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Introduction: Diabetes can increase the risk of cardiovascular disease. This study aimed to
explore the effect of (-)-epigallocatechin-3-gallate (EGCG) on high glucose (HG)-induced
dysfunction and apoptosis of vascular endothelial cells.

Materials and Methods:
(HUVECs) treated with different concentrations and times of EGCG was detected by
CCK-8 assay. The expression levels of ROS, NO and BH4 in HUVECs after treatment
were detected by respective ELISA kits. The expression of p-eNOS, eNOS, NOX4, bcl2,
bax, cleaved-caspase3, caspase3, p-PI3K, p-AKT, PI3K and AKT in HUVECs was detected
by Western blot analysis. The apoptosis of HUVECs after treatment was analyzed by
TUNEL assay.

Results: The viability of HUVECs was not obviously changed when treated with different
concentrations and times of EGCG. The expression of ROS, NOX4 and eNOS (monomer)
was increased, while the expression of NO, p-eNOS, eNOS, BH4 and eNOS (dimer) was
decreased in HUVECs of HG group. EGCG could gradually reverse the effect of high
glucose on HG-treated HUVECs from 10 uM to 50 pM. The apoptosis of HUVECs was
also increased in HG group and EGCG decreased the apoptosis of HUVECs. PI3K/AKT
signaling pathway was suppressed in HG-treated HUVECs while activated by EGCG treat-
ment. When the PI3K/AKT signaling pathway was inhibited by LY294002 (AKT inhibitor),
the protective effect of EGCG on HG-treated HUVECs was weakened.

Conclusion: EGCG could inhibit eNOS uncoupling and alleviate endothelial dysfunction
and apoptosis of HG-treated HUVECs by activating the PI3K/AKT/eNOS pathway.
Keywords: (-)-epigallocatechin-3-gallate, eNOS uncoupling, endothelial dysfunction,

The viability of human umbilical vein endothelial cells

apoptosis, human umbilical vein endothelial cells

Introduction

Diabetes, as a chronic metabolic disorder characterized by high blood sugar, poses
a serious threat to human life and health. Due to chronic hyperglycemia, diabetes
can lead to chronic damage to various tissues, especially the kidney, heart, blood
vessels and other complications.' Endothelial dysfunction is one of the common
complications of type 1 diabetes. Patients’ insensitivity to insulin can accelerate
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atherosclerotic lesions and vascular dysfunction, thus
increasing the risk of cardiovascular disease.* Endothelial
dysfunction associated with reduced nitric oxide (NO)
bioavailability is an important initiator of cardiovascular
events in diabetes mellitus.”® The decoupling reaction of
endothelial nitric oxide synthase (eNOS) induced by
hyperglycemia in the endothelial cells of diabetic patients
reduces the effectiveness of eNOS, resulting in excessive
peroxide anion (O%), which affects endothelium-
dependent relaxation. eNOS is responsible for producing
NO. When eNOS is uncoupled, ROS is produced to
replace the NO, resulting in endothelial dysfunction and
endothelial cell apoptosis.””® Therefore, inhibition of
eNOS uncoupling and ROS production, and promotion of
NO can effectively alleviate endothelial dysfunction and
apoptosis of vascular endothelial cells.

(-)-Epigallocatechin-3-gallate (EGCG), as the most
effective component in green tea, is recognized as
a strong antioxidant, which can effectively scavenge free
radicals and reduce the formation of ROS by chelating
metal ions to play the role in reducing the level of oxida-
tive stress.” EGCG has biological activities and pharma-
cological effects such as oxidation resistance, scavenging
free radicals, anti-mutation and anti-tumor formation, par-
ticularly prominent role in reducing inflammation and
oxidative stress.'™'" Study showed that EGCG could
improve vascular re-endothelialization in diabetic rabbits
by AKT/eNOS pathway.'> EGCG could inhibit the prolif-
eration of hyperglycemia-induced vascular smooth muscle
cells (VSMC) and reduce the inflammatory response of
hyperglycemia-induced human umbilical vein endothelial
cells (HUVECs)."> EGCG could effectively suppress the
apoptosis of H,0,-induced HUVECs."* However, its role
in HG-induced endothelial dysfunction and apoptosis of
HUVECs has not been investigated.

Therefore, the purpose of this study was to explore the
effect of EGCG on endothelial dysfunction and apoptosis
of HG-induced vascular endothelial cells and whether

EGCG played its role by PI3K/AKT/eNOS pathway.

Materials and Methods

Cell Culture

HUVECs were bought from American Type Culture
Collection (ATCC, USA). Cells were cultured in M199 con-
taining 20% fetal bovine serum (FBS), 200 pg/mL penicillin,
200 pg/mL streptomycin and 2 mM L-glutamine at 37°C
with 5% CO,."

Cell Treatment

In the preliminary experiment, HUVECs were, respec-
tively, treated with mannitol (25 mM) and high glucose
(HG) (25 mM), and osmolarity change caused by 25 mM
glucose was demonstrated to have no effect on cell biolo-
gical activities. HUVECs under routine culture were used
as the control group. HUVECs treated with 25 mM glu-
cose were used as the HG group. HUVECs were treated
with EGCG at 10 uM, 20 uM and 50 uM. HUVECs were
treated with 50 uM EGCG for 6 h, 12 h, 24 h and 48
h. HUVECs were pre-treated with EGCG for 12 h, after
which 25 mM glucose was added, and incubation contin-
ued for an additional 24 h. HUVECs were also pre-treated
with 50 uM EGCG and 10 uM LY294002 (AKT inhibitor)
for 12 h and then treated with 25 mM glucose for 24 h.

CCK-8 Assay
HUVECs in the logarithmic phase were seeded into a 96-

well plate with a concentration of 5x10* cells/mL and 100
uL cell suspension was added to each well. After EGCG
treatment at different concentrations and times, each well of
96-well plate was added with 10 pL. CCK-8 solution, which
was cultured for 2 h. The optical density value (OD value)
was detected at 450 nm with an enzyme micro-plate reader.

Fluorometric ROS Assay

2, 7-dichlorodi-hydrofluoresceindiacetate (DCFH-DA)
was diluted with serum-free medium according to the
ratio of 1:1000~1:2000. After HUVECs were treated
with EGCG and high glucose in a 96-well plate, cell
culture medium was discarded and cells were washed
with PBS for one time. An appropriate volume of DCFH-
DA was added to each well, which could cover the cells
adequately. The cells were incubated at 37°C for 20 min in
dark and then washed with serum-free cell medium for 3
times to fully remove the DCFH-DA outside the cells. The
results were observed by a fluorescence microscope.

ELISA Assay

The expression levels of ROS, NO and BH4 in HUVECs
after treatment of EGCG and high glucose were detected
by ROS ELISA kit, NO ELISA kit and BH4 ELISA kit
following the instructions of kits strictly.

Western Blot Analysis
The RIPA lysate was used to extract the proteins, and the
BCA kit was used to measure the protein concentration. The
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protein concentration was adjusted to be the same and proteins
were prepared in a water bath at 100°C for 5 min. Twenty pg
proteins were uploaded, separated at a constant pressure of
120 V for 70 min and transferred to PVDF membrane at
a constant current of 200 mA for 30 min. Then, PVDF
membrane was sealed at room temperature for 1 h, washed
with TBST and incubated with p-eNOS (Ser1177) (140 kDa),
eNOS (140 kDa), NOX4 (67 kDa), bcl2 (26 kDa), bax (21
kDa), cleaved-caspase3 (17 kDa, 19 kDa), caspase3 (35 kDa),
p-PI3K (Tyr458) (85 kDa), p-AKT (Serd73) (60 kDa), PI3K
(85 kDa) and AKT (60 kDa) overnight at 4°C. Washed by
TBST, PVDF membrane was incubated with goat anti-rabbit
IgG-HRP at room temperature for 1 h. After TBST washing,
hypersensitive ECL exposure solution was added to the mem-

brane, which was analyzed by gel imaging system.

TUNEL Assay

The experiment was conducted by TUNEL detection kit
(Beijing ZhongShan Biotechnology Company) according
to its instruction. The main steps were as follows: the
sample slide was digested by protease K and then treated
with TdT and Biotin-dUTP. Sealed by the sealing liquid,
sample slide was orderly treated with streptavidin-HRP
working liquid and DAB color reagent. The color was

observed and counted under the light microscope.

Statistical Analysis

The experimental data were expressed by mean + standard
deviation (SD). All data were statistically analyzed using
SPSS 22.0. One-way ANOVA was used for comparison
between multiple groups, and SNK-q test was used for
multiple comparisons between groups. P<0.05 was con-
sidered statistically different.
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Results
The Viability of HUVECs Was Not
Affected by the Different Concentrations

and Times of EGCG

HUVECs were treated with EGCG at 10 uM, 20 uM and 50
UM and the result indicated that the viability of HUVECs was
not obviously changed when treated with EGCG from 10 pM
to 50 uM (Figure 1A). Therefore, in the subsequent experi-
ment, we study the effect of 50 uM EGCG on the viability of
HUVECs at different times. As shown in Figure 1B, the
viability of HUVECs was not obviously changed when trea-
ted with 50 uM EGCG from 6 h to 48 h.

EGCG Alleviates Endothelial Dysfunction
of Hyperglycemia-Induced Vascular
Endothelial Cells

The expression level of ROS was increased in HG group
and EGCG gradually decreased the expression level of
ROS as the concentration changing from 10 uM to 50
puM (Figure 2A and D). The expression level of NO was
increased in HG group and EGCG gradually increased the
expression level of NO as the concentration changing from
10 uM to 50 uM (Figure 2B). The expression of p-eNOS
and eNOS was decreased in HG group. With the concen-
tration changing from 10 pM to 50 uM, the expression of
p-eNOS and eNOS was gradually increased (Figure 2C).

EGCG Increases the BH4 Expression and
Inhibits the NOX4 Expression and eNOS

Uncoupling

When HUVECs were treated with high glucose, BH4
expression was decreased. EGCG could improve the
BH4 expression in HG-treated HUVECs from 10 uM to
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Figure | The viability of HUVECs was not affected by the different concentrations and times of EGCG. (A) The cell viability of HUVECs treated with different
concentrations of EGCG was detected by CCK-8 assay. (B) The cell viability of HUVECs treated with 50 pM EGCG at different times was detected by CCK-8 assay.
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Figure 2 EGCG alleviates endothelial dysfunction of hyperglycemia-induced vascular endothelial cells. (A) The ROS levels in HG-treated HUVECs affected by EGCG was
detected by ROS ELISA assay. *P<0.05 and ***P<0.001 vs Normal group. *#P<0.001 vs HG group. 2P<0.05 and 22P<0.001 vs EGCG |0uM group. #P<0.05 vs EGCG20pM
group. (B) The NO levels in HG-treated HUVECs affected by EGCG was detected by ROS ELISA assay. **P<0.001 vs Normal group. *P<0.01 and ##P<0.001 vs HG
group. 222P<0.001 vs EGCGI0uM group. #¥P<0.01 vs EGCG20uM group. (C) The expression of p-eNOS and eNOS in HG-treated HUVECs affected by EGCG was
detected by Western blot analysis. *P<0.05 and ***P<0.001 vs Normal group. *P<0.05, *P<0.01 and ##P<0.001 vs HG group. “**P<0.001 vs EGCGI0uM group. (D) The
ROS levels in HG-treated HUVEC:s affected by EGCG was detected by fluorometric ROS assay.

50 uM (Figure 3A). As shown in Figure 3B, high glucose
up-regulated the BH4 expression in HUVECs while down-
regulated by EGCG from 10 uM to 50 uM. As shown in
Figure 3C, high glucose decreased the eNOS (dimer)
expression and increased the eNOS (monomer) expression
while EGCG reversed the expression of eNOS (dimer) and
eNOS (monomer) in HG-treated HUVECs from 10 uM to
50 uM.

EGCG Alleviates the Apoptosis of
Hyperglycemia-Induced Vascular

Endothelial Cells

High glucose effectively increased the apoptosis of
HUVECs, which was suppressed by EGCG from 10 uM
to 50 uM (Figure 4A). As shown in Figure 4B, the bcl2
expression was decreased and expression of bax and
cleaved-caspase3 was increased in HG-treated HUVECs
while EGCG reversed the expression of bcl2, bax and
cleaved-caspase3 in HG-treated HUVECs from 10 uM to
50 uM.

EGCG Activates the PI3K/AKT Pathway
in Hyperglycemia-Induced Vascular

Endothelial Cells

As shown in Figure 5, the expression of P-PI3K and
P-AKT was decreased when HUVECs were treated with
high glucose. Moreover, EGCG effectively increased the
expression of P-PI3K and P-AKT in HG-treated HUVECs
from 10 uM to 50 uM. The expression of PI3K and AKT
in five groups were not significantly changed.

EGCG Alleviates Endothelial Dysfunction
of Hyperglycemia-Induced Vascular
Endothelial Cells by Activating the PI3K/

AKT Pathway
As shown in Figure 6A, the expression of p-PI3K and

p-AKT in HG group was decreased, which was improved
by 50 uM EGCG. LY294002 suppressed the promotion
effect of 50 uM EGCG on the expression of p-PI3K and
p-AKT. The expression of PI3K and AKT in four groups
were not changed obviously. The ROS expression level
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Figure 3 EGCG increases the BH4 expression and inhibits the NOX4 expression and eNOS uncoupling. (A) The BH4 levels in HG-treated HUVEC: affected by EGCG was
determined by BH4 ELISA assay. **P<0.01 and ***P<0.001 vs Normal group. *P<0.05, #P<0.01 and "#P<0.001 vs HG group. “**P<0.001 vs EGCG0pM group. 4#P<0.001
vs EGCG20uM group. (B) The NOX4 expression in HG-treated HUVECs affected by EGCG was detected by Western blot analysis. **P<0.001 vs Normal group.
###P<0.001 vs HG group. 2P<0.05 and 222P<0.001 vs EGCG |0uM group. 44%P<0.001 vs EGCG20uM group. (C) The expression of eNOS (dimer) and eNOS (monomer) in
HG-treated HUVECs affected by EGCG was detected by Western blot analysis. *P<0.05 and **P<0.001 vs Normal group. *#P<0.001 vs HG group. **P<0.01 and

AAAP<0.001 vs EGCGI0uM group. ¥&P<0.001 vs EGCG20uM group.

was increased in HG-treated HUVECs and 50 uM EGCG
could decrease the ROS expression level in HG-treated
HUVECs. LY294002 increased the ROS expression level
in EGCG50uM +LY294002 group (Figure 6B and C).
High glucose suppressed the NO expression level and 50
puM EGCG increased the NO expression level in HG-
treated HUVECs. LY294002 inhibited the role of EGCG
in improving the NO expression level (Figure 6D). The
expression of p-eNOS and eNOS in HG group was
decreased while 50 pM EGCG increased the expression
of p-eNOS and eNOS in HG-treated HUVECs. LY294002
suppressed the improvement of EGCG for the expression
of p-eNOS eNOS in HG-treated HUVECs
(Figure 6E).

and

EGCG Increases the BH4 Expression and
Inhibits the NOX4 Expression and eNOS
Uncoupling by Activating the PI3K/AKT

Pathway

BH4 expression in HG-treated HUVECs was decreased
while increased by the treatment of 50 uM EGCG. The
effect of EGCG on the BH4 expression was inhibited by
LY294002 (Figure 7A). NOX4 expression was increased

in HUVECs of HG group and decreased in EGCG50uM
group. NOX4 expression was increased in HUVECs of
EGCG50uM  +LY294002 group compared with
EGCG50uM group (Figure 7B). As shown in Figure 7C,
the expression of eNOS (dimer) was decreased and eNOS
(monomer) was increased in HUVECs of HG group.
EGCG effectively increased the expression of eNOS
(dimer) and decreased the expression of eNOS (monomer).
The regulatory effects of EGCG on the expression of
eNOS (dimer) and eNOS (monomer) was reversed by
LY294002.

EGCG Alleviates the Apoptosis of

Hyperglycemia-Induced Vascular
Endothelial Cells by Activating the PI3K/

AKT Pathway

The apoptosis of HUVECs was increased when HUVECs
were treated with high glucose. EGCG decreased the
apoptosis of HG-treated HUVECs and L1Y294002
increased the apoptosis of HUVECs treated with EGCG
and high glucose (Figure 8A). The bcl2 expression was
decreased and the expression of bax and cleaved-caspase3
in HG-treated HUVECs, which was

was increased
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reversed by EGCG treatment. LY294002 down-regulated
the bcl2 expression and up-regulated the expression of bax
and cleaved-caspase3 in HUVECs treated with EGCG and
high glucose (Figure 8B).

Discussion
Type 2 diabetes is a common endocrine and metabolic
disease and a major risk factor for the occurrence and

development of cardiovascular diseases such as myocar-
dial infarction and stroke.'® The study showed that hyper-
glycemia was a risk factor for cardiovascular diseases such
as coronary heart disease. Hyperglycemia related advanced
glycation end-products (AGEs) were toxins that interacted
with receptors on endothelial cells to stimulate the inflam-
matory response and further promote the generation and

development of inflammation.'”
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Figure 7 EGCG increases the BH4 expression and inhibits the NOX4 expression and eNOS uncoupling by activating the PI3K/AKT pathway. (A) The BH4 levels in HG-
treated HUVECs affected by EGCG and LY294002 was detected by BH4 ELISA assay. ***P<0.001 vs Normal group. *#P<0.001 vs HG group. “*P<0.01 vs EGCG50uM
group. (B) The NOX4 expression in HG-treated HUVECs affected by EGCG and LY294002 was determined by Western blot analysis. **P<0.001 vs Normal group. *P<0.05
and ™#P<0.001 vs HG group. “**P<0.001 vs EGCG50uM group. (C) The expression of eNOS (dimer) and eNOS (monomer) in HG-treated HUVECs affected by EGCG
and LY294002 was determined by Western blot analysis. **P<0.001 vs Normal group. *P<0.01 and "P<0.001 vs HG group. **P<0.01 and 2**P<0.001 vs EGCG50pM

group.

In the environment of insulin resistance, endothelial
dysfunction could lead to cardiovascular disease including
hypertension atherosclerosis and coronary artery disease.'®
NO is considered to be the most effective endogenous
vasodilator in vivo, and the decreased bioavailability of
NO is a marker of endothelial dysfunction. NO participated
in vascular wall homeostasis through platelet aggregation,
leukocyte adhesion inhibition and anti-inflammatory
effects.!” In the state of insulin resistance, NO synthesis
was selectively impaired, and compensatory hyperinsuline-
mia might be activated the MAPK pathway, leading to
enhanced vasoconstriction and stimulation of the inflamma-
tory response.”’ In addition, insulin resistance led to the
increase of prothrombin factors, pro-inflammatory markers
and ROS, which resulted in the increase of intracellular
levels of adhesion molecule 1(ICAMI1) and vascular cell
adhesion molecule 1(VCAM-1).2' The relationship between
endothelial function and insulin metabolism was important.
The association between insulin resistance and endothelial
signaling disorders led to inflammation, disrupted the bal-

ance between endothelial vasodilator and vasoconstrictor,

and increased cardiovascular risk.?* In this study, the ROS
expression was increased and NO expression was decreased
in HUVECs when treated with high glucose. The expres-
sion of p-eNOS and eNOS was also decreased in HG-
treated HUVECs, which could not produce the NO.
EGCG could alleviate the endothelial dysfunction by rever-
sing the expression changes of ROS, NO, p-eNOS and
eNOS in HG-treated HUVECs.

Tetrahydrobiopterin (BH4) is an important cofactor for
eNOS (dimer) making the NADPH oxidized to NO.*
When diabetic vascular complications occurred, the acti-
vation of NAPDH oxidase (NOX) was considered to play
an important role in ROS-induced oxidative stress. NOX4
was the most abundant nitrogen oxide subtype in the
vascular system and reported as a major source of ROS
regeneration.”*>® The present study indicated that the
expression of NOX4 and eNOS (monomer) was increased
and the expression of BH4 and eNOS (dimer) was
decreased in HG-treated HUVECs. EGCG could reverse
the expression changes of NOX4, eNOS (monomer), BH4
and eNOS (dimer) in HG-treated HUVECs.
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Figure 8 EGCG alleviates the apoptosis of hyperglycemia-induced vascular endothelial cells by activating the PI3K/AKT pathway. (A) The apoptosis of HG-treated HUVECs
affected by EGCG and LY294002 was analyzed by TUNEL assay. (B) The expression of bcl2, bax, cleaved-caspase3 and caspase3 in HG-treated HUVEC: affected by EGCG and
LY294002 was detected by Western blot analysis. *P<0.05, **P<0.01 and ***P<0.001 vs Normal group. “*P<0.01 and *#P<0.001 vs HG group. “*P<0.01 vs EGCG50uM group.

Vascular endothelial cells could secrete a variety of
vasoactive substances, such as ET and NO, and participated
in IRS-1/PI3K/AKT/NO and IRS-1/RAS/MAPK/ET-1 sig-
naling pathways, thereby regulating endothelial function.?’
Endothelial dysfunction in type 2 diabetes was associated
with inhibition of the PI3K/AKT/eNOS signaling pathway.
Rosiglitazone was associated with the enhancement of
eNOS activity and up-regulation of the PI3K/AKT path-
way. This study indicated that EGCG protected against HG-
treated HUVECs by increasing eNOS expression and acti-
vating the PI3K/AKT pathway.

In conclusion, EGCG could inhibit eNOS uncoupling
and alleviates endothelial dysfunction and apoptosis of
HG-treated HUVECs by activating the PI3K/AKT/eNOS

pathway. The present study provided a new direction for
the treatment of cardiovascular disease caused by diabetes.
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