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Abstract Epigallocatechin-3-gallate (EGCG), a catechin
polyphenols component, is the main ingredient of green tea
extract. It has been reported that EGCG is a potent anti-
oxidant and beneficial in oxidative stress-related diseases, but
others and our previous study showed that EGCG has pro-
oxidant effects at high concentration. Thus, in this study, we
tried to examine the possible pathway of EGCG-induced cell
death in cultures of rat hippocampal neurons. Our results
showed that EGCG caused a rapid elevation of intracellular
free calcium levels ([Ca?'];) in a dose-dependent way. Expo-
sure to EGCG dose- and time-dependently increased the
production of reactive oxygen species (ROS) and reduced
mitochondrial membrane potential (Ay,,) as well as the
Bcl-2/Bax expression ratio. Importantly, acetoxymethyl
ester of 5,5'-dimethyl-bis(o-aminophenoxy)ethane-N, N,
N',N'-tetraacetic acid, ethylene glycol-bis-(2-aminoethyl)-
N,N,N',N'-tetraacetic acid, and vitamin E could attenuate
EGCG-induced apoptotic responses, including ROS genera-
tion, mitochondrial dysfunction, and finally partially pre-
vented EGCG-induced cell death. Furthermore, treatment of
hippocampal neurons with EGCG resulted in an elevation of
caspase-3 and caspase-9 activities with no significant accom-
paniment of lactate dehydrogenase release, which provided
further evidence that apoptosis was the dominant mode of
EGCG-induced cell death in cultures of hippocampal neurons.
Taken together, these findings indicated that EGCG induced
hippocampal neuron death through the mitochondrion-
dependent pathway.
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Abbreviations

Ac-DEVD-pNA  Acetyl-Asp-Glu-Val-Asp p-nitroanilide

Ac-LEHD-pNA  Acetyl-Leu-Glu-His-Asp p-nitroanilide

BAPTA-AM Acetoxymethyl ester of 5,5'-dimethyl-
bis(o-aminophenoxy)ethane-
N,N,N' N'-tetraacetic acid

CNS Central nervous system

DCF Dichlorofluorescein

DCFH-DA 2',7'-Dichlorofluorescein diacetate

DMEM Dulbecco’s modified Eagle’s medium

DMSO Dimethyl sulfoxide

EGCG Epigallocatechin-3-gallate

EGTA Ethylene glycol-bis-(2-aminoethyl)-

N,N,N' N'-tetraacetic acid
ER Endoplasmic reticulum

Fluo-3-AM Fluo-3-acetoxymethyl ester

HEPES 4-(2-hydroxyethyl)-1-201
piperazineethanesulfonic acid

JC-1 5,5',6,6'-Tetrachloro-1,1',3,3'-
tetracthylbenzimidazolcarbocyanine
iodide

LDH Lactate dehydrogenase

mPT Mitochondria permeability transition

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide

PBS Phosphate-buffered saline

PI Propidium iodide

pPNA p-nitroanilide
ROS Reactive oxygen species
Ay, Mitochondrial membrane potential
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Introduction

Green tea is used worldwide as a health-promoting beverage.
Among the bioactive chemicals in green tea, epigallocatechin-
3-gallate (EGCG), the main constituent of the polyphenols, is
most abundant and active because of its potent biological
effects. Epidemiological cell culture and in vivo studies,
including those in humans, have demonstrated that EGCG
have antioxidant (Nakagawa and Yokozawa 2002), hepato-
protective (Sai et al. 1998), chemopreventive (Chung et al.
2003), and anticarcinogenic (Lambert and Yang 2003)
effects. On the other hand, several studies have indicated
genotoxic and carcinogenic potentials of EGCG (Kanadzu
et al. 2006; Bandele and Osheroff 2008). A high dose of
green tea polyphenols can induce gastrointestinal carcino-
genesis (Lambert et al. 2007) and exert acute toxicity in liver
cells (Schmidt et al. 2005). However, the cellular and
molecular mechanisms mediating these processes are not
completely understood and the molecular mechanisms by
which EGCG induces cell death have not yet been elucidated.

Calcium ions are central to multiple signal transduction
pathways to accomplish a variety of biological functions.
The spatial and temporal regulation of intracellular calcium
([Ca**];) serves as a modulator of pathways involved in
learning and memory, fertilization, proliferation, and devel-
opment (Berridge et al. 2000). However, high [Ca®']; can
cause disruption of mitochondrial Ca®" equilibrium, which
results in reactive oxygen species (ROS) formation due to
the stimulation of electron flux along the electron transport
chain (Chacon and Acosta 1991). Under oxidative stress,
mitochondrial Ca** accumulation can switch from physio-
logically beneficial process to cell death signal (Ermak and
Davies 2002).

The brain is especially sensitive to oxidative stress, due to
the lipid composition of cell membranes and low levels of
antioxidant enzymes (Marttila et al. 1988). Within central
nervous system (CNS), the response to oxidative stress has
been shown to vary according to the various cellular
phenotypes, and it is reported that the antioxidant capacity
of neurons is lower than that of glia (Makar et al. 1994) and
neurons are more susceptible than glial cells (Cafe et al.
1995). Neurons from the hippocampus, grown in chemically
defined medium, provide a convenient in vitro method for
studying biochemical changes following EGCG exposure.

Until now, the majority of studies both in vivo and in
vitro have focused to elucidate the antioxidant effects of
EGCQG after the treatment of cells with pro-oxidants. In our
previous study, we have found that EGCG treatment for 24
and 48 h inhibit the MTT reduction, an indicator of cell
viability, of primary hippocampal cultures at concentrations
above 100 uM (Yin et al. 2008). Therefore, in this study, we
examined the effects of EGCG in oxidative stress of
cultures of hippocampal neurons. By using a series of
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concentrations up to 100puM in a time-dependent way,
[Ca®"];, ROS production, apoptotic protein, mitochondrial
membrane potential (Ay,), and cell morphological changes
in cultures of hippocampal neurons have been evaluated.
The [Ca®']; was increased significantly immediately after
EGCG exposure, and the calcium overload was then
followed by massive production of ROS, Ay, alterations,
a reduction of Bcl-2 expression and an increase of Bax
expression in a temporal sequence. Our results indicated
that EGCG acts at least in part as a weak pro-oxidant in
hippocampal neurons and these detrimental effects should
be carefully studied before considering the use of green tea
catechins as cancer chemopreventive agents.

Materials and methods
Chemicals

EGCG was obtained from Leshan Yujia Tea Science and
Technology Development. Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum, neurobasal medium,
and B-27 were obtained from Gibco, Invitrogen Corporation,
Carlsbad, CA, USA. Fluo-3-acetoxymethyl ester (Fluo-3-
AM) was purchased from Dojindo Laboratory (Kumamoto,
Japan). Acetoxymethyl ester of 5,5'-dimethyl-bis(o-
aminophenoxy)ethane-N,N,N', N'-tetraacetic acid (BAPTA-
AM), cytosine arabinoside, 2',7'-dichlorofluorenscein
diacetate (DCFH-DA), ethylene glycol-bis-(2-aminoethyl)-
N,N,N,N-tetraacetic acid (EGTA), pluronic F-127, poly-L-
lysine, thapsigargin, and vitamin E were purchased from
Sigma Chemical (St. Louis, MO, USA). Hoechst 33342
kit was from Immunotech (Marseille, France). 5,5,6,6'-
tetrachloro-1,1',3,3'-tetracthylbenzimidazolo-carbocyanine
iodide (JC-1) was from Molecular Probes, Eugene, OR,
USA. Caspase-3 and caspase-9 activity assay kits were
provided by Beyotime Institute of Biotechnology (Haimen,
China). Lactate dehydrogenase (LDH) activity kit and total
protein quantification kit (Coomassie Brilliant Blue) were
provided by Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). Antibodies for Bcl-2, Bax, and [-actin
were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Enhanced chemiluminescence (ECL) reagents
were from Amersham International (Amersham, Arlington,
Heights, 1L, USA). Twelve-well and 24-well plates were
purchased from Corning Costar, Cambridge, MA, USA. All
other chemicals used were of the highest grade available.

Primary culture of hippocampal neurons
Zero-day-old Wistar rat pups were decapitated and hippo-

campal neurons were isolated and cultured according to
published procedures (Sunanda et al. 1998). Briefly, the
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hippocampi were carefully collected, gently dispersed in
culture medium, and triturated with a pipette. Then, neurons
were seeded onto poly-L-lysine (10upg/ml)-coated 12-well
plates (Corning Costar) for Western blots or <8 mm square
glass coverslips in 24-well plates for immunofluorescence
studies. Cells were seeded at a density of 2x10°/ml in
DMEM supplemented with 10% fetal bovine serum (Gibco,
USA), 0.11% NaHCO;, 0.11% 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 0.11% penicillin
(10 TU/ml), and streptomycin (0.11%). Cultures were main-
tained at 37°C in a humidified atmosphere of 95% air/5%
CO,. Cytosine arabinoside (10 uM; Sigma, USA) was added
to the culture medium 18-24 h after plating in order to arrest
the growth of non-neuronal cells. The medium was replaced
at an interval of every 2 days with a maintenance medium
containing neurobasal media and 5% B-27 supplement
(Gibco, USA). After 7 days of culture in vitro, successful
cultures of neurons were selected for further studies.

Before use, EGCG was dissolved in H,O to generated
0.1, 1, 5, 10, and 20 mM of 100x stock solutions. In some
experiments, the intracellular calcium chelator BAPTA-AM
at 5 mM in dimethyl sulfoxide (DMSO) solution (final
concentration SpuM) or vitamin E at 20 mM in DMSO
solution (final concentration 20uM), was introduced 1 h
before EGCG exposure. It was checked that DMSO at these
concentrations had no effect on hippocampal neurons. The
extracellular calcium chelator EGTA at 5 mM was added
directly to the culture medium 1 h before EGCG exposure.

Measurement of intracellular free calcium levels

The free [Ca*"]; in hippocampal neurons was quantified by
fluorescence ratio imaging of the Ca®" indicator dye Fluo-
3-AM using the methods detailed previously (Mattson et al.
1995). Briefly, primary cultures of hippocampal neurons
were washed with the standard external solution containing
(in mM): 150 NaCl, 5 KCl, 2 CaCl,, 1 MgCl,, 10 HEPES,
and 10 D-glucose and buffered to pH7.3. The standard
external solution was continuously bubbled with carbogen
(95% 0,/5% CO,). Cells were loaded with 5uM Fluo-3-
AM and pluronic F-127 (Sigma, 0.004% (w/v) final) in the
standard external solutions for 45 min at 37°C in dark. Endo-
genous esterases converted non-fluorescent Fluo-3-AM into
fluorescent Fluo-3. The cells were then washed twice with
the external solutions and incubated for another 20 min at
37°C before imaging. Images were obtained using a scanning
confocal microscope (Zeiss LSM510, Carl Zeiss Micro-
imaging, Thornwood, NY, USA). Different concentrations
of EGCG (1, 10, 50, 100, and 200 uM final) were added to
the standard external solution by dilution from 100x stocks.
For calcium-free groups, calcium was excluded from the
external solutions, while 40 uM EGTA was added to ensure
calcium-free environment. For the thapsigargin group,

cultures were incubated with 2 uM thapsigargin for at least
40 min before imaging to deplete endoplasmic reticulum
(ER) calcium stores (Doutheil et al. 1999).

To measure the change of cytoplasmic calcium levels
under EGCG exposure, camera gain was adjusted to give
baseline maximal fluorescence levels of 40-100 (arbitrary
units) of a maximal 8-bit signal output of 256 and time-lapse
sequences were recorded at a scanning rate of each 60 s. The
dye was excited with an argon laser at 488 nm and the emitted
fluorescence was collected at 510-550 nm. Cell fluorescence
during the 5 min baseline period was F|,. Fluorescence mea-
surements for each cell (F) were normalized to the average
fluorescence intensity. Region of indexes (ROIs) were
defined in the first image, and the normalized fluorescence
changes (F—Fy)/Fy, that is AF/F, (in %), were measured
throughout the image sequence. All settings of the scanning
system and the complete data acquisition were controlled
and collected by the Zeiss software. The average [Ca®']; in
ten neuronal cell bodies/microscope field were quantified in
three to four separate cultures per treatment condition.

Determination of ROS production

The dye DCFH-DA was chosen to follow ROS production in
cultures of neurons by measuring the increase in fluorescence-
associated oxidation of dichlorodihydrofluorescein (DCFH)
to dichlorofluorescein (DCF; Lin et al. 2007). After treated
with 10, 50, and 100uM EGCG at 37°C for 1, 2, 4, 8, or
12 h, hippocampal neurons cultured on 8x8 mm square glass
coverslips were rinsed with ice-cold phosphate-buffered
saline (PBS) and then incubated in 10pM DCFH-DA
(Sigma, USA) for 15 min at 37°C in the dark. Fluorescence
was measured using confocal microscope (Zeiss LSM510) at
excitation and emission wavelengths of 495 and 535 nm for
DCF fluorescence. In average, ten neuronal cell bodies/
microscope field were quantified in three to four separate
cultures per treatment condition. The software available with
the Zeiss confocal microscope was used to demonstrate the
changes in the DCF fluorescence intensity.

Analysis of mitochondrial membrane potential (Aw,,)

Following EGCG treatments, hippocampal neurons were
stained with the cationic dye, JC-1, as previously de-
scribed (Reyes-Martin et al. 2007) to visualize the state of
mitochondrial membrane potential. Briefly, the uptake of
mitochondrion-selective dye is dependent on the potential
across the mitochondrial inner membrane. In mitochondria,
JC-1 exists as a green fluorescent monomer at low (depolar-
ized) membrane potentials, while at higher (hyperpolarized)
potentials, JC-1 forms orange-red fluorescent J-aggregates.
Thus, the dual emission of this dye can be used as a measure
of mitochondrial membrane potential (Choi et al. 2002).
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JC-1 was stocked as 1 mg/ml DMSO solution and freshly
diluted with culture medium. Hippocampal neurons cultured
on 8x8 mm square glass coverslips, after treated with 100 uM
EGCG at 37°C for 1, 2, 4, 8, or 12 h, were then incubated
with the filtered JC-1-containing (10 pg/ml) culture medium
for 20 min at 37°C in the dark. Following incubation, cells
were rinsed twice with PBS and images were obtained
using a confocal microscope (Zeiss LSM510) excited at
488 nm (for JC-1) and set to simultaneously detect green
emission (510-525 nm) and red emission (590 nm)
channels. In each experimental condition, the ratio of red/
green fluorescent signal was calculated in 40 randomly
selected cells by measuring the average intensities of the
emitted fluorescence using the software available with the
Zeiss confocal microscope.

Western blotting

After treated with 100 uM EGCG for 4 or 12 h, neurons were
washed twice with PBS and proteins were solubilized in the
lysis buffer (500 mM Tris—HCI, pH7.4, 150 mM NaCl, 5 mM
EDTA, 1 mM benzamiden, 1pg/ml trypsin inhibitor) con-
taining a cocktail of protease inhibitor. Lysates were incubated
for 30 min at 4°C, centrifuged at 12,000xg for 20 min. An
equivalent amount of protein extracts (20ug) was electro-
phoresed on 12% SDS-polyacrylamide gels. The proteins
were then electrotransferred to polyvinylidene lifluoride
membranes (Millipore Corporation, Bedford, MA, USA)
and probed with individual primary antibodies. Detection of
each protein was carried out with an ECL Western blotting
kit (Amersham, Arlington Heights, IL, USA) according to
the manufacturer’s instructions. Bands representing f3-actin,
Bax, and Bcl-2 were determined to be 42, 21, and 26 kDa,
respectively. Samples of each group were independently
separated three times and the films were scanned with a laser
scanner. Quantification of the signal intensity was performed
with Scion image beta 4.0.2 analysis software. Mean optical
density was measured densitometrically and normalized to
housekeeping (3-actin protein.

Caspase-3 and caspase-9 activity assay

Caspase-3 and caspase-9 activity were determined by a colori-
metric assay based on the ability of caspase-3 and caspase-9 to
change acetyl-Asp-Glu-Val-Asp p-nitroanilide (Ac-DEVD-
pNA) and acetyl-Leu-Glu-His-Asp p-nitroanilide (Ac-
LEHD-pNA) into a yellow formazan product p-nitroanilide
(pNA), respectively. An increase in absorbance at 405 nm
was used to quantify the activation of caspase activity. After
12 h exposure to 100uM EGCG, cultures of hippocampal
neurons from 12-well plates were collected and rinsed with
ice-cold PBS, and then lysed by lysis buffer (50ul) for
15 min on ice. Cell lysates were centrifuged at 16,000xg for
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10 min at 4°C, the supernatants were collected, and protein
concentration was determined by the total protein quantifi-
cation kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). Approximately 20ug of total protein was
added to the reaction buffer containing Ac-DEVD-pNA
(2 mM) and Ac-LEHD-pNA (2 mM) and incubated for 2 h
at 37°C), and the absorbance of yellow pNA cleavaged from
its corresponding precursors were measured with an enzyme-
linked immunosorbent assay (ELISA) reader at 405 nm. The
caspase activity, normalized for total proteins of cell lysates,
was then expressed as fold of the baseline caspase activity of
control neurons.

LDH release

LDH activity in the medium was measured using a LDH
assay kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). A colorimetric assay was applied, according
to which the amount of formazan salt, formed after con-
version of lactate to pyruvate and then by reduction of tetra-
zolium salt, is proportional to LDH activity in the sample.
After a 12-h exposure to 100uM EGCG, cell-free culture
supernatants were collected from each well and incubated
with the appropriate reagent mixture according to the
instructions at 37°C for 30 min. The reaction was stopped
by adding five volumes of 0.1 M NaOH, and absorbance
was then measured at 440 nm with an ELISA reader.
Control lyses were obtained by using supernatants of
untreated cells and cells treated with 0.1% Triton-X 100.
Each reading was subtracted from the reading obtained in
medium containing drugs without cells in order to avoid
any interference of the drugs with the reagents in the LDH
detection kit. Data were normalized to the activity of LDH
released from cells (100%) and expressed as percentage of
the control.

Assessment of apoptosis and morphological analysis

After exposing hippocampal neurons to 100uM EGCG
for 1, 2, 4, §, or 12 h, cell morphology and apoptosis
were studied. For primary viability assessment, cells were
loaded for 20 minutes with 10pug/ml of Hoechst 33342
and 1pg/ml of PI, respectively, and then visualized using
a fluorescence microscope (Olympus BX60). Hoechst
33342 is a blue fluorescent probe that stains the nuclei.
In apoptotic cells, chromatin condensation occurs, and
apoptotic cells can thus be identified as those with con-
densed and more intensively stained chromatin. Sample
fields with approximately 100 cells were randomly
selected and evaluated per sample and those cells were
scored as either “intact” (normal appearance of dark-blue
Hoechst 33342-stained nucleus as well as absence of a red
PI staining); “apoptotic” (distinctive condensed and
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intensively blue-stained nuclei but without Pl-staining);
and/or “PI positive” (red Pl-staining; late apoptotic cells).
The number of intact, apoptotic, and/or PI positive cells was
expressed as a percentage of the total number of nuclei
counted (cells in five to ten random fields/culture were
scored, and counts were made in at least four separate
cultures per treatment condition).

Data analysis

The DCF and JC-1 red/green fluorescence ratio was
normalized to the control ratio. Data were analyzed with
Origin 7.5 (Origin Lab, MA, USA). All values are given as
the mean+SEM. One-way ANOVA was performed to
determine whether there were significant differences fol-
lowed by Bonferroni test as post hoc analysis; p<0.05
indicated a significant difference.

Results

EGCG induced elevation of intracellular calcium levels
via internal calcium release as well as extracellular
calcium influx

To examine whether the [Ca®']; change was involved in
oxidative stress induced by EGCG, we tested the [Ca®'];
using the Ca*-sensitive fluorescent indicator Fluo-3. From
the results, we found that 100pM EGCG induced large
elevations of [Ca®"]; in cultures of hippocampal neurons
as the Fluo-3 fluorescence ratio increased from basal to
153£10% (n=20) and reach a plateau during the next
10 min (Fig. 1G). Moreover, EGCG increased [Ca*']; in
a concentration-dependent manner from 10 to 200uM
(Fig. 1A—F) while it did not induce elevation of [Ca®']; at
very low concentration (1 uM; Fig. 1H).

Since the EGCG-induced rise of cytosolic free Ca** could
be due to extracellular calcium influx or internal calcium
release, we next used the calcium-free external solutions and
2uM thapsigargin pre-incubated external solutions to inves-
tigate the putative mechanism underlying the rise in cyto-
plasmic calcium observed after EGCG exposure (Fig. 2A-F).
Figure 2G showed that 100uM EGCG application could
elevate the Fluo-3 fluorescence ratio from basal to 139+4.6%
in the calcium-free group (p<0.01 vs. control, n=20), while
Fig. 2H showed that 100uM EGCG application could also
induce a significant but smaller elevation on the Fluo-3
fluorescence ratio from basal to 122+9.1% in the thapsi-
gargin group (p<0.01 vs. control, n=20). When calcium-
free solutions were pre-incubated with 2uM thapsigargin,
acute application of 100uM EGCG failed to elevate the
Fluo-3 fluorescence ratio (p>0.05 vs. control, n=20; Fig. 2I).
These data indicated that EGCG affected calcium release

process both from extracellular calcium influx and internal
calcium release. The extents of elevation of intracellular
calcium levels induced by acute application of 100uM
EGCG in standard external solutions, calcium-free external
solutions, thapsigargin-pre-incubated external solutions, and
thapsigargin-pre-incubated calcium-free external solutions
were expressed in Fig. 2J.

EGCG induced ROS accumulation in hippocampal neurons

Increased intracellular levels of calcium have been markedly
associated with formation of ROS and increasing intracel-
lular ROS may lead to stress and resultant induction of
apoptosis (Nicotera et al. 1994). As EGCG induced large
elevation of [Ca®'];, we next addressed the question of
ROS involvement in cultures of hippocampal neurons
during EGCG exposure. With this purpose, the cultures of
hippocampal neurons were incubated with the membrane
permeable probe DCFH-DA. Inside the cells, the oxidation
of DCFH to fluorescent DCF resulted in high cellular
fluorescence intensities (Fig. 3A).

ROS concentrations significantly increased in the hippo-
campal neurons in a time- and dose-dependent manner of
EGCG treatment (Fig. 3B). ROS concentrations increased
with time and reached the highest level after 12 hours with
exposure to 10 (146+6% of control), 50 (247+£15% of
control), and 100uM EGCG (427+17% of control) from
100+£5% of control at the beginning of the trial. The
maximal response of ROS concentrations was observed at
the highest dose of EGCG tested (100uM). Meanwhile,
there was no significant increase of intracellular ROS in
control cells within 12 h. These data indicated that EGCG
could induce the increase of intracellular ROS significantly
within a short time and the increase of intracellular ROS
would maintain high levels for at least 12 h. The elevation
of ROS may initiate the intracellular response.

Inhibitory effect of BAPTA-AM, EGTA, and vitamin E
on EGCG-induced increase in intracellular ROS production

To further demonstrate the cause-and-effect relationship
between elevated [Ca®']; levels and EGCG-induced ROS
production, we investigated the effects of the extracellular
trapping compound EGTA and the intracellular calcium
trapping drug BAPTA-AM on ROS production induced by
EGCG. Hippocampal neurons were pretreated with 5puM
BAPTA-AM or 5 mM EGTA for 1 h and then treated with
or without 10, 50, or 100 uM EGCG for 12 h. As shown in
Fig. 3C, both BAPTA-AM and EGTA pretreatment signif-
icantly inhibited EGCG-induced ROS production in all
EGCG-treated groups (p<0.01).

We next pre-incubated the hippocampal neurons with
20 uM vitamin E for 1 h and then treated with or without 10,
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Fig. 1 EGCG induced increases of intracellular calcium levels in
hippocampal neurons. Hippocampal cultures were exposed to different
concentrations of EGCG and levels of [Ca2+]i in neurons were
quantified by fluorescence ratio imaging of the dye Fluo-3. Cells were
exposed to 4 control, B 1uM EGCG, C 10uM EGCG, D 50uM
EGCG, E 100uM EGCG, or F 200uM EGCG. In each experiment,
the images were obtained under calcium fluorescence before EGCG
exposure (row 1), 10 min after under fluorescence for EGCG exposure

50, or 100 uM EGCG for 12 h. Under vitamin E pretreatment,
the EGCG-induced intracellular generation of ROS was, as
shown in Fig. 3C, markedly inhibited (p<0.01). Vitamin E
by itself had no significant effect on ROS production.
These results indicated that calcium overload is involved in
the increase of ROS production induced by EGCG exposure.

EGCG induced a decrease in mitochondrial membrane
potential in cultures of hippocampal neurons

As increased cytoplasmic levels of calcium and enhanced
ROS production are known to secondarily alter mitochon-
drial homeostasis, we next determined whether EGCG
modified mitochondrial membrane potential. To better
focus the research towards the effects of EGCG on hippo-
campal neurons, the subsequent studies were limited to
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SEM of calcium fluorescence ratios (AF/F,) before and after EGCG
exposure. /1 Histogram showing mean+SEM of calcium fluorescence
ratios (AF/F,) before and after EGCG exposure. **p<0.01 compared
to corresponding value in control cultures. One-way ANOVA with the
Bonferroni post hoc test was used for statistical analysis. All the
images are representative of at least three independent experiments
with similar results. Scale bar in confocal micrographs, 10 um

100uM as the exposure concentration, which was also a
concentration used widely in other studies (Park et al. 2006;
Hwang et al. 2007).

Loss of mitochondrial membrane potential (Ay,,) is a
sensitive indicator of mitochondrial damage caused by
several toxic triggers, and therefore, we performed a time-
course assessment of Aw,, using confocal microscope and a
specific and sensitive fluorescent dye, JC-1. Normal hippo-
campal neurons stained with JC-1 emitted mitochondrial
orange-red fluorescence with little green fluorescence
(Fig. 4A). Moreover, the mitochondrial fluorescence was
shifted to the green by exposure to EGCG, which depolar-
ized the mitochondrial membrane, and this shift happened
after 4 h of exposure to EGCG (Fig. 4B). These findings
provided potent evidence that a decrease in Ay, is involved
in EGCG-induced cytotoxicity in hippocampal neurons.
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Fig. 2 Hippocampal neurons were loaded with Fluo-3 and calcium
levels were expressed as Fluo-3 fluorescence ratios. In each
experiment, the images (4 (control) and B (calcium-free); C (control)
and D (thapsigargin); £ (control) and F' (calcium-free and thapsigar-
gin)) were obtained before EGCG exposure (row /) and 10 min after
100 uM EGCG exposure (row 2). G Traces showed the mean+SEM of
calcium fluorescence ratios (AF/Fy) before and after 100puM EGCG
exposure in normal and calcium-free extracellular fluid. Incubating
hippocampal neurons in calcium-free extracellular fluid exposed to
100uM EGCG caused a decrease in cytoplasmic calcium level but
still remained at a level of 139+4.6% of basal. It means that
extracellular Ca®" removal does not prevent EGCG-induced increase

100 uM Control

100 uM

—a— Control+Tg
70 4—*— 100 M EGCG+Tg

60
50
40
30+

20+

Ratio AF/Fo (in %)

10

Time (min)
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8

of intracellular calcium concentrations. B Traces showed the mean+
SEM of calcium fluorescence ratios (AF/F,) before and after 100 uM
EGCG exposure in extracellular fluid exposed to thapsigargin. /
Thapsigargin exposure of cells in calcium-free extracellular fluid did
not induce a rise in cytoplasmic calcium activity indicating that ER
calcium stores were depleted. J Histogram showing mean+SEM of
calcium fluorescence ratios (AF/Fy) before and after 100uM EGCG
exposure in various conditions. **p<0.01 vs. control group; ##p<
0.01 vs. 100uM EGCG-exposed group; one-way ANOVA with the
Bonferroni post hoc test was used for statistical analysis. All the
images are representative of at least three independent experiments
with similar results. Scale bar in confocal micrographs, 10 um
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Fig. 3 A Representative photographs showing the effect of 100 uM
EGCG-induced ROS production in hippocampal neurons after 1, 2, 4,
8, or 12 h. B Effect of EGCG exposure on the ROS production in
cultures of hippocampal neurons at different concentrations. Hippo-
campal neurons were treated with 0 (control), 10, 50, or 100 uM
EGCG for 1, 2, 4, 8, or 12 h, followed by incubation with 10puM
DCFH-DA for 15 min. Fluorescence was measured at excitation and
emission wavelengths of 495 and 535 nm for DCF fluorescence. The
results were quantitatively analyzed for changes in fluorescence
intensities within cells using the Zeiss LSM software and expressed
as percent units of DCF fluorescence of the control. C Protective

Inhibitory effect of BAPTA-AM, EGTA, and vitamin E
on EGCG-induced loss of Ay,

To verify the role of [Ca®]; as a key second messenger,
hippocampal neurons were pre-loaded with 5pM BAPTA-
AM and 5 mM EGTA for 1 h. The results presented in
Fig. 4C demonstrate that BAPTA-AM and EGTA pretreat-
ment suppressed EGCG-induced mitochondrial impairment.
BAPTA-AM and EGTA were able to prevent decrease in
Ay, induced by EGCG, indicating the importance of
normal Ca”" signaling on mitochondrial function.

In order to study the relationship between EGCG-
induced ROS generation and loss of Ay, the effect of
vitamin E on EGCG-induced loss of Aw,, was tested.
Figure 4C showed that the decrease in the red/green
fluorescent intensity ratio of JC-1 significantly increased
in the presence of 20uM vitamin E as assessed at 4 h in
cultures treated with 100um EGCG (p<0.01).
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effects of 20uM vitamin E, 5uM BAPTA-AM, and 5 mM EGTA on
10, 50, or 100pM EGCG-induced ROS production. In each
experimental condition, the DCF fluorescence was calculated in 30
randomly selected cells. Data are expressed as the mean+SEM of
triplicate determinations of four distinct experiments. *p<0.05, **p<

«,

0.01 vs. control group. “a” p<0.01 vs. 10uM EGCG-treated group,
“b” p<0.01 vs. 50uM EGCG-treated group, and “c” p<0.01 vs.
100 uM EGCG-treated group. One-way ANOVA with the Bonferroni
post hoc test was used for statistical analysis. Scale bar in graphs,
20 pm

Effect of EGCG on the expression
of anti- and pro-apoptotic proteins

As we know, the Bcl-2 family of proteins plays a crucial
role in the regulation of apoptosis in the nervous
system (Akhtar et al. 2004), we next examined whether
or not EGCG has any effect on the expression of pro-
apoptotic protein Bax as well as anti-apoptotic protein,
Bcl-2, in hippocampal neuron cultures. Using western
blot analysis (Fig. 5a), we found that in hippocampal
neurons, the level of Bax protein expression increased
significantly (Fig. 5b) after EGCG exposure in com-
parison to the control cultures, while the level of Bcl-2
decreased upon EGCG treatment (Fig. 5c) thereby
resulting in a decrease in Bcl-2/Bax ratio (Fig. 5d). These
results suggested that EGCG treatment disrupted the
balance between positive and negative regulators of
apoptosis.
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Fig. 4 A Representative photographs of 100pM EGCG-induced
mitochondrial membrane depolarization in hippocampal neurons after
1, 2, 4, 8, or 12 h (from left to right are control, 100uM EGCG
exposed for 1, 2, 4, 8, or 12 h, respectively). Cultures were treated
with 100uM EGCG after various time intervals stained with 10 pg/ml
JC-1, a Ay, sensitive dye, for 20 min. Note that at high membrane
potential, JC-1 forms red fluorescent “J-aggregates”, while at lower
membrane potential this dye emits a green fluorescence. B Quantita-
tive analysis of red/green fluorescent intensity ratio in the indicated
experimental conditions. C Protective effect of 20 uM vitamin E, 5 uM

EGCG induced caspase-9 and caspase-3 activation
with no LDH release

Caspases, a group of cysteine proteases, have been demon-
strated to play a pivotal role in the induction of apoptosis. To
further determine whether the apoptosis induced by EGCG in
cultures of hippocampal neurons is mediated by the caspase
route and whether this pathway is via mitochondrial alterations,
the caspase-9 and caspase-3 activities were checked. After a
12-h exposure, 100pM EGCG induced caspase-9 activation
(115+1.8% of control value) as well as caspase-3 activation
(121+2.3% of control value; Fig. 6A). On the other hand, no
significant elevation in the level of LDH release was observed
within the same duration (p>0.05 vs. control) (Fig. 6B), sug-
gesting that 100uM EGCG induced cultures of hippocampal
neurons death mainly via apoptosis rather than necrosis.

i — b B 4 2h 4 h . 12h

Cc

100 1

80 1 x

60 -

40 A

20 1

Normalized fluorescence ratio (% of control)
-

Control EGCG TA-AM

Time (4 h)

BAPTA-AM, and 5 mM EGTA against mitochondrial membrane
depolarization induced by 100uM EGCG. In each experimental
condition, the ratio of red/green fluorescent signal was calculated in
40 randomly selected cells by measuring the average intensities of the
emitted fluorescence using the software available with the Zeiss
confocal microscope. **p<0.01, vs. control group and “a” p<0.01 vs.
100 uM EGCG-treated group. One-way ANOVA with the Bonferroni
post hoc test was used for statistical analysis. Scale bar in confocal
micrographs, 20 um

Characterization of EGCG-induced cell death
in hippocampal neurons

The morphological changes of apoptotic hippocampal
neurons induced by EGCG were observed by DNA binding
fluorochrome Hoechst 33342 staining. As shown in Fig. 7a,
after hippocampal neurons were exposed to 100uM EGCG
for 1, 2,4, 8, or 12 h, the cells obviously exhibited apoptotic
nuclear condensation. After incubation with 100 uM EGCG,
the number of apoptotic neurons significantly increased to
20.1+1.4% with 7.2+0.7% of late apoptosis (Hoechst
positive/PI positive) at 2 h, and increased further to 39.6+
1.6% with 17.8+£2.9% of late apoptosis at 12 h (Fig. 7b). The
apoptotic cells (“Hoechst positive”) accounted for less than
7% of total cells while hippocampal neurons were cultured
alone for 12 h.
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Fig. 5 Effect of EGCG upon the expression of Bcl-2 and Bax in the
hippocampal neurons. Cell lysates of hippocampal neurons from
control and 100 uM EGCG-treated for 4 and 12 h were subjected to
Western blot analysis using anti-Bax, anti-Bcl-2, and anti-f3-actin
antibodies and visualized with chemiluminescence. A representative
autoradiograph is shown (a). The bar diagram shows the densitomet-
ric analyses of the immunoblots of Bax (b) and Bcl-2 proteins (c).
Each point on the bar diagram represents the mean density of the

Inhibitory effect of BAPTA-AM, EGTA, and vitamin E
on EGCG-induced cell death

To determine the role of calcium and oxidative stress in the
regulation of EGCG-induced cell death, hippocampal
neurons were incubated with 100 uM EGCG in the absence
or presence of BAPTA, EGTA, or vitamin E. Figure 7c
evaluated that BAPTA-AM, EGTA, and vitamin E signif-
icantly attenuated the increase in hippocampal neurons with
morphological alterations of nuclei by approximately
36.9%, 40.6%, and 42.8%, respectively. Single treatment
with neither EGTA, BAPTA-AM, nor vitamin E altered the
number of hippocampal neurons with apoptotic nuclei at
12 h (less than 5% of total neurons).

Discussion
Results presented here suggest that EGCG induced calcium

overload in a concentration-dependent way in cultures of
hippocampal neurons, the elevation intracellular [Ca*'];

@ Springer

apoptotic proteins compared to the control (3-actin). Note the increase
in the levels of the Bax (b) and concomitant decrease in the levels of
Bcel-2 (¢) following EGCG exposure. d The Bcl-2 to Bax ratio
determined by densitometer was plotted. Data are expressed as the
mean+=SEM, *p<0.05 vs. control group; **p<0.01 vs. control group.
One-way ANOVA with the Bonferroni post hoc test was used for
statistical analysis

from both internal calcium stores of the endoplasmic
reticulum (ER) and extracellular calcium influx leading to
the deregulation of [Ca®']; homeostasis. EGCG exposure
also caused an increase in ROS production and the collapse
of mitochondrial membrane potential with concomitant
alterations in the ratio of Bcl-2/Bax expression in a time-
dependent manner. These results showed that EGCG may
induce cell death in the primary hippocampal cultures. Cell
death was also characterized by typical phosphatidylserine
externalization (data not shown) and chromatin condensa-
tion. Based on these results, we supposed that the complex
relationship between the elevation of [Ca*']; and mitochon-
drial function formed a foundation which leads to EGCG-
induced hippocampal neuron death (Fig. 8). The neuron
death relies on a balance between mitochondrial function
and [Ca®"]; homeostasis, and calcium overload induces an
imbalance in mitochondrial homeostasis, leading to mito-
chondrial dysfunction, which eventually triggers neuronal
death.

EGCG has been demonstrated to penetrate the plasma
membrane readily by passive diffusion (Sugisawa and
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Fig. 6 A Caspase-9 and caspase-3 activities are increased after
100uM EGCG exposure for 12 h compared with control. Caspase-9
and caspase-3 activation in cultures of hippocampal neurons was
measured using the chromogenic substrate Ac-LEHD-pNA and Ac-
DEVD-pNA. Each value was expressed as the ratio of caspase-9 or
caspase-3 activation level to control level, and the value of control was
set to 100%. B Percentage of cell death from necrosis as reflected by
the amount of LDH release is not significantly increased up to 12 h
after 100uM EGCG exposure compared with control (»p>0.05). Data
are mean+SEM from at least six to nine wells from three independent
experiments. **p<0.01 compared to corresponding value in control
cultures. One-way ANOVA with the Bonferroni post hoc test was used
for statistical analysis

Umegaki 2002). Upon a 12-h exposure to EGCG, the
hippocampal neurons developed cytoplasmic vacuoles that
occasionally increased to balloon-like dimensions. Similar
aberrations were reported in cells exposed to agents
generating ROS (Babich et al. 1996). The involvement of
cytoplasmic vacuoles in oxidative stress has received some
attention (Zhang and Brunk 1993), particularly, as the
Fenton reaction may occur within lysosomes.

An initial elevation in [Ca®"]; is thought to be causative for
subsequent cytotoxic processes, including ROS formation,

mitochondrial injury, and ultimately cell death (Norenberg
and Rao 2007). When mitochondria are exposed to high
Ca*" levels, Ca®" uptake may interfere with mitochondrial
function, leading to the activation of mitochondria perme-
ability transition (mPT) and cell death pathways. For
example, mitochondrial Ca®>" accumulation can lead to
ROS formation, mitochondrial membrane depolarization,
mPT activation, and a secondary increase in Ca®" levels
(Carriedo et al. 2000). As shown herein and by others,
EGCG can act as a pro-oxidant (Raza and John 2005). Upon
cell entry, EGCG generates ROS, which coincided with loss
in Ay, The production of ROS is expected to induce
adverse effects on many aspects of neuronal cell function. In
particular, local damage impairs mitochondrial energy
production, enhancing depletion of cellular energy stores
and leading to the impairment of a myriad of homeostatic or
protective mechanisms (Dugan et al. 1995). In addition,
ROS production depletes cellular antioxidant defenses,
leading to a more global enhancement of oxidative stress
and free radical-mediated injury throughout the cell. It seems
reasonable, therefore, that ROS production induced by
EGCG is an event associated with calcium overload and
subsequent mitochondrial dysfunction, which eventually is a
critical event dictating the fate of neurons.

Oxidative stress has been implicated in mediating apopto-
sis induced by various toxicants (Yokoyama et al. 2007). Our
results are, thus, in line with these observations. Oxidative
stress may be involved in mediating apoptosis at early and/
or late stages through different possible mechanisms (Fleury
et al. 2002). In EGCG-exposed hippocampal neurons,
increased ROS were observed 1 h post-exposure. This and
the fact that the observed percentage of ROS positive was
proportional to the EGCG exposure concentration and equal
to the percentage of cells undergoing EGCG-induced
apoptosis suggest that the EGCG-generated oxidative stress
may be primarily involved in the early phase of apoptosis.

A pivotal role for mitochondrial membrane depolariza-
tion in apoptosis is suggested by several different observa-
tions (Guo et al. 1997). Our data indicate that EGCG causes
a progressive decrease in mitochondrial transmembrane
potential, as measured using the fluorescent probe JC-1,
which occurs after 4 h of exposure to 100uM EGCG.
Calcium uptake and ROS production have been causally
linked to mitochondrial membrane depolarization in cells
undergoing apoptosis. In the present study, JC-1 fluores-
cence in EGCG-exposed hippocampal neurons clearly
showed that EGCG increases oxidative activity in the cells
and accounts for ROS generation, which leads to a decrease
in Ay, and cell death. But the mechanisms by which ROS
might increase loss in Ay, in EGCG-treated hippocampal
neurons remain, however, unclear. One hypothesis would be
that EGCG-induced ROS would have triggered mitochon-
drial membrane lipid peroxidation, leading to disruption of
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Awp,. An alternative hypothesis would be that ROS might
have altered expression of mitochondrial anti-apoptotic
proteins.

The Bcl-2 family of anti-apoptotic proteins and pro-
apoptotic proteins are important modulators in regulating
cell death (Akhtar et al. 2004). In addition, altered ratio of
pro- to anti-apoptotic Bcl-2 family proteins is significant in
determining if apoptosis occurs. In our study, Western blot
analysis revealed that compared with the control group, the
Bcl-2/Bax ratio was decreased significantly by treatment
with EGCG. Therefore, it can be speculated that the
modulation of Bcl-2/Bax expression by EGCG might be
an important factor in signal transduction mediating its
toxic effect in hippocampal neurons. Furthermore, exposure
of cultured hippocampal neurons to 100uM EGCG was
also shown to induce the elevation of caspase-3 and
caspase-9 activity with no significant accompaniment of
LDH release, thus providing further evidence that cell
apoptosis was the prevailing type of EGCG-induced cell
death in hippocampal neurons.

Findings of the pro-oxidant nature of EGCG appear to
conflict with the generally recognized concept that tea
polyphenolics, including EGCG, act as antioxidants (Saffari
and Sadrzadeh 2004; Yao et al. 2008). The apparent
contradiction in the biological activity of EGCG may
reflect differences in experimental design, specifically the
cell line. It has been suggested that the antioxidant activity
of EGCG might be due to the radical scavenging activity of
its flavin unit, whereas its pro-oxidant activity may be due
to the flavonoids unit of catechin (Sakagami et al. 2001).
However, the mechanism whereby EGCG changes from
antioxidant activity to pro-oxidant activity, and vice versa,
was uncertain.

Consumption of six or seven cups of green tea per day
(corresponding to a dose of ~30 mg EGCG/kg per day) will
result in a plasma EGCG concentration of approximately
1 ug/ml (approximately 2.2uM; Yang et al. 1998). How-
ever, higher plasma EGCG concentrations can be achieved
by taking EGCG supplements (Chow et al. 2001). It has also
been reported that two doses, 24 h apart, of 50 mg EGCG/
kg/day produced plasma EGCG levels up to 44pug/ml
(approximately 96 uM; Isbrucker et al. 2006). The concen-
tration of 100uM EGCG was also a concentration used
widely in other studies in which EGCG act as antioxidant in
cancer cells (Hwang et al. 2007). So the EGCG concen-
trations used in our study were determined by extrapolating
from these previous reports. But further studies exploring in
vitro/in vivo correlation and inter-species scaling would
provide a more accurate estimation of concentrations/doses
of EGCG and its effect in humans. Prediction of the dosage
requirement for humans still requires accessible in vitro
biological data and other absorption estimates obtained
from in vitro animal models.

In summary, our data identify key events in a biochem-
ical cascade induced by EGCG in cultures of hippocampal
neurons. The results suggest that EGCG has a pro-oxidative
effect on hippocampal neurons, and this seems to be
directly associated with intracellular calcium overload,
ROS generation, mitochondrial injury, caspase activation,
and regulation of the Bcl-2 family (Fig. 8). The occurrence
of these rate-limiting steps implicates the activation and
involvement of the mitochondrial apoptotic pathway in
mediating EGCG-induced cell death in hippocampal neu-
rons. Our findings also point to the involvement of an
oxidative stress-mediated mechanism in the execution of
EGCG-induced cell death in hippocampal neurons.
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