
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ly
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

1/
6/

20
25

 4
:2

1:
12

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Anti-oxidative eff
aDepartment of Neurology, China-Japan Uni

China, 130031
bPeople's Hospital of Jilin Province, Changch
cDepartment of Gastrointestinal Colorectal

Hospital, Jilin University, 126 Xiantai S

130031. E-mail: cxsunjlu@163.com

Cite this: RSC Adv., 2019, 9, 21418

Received 11th April 2019
Accepted 30th June 2019

DOI: 10.1039/c9ra02721a

rsc.li/rsc-advances

21418 | RSC Adv., 2019, 9, 21418–2142
ects of catechins and theaflavins
on glutamate-induced HT22 cell damage

Jinting He, a Lei Xu,a Le Yangb and Caixia Sun*c

Background: Glutamate is an excitatory neurotransmitter that is involved in cell stress caused by oxidation.

Polyphenolic compounds display various potential neuroprotective properties due to their ability to donate

electrons and hydrogen atoms.Method: In this study, we evaluate the protective effect towards glutamate-

induced HT22 cell damage. Two families of polyphenolic compounds are investigated, including the

monomer polyphenol catechins, as well as the dimerized theaflavins. The cell apoptosis and intercellular

ROS production are quantified by flow cytometry, and the protective mechanism is evaluated by

quantifying the expression of cell apoptosis and energy related proteins. Result: Both sets of compounds

protect cells against glutamate-induced oxidative stress, partially restore the cell viability, and prevent

cells from apoptosis via bcl-2 and bax regulation, and attenuate intercellular ROS production. We

demonstrate here that the protective effect is mediated by multiple factors, including reducing

intracellular Ca2+ concentration, increasing glutathione level and related enzyme activity. Thus, the

phosphorylation of AMP-activated protein kinase (AMPK) and extracellular signal-regulated kinase (ERK)

show inverse correlation of activity after catechins and theaflavins stimulation. Conclusion: These results

suggest both catechins and theaflavins compounds protect cells from glutamate-induced damage via

cell apoptosis-related proteins and indirect regulation of cellular energy enzymes. These natural sourced

antioxidants provide potential therapeutic agents for glutamate accumulation and toxicity related diseases.
1. Introduction

Glutamate, an excitatory neurotransmitter in the central
nervous system (CNS), plays an essential role in brain function,
neurodegenerative disease and leads to excitotoxicity in patho-
logical process damaging neuronal cells.1–3 Previous studies
reported that the basal extracellular glutamate is present in
micromolar concentrations.4,5 An excessive amount of gluta-
mate is a neurotoxic factor, which induces oxidative stress and
neurodegenerative disease.6,7 The CNS is extremely vulnerable
to oxidative stress. Thus, it elicits various neurodegenerative
disorders and even cell death in neuropathological condi-
tions.8–10 In addition, glutamate-induced excitotoxicity is usually
associated with oxidative stress.11 It is generated through the
inhibition of glutathione synthesis and further results in the
production of reactive oxygen species (ROS).12,13 The ROS
directly contribute to numerous neuronal injuries.14–18 There-
fore, emerging antioxidants have been investigated to remove
intracellular ROS and serve as potential therapeutic agents in
multiple neurological diseases.19–21
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The antioxidant properties of polyphenolic compounds have
been widely studied. They act as prevention agent to guard
against the development of neuronal dysfunction and cellular
death.22 Catechins, comprise epigallocatechin-3-gallate (EGCG),
epigallocatechin (EGC), epicatechin-3-gallate (ECG), and epi-
catechin (EC), are major tea polyphenolic compounds. They are
catalyzed to be oxidized and dimerized naturally occurring by
oxidase enzymes (Fig. 1A and B).23 Theaavins are typical
dimerized product of catechins, and also the main pigments
during tea fermentation. The chemical constitution of thea-
avins is tightly dependent by substrate (Fig. 1B). There are four
common dimerized compounds, named theaavins (TF1), thea-
avins-3-o-monogallate (TF2a), theaavins-30-o-monogallate
(TF2b) and theaavins-3,30-o,o-digallate (TF3), all of which harbor
more hydroxy groups in a single molecular.24 Due to the ability of
hydroxyl to donate electrons and hydrogen atoms, we assume
both families of catechins and theaavins compounds poten-
tially function as antioxidants. Although the biological effect of
catechins were widely investigated, its dimerized compounds,
theaavins were rarely studied. In addition, those two families of
polyphenolic compoundsmight reside on different targets inside
the cells, since they are comprised by unique structure and
different molecular size.25,26 Therefore, it is interesting to deter-
mine and compare the anti-oxidative effect of catechins and
theaavins. The protective effect of catechins, especially EGCG,
has been widely investigated, which is involved in numerous
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Catechins and theaflavins restore glutamate-induced HT22 cell viability. (A) Chemical structure of catechins, including EC, EGC, ECG and
EGCG. (B) Chemical structure of theaflavins, including TF1, TF2a, TF2b and TF3. (C) Glutamate (D) catechins and (E) theaflavins cell viability assay
was done by CCK-8 kit. (F) Protective effect of catechins and (G) theaflavins against glutamate-induced cell viability. Data were expressed as the
mean � SD (n ¼ 6). #P < 0.05 vs. the control group, *P < 0.05 vs. the vehicle group.
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physiological activities such as anti-oxidant, anti-tumor, and anti-
inammation.27–29 Glutamate-induced cell damage is also
partially restored by those compounds.30–32 Multiple cellular
signaling pathways are affected by glutamate-induced oxidative
This journal is © The Royal Society of Chemistry 2019
stress, including extracellular signal-regulated kinase (ERK), c-
Jun N-terminal kinase (JNK) and p38.33,34 Notably, AMP-
activated protein kinase (AMPK) is the most essential regulator,
leading its function on cell proliferation, differentiation, and
RSC Adv., 2019, 9, 21418–21428 | 21419
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inammation.35,36 Although protective effect of catechins on
oxidative stress has been reported before, little work on signaling
pathway and regulator has been investigated on its dimerized
product, theaavins. Specically, the function of theaavins on
CNS is seldom reported. Thus, the protective mechanism of
catechins and theaavins on glutamate-induced neural cell
damage is still unclear.

We explored here the neuroprotective effect of catechins, the-
aavins and how cell apoptosis and energy proteins were involved
in glutamate-induced neurotoxicity in HT22 mouse hippocampal
neuronal cell line. Pretreatment with either catechins or thea-
avins, restored the cell viability from glutamate toxicity. Trolox,
a synthesized vitamin E derivative, was used as positive control.
When cells were supplied with high concentration glutamate, both
cell apoptosis and necrosis were induced. The two typical repre-
sentative compounds, EGCG and TF3, decreased glutamate-
induced apoptosis and ROS production, of which, EGCG
appeared to be a litter more effective. Intercellular Ca2+ inux,
mitochondrial dysfunction and depletion of antioxidant defense
enzyme, glutathione, contributed to the excessive ROS production.
EGCG and TF3 both contributed to antioxidant activity, as well as
neuroprotective ability against glutamate. Further, both EGCG and
TF3 activated the phosphorylation of AMPK, but reduced phos-
phorylation ERK, which indicated the protective effect was caused
by the residue, but not the entire structure of those compounds.
Overall, these data suggested that both catechins and theaavins
protected glutamate-induced HT22 cell damage.
2. Materials and methods
2.1. Materials and regents

Dulbecco's modied Eagle medium (DMEM) and fetal bovine
serum (FBS) were purchased from GIBCO Life Technologies.
HT-22, mouse hippocampal neuronal cell line, was purchased
from Fuxiang Biotech, China. Cell Counting Assay Kit-8 (CCK-8)
was produced by Gold Biotechnology, China. Fluorescein
isothiocyanate-conjugated Annexin V (Annexin V-FITC) and
propidium iodide (PI) Detection Kit was purchased from BD
Biosciences. The rst antibodies P-AMPK Thr172 and AMPKa,
P-ERK1/2 and ERK1/2 came from Cell Signaling Technology,
Bcl-2 and Bax were purchased from Santa Cruz Biotechnology.
While actin and the secondary horseradish peroxidase-coupled
antibody, donkey anti-rabbit IgG, goat anti-mouse IgG were all
from Sigma-Aldrich. All the orescence dyes, including fur-
a3AM, rhodamine 123, 50,50-dithiobis 2-nitrobenzoic acid, and
nicotinamide adenine dinucleotide phosphate were purchased
from molecular probe. Four tea catechins, including EC, EGC,
ECG, EGCG, and four theaavins, TF1, TF2a, TF2b and TF3 were
purchased from Sigma-Aldrich. The chemical structures of the
investigated compounds in this study are shown in Fig. 1A and
B. All other chemicals made in China were of analytical grade.
2.2. Cell culture and viability assay

HT22 cells were routinely cultured in DMEM medium supplied
with 10% FBS (v/v), and double antibiotics 100 U mL�1 peni-
cillin, 100 mg mL�1 streptomycin were added into the medium.
21420 | RSC Adv., 2019, 9, 21418–21428
Cells were incubated in a humidied atmosphere at 37 �C
containing 5% CO2. Replaced the medium every other day to
maintain regular cell growth. All the experiment were per-
formed when cell density reached roughly 70% area.

Cell viability was measured using the CCK-8 kit, followed by
the manufacturer's instruction. Briey, 10 000 cells were seeded
into the 96-well plates with the volume of 100 mL for each well.
Aer incubation for 24 hours, 10 or 50 mg mL�1 catechins and
theaavins, or 50 mM trolox was added to cells for 12 hours.
Aer that, 5 mM glutamate was supplied for additional 3 hours.
Cells were incubated with 10 mL CCK-8 solution for 3 hours at
37 �C. Finally, the absorbance at 450 nm in each well was
measured using Microplate Reader (TECAN 10M).

2.3. Flow cytometry analysis of apoptosis, necrosis and ROS
production

The HT22 cells were seeded into 6-well plate at 4 he105 cells per
well for 24 hours. When appropriate, 50 mg mL�1 EGCG, TF3, or
50 mM trolox was added to cells and incubated 12 hours, and
then 5 mM glutamate was supplied for another 3 hours. The
experiment detail was performed as before.24,37 Cell apoptosis
and necrosis were evaluated by measuring the exposure of
phosphatidylserine on cell membrane and permeable of DNA
uorescent dye. Cell pellets were resuspended and stained for
15 minutes in the buffer containing PI and Annexin V-FITC at
room temperature in dark. The ROS production was quantied
using 2,7-dichlorouorescein diacetate (DCFDA). Cells were
treated with 1 mM DCFDA at 37 �C for 30 minutes. Aer stating,
cells were passed through a 40 mm cell strainer and then sub-
jected to ow cytometry equipped with the Cell Quest soware,
at least 10 000 cells were analyzed in all cases.

2.4. Glutamate-induced physiology changes assay

HT22 cells were plated in 48-well plates and incubated for 24
hours. Aer incubation, 10 and 50 mg mL�1 of catechins or
theaavins, 50 mM trolox was added to cells for 12 hours and
then 5 mM glutamate were added for 3 hours. The physiology
changes assay was done as described with modications.38–40

Intracellular calcium (Ca2+) concentration measurement were
carried out using Fura3AM, a widely used calcium uorescent
ester indicator. Aer staining, cells were washed with buffer
containing 20 mM HEPES pH 7.0 and 150 mM NaCl. The Ca2+

concentration was determined by measuring uorescence
intensity at an excitation wavelength of 340 and 380 nm and
emission wavelength of 500 nm.

The uorescent dye, rhodamine 123 (Rho123) was used to
determine mitochondrial membrane potential (DJ). Cells were
stained with Rho123 for 15 min at 37 �C and followed by a quick
wash to remove excess dye. The Rho123 concentration was
quantied by uorescence intensity at an excitation wavelength
of 488 nm and emission wavelength of 520 nm.

The glutathione level, reductase and peroxidase assays were
performed. Briey, the glutathione was measured based on the
reduction of 50,50-dithiobis 2-nitrobenzoic acid (DTNB) with
reductase and nicotinamide adenine dinucleotide phosphate
(NADPH).41 Cells were lysed with sulfosalicylic acid. Centrifuged
This journal is © The Royal Society of Chemistry 2019
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the cell lyses at 4000 rpm for 30 min at 4 �C. Supernatant was
separated and added to nal 5 units per mL glutathione disulde
reductase, 0.3 mM NADPH and 0.5 mM DTNB. The absorbance
was quantied at the wavelength 412 nm. Glutathione reductase
wasmeasured bymonitoring the reduction of oxidized glutathione
in the presence of NADPH. Glutathione peroxidase activity was
calculated by quantifying the rate of oxidation of GSH toGSSG. The
decrease absorbance was quantied at 340 nm.
2.5. Western blot assay

The HT22 cells were lysed by buffer (20 mM Tris–HCl pH 7.0,
1 mM EDTA, 50 mMNaCl, 25 mMNaF, 2 mM orthovanadate, 1%
Triton X 100 and a protease inhibitor cocktail). Centrifuged the
cell lysate at 12 000 rpm for 30 minutes at 4 �C. The supernatant
was subjected to protein concentration assay by Bradford
methods.42 Equal amount of 100 mg protein was loaded to SDS-
PAGE and then transferred to nitrocellulose membrane as did
before.43 The nitrocellulose membrane was blocked in 5% nonfat
milk for at least 1 hour, and incubated with primary antibodies
overnight. The next day, the membrane was washed three times
in PBS. A horseradish peroxidase-conjugated second antibody
Fig. 2 EGCG and TF3 attenuated glutamate-induced apoptosis and ne
Annexin V FITC and PI and determined by flow cytometry (n ¼ 10 000 ce
cells. #P < 0.05 vs. the control group, *P < 0.05 vs. the vehicle group.

This journal is © The Royal Society of Chemistry 2019
was added and the membrane was incubated 1 hour, followed by
ECL chemoluminescence system. The intensity of the signals was
semiquantied by ImageJ.
2.6. Statistical analysis

All the experiments were performed for at least three biological
repeats. The result was presented as average � standard deviation
(SD). Statistical analysis was performed by SPSS soware version
21.0 (IBM Corp., Armonk, NY, USA). One-way ANOVA was used to
evaluate signicant difference. Tukey's test was used as the post
hoc test between different samples. P < 0.05 was used to statistically
evaluate signicant. The symbol # indicated P < 0.05 compared to
control group, and * shown P < 0.05 compared to vehicle group.
3. Results
3.1. Neuroprotective effect of catechins and theaavins on
glutamate-induced cell viability

Catechins, including (�)-epicatechin (EC), (�)-epicatechin gallate
(ECG), (�)-epigallocatechin (EGC) and (�)-epigallocatechin
gallate (EGCG), are monomeric polyphenolic compounds. While,
crosis in HT22 cells. (A) Necrosis and apoptosis cells were stained by
lls). (B) Quantification of apoptosis cells. (C) Quantification of necrosis

RSC Adv., 2019, 9, 21418–21428 | 21421
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oxidized and dimerized of two catechins, will generate theaavins
(TF), including theaavins (TF1), theaavins-3-o-gallate (TF2a),
theaavins-30-o-gallate (TF2b) and theaavins-3,30-o,o-digallate
(TF3). We rst determined how exogenous glutamate, catechins
and theaavins affected cell viability. The data indicated that the
cell viability was signicantly decreased by glutamate in a dose-
dependent manner (Fig. 1C). The cell viability was about 50%
when 5 mM glutamate was added. If longer incubation time is
used, maybe less glutamate should be added to maintain 50%
cell viability. We prefer to use 5 mM glutamate, which is higher
than intracellular glutamate concentration. Therefore, HT22 cells
incubated for 3 hours with 5 mM glutamate was used to induce
cell damage for the following experiment. When adding 10 and
50 mg mL�1 of tested compounds, no signicant cell viability
change was found compared with cells without any compound
(Fig. 1D and E). Next, we evaluated the neuroprotective effect of
those compounds on glutamate-induced cell viability in HT22
cells (Fig. 1F and G). When cells were supplied with catechins,
EGCG was the most effective compound to protect the cells
against glutamate toxic. While, the four theaavins restored the
cell viability at almost equal level. 50 mM trolox, the positive
control here, also signicantly protected HT22 cells against
glutamate-induced neurotoxicity. The results indicated that both
catechins and theaavins signicantly increased viability of
glutamate exposed HT22 cells.
Fig. 3 EGCGandTF3 attenuated glutamate-inducedROSproduction inHT2
probeDCFDAby flowcytometry (n¼ 10 000 cells). (B) Quantification of ROS

21422 | RSC Adv., 2019, 9, 21418–21428
3.2. EGCG attenuated glutamate-induced HT22 cell
apoptosis

It has been previously reported that EGCG leads to a protection
effect in apoptosis and necrosis in primary astrocytes.44

However, the comparison between catechins and its oxidized
products theaavins has not been investigated yet. To this end,
we selected the most effect catechins EGCG and one of the
dimerized compound TF3, determined how those compounds
prevented cell from apoptosis or necrosis. We took advantage of
the ow cytometry method by double staining Annexin V and PI
to distinguish those two events. When glutamate was added in
the vehicle group, both necrosis and apoptosis cells were
produced (Fig. 2A–C). EGCG and trolox signicantly reduced
cell apoptosis to 3.1% and 3.5% compared with vehicle group (p
< 0.05). However, TF3 was less effective, and generated 10.1%
apoptosis cells (p < 0.05). The necrosis could not be restored
when either EGCG or TF3 was supplied. However, trolox
pretreatment reduced cell necrosis signicantly (p < 0.05). The
data indicated EGCG and TF3 could not rescue glutamate-
induced necrosis, but were effective on reducing cell apoptosis.
3.3. Attenuated glutamate-induced ROS production of EGCG

To investigate the involvement of oxygen radicals in glutamate-
induced toxicity in HT22 cells, the accumulation of ROS was
2 cells. (A) ROSproductionwasmeasured using ROS-sensitive fluorometric
production. #P <0.05 vs. the control group, *P < 0.05 vs. the vehicle group.

This journal is © The Royal Society of Chemistry 2019
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measured utilizing a converting reaction of DCFH-DA to DCF.45

Glutamate treatment signicantly increased the ROS level to
29.8% in HT22 cells compared to that 4.5% in the control group
(Fig. 3A and B). When HT22 cells were added with EGCG or TF3,
the relative ROS positive cells were 7.8% and 15.3%, respec-
tively, which is signicantly lower than the vehicle group (p <
0.05). The positive control in trolox group, the increased ROS
was even clearly suppressed (p < 0.05). The results suggested the
inhibition effects of EGCG on accumulation of intracellular ROS
was better than TF3.

3.4. Glutamate excitotoxicity of catechins and theaavins

Next, the effect of glutamate exposure on intracellular Ca2+

levels in HT22 cells was examined (Fig. 4A). Intracellular Ca2+

was signicantly increased when cells were supplied with 5 mM
Fig. 4 Effect of catechins and theaflavins on glutamate-induced HT22
Disruption of mitochondrial membrane potential. (C) Glutathione, glutath
presented as means � SD (n ¼ 3). #P < 0.05 vs. the control group, *P <

This journal is © The Royal Society of Chemistry 2019
glutamate from basal levels 278 to 330 nmol L�1. EC, ECG, EGC,
and EGCG partially blocked the increased intracellular Ca2+

concentration, compared to vehicle group (p < 0.05). Notably,
when 50 mg mL�1 EGCG was supplied, the intracellular Ca2+

concentration dropped to its minimum level at 280 nmol L�1.
The intracellular Ca2+ remained almost unchanged when 10 mg
mL�1 of EC was used. In addition, TF1, TF2a, TF2b and TF3
treatment all signicantly inhibited the intracellular Ca2+ (p <
0.05). 50 mg mL�1 TF3 block the lowest Ca2+ concentration
among the four theaavins compounds.

We further investigated the protective effect of catechins and
theaavins on glutamate-induced mitochondrial membrane
potential (Fig. 4B). When cells were supplied with 5 mM gluta-
mate, a decreased mitochondrial membrane potential was
found, which was relative to 80.3% compared with control
cell damage. (A) Changes of intercellular concentration of Ca2+. (B)
ione reductase and glutathione peroxidase levels in HT22 cells. Data are
0.05 vs. the vehicle group.

RSC Adv., 2019, 9, 21418–21428 | 21423
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Fig. 5 Attenuating glutamate-induced HT22 cell damage was involved in AMPK activation. (A) Polyphenols protective effect on glutamate-
induced p-AMPK protein expression. (B) Quantification of p-AMPK/AMPK by membrane intensity. (C) Quantification of p-AMPK/Actin by
membrane intensity. (D) Polyphenols protective effect on glutamate-induced p-ERK, Bax and Bcl-2 protein expression. (E) Quantification of Bcl-
2/Bax by membrane intensity. (F) Quantification of p-ERK/ERK by membrane intensity. #P < 0.05 vs. the control group, *P < 0.05 vs. the vehicle
group.
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group. The mitochondrial membrane potential increased when
cells were treated by 50 mg mL�1 of EGC, ECG, and EGCG to
88.1%, 91.2% and 93.2%, respectively (p < 0.05). While, 10 mg
mL�1 of catechins had little effect on restoring mitochondrial
membrane potential. TF2a, TF2b and TF3 groups partially
restored mitochondrial membrane potential (p < 0.05) as well.

Finally, we evaluated the effect of the investigated compounds
on glutathione level, glutathione reductase and glutathione
peroxidase activity on HT22 cells (Fig. 4C). Both EGCG and TF3
restore glutathione level (p < 0.05). Glutamate-induced gluta-
thione reductase could be abolished by adding EGCG or TF3 (p <
0.05). Glutathione peroxidase activity was partially com-
plemented when cells were supplied with EGCG, TF3 or trolox (p
< 0.05). Taken together, exposure HT22 cells with 5 mM gluta-
mate, resulted in mitochondrial dysfunction and depletion of
antioxidant defense systems, both catechins and theaavins
families compounds partially rescue the physiology.
3.5. Protection of EGCG and TF3 on glutamate-induced cell
damage was involved in apoptosis-related proteins,
phosphorylation of AMPK and ERK

The signal pathway involved in glutamate-induced HT22 cell
damage has been investigate.46 However, the relationship
between catechins, theaavins and AMPK activation was not
determined before. We performed the Western blot experiment
here, and the results indicated a reduction of phosphorylated
21424 | RSC Adv., 2019, 9, 21418–21428
AMPK at Thr172 when HT22 cells was treated with glutamate
(Fig. 5A–C). EGCG or TF3 restored the phosphorylation to
normal level compared with vehicle group (p < 0.05). Next, we
found ERK pathway was involved in the suppression of AMPK
activity. The results indicated an inverse correlation between
the intensity of ERK phosphorylation and the degree of AMPK
activation (Fig. 5B and F). Several apoptosis-related proteins,
including Bcl-2 and Bax, were tested as well. The results clearly
suggested that both catechins and theaavins activated the
ratio of bcl-2/bax, which precipitate to prevent apoptosis
(Fig. 5E). Taken together, the data suggested that phosphory-
lated of AMPK and ERK was involved in protecting glutamate-
induced HT22 cell damage. Cell apoptosis proteins were also
activated in those process. EGCG and TF3 behaved almost
equally in regulating these cell signal pathways.
4. Discussion

Catechins is a family of polyphenol in green tea. The anti-
oxidative property and pathway regulation have been re-
ported.47,48 However, few study has demonstrated protective
effect of theaavins family compounds against glutamate-
induced neuronal damage. A remarkable observation in our
study shown that excessive glutamate stimulation on HT22 cells
leading multiple damage. Both catechins and theaavins
effetely protected the cells and accommodated cells tominimize
glutamate damage. On the other hand, the chemical
This journal is © The Royal Society of Chemistry 2019
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constitution and molecular size are different between catechins
and theaavins. The two families of polyphenolic compounds,
activated AMPK phosphorylation, but negatively regulated ERK
phosphorylation, which appears to play a key role in neuronal
cell protection. Thus, the protective action was mainly due to
antioxidative effect, since EGCG and TF3 signicantly restored
ROS production. Notably, ROS accumulation ultimately
contribute to cell death in stroke, trauma as well as many other
neurodegenerative disorders.49,50 This study rst provided
evidence that theaavins and its derivate can also exert a neu-
roprotective effect on glutamate excitotoxicity.

Theaavins are usually present in black tea, which are
formed by the enzymatic oxidation, followed by condensation.24

They are the most important reddish-orange pigments and
chemically well characterized. Because of its natural properties,
it has the advantage of less cytotoxic to many cells. All thea-
avins compounds are catechin dimers with a characteristic
benzotropolone moiety, which is produced by a pair of
quinones derived from dihydroxy and trihydroxy51(Fig. 1A). The
complex structure and multiple hydroxyl, lead to the strong
enzyme inhibitions of theaavins, as well as their anti-oxidative
stress activities. Chemical relationships between catechins and
theaavins, are important for the viewpoint of the neural
protective activities. EGCG and TF3, behave effectively on
rescuing cell viability (Fig. 1C). EGCG directly interacts with
proteins and phospholipids in the plasma membrane and
regulates signal transduction pathways.52 Interestingly, mito-
chondrial dysfunction and depletion of antioxidant defense
systems are also activated (Fig. 4A–C). EGCG and TF3 restore
glutathione peroxidase and glutathione reductase level, in
which the activities are partially responsible for susceptibility of
cells to oxidative stress.53 This prove the correlation between
enzymatic activities and the redox state in the HT22 cells
exposure with glutamate. These results indicated the protection
was mainly due to partial chemical structure of catechins and
theaavins, which contributes to regulate effect, rather than
chemical binding to substrate.

Glutamate causes oxidative stress and excitotoxicity,
however, HT22 cells lack functional ionotropic glutamate
receptors, indicating neuronal cell death are triggered by
oxidative stress.54–57 In this study, we shown that HT22 cells
exposed to neurotoxic concentrations of glutamate undergo two
distinct population: a subpopulation to necrosis during the
exposure, while the other one to apoptosis. Apoptosis is a kind
of programmed cell death. During this process, characteristic
cell changes happen, including mitochondrial involved
apoptotic pathway and several key enzymes.58 Our results
showed that EGCG and TF3 protected HT22 cells against
glutamate-induced cell apoptosis via regulation of cell
apoptosis-related proteins, at least through the expression of
Bcl-2 and Bax (Fig. 2 and 5E). EGCG and TF3 signicantly
increase the ratio of the two protein. Bcl-2 protein is similar to
the nematode protein CED-9. Consistent with the role in
blocking cell apoptosis. In contrast, Bax induces the release of
cytochrome C and the induction of cell apoptosis.59 Cell
necrosis was rarely protected by those two compounds (Fig. 2
and 5E). Notably, high concentrations of extracellular
This journal is © The Royal Society of Chemistry 2019
glutamate-induced cell death termed oxytosis/ferroptosis is
distinct from apoptosis, necrosis.60 The high concentration
glutamate exposure resulting effects on mitochondrial function
are critical factors, as mitochondrial dysfunction is strongly
associated with cell apoptosis. The ndings are consistent with
previous result and our recent observations (Fig. 4B). What is
more, our data suggested that relatively intact mitochondrial
activity of HT22 neuronal cell appears to be necessary for the
apoptosis program to proceed. We found both catechins and
theaavins signicantly reducing apoptosis induced by gluta-
mate, a very encouraging result. The most prominent roles of
mitochondria are participated and regulate cellular
metabolism.

Moreover, the cell physiology was rescued by either catechins or
theaavins. Both those two families compounds affected Ca2+

inux, mitochondrial membrane potential, and also restored GSH
related enzyme activity, and further decrease the ROS production
(Fig. 3 and 4). Therefore, we concluded that the neuroprotective
effect of theaavins against glutamate-induced cell damage was
also mediated through attenuation of oxidative stress. The repeti-
tive monomer EGCG and its diarized product TF3 both effectively
protected HT22 cells through changing their cell physiology.

We nally illustrate the protective mechanism of glutamate-
induced HT22 cell damage. The results also show that EGCG
and TF3-mediated ROS inhibits via AMPK and ERK phosphor-
ylation (Fig. 5). Those signaling factors, regulate the progression
of cell growth, proliferation and survival and phosphorylation
of AMPK Thr172 strongly associates with cellular metabolic
stress.61 On the other side, the present work had several limi-
tations. Only partial regulators, AMPK and ERK phosphoryla-
tion were performed, meaning that the other ROS related
pathways, including JNK, p38 are unknown. Thus, additional
apoptosis proteins studies are required to assess the role of
other pathways.

5. Conclusion

In summary, the current study demonstrated that anti-oxidative
effect was found from both catechins and theaavins. The
typical representative compounds, EGCG and TF-3, restore
glutamate-induced HT22 cell viability, reduce cell apoptosis by
regulating Bax and Bcl-2 apoptosis proteins, attenuate ROS
production via inverse correlation of AMPK and ERK phos-
phorylation. Theaavins is an important natural source family
of compounds, which reduces glutamate damage to neuronal
cell. Therefore, the present study provides a novel potential
therapeutic agent for glutamate accumulation and toxicity
related diseases.
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