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Abstract. ������������������������������������������������The present study aimed to determine the expres-
sion level of claudin‑2 (CLDN2) in the peripheral blood of 
patients with sepsis, and to investigate its potential function 
and mechanism of action in vascular endothelial injury. A 
total of 25 patients with sepsis were included in the present 
study. Reverse transcription‑quantitative PCR was used to 
determine CLDN2 levels in peripheral blood. HUVECs stably 
expressing CLDN2 were prepared and Cell Counting Kit‑8, 
flow cytometry and Transwell assays were performed to study 
the proliferation, apoptosis and migration of HUVECs, respec-
tively. Using bioinformatics, microRNA (miR) molecules that 
interact with CLDN2 were predicted. A dual luciferase reporter 
assay was used to test whether miR‑331 regulated CLDN2. 
Western blotting was employed to determine CLDN2 protein 
expression. In addition, in vitro transfection of HUVECs with 
miR‑331 mimics was performed to test the rescue effects of 
miR‑331 on the cell function changes induced by CLDN2. The 
results indicated that elevated CLDN2 expression altered the 
proliferation and cell cycle of peripheral vascular endothelial 
cells. CLDN2 overexpression inhibited HUVEC proliferation 
via mechanisms not associated with the cell cycle. CLDN2 
mRNA levels in the peripheral blood of patients with sepsis 
were significantly higher than those in healthy subjects. 
Upregulated CLDN2 expression promoted the apoptosis of 
HUVECs, but reduced their proliferation and migration. 
Notably, miR‑331 was able to bind with CLDN2 mRNA and 
regulate its expression. Upregulation of miR‑331 expres-
sion inhibited the expression of CLDN2 and restored nearly 
normal proliferation, apoptosis and migration to HUVECs. 
The present study demonstrated that CLDN2 expression is 
elevated in peripheral blood from patients with sepsis, and 
promotes the injury of vascular endothelial cells. In addition, 
miR‑331 participates in the direct regulation of CLDN2, and 

upregulation of miR‑331 expression inhibits the expression of 
CLDN2 and restores cellular functions to HUVECs.

Introduction

Sepsis is a common disease with a worldwide incidence of 
10% affecting patients in intensive care units that is associated 
with the systemic inflammatory response syndrome caused 
by infection (1), and is mainly caused by pathogenic micro-
organisms or toxins that invade the circulatory system (2,3). 
The clinical manifestations of sepsis include fever, shortness 
of breath and peripheral leukocytosis, and severe sepsis is 
accompanied by organ dysfunction and tissue hypoperfu-
sion (4). Without timely treatment, it can result in septic shock, 
which causes acute circulatory failure or death (5). Sepsis is a 
dangerous condition with a mortality rate of >40% between 
1993‑2003 in the United States of America (6). At present, the 
treatment for sepsis is mainly based on the correction of patho-
physiological changes, and no effective cure is available (7).

The pathogenesis of sepsis is complicated. The release of 
large amounts of inflammatory mediators caused by infection 
initiates a cascade reaction in systemic tissues and organs, 
forms a complex inflammatory network and ultimately causes 
cell damage (8,9). In addition, the occurrence and development 
of sepsis are closely associated with abnormal coagula-
tion, immune dysfunction, abnormal gene expression, tissue 
damage and other pathophysiological changes (10). Vascular 
endothelial injury is one of the pathological changes occurring 
in sepsis and it serves an important role in mild and severe 
sepsis  (3). When sepsis occurs, toxins and inflammatory 
factors in the blood cause damage to vascular endothelial cells. 
In addition to destruction of the vascular endothelial barrier, 
the damaged endothelial cells may exhibit secretory dysfunc-
tion (11). Furthermore, damaged endothelial cells continue 
to secrete inflammatory factors to promote an inflammatory 
response, leading to dysfunctional vasoconstriction and 
the aggravation of tissue‑ and microcirculation hypoperfu-
sion (12,13). Therefore, the status of vascular endothelial cells 
is important in the maintenance of normal vascular functions, 
and is an important target in the clinical treatment of sepsis.

A tight junction is a key cell structure for sustaining the 
vascular endothelial barrier. It is closely associated with 
the exchange of substances among cells, the secretion of 
cytokines and the regulation of signaling pathways  (14). 
Claudin‑2 (CLDN2) is a tight junction‑associated protein (15). 
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The claudin family currently has 24 identified members that 
are involved in the formation and maintenance of intercellular 
tight junctions (16). Abnormal expression of claudin family 
members is closely associated with various pathophysiological 
processes (17). Claudin family proteins are involved in the 
regulation of the occurrence and development of inflammation 
in tissues and organs (18). In tumors, the abnormal expression 
of claudin family members is associated with tumor cell prolif-
eration, drug resistance, apoptosis and distant metastasis, and 
these proteins are targets in diagnosis and treatment (19). A 
study showed that the CLDN2 gene is associated with chronic 
pancreatitis, colitis and cholangitis (20). However, to date, the 
role and regulation of CLDN2 in vascular endothelial injury 
are not clear.

MicroRNA (miRNA/miR) is a class of non‑coding small 
RNAs (18‑22 nucleotides) that bind to the 3'‑untranslated 
region (UTR) of target genes and regulate their expression (21). 
At present, it is not clear whether miRNAs are involved in the 
regulation of CLDN2 during vascular injury. In a preliminary 
bioinformatics analysis conducted by the present research 
team, it was found that CLDN2 mRNA is a potential target 
of miR‑331. Additionally, it has been reported that miR‑331 
is associated with the PM2.5‑induced injury of respiratory 
epithelial cells  (22). In the present study, the function and 
upstream regulation mechanism of CLDN2 in vascular endo-
thelial injury induced by sepsis and the roles of tight junction 
proteins in sepsis were investigated.

Materials and methods

Patients. A total of 25 patients  with sepsis that received 
treatment at Linyi Central Hospital (Linyi, China) between 
December  2015 and December  2016 were included in 
the present study. The patients comprised 18 ma les and 
7 females with a mean age of 48.5±5.7 years and age range 
of 38‑56 years. The included sepsis patients did not have any 
one of the exclusion criteria: History of autoimmune diseases, 
diabetes, hypertension and long‑term medication. In addition, 
20 healthy subjects (14 males and 6 females) aged between 
22‑45 years (mean age, 38±4.3 years) who undertook physical 
examination at the same hospital during the same recruit-
ment time with the patients were included as a control group. 
Peripheral blood (5 ml) was collected from all patients and 
healthy subjects. To determine CLDN2 gene and miR‑331 
expression, 250 µl blood was used. The remaining 4.75 ml was 
used for the separation of serum by centrifugation at 600 x g 
and 4˚C for 2 min. Serum samples were stored at ‑80˚C. All 
procedures were approved by the Ethics Committee of Linyi 
Central Hospital. Written informed consent was obtained from 
all patients.

Reverse transcription‑quantitative PCR (RT‑qPCR). Peripheral 
blood (250 µl) was mixed with 750 µl TRIzol® reagent (Thermo 
Fisher Scientific, Inc.) for lysis. Then, total RNA was extracted 
using the phenol‑chloroform method. The concentration and 
quality of RNA was measured using UV spectrophotometry. 
cDNA was obtained by RT from 1  µg RNA using the 
TIANScript  II cDNA First Strand Synthesis kit (Tiangen 
Biotech Co., Ltd.) and RT of miRNA was performed using 
miRcute miRNA cDNA First Strand Synthesis kit (Tiangen 

Biotech Co., Ltd.) according to the manufacturers' protocols. 
BeyoFast SYBR‑Green qPCR mix kit (Beyotime Institute of 
Biotechnology) was used to detect mRNA expression of 
CLDN2, using GAPDH as internal reference. The primer 
sequences were: CLDN2, forward, 5'‑CCTTTATCACCTCAG 
CCCGT‑3' and reverse, 5'‑GCTACCGCCACTCTGTCTTT‑3'; 
and GAPDH, forward, 5'‑CGGAGTCAACGGATTTGGTCG 
TAT‑3' and reverse, 5'‑AGCCTTCTCCATGGTGGTGAA 
GAC‑3'. The thermocycling conditions were as follows: 95˚C for 
10 min, followed by 40 cycles of 95˚C for 1 min and 60˚C for 
30 sec. The expression of miR‑331 was determined by miRcute 
miRNA RT‑PCR kit (Tiangen Biotech Co., Ltd.), using U6 as 
internal reference. Primer sequences were: miR‑331, 
5'‑GCCCCUGGGCCTATCCTAGAA‑3' (single strand primer); 
and U6, forward, 5'‑CTCGCTTCGGCAGCACA‑3' and reverse, 
5'‑AACGCTTCACGAATTTGCGT‑3'. The thermocycling 
conditions were as follows: 95˚C for 10  min, followed by 
40 cycles of 95˚C for 1 min and 60˚C for 30 sec. The 2‑ΔΔCq 
method (23) was used to calculate relative expression against the 
internal reference. Each sample was tested in triplicate.

Cells. HUVECs (The Cell Bank of Type Culture Collection 
of the Chinese Academy of Sciences) were cultured in 
RPMI‑1640 medium (BD Biosciences) supplemented with 
10% FBS (BD Biosciences) at 37˚C and 5% CO2. A total of 
2x105 cells/well were seeded in 24‑well plates and divided 
into negative control (NC) and sepsis groups. When reaching 
70‑90% confluence, 250 µl serum from sepsis patients and 
250 µl RPMI‑1640 with 10% FBS were added to the cells in 
the sepsis group, and 250 µl serum from healthy subjects and 
250 µl RPMI‑1640 with 10% FBS were added to the cells in 
the NC group. HUVECs were cultured for 24 h before subse-
quent tests were performed as previously described (24,25).

To transfect HUVECs with miR‑NC (cat. no. B04001; 
Shanghai GenePharma Co., Ltd.) or miR‑331 mimics 
(5'‑CTAGGTATGGTCCCAGGGATCC‑3';  Shanghai 
GenePharma Co., Ltd.) cells (2x105) were seeded in 24‑well 
plates and cultured in RPMI‑1640 with 10% FBS until 70% 
confluence was reached. In the first vial, 1.5 µl miR‑331 mimic 
(20 pmol/µl; Hanbio Biotechnology Co., Ltd.) was mixed with 
50 µl Opti‑MEM (Thermo Fisher Scientific, Inc.). In the second 
vial, 1 µl Lipofectamine 2000 (Thermo Fisher Scientific, Inc.) 
was mixed with 50 µl Opti‑MEM. After incubation at room 
temperature for 5 min, the two vials were combined and incu-
bated at room temperature for 20 min. Then, the mixtures were 
added to cells in the respective groups. Six hours later, the 
medium was replaced with RPMI‑1640 with 10% FBS. After 
cultivation for 48 h, cells were collected for further assays.

For infection with Lv‑puro‑CLDN2 overexpression vector, 
HUVECs (1x105) were seeded in 24‑well plates and cultured 
until 70% confluence was reached. Then, Lv‑puro‑NC and 
Lv‑puro‑CLDN2 lentiviral vectors were added to the cells 
(multiplicity of infection, 20; Hanbio Biotechnology Co., Ltd.). 
After incubation at 37˚C with 5% CO2 for 12 h, the medium 
was replaced with RPMI‑1640 containing 1 µg/ml puromycin 
(cat. no. A1113803; Gibco; Thermo Fisher Scientific, Inc.) 
prior to cultivation for a further 72 h.

For rescue experiments, HUVECs (2x105) from the NC and 
CLDN2 overexpression groups were seeded in 24‑well plates 
containing RPMI‑1640 with 10% FBS. When 60% confluence 
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was reached, HUVECs were transfected with miR‑NC and 
miR‑331 mimics as described above. After cultivation for 48 h, 
cells were collected for further analysis.

CCK‑8 assay. HUVECs (2x103 cells/well) in the NC, CLDN2 
mimics and rescue (miR‑331 upregulation) groups were seeded 
in 96‑well plates. At 0, 24, 48 and 72 h, 20 µl CCK‑8 (5 g/l) 
was added to the cells, which were then incubated at 37˚C for 
30 min. Then, the absorbance was measured at 490 nm and the 
results were used to plot cell proliferation curves. Each group 
was tested in three replicate wells and the mean values were 
determined.

Flow cytometry. At 24 h  after transfection, cells (1x106) 
from each group were washed with pre‑cooled PBS (2X) and 
subjected to flow cytometry using the Cell Cycle Assay kit 
(BD Biosciences) to detect the cell cycle distribution according 
to the manufacturer's instructions. The data were analyzed 
using ModFit software (v4.1; Verity Software House, Inc.).

After treatment with serum from healthy subjects or 
sepsis patients for 24 h, HUVECs (1x106) in each group were 
washed with pre‑cooled PBS  (2X) and subjected to flow 
cytometry using the ANXN V‑FITC Apoptosis Detection kit I 
(BD Biosciences) to detect apoptosis according to the manu-
facturer's instructions. Annexin V‑positive cells were early 
apoptotic, PI‑positive cells were necrotic and double‑positive 
cells were late apoptotic (CellQuest v5.1; BD Biosciences).

Transwell assay. In the upper chamber of 24‑well Transwell 
chambers (pore diameter, 8  µm; Corning Inc.), 200  µl 
serum‑free RPMI‑1640 containing 2x105 HUVECs from 
each group was added. In addition, 600 µl RPMI‑1640 with 
10% FBS was added to the lower chamber. After 24 h, the 
Transwell insert was removed and the cells in the upper 
chamber were wiped off. After fixing with 4% formaldehyde 
at room temperature for 10 min, the membrane was stained 
using Giemsa staining at room temperature for 2 min for light 
microscopic observation of five random fields (magnifica-
tion, x100). The number of migrated cells was calculated.

Western blotting. Cells in each group were trypsinized and 
collected. Precooled RIPA lysis buffer (600 µl; Beyotime 
Institute of Biotechnology) was added to the samples. After 
lysis for 30 min  on ice, the mixture was centrifuged at 
14,000 x g for 10 min at 4˚C. The protein concentration in 
the supernatant was determined by bicinchoninic acid assay. 
Protein samples (20 µg) were then mixed with 5X SDS loading 
buffer before denaturation in a boiling water bath for 10 min. 
Then, samples (15 µg) were separated on 10% SDS‑PAGE gels 
and transferred to polyvinylidene difluoride membranes on 
ice. Membranes were blocked with 50 g/l skimmed milk at 
room temperature for 1 h followed by incubation with rabbit 
anti‑human CLDN2 polyclonal primary antibody (1:1,000; cat. 
no. ab53032; Abcam) and mouse anti‑human GAPDH primary 
antibody (1:4,000; cat. no. AF0006; Beyotime Institute of 
Biotechnology) at 4˚C overnight. After washing with PBS 
containing Tween‑20 (1%) five times at room temperature for 
5 min, the membranes were incubated with goat anti‑rabbit 
(cat. no. s c‑2004) and goat anti‑mouse (cat. no. s c‑2005) 
immunoglobulin G horseradish  peroxidase‑conjugated 

secondary antibodies (1:3,000; Santa Cruz Biotechnology, 
Inc.) for 1 h at room temperature before repeating the washing 
step. Membranes were developed using an enhanced chemi-
luminescence detection kit (Sigma‑Aldrich; Merck KGaA) 
for imaging. Image lab v3.0 (Bio‑Rad Laboratories, Inc.) was 
used to analyze the signals and the CLDN2/GAPDH ratio was 
determined.

Bioinformatics. To understand the regulatory mechanism of 
CLDN2, TargetScan (http://www.targetscan.org) was used to 
predict miRNA molecules that may regulate CLDN2.

Dual luciferase reporter assay. Based on the bioinformatics 
results, wild‑type  (WT) and mutant seed regions of the 
3'‑UTR of CLDN2 that is predicted to interact with miR‑331 
were synthesized in  vitro utilizing the SpeI and HindIII 
restriction sites and cloned into the pMIR‑REPORT lucif-
erase reporter plasmid (cat. no. D2106; Beyotime Institute 
of Biotechnology). Plasmids (0.5 µg) containing the negative 
control (NC) for the WT, the WT, the NC for mutant or the 
mutant 3'‑UTR sequences were co‑transfected with miR‑331 
mimics (100 nM; 5'‑CTAGGTATGGTCCCAGGGATCC‑3'; 
Sangon Biotech Co., Ltd.) into 293 cells (The Cell Bank of 
Type Culture Collection of the Chinese Academy of Sciences) 
using Lipofectamine™ 2000 according to the manufacturer's 
instructions (Invitrogen; Thermo Fisher Scientific, Inc.). After 
cultivation for 24 h, cells were lysed and analyzed using the 
dual luciferase reporter assay kit (Promega Corporation) 
according to the manufacturer's instructions and the fluo-
rescence intensity was measured using a GloMax  20/20 
luminometer (Promega Corporation). Renilla was used as an 
internal reference.

Statistical analysis. The results were analyzed using 
SPSS  17.0 (IBM Corp.). The data are expressed as the 
mean ± standard deviation (n≥3). Comparisons between two 
groups were performed using Student's t‑test. Comparisons of 
>2 groups were performed by one‑way ANOVA followed by 
Student‑Newman‑Keuls tests. Spearman's correlation analysis 
was performed to assess correlation. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Elevated CLDN2 expression alters the proliferation and cell 
cycle of peripheral vascular endothelial cells. To determine 
the expression of CLDN2 and understand how it affects the 
cellular function of HUVECs, RT‑qPCR, Western blotting, 
CCK‑8 and flow cytometry assays were performed. The data 
showed that CLDN2 mRNA levels in the peripheral blood 
from patients with sepsis were significantly higher than those 
in healthy subjects (P<0.05;  Fig.  1A). Similarly, CLDN2 
protein expression in HUVECs treated with serum from 
patients with sepsis was significantly increased compared with 
that in HUVECs treated with serum from healthy subjects 
(P<0.05; Fig. 1B). The CCK‑8 assay showed that the prolifera-
tion of HUVECs in the sepsis group was significantly reduced 
compared with that in the negative control group after 48 and 
72 h (P<0.05; Fig. 1C). Flow cytometry demonstrated that the 
treatment of HUVECs with serum from patients with sepsis 
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decreased transition from the G1 phase to the S phase of the 
cell cycle compared with that in HUVECS treated with serum 
from healthy controls (P<0.05; Fig. 1D). The results suggest 
that elevated CLDN2 expression altered the proliferation and 
cell cycle of peripheral vascular endothelial cells.

CLDN2 overexpression inhibits the proliferation of HUVECs 
via mechanisms other than those affecting the cell cycle. To 
test how CLDN2 overexpression affected the proliferation of 

HUVECs, an analysis, including CCK‑8 assays was performed. 
Western blotting demonstrated that the expression of CLDN2 
in HUVECs transfected with a CLDN2 overexpression vector 
was significantly higher than that in HUVECs transfected 
with the NC vector (P<0.05; Fig. 2A). The results of the CCK‑8 
assay showed that the proliferation of HUVECs overexpressing 
CLDN2 was significantly lower compared with that of the NC 
group after 48 and 72 h (P<0.05; Fig. 2B). In addition, flow 
cytometric analysis showed that the overexpression of CLDN2 

Figure 1. Expression of CLDN2 and its association with sepsis. (A) Expression of CLDN2 mRNA in peripheral blood from patients with sepsis. Reverse 
transcription‑quantitative PCR was used to determine the expression of CLDN2 mRNA *P<0.05 vs. healthy subjects. (B) Expression of CLDN2 protein in 
HUVECs incubated with serum from healthy subjects or patients with sepsis as determined using Western blotting. (C) Proliferation of HUVECs incubated 
with serum from healthy subjects or patients with sepsis determined using a Cell Counting Kit‑8 assay. *P<0.05 vs. NC. (D) Cell cycle distributions of HUVECs 
incubated with serum from healthy subjects or patients with sepsis detected using flow cytometry. *P<0.05 vs. NC. Comparison between two groups was 
carried out using Student's t‑test. CLDN2, claudin‑2; NC, negative control, serum from healthy subjects.
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did not significantly change the ratio of cells in the G1, S and 
G2/M phases of the cell cycle compared with those in the NC 
group (P>0.05; Fig. 2C). These results indicate that CLDN2 
overexpression may inhibit the proliferation of HUVECs via 
mechanisms other than via affecting the cell cycle.

CLDN2 overexpression promotes the apoptosis of HUVECs. 
To examine whether CLDN2 overexpression affected the 
apoptosis of HUVECs, flow cytometry was performed. The 
data showed that number of apoptotic cells was significantly 
higher in HUVECS overexpressing CLDN2 compared with 
the NC group (P<0.05; Fig. 3). The result suggest that CLDN2 
overexpression promotes the apoptosis of HUVECs.

CLDN2 overexpression inhibits HUVEC migration. To 
examine the migration ability of HUVECs, Transwell assays 
were employed. The data showed that the number of migrated 
cells was significantly reduced in CLDN2 overexpressing 
cells compared with the NC group (P<0.05; Fig. 4). The result 
indicates that the overexpression of CLDN2 inhibits HUVEC 
migration.

miR‑331 binds to the 3'‑UTR of CLDN2 and regulates its 
expression. TargetScan analysis indicated that miR‑133 may 
bind to the 3'‑UTR of CLDN2 (Fig. 5A). To detect the interac-
tion between miR‑331 and CLDN2, a dual luciferase reporter 
assay was performed. Renilla activity in cells co‑transfected 
with agomiR‑331 and pMIR‑REPORT‑WT luciferase reporter 
plasmids was significantly lower than in the NC group 
(P<0.05; Fig. 5B). By contrast, the activity of cells co‑trans-
fected with agomiR‑331 and the pMIR‑REPORT‑mutant 
luciferase reporter plasmids was not significantly different 
from that in the NC group (P>0.05; Fig. 5B). The results 
suggest that miR‑331 can bind to the 3'‑UTR of CLDN2 
mRNA and regulate its expression.

Upregulation of miR‑331 expression inhibits the expression of 
CLDN2 and restores the proliferation, apoptosis and migra‑
tion of HUVECs. To study the association of miR‑331 with 
CLDN2 expression in the peripheral blood of patients with 
sepsis, a correlation analysis was performed. The data indi-
cate that miR‑331 expression was negatively correlated with 
CLDN2 mRNA expression in 15 patients with sepsis (Fig. 6A). 

Figure 2. Effect of CLDN2 overexpression on the proliferation and cell cycle of HUVECs. (A) Expression of CLDN2 protein in HUVECs transfected with 
NC or CLDN2 mRNA as determined using Western blotting. (B) Proliferation of HUVECs transfected with NC or CLDN2 mRNA determined using a Cell 
Counting Kit‑8 assay. (C) Cell cycle of HUVECs transfected with NC or CLDN2 mRNA detected using flow cytometry. *P<0.05 vs. NC. Comparison between 
two groups was carried out using Student's t‑test. CLDN2, claudin‑2; NC, negative control.
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Figure 3. Effect of CLDN2 overexpression on the apoptosis of HUVECs. Flow cytometry was used to detect apoptosis and to calculate the apoptotic rate. 
*P<0.05 vs. NC. Comparison between two groups was carried out using Student's t‑test. CLDN2, claudin‑2; NC, negative control.

Figure 4. Effect of CLDN2 overexpression on the migration of HUVECs. Transwell assay was used to examine the migration ability of cells. Magnification, x100. 
*P<0.05 vs. NC. Comparison between two groups was carried out using Student's t‑test. CLDN2, claudin‑2; NC, negative control.
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RT‑qPCR analysis confirmed that the expression level of 
miR‑331 in HUVECs transfected with miR‑331 mimics was 
significantly higher than that in HUVECs transfected with 
miR‑NC (P<0.05; Fig. 6B). At the cellular level, the CLDN2 
protein expression in HUVECs transfected with miR‑331 
mimics was significantly lower than that in the miR‑NC group 
(P<0.05; Fig. 6C). In the CCK‑8 assay, rescue experiments 
showed that the upregulation of miR‑331 significantly increased 
the absorbance at 48 or 72 h in HUVECs overexpressing 
CLDN2 (rescue group) compared with that in HUVECS over-
expressing CLDN2 and transfected with miR‑NC (CLDN2 
group) (P<0.05), and restored the absorbance to levels similar 
to those in the NC group (P>0.05; Fig. 6D). Flow cytometry 
showed that the upregulation of miR‑331 significantly reduced 
the apoptotic rate in the rescue group compared with that in 
the CLDN2 group (P<0.05), and restored apoptosis to a level 
similar to that in the NC group (P>0.05; Fig. 6E). In addition, 
the Transwell assay showed that the upregulation of miR‑331 
significantly elevated the migration ability of the rescue 
group compared with that in the CLDN2 group (P<0.05), 
and raised it to a level comparable with that of the NC group 
(P>0.05; Fig. 6F). The results indicate that upregulation of 
miR‑331 expression inhibits the expression of CLDN2 and 
restores nearly normal proliferation, apoptosis and migration 
to HUVECs.

Discussion

Sepsis is a clinically common complication. Without timely 
treatment, it often induces systemic inflammatory responses, 
circulatory failure, systemic organ damage or even death (26). 
Vascular endothelial cells are natural barriers in the walls 
of blood vessels, and tight junction proteins can crosslink 
endothelial cells mechanically, regulate the transport of 
intracellular and extracellular substances, and maintain 
the vascular endothelial barrier (27). In the present study, it 
was discovered that the mRNA of the tight junction protein 
CLDN2 is upregulated in the peripheral blood of patients with 
sepsis. In vitro experiments revealed that serum from patients 
with sepsis promoted the expression of CLDN2 in HUVECs, 
which inhibited the proliferation and migration of HUVECs, 
and promoted apoptosis.

CLDN2 is a member of the claudin family. Claudin proteins 
play important roles in the formation and maintenance of tight 

junctions among cells (28). Tight junctions divide the epithe-
lial plasma membrane into apical and basal sides, resulting in 
cell polarity, but have selective permeability to different types 
of molecules and ions (29). It has been discovered that the 
abnormal expression of CLDN2 protein is closely associated 
with cell proliferation, migration, apoptosis and inflammation. 
For example, the abnormal expression of CLDN2 in proximal 
renal tubular epithelial cells often leads to apoptosis, necrosis 
and detachment, which induces the occurrence of acute tubular 
necrosis (30). The infection of endothelial cells with KSHV 
downregulates the expression of CLDN2, resulting in impair-
ment of the endothelial cell barrier (31). Disordered CLDN2 
expression also serves an important role in tumor cells. For 
example, Du et al (32) found that Spi‑B‑induced silencing of 
the CLDN2 gene promoted the distal metastasis of lung cancer 
cells in mice. In addition, CLDN2 can be used as an indicator 
for the prognosis of breast cancer, and higher expression of 
CLDN2 usually corresponds to worse prognosis (33). In the 
present study, it was found that the expression of CLDN2 
mRNA in the peripheral blood of patients with sepsis was 
significantly higher than in healthy subjects, and it was hypoth-
esized that CLDN2 may be associated with sepsis and vascular 
endothelial injury. For HUVECs cultured in the presence of 
serum from patients with sepsis, the expression of CLDN2 
was significantly elevated, the proliferation and migration 
of the HUVECs were reduced, and apoptosis was increased. 
Furthermore, upregulation of CLDN2 expression inhibited the 
proliferation and migration of HUVECs, and promoted their 
apoptosis. These results also suggest that CLDN2 promotes 
the damage of HUVECs and may serve an important role in 
vascular endothelial injury in sepsis.

miR‑331 is a type of miRNA that is located at 12q22 (34). 
In an immortalized lymphoblastoid cell line, miR‑331 was 
shown to be associated with the expression of a variety of cell 
cycle‑associated mRNAs, suggesting that miR‑331 may be 
associated with cell proliferation (35). Also, a study revealed 
that p53 deficiency induces the expression of miR‑331 in 
mouse and embryo development  (36). Furthermore, it has 
been reported that miR‑331‑3p is abnormally expressed in a 
number of tumors, such as gastric and prostate cancer, and 
is closely associated with the proliferation and migration of 
tumor cells (37). In the present study, bioinformatics analysis 
indicated that the 3'‑UTR of CLDN2 contains binding sites 
for miR‑331, suggesting that miR‑331 may be involved the 

Figure 5. Identification of an interaction between miR‑331 and CLDN2 mRNA using a dual luciferase reporter assay. (A) Binding sites of miR‑331 with WT or 
mutant CLDN2 gene. (B) Fluorescence intensity obtained for the WT and mutant 3'‑UTR of CLDN mRNA when cotransfected with miR‑331 or NC. *P<0.05 as indi-
cated. Comparison between two groups was carried out using Student's t‑test. CLDN2, claudin‑2; WT, wild‑type; UTR, untranslated region; NC, negative control.
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regulation of CLDN2 expression. A dual luciferase reporter 
assay confirmed that miR‑331 directly binds with the 3'‑UTR 
of CLDN2 in vitro, suggesting that CLDN2 is a direct target 
gene of miR‑331. Moreover, in the present study, upregulation 
of miR‑331 decreased the expression of CLDN2 in HUVECs, 
and miR‑331 overexpression reversed the effect of CLDN2 

on the cellular functions of HUVECs. These results indicate 
that CLDN2 expression in HUVECs is regulated by miR‑331. 
However, more evidence is required to confirm the direct 
regulatory relationship between miR‑331 and CLDN2. At 
present, the most convincing experiment the present authors 
were able to perform to demonstrate the direct interaction 

Figure 6. Correlation between miR‑331 and CLDN2 and their effect on cellular functions. (A) Correlation between miR‑331 expression and CLDN2 expression in 
peripheral blood from patients with sepsis analyzed using Spearman's correlation analysis. (B) Expression level of miR‑331 in HUVECs transfected with miR‑NC 
or miR‑331 mimics. Reverse transcription‑quantitative PCR was used to determine the expression of miR‑331. Student's t‑test was used for statistical analysis. 
*P<0.05 vs. miR‑NC group. (C) Expression of CLDN2 protein in HUVECs transfected with miR‑NC or miR‑331 mimics as determined using Western blotting. 
Student's t‑test was used for statistical analysis. *P<0.05 vs. miR‑NC group. (D) Proliferation of HUVECs in the NC, CLDN2 and rescue groups. Cells in the 
NC group were not transfected, those in CLDN2 group stably expressed CLDN2, and those in the rescue group stably expressed CLDN2 and were transfected 
with miR‑331. A Cell Counting Kit‑8 assay was used to determine the proliferation. One‑way ANOVA followed by Student‑Newman‑Keuls tests were used for 
statistical analysis. *P<0.05 vs. NC and #P<0.05 vs. CLDN2 at the same time point. No statistically significant difference was observed between the NC and 
rescue groups. (E) Apoptotic rate of HUVECs in the negative control, CLDN2 and rescue groups as determined by flow cytometry. One‑way ANOVA followed 
by Student‑Newman‑Keuls tests were used for statistical analysis. *P<0.05 vs. NC and #P<0.05 vs. CLDN2. No statistically significant difference was observed 
between the NC and rescue groups. (F) Migration ability of HUVECs in the NC, CLDN2 and rescue groups as determined by Transwell assay. Magnification, x100. 
*P<0.05 vs. NC and #P<0.05 vs. CLDN2. One‑way ANOVA followed by Student‑Newman‑Keuls tests were used for statistical analysis. No statistically significant 
difference was observed between the NC and rescue groups. CLDN2, claudin‑2; WT, wild‑type; UTR, untranslated region; NC, negative control.
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between miR‑331 and CLDN2 is dual luciferase report assay. 
Future studies are planned to obtain improved experimental 
data, such as by the use of in situ hybridization or RT‑qPCR. 
A further limitation of the present study is that the biological 
functions of CLDN2 were only investigated in vitro. The func-
tions of CLDN2 in endothelial cell injury in vivo remain to be 
determined in future studies.

In conclusion, the present study demonstrated that the 
expression of CLDN2 is upregulated in the peripheral blood 
of patients with sepsis. In addition, CLDN2 upregulation is 
directly associated with miR‑331 downregulation, leading to 
the inhibition of proliferation and migration, and the promo-
tion of apoptosis of vascular endothelial cells.
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