Epigallocatechin-3-gallate protects retinal
vascular endothelial cells from high glucose
stress in vitro via the MAPK/ERK-VEGF
pathway
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ABSTRACT. Diabetic retinopathy (DR) is a frequent microvascular
complication of diabetes, and one of the most common causes of legal
blindness in the world. Epigallocatechin-3-gallate (EGCG) produces
an anti-oxidative and anti-inflammatory effect against various human
diseases. In this study, we determined the effect of EGCG on a human
retinal endothelial cell (HREC) line. The cell viability was determined
by a standard MTT assay, while the cell cycle and apoptosis rate
were analyzed by flow cytometry. Inflammatory marker expression
was detected by enzyme-linked immunosorbent assay. Treatment
of HRECs with EGCG (20 and 40 mM) led to a significant decrease
in the apoptosis rate (2.35 ± 0.56 and 1.24 ± 0.32%). The culture
supernatant of cells treated with high glucose concentrations showed
significantly higher levels of TNF-a (598.7 ± 89.7 vs 193.2 ± 38.5 pg/
mL; P < 0.001), IL-6 (6.16 ± 0.51 vs 1.61 ± 0.21 ng/mL; P < 0.001),
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and ICAM-1 (31.6 ± 4.4 vs 14.8 ± 2.9 ng/mL; P < 0.001) compared to
the cells in the control group. EGCG decreased the expression level
of phosphorylated p38-mitogen activated protein kinase (MAPK) and
extracellular regulated kinase (ERK)1/2. Moreover, EGCG was shown
to significantly inhibit the expression of vascular endothelial growth
factor (VEGF). Therefore, EGCG treatment ameliorated the negative
effect of high glucose concentrations on the cell viability and apoptotic
rate. The protective effects of EGCG under high glucose conditions may
be attributed to the regulation of inflammatory cytokines and inhibition
of the MAPK/ERK-VEGF pathway.
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INTRODUCTION
The past 20 years has seen a major change in the disease spectrum, as well as
a significant increase in the prevalence of diabetes mellitus (DM) (Bao et al., 2015). The
increase in lifespan of patients is accompanied by a corresponding increase in the incidence
of DM-related microvascular complications such as diabetic retinopathy (DR). Additionally,
DR is one of the most common causes of legal blindness in the world. Several epidemiological
studies have also indicated that DR is a major cause of visual impairment in the elderly in
mainland China (Chi et al., 2001).
The pathogenesis of diabetic retinopathy has not been fully clarified (Liu et al.,
2014b). The common pathological changes caused by DR include the breakdown of the retinal
blood-retinal barrier, retinal neovascularization, macular edema, and retinal detachment
(Rangasamy et al., 2014; Liu et al., 2014b). The risk factors for DR include hyperglycemia,
polyol metabolism, glycosylation, and diacylglycerol (Safi et al., 2014). Oxidative stress, an
increase in free radical content, inflammation, and cytokine production, has also been shown
to produce a significant effect on the pathogenesis of DR (Rosales et al., 2014; Tan and de
Haan, 2014). Inflammation is one of the key pathogeneses of DR (Ma et al., 2014); in fact,
a reduction in inflammation has been shown to exert a positive effect on the development
and progression of DR. However, the use of active anti-inflammatory agents causes multiple
adverse effects, and therefore cannot be used in a majority of the patients. This highlights the
need for the development of therapeutic strategies to effectively inhibit inflammation in DR.
Green tea consumption has been reported to prevent the development of various
diseases, including cardiovascular disease, DM, hypertension, and several types of cancers
(Wang et al., 2010b; Khan and Mukhtar, 2013; Ma et al., 2014). Additionally, some studies
have reported the protective effects of green tea against the common side effects of DM.
Epigallocatechin-3-gallate (EGCG; chemical structure shown in Figure 1) is a polyphenol that
has been shown to exert anti-oxidative, anti-inflammatory, and anti-atherogenic effects in both
in vitro and in vivo studies (Hossain et al., 2014). The results of a previous study conducted to
detect the neuroprotective effects of EGCG from green tea on diabetic retina and retinal cells
cultured under diabetic conditions (Lee et al., 2014) revealed complete restoration of the glial
fibrillary acidic protein (GFAP), oxidative retinal markers, and glutamine synthetase levels.
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Therefore, it was theorized that green tea might protect the retina against glutamate toxicity
via an antioxidant mechanism.

Figure 1. Chemical structure of EGCG.

EGCG has been previously reported to produce anti-inflammatory effects in several
diseases (Cao et al., 2014; Wu et al., 2014); moreover, inflammation has been shown to
significantly promote the development of DR. Therefore, the detection of the effects of EGCG
on inflammation in retina under high glucose conditions is of paramount importance. In this
study, we have attempted to describe a novel mechanism by which EGCG protects the retina
under high glucose conditions, in order to detect the therapeutic potential of EGCG in the
treatment of DR. Here, we have assumed that EGCG inhibits high glucose-induced apoptosis
and inflammation in retinal microvascular cells. Additionally, we have described the potential
role of the mitogen-activated protein kinase/extracellular signal-regulated kinase-vascular
endothelial growth factor (MAPK/ERK-VEGF) pathway in the protective effect of EGCG.

MATERIAL AND METHODS
Cell culture
A human retinal endothelial cell (HREC) line was purchased from Kebai Biologic
Technologies (Jiangsu, China). The cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum
(Sigma-Aldrich, St. Louis, MO, USA) and a 1% antibiotic/antimycotic solution containing 1
x 104 U penicillin and 10 mg streptomycin at 37°C in a humidified atmosphere of 5% CO2 and
95% air. Cells passaged 6 to 9 times were used in this study.

EGCG treatment
The cells supplemented with glucose at normal (1 g/L) or high (4.5 g/L) levels;
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subsequently, the cells were stimulated with EGCG (purity > 98%; Sigma-Aldrich) for 6 h.
The treated cells and clear supernatant were used in cell viability studies, as well as western
blot, flow cytometry, and enzyme-linked immunosorbent assay (ELISA).

Cell viability
The cell viability was determined using a standard MTT 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium (Sigma-Aldrich) assay. The cultured HRECs were treated with
0.5 mg/mL MTT for 6 h in the dark at 37°C. The absorbance was determined at 570 nm
using an automated microplate reader (Spectra Max 340; Molecular Devices, Sunnyvale, CA,
USA) after washing the cells and allowing the produced formazan salts to be dissolved. All
experiments were performed in triplicate, and the mean values were used for data analysis.

Cell cycle analysis
The cell cycle was analyzed using a flow cytometry-based method. The cultured
HRECs were digested with pancreatin, collected, and subsequently washed with cold PBS.
The cells were fixed in 70% cold alcohol for 2 h at 4°C. The fixed cells were resuspended and
subsequently centrifuged at 1000 g for 5 min. The pelleted cells were washed twice with cold
PBS and subsequently analyzed. The cells were treated with their corresponding propidium
iodide (PI)-labeled antibodies, 100 mg/mL RNase A, and 0.2% Triton X-100 in the dark for
2 h. Percentages of the cells in different phases of the cell cycle were determined using the
ModFitLT software (Verity Software House Inc., Topsham, ME, USA). Each independent
experiment required at least 20 x 103 cells; all experiments were performed in triplicate.

Apoptosis analysis
Cell apoptosis was analyzed by flow cytometry using the apoptotic and cell death probes
Annexin V and propidium iodide (PI), respectively. Apoptosis was detected in the HRECs using
a standard Apoptosis detection kit (Vazyme Biotech Co., Ltd., Piscataway, NJ, USA). HRECs
in each group were centrifuged to remove the culture medium, washed with PBS, and stained
with Annexin V-fluorescein isothiocyanate (FITC) and PI in binding buffer at room temperature
for 5 min. The cells were then detected by flow cytometry and fluorescence microscopy within
1 h at an excitation wavelength of 488 nm. The green and red fluorescence of FITC and PI
were detected by the FL1 and FL2 channels, respectively. The results were analyzed using the
CellQuest software (FACSCalibur; BD Biosciences, Franklin Lakes, NJ, USA).

Western-blot analysis
HRECs were washed twice with cold PBS and subsequently lysed by incubating with
ice-cold RIPA lysis buffer (P0013C; Beyotime, Shanghai, China) for 5 min. The lysates were
scraped off the plates and centrifuged at 1.4 x 105 g for 20 min at 4°C. The proteins in the
supernatant were quantified using a standard BCA kit (ThermoFisher Scientific, Waltham,
MA, USA). Thirty micrograms of the protein were loaded for all further analyses. The
nitrocellulose (NC) membrane was blocked with a 20 mM TBS buffer containing 5% non-fat
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dry milk and 1% Tween-20 (pH 7.6) for 1 h at room temperature. The proteins were separated
by SDS-PAGE and electro-transferred to the NC membrane (Optitran; GE Healthcare, Little
Chalfont, UK). The membrane was blocked with the blocking buffer, washed, and subsequently
incubated with primary antibodies against p38 MAPK, phospho-p38 MAPK (p-p38 MAPK),
ERK1/2, p-ERK1/2 (1:1000; Cell Signaling Technologies, Boston, MA, USA), and VEGF
(1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight. The membrane was
then incubated with a horseradish peroxidase-conjugated secondary antibody for 1 h at room
temperature. Anti-actin antibodies (Santa Cruz Biotechnology) were used for normalization of
the data. The signals were detected and analyzed using the ImageJ software (National Institute
of Health, Bethesda, MD, USA).

ELISA for inflammatory marker detection
The expression of inflammatory markers was detected using a standard ELISA kit
(Sigma-Aldrich) in accordance with the manufacturer protocols. The cell culture supernatant
from each group of HRECs was subjected to ELISA testing to detect the expression of tumor
necrosis factor-a (TNF-a), interleukin-6 (IL-6), and intercellular cell adhesion molecule-1
(ICAM-1). All assays were performed in triplicate.

Statistical analyses
All results are reported as means ± standard deviation (SD) of three independent
experiments. The differences in continuous variables between each group were assessed by
an independent t-test. Differences between more than three groups were determined by oneway analysis of variance (ANOVA). All data analyses were conducted using the SPSS v.13.0
software package (SPSS Inc., Chicago, IL, USA). The differences were considered to be
statistically significant at P values < 0.05.

RESULTS
Effect of EGCG on HREC viability under high glucose conditions
We first attempted to determine the time dependency of the effect of high glucose
conditions on HREC viability (Figure 2A). Treatment of HRECs with 4.5 g/L glucose for 6
h did not produce a significant difference in the cell viability compared to the control cells.
However, we observed a significant decrease in cell viability with the increase in duration of
treatment: incubation of HRECs with a high glucose concentration for 12, 24 (0.800 ± 0.050),
and 48 (0.757 ± 0.061) h led to a significant corresponding decrease in cell viability (P < 0.01).
The 48-h incubation period was used in all future experiments, as a significant and stable
decrease in cell viability was observed at this time point.
The effect of EGCG treatment on high glucose-pretreated HRECs was investigated
by incubating cells cultured in serum-free DMEM at 70% confluence with increasing
concentrations of EGCG for 24 h. Treatment with 10 mM EGCG did not significantly protect
the HRECs against unfavorable glucose conditions. However, treatment of high glucosepretreated cells with higher concentrations of EGCG (20 mM, P < 0.001; 40 mM, P < 0.001)
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exerted a significant protective effect on the cells, leading to an increase in cell viability
(Figure 2B).

Figure 2. Effect of EGCG on human retinal endothelial cell (HREC) viability under high glucose conditions. A.
Effect of high glucose concentrations on HREC viability at different time points. B. HRECs pretreated with high
glucose were treated with EGCG. Cell viability detected using the MTT assay. All values are means ± SD of three
experiments; N = 6.

Protective effect of EGCG against apoptosis in HRECs
Apoptosis occurs as a result of abnormalities in various pathological processes, such
as the decrease in cell viability induced by high glucose conditions. The possible protective
effect of EGCG against apoptosis in HRECs (induced by high glucose concentrations) was
investigated in this study. HRECs treated with high glucose concentrations for 48 h showed
a significantly higher apoptosis rate than the control cells treated with a normal amount of
glucose (5.52 ± 0.82 vs 1.10 ± 0.21%, P < 0.001). However, treatment of HRECs (cultured
under high glucose conditions) with EGCG (20 and 40 mM) for 24 h led to a significant
decrease in the apoptosis rate (2.35 ± 0.56 and 1.24 ± 0.32%, respectively) in a dose-dependent
manner; that is, EGCG exerted a dose-dependent protective effect against apoptosis in HRECs
cultured under high glucose conditions (Figure 3).

EGCG modifies the cell cycle distribution of HRECs cultured under high glucose
conditions
Changes in the cell cycle produce a significant effect on high glucose-related stress.
Here, we attempted to determine if the protective effect of EGCG was caused as a result of the
cell being arrested at a specific point in the cell cycle via flow cytometry. This analysis revealed
that HRECs treated with high glucose showed an accelerated G0/G1 phase and decelerated
S phase (Table 1). Treatment with different concentrations of EGCG caused a significant
decrease and increase in the percentage of cells in the G0/G1 and S phase, respectively.

EGCG suppressed the MAPK/ERK-VEGF pathway in HRECs induced with high
glucose
The MAPK/ERK pathway has been shown to play a role in a number of inflammatory
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processes, which play key roles in the development of DC. Therefore, we attempted to
detect the anti-inflammatory effect of EGCG under high glucose conditions. We observed
no significant differences in the p38-MAPK and MERK1/2 levels between the high glucose
and control groups. However, p-p38-MAPK and p-MERK1/2 levels significantly increased
under high glucose conditions, which were significantly decreased by EGCG treatment. On
the other hand, the p38-MAPK and MERK1/2 levels were not significantly affected by the
EGCG treatment. Thus, it could be inferred that EGCG exerted a significant anti-inflammatory
effect by suppressing the phosphorylation mechanism in the MAPK/ERK pathway induced by
high glucose.

Figure 3. EGCG modulates high glucose-induced oxidative stress in HRECs. A. Control group; B. high glucose
group; C. 20 µM EGCG-treated group; D. 20 µM astaxanthin-treated group; E. oxidative rate in each group.
Table 1. Effect of EGCG on the cell cycle distribution in high-glucose treated HRECs.
Cell cycle
Control
High glucose
High glucose + 20 M EGCG
High glucose + 40 M EGCG
P value

G0/G1
70.2 ± 7.9%
79.0 ± 8.4%
73.1 ± 8.6%
73.3 ± 8.9%
0.033
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S
15.6 ± 3.5%
8.9 ± 2.2%
13.5 ± 4.0%
13.6 ± 3.5%
0.041

G2/M
14.2 ± 2.9%
12.1 ± 3.5%
13.4 ± 3.8%
13.1 ± 3.2%
0.288
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VEGF is one of the most important growth factors affecting DR progression. VEGF
has also been shown to play a role in inflammation in various pathological processes. Westernblot analysis of the different HREC groups revealed that high glucose concentrations induced a
significant increase in VEGF expression. Alternately, EGCG was shown to induce a significant
reduction in the expression VEGF in a dose-dependent manner (Figure 4).

Figure 4. Effect of EGCG on the MAPK/ERK-VEGF pathway in high glucose-induced HRECs. The expression of
p38 MAPK, p-p38 MAPK, MERK1/2, p-MERK1/2, and VEGF in each group was determined.

Effect of EGCG on inflammatory marker expression
The TNF-a, IL-6, and ICAM-1 levels in the culture supernatant were determined by
standard ELISA. The culture supernatant of cells treated with high glucose concentrations
showed significantly higher levels of TNF-a (598.7 ± 89.7 vs 193.2 ± 38.5 pg/mL; P < 0.001),
IL-6 (6.16 ± 0.51 vs 1.61 ± 0.21 ng/mL; P < 0.001), and ICAM-1 (31.6 ± 4.4 vs 14.8 ± 2.9 ng/mL;
P < 0.001) compared to the cells in the control group. On the other hand, treatment with 20 or 40
mM EGCG significantly inhibited this increase in TNF-a, IL-6, and ICAM-1 levels (Figure 5).

Figure 5. Effect of EGCG on the inflammatory biomarkers in HRECs cultured under high glucose conditions.
Expression of (A) tumor necrosis factor (TNF)-a, (B) interleukin (IL)-6, and (C) ICAM-1 in the control, high
glucose, and 20 mM EGCG- and 40 mM EGCG-treated groups.
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DISCUSSION
DR is one of the most common and severe microvascular complications of diabetes
mellitus (Tong et al., 2008). In this study, we showed that EGCG significantly improved the
cell viability of HRECs cultured under high glucose conditions. EGCG was also shown to
exert a protective effect against high glucose-induced apoptosis in HRECs. Moreover, we
observed that EGCG reduced the expression of inflammatory markers such as TNF-a, IL-6,
and ICAM-1 in the HREC culture supernatant, as well as the levels of phosphorylated p38MAPK and ERK1/2. However, we observed no significant changes in the levels of p38-MAPK
and ERK1/2. Additionally, EGCG significantly inhibited the expression of VEGF. These
results indicated that EGCG ameliorated the negative effects of high glucose concentrations
on cell viability and apoptosis. The protective effects of EGCG under high glucose conditions
were attributed to the regulation of inflammatory cytokines and inhibition of the MAPK/ERKVEGF pathway.
DR is a major cause of vision loss in adults (Ellis et al., 2013). A number of studies have
reported a positive correlation between inflammation and DR and its progression. Therefore, a
number of researchers have attempted to devise methods to control the inflammatory reaction
as a novel therapeutic measure. Recent studies have suggested that EGCG significantly
improves the pathology of various diseases, including metabolism dysfunction, cardiovascular
disease, and cancer (Jiang et al., 2014). EGCG is natural anti-inflammatory agent that has been
reported to resist various inflammatory processes. For example, Liu et al. (2014a) discovered
that EGCG significantly inhibited the release of TNF-a, interferon (IFN)-g, IL-4, and IL-6 in
the serum and reduced the level of malondialdehyde (MDA) in concanavalin A-induced hepatic
injury in mice, suggesting that EGCG protects against liver injury via its anti-inflammatory
and anti-oxidant activity.
Interestingly, EGCG was found to increase the phosphorylation of the MAPK/ERK
pathway, rather than the expression of the total MAPK/ERK pathway content. Moreover,
we observed a significant association between this activation and the protective effects of
EGCG. Previous studies have reported that the MERK/ERK pathway plays a key role in the
development of DR by upregulating the chronic inflammation in DR. Moreover, IL-1b was
shown to upregulate the IL-8 production in human Müller cells via the activation of the p38
MAPK and ERK1/2 signaling pathways (Liu et al., 2014c). This result showed that an increase
in IL-8 expression was accompanied by a significant increase in the phosphorylation of p38MAPK and -ERK. These data are in agreement with our findings regarding the phosphorylation
of the MAPK/ERK pathway in the presence of high glucose concentrations. Here, EGCG was
shown to reduce the phosphorylation of p38 MAPK and ERK in a dose-dependent manner in
HRECs treated with high glucose concentrations. We also surmised that the protective effect
of EGCG might function through the suppression of a key downstream factor of the MAPK/
ERK pathway - VEGF.
EGCG was shown to significantly inhibit the expression of VEGF in a dose-dependent
manner. Previous reports have suggested that blocking of the VEGF receptor signaling
pathway can completely prevent the formation of retinal neovascularization, which indicated
that VEGF plays a vital role in the formation of new blood vessels (Wang et al., 2010a). DR
can be induced by the injection of VEGF in normal animals, suggesting the significant role
played by VEGF during the early stages of DR (Gupta et al., 2013). Chronic inflammation is
Genetics and Molecular Research 15 (2): gmr.15027874
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known to play a major role in the development of DR from DM. In fact, chronic inflammation
has been considered as the key pathology of VEGF secretion and angiogenesis, with VEGF
stimulating the inflammatory condition. The results of this study showed that EGCG treatment
caused a significant decrease in the VEGF expression compared to that seen in the control
group. This was attributed to the inhibition of VEGF in the retina, causing a reduction in the
proliferation of blood vessels and retinal thickening.
In conclusion, EGCG treatment has been shown to protect HRECs against the negative
effects of high glucose conditions through the inhibition of the MAPK/ERK pathway. VEGF
is a key downstream factor of the MAPK/ERK pathway that was significantly regulated by
EGCG. Moreover, the expression of inflammatory markers such as TNF-a, IL-6, and ICAM-1
were also decreased by EGCG. Therefore, EGCG may be used to prevent and treat DR. The
results of this study must be validated by further in vivo studies.
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