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Abstract. High glucose-induced endothelial cell apoptosis is 
considered to be the initiator of diabetes-associated vascular 
complications. Experiments in vivo and in vitro have demon-
strated that high glucose levels contribute to the apoptosis of 
endothelial cells by mediating cellular dysfunction and meta-
bolic disorder via the production of various cytokines. As the 
most important endogenous vascular regulators, the balance 
between pro-proliferative effector vascular endothelial growth 
factor (VEGF) and anti-proliferative effector tumor necrosis 
factor-like cytokine 1A (TL1A) is important in the modulation 
of endothelial cell survival and proliferation, and neovascu-
larization. The present study aimed to explore whether the 
imbalance between VEGF and TL1A affected the apoptosis 
of human umbilical vein endothelial cells (HUVECs) exposed 
to high glucose conditions and then further investigated the 
potential mechanism. The results showed that the downregula-
tion of VEGF in combination with the upregulation of TL1A 
in response to high glucose levels led to enhanced HUVEC 
apoptosis. Further experiments revealed that silencing high 
glucose-induced TL1A expression using TL1A small inter-
fering (si)RNA or the overexpression of VEGF by transfection 
with VEGF DNA resulted in a reduced HUVEC apoptosis rate 
compared with the controls. The effects occurred by attenuating 
and activating the phosphoinositide 3-kinase/Akt/endothelial 
nitric oxide synthase pathway, respectively. In addition, VEGF 
and TL1A inhibited each other in hyperglycemia. In conclu-
sion, these findings provide theoretical support for the further 

investigation of novel therapeutic strategies designed to 
maintain the balance between VEGF and TL1A and, thus, to 
prevent the onset and progression of endothelial cell apoptosis 
in response to high glucose stimuli.

Introduction

As a metabolic disorder, diabetes has been defined as an inde-
pendent risk factor for various types of cardiovascular disease. 
It has been recognized that endothelial cell dysfunction and 
apoptosis represent the beginning of diabetes-associated 
vascular disease (1,2). The maintenance of the balance 
between the proliferation, apoptosis and necrosis of endothe-
lial cells is multi-factorial and involves the interaction between 
vascular endothelial growth factor (VEGF) and tumor necrosis 
factor-like cytokine 1A (TL1A). 

VEGF, considered as the most important cytokine in 
promoting endothelial cell growth, exhibits a crucial role in 
maintaining the stability of vascular endothelial structure 
and function by stimulating endothelial cell proliferation and 
regeneration while restraining apoptosis. Elevated VEGF 
levels are observed as a cardiac response under conditions of 
ischemia-hypoxia, while impairments in VEGF expression 
and activity have been identified in patients with diabetes (3-5). 
It has been reported that patients without diabetes exhibited 
increased VEGF expression in response to myocardial isch-
emia and infarction but that diabetic patients exhibited reduced 
VEGF levels in the myocardium and in chronic wounds (6,7). 
The downregulation of VEGF expressed in tissues, aside 
from the kidney and the retina, contributes to the decrease in 
ischemia-induced collateral vessel formation in patients with 
diabetes, resulting in necrosis and irreversible damage (3). 
Thus, VEGF is a key component in the mechanism that regu-
lates endothelial cell proliferation and neovascularization.

TL1A is a unique endogenous inhibitor of angiogen-
esis (8,9) that is predominantly produced by endothelial cells 
and that performs its physiological functions by binding to its 
receptors, DR3 and DcR3 (10). As a multifunctional member 
of the tumor necrosis factor super-family, TL1A participates 
in numerous physiological processes, such as the immune 
response (11), and in pathologies such as inflammatory bowel 
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disease (12) and atherosclerosis (13,14). It has been widely 
accepted that TL1A exerts an inhibitory effect on endothelial 
cell proliferation during different growth stages by promoting 
apoptosis or growth arrest (15). Previous experiments 
revealed that senescent human umbilical vein endothelial 
cells (HUVECs) displayed enhanced TL1A expression (16). 
Additionally, TL1A inhibits tumor angiogenesis and tumor 
growth, and these effects are consistent with the observation 
that TL1A expression is significantly decreased in various 
types of cancer, such as ovarian (17) and breast cancer (18), 
as well as in wound tissue (19). Thus, TL1A functions as a 
suppressor of neovascularization and endothelial cell prolif-
eration. 

As important components of the mechanisms regulating 
neovascularization and cell proliferation, the balance between 
TL1A and VEGF ensures the stability of the established 
vasculature. The present study investigated TL1A and VEGF 
expression in high glucose-induced apoptotic HUVECs, 
with the aim of elucidating the mechanism by which TL1A 
and VEGF act on HUVECs. The experiments aimed to 
provide a novel strategy to protect endothelial cells from high 
glucose-induced apoptosis. 

Materials and methods

Chemicals and reagents. Anti-glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) mouse monoclonal 
antibody (mAb; HRP‑60004) and the horseradish 
peroxidase (HRP)‑conjugated Affinipure goat anti‑mouse 
(SA00001-1) and anti-rabbit (SA00001-2) secondary  
immunoglobulin (Ig)G (H+L) antibodies were purchased 
from Proteintech Group (Wuhan, China). Anti-phospho-phos-
phoinositide 3-kinase (PI3K) p85 (Tyr458)/p55 (Tyr199) 
rabbit polyclonal antibody (pAb; 4228), the anti‑PI3K 
p85 rabbit pAb (4257), the anti-phospho-Akt (Ser473) 
rabbit mAb (4060), the anti-Akt rabbit mAb (4691), the 
anti-phospho-endothelial nitric oxide synthase (eNOS) 
(Ser1177) rabbit pAb (9571), and the anti-eNOS rabbit pAb 
(9572) were purchased from Cell Signaling Technologies 
Inc. (Beverly, MA, USA). Anti-VEGF mouse pAb (ab46154) 
and anti-TL1A rabbit pAb (ab21272) were purchased from 
Abcam (Cambridge, UK). Endothelial cell medium (ECM) 
was purchased from ScienCell Research Laboratories (San 
Diego, CA, USA).

Cell culture. The HUVECs used in this study were purchased 
from ScienCell Research Laboratories. The cells were cultured 
in ECM at 37˚C in a humidified incubator containing 5% CO2. 
Cultured endothelial cells of 3-5 passages were used for the 
following experiments. HUVECs were cultured in conditioned 
medium with various concentrations of glucose (5.5, 15 and 
33 mM/l) for various time periods (0, 24 and 48 h). Further-
more, HUVECs were transfected with TL1A siRNA, negative 
control siRNA or VEGF DNA. Following transfection for 12 h, 
cells were cultured in conditioned medium with 5.5 mM/l NG 
or 33 mM/l HG for 0, 24 or 48 h.

Western blot analysis. Western blot analysis was performed 
as follows: Total proteins were extracted from cells cultured 
in a 6-well plate (3x105 cells/well) in triplicate using 

radioimmunoprecipitation assay buffer (Invitrogen; Thermo 
Fisher Scientific Inc., Waltham, MA, USA). After centrifuga-
tion at 16,100 x g at 4˚C, the supernatant was collected, and the 
protein concentration was quantified using a bicinchoninic acid 
protein assay kit (Pierce, Rockford, IL, USA). Then, 30 µg of 
each total protein extract was separated via 8% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis gels (Amresco, 
LLC, Solon, OH, USA) and transferred to a polyvinylidene 
difluoride membrane (Roche Diagnostics, Indianapolis, IN, 
USA). The membranes were blocked in 5% milk or 5% bovine 
serum albumin (Invitrogen; Thermo Fisher Scientific, Inc.), 
depending on the level of background, and then probed with 
the following primary antibodies overnight at 4˚C: Mouse 
anti-VEGF (1:500) pAb and rabbit anti-phospho-phos-
phoinositide 3-kinase (PI3K) p85 (Tyr458)/p55 (Tyr199) 
pAb, anti-PI3K p85, anti-phospho-Akt (Ser473), anti-Akt, 
anti-phospho-endothelial nitric oxide synthase (eNOS) 
(Ser1177), anti-eNOS (all 1:1,000) and anti-TL1A (1:500) 
and mouse anti-GAPDH (1:10,000). The following day, the 
membranes were washed three times with 1X Tris-buffered 
saline with Tween-20 and incubated in HRP-conjugated 
Affinipure goat anti‑mouse (1:1,000) and anti‑rabbit (1:2,000) 
secondary IgG (H+L) antibodies secondary antibodies for 1 h 
at room temperature. Protein signals were visualized using 
enhanced chemiluminescence (Millipore, Boston, MA, USA), 
and the gray analysis of bands were relatively quantified using 
Quantity One software (version 4.62; Bio‑Rad Laboratories, 
Hercules, CA, USA).

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). Total RNA was extracted from HUVECs 
using TRIzol reagent (Sigma-Aldrich, St. Louis, MO, USA) 
according to the manufacturer's instructions, and the RNA 
concentrations were measured using a NanoDrop 2000 
(Thermo Fisher Scientific Inc.). RNA was reverse transcribed 
as follows: 4µl sample RNA (0.5 µg/µl), 1 µl random primer 
(25 µM) and 1 µl RNase-free dH2O (both Bio-Rad Labo-
ratories, Inc.) were mixed together in a 0.2 ml Eppendorf 
tube, incubated at 70˚C for 10 min and immediately cooled 
on ice for ≥2 min. Following centrifugation at 3,000 x g for 
several seconds, 0.25 µl RTase M-MLV, 2 µl M-MLV buffer 
(5X), 0.5 µl dNTPs (2.5 mM each), 0.25 µl RNase inhibitor 
(40 u/µl; all Bio‑Rad Laboratories, Inc.) and 1 µl RNase-free 
dH2O was added and incubated at 30˚C for 10 min, followed 
by 1 h at 42˚C and 15 min at 70˚C prior to cooling on ice. 
qPCR for VEGF and TL1A was performed using a qPCR kit 
(SYBR Green; Roche, Ltd., Basel, Switzerland). The primer 
sequences used were as follows: Forward: 5'-TCT CTA CCC 
CAG GTC AGA CG-3' and reverse: 5'-TCC CCA AAC TCC TGG 
TCA GA‑3' for VEGF; forward: 5'-TGT GCA GTT CCA GGC 
TCT AAAA-3' and reverse: 5'-CCG TCT GCT CTA AGA GGT 
GCAT-3' for TL1A; and forward: 5'-GGT GGT CTC CTC TGA 
CTT CAA CA-3' and reverse: 5'-GTT GCT GTA GCC AAA TTC 
GTT GT-3' for GAPDH (Invitrogen; Thermo Fisher Scientific 
Inc.). The reverse transcription conditions were as follows: 
95˚C for 30 sec for pre‑incubation, followed by 45 cycles of 
50˚C for 40 sec and 72˚C for 40 sec. Transcript amplification 
and detection were performed using a LightCycler480 thermal 
cycler (Roche Diagnostics GmbH, Manheim, Germany) as 
follows: Pre‑incubation for 5 min at 95˚C, amplification via 
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45 cycles of 10 sec at 95˚C, 10 sec at 60˚C and 20 sec at 72˚C, 
and a final cooling step of 30 sec at 40˚C (ramp rate of 4.4˚C/s). 
The relative quantity of each gene was obtained using the 
ΔΔCq method (20). 

Gene silencing. RNA interference was performed using TL1A 
small interfering (si)RNA and control siRNA (RiboBio, 
Guangzhou, China). Cell cultures at 40‑60% confluence were 
transfected with siRNA at a final concentration of 50 nM using 
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific 
Inc.) according to the manufacturer's instructions. After trans-
fection (12 h), HUVECs were used for experimentation. 

VEGF overexpression. The cells were seeded in 6-well plates 
(3x105 cells/well) and were incubated for 24 h prior to transfec-
tion. VEGF DNA was transfected into the HUVECs at a final 
concentration of 3 µg/µl using Lipofectamine 2000. Following 
transfection for 4-6 h, the transfection medium was replaced 
with ECM and culturing was continued for 24 h prior to 
further treatment.

Apoptosis assay via flow cytometry (FCM). Apoptosis was 
measured using an Annexin V‑fluorescein isothiocyanate 
(FITC) Apoptosis Assay kit (Nanjing KeyGen Biotech. 
Co. Ltd., Nanjing, China) according to the manufacturer's 
instructions. After transfection with TL1A siRNA or VEGF 
DNA, the HUVECs incubated in high glucose(33 mM/l) 
for various time periods (0, 24 or 48 h) were harvested and 
stained with Annexin V‑FITC and propidium iodide (PI; 
1:100 BD Biosciences; Franklin Lakes, NJ, USA) for 15 min 

at room temperature in the dark. Following incubation, flow 
cytometry (FACS Calbur; BD Biosciences) was performed 
to detect the apoptosis of HUVECs. The axes were set as 
Annexin V on the horizontal axis and PI on the vertical axis, 
in order to determine the baseline of the axes according to 
the blank control and distinguish normal cells from apop-
totic cells. Four‑quadrant were used; the left lower quadrant 
(Annexin V--PI-) represented normal cells, the left upper 
quadrant (Annexin V--PI+) represents fragmented or injured 
cells, the right lower quadrant (Annexin V+-PI-) represented 
viable apoptotic cells, the right upper quadrant( Annexin 
V+-PI+) represented non-viable apoptotic or non-viable 
non-apoptotic cells. Both viable apoptotic and non-viable 
apoptotic cells or non-viable non-apoptotic cells were used 
to calculate cell apoptosis.

Statistical analysis. All experiments were performed at least 
three times and all data are expressed as the mean ± standard 
deviation. Statistical analysis of the data was performed 
via one-way analysis of variance using SPSS 13.0 software 
(SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to 
indicate a statistically significant difference. 

Results

TL1A expression is induced in HUVECs in response to high 
glucose. To determine whether TL1A is induced in response 
to high glucose, HUVECs were treated with different 
concentrations of glucose (5.5, 15 or 33 mM) for different 
periods (0, 24 or 48 h) and the changes in TL1A expression 

Figure 1. High glucose levels result in upregulation of TL1A expression and downregulation of VEGF expression in HUVECs. HUVECs were cultured in 
conditioned medium with different concentrations of glucose (5.5, 15 and 33 mM/l). TL1A mRNA and protein levels were analyzed by (A) RT-qPCR and 
(B) western blot analysis at different time intervals, respectively. VEGF mRNA and protein levels were analyzed by (C) RT-qPCR and (D) western blot analysis 
at different time intervals, respectively. GAPDH served as a control. NG, normal glucose. HG, high glucose; HUVEC, human umbilical vein endothelial cell; 
TL1A, tumor necrosis factor‑like cytokine 1A; VEGF, vascular endothelial growth factor; RT‑qPCR, reverse transcription‑quantitative polymerase chain 
reaction; GAPDH, glyceraldehyde 3‑phosphate dehydrogenase. *P<0.05, **P<0.01 vs. NG. #P<0.05 vs. HG.
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Figure 2. Silencing of HG-induced TL1A expression or overexpression of VEGF levels attenuates HUVEC apoptosis in response to high glucose. HUVECs 
were transfected with TL1A siRNA, negative control siRNA or VEGF DNA. After transfection for 12 h, cells were cultured in conditioned medium with 
NG (5.5 mM/l) or HG (33 mM/l) for different times (0, 24 or 48 h). TL1A expression was detected at the (A) mRNA and (B) protein levels to verify the 
efficiency of TL1A siRNA transfection. (C and D) HG‑induced apoptosis of HUVECs treated with or without TL1A siRNA or VEGF DNA were assessed 
by flow cytometry. VEGF expression at the (E) mRNA and (F) protein levels was detected to verify the efficiency of VEGF DNA transfection. NG, normal 
glucose; HG, high glucose; TL1A, tumor necrosis factor‑like cytokine 1A; VEGF, vascular endothelial growth factor; siRNA, small interfering RNA; *P<0.05, 
**P<0.01 vs. NG. ##P<0.01 vs. HG. 
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were determined via RT-qPCR and western blot analysis. 
As shown in Fig. 1A and B, TL1A expression at the mRNA 
and protein levels was induced by high glucose, resulting in 
a significant increase compared with the controls at 24 and 
48 h. These results demonstrated that high glucose induces 
TL1A expression in HUVECs in a concentration-dependent 
manner.

VEGF expression is reduced in HUVECs in response to high 
glucose. Different VEGF-regulating mechanisms resulted in 
distinct levels of VEGF expression between retinal and cardiac 
tissue in response to high glucose (3). A previous study has 
shown that VEGF expression was increased by 2-fold in the 
retina and in glomeruli in diabetes (3). To evaluate VEGF 
expression in HUVECs under hyperglycemic conditions, the 
HUVECs were treated as described above and the expression 
of VEGF was measured by RT-qPCR and western blot analysis. 
As shown in Fig. 1C and D, VEGF expression was decreased in 
the presence of high glucose compared with normal glucose. 
Thus, VEGF expression is inhibited in HUVECs cultured in 
the presence of high glucose.

Increase in TL1A expression and the decrease in VEGF 
expression promotes HUVEC apoptosis in response to high 
glucose. TL1A and VEGF expression levels in HUVECs 
displayed opposing changes in response to the high glucose 
stimulus, and it has previously been demonstrated that high 
glucose levels induce endothelial cell apoptosis (21). To 
determine the association between the changes in TL1A and 
VEGF expression and the induction of HUVEC apoptosis in 
hyperglycemia, HUVECs were transfected with VEGF DNA 
(3 µg/µl) or TL1A siRNA (50 nM). Apoptosis of these cells was 
then evaluated via flow cytometry. As shown in Fig. 2A and 
B, TL1A siRNA effectively suppressed high glucose-induced 
TL1A expression at the mRNA and protein levels after 
stimulation in high glucose for 24 and 48 h. Furthermore, the 
silencing of high glucose‑induced TL1A expression signifi-
cantly attenuated high glucose-induced cell apoptosis (Fig. 2C 
and D). Furthermore, the transfection of VEGF DNA, which 

Figure 3. TL1A and VEGF exhibit an inhibitory effect on each other in high glucose conditions. (A) Analysis of TL1A mRNA in HUVECs cultured under HG 
medium in the absence or presence of VEGF DNA via RT-qPCR. (B) Western blot analysis of TL1A protein in HUVECs transfected with or without VEGF 
DNA. Levels of VEGF (C) mRNA and (D) protein determined at the indicated time points in HUVEC cultured under high glucose medium with the absence 
or presence of TL1A siRNA via RT‑qPCR or western blot analysis, respectively. TL1A, tumor necrosis factor‑like cytokine 1A; VEGF, vascular endothelial 
growth factor; HUVECs, human umbilical vein endothelial cells; RT‑qPCR, reverse transcription quantitative polymerase chain reaction; siRNA, small 
interfering RNA; HG, high glucose; GAPDH, glyceraldehyde 3‑phosphate dehydrogenase. *P<0.05, **P<0.01 vs. HG.

Figure 4. Elevated expression of TL1A and reduced expression of VEGF in 
response to high glucose attenuated the PI3K-Akt-eNOS signaling pathway. 
HUVECs were transfected with TL1A siRNA, negative control siRNA and 
VEGF DNA separately. After transfection for 12 h, cells were cultured in 
conditioned medium with high glucose (33 mM/l) for indicated time points. 
Western blot analysis was used to determine the quantity of PI3K, Akt, eNOS 
and their phosphorylated forms. HG, high glucose; siRNA, small interfering 
RNA; TL1A, tumor necrosis factor‑like cytokine 1A; VEGF, vascular endo-
thelial growth factor; HUVECs, human umbilical vein endothelial cells; p‑, 
phosphorylated; PI3K, phosphoinositide 3‑kinase; eNOS, endothelial nitric 
oxide synthase.
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increased the VEGF levels (Fig. 2E and F) in HUVECs, also 
protected against high glucose-induced cell apoptosis (Fig. 2C 
and D). The transfection of HUVECs with negative control 
siRNA exerted no effect on TL1A expression or cell apoptosis 
(Fig. 2). These findings demonstrated that VEGF is protective 
against high glucose-induced HUVEC apoptosis and that high 
glucose-induced TL1A expression promotes HUVEC apop-
tosis. 

TL1A and VEGF are mutually inhibited in hyperglycemia. 
A previous study indicated that VEGF expressed in cancer 
cells is responsible for the downregulation of TL1A in ovarian 
cancer (17). In order to investigate the correlation between 
TL1A and VEGF expression in response to high glucose, 
HUVECs were transfected with TL1A siRNA or VEGF 
DNA and cultured in high glucose. It was demonstrated 
that high glucose-induced TL1A expression was inhibited 
by VEGF overexpression (Fig. 3A and B). By contrast, the 
HUVECs transfected with TL1A siRNA (50 nM) displayed 
increased VEGF expression at the mRNA and protein levels 
compared with the control cells (Fig. 3C and D). Thus, high 
glucose-induced TL1A expression further inhibits VEGF 
expression, whereas the high glucose-induced downregulation 
of VEGF production results in a weakened inhibitory effect 
of VEGF on TL1A accumulation, resulting in elevated TL1A 
expression and reduced VEGF production in HUVECs in 
response to high glucose.

Enhanced TL1A expression and reduced VEGF produc‑
tion accelerate HUVEC apoptosis by attenuating the 
PI3K/Akt/eNOS signaling pathway. The PI3K/Akt/eNOS 
signaling pathway has been demonstrated to act as an important 
component of the mechanism that protects the cardiovas-
culature from endothelial cell injury. The attenuation of the 
PI3K/Akt/eNOS signaling pathway is associated with high 
glucose-induced HUVEC apoptosis (21). It was hypothesized 
that high glucose induces TL1A expression and reduces VEGF 
expression, thereby increasing HUVEC apoptosis by attenu-
ating the PI3K/Akt/eNOS pathway. To test this hypothesis, 
HUVECs were transfected with TL1A siRNA or VEGF DNA 
and were cultured in high glucose for different periods. Then, 
PI3K/Akt/eNOS expression was assessed via western blot 
analysis. As shown in Fig. 4A, the phosphorylation of PI3K, 
Akt and eNOS was enhanced in cells transfected with TL1A 
siRNA compared with those transfected with negative control 
siRNA. Identical results were obtained for the HUVECs 
transfected with VEGF DNA to those for the HUVEC trans-
fected with TL1A siRNA. Based on the above results, it was 
concluded that VEGF protects against high glucose-induced 
HUVEC apoptosis by activating the PI3K/Akt/eNOS pathway 
but that TL1A promotes HUVEC apoptosis in response to 
high glucose by attenuating the PI3K/Akt/eNOS pathway.

Discussion

A large body of evidence suggests that endothelial cell injury 
and apoptosis are likely responsible for diabetes-related 
cardiovascular complications. The balance between VEGF 
and TL1A, a pair of endogenous angiogenesis effectors that 
perform opposing functions, is critical for maintaining vascular 

integrity and homeostasis (22). The disruption of the balance 
between VEGF and TL1A promotes the onset of various types 
of disease. This study provided a comprehensive analysis 
of the correlation between high glucose-induced HUVEC 
apoptosis and the imbalance of VEGF and TL1A expression, 
and preliminary results demonstrating the mutual inhibitory 
effects between VEGF and TL1A under high glucose condi-
tions were obtained. 

It has been widely accepted that apoptosis and senescence 
are considered as important processes that contribute to 
vascular dysfunction and pathology. Previous studies have 
demonstrated that VEGF may aid in the survival and prolif-
eration of endothelial cells and in the protection of cells from 
apoptosis by inducing the expression of anti-apoptotic and 
antioxidant proteins (23,24). Furthermore, adequate VEGF 
levels are required for the regeneration and repair of endothe-
lial cells (18). This concept was concomitant with our findings 
that high glucose induced the inhibition of VEGF expression, 
resulting in increased cell apoptosis compared with normal 
glucose levels. Alternatively, the overexpression of VEGF 
largely ameliorated high glucose-induced HUVEC apoptosis. 
By contrast, TL1A has been demonstrated to arrest the growth 
of quiescent endothelial cells and to induce the apoptosis of 
proliferating endothelial cells (25). Mück et al (26) reported 
that the overexpression of TL1A triggers premature senes-
cence in HUVECs and that the silencing of TL1A partially 
alleviated HUVEC senescence. In the present study, the 
exposure of HUVECs to high glucose induced an increase 
in the apoptosis rate and the TL1A levels compared with the 
control. Further investigation revealed that the apoptosis of 
TL1A‑silenced HUVECs was significantly reduced compared 
with that of the control cells. Based on these findings, it was 
proposed that decreased anti-apoptotic VEGF expression and 
pro-apoptotic TL1A accumulation in hyperglycemia is detri-
mental to survival and proliferation, finally leading to the high 
glucose-induced apoptosis in endothelial cells.

The above observations indicated that the disrupted 
balance between VEGF and TL1A results in increased 
HUVEC apoptosis. It has been widely accepted that main-
taining the balance between TL1A and VEGF expression 
depends on various mechanisms, including their mutual 
effects. Deng et al (17) reported that HUVECs cultured in 
OVCAR-3 conditioned medium containing various concentra-
tions of recombinant human VEGF exhibited significantly 
downregulated TL1A levels. Consistently, based on the present 
study, HUVECs exposed to high glucose in which VEGF 
was overexpressed via transfection with VEGF DNA also 
exhibited reduced TL1A levels, whereas VEGF expression 
was increased following the inhibition of TL1A expression. In 
addition, TL1A regulates the relative levels of two different 
isoforms of the VEGF receptor 1, membrane-bound (mFlt1) 
and soluble (sFlt1) VEGF receptor 1; and the VEGF receptor 1 
is capable of inducing pro-angiogenic mFlt1 degradation and 
anti-angiogenic sFlt1 accumulation (27). Thus, TL1A and 
VEGF exert mutual inhibitory effects under high glucose 
conditions, and these effects may ensure the maintenance 
of the balance between VEGF and TL1A expression. It was 
speculated that high glucose-induced TL1A expression may 
be partially responsible for the reduction in VEGF expression. 
Furthermore, cell survival may be enhanced by increasing 
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VEGF expression via the alleviation of high glucose-induced 
TL1A expression, thereby attenuating the inhibition of VEGF.

A previous study demonstrated that high glucose-induced 
apoptosis of human vascular endothelial cells is mediated by 
the activation of reactive oxygen species (ROS)-dependent 
c‑Jun N‑terminal protein kinase (JNK) and caspase‑3 (28), 
and is prevented by the PI3K/Akt/eNOS pathway (21). It 
was demonstrated that the high glucose-induced increase 
in TL1A expression and reduction in VEGF expression 
promotes HUVEC apoptosis. Thus, to investigate whether 
the pro-apoptotic effect of enhanced TL1A expression and 
reduced VEGF expression is associated with the apoptotic 
and survival pathways described above, the activation of the 
PI3K/Akt/eNOS pathway was detected. HUVECs under high 
glucose stimulation displayed decreased VEGF expression 
and increased TL1A production accompanied by attenuated 
PI3K/Akt/eNOS pathway activation. Further investigation 
revealed that the PI3K/Akt/eNOS pathway was activated 
following the silencing of TL1A expression or the overexpres-
sion of VEGF; this activation was concomitant with decreased 
HUVEC apoptosis. The above results indicate that VEGF may 
protect against high glucose-induced endothelial cell apoptosis 
by activating the PI3K/Akt/eNOS pathway and that the attenu-
ation of the PI3K/Akt/eNOS pathway may have pathological 
relevance to TL1A-induced apoptosis. 

In conclusion, this study demonstrated that decreased 
VEGF levels and increased TL1A expression promote the 
apoptosis of HUVECs in response to high glucose conditions. 
Moreover, the activities of VEGF and TL1A are mutually 
inhibited. As a result, to prevent the occurrence and devel-
opment of high glucose-induced endothelial cell injury and 
apoptosis, methods targeted to restore the balance between 
TL1A and VEGF expression by suppressing TL1A expression 
and enhancing VEGF production may be effective. Although 
the present observations strongly support the concept that 
TL1A is important in high glucose-induced cell apoptosis 
and although TL1A has been demonstrated to exert its 
pro-apoptotic effects in endothelial cells under high glucose 
conditions via multiple DR3-related signaling pathways, such 
as the activation of ROS‑dependent JNK and caspase‑3 (29), 
the relevance of this downstream pathway to pro-apoptosis 
pathways, such as the nuclear factor-κB pathway remains to 
be fully elucidated. Further studies to determine the mecha-
nisms underlying the maintenance of the balance between the 
anti-apoptotic effector VEGF and the pro-apoptotic effector 
TL1A are required.
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