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Abstract Apoptosis is a contributing cause of dopami-
nergic neuron loss in Parkinson disease. Recent work has
shown that erythropoietin (EPO) offers protection against
apoptosis in a wide variety of tissues. We demonstrate
that exposure of PC12 cells to 1-methyl-4-phenylpyridi-
nium ion (MPP*) with recombinant human EPO, signifi-
cantly decreased apoptosis as measured by TUNEL and
caspase-3 activity when compared to MPP" treatment
alone. EPO induced sustained phosphorylation of Akt
and its substrate, GSK-3f, reduced caspase-3 activities
in PC12 cells. The anti-apoptotic effect of EPO was
abrogated by co-treatment with L.Y294002, the specific
blocker of phosphatidylinositol 3-kinase (PI3K). The
effects of EPO on GSK-3f and caspase-3 activities were
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also blocked by LY294002. LiCl, the inhibitor of GSK-
3f, downregulated the caspase-3 activity and blocked the
apoptosis induced by MPP*. Finally, we determined that
EPO transiently activated the ERK signaling pathway, but
PD98059, a specific inhibitor of ERK, does not alter the
survival effect of EPO in this model system. Thus, these
findings indicate that EPO protects against apoptosis in
PC12 cells exposed to MPP", through the Akt/GSK-3p/
caspase-3 signaling pathway, but the ERK pathway is not
involved in the EPO-dependent survival enhancing effect
in this model system.
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Introduction

Research during the past years has clearly demonstrated
that EPO is a potent promoter of neuronal survival. In vitro
studies provided most of the information related to the
molecular pathways involved in EPO action. These data
showed that EPO might have a direct protective role
against a variety of neurotoxic insults, such as hypoxic
conditions [1], glutamate toxicity [2], free-radical injury
[3], and exposure to neurotoxicants [4]. In addition, EPO
receptor is abundantly expressed on adult dopaminergic
neurons [5], suggesting a direct effect of EPO on neurons.
EPO also can protect dopaminergic neurons against MPTP
and 6-hydroxydopamine neurotoxicity in vivo and signifi-
cantly reverse behavioral deficits in mice [6, 7]. Protection
by EPO in CNS is mediated through a series of cellular
pathways that maintain intricate links between one another.

In humans and nonhuman primates, the neurotoxin
I-methyl-1, 2, 3, 6 tetrahydropyridine (MPTP)-mediated
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selective damage to dopaminergic neurons of the nigro-
striatal pathway has been widely used as a model of
Parkinson’s disease [8, 9]. The 1-methyl-4-phenylpyridi-
nium ion (MPP"), the active metabolite of MPTP,
stimulates the production of the superoxide radical
in vitro and induces cell death in PC12 cells [10]. PC12
cells, a clonal rat pheochromocytoma cell line possess
dopamine synthesis, metabolism and transporting systems
[11-13], and therefore have been used extensively as a
model for studies of MPP™ neurotoxicity and Parkinson’s
disease [14-17]. A lot of evidences have demonstrated
that MPP" elicits apoptosis in PC12 cells by activation
of caspases [18].

However, up to date, the mechanisms that underlie the
protection effect of EPO on the neurotoxicity of MPP*
have not fully been understood. Here, we report that EPO is
an effective neuroprotective therapy that promotes survival
the PC12 cells in a model of PD in vitro, with reduced
apoptotic cell death and inhibition of caspase activation.
Moreover, we analyzed in detail the intracellular signal
transduction cascades involved in EPO-dependent neuro-
protection in this model. Our findings show that the Akt/
GSK-3f/caspase-3 dependent pathway plays an important
role in mediating the protection of EPO against PC12 cells
apoptosis induced by MPP*,

Materials and methods
Reagents

Recombinant Human Erythropoietin Injection was obtained
from Shenyang Sunshine Pharmaceutical Co. Ltd. 1-me-
thyl-4-phenylpyridinium (MPP*), 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide (MTT). Kinase
inhibitor LY294002 and Lithium chloride (LiCl) were
purchased from Sigma-Aldrich, Inc. (St, Louis, MO, USA).
Kinase inhibitor PD98059 was obtained from Promega
(Mannheim, Germany). The in situ cell death detection kit
was from the Boehringer Mannheim, Co. (Mannheim,
Germany). BCA kit and Enhanced chemiluminescence
(ECL) were purchased from Pierce Chemical Company
(Rockford, IL, USA). Phospho-Akt, and Akt antibodies
were purchased from Cell Signal Technology, Inc. (Bev-
erly, MA, USA), phospho-ERK and ERK antibodies were
obtained from Upstate Biotechnology (NY, USA), phos-
pho-GSK-3f and GSK-3f antibodies were obtained from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
The Caspase-3 Fluorescent Assay kit was from R&D sys-
tems (Minneapolis, MN). Dulbecco’s modified Eagle’s
medium (DMEM) was purchased from Gibco BRL
(Gaithersburg, MD, USA).
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Cell culture

Rat PC12 cells (adrenal gland; pheochromocytoma) were
obtained from Chinese Type Culture Collection. PC12 cells
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% heat-inactivated calf
serum, 5% fetal bovine serum (FBS), 100 U/ml penicillin
and 100 pg/ml streptomycin in a water-saturated atmo-
sphere of 5% CO, at 37°C. The culture medium was
changed every 3 days and cells were subcultured about
once a week. The medium was changed to serum-deprived
medium or medium supplemented with 1% FBS 24 h be-
fore experiments and replanted in the 96 and 6 well plates.
The next day MPP* and/or EPO were added to naive PC12
cells. Kinase inhibitors were added to naive PC12 cells
preconditioning 1 h if necessary.

Measurement of cell viability

Cell viability was measured by using the MTT assay,
which is based on the conversion of MTT to formazan
crystals by mitochondrial dehydrogenases [19]. PC12 cells
were seeded in 96-well plates at a density of 4 x 10* cells
per well and were treated with various concentrations of
EPO (0.1, 0.3,1, 3 or 10 U/ml) and 500 uM MPP* at 37°C.
After incubation for up to 24 h, the medium was incubated
with 10 pl of 5 mg/ml MTT solution for 4 h. Then the
culture medium with MTT was removed and 200 pl
DMSO was added to each well to dissolve the formazan.
Absorbance was measured at 570 nm (540 nm as a refer-
ence) with a model 550-microplate reader. Cell viability
was expressed as a percentage of the value in control
cultures.

TUNEL assay for apoptotic DNA fragmentation

The DNA fragmentation of apoptotic cells were identified
by the TUNEL method which permits the specific labeling
of the 3’-OH end of DNA breaks with modified nucleotides
by TdT [20]. Briefly, PC12 cells were seeded at a density
of 1 x 10° cells/em” on coverslips coated with poly-L-ly-
sine and were treated with EPO (1 U/ml) and/or MPP*
(500 uM) at 37°C. After incubation for up to 24 h, the
cultures were washed with PBS and fixed with 4% para-
formaldehyde in PBS (pH 7.4) for 30 min at room tem-
perature. Endogenous peroxidase was quenched by
incubation with 0.3% (v/v) hydrogen peroxide in methanol
for 30 min at room temperature and the cells further per-
meabilized with 0.1% Triton X-100 in 0.1% sodium acetate
for 5 min at 4°C. Thereafter, the cells were labeled by
incubation with the TUNEL reaction mixture for 60 min at
37°C followed by labeling with peroxidase-conjugated
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anti-fluorescein anti-goat antibody (Fab fragment) for an
additional 30 min. Subsequently, cells were incubated with
diaminobenzidine substrate (DAB) to produce a dark
brown precipitate and slides were counterstained with he-
matein stain. For each experiment, all treatments were
performed in triplicate wells. Analyzed under light
microscopy, the positive staining was identified under the
light microscope as dark brown granules. Apoptotic cell
death was expressed as ‘‘apoptotic index’’ (number of
positively stained apoptotic cells/total number of cells
counted X 100%).

Western blot analysis

After exposure to EPO (1 U/ml) and /or MPP* (500 uM)
for 12 h, cells were rinsed twice with cold PBS and lysed in
buffer (50 mmol/l Tris—HCI, pH 8.0, 100 mmol/l NaCl,
1 mmol/l EDTA, 1 mmol/l dithiothreitol, 1%Triton X-100,
0.1% SDS, 50 mmol/l sodium fluoride and 1 mmol/l so-
dium vanadate) containing a protease inhibitor cocktail to
obtain whole cell protein. Lysates were cleared by centri-
fugation and protein concentration was determined by
BCA kit. Equal amounts of proteins were fractionated by
SDS-polyacrylamide gel electrophoresis, and transferred
onto a nitrocellulose membrane. The membranes were
blocked with 5% defatted milk in TBS-Tween (TBS-T)
(50 mM Tris, pH 7.6, 150 mM NaCl, 0.1% Tween-20) and
incubated with anti-phosphospecific Akt, anti-Akt,
anti-phosphospecific GSK-3f, anti-GSK-3f, anti-phos-
phospecific ERK or anti-ERK antibodies (all at 1:1,000
dilution) overnight at 4°C. The signals were detected using
goat anti-rabbit or anti-mouse horseradish peroxidase-
conjugated secondary antibody and enhanced chemilumi-
nescence (ECL), then exposed to X-ray films (Fuji, Japan).

Measurement of caspase-3 activity

The activity of caspase-3 was detected with the caspase-3
fluorometric assay kit (R&D systems, Minneapolis, MN)
according to the instruction manual. This kit uses synthetic
tetrapeptide DEVD-AFC as the substrate. In the presence
of active caspase-3, the substrate is cleaved between
DEVD and AFC, releasing the fluorogenic AFC, which is
then detected by spectrofluorometry. The fluorogenic AFC
reflects the activity of caspase-3. PC12 cells were incu-
bated in medium containing serum-free medium with
MPP* and/or EPO. Caspase activities were measured in
PC12 cells at the indicated time points after MPP* and/or
EPO treatment. After the incubation, cells were collected
and lysed in a lysis buffer on ice for 10 min. The protein
concentrations of the supernatant fluids were ascertained
with the BCA kit. Samples containing 200 pg protein were
mixed with the reaction buffer and DEVD-AFC substrate,

followed by a 2 h incubation at 37°C. The fluorescence was
measured at an excitation wavelength of 400 nm and
emission wavelength of 505 nm with fluorometric reader.
A caspase-3-like activity was expressed as relative content
against that in the cells incubated in the medium containing
serum without MPP™.

Statistical analysis

Data are expressed as the mean + SD. Statistical analyses
were performed using one-way analysis of variance
(ANOVA) followed by Duncan’s test for multiple com-
parisons. A probability of P < 0.05 was considered to be
statistically significant.

Results

EPO prevents MPP*-induced cell viability loss in PC12
cells in a dose-dependent manner

Our data demonstrated that EPO can promote PC12 cell
proliferation even when the cells were cultured without
FBS (Fig. 1A) or in the presence of small amounts of FBS
(Fig. 1B) in the medium.

To investigate the protective effects of EPO on the cell
death induced by MPP*, we tested the neurotoxicity of
MPP" in PC12 cells and cell viability was assessed by the
MTT reduction assay. Compared with vehicle controls,
exposure to 500 uM MPP* for 24 h resulted in the loss of
52.5% of PC12 cells.

The cytotoxic effects of 500 pM MPP* on PC12 cells
were significantly blocked by EPO, when the cells were co-
incubated with different concentrations (0, 0.1, 0.3,1,3, or
10 U/ml) of EPO and MPP" for 24 h, Compared with the
control group, the survival rate of PC12 cells was
76.8 +4.7%, 98.7 £ 9.3%, 112.5 + 12.5%, 92.9 £ 7.0%
and 64.6 + 5.1%, respectively, when the cells were treated
with the indicated concentrations of EPO for 24 h (Fig. 2).
The maximal rescue occurred at a concentration of 1 U/ml
EPO.

EPO application reduces the apoptosis in PC12 cells

In accordance with the previous results [21], the predom-
inant cell death in the MPP*-treated PC12 cells model was
apoptosis. To substantiate the anti-apoptotic effect of EPO
further, PC12 cells were exposed to MPP" for 24 h and
apoptosis was assayed by TUNEL and caspase activity.
MPP" increased genomic DNA fragmentation and co-
incubation of EPO (1 U/ml) decreased the amount of DNA
fragmentation as measured by TUNEL (Fig. 3A). Caspase
3-like activity was significantly increased in PC12 cells
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Fig. 1 Proliferative effect of EPO on cultured PC12 cells. (A) Cells
were treated with EPO for 24 h in the medium deprived serum. (B)
Cells were treated with EPO for 24 h in the medium supplemented
with 1% FBS. Cell viability was assessed by MTT method as
described in ‘‘Materials and methods’’. Data are expressed as percent
of values in untreated control cultures, and are means = SD of three
replicate values in four separate experiments. *P < 0.05 vs. controls

exposed in MPP* compared to controls. EPO (1 U/ml)
abrogated the increase in caspase 3-like activity from
240.0 = 14.6% to 130.0 = 14.4%, P < 0.05, Fig. 3B).

The PI3K/Akt pathway was activated in MPP*-treated
PC12 cells by EPO and mediated EPO-induced
neuroprotection

Akt is a pro-survival kinase and is activated by the phos-
phorylation at Ser473 via the PI3K pathway, which is
thought to be one of the molecules that promotes cell
survival and prevents apoptosis [22, 23]. To evaluate a
possible mechanism by which EPO prevents cellular death
in our model, we measured the changes in phosphorylation
levels of Akt in the PC12 cells exposed to EPO in the
presence or absence of MPP™.

As shown in Fig. 4, the level of phospho-Akt was low in
PC12 cells under unchallenged condition. Enhanced levels
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Fig. 2 EPO rescued the PC12 cells from MPP" neurotoxicity. Cell
viability was assessed by the MTT method as described in ‘‘Materials
and methods’’. Cells were treated with 500 uM MPP* for 24 h in the
absence or presence of EPO. Data are expressed as percent of values in
untreated control cultures, and are means+SD of three replicate values
in four separate experiments. #p < 0.01 vs. controls; *P < 0.05,
*%P < 0.01 vs. MPP*
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Fig. 3 EPO protected PC12 cells from MPP*-induced apoptosis.
PC12 cells were exposed to 500 M MPP* for 24 h in the presence of
EPO (1 U/ml) and apoptosis was assayed by TUNEL and caspase
activity. (A) Treatment with EPO decreased DNA fragmentation
significantly during exposure to MPP* (*P <0.01 vs. con-
trol;**P < 0.01 vs. MPP*, n = 6). (B) EPO prevents MPP*-induced
increase in caspase-3 activity (*P < 0.01 vs. control; **P < 0.01 vs.
MPP*, n = 6)

of phospho-Akt were detected 30 min after EPO was added
to the culture, and levels remained elevated for at least 12 h
(Fig. 4A). There was a significant increase in the



Apoptosis (2007) 12:1365-1375 1369
A DAKE o s c— — —  — = 140 o
AR — — — — — — E 120
Time(hr) 0 05 1 3 6 12 8 100
5]
B pPAKl = e e m— e —— L 80
AKL o — — — — > 60 # ++
Time(hr) 0 05 1 3 6 12 =
2 40
- S
C pAkt [ «. I GEED e o z 20
. = - o 1 1 1 1
ARl —— e — 0
control LY M M+E M+E+LY

MPP* - + - + + +
EPO - - + + o
Lye = . - . A

Fig. 4 EPO induced phosphorylation of Akt in PCI12 cells. (A)
Representative Western blots showing the protein levels of phos-
phorylated and total Akt in PC12 cells at serial time points. Western
blot analysis of PC12 cells stained for activated phospho-Akt (p-Akt)
shows that EPO quickly induces a sustained activation of Akt, lasting
at least 12 h. (B) When MPP* was also added to the cell medium,
phospho-Akt was elevated at all time points following MPP*
exposure. (C) EPO-induced phosphophorylation of Akt in PC12 cells
was suppressed by PI3K inhibitor LY294002 3 h after EPO and/or
MPP* exposure. The blots presented are representatives of three
independent experiments with similar results. In all blots, staining for
total Akt was used as a loading control

phosphorylation of Akt in MPP*-treated cells by EPO,
when EPO was added to cultures simultaneously with
MPP”*, it maintained increased phospho-Akt levels for at
least 12 h (Fig. 4B). To confirm the involvement of Akt
further, we inhibited the upstream pathway that controls
Akt activation. The PI3K inhibitor, LY294002 (10 pM)
was added to PCI2 cells 1 h before EPO. LY294002
thoroughly abolished EPO-induced phosphorylation of
Akt, indicating that EPO activates Akt likely through PI3-
kinase (Fig. 4C). Total Akt levels in each experiment re-
mained constant (Fig. 4, Akt lanes).

This effect of rescuing the cell from death induced by
EPO was lost with addition of LY 294002 (10 uM), a
specific inhibitor of PI3K (Fig. 5). LY294002 also abro-
gated the anti-apoptotic effect of EPO (Fig. 10) as mea-
sured by DNA fragmentation on TUNEL analysis. The
result indicated that Akt is activated by EPO regardless of
MPP* and plays an important role in EPO-mediated neu-
roprotection.

The substrate GSK-3 was activated by EPO

The anti-apoptotic function of Akt was induced allowing
the phosphorylation of its downstream substrates, GSK-3f
[22, 23]. The main regulatory mechanism of these enzymes
is by phosphorylation: Akt is activated while GSK-3f is
inhibited by phosphorylation [24, 25]. The inactivation of
GSK-3f can result in the prevention or reduction in

Fig. 5 PI3K inhibitor blocked the protective effect of EPO on MPP*-
induced neurotoxicity. PC12 cell viability was measured using the
MTT assay. Pre-incubation with the specific PI-3 kinase inhibitor LY
294002 (LY, 10 uM) resulted in the complete elimination of the EPO
(1 U/ml)-induced neuroprotection. LY294002 alone did not alter cell
viability in control cells. Data are means + SD of three replicate
values in four separate experiments. P < 0.01 vs. controls;
#%P < (.01 vs. MPP*; *"p < 0.01 vs. MPP* plus EPO

apoptotic injury in neurons [26]. Therefore, we next
investigated whether EPO enhances the phosphorylation of
GSK-38 in PC12 cells treated by MPP*.

As shown in Fig. 6A, phosphorylation of GSK-3f at
Ser9 was enhanced 1 and 6 h following EPO-treated. The
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Fig. 6 Epo increased the phosphorylation of GSK-3f in PC12 cells.
(A) Representative Western blots showing protein levels of phos-
phorylated and total GSK-3f in PC12 cells at serial time points as
indicated. (B) The average levels of phospho-GSK-3f in PC12 cells
determined by Western blot were increased at all time points in the
presence of MPP*, compared with the control group. (C) EPO-
induced phosphophorylation of GSK-3f in PC12 cells was suppressed
by PI3K inhibitor LY294002 3 h after EPO and/or MPP* exposure.
The blots presented are representatives of three independent
experiments with similar results. In all blots, staining for total
GSK-3f was used as a loading control
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time course of enhanced phosphorylation of GSK-3p is in
parallel with the activation of Akt (Fig. 4A, 6A).

Figures 3B and 5B also show concurrent increase in Akt
and GSK-3 phosphorylation in MPP*-treated cells by EPO.
LY294002 pretreatment abolished phosphorylation of both
Akt and GSK-3f by EPO (Figs. 4C, 6C). Furthermore,
inhibition of GSK-3f by LiCl (20 mmol/l) promoted via-
bility and reduced apoptosis in PC12 cells subjected to
MPP* (Figs. 7, 10). These data indicate that GSK-3f was
the major substrate of Akt contributing to the EPO-medi-
ated neuroprotection against neurotoxicity of MPP™.

The ERK pathway was not activated in MPP*-treated
PC12 cells by EPO, and not involved in EPO-induced
neuroprotection

The MAPK/ERK pathway plays dual roles in the regulation
of cell apoptosis. Downstream kinases activated by MAPK
and associated with cell survival are the ERK proteins,
whereas those most often linked to cell death are JNK and
p-38 [27]. We next investigated whether ERK play a role in
the EPO-mediated neuroprotection.

No significant difference was detected in the levels of p-
ERK between control and EPO-treated groups. EPO caused
the increase in p-ERK1/2 levels, which began within
30 min after MPP* exposure and subsided to control levels
at 6 h (Fig. 8A). The phosphorylation of ERK displayed a
transient increase at 12 h after treated with MPP" in the
EPO-treated group compared with the control group
(Fig. 8B). The phosphorylation of the kinase was com-
pletely inhibited by PD98059. In these experiments, total
ERK levels did not change (ERK lanes in Fig. 8).

As EPO enhanced p-ERK1/2 levels, we further inves-
tigated the role of this signaling pathway using ERK
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Fig. 7 GSK-3 inhibitor prevented MPP*-induced neurotoxicity.
PC12 cell viability was measured using the MTT assay. Pre-
incubation with the specific GSK-3f inhibitor LiCl (20 mM) resulted
in the complete elimination of the MPP* (500 uM)-induced
neurotoxicity. LiCl alone did not alter cell viability in control cells.
Data are means + SD of three replicate values in four separate
experiments. ##P <0.01 vs. controls; **P < 0.01 vs. MPP*;
**P < 0.01 vs. MPP" plus EPO

@ Springer

A pERK — .
ERK - - . a— - a—
Timethy 0 05 1 3 6 12
B e
pERK . ——
e — — A —— —
ERK ooy s o amm— om— o—
Time(hr) 0 05 1 3 6 12
c -t -
pERK S== 2 B BN o .
ERK S e e e
MPP* - + = + + +
EPO - - + + + -
PD - - - - + +

Fig. 8 EPO transiently increased ERK1/2 activity in PC12 cells. (A)
Western blot demonstrating transiently enhanced levels of phosphor-
ylated ERK1/2 (p-ERK1/2) in cells induced by Epo (1 U/ml). (B)
Western blot shows that the presence of both MPP* and EPO (1 U/
ml) had no additive effect on p-ERK1/2 induction. (C) Western blot
showing that EPO-induced increases in p-ERK1/2 were diminished in
the presence of the MAPK inhibitor PD98059 (50 pM). The blots
presented are representatives of three independent experiments with
similar results. In all blots, staining for total ERK1/2 was used as a
loading control (ERK1/2)

inhibitors, PD98059 (50 uM). However, PD98059 did not
prevent the neuroprotective effect of EPO (Figs. 9, 10).
Our results slightly deviated from the previous report [7],
which suggested that activation of ERKI1/2 contributes
moderately to the neuroprotective effect of EPO. These
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Fig. 9 EPO-mediated neuroprotection was not affected by treatment
with the ERK inhibitor PD 98059 (PD). PC12 cell viability was
measured using the MTT assay. Pre-incubation with the specific ERK
inhibitor PD98059 (PD, 50 uM) did not resulted in the elimination of
the EPO (1 U/ml)-induced neuroprotection. PD98059 alone did not
alter cell viability in control cells. Data are means + SD of three
replicate values in four separate experiments. “*P < 0.01 vs. controls;
#4P < 0.01 vs. MPP*
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Fig. 10 Detection of apoptotic cell death using TUNEL staining. A,
control; B, 500 pM MPP* (M) only; C, 500 uM MPP* plus 1 U/ml
EPO (M + E); D, 1 U/ml EPO only (E); E, 500 uM MPP* plus 1 U/
ml EPO with 10 pM LY294002 (M + E + LY); F, 500 uM MPP*
plus 1 U/ml EPO with 50 uM PD98059 (M + E + PD); G, 500 uM
MPP* plus 20 mM LiCl (M + LiCl). EPO and LiCl significantly
reduced the number of TUNEL positive cells (dark brown staining)
relative to MPP* (M). In application of LY294002 into the cells
eliminated the protection of EPO. Values are mean + SD for six
individual experiments. #p <0.01 vs. controls; **P < 0.01 wvs.
MPP*; **P < 0.01 vs. MPP* plus EPO

results suggest that the ERK pathway did not involved in
EPO-induced neuroprotection.

Akt/GSK-3f pathway prevented apoptosis by blocking
activity of caspase-3 in MPP*-treated cells

The mechanism of the progression of DNA fragmentation
was clarified, and it was found that caspase activity was

necessary. The increasing findings have shown that the
activation of caspase-3 is postulated to contribute to
dopaminergic cell death in the MPP*-induced neurode-
generation [28]. As shown in Fig. 11, we also found that
MPP" induced a time dependent increase in caspase-3-like
proteinase activities (Fig. 11). EPO significantly decreased
caspase 3-like activities induced by MPP" toxicity. To
estimate further the contribution of the Akt pathway to the
caspase activity that induces DNA fragmentation, caspase-
3-like protease activity was measured with or without
LY294002. Consistent with the critical role of PI3K in
mediating EPO -induced neuroprotection, the addition of
the PI3K inhibitor, LY 294002 (10 uM), in PCI12 cells
reversed the effect of EPO on caspase-3 activation
(Fig. 11). In contrast, LiCl, the inhibitor of GSK-3p,
downregulated the caspase-3 activity induced by MPP*,
These results indicate a downstream event of caspase-3
activation after Akt-GSK signaling.

These results suggested that the Akt pathway suppressed
caspase-3-like activity in the late phase of MPP*-induced
apoptosis and that Akt helped to prevent cell death. EPO
increase GSK-3 /5 phosphorylation and thus inactivation of
GSK-3f activity, leading to inhibition of caspase-3 acti-
vation.
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Fig. 11 Caspase-3-like activity was involved in MPP*-induced cell
death, and EPO suppressed caspase-3-like activity. Cells were
maintained as described in Fig. 1, and the medium was changed to
serum-free DMEM containing 500 uM MPP" (M) or with 1 U/ml
EPO (M+E) or with 1 U/ml EPO plus 10 uM LY294002
(M + E + LY) or with 20 mmol/l LiCl (M + LiCl). After the addition
of reagents, the intracellular caspase-3-like protease activity was
measured as described in ‘‘Materials and methods’’. Cells exposed to
MPP* alone showed a time-dependent increase in caspase-3-like
activities. Treatment with EPO blocked MPP*-induced activation of
caspase-3 and the GSK-3 inhibitor, LiCl significantly diminished the
activities at all time points. The caspase inhibitory effect of EPO was
reversed in the presence of the PI3K inhibitor, LY 294002. Values are
means+SD for six individual experiments, and statistical analysis was
carried out at each time point by ANOVA. **P < 0.01 vs. MPP*;
P < 0.01 vs. MPP* plus EPO. These data represent three
independent experiments
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Discussion

Excessive apoptosis is thought to be one of the key factors
contributing to Parkinson’s disease. Neuronal cell death
due to 1-methyl-4-phenylpyridinium (MPP*) is mediated
by opening of the mitochondrial permeability transition
pore, release of cytochrome c¢ and activation of caspases
[29]. Once released to the cytosol, cytochrome ¢ could
form apoptosome together with apoptosis-activating factor
Apaf-1 and procaspase-9, leading to the activation of ca-
pase-9, and then activate capase-3 [30]. Caspase-3 has been
demonstrated to participate in MPP*-induced apoptosis
[31]. Moreover, some previous works showed that reactive
oxygen species (ROS) is also implicated in MPP*-induced
cytotoxicity including mitochondrial permeability transi-
tion pore opening and cytochrome c release [32, 33].

In the present study, we demonstrated that EPO pre-
vented the degeneration of PC12 cells induced by MPP™.
As others have found in various cell culture models of
neuronal cell death [34, 35], the survival-promoting action
of EPO followed a bell-shaped dose-response curve in our
in vitro paradigm. Increasing EPO concentration in the cell
culture medium above an optimal dose resulted in a decline
of the cell rescue rate. However, we did not observe further
protective effect at the higher concentration. Several
studies were then able to confirm this particular dose—re-
sponse behavior of EPO in vivo [36, 37], which might have
relevance for the design of upcoming clinical trials. EPO’s
effects in clinical studies, as in the recent human stroke
study that demonstrated beneficial effects in the context of
cerebral ischemia [38], may be further improved by an
optimized dose regimen in the future.

EPO has effects through binding EPO receptor which
has been detected in PC12 cells [39]. Once it is bound to its
receptor, EPO initiates the downstream signaling pathways.
In the present study, we showed that EPO protects against
PC12 cells apoptosis through activation of the Akt/GSK-
3p/caspase-3 mediated signaling mechanism. Treatment of
recombinant EPO in PC12 cells activates Akt, leading to
GSK-3p phosphorylation. Inactivation of GSK-3/ by Akt-
mediated phosphorylation led to inhibition of caspase-3
activation and thus attenuation of apoptosis. These findings
provide new insights into the role and signaling mecha-
nisms mediated by EPO in protection against MPP*-in-
duced PC12 cells injury and apoptosis and may have
significance in the development of molecular targets for
future therapeutic application.

PI3K/Akt is a well-known signaling pathway involved
in cell protection under various stresses, including oxida-
tive stress. PI3K/Akt pathway promotes cardiomyocytes
survival against oxidative stress-induced apoptosis [40] and
also delivers an anti-apoptotic signal in PC12-ErbB4 cells
against oxidative stress induced by MPP" [41]. In an
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attempt to study the molecular mechanism that could be
involved in the neuroprotection of EPO, we investigated
the activation of Akt, the direct effector downstream of
PI3-K in this signal transduction cascade [42]. EPO in-
duced the high and sustained level of activation of Akt in
PC12 cells. The increase in p-Akt mediated by EPO was
dependent on unimpaired by EPO was dependent on
unimpaired functioning of the upstream pathway involving
PI3 kinase. The PI3K inhibitor, LY294002, abolished the
increase in p-Akt and the anti-apoptotic effect of EPO. Our
results identified the PI3K/Akt signaling pathway as the
one responsible for protecting PC12 cells from apoptosis.

Following the PI3-K/Akt pathway, we also examined
Glycogen synthase kinase-3f (GSK-3f), one downstream
target of Akt [43]. GSK-3p regulates a variety of elements
involved in cellular metabolism, including glycogen syn-
thase [43, 44]. It is a constitutively active kinase in cells
and is primarily regulated through inhibition of its activity.
Akt can phosphorylate GSK-3f and inactivate the enzyme
[45], which can occur during neuronal degeneration [46].
GSK-3f has also been shown to regulate cell survival in
PC12 cells: transfection of constitutively active GSK-3
drives PC12 cells into apoptosis, whereas transfection with
kinase-inactive GSK-3 blocks apoptosis [47].

Using MPP"-induced PC12 cells death model, we pre-
sented convincing evidence that treatment of EPO activates
Akt, resulting in the inhibition of GSK-3 activity in the
anti-apoptotic process. In agreement with previous report
showing that GSK-3f activity is suppressed by EPO in
erythroid progenitors [48], our data demonstrated EPO was
able to increase the level of the inactive form of GSK-3 in
parallel with the activation of Akt. We also showed that
PI3K inhibitor, L.Y294002, blocked EPO-induced phos-
phorylation of GSK-3, and inhibition of GSK-3p by LiCl
promoted viability and reduced apoptosis in PC12 cells
subjected to MPP". These results indicate that the protec-
tive effect of EPO on apoptosis is also mediated by PI3K/
Akt-dependent GSK-3f phosphorylation. Thus, both acti-
vation of Akt and inactivation of GSK-3 by EPO are
consistent with promoting cell survival in PC12 cells.
Phosphorylation of GSK-3f may represent another mech-
anism by which EPO decreases apoptosis in PC12 cells.

Although the mechanism by which inhibition of GSK-
3/ through PI3K/Akt suppresses apoptosis is not known.
GSK-3f has been shown to participate in apoptosis in
several cell types and is known to be an upstream regulator
of programmed cell death [49]. GSK-3f has been demon-
strated to induce caspase-3 activation and activate the
proapoptotic tumor suppressor gene, p53 [50]. It also has
been suggested that GSK-3f promotes activation and
translocation of the proapoptotic Bcl-2 family member,
Bax [48, 51], which, upon aggregation and mitochondrial
localization, induces cytochrome c release.
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Caspase-3 is thought to be activated during the final step
of the proapoptotic signaling pathway in many cell lines,
and it represents a potential therapeutic target for sup-
pression of PC12 cells apoptosis induced by MPP* [52—
54]. In dopaminergic cell , MPP* induced apoptosis is
associated with release of cytochrome ¢ and activation of
caspase-3 [28], whereas inhibition of caspase activity has
been shown to attenuate apoptosis. In the present study, we
confirmed that EPO-mediated Akt signaling effects in
regulating PC12 cells death is executed by inhibition the
caspase-3 activity. Previous studies in human neuroblas-
toma cell lines showed that the increase activity of GSK-3
preceded activation of the caspase cascade [50]. Consistent
with the critical role of Akt/GSK-3f in mediating EPO-
induced neuroprotection, our results indicated that the
addition of LY 294002 reversed the effect of EPO on
caspase-3 activation, whereas LiCl, the inhibitor of GSK-
3, downregulated the caspase-3 activity induced by
MPP*. These results indicate activation of caspase-3 is a
downstream event after Akt/GSK-3f signaling.

EPO also has the ability to activate the extracellular
signal-regulated kinases (ERKs) pathway, which are
important for neuron survival [55]. It is not clear whether
the survival signal pathway of EPO is restricted by the PI3-
K/Akt pathway or co-exists with the ERKs pathway in
MPP*-induced apoptosis. PD98059, a specific inhibitor of
the activation of ERKSs, was used to settle this issue [56, 57].
These pharmacological experiments suggest that EPO ac-
tive ERK1/2 transiently and the activity of ERKs was de-
creased by the addition of PD98059. However, PD98059
does not affect the survival effect of EPO in MPP*-induced
apoptosis. These results indicate that ERKs is not involved
in the survival pathway of EPO in MPP*-induced apoptosis.

With regard to the role of ERK1/2 in the EPO-mediated
neuroprotection, the outcomes of recent studies show no
consistency. ERK was reported to be unimportant in the
mediation of EPO’s neuroprotective effect against cerebral
ischemia [58], cardiac ischemia [59] and Parkinson’s dis-
ease [7]. In contrast, ERK was considered to be crucial for
the neuroprotection of EPO against cerebral ischemia [60-
62]. The relative contributions of ERK1/2 and PI3K in
EPO-induced neuroprotection are ambiguous, depending
on the model system examined. Our results support the
notion that EPO-mediated neuroprotection in the MPP*
treatment PC 12 cells occurs primarily via activation of the
Akt/GSK-3p/caspase-3 and is not attributable to the acti-
vation of the ERK1/2 pathway.

Conclusion

Taken together, these data demonstrate that EPO exerted
protection against apoptosis induced by MPP* in PC12

cells. This work re-emphasizes the importance of Akt in
protective signaling, and demonstrates that EPO-induced
neuroprotection is mediated by the Akt/GSK-3f signaling
pathways. Our results also implicate caspase-3 activation
as a critical downstream signaling effector in EPO/PI3K/
Akt/GSK-3f signaling. In conclusion, the elucidation of
the neuroprotective action of EPO in the current study adds
to a growing literature suggesting the potential beneficial
role for this factor in Parkinson disease.
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