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Abstract. Heparin is a commonly used in the clinic, however, 
Heparin's effect on endothelial injury remains unclear. The 
aim of the present study was to evaluate the effects and 
possible mechanisms of action underlying heparin treatment 
in lipopolysaccharide (LPS)‑induced endothelial injury 
in vitro. TNF‑α, IL‑1β, IL‑6 and IFN‑γ levels were measured 
using ELISA. Cell proliferation was measured using a 
5‑ethynyl‑2'‑deoxyuridine (EdU) assay. The number of apop‑
totic cells and apoptotic rate were evaluated using TUNEL 
assays and flow cytometry, respectively. Toll‑like receptor 4 
(TLR4), myeloid differentiation primary response 88 (MyD88) 
and NF‑κB (p65) gene expression was evaluated using reverse 
transcription‑quantitative PCR, whilst TLR4, MyD88 and 
p‑NF‑κB (p65) protein expression was evaluated using western 
blot analysis. The levels of phosphorylated NF‑κB in the 
nucleus were evaluated using cellular immunofluorescence. 
Compared with those in the normal control group, TNF‑α, 
IL‑1β, IL‑6 and IFN‑γ levels were significantly increased in the 
LPS group (P<0.001). In addition, 5‑ethynyl‑2'‑deoxyuridine 
(EdU)‑positive cells were significantly increased and apop‑
tosis was significantly decreased (P<0.001). TLR4, MyD88 
and NF‑κB (p65) expression was also significantly increased 
(P<0.001). Compared with those in the LPS group, following 
heparin treatment, TNF‑α, IL‑1β, IL‑6 and IFN‑γ levels 
were significantly decreased (P<0.05), whilst the number of 
EdU‑positive cells was significantly increased and the level of 
apoptosis was significantly decreased (P<0.05). TLR4, MyD88 
and NF‑κB (p65) expression was also significantly decreased 

by heparin in a dose‑dependent manner (P<0.001). Small 
interfering RNA‑TLR4 transfection exerted similar effects to 
those mediated by heparin in alleviating endothelial injury. 
In conclusion, heparin suppressed LPS‑induced endothelial 
injury through the regulation of TLR4/MyD88/NF‑κB (p65) 
signaling in vitro.

Introduction

The vascular endothelium is considered to be crucial for 
maintaining physiological balance in the vascular system and 
is therefore regarded as the ‘guardian’ of vascular health (1). 
Endothelial dysfunction has been implicated in the patho‑
genesis of cardiovascular diseases (2). Functional changes in 
the endothelial cells and vascular system have been reported 
to serve an important role in the pathology of a range of 
diseases, including peripheral vascular disease, stroke, heart 
disease, diabetes mellitus, insulin resistance, chronic renal 
failure, tumor growth and metastasis, venous thrombosis 
and severe viral infections (3). Endothelial cells can synthe‑
size and subsequently release a number of factors that are 
involved in regulating local permeability, vascular tension, 
smooth muscle cell proliferation and migration, inflamma‑
tory response and platelet function (4). Perturbation of the 
tightly regulated balance in the vasculature can result in the 
development of atherosclerotic lesions of varying severity (5). 
Therefore, approaches aimed at improving vascular endothe‑
lial function can reduce the risk of or alleviate cardiovascular 
disease (6). Nitric oxide (NO) is a key signaling molecule 
that is produced by vascular endothelial cells and serves an 
important role in maintaining vascular tone and antioxidant 
stress (7). In addition, other factors can also activate endo‑
thelial cells, including lipopolysaccharide (LPS), IL‑1 and 
TNF‑α, all of which are dependent on the activation status 
of the NF‑κB pathway (8). Endothelial cell activation can 
result in the reduction in NO bioavailability (6), which in turn 
weakens the regulatory functions of the endothelium over 
vascular tone, proliferation, thrombosis, immunocyte reaction 
and barrier activity (7). In this regard, this reduction in NO 
production or bioavailability can be regarded to be a predictor 
of endothelial dysfunction (9).

Heparin alleviates LPS‑induced endothelial injury by 
regulating the TLR4/MyD88 signaling pathway
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Heparin is a high‑concentration sulfated glycosami‑
noglycan with strong acidity and a molecular weight of 
1,200‑40,000 kDa (10). It is a natural anticoagulant in 
mammalian mast cells and neutrophils (11) and promotes 
transcription and release of placental growth factor from 
endothelial cells (12). As an anticoagulant, heparin has 
anti‑inflammatory properties (13). However, to the best of 
our knowledge, the effect of heparin in LPS‑induced endo‑
thelial injury remains unclear. Therefore, in the present study, 
experiments were performed to investigate the possible effects 
and related mechanism of heparin on vascular inflamma‑
tion‑induced endothelial injury.

Materials and methods

Materials 
Reagents. Heparin solution, with a molecular weight 
of 1,200 Da, was obtained from Changzhou Qianhong 
Biochemical Pharmaceutical Co., Ltd. High‑glucose DMEM, 
newborn calf serum (NBCS) and trypsin was purchased from 
Thermo Fisher Scientific, Inc. LPS was obtained from EMD 
Millipore. The ECL detection kit, PI and DAPI staining solu‑
tions were acquired from Beyotime Institute of Biotechnology. 
GAPDH (cat. no. ab8245), toll‑like receptor 4 (TLR4; 
cat. no. ab13556), myeloid differentiation primary response 88 
(MyD88; cat. no. ab107585), p‑NF‑κB (p65; cat. ab222494) and 
phosphorylated (p)‑NF‑κB (p65; cat. no. ab183559) primary 
antibodies were purchased from Abcam. Goat anti‑rabbit IgG 
HRP‑conjugated (cat. no. 70748; Cell Signaling Technology, 
Inc.) and FITC‑labeled secondary antibodies (cat. no. A10530; 
ThermoFisher Scientific, Inc.) were obtained from Bioworld 
Technology, Inc. Small interfering RNA (si)‑TLR4 (sense, 
5'‑GGG CUU AGA ACA ACU AGA ATT ‑3'; antisense, 5'‑UUC 
UAG UUG UUC UAA GCC CTT ‑3') and si‑negative control 
(si‑NC; sense, 5'‑UUC UCC GAA CGU GUC ACG UTT ‑3'; anti‑
sense, 5'‑ACG UGA CAC GUU CGG AGA ATT ‑3') construction 
was performed by Nanjing KeyGen Biotech. Co. Ltd.

Equipment. The inverted fluorescence microscope was 
obtained from Olympus Corporation and the chemilumines‑
cence imaging system was from Bio‑Rad Laboratories, Inc.

Cell lines. HUVECs were purchased from The Cell Bank of 
Type Culture Collection of the Chinese Academy of Sciences.

Methods 
Cell culture. HUVECs were cultured in high‑glucose DMEM 
supplemented with 15% NBCS in a cell incubator at 37˚C with 
5% CO2, for a passage cycle of 2‑3 days.

Construction of an inf lammatory injury model of 
HUVECs. HUVECs were inoculated into a six‑well plate at a 
concentration of 2x105 cells/ml. After the cells reached 70‑80% 
confluence, they were starved in DMEM for 12 h. A cell model 
of endothelial cell inflammatory injury was established using 
LPS (100 µg/ml) for 6 h (7).

Cell transfection. si‑TLR4 (the negative control used was 
si‑NC) was constructed and transfected into HUVECs using 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) at a final concentration of 50 nmol/l of the transfection 
with 10 nM si‑TLR4 or si‑NC. Following 6 h of transfection 
at room temperature, the DMEM medium containing 10% 
FBS (Sigma‑Aldrich; Merck KGaA) was replaced, followed 

by continuous culture for 48 h at room temperature. The 
transfected cells were then collected before the transfection effi‑
ciency was evaluated using reverse transcription‑quantitative 
PCR (RT‑qPCR).

Cell grouping. HUVECs were divided into the following 
groups: i) Negative control (NC; cultured with DMEM medium); 
ii) LPS (intervention with 1,000 µg/l LPS); iii) LPS + Low 
(induction with 1,000 µg/l LPS and intervention with 10 U/l 
heparin); iv) LPS + Middle (induction with 1,000 µg/l LPS and 
intervention with 20 U/l heparin); v) LPS + High (induction 
with 1,000 µg/l LPS and intervention with 100 U/l heparin); 
vi) si‑TLR4 (transfection with si‑TLR4 and induction with 
1,000 µg/l LPS); vii) heparin (induction with 1,000 µg/l LPS 
and intervention with 100 U/l heparin which was the most 
effective concentration of heparin; heparin and LPS + High 
were similar in treatment); and viii) heparin + si‑TLR4 
(transfection with si‑TLR4, induction with 1,000 µg/l LPS and 
intervention with 100 U/l heparin). Following 48 h at room 
temperature of the corresponding treatments (heparin and 
LPS were delivered together at the same time), cells from each 
group were used for subsequent experiments.

ELISA. TNF‑α (cat. no. KGEHC103α‑1), IL‑1β (cat. 
no. KGEHC002b‑1), IL‑6 (cat. no. KGEHC007‑1) and IFN‑γ 
(cat. no. KGERC101g‑1) detection kits were purchased from 
Nanjing KeyGen Biotech, Co., Ltd. Following centrifugation 
of the cell culture medium in each group at 3,000 x g for 5 min 
at 4˚C, the supernatant was collected for subsequent measure‑
ments of the concentration of the inflammatory factors, 
according to the manufacturer's protocols in each kit.

5‑Ethynyl‑2'‑deoxyuridine (EdU) staining. HUVECs 
in the logarithmic growth phase were seeded into a 24‑well 
plate at a density of 5x104 cells/well. Cells were incubated 
with DMEM medium and then treated for 48 h at room 
temperature, according to the treatment protocol of each 
group. Next, 10 µmol/l EdU reagent was added to the cells 
and incubated for 2 h at room temperature, according to the 
protocol of the EdU fluorescence staining cell proliferation 
kit (cat. no. KGA331‑1000; Nanjing KeyGen Biotech, Co., 
Ltd.). The EdU solution was removed by washing with PBS, 
without DNA penetration and the cells were fixed with 4% 
paraformaldehyde for 30 min at room temperature. After 
washing the fixation solution away with PBS, Apollo staining 
solution (part of Keygen EdU staining kit) was added and 
incubated in the dark at room temperature for 30 min. After 
the staining solution was washed off with PBS, 10 µmol/l 
DAPI (per well) was used to stain the nucleus for 5 min at 
room temperature. Fluorescence images of five random fields 
of view per well were obtained using an IX73 fluorescence 
microscope (Olympus Corporation; magnification, x200) and 
EdU‑positive cells were counted using ImageJ software v1.8.0 
(National Institutes of Health).

Cell apoptosis detection. After 48 h at room temperature of 
corresponding treatments, HUVECs (1x105 cells/ml) in each 
group were digested and collected, followed by incubation 
with 5 µl Annexin V‑FITC for 10 min at room temperature 
and 5 µl PI (cat. no. KGAV113; Nanjing KeyGen Biotech, Co., 
Ltd.) for 10 min at room temperature in the dark. Apoptotic 
cells were then analyzed using flow cytometry. The analysis 
was performed using a BD FACSAria™ II flow cytometer 
(Becton‑Dickinson and Company), and the data were analyzed 
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using CellQuest Pro software (version 5.1; Becton‑Dickinson 
and Company).

TUNEL assay. Cells were treated according to the proto‑
cols of the Fluorometric TUNEL System (cat. no. KGA7071; 
Nanjing KeyGen Biotech, Co., Ltd.) after corresponding treat‑
ment of HUVECs in each group for 48 h at room temperature. 
Cells were seeded on coverslips, washed three times in PBS 
for 5 min each, fixed in 4% formaldehyde for 20 min at room 
temperature and incubated in 70% ethanol at ‑20˚C for 30 min. 
The coverslips were washed a further three times and the cells 
were permeabilized. The permeabilization was performed in 
0.1% Triton X‑100/0.1% sodium citrate at room temperature 
for 10 min. After three 5‑min washes in PBS, the cells were 
incubated with 3% H2O2 at room temperature for 10 min. After 
another three 5‑min washes in PBS, the cells were incubated 
with TdT enzyme at 37˚C for 90 min, which was protected 
from light. After two 2‑min washes in PBS, the nuclei were 
stained with Hoechst 33258 at room temperature for 20 min in 
the dark. The cells were finally washed in the dark three times 
in PBS containing 0.5% Tween‑20 for 2 min each and mounted 
in glycerol. Next, cells were observed under a fluorescence 
microscope and images were captured (five fields; magnifica‑
tion, x200).

RT‑qPCR. After 48 h of treatment at room temperature, 
HUVECs in each group were collected and total RNA was 
extracted using an RNAiso Plus kit (Takara Bio, Inc.). Next, 
cDNA synthesis was performed with a PrimeScript™ RT kit 
(Takara Bio, Inc.). The following thermocycling conditions 
were used: Initial denaturation at 95˚C for 30 sec, then 55˚C for 
30 sec and 72˚C 30 sec. The synthesized cDNA were collected 
for qPCR amplification in a LightCycler 480 fluorescent PCR 
system (Roche Diagnostics), according to the steps of SYBR 
Green RT‑qPCR kit (cat. no. RR086B; Takara Bio, Inc.). 
The reaction conditions were as follows: Pre‑denaturation 
at 95˚C for 15 min, followed by 40 cycles of denaturation at 
95˚C for 10 sec, annealing at 55˚C for 20 sec and extension at 
72˚C for 20 sec. The genes GAPDH was used for normaliza‑
tion of mRNA expressions. Relative expression levels of the 
respective target gene were calculated according to the 2‑ΔΔCq 
method (14). The primer sequences are shown in Table I.

Western blot (WB) analysis. HUVECs were collected 
following treatment in each group for 48 h at room tempera‑
ture. The collected cells were lysed on ice with RIPA lysis 
buffer [10 mmol/l Tris (pH 8.0), 150 mmol/l NaCl, 1% Nonidet 
P‑40, 0.1% SDS and 0.5% deoxycholate II] for 30 min. Cells 
were then centrifuged at 14,000 x g for 30 min at 4˚C and the 
supernatant containing the protein was obtained. Following 
protein quantification using a BCA assay kit, an equal amount 
of protein (30 µg/lane) was separated via 10% SDS‑PAGE. 
Following electrophoresis, the proteins were transferred onto 
a PVDF membrane and blocked with a TBS‑0.1% Tween‑20 
solution containing 5% skimmed milk. Next, the membranes 
were incubated with anti‑TLR4 (cat. no. ab13556; 1:200), 
anti‑MyD88 (cat. no. ab107585, 1:200), anti‑p‑NF‑κB (p65; 
cat. no. ab183559; 1:200), NF‑κB (p65; cat. no. ab32536; 
1:200) and anti‑GAPDH (cat. no. ab8245; 1:100) primary 
antibodies at room temperature for 2 h. After the membranes 
were washed, the HRP‑conjugated secondary antibody was 
added for subsequent incubation at a dilution of 1:4,000 at 
room temperature for 1 h. ECL was used for development of 

the membrane to visualize the bands. ImageJ software v1.8.0 
(National Institutes of Health) was used to analyze the gray 
values of the bands, where GAPDH was used to normalize 
the results.

Immunofluorescence. After 48 h of treatment in each group 
at room temperature, HUVECs were fixed with 3.5% para‑
formaldehyde for 10 min at room temperature, permeabilized 
with 0.2% Triton X‑100 on ice for 15 min and blocked with 
3% BSA (Sigma‑Aldrich; Merck KGaA) for 30 min. Next, a 
p‑NF‑κB (p65; cat. ab222494; 1:200) primary antibody was 
added to the cells and incubated overnight at 4˚C. The next 
day, a FITC‑labeled secondary antibody was added according 
to the manufacturer's instructions and incubated for 1 h at 
room temperature. Following 50 µl DAPI staining for 5 min at 
room temperature, images of the stained cells were captured 
using a laser confocal microscope (five files; magnification, 
x200). This experiment was repeated three times.

Statistical analysis. SPSS 20.0 software (IBM Corp.) was used 
for statistical analysis. To analyze data with a normal distribu‑
tion and homogeneity of variance, a one‑way ANOVA was 
used followed by a Tukey's post hoc test for pairwise compari‑
sons. A two‑tailed hypothesis test was performed with α=0.05. 
P<0.05 was considered to indicate a statistically significant 
difference. The experiments were repeated three times.

Results

Effect of heparin on TNF‑α, IL‑1β, IL‑6 and IFN‑γ levels 
in LPS‑induced endothelial injury. Compared with those in 
the NC group, the levels of TNF‑α, IL‑1β, IL‑6 and IFN‑γ in 
the LPS group were significantly higher (all P<0.001; Fig. 1). 
In the heparin groups, the levels of TNF‑α, IL‑1β, IL‑6 and 
IFN‑γ were all significantly decreased compared with those 
in the LPS group (all P<0.05; Fig. 1). In addition, there was 
a significant dose‑dependent effect among the three heparin 
treatment groups (all P<0.05; Fig. 1).

Effect of heparin on the proliferating cell count after 
LPS‑induced endothelial injury. A significant reduction in 

Table I. Primer sequences used for reverse transcription‑
quantitative PCR.

Gene  Primer sequence (5'→3')

Toll‑like F: TGGATACGTTTCCTTATAAG
receptor 4 R: GAAATGGAGGCACCCCTTC 
Myeloid F: ACCTGGCTGGTTTACACGTC
differentiation R: CTGCCAGAGACATTGCAGAA
primary 
response 88 
NF‑κB (p65) F: ATGCTTACTGGGTGCCAAAC
 R: GGCAAGTCACTCAGCCTTTC
GAPDH F: AGGTCGGTGTGAACGGATTTG
 R: TGTAGACCATGTAGTTGAGGTCA 

F, forward; R, reverse.
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the EdU‑positive cell count was observed in the LPS group 
compared with that in the NC group (P<0.001; Fig. 2). 
By contrast, the EdU‑positive cell count was significantly 
increased in the three heparin groups compared with that in the 
LPS group (P<0.05; Fig. 2), where a significant dose‑dependent 
effect was observed among the three heparin treatment groups 
(all P<0.05; Fig. 2).

Flow cytometry analysis of heparin‑mediated regulation 
of apoptosis following LPS‑induced endothelial injury. 
According to the flow cytometry results, the apoptotic rate in 
the LPS group was significantly higher compared with that 
of the NC group (P<0.001; Fig. 3A). The apoptotic rate in all 
three of the heparin groups was significantly lower compared 
with that in the LPS group (P<0.05; Fig. 3A), with a significant 

Figure 1. Effect of heparin on TNF‑α, IL‑1β, IL‑6 and IFN‑γ levels in LPS‑induced endothelial cell injury. ***P<0.001 vs. NC; #P<0.05, ##P<0.01 and 
###P<0.001 vs. LPS; $P<0.05 and $$P<0.01 vs. LPS + Low; &P<0.05 vs. LPS + Middle. NC, normal control group; LPS, lipopolysaccharide; LPS + Low, 
LPS‑stimulated cells were treated with low‑dose heparin (10 U/l); LPS + Middle, LPS‑stimulated cells were treated with middle‑dose heparin (20 U/l); 
LPS + High, LPS‑stimulated cells were treated with high‑dose heparin (100 U/l). 

Figure 2. Effect of heparin on the number of proliferating cells after LPS‑induced endothelial cell injury. ***P<0.001 vs. NC; #P<0.05, ##P<0.01 and 
###P<0.001 vs. LPS; $P<0.05 and $$P<0.01 vs. LPS + Low; &P<0.05 vs. LPS + Middle. NC, normal control group; LPS, lipopolysaccharide; LPS + Low, 
LPS‑stimulated cells were treated with low‑dose heparin (10 U/l); LPS + Middle, LPS‑stimulated cells were treated with middle‑dose heparin (20 U/l); 
LPS + High, LPS‑stimulated cells were treated with high‑dose heparin (100 U/l); EdU, 5‑ethynyl‑2'‑deoxyuridine. 
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dose‑dependent effect observed among the three heparin 
groups (all P<0.05; Fig. 3A).

TUNEL detection analysis of heparin‑mediated regulation 
of cell apoptosis following LPS‑induced endothelial injury. 
The TUNEL assay results indicated that the LPS group 
exhibited a significantly increased count of TUNEL‑positive 
cells compared with that in the NC group (P<0.001; Fig. 3B). 
However, the number of TUNEL‑positive cells in the three 
heparin groups was significantly decreased compared with 
that in the LPS group (P<0.05; Fig. 3B), with a significant 
dose‑dependent effect observed among the three heparin 
groups (all P<0.05; Fig. 3B).

Effect of heparin on TLR4, MyD88 and NF‑κB p65 
expression. According to the RT‑qPCR results, si‑TLR4 

significantly decreased TLR4 gene expression, as presented 
in Fig. S1, the LPS group exhibited significantly increased 
mRNA expression levels of TLR4, MyD88 and NF‑κB 
(p65) compared with those in the NC group (all P<0.001; 
Fig. 4A). However, intervention with all three doses of heparin 
significantly downregulated the expression levels of TLR4, 
MyD88 and NF‑κB (p65) compared with those in the LPS 
group (all P<0.05; Fig. 4A), with a significant dose‑dependent 
effect observed among the three groups (all P<0.05; Fig. 5). 
In addition, WB results showed that compared with those in 
the NC group, the protein expression levels of TLR4, MyD88 
and p‑NF‑κB (p65) were all significantly upregulated in the 
LPS group (all P<0.001; Fig. 4B). A significant decrease in the 
protein expression of TLR4, MyD88 and p‑NF‑κB (p65) was 
also observed in the three heparin groups compared with that 
in the LPS group (all P<0.05; Fig. 4B). In addition, a significant 

Figure 3. Effects of heparin on LPS‑induced endothelial cell apoptosis. (A) Flow cytometric detection of the effects of heparin on the regulation of apop‑
tosis in LPS‑treated endothelial cells. (B) TUNEL assay detection of the effects of heparin on the regulation of apoptosis in LPS‑treated endothelial cells. 
***P<0.001 vs. NC; #P<0.05, ##P<0.01 and ###P<0.001 vs. LPS group; $P<0.05 and $$P<0.01 vs. LPS + Low; &P<0.05 vs. LPS + Middle. NC, normal control group; 
LPS, lipopolysaccharide; LPS + Low, LPS‑stimulated cells were treated with low‑dose heparin (10 U/l); LPS + Middle, LPS‑stimulated cells were treated with 
middle‑dose heparin (20 U/l); LPS + High, LPS‑stimulated cells were treated with high‑dose heparin (100 U/l). 



LIU et al:  ROLE OF HEPARIN IN ENDOTHELIAL INJURY6

dose‑dependent effect was observed among the three heparin 
groups (all P<0.05; Fig. 4B).

Effect of heparin on p‑NF‑κB (p65) protein translocation 
into the nucleus. The results of the immunofluorescence assay 
showed that the extent of p‑NF‑κB (p65) protein transloca‑
tion into the nucleus was significantly increased in the LPS 

group compared with that in the NC group (P<0.001; Fig. 5). 
Following heparin treatment at all three doses, the amount 
of p‑NF‑κB (p65) protein translocated into the nucleus was 
significantly decreased compared with that in the LPS group 
(all P<0.05; Fig. 5). In addition, a significant dose‑dependent 
effect was observed among the three heparin groups (all 
P<0.05; Fig. 5).

Figure 4. Effect of heparin on the expression of TLR4, myD88 and NF‑κB p65 in endothelial cells. (A) Relative TLR4, myD88 and NF‑κB p65 mRNA expres‑
sion in the different treatment groups. (B) Relative TLR4, myD88 and NF‑κB p65 protein expression in the different treatment groups. ***P<0.001 vs. NC; 
#P<0.05, ##P<0.01 and ###P<0.001 vs. LPS; $P<0.05 and $$P<0.01 vs. LPS + Low group; &P<0.05 vs. LPS + Middle. NC, normal control group; LPS, lipopolysac‑
charide; LPS + Low, LPS‑stimulated cells were treated with low‑dose heparin (10 U/l); LPS + Middle, LPS‑stimulated cells were treated with middle‑dose 
heparin (20 U/l); LPS + High, LPS‑stimulated cells were treated with high‑dose heparin (100 U/l); TLR4, toll‑like receptor 4; myD88, myeloid differentiation 
primary response 88. 



EXPERIMENTAL AND THERAPEUTIC MEDICINE  22:  1397,  2021 7

ELISA detection of TNF‑α, IL‑1β, IL‑6 and IFN‑γ levels in 
each group. The LPS group exhibited significantly higher levels 
of TNF‑α, IL‑1β, IL‑6 and IFN‑γ (P<0.001; Fig. 6) compared 
with those in the NC group. By contrast, the si‑TLR4, heparin 
and heparin + si‑TLR4 groups all exhibited significantly lower 
concentrations of TNF‑α, IL‑1β, IL‑6 and IFN‑γ compared 
with those in the LPS group (all P<0.001; Fig. 6). However, 
there was no significant difference in the levels of these factors 
among the si‑TLR4, heparin and heparin + si‑TLR4 groups 
(Fig. 6).

EdU detection of cell proliferation in each treatment 
group. A significantly decreased number of EdU‑positive 
cells was observed in the LPS group compared with that in 
the NC group (P<0.001; Fig. 7). Compared with that in the 
LPS group, si‑TLR4, heparin and heparin + si‑TLR4 groups 
exhibited significantly increased EdU‑positive cell counts 
(all P<0.001; Fig. 7). No differences could be observed in the 
number of proliferative cells among the si‑TLR4, heparin and 
heparin + si‑TLR4 groups (Fig. 7).

Flow cytometric detection of the cell apoptotic rate in each 
treatment group. The LPS group exhibited a significantly 
increased cell apoptotic rate compared with that in the 
NC group (P<0.001; Fig. 8A). Compared with that in the 
LPS group, the apoptotic rate in the si‑TLR4, heparin and 
heparin + si‑TLR4 groups was significantly decreased (all 
P<0.001; Fig. 8A). No statistical differences were observed 
in the apoptotic rate among the si‑TLR4, heparin and 
heparin + si‑TLR4 groups (Fig. 8A).

TUNEL detection of apoptotic cell count in each group. 
A significantly increased TUNEL‑positive cell count was 
observed in the LPS group compared with that in the NC 
group (P<0.001; Fig. 8B). Furthermore, the TUNEL‑positive 
cell count was significantly decreased in the si‑TLR4, heparin 

and heparin + si‑TLR4 groups compared with that in the 
LPS group (all P<0.001; Fig. 8B). No statistical differences 
were observed in the TUNEL‑positive cell count among 
the si‑TLR4, heparin and heparin + si‑TLR4 groups (all 
P>0.05; Fig. 8B).

RT‑qPCR and WB measurements of TLR4, myD88 and NF‑κΒ 
p65 expression. As shown in Fig. 9A, the LPS group exhibited 
significantly increased mRNA expression levels of TLR4, 
MyD88 and NF‑κB p65 (all P<0.001) compared with those 
in the NC group. Furthermore, when compared with those 
in the LPS group, significantly decreased mRNA expression 
levels of TLR4, MyD88 and NF‑κB p65 were observed in the 
si‑TLR4, heparin and heparin + si‑TLR4 groups (all P<0.001). 
As shown in Fig. 9B, the protein expression levels of TLR4, 
MyD88 and NF‑κB p65 were significantly increased in the 
LPS group compared with those in the NC group (all P<0.001). 
In addition, the si‑TLR4, heparin and heparin + si‑TLR4 
groups all exhibited significantly lower protein expression 
levels of TLR4, MyD88 and NF‑κB (p65) compared with 
those in the LPS group (all P<0.001). No significant differ‑
ences were observed in the gene and protein expression levels 
of TLR4, MyD88 and NF‑κB p65 among the si‑TLR4, heparin 
and heparin + si‑TLR4 groups (Fig. 9).

Immunofluorescence analysis of p‑NF‑κB p65 protein 
translocation into the nucleus. Compared with that in the 
NC group, the degree of p‑NF‑κB (p65) protein transloca‑
tion into the nucleus was increased in the LPS group (all 
P<0.001; Fig. 10). However, compared with that in the LPS 
group, p‑NF‑κB p65 protein translocation into the nucleus 
was decreased in the si‑TLR4, heparin and heparin + si‑TLR4 
groups (all P<0.001). No statistical differences were 
observed in p‑NF‑κB p65 protein translocation into the 
nucleus among the si‑TLR4, heparin and heparin + si‑TLR4 
groups (Fig. 10).

Figure 5. Effect of heparin on p‑NF‑κB (p65) protein translocation to the nucleus. ***P<0.001 vs. NC; #P<0.05, ##P<0.01 and ###P<0.001 vs. LPS; $P<0.05 and 
$$P<0.01 vs. LPS + Low group; &P<0.05 vs. LPS + Middle group. NC, normal control group; LPS, lipopolysaccharide; LPS + Low, LPS‑stimulated cells were 
treated with low‑dose heparin (10 U/l); LPS + Middle, LPS‑stimulated cells were treated with middle‑dose heparin (20 U/l); LPS + High, LPS‑stimulated cells 
were treated with high‑dose heparin (100 U/l); p‑, phosphorylated. 
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Discussion

LPS has been identified to be the main component of the cell 
wall of gram‑negative bacteria (15). After being transported 
by LPS binding protein (LBP), LPS binds to CD14 expressed 
on various cytoplasmic membranes (16). After binding with 
the LPS‑LBP complex, CD14 activates the NF‑κB signaling 

pathway through TLR4 (17). The resulting signaling cascade 
activated can then promote the release of inflammatory cyto‑
kines, including IL‑6 and TNF‑α (13,18,19).

TLRs are key components of the innate immune system (20). 
Following activation, TLRs relay the inflammatory signaling 
information through a MyD88‑dependent pathway to activate 
the expression and secretion of inflammatory factors, resulting 

Figure 7. EdU detection of cell proliferation in each treatment group. ***P<0.001 vs. NC; ###P<0.001 vs. LPS. EdU, 5‑ethynyl‑2'‑deoxyuridine; NC, normal control 
group; TLR4, toll‑like receptor 4; LPS, lipopolysaccharide; si, small interfering RNA; si‑TLR4, LPS‑stimulated cells were transfected with si‑TLR4; heparin, 
LPS‑stimulated cells were treated with 100 U/l heparin; heparin + si‑TLR4, LPS‑stimulated cells were transfected with si‑TLR4 and treated with 100 U/l heparin. 

Figure 6. ELISA detection of the concentrations of TNF‑α, IL‑1β, IL‑6 and IFN‑γ in each group. ***P<0.001 vs. NC; ###P<0.001 vs. LPS. NC, normal control 
group; TLR4, toll‑like receptor 4; LPS, lipopolysaccharide; si, small interfering RNA; si‑TLR4, LPS‑stimulated cells were transfected with si‑TLR4; heparin, 
LPS‑stimulated cells were treated with 100 U/l heparin; heparin + si‑TLR4, LPS‑stimulated cells were transfected with si‑TLR4 and treated with 100 U/l heparin. 
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in inflammatory lesions (21‑23). Downstream, NF‑κB (p65) 
is an important inflammatory regulator (24). As a transcrip‑
tion factor, it can activate the expression of a number of 
inflammatory cytokines, including TNF‑α, IL‑1β, IFN‑γ 
and IL‑6 (25‑27). The expression of inflammatory factors 
induced by NF‑κB p65 can lead to potentiation of NF‑κB 
activation by positive feedback, which is mediated by the 
continuous translocation of p‑NF‑κB p65 into the nucleus, 
aggravating inflammatory injury (28). Consequently, the 
TLR4/MyD88/NF‑κB p65 signaling pathway serves a key role 
in the inflammatory response.

Vascular endothelial cells at the inflammatory site can 
serve a dual role, either as a participant or a regulator in 
the inflammatory process (29). Incalza et al (30) found that 
long‑term or repeated exposure to risk factors of cardiovas‑
cular diseases can damage the endogenous anti‑inflammatory 
system within endothelial cells. Consequently, the endothelium 
can lose not only its function, but endothelial cells can also 

detach from the endothelium and enter the circulatory system, 
which can induce an inflammatory reaction (31). Therefore, 
repairing endothelial cell injury can serve an important role in 
preserving vascular function (32).

A previous study (32) reported that heparin had 
anti‑inflammatory effects. In the present study, heparin exerted 
an inhibitory effect on LPS‑induced HUVEC apoptosis, secre‑
tion of the inflammatory cytokines TNF‑α, IL‑1β, IL‑6 and 
IFN‑γ, in addition to reducing the protein levels of TLR4, 
MyD88 and p‑NF‑κB p65. However, no significant enhance‑
ments were observed when heparin and TLR4 knockdown were 
combined. Therefore, it was concluded that heparin may serve 
an anti‑inflammatory and protective role in vascular endothe‑
lial injury by downregulating the TLR4/MyD88/NF‑κB (p65) 
signaling pathway.

In the present study, in vitro experiments were conducted, 
where the results showed that heparin may exert a protective 
effect on LPS‑induced acute vascular endothelial injury. The 

Figure 8. Cell apoptosis measurements using flow cytometric and TUNEL assays. (A) Flow cytometric detection of the cell apoptotic rate in each treatment group. 
(B) TUNEL detection of the apoptotic cell count in each treatment group. ***P<0.001 vs. NC; ###P<0.001 vs. LPS. NC, normal control group; TLR4, toll‑like 
receptor 4; LPS, lipopolysaccharide; si, small interfering RNA; si‑TLR4, LPS‑stimulated cells were transfected with si‑TLR4; heparin, LPS‑stimulated cells 
were treated with 100 U/l heparin; heparin + si‑TLR4, LPS‑stimulated cells were transfected with si‑TLR4 and treated with 100 U/l heparin. 
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Figure 9. Reverse transcription‑quantitative PCR and western blot detection of TLR4, myD88 and NF‑κB p65 gene and protein expression. (A) Relative TLR4, 
myD88 and NF‑κB p65 mRNA expression in the different treatment groups. (B) Relative TLR4, myD88 and NF‑κB p65 protein expression in the different treat‑
ment groups. ***P<0.001 vs. NC; ###P<0.001 vs. LPS. NC, normal control group; TLR4, toll‑like receptor 4; LPS, lipopolysaccharide; si, small interfering RNA; 
myD88, myeloid differentiation primary response 88; p‑, phosphorylated; si‑TLR4, LPS‑stimulated cells were transfected with si‑TLR4; heparin, LPS‑stimulated 
cells were treated with 100 U/l heparin; heparin + si‑TLR4, LPS‑stimulated cells were transfected with si‑TLR4 and treated with 100 U/l heparin. 

Figure 10. Immunofluorescence analysis for p‑NF‑κB (p65) protein translocation to the nucleus. ***P<0.001 vs. NC; ###P<0.001 vs. LPS. NC, normal control 
group; LPS, cells were treated with LPS; p‑, phosphorylated; si, small interfering RNA; TLR4, toll‑like receptor 4; si‑TLR4, LPS‑stimulated cells were 
transfected with si‑TLR4; heparin, LPS‑stimulated cells were treated with 100 U/l heparin; heparin + si‑TLR4, LPS‑stimulated cells were transfected with 
si‑TLR4 and treated with 100 U/l heparin. 
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specific mechanism can be explained by its role in reducing the 
inflammatory reaction and inhibiting the TLR4/MyD88/NF‑κB 
(p65) signaling pathway. The findings of the present study may 
provide a foundation for further investigations into the protec‑
tive effect of heparin on the cardiovascular system.
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