‑related organ dysfunction. 
ii) Endothelial cells in different organs may exhibit different 
responses to HS due to differences in organ function and the 
local internal environment, although the organ specificity 
of endothelial cells was not considered in the present study. 
iii) miRNA and signalling pathways are connected by 
complex interactions and regulatory mechanisms that form 
positive and/or negative regulatory networks. The effects of 
other miRNA molecules and signalling pathways were not 
considered. iv) Although SB203580 has been widely used in 
previous studies to inhibit protein, siRNA can inhibit protein 
production as they directly inhibit mRNA. In future studies, 
siRNA targeting p38 will be used to obtain improved results.

In conclusion, the present study revealed that 
HS induced HUVEC apoptosis via regulation of the 
miR‑3613‑3p/MAP3K2/p38/caspase‑3 axis. The present find‑
ings also provided insight into the role of miR‑3613‑3p during 
heat stroke, suggesting the modulation of miR‑3613‑3p as a 
potential therapeutic strategy for heat stroke.
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