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Background: Preconditioning protects neuronal cells from cerebral ischemia.
Results: Green tea polyphenols (GTPP) induce activation of laminin receptor and subsequent oxidative activation and mem-
brane/mitochondrial translocation of protein kinase C� (PKC�).
Conclusion: GTPP-induced PKC� activation may precondition against cell death induced by oxygen-glucose
deprivation/reoxygenation.
Significance: Preconditioning mechanisms may be beneficial for the effective use of green tea in preventing ischemic stroke.

As the development of synthetic drugs for the prevention of
stroke has proven challenging, utilization of natural products
capable of preconditioning neuronal cells against ischemia-in-
duced cell death would be a highly useful complementary
approach. In this studyusing anoxygen-glucose deprivation and
reoxygenation (OGD/R) model in PC12 cells, we show that
2-day pretreatment with green tea polyphenols (GTPP) and
their active ingredient, epigallocatechin-3-gallate (EGCG), pro-
tects cells from subsequent OGD/R-induced cell death. A syn-
ergistic interaction was observed between GTPP constituents,
with unfractionated GTPP more potently preconditioning cells
than EGCG. GTPP-induced preconditioning required the
67-kDa laminin receptor (67LR), to which EGCG binds with
high affinity. 67LR alsomediated the generation of reactive oxy-
gen species (ROS) via activation of NADPH oxidase. An exoge-
nous ROS-generating system bypassed 67LR to induce precon-
ditioning, suggesting that sublethal levels of ROS are indeed an
important mediator in GTPP-induced preconditioning. This
role for ROSwas further supported by the fact that antioxidants
blocked GTPP-induced preconditioning. Additionally, ROS
induced an activation and translocation of protein kinase C
(PKC), particularly PKC� from the cytosol to the membrane/
mitochondria, whichwas also blocked by antioxidants. The cru-
cial role of PKC in GTPP-induced preconditioning was sup-
ported by use of its specific inhibitors. Preconditioning was
increased by conditional overexpression of PKC� and decreased
by its knock-out with siRNA. Collectively, these results suggest
that GTPP stimulates 67LR and thereby induces NADPH oxi-
dase-dependent generation of ROS, which in turn induces acti-
vation of PKC, particularly prosurvival isoenzymePKC�, result-
ing in preconditioning against cell death induced by OGD/R.

A major form of stroke is cerebral ischemia in which a focal
loss of blood due to arterial blockage deprives the brain of oxy-
gen and glucose and causes neuronal injury (1). Currently, there
are no clinically proven synthetic neuroprotective drugs for the
prevention and treatment of ischemic stroke. An alternative
and complementary approach to the development of synthetic
drugs for these purposes is to evaluate the efficacy of less expen-
sive natural compounds and to elucidate their mechanism of
action to optimize any therapeutic effects. A natural product
with potential neuroprotective properties is green tea (Camel-
lia sinensis), one of the most popular and widely consumed
beverages in the world.
Epidemiological and experimental data support the health

benefits of green tea in neoplastic, cardiovascular, and neuro-
logical diseases (2–6).Meta analysis suggests that consumption
of green tea equaling three cups per day could prevent the onset
of ischemic stroke (7). When administered during or after
ischemic brain injury, unfractionated green tea polyphenols
(GTPP)2 and pure (�)-epigallocatechin-3-gallate (EGCG), the
major bioactive polyphenol present in GTPP, have been shown
to decrease the extent of neuronal injury in experimental mod-
els of stroke in animals (8–13). Furthermore, a 3-week pread-
ministration of GTPP protected rats from stroke-induced neu-
ronal damage (10). A dietary blend of natural compounds
containing green tea decreased the incidence of stroke in rats
(14). Because GTPP inhibits thrombosis (15), it is not clear
whether this GTPP-induced protective effect is due to its direct
action on neuronal cells or to its inhibition of platelet
aggregation.
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A brief period of cerebral ischemia may limit damage from a
subsequent severe ischemic insult, a phenomenon commonly
referred to as preconditioning or ischemic tolerance (16). Cer-
tain agents such as estrogen, erythropoietin, erythromycin,
minocycline, and anesthetics have been shown to be effective in
protection against neuronal damage from cerebral ischemia via
induction of ischemic tolerance (17, 18). This phenomenon is
described as “pharmacological” preconditioning (19). Whether
GTPP directly preconditions neuronal cells against ischemic
insults is still unknown.
A typical cup of green tea contains�150mg of water-soluble

GTPP, commonly known as catechins. These include the gal-
loylated polyphenols EGCG and (�)-epicatechin-3-gallate
(ECG) as well as the nongalloylated polyphenols (�)-epigallo-
catechin (EGC) and (�)-epicatechin (EC).Our previous studies
have shown that the other polyphenols present in GTPP syner-
gistically act with EGCG to potentiate nerve growth factor-
induced neuritogenesis (20). Synergistic interactions have also
been reported in some other actions of GTPP (21). Whether
synergistic interactions between the polyphenols in GTPP play
a key role in all of its cellular actions is unknown.
EGCG has been shown to exert neuroprotective and neuro-

rescue activities (6). It induces various cellular actions by func-
tioning as an antioxidant, a prooxidant, and an iron chelator (6,
22, 23). Previous studies have demonstrated high affinity bind-
ing of EGCG to certain cellular proteins including vimentin
(24). EGCG also binds with high affinity to the 67-kDa laminin
receptor (67LR), a cell-surface nonintegrin-type receptor that
also serves as the receptor for some viruses, bacteria, and prion
proteins (25, 26). 67LR has been shown to mediate certain cel-
lular actions of EGCG; however, the downstream cell signaling
mechanisms, especially those which may confer neuroprotec-
tion, are not known.
One of the key enzymes involved in cell signaling and neuro-

protection is protein kinase C (PKC). The PKC isoenzymes are
divided into three categories based upon the cofactors that are
required for optimal catalytic activity (27–30). Conventional
PKCs (�, �, and �) are calcium-dependent and are stimulated
by the second-messenger diacylglycerol. Novel PKCs (�, �, �,
and �) are calcium-independent but are also activated by dia-
cylglycerol. Atypical PKCs (� and 	/
) require neither calcium
nor diacylglycerol for optimal activity. Isoforms play specific
roles in various cellular processes (31, 32). PKC-binding pro-
teins direct these isoenzymes to various subcellular compart-
ments (33, 34). PKC isoenzymes play an important role in cer-
ebral ischemic and reperfusion injury (35, 36). Mochly-Rosen
andBright (35) demonstrated that in ischemic preconditioning,
PKC� is activated and translocated to the mitochondria. Fur-
thermore, treatment with a PKC�-selective inhibitor reverses
the protective effects of ischemic preconditioning (37). Mean-
while, others have shown activation of PKC� in cells treated
with EGCG (38). It is not known whether the EGCG- and
GTPP-mediated activation of PKC isoenzymes gives these
agents the ability to directly precondition neuronal cells against
ischemic injury.
PKC is a bidirectionally regulated, highly sensitive target for

reactive oxygen species (ROS) (39–42). Depending on the type
of ROS, the site of oxidation, and the extent of modification,

PKC can be either activated or inactivated by oxidation (39–
42). It is not knownwhether oxidative activation of PKC occurs
in preconditioning where sublethal amounts of ROS are gener-
ated (43) as well as whether such levels of ROS are generated by
treatment with low concentrations of GTPP.
To understand the mechanisms of neuronal cell death after

ischemic insult and to identify potential protective agents, an in
vitro cell culture model using rat pheochromocytoma PC12
cells was previously developed to mimic ischemia/reperfusion-
induced cell death (44). This model uses combined oxygen glu-
cose deprivation followed by reoxygenation (OGD/R). Cer-
tainly, in vivomodels of stroke such as a middle cerebral artery
occlusion are necessary to understand the importance of redox
stress and interactions between neuronal cells, astroglial cells,
and inflammatory cells as well as alterations in gap junctional
communications and blood-brain barrier (45–49). Neverthe-
less, in vitro mechanistic studies without the potential con-
founds introduced by complex cellular interactionsmay bewell
suited to elucidate the neuroprotective mechanisms of poten-
tial therapeutic agents acting directly on the neuronal cells.
This in vitroOGD/Rmodelwas extensively employed to under-
stand the importance of modulation of cell death pathways in
neuroprotection (50, 51).
In this study, by using the OGD/R model in PC12 cells, we

show that GTPP constituents, through their synergistic inter-
action, elicit intracellular signaling involving 67LR to which
EGCG binds with high affinity, and induce ROS generation via
NADPH oxidase. Additionally, we show that the GTPP-gener-
ated ROS induces activation and membrane/mitochondrial
translocation of PKC, particularly the prosurvival isoenzyme
PKC�, which confers preconditioning against cell death
induced by OGD/R.

EXPERIMENTAL PROCEDURES

Materials—Purified GTPP constituents (EGCG, ECG, EGC,
and EC), catalase-polyethylene glycol (PEG), xanthine, xan-
thine oxidase, copper-zinc superoxide dismutase, catalase,
aprotinin, leupeptin, pepstatin A, and N-acetyl-L-cysteine
(L-NAC) were from Sigma. N-Acetyl-D-cysteine (D-NAC) was
fromResearchOrganics. Decaffeinated extract of GTPP, which
was standardized to contain 97% polyphenols and nearly 70%
catechins, was obtained from Pharmanex. The typical prepara-
tion contained the following polyphenols expressed as percent-
age of original weight of GTPP preparation: EGCG (36%), ECG
(15%), EC (7%), and EGC (3%) (21). A similar composition was
also reported with another batch of GTPP (52), suggesting a
high degree of consistency in the composition of this GTPP
preparation. Anti-67LR (MLuC5) mouse monoclonal antibod-
ies, anti-PKC� rabbit polyclonal antibodies, anti-PKC� rabbit
polyclonal antibodies, anti-PKC� mouse monoclonal antibod-
ies, mouse IgM, and protein-A/G Plus-agarose were obtained
from Santa Cruz Biotechnology. Anti-PKC� mouse monoclo-
nal antibodies were fromMillipore. Cyto-Toxo-One Homoge-
neous Membrane Integrity assay kit was from Promega. 2�,7�-
Dichlorofluorescin diacetate (DCFDA) was obtained from
Molecular Probes. Diphenyleneiodonium and VAS2870 were
obtained from Calbiochem. PKC-specific substrate peptide
corresponding to a neurogranin amino acid sequence (residues
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28–43) was synthesized at the core facility of Norris Compre-
hensive Cancer Center.
Cell Culture and Treatment—PC12 cells, originally obtained

from Dr. Christine Pike (University of Southern California),
were grown in RPMI medium supplemented with 10% heat-
inactivated horse serum, 5% fetal calf serum, 50 units/ml peni-
cillin, and 0.05mg/ml streptomycin. Poly-L-lysine-coated flasks
or Petri dishes were used for cell culture. GTPP and constituent
polyphenols were dissolved in dimethyl sulfoxide, and the ali-
quots of samples were diluted with Hanks’ balanced salt solu-
tion.When agentswere dissolved in organic solvents, appropri-
ate solvent controls were used.
OGD/R—This was carried out with a modification of a pre-

viously published procedure (44). Briefly, PC12 cells were
washed oncewith glucose-freeDMEMpreviously bubbledwith
a mixture of 95% nitrogen and 5% CO2. Cells were kept in this
deoxygenated glucose-free medium. The plates were then
placed in a modular incubation chamber (Billups-Rothenberg)
and flushed with 95% nitrogen, 5% CO2 for 4 min at a flow rate
of 10 liters permin. The chamberwas then sealed and kept in an
incubator for 3 h at 37 °C. Oxygen-glucose deprivation (OGD)
was terminated by adding glucose to a final concentration of 4.5
mg/ml followed by incubation in a normoxic incubator for 18 to
20 h (reoxygenation). Control cells were washed with glucose-
containing DMEM and incubated in the normoxic incubator
for 24 h.
Measurement of Reactive Oxygen Species—This was carried

out with a modification of a previously published procedure
(53). PC12 cells were grown to confluency in polylysine-coated
96-well plates. The cells were then washed with Krebs-Ringer
HEPES buffer and incubated with 10 �M DCFDA for 30 min at
37 °C. Then the cells were washed three times with Krebs-
Ringer HEPES buffer to remove excess probe. Test compounds
were added in Krebs-Ringer HEPES buffer, and fluorescent
intensity was determined using SpectraMax M2e fluorescence
microplate reader (Molecular Devices) with excitation at 488
nm and emission at 525 nm.
PKC Assay—GTPP- or EGCG-treated PC12 cells were

homogenized, and cytosol and membrane fractions were pre-
pared as described previously (39). Unless otherwise indicated,
mercapto compounds were omitted from all of the buffers used
for cell homogenization and chromatographic isolation of PKC.
The cell extracts were subjected toDEAE-cellulose chromatog-
raphy as described previously (39). The assay of PKC was car-
ried out in 96-well plates with fitted filtration discs (54).
In some cases PKC activity was determined using neurogra-

nin peptide, which is a potent and specific substrate for various
PKC isoenzymes and useful for assaying PKC in samples con-
taining other protein kinases (55). Enzymatic reactions were
carried out in regular 96-well plates (no filtration discs) with
neurogranin peptide (5 �M) instead of histone H1 (54). The
reaction was arrested with 10 �l of 1 M phosphoric acid, the
samples were spotted onto P81 phosphocellulose paper strips
(Whatman), and the paper strips were washed with 75 mM

phosphoric acid. The radioactivity associated with the washed
paper was then counted. PKC activity was expressed in units,
where 1 unit of enzyme transfers 1 nmol of phosphate to his-
tone H1 or neurogranin per min at 30 °C.

Immune Complex Kinase Assay of PKC�—Cell extracts were
prepared in the presence of detergent (1% Igepal CA-630) as
described previously (39). The extract (1ml) was incubated in a
microcentrifuge tube with 1 �g of anti-PKC� rabbit polyclonal
antibodies or anti-PKC� mouse monoclonal antibodies for 1 h
at 4 °C, and then 30 �l of suspension of protein A/G Plus-aga-
rose beads were added, and themixture was incubated for addi-
tional 2 h with agitation. Then beads were collected by centrif-
ugation at 2000 � g for 5 min at 4 °C. The beads were washed
twice with buffer (20 mM Tris-HCl, pH 7.4, 1 mM EDTA, 0.15
NaCl, 1% Igepal CA-630) and then additionally washed twice
with the same buffer without detergent. The pellet was resus-
pended in 125�l of 20mMTris-HCl, pH 7.4, 1mM EDTA, 0.1 M

NaCl, leupeptin (1 �g/ml), pepstatin A (100 nM), microcys-
tin-LR (20 nM), and the PKC� activity present in this fraction
was determined using neurogranin peptide as a substrate.
Western Immunoblotting for PKC Isoenzymes—Cell extracts

were prepared and subjected to SDS-polyacrylamide gel elec-
trophoresis as described previously (56). Electrophoretically
separated proteinswere transferred to a polyvinylidene fluoride
membrane. Themembraneswere blockedwith 5%drymilk and
subsequently incubated with PKC isoenzyme-specific primary
antibodies followed by goat anti-rabbit secondary antibodies
conjugated with horseradish peroxidase. The immunoreactive
bands were visualized by the SuperSignal West Femto Maxi-
mum Sensitivity Substrate kit (Pierce). These bands were ana-
lyzed by densitometric scanning using theOmega 12 ICMolec-
ular Imaging System and UltraQuant software.
Stable Transfection of PKC�—We used previously generated

PC12 cells stably transfected with either a metallothionein-
driven PKC� expression vector (to overexpress PKC�) or an
empty vector (as a control) (56).Western blot analysis was used
to determine the extent of expression of PKC� in these trans-
fectants. Cadmium chloride was used for the optimal expres-
sion of PKC� in these transfectants.
Transient Transfection of PC12 Cells with PKC� siRNA—

Cells were plated in a six-well plate. After 24 h, 50 nM PKC�
siRNA oligonucleotides (three predesigned Silencer oligonu-
cleotides from Ambion) were transfected into PC12 cells with
Lipofectamine 2000 according to the manufacturer’s instruc-
tions. As a negative control, we used Silencer siRNA negative
control that did not exhibit homology to any encoding region.
The efficiency of transfection and knock-out of PKC� was
determined by Western immunoblotting.
Isolation of Mitochondria—Mitochondria were isolated by

differential centrifugation as described previously (57). Briefly,
PC12 cells were collected by centrifugation at 600 � g for 10
min at 4 °C. The cell pellet was homogenized in 10 mM Tris-
HCl, pH7.4, 250mMsucrose, 1mMEDTA, 0.5mMphenylmeth-
ylsulfonyl fluoride, 10�g/ml leupeptin, and 10�g/ml aprotinin.
The homogenate was centrifuged at 600 � g for 10 min at 4 °C
to remove nuclei and debris. The supernatant was further cen-
trifuged at 9000 � g for 15 min at 4 °C, and the resulting mito-
chondrial pellet was subjected to SDS-PAGE and immuno-
blotted for PKC�.
LactateDehydrogenase (LDH)Assay—PC12 cells were grown

in 96-well plates. Cellular release of LDHwas determined using
the CytoToxo-ONE Homogeneous Membrane Integrity assay
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kit according to the manufacturer’s instructions. Cells were
lysed to obtain maximum LDH release values (full-kill num-
bers). The percent of cell death (% of LDH release) was calcu-
lated by dividing the experimental time point by the full-kill
values � 100.
Caspase-3Assay—Enzyme activitywas determinedusing tet-

rapeptide substrate (N-acetyl-Asp-Glu-Val-Asp-7-amino-4-
methylcoumarin) with an assay kit obtained from BIOMOL.
Cells were seeded in 100-mm Petri dishes and allowed to grow
for 24 h. The cells were treated with GTPP and subjected to

OGD/R. Then the treated cells were homogenized, and
caspase-3 activity was determined fluorimetrically according to
the manufacturer’s instructions.
Apoptosis Assay—Cells were grown on polylysine-coated

chamber slides, treated with GTPP, subjected to ODG/R, and
then fixed with 4% paraformaldehyde in phosphate-buffered
saline (PBS) for 20 min at room temperature. After rinsing
them with PBS, cells were stained with DAPI (10 �g/ml) for 5
min. The morphology of the nuclei was observed using a fluo-
rescence microscope (Nikon Eclipse TE300) at an excitation

FIGURE 1. Preconditioning with GTPP and EGCG prevents cell death and apoptosis-related parameters induced by OGD/R-synergistic interaction
among polyphenols present in GTPP. A, shown is a dose-response curve of GTPP-induced preconditioning on OGD/R-induced cell death. Confluent PC12
cells grown on 96-well plates were pretreated with indicated concentrations of GTPP for 2 days. Then they were subjected to OGD/R, and cell death was
determined based on LDH release. The values are shown as the mean � S.E. for three experiments. *, cell death values obtained with OGD/R after pretreatment
with indicated concentrations of GTPP are statistically different from the cell death value obtained with OGD/R without polyphenol pretreatment (p � 0.01).
B, shown is the effect of pretreatment with GTPP (0.2 �g/ml) or EGCG (2 �M) on OGD/R-induced elevation of capsase-3 activity. Control cells were not subjected
to OGD/R and were incubated in a normoxic incubator for 24 h. Caspase-3 activity was expressed in fluorescence units (excitation at 341 nm and emission at
441 nm). PP, polyphenol. The values are the mean � S.E. of triplicate determinations. C, Western immunoblotting shows the effect of GTPP or EGCG pretreat-
ment on the generation of proteolytic fragment of PKC� after subjection to OGD/R. A representative Western immunoblot showing the proteolytic conversion
of high molecular weight PKC� to a low molecular weight fragment is shown here. D, apoptosis is induced by OGD/R after pretreatment with GTPP or EGCG. The
incidence of apoptosis in each sample was analyzed by counting 500 cells and determining the percentage of apoptotic nuclei. The values are the mean � S.E.
of triplicate determinations. E, shown is the preconditioning ability of individual polyphenols present in GTPP. PC12 cells were pretreated with 2 �M EGCG, ECG,
EGC, or EC for 2 days. Control cells were not pretreated with a polyphenol. Then, all sets of cells were subjected to OGD/R, and cell death was determined by LDH
release. The values are shown as the mean � S.E. for three experiments. F, shown is potentiation of EGCG preconditioning effect by EGC and EC. PC12 cells were
pretreated with a suboptimal concentration of EGCG (0.2 �M) to induce preconditioning either alone or in combination with 2 �M EGC or EC for 2 days before
OGD/R. Cells that were not pretreated with a polyphenol were used as a control, whereas cells pretreated with an optimal concentration (2 �M) of EGCG to
induce preconditioning were used as a positive control. In figures B, D, E, and F, statistical difference between means is indicated with * (p � 0.01) or # (p � 0.05).
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wavelength of 345 nm. Apoptotic nuclei were identified by
chromatin condensation and fragmentation (58).
Statistical Analysis—Data are expressed as the mean � S.E.

and analyzed using one-way analysis of variance followed by
post hoc Scheffe’s test. p � 0.05 was considered statistically
significant. Statistical analyses were performed with StatView
software.

RESULTS

Unless otherwise stated, PC12 cells were treated with GTPP
(0.2 �g/ml) or EGCG (2 �M) only during the preconditioning
period but not duringOGD/R.However, we cannot exclude the
possibility that, if present, GTPPmay protect cells duringODG
and/or reoxygenation. Preconditioning was carried out for 2
days. Although a 24-h pretreatment with GTPP or EGCG
showed an appreciable protection against OGD/R, a 2-day
treatment showedoptimal protection. Because of the instability
of green tea polyphenols in the culture medium (59, 60), GTPP
was added twice daily to the medium. Due to synergistic inter-
action and enhanced stability when GTPP constituents are
present together (61), we carried out themajority of the studies
with GTPP mixture instead of pure compounds. However,
because EGCG is the major polyphenol responsible for the
action of GTPP, we also carried out limited studies with EGCG
to determine whether this polyphenolic compound alone can
elicit effects similar to those of theGTPPmixture. The ability of
GTPP and EGCG to induce preconditioning was quantified by
a decrease in the release of LDH after OGD/R.
GTPP and EGCG Protect PC12 Cells from OGD/R-induced

Cell Death—As shown in Fig. 1A, compared with the control
cells not deprived of glucose and kept under normoxic condi-
tions, the cells subjected to OGD/R without pretreatment with
polyphenol showed�60%cell death.However,when these cells
were pretreated for 2 days with GTPP at a concentration range

of 0.05 to 5�g/ml, a significant (p� 0.01) decrease in cell death
was observed between 0.1 to 0.5 �g/ml concentrations with
maximal protection seen at 0.2 �g/ml. At this concentration
GTPP decreased cell death by �60%. When the concentration
of GTPP increased �1 �g/ml, the ability of GTPP to protect
againstOGD/R-induced cell deathwas diminished. In addition,
GTPP-induced protection was also diminished if the OGD/R
insult was stronger to induce cell death greater than 70%. A
similar dose-response curve was also seen with 0.5–10 �M con-
centration of EGCG (data not shown). The optimal protection
against OGD/R-induced cell death was observed at a 2 �M con-
centration; later the protection was gradually decreased, and
virtually there was no protection at 10 �M concentration. The
loss of protection at higher concentrations of GTPP or EGCG
may be due to cytotoxicity of autooxidation products generated
in the cell culture medium.
Because previous studies showed an induction of apoptosis

byOGD/R (62), wemeasured apoptosis-related key parameters
to determine whether preconditioning with GTPP and EGCG
can prevent apoptosis induced by OGD/R. As shown in Fig. 1B,
OGD/R induced an activation of caspase-3. Pretreatment of
PC12 cells with GTPP and EGCG prevented caspase-3 activa-
tion. We also measured proteolytic activation of PKC�, a sub-
strate for caspase-3 (63). The activation of PKC� has been pre-
viously demonstrated to play a key role in the execution of
apoptosis in various cell types, including neuronal cells (63, 64).
As shown in Fig. 1C, there was an increase in the proteolytically
activated form of PKC� in cells subjected to OGD/R. However,
pretreatment with GTPP or EGCG decreased the proteolytic
activation of PKC�. Finally, GTPP and EGCG blocked apopto-
tic features of PC12 cells stained with DAPI (Fig. 1D). Collec-
tively, these observations suggest thatGTPP and EGCGprotect
PC12 cells from OGD/R-induced apoptosis.
Preconditioning Is Mediated by Parent Compounds, Not

Their Oxidation Products—EGCG and other polyphenols pres-
ent in GTPP undergo autooxidation in the culturemedium and
produce hydrogen peroxide, quinones, and various polymeric
compounds (59, 60).We, therefore, tested the parentmolecules
EGCG and GTPP and their oxidation products independently
to determine their ability to induce preconditioning against
OGD/R. First, we subjected GTPP and EGCG to autooxidation
by incubating them in the culture medium for 24 h at 37 °C.
Then, the culture medium containing the oxidized products
was tested for its ability to exert preconditioning against OGD/
R-induced cell death. The oxidized products did not precondi-
tion PC12 cells (data not shown). Conversely, freshly prepared
solutions of GTPP and EGCGwere effective in preconditioning
against OGD/R-induced cell death. Furthermore, repeated
administration of these agents resulted in better precondition-
ing. Based on these results, it appears that the parent polyphe-
nols rather than their oxidation products are conferring pre-
conditioning against OGD/R-induced cell death.
Preconditioning by Individual Polyphenols Present in GTPP

and Synergistic Interaction—Four major polyphenolic com-
pounds present in GTPP extract were tested in pure form for
their ability to precondition PC12 cells against OGD/R-in-
duced cell death. Galloylated EGCG appreciably precondi-
tioned cells better than other polyphenols (Fig. 1E). Another

FIGURE 2. 67LR-blocking antibodies inhibit GTPP-induced precondition-
ing against cell death caused by OGD/R. PC12 cells grown on 96-well plates
were initially incubated with 67LR-blocking antibodies (67LR-Ab) or control
mouse IgM for 2 h, and then cells were treated with GTPP (0.2 �g/ml) for 2
days in the presence of these antibodies. Subsequently, cells were subjected
to OGD/R, and cell death was determined by LDH release. Cells that were not
pretreated with GTPP were used as a control. The values are shown as the
mean � S.E. for three experiments. Statistical difference between means is
indicated with asterisks (*, p � 0.01).
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galloylated polyphenol, ECG, preconditioned cells as well,
although to a lesser extent than EGCG. Conversely, nongalloy-
lated polyphenols EC and EGC were not effective in precondi-
tioning PC12 cells. The amount of isolated EGCG (2 �M or
0.916 �g/ml) required for the optimal preconditioning of cells
against OGD was nearly 12-fold higher than the amount of
EGCG (0.072 �g/ml) present in the GTPP extract (0.2 �g/ml)
needed for optimal preconditioning of the cells. Given that the
EC and EGC present in GTPP lack the ability to precondition
PC12 cells on their own,wedeterminedwhether these polyphe-
nols could synergistically promote the action of EGCG. When
EGCG was used at a suboptimal concentration (0.2 �M) to
induce preconditioning, EC and EGC enhanced the ability of
EGCG to precondition cells (Fig. 1F). Thus, it is possible that
the mixture of polyphenolic agents present in unfractionated
GTPP may work together better than the isolated individual
components because of their synergistic interactions.
Role of Cell-surface 67LR in GTPP-induced Precondition-

ing—Next, we determined the cellular target(s) mediating the
ability of EGCG to precondition PC12 cells against OGD/R.
Because EGCG has been shown to bind the 67LR cell-surface
receptor with high affinity (25), we determined whether the
binding of EGCG to 67LR induces cell signaling that leads to
preconditioning. 67LR antibodies, which block EGCG binding
to 67LR (25), inhibited GTPP-induced preconditioning,
whereas controlmouse IgMdid not (Fig. 2). Similarly, anti67LR
antibodies blocked EGCG-induced preconditioning. This sug-
gests that the actions of EGCG and GTPP, at least in part, are
mediated through cell-surface 67LR.
GTTP-induced Generation of Intracellular ROS and the Role

of 67LR and NADPH Oxidase—As shown in Fig. 3A, GTPP at
an extremely low concentration (0.01 through 0.05 �g/ml)
induced generation of ROS within 1 h. Importantly, GTPP at
high concentrations (�0.2 �g/ml) did not induce generation of
ROS. In fact, higher concentrations (�0.2 �g/ml) of GTPP not
only failed to induce ROS formation but, rather, decreased
backgroundROSgeneration.Although,GTPPwas added to the
culture medium at a high (0.2 �g/ml) concentration to precon-
dition cells, due to autooxidation of GTPP constituents, the
concentration of GTPP polyphenols may be lower than
expected. Therefore, GTPP constituents at their actual concen-
tration in these experiments (�0.2 �g/ml) may have increased
ROS generation as opposed to decreasing ROS. This scenario is
supported by the fact that after a 24-h treatment of PC12 cells
with GTPP (0.2 �g/ml), there was an increase in generation of
ROS (data not shown). Previous studies have shown generation
of cytotoxic levels of H2O2 by autooxidation of high concentra-
tions (50–200 �M) of EGCG, which induced cancer cell death
(59). Because the GTPP concentrations used in our study to
induce preconditioning were extremely low (0.2 �g/ml), the
cell-free, autooxidation-generated, extracellular H2O2 was
expected to be very low and insufficient to induce cell death.
However, such low concentrations of GTPP do trigger cell sig-
naling, thus leading to the generation of intracellular ROS in

FIGURE 3. GTPP induces cellular generation of ROS, and anti67LR anti-
bodies and NADPH oxidase inhibitors block this generation of ROS. A,
shown is the time course of generation of ROS in cells treated with GTPP. PC12
cells grown to confluency in 96-well plates were loaded with 10 �M DCFDA
and incubated with the indicated concentrations of GTPP. Phorbol 12-myris-
tate 13-acetate (PMA), which is known to generate intracellular ROS, was used
as a positive control. H2O2 was used as a reference standard. Fluorescence,
which represents ROS generation, was determined as described under
“Experimental Procedures.” The fluorescence was read every 5 min. B, 67LR-
blocking antibodies inhibit GTPP-induced cellular generation of ROS. Where
indicated, PC12 cells were preincubated with anti-67LR antibodies (Ab) for
2 h. Cells were preloaded with DCFDA and treated with GTPP (0.05 �g/ml).
Fluorescence was measured as described under the conditions present in A.
C, NADPH oxidase inhibitors inhibit cellular generation of ROS. DCFDA-pre-
loaded PC12 cells were incubated with GTPP (0.05 �g/ml) along with 10 �M

diphenyleneiodonium (DPI) and 25 �M VAS2870 (VAS). The fluorescence
intensity was then measured as described under the conditions present in A.
The values represent the mean � S.E. for eight replicate estimations.
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sufficient amounts to induce preconditioning. Notably, we can-
not exclude the role of extracellular oxidants generated by
autooxidation in contributing to a GTPP-induced protective
effect.
Although we determined ROS based on the assumption that

ROS is the only species that oxidizes dichlorofluorescin into a
fluorescent compound, peroxynitrite also oxidizes dichloro-
fluorescin (53). However, pretreating PC12 cells withNG-nitro-
L-arginine methyl ester, a nitric oxide synthase inhibitor, did
not decrease the GTPP-induced fluorescence, suggesting that
this increase in fluorescence is unlikely to be caused by reactive
nitrogen species.
Cellular ROS generation was blocked by 67LR antibodies

(Fig. 3B), suggesting that the binding of EGCG to cell-surface
associated 67LRmay trigger intracellular ROS generation. Two
different types NADPH oxidase inhibitors, diphenyleneiodo-
nium (10�M) andVAS2870 (25�M), inhibited the generation of
GTPP-induced ROS (Fig. 3C), suggesting that NADPH oxidase
may be the source of ROS generation in GTPP-treated cells.
The Causal Role of ROS in Preconditioning—Next, we

assessed the role of ROS in GTTP-induced preconditioning
against OGD/R-induced cell death. Antioxidant L-NAC inhib-
ited GTTP-induced preconditioning (Fig. 4A). However, it did
not show toxicity when used alone as a control. Because L-NAC
can also serve as a precursor for the synthesis of cellular gluta-
thione, we also used D-NAC, which is not a precursor of gluta-
thione synthesis. D-NAC also inhibited GTPP-induced precon-
ditioning. Cell-permeable PEG-catalase (active form) inhibited
GTPP-induced preconditioning (Fig. 4A), whereas its negative
control, heat-inactivated PEG-catalase, did not (data not
shown). This suggests a causal role of H2O2 in GTPP-induced
preconditioning.
To further assess the role of sublethal H2O2 in precondition-

ing, we used an exogenous enzymatic system to generate lim-
ited amounts ofH2O2. As shown in Fig. 4B, a treatment of PC12
cells with xanthine/xanthine oxidase for limited times per day
for 2 days before the OGD experiment protected cells from
OGD-induced cellular injury. Superoxide dismutase did not
block this oxidant-induced preconditioning. However, cata-
lase, but not heat-inactivated catalase, inhibited this precondi-
tioning. 67LR-blocking antibodies did not inhibit xanthine/
xanthine oxidase-induced preconditioning (data not shown).
This suggests that either H2O2 or another oxidizing species
alone can induce cell signaling necessary for preconditioning
bypassing the requirement of 67LR stimulation.
Role of PKC in GTPP-induced Preconditioning—To deter-

mine the role of PKC in preconditioning against OGD/R-in-
duced cell death, we used two PKC-specific but isoenzyme-
nonselective inhibitors. CalphostinC is a potent inhibitor of the
PKC regulatory domain and induces irreversible inactivation of
PKC (65). In the presence of calphostin C, GTPP failed to pre-
condition PC12 cells against OGD/R (Fig. 4C). We further

FIGURE 4. Antioxidants block GTPP-induced preconditioning, exogenous
ROS induces preconditioning, and pan-PKC inhibitors inhibit GTPP-in-
duced preconditioning. A, antioxidants block GTPP-induced precondition-
ing. PC12 cells were pretreated with GTPP (0.2 �g/ml) along with 5 mM L-NAC,
5 mM D-NAC, or cell-permeable catalase (PEG-catalase, 125 units/ml) for 2
days. Control cells were not treated with GTPP or antioxidants. Then, all sets of
cells were subjected to OGD/R, and cell death was determined by LDH
release. B, shown are exogenous ROS-generating system preconditions
against OGD/R-induced cell death. PC12 cells grown on 96-well plates were
pretreated with an xanthine/xanthine oxidase (X/XO) ROS-generating system
(100 �M xanthine and 1 milliunit/ml of xanthine oxidase) for 3 h. Then, the
medium was replaced with fresh medium. This step was repeated on the
second day. In some wells, superoxide dismutase (40 units/ml) or catalase
(500 units/ml) were added during xanthine/xanthine oxidase treatment.
After 2 days of xanthine/xanthine oxidase treatment, all cells were subjected
to OGD/R. C, pan-PKC inhibitors inhibit GTPP-induced preconditioning. PC12

cells were pretreated with GTPP (0.2 �g/ml) along with pan-PKC inhibitors, 50
nM calphostin C, 1 �M BIM, or 1 �M BIMV (a negative control for BIM) for 2 days
and then subjected to OGD/R. Control cells were not pretreated with GTPP or
PKC inhibitors. The values are shown as the mean � S.E. for three experi-
ments. Statistical difference between means is indicated with asterisks (*, p �
0.01).
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tested the role of PKC by using bisindolylmaleimide (BIM), a
potent inhibitor of the PKCcatalytic site (66). A coincubation of
PC12 cells with BIM and GTPP for 2 days negated the ability of
GTPP to induce preconditioning. To exclude the possibility
of nonspecific inhibition of other enzymes by BIM,we tested its
inactive analog BIM V as a negative control. This inactive ana-
log did not inhibit GTPP-induced preconditioning. It is impor-
tant to note that in control cells, high concentrations of inhib-
itors (calphostin C �200 nM or BIM �4 �M) induced cell death
on their own or enhanced cell death induced by OGD/R.

OxidativeActivation of PKC inGTPP-treatedCells—Because
PKC is oxidatively activated (39–42) and ROS are generated
during preconditioning (43), we determined whether PKC was
oxidatively activated in GTPP-treated cells where there is
increased generation of ROS. Pan-PKC activity from the con-
trol untreated cells was eluted in two fractions from a DEAE-
cellulose column; fraction 1 activity was dependent on cofac-
tors Ca2�/lipids, whereas the activity in fraction 2 was
independent of these cofactors (Fig. 5A). As shown in Fig. 5B,
cofactor-dependent PKC activity was decreased in GTPP-

FIGURE 5. Generation of constitutively active form of pan-PKC and PKC� in cells treated with GTPP. A, shown is elution of pan-PKC activity from control
cells into two fractions. PC12 cells were homogenized in a buffer without thiol agents. A detergent-soluble cell extract (cytosol and membrane) was prepared
and applied to a small (0.5 ml) DEAE-cellulose (Whatman DE52) column. The bound PKC isoenzymes (lipid-dependent forms) were eluted with 1.25 ml of 0.1 M

NaCl (Fraction 1), whereas the protein kinase activity exhibiting less dependence on cofactors was eluted with 1.25 ml of 0.25 M NaCl (Fraction 2). PKC activity
was measured with neurogranin peptide as a substrate. B, shown is elevation of the constitutively active form of PKC in cells treated with GTPP. PC12 cells were
treated with GTPP (0.2 �g/ml) for 30 min, cell extracts were prepared, and the fractions 1 and 2 were isolated as above. C, shown is reversal of GTPP-induced PKC
modification by mercaptoethanol. GTPP-treated PC12 cells were homogenized in a buffer with 10 mM 2-mercaptoethanol, and fractions 1 and 2 were isolated
as described above. D, shown is prevention of GTPP-induced PKC modification by catalase. PC12 cells were initially treated with PEG-catalase for 18 h, then
treated with GTPP, and fractions 1 and 2 were isolated. E, shown is PKC� activity in control and GTPP-treated cells. PC12 cells were treated with GTPP, and then
PKC� activity was measured by an immune complex kinase assay using anti-PKC� rabbit polyclonal antibodies. PKC� activity was determined with and without
lipids in the presence and absence of 2-mercaptoethanol (5 mM) as described under “Experimental Procedures.” The values represent the means and S.E. of
three estimations. Statistical difference between means is indicated with asterisks (**, p � 0.001). PP, PP, polyphenol.
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treated cells compared with that in the control untreated cells
(p � 0.0001). A concomitant increase in cofactor-independent
protein kinase activity was observed in fraction 2 in GTPP-
treated cells over that of the control untreated cells (p� 0.001).
In this experiment neurogranin peptide, a specific substrate for
PKC (55), was used for determining protein kinase activity. Fur-
thermore, the protein kinase activity elevated in fraction 2 was
inhibited byBIM.Therefore, this cofactor-independent protein
kinase activity increase in fraction 2 is most likely due to the
activation of PKC rather than to activation of other protein
kinases. However, whenGTPP-treated cells were homogenized
in a buffer containing mercaptoethanol, pan-PKC activity was
mostly eluted in fraction 1 in a cofactor-dependent form, sim-
ilar to that seen in the control untreated cells (Fig. 5C). In addi-
tion, in cells pretreatedwith PEG-catalase for 18 h, GTPP treat-
ment did not generate a constitutively active form of PKC (Fig.
5D). Collectively, these results suggest that in GTPP-treated
cells, PKC was converted from a cofactor-dependent form to a
constitutively active form that is most likely caused by redox
modification.
Oxidative Activation of PKC� in GTPP-treated Cells—PKC�

activity was determined using an immune complex kinase
assay. Because there are limitations for the immune complex
kinase assay, we validated the reliability of this assay for PKC�
determination. When control IgG was used instead of anti-
PKC� rabbit polyclonal antibodies, no protein kinase activity
was seen with washed agarose beads. Western immunoblot
showed that the same amount of PKC� protein was associated
with the beads incubated with antibody-treated control
and GTPP-treated cell extracts. This suggested that any
observed difference in PKC� activity between control and
GTPP-treated samples was unlikely caused by different extents
of immunoprecipitation of PKC�. Furthermore, similar results
were obtained using anti-PKC� rabbit polyclonal antibodies
and anti-PKC� mouse monoclonal antibodies.

There was an increase in lipid-independent activity of PKC�
in GTPP-treated cells compared with control cells (Fig. 5E).
This activation was reversed by 2-mercaptoethanol, which sug-
gested that the lipid-independent active species was formed by
oxidative modification of the lipid-stimulated form of PKC�.
GTPP-inducedMembrane andMitochondrial Translocation

of PKCParticularly PKC�—As shown in Fig. 6A, GTPP induced
a decrease in pan-PKC activity in the cytosol within a few min-
utes and a concomitant increase in PKC activity in the mem-
brane. Given that PKC� is known to play an important role in
cell survival and neuroprotection (67, 68), we determined
whether GTPP-treatment activated this isoenzyme. Western

FIGURE 6. GTPP-induced membrane and mitochondrial translocation of
pan-PKC activity and PKC� protein. A, shown is translocation of pan-PKC
activity from cytosol to membrane. PC12 cells grown to confluency on
100-mm Petri dishes were serum-starved and then treated with GTPP (0.2
�g/ml) for the indicated time periods. Cytosol and membrane fractions were
isolated in the absence of thiol agents. The membrane fraction was extracted
with a combination of detergent (1% Igepal CA-630) and thiol agent (10 mM

2-mercaptoethanol). Then pan-PKC activity was measured in the cytosol and
membrane extracts after subjection to DEAE-cellulose chromatography. The
values are the mean � S.E. of three determinations. * and # indicate changes
in PKC activity significantly differ from the respective control cytosol or con-
trol membrane fractions isolated from the cells not treated with GTPP (*, p �
0.01; #, p � 0.05). B, shown is GTPP-induced cytosol-to-membrane transloca-
tion of PKC�. PC12 cells were treated with GTPP as described above, and
cytosol and thiol/detergent-extractable membrane fractions were subjected
to Western immunoblotting for PKC� as described under “Experimental Pro-
cedures.” A representative Western blot is presented from three experiments.
A histogram is also included showing the density (mean � S.E.) of each PKC�
band from the three blots. *, changes in band density in membrane signifi-

cantly differ from the control (p � 0.01); #, changes in band density in cytosol
significantly differ from the control (p � 0.05). C, shown is mitochondrial
translocation of PKC� in cells treated with GTPP and its blocking by antioxi-
dants. PC12 cells were treated with 5 mM L-NAC for 1 h or 125 units/ml cell-
permeable catalase (PEG-catalase) for 18 h. They were then treated with GTPP
(0.2 �g/ml) or 2 �M EGCG for 30 min, and the mitochondrial fraction was
prepared and subjected to Western immunoblotting for PKC�. A representa-
tive Western blot is shown from three experiments. A histogram was included
showing the data from the three blots. *, GTPP or EGCG induce a significant
increase of PKC� band density in the mitochondrial fraction. **, a significant
decrease in band density of PKC� in cells treated with GTPP along with anti-
oxidants (L-NAC or catalase) in comparison to the cells treated with GTPP
alone without antioxidants.
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immunoblotting revealed a translocation of a substantial frac-
tion of PKC� from the cytosol to the membrane (Fig. 6B).
Because the mitochondrion is an important player in inducing
apoptosis, we determined if there was a translocation of PKC�
to the mitochondrial fraction upon GTPP treatment as well.
Indeed, we observed an increase in the detergent-extractable
PKC� associatedwithmitochondria after GTPP treatment (Fig.
6C).
Redox Regulation of GTPP-induced PKC� Translocation—

Because increased ROS generation and subsequent oxidative
activation of PKC occurred in GTPP-treated cells, we deter-
mined whether ROS is involved in the observed membrane
translocation of PKC. As shown in Fig. 7, antioxidant L-NAC
and D-NAC inhibited the cytosol-to-membrane translocation
of pan-PKCphosphotransferase activity inGTPP-treated PC12
cells. PEG-catalase inhibited GTPP-induced membrane trans-
location of PKC (Fig. 7), whereas its negative control, heat-
inactivated PEG-catalase, did not (data not shown). Pretreat-
ment of PC12 cells with L-NAC and PEG-catalase also blocked

the binding of PKC� to themitochondria in GTPP-treated cells
(Fig. 6C). This suggests that ROS plays a role in membrane
association of PKC.
Specific Role of PKC� inGTPP-induced Preconditioning—We

used two different approaches to determine whether there is a
correlation between the expression of PKC� in PC12 cells and
the extent of preconditioning against OGD/R-induced cell
death. In the first approach we used PC12 cells stably trans-
fected with a metallothionein-driven PKC� vector. These cells
expressed an approximate 3-fold higher level of PKC� com-
pared with that of the control cells transfected with an empty
vector. As shown in Fig. 8A, in cells transfected with PKC�
vector, GTPP preconditioning significantly decreased OGD/R-
induced cell death as compared with that of cells transfected
with control vector (p � 0.05).
In the second approach, we suppressed the levels of total

PKC� (in the cytosol and membrane) by using PKC�-specific
siRNA. A transient transfection of PC12 cells with three prede-
signed siRNA oligonucleotides resulted in a decrease in PKC�

FIGURE 7. Redox regulation of the cytosol to membrane translocation of
pan-PKC activity. Serum-starved PC12 cells were pretreated with L-NAC (5
mM) or D-NAC (5 mM) for 1 h or PEG-catalase for 18 h. They were then treated
with GTPP (0.2 �g/ml) for 30 min. Pan-PKC activity was measured in the cyto-
sol (A) prepared in the absence of thiol agents, and the membrane fraction
was extracted with both thiol and detergent (B). The values are shown as the
mean � S.E. for triplicate estimations. Statistical difference between means is
indicated with asterisk (*, p � 0.01).

FIGURE 8. PKC� levels alter GTPP-induced preconditioning against OGD/
R-induced cell death. A, overexpression of PKC� increases GTPP-induced
preconditioning. PC12 cells stably transfected with a metallothionein-driven
PKC� expression vector were used to overexpress PKC�. Cells transfected with
an empty vector were used as controls. B, knock-out of PKC� decreases GTPP-
induced preconditioning. Every 24 h siRNA oligonucleotides were added to
the culture medium. The values are shown as the mean � S.E. for three exper-
iments. Statistical difference between means is indicated with an asterisk (*,
p � 0.01).
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levels as measured by Western immunoblotting (data not
shown). Importantly, theWestern blot did not show a decrease
in levels of other PKC isoenzymes such as � and �, indicating
that this knock-out procedure was selective for the � isoen-
zyme. For further study, we used the PKC� siRNA oligonucleo-
tide that produced the greatest knock-out (a decrease of �75%
of the control). As shown in Fig. 8B, in cells transfected with
PKC� siRNA GTPP significantly failed to protect from the
OGD/R-induced cell death as comparedwith that of cells trans-
fected with control siRNA (p � 0.05). Collectively, these two
experimental approaches support a direct correlation between
the expression of PKC�- and GTPP-induced preconditioning
against OGD/R-induced cell death.

DISCUSSION

This is the first report showing that GTPP and EGCG induce
preconditioning againstOGD/R in an in vitromodel relevant to
ischemic stroke. A proposed mechanism by which GTPP can
precondition cells is depicted in Fig. 9. The experimental evi-
dence to support the proposedGTPP-induced preconditioning
pathway is discussed below.
First, in this study, optimal concentration of EGCG required

for preconditioning is 2 �M when used as a pure compound.

However, the plasma concentration of EGCG is reported to be
�1 �M in individuals after drinking two to three cups of green
tea per day (69). Relevantly, preconditioning requires only 0.2
�M EGCG when added as a GTPP mixture. Our current study
suggests that the other polyphenols present in GTPP may syn-
ergistically enhance the action of EGCG in vitro. Furthermore,
other studies have shown that EGCG is unstable in cell culture
medium and undergoes rapid autooxidation but is relatively
stable when it is present in the GTPP mixture (59, 60). This
synergistic interaction and stability of EGCG when other poly-
phenols are present in the GTPP mixture explains how the in
vivo concentration resulting from green tea consumption may
be sufficient for preconditioning. In our study GTPP toxicity
has been observed at high (�5�g/ml) concentrations; however,
such high concentrations of polyphenols are unlikely to be
reached in plasma after consumption of a few cups of green tea
because they are poorly absorbed in the intestinal tract (69).
Nevertheless, when intraperitoneally given, higher amounts of
pure EGCG have been shown to cause hepatotoxicity and cer-
ebral hemorrhage (11, 70). These observations have implica-
tions for future preclinical and clinical studies aimed at pre-
venting ischemic stroke. In such studies whole mixtures of
GTPP, not isolated polyphenols, should be used and only in
limited doses.
Second, because low concentrations of EGCG induce pre-

conditioning, it is likely that these effects are produced by its
high affinity binding to critical cellular targets such as 67LR.We
have shown that 67LR-blocking antibodies inhibit EGCG-in-
duced ROS generation and preconditioning. Furthermore, we
have shown that 67LR-mediated generation of ROS is depend-
ent on NADPH oxidase. Prion protein also binds to 67LR (26).
It is intriguing that prion protein also induces intracellular ROS
production viaNADPHoxidase (71). It has also previously been
reported that a high concentration (50 �M) of EGCG induced
generation of lethal levels of ROS dependent on 67LR (72). It is
important to distinguish this previous study from ours. In our
study of PC12 cell preconditioning, only 1–2 �M concentra-
tions of EGCG are required, which implies the involvement of a
mechanism unlike that proposed in the other study, which
occurs at high concentration (50 �M). Collectively, our studies
support 67LR as one of the critical targets for EGCG in the
preconditioning of PC12 cells against OGD/R-induced cell
death.
Third, considering that EGCGpreconditions cells by binding

to a cell-surface receptor, EGCG may induce an elevation of a
secondmessenger tomediate its action. In this particular study,
we observed that sublethal levels of intracellular ROS induced
by GTPP and EGCG treatment mediate cellular processes
involved in preconditioning. The ROS generated might be
H2O2, because cell-permeable PEG-catalase abolished both
preconditioning and PKCmembrane translocation. The role of
ROS is further supported by the fact that exogenously gener-
ated ROS alone induces preconditioning independent of 67LR.
Although high amounts of ROS induce cellular damage and
death (73, 74), low amounts of ROS serve as a secondmessenger
(75). Sublethal production of ROS (H2O2) has been reported
during transmembrane signaling induced by various growth
factors, including nerve growth factor, which also protects neu-

FIGURE 9. Schematic presentation of proposed mechanism for GTPP-in-
duced preconditioning against cell death induced by OGD/R. EGCG pres-
ent in GTPP binds to 67LR and triggers cell signaling leading to activation of
NADPH oxidase, which generates sublethal levels of ROS. ROS in turn acti-
vates PKC� by directly inducing its oxidative modification. In addition, ROS
indirectly induces activation and membrane/mitochondrial translocation of
PKC� through generation of phospholipid-hydrolysis products. Mitochon-
drial association of cell survival isoenzyme PKC� likely protects cells from cell
death induced by OGD/R. Our previous studies have shown an activation of
ERK by ROS in GTPP-treated cells as well as an activation of ERK by PKC in
oxidant-treated cells triggering downstream nuclear events (20, 56). Based
on these observations, we propose that GTPP induces expression of antioxi-
dant enzymes that may precondition cells against OGD/R-induced cell death.
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ronal cells from cell death induced by various noxious stimuli
including OGD/R-induced cell death (51, 76, 77). Membrane-
boundNADPHoxidase has been shown to be the source of ROS
in these conditions (78).
Finally, PKC isoenzymes are well qualified as targets for ROS

and are activated by oxidative modification (39–42). We
selected PKC� for additional study because of its role as a cell-
survival isoenzyme in several models of ischemia including cer-
ebral ischemia (79). However, we cannot exclude the roles of
other isoenzymes, particularly PKC� and PKC
, which have
been proposed by others for neuroprotection in the context of
neurodegenerative diseases (38, 80).
In this study two different types of activation of PKC� were

observed in response to sublethal oxidative stress generated in
GTPP-treated cells. ROSmay directly or indirectly induce acti-
vation of PKC�. The first type of activation was caused by the
direct oxidative modification of the enzyme, which is reversed
by mercapto agents. The second type of activation is indirect
and is caused by membrane/mitochondrial association of PKC
capable of being extracted with detergents. The membrane
association of PKC presumably is caused by phospholipid-hy-
drolysis products. ROS activate phospholipid-hydrolyzing
enzymes such as phospholipases C and D (81, 82). This results
in the release of lipid secondmessengers, such as diacylglycerol,
that induce the binding of PKC to the membrane (83).
GTPP-induced ROS-mediated translocation of PKC� to the

mitochondria likely plays an important role in preventing
OGD/R-induced apoptosis or necrosis (84, 85). PKC� directly
phosphorylates and regulates mitochondrial ATP-sensitive K�

channels (mitoK�
ATP channels), which are crucial in preserv-

ing mitochondrial membrane potential (86, 87). Recent studies
have shown that opening of the mitoKATP channel is one of the
common mediators of preconditioning induced by various
approaches (35). During reperfusion, a sustained opening of the
mitochondrial permeability transition pore induces mitochon-
drial swelling, causing the outermembrane to rupture and then
release apoptogenic proteins such as cytochrome c, which acti-
vates caspase-3. Preconditioning induced by anesthetics and
other agents delays opening of the mitochondrial permeability
transition pore via a PKC�-mediated pathway (88, 89). Thus,
GTPP-induced PKC� translocation tomitochondria may block
a cell death pathway. Consistent with such possibilities, we
observed that GTPP- and EGCG-induced preconditioning
decreased both activation of apoptosis-inducing caspase-3 and
capsase-3-mediated proteolytic activation of PKC� during
OGD/R.
Aside from conferring mitochondrial protection, GTPP-in-

duced ROS-mediated PKC� activation may lead to the expres-
sion of various antioxidant enzymes. PKC directly phosphory-
lates the transcriptional factor, Nrf2, inducing its translocation
from the cytosol to the nucleus where it, in turn, induces
expression of antioxidant enzymes (90, 91). Indeed, EGCG is
known to induce Nrf2-mediated induction of antioxidant
enzymes (92). Induction of the Nrf2-driven antioxidant
response confers neuroprotection (93). PKC may also mediate
its downstream effects by inducing activation of ERK1/2. Pre-
viously, we reported activation of ERK1/2 by ROS in GTPP-
treated PC12 cells (20). Furthermore, we have shown an activa-

tion of ERK1/2 by redox-activated PKC in oxidant-treated
PC12 cells (56). This ultimately leads to phosphorylation and
activation of cAMP response element-binding protein, another
transcriptional factor that induces expression of proteins that
have cAMP-response elements in their promoter regions. In
this context, it is interesting to note that thioredoxin, a protein-
disulfide reductase, has a cAMP-response element in its pro-
moter region, and its induction plays a key role in neuroprotec-
tion (94). Moreover, additional antioxidant enzymes that
decrease ischemic brain injury, such as mitochondrial manga-
nese superoxide dismutase, have cAMP-responsive elements in
their upstream promoter regions (46, 95). Thus, it is possible
that activation of PKC by sublethal levels of ROSmay induce an
endogenous antioxidant response and thereby protects neuro-
nal cells from oxidative injury caused by lethal levels of ROS
during OGD/R.
Numerous natural products have been previously identified

that can precondition or protect neuronal cells against OGD/R
(96–100). However, the safety and pharmacokinetics of these
agents in humans have not been established. Furthermore,
whether these agents can cross the blood-brain barrier is
unknown. Unlike these agents, green tea and EGCG are known
to be safe for humans when consumed in limited amounts.
Moreover, pharmacokinetic data on GTPP constituents are
well established in humans (69). In addition, these agents are
able to cross the blood-brain barrier (101). Given these advan-
tages,GTPP canbe easily and safely evaluated in humans for the
prevention of stroke in susceptible individuals.
In summary, this study suggests that through synergistic

interactions, GTPP induces preconditioning against OGD/R-
induced cell death via stimulation of 67LR, increased genera-
tion of ROS via NADPH oxidase, and subsequent activation of
PKC, particularly the PKC� isoenzyme. Although our results
are very promising, they are based upon an in vitro PC12 cell
model that mimics cerebral ischemia and reperfusion. Extend-
ing these studies to neuronal cells would corroborate our find-
ings. Furthermore, additional in vivo studies are required to
substantiate the preconditioning ability of GTPP to offer pro-
tection from ischemic stroke in preclinical and clinical settings.
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