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Abstract

The effects of two different doses of hydrogen peroxide (H,0,), a principal source of reactive oxygen species
(ROS), upon the apoptotic response in pheochromocytomal2 (PC12) cells were examined by comparing the
activities of the extracellular signal-regulated kinases (ERKs) and caspase-3. In our current study, we report that
a 150 uM concentration of H,O, decreases cell viability within 24 hours. Moreover, PD98059 (PD), a specific
inhibitor of the ERKs-mediated signaling pathway, prevents this cell death although viable cells were found to
decrease upon treatment with 50 M H,0, in the presence of PD. The caspase-3 activity, measured using a
fluorogenic substrate, was lower in the presence of PD and 150 xuM H,O, than in the absence of this inhibitor,
but this situation was reversed in the same experiments using 50 xM H,0,. These data indicate that the ERKs
accelerate the apoptotic response through a caspase-3-dependent mechanism at levels of 150 xM H,0,, but not
at a 50 M dose of this compound. Our current experiments thus indicate that the ERKs-mediated signaling

pathway regulates apoptosis via caspase-3 only at higher doses of H,O, in PCI2 cells.

Introduction

Reactive oxygen species (ROS) have a close associa-
tion with many cell functions and also maintain the
homeostasis of cells. On the other hand, ROS are also
found to contribute to a number of chronic cell dis-
orders'™®. Moreover, oxidative stress involving ROS
can also be observed during aging*~®. Hydrogen per-
oxide (H,0,) is a primary source of functional ROS, and
plays a number of pivotal roles in the cell. For
instance, H,O, is produced during both receptor-
mediated signal transduction” and in the progression of
death, such as Alzheimer’s disease®,
Parkinson’s disease”?, and ischemia'®'V. Although
these phenomena involve H,0,, the underlying intracel-
lular mechanisms are characterized by a complicated
crosstalk between redundant and additive signaling

neuronal

pathways. Thus, a simple explanation of the survival
action and chronic action of H,O, is needed, based
upon an overview of the related molecules'?.

It is known that H,O, activates caspase-3, of the
cysteine protease family, during the process of apoptosis.
Caspase-3 is activated by caspase-9 and promotes DNA
fragmentation by activating a caspase-activated DNase
(CAD) to induce apoptosis’®**®. The caspase-
mediated apoptotic cascade is also fundamentally
involved in H,0,-induced apoptosis'®. Extracellular
signal-regulated kinases (ERKs) are also major mole-
cules in the receptor-mediated or H,0,-mediated signal
transduction pathway'"!?. It is well-known that
ERKs are activated by mitogen-activated protein kinase
kinasel (MAPKKI1 or MEK1), which is an up-stream
kinase of ERKSs, in the mentioned signal transduction
pathway. The physiological role of the ERKs is om-
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nifarious, however, and few explanations have been
found for their differences. Interestingly, it has been
reported that the ERKs phosphorylate caspase-9 and
inactivate the caspase-mediated apoptotic cascade?®?.
Thus, it is suggested that the caspase-mediated apoptotic
cascade and the ERKs-mediated signal transduction
pathways are closely associated with a chronic state of
cellular disorder.

To investigate the crucial role for ERKs in H,O,-
mediated signal transduction pathway involved in some
disorders, we analyzed the relation between cell viability
and the activity of ERKs in the presence or absence of
PD98059 (PD), which is an inhibitor of an upstream
regulator of the ERKs, MEKI in H,O,-treated pheo-
chromocytomal2 (PC12) cells. In our current study,
we have found a possible correlation between the con-
centration of H,0O,, the activity of the ERKs and the
progression of cell death. We also find that PD
increases the rate of cell death by exposure to 50 M
H,0,, but causes a reduction in the loss of cell viability
at doses of 150 and 250 uM H,0O,. Interestingly, PD
increases the activity of caspase-3 at 50 uM H,O, and
decreases it at a 150 4M dose, suggesting that MEK I
controls cell viability by sensing a high concentration of
H,0,. Thus, we conclude that ROS-mediated neuronal
death is at least in part controlled by MEK1 and that
this activity leads to cell death via the activation of
caspase-3.

Materials and methods

1. Reagents

PD98059 (PD) was purchased from Calbiochem
(US.A.). Caspase substrate (acetyl-Asp-Glu-Val-Asp-
7-amino-4-methylcoumarin  (Ac-DEVD-MCA)) was
obtained from the Peptide Institute (Japan). Anti-
bodies against phospho-ERKs (pERKSs) and ERKs were
purchased from Cell Signaling Technology Inc (U.S.A.).

2. Cell line

The cell line used in this study was established and
designated as PCI2 by Drs. L.A. Greene and A.S.
Tischler (Harvard Medical School, U.S.A.) from a solid
adrenal tumor passaged subcutaneously in New England
Deaconess Hospital strain white rats. The PCI12 cells
were generously provided by Dr. Hatanaka (Osaka
University, Japan).

3. Cell culture

PC12 cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 5% (v/v)
fetal bovine serum, 5% (v/v) heat-inactivated horse
serum and 0.1% (v/v) penicillin-streptomycin solution
(Gibco BRL, U.S.A.). For the measurement of cell
viability and for fluorescence microscopy analysis, naive
PCI2 cells were seeded onto either collagen-coated
96-well plates or 8-well chamber slides at 2 105 cells/
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The following day, the medium was changed to
serum-free DMEM, and hydrogen peroxide, or hydrogen
peroxide plus PD was added as required, then 24 hours
after the addition of these reagents, cell viability was
measured or cells were stained with 1 zg/mL Hoechst
33258.

4. Measurement of cell viability

Viable cells were quantified by use of the AlamarB-
lue™ (alamarblue) (BioSource International Inc., U.S.
A.) assay which measures mitochondrial activity in a
similar manner to the MTT assay. Measurements were
then made as described in our previous study?V.
Briefly, cells were seeded into 96-well plates and the
medium was changed in order to assay at the appropri-
ate time. The medium was then changed to serum-free
DMEM containing 10% (v/v) alamarblue solution and
the cells were incubated for 3 hours. The intensity of
the fluorescence was detected with a spectrofluorometer
(Fluoroskan Ascent, L-5210420, Dainippon-pharm,
Japan) at 560 nm excitation and 595 nm emission. The
cell viability was defined as {(test sample count)-(blank
count)/(untreated control count)-(blank count)} X 100.

5. Immunoblot analysis

PCI2 cells were seeded in 6-well plates and the
medium was replenished with serum-free DMEM over-
night to reduce the level of phosphorylation in the cells,
or with serum-free DMEM supplemented with inhibitors
as necessary. Then, the cells were lysed with buffer
containing 50 mM Tris-HCI (pH 7.8), 150 mM NacCl, 1%
sodium dodecylsulfate (SDS), 1 mM ethylenediamine
tetraacetic acid (EDTA), I mM phenymethylsulfonyl
fluoride (PMSF), 2 yg/mL of aprotinin and 1 mM
Na,;VO,. The supernatant was used for the analysis
after the elimination of debris by centrifugation. The
lysates (20 pg of protein per lane from PCI12 cells) were
then subjected to sodium dodecylsulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) in Laemmli buffer, and
blotted onto a polyvinylidene difluoride (PVDF) mem-
brane using a semi-dry blotter (AE-6677, Atto, Japan).
The primary antibody was used at a dilution of 1 : 1,000,
after blocking treatment with Block-Ace (Dainippon-
pharm, Japan), and the resulting horse radish
peroxidase-conjugated signal was enhanced using an
avidin-biotin complex (ABC) kit following the manu-
facturer’s instructions (Vecta Stain kit, Vector Labora-
tories, U.S.A.). The bands were detected by enhanced
chemiluminescence (ImmunoStar Reagent, WAKO,
Japan) and visualized with a light-capture system
(AE6962N, Atto, Japan). The band intensities were
measured with a CS analyzer (version 1.03b, Atto,
Japan).

6. Measurement of the activity of caspase-3

The activity of caspase-3 was measured using a fluor-
ogenic peptide as described previously??. Briefly, PC12
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cells were collected and lysed in buffer containing 10
mM Hepes-KOH (pH 7.4), 2mM EDTA and | mM
PMSF. Once centrifuged, one volume of supernatant
was mixed with 2XICE buffer containing 20 mM
Hepes-KOH (pH 7.4), 20% glycerol (v/v), 2 mM PMSF,
4 mM dithiothreitol and 50 uM Ac-DEVD-MCA, and
incubated for 1 hour at 37°C. The linearization of the
activity response was tested for at least two hours.
After the addition of 200 y! of distilled water, fluores-
cence was detected with a spectrofluorometer (Fluoros-
kan Ascent, [.-5210420, Dainippon-pharm, Japan).
Then, the values were shown as fold increase.

7. Statistical evaluation

All data were expressed as the means®=SEM. Either
Student’s t-test or one-way analysis
(ANOVA) was used to compare the means between
groups. A p value of less than 0.05 was considered to
indicate a statistically significant difference.

Results

1. PD98059 accelerates cell death at a low dose of
H,O, but prevents cell death at higher concen-
trations of H,O,

To elucidate the characteristics of H,O,-mediated
death in PCI12 cells, we analyzed features of the extracel-
lular signal-regulated kinases (ERKs)-mediated cell
death using PD98059 (PD). PD is a specific inhibitor
of the ERKs-mediated signaling pathway. As shown in
Fig. 1A, H,0, promotes cell death in PC12 cells within
24 hours at all concentrations. Interestingly, PD was
found to cause accelerated cell death at 50 4M of H,O,
but PD inhibited cell death at both the 150 and 250 M
doses. To assess this intriguing effect further, we mea-
sured the activity of the ERKs using phosphorylation
specific antibodies against these factors in the presence of
H,0, or H,O, plus PD. As shown in Fig. 1B, the
maximal levels of these kinases were observed after 15
minutes in the presence of 150 M H,O, and a lesser
effect was observed at 50 uM (Fig. 1C). PD treatment
completely decreased the activity of the ERKs to basal
levels after 15 minutes in the presence of either 50 or 150
uM of H,0, (Fig. 1C, D). Then, to investigate whether
the cell death is apoptosis or not, the corresponding
morphological features of the cells were observed follow-
ing Hoechst 33258 staining, and we found that 150 xM
H,0, produced more apoptotic cells than 150 M H,O,
plus PD (Fig. 2E, F), whereas the opposite was true at
50 uM of H,0, (Fig. 2B, C). These results suggest that
the balance between the cell death promoting and
preventive effects of PD depends, at least in part, on the
intracellular activity of ERKs.

2. The activity of caspase-3 is controlled by the PD

inhibitor

The caspase family of proteins promotes apoptosis
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(A) 25 uM PD was added to the serum-free DMEM for
24 hours in the presence of the indicated concentrations
of H,0,. The values shown are the means+=SEM (n=
4). The +PD and —PD groups (**P<0.01), 0 uM
and 50 uM of PD (# P<0.05), 150 and 250 4uM of PD
(## P<0.01). (B) The H,0O,-treated samples were col-
lected at specific points (minutes) and subjected to
SDS-PAGE. The specific bands (phosphorylated
ERKs: upper panel, unphosphorylated ERKs: lower
panel) were visualized by immunoblotting (IB) using a
light-capture system. The activity of the ERKs was
estimated as shown using obtained intensity of the band
as described in Materials and methods. (C, D)
Different doses (50 or 150 M) of H,O, were added to
PCI12 cells for 15 minutes in the presence or absence of
PD, and the samples were treated for IB as described
above. Then, the specific phosphorylated or unphos-
phorylated bands were obtained and the intensity of the
bands of pERKSs in Fig. 1C, which was normalized by
ERKs, was measured with a CS analyzer. The data
(means+=SEM) represent three independent experiments
(*P<0.05, **P<0.01).

Fig. 1

induced by H,0,'®. Hence, we examined whether the
activity of caspase-3 was altered by PD in the H,O,-
induced apoptotic response in PCI12 cells. Thus, we
added 50 or 150 M H,0, to PCI2 cells in the presence
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Fig. 2

Condensed chromatins were detected by Hoechst 33258 staining as described in Materials and methods. Cells that were

untreated (A), 50 uM H,O,-treated (B), 50 uM H,O,-treated in the presence of PD (C), PD-treated (D), 150 uM

H,0,-treated (E), or 150 uM H,O,-treated in the presence of PD (F) are shown.
observed and images were captured using fluorescence microscopy.

or absence of PD for indicated time and measured the
activity using collected lysates as described in Materials
and methods. As shown in Fig 3, the activity of
caspase-3, which was indicated as fold increase, was
increased by 50 M H,0,, but to a lesser extent than by
150 ©uM H,0O,. However, these effects were reversed by
PD exposure. These data strongly suggest that the
MEK1-ERKs pathways regulate the activity of caspase-3
and can induce apoptosis.

Discussion

We present evidence that the level of ERKs activity
induced by ROS alters cell viability. Caspase-3 is
activated by different stimuli via ROS stimulation?324,
leading to apoptosis and possibly disease??®. ROS
have now been found to be present during ischemia and

Apoptotic condensed chromatins were
Bar denotes 20 g m.

ischemia/reperfusion injury in previous reports'®'V, and
in the thronboembolic infarction system in rats in our
experiments (manuscript in preparation). We also
demonstrate that the effects of H,O, upon cell viability
are altered by different doses, and we therefore speculate
that the control of the impact of intracellular ROS is
quite difficult and would prove to be very problematic
when attempting to apply it to new therapeutic strat-
egies. We also show that the effects of PD are altered
by different doses of H,O,. The underlying mechanism
of this is not yet clear, but we do think that phosphatases
may have a crucial role in this regard as earlier reports
have shown that they are regulated in part by ROS2729),
Moreover, we consider that functional change of ERKs
by effective dose of ROS may be existed to activate
caspase-3 although the activity of ERKs is increased
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Fig.3 After the treatment of 50 or 150 xuM H,0O, in the pres-

ence or absence of PD, lysates were collected with lysis
buffer to measure the activity of caspase-3 as described
in Materials and methods. The activity of caspase-3
was measured using specific fluorogenic substrates (50
#M Ac-DEVD-MCA). The activity was denoted as
fold-increase. The values shown are the means-= SEM
(n=4) and statistical analysis was carried out using the
Student’s t-test. The data were then compared between
cells treated with 50 M H,O, and 50 x4M H,O, plus
PD (*P<0.05), and with 150 xM H,O, and 150 xM
H,O0, plus PD (# P <0.05).

dose-dependently. Both hyper- and hypo-activation of
ERKs may lead to activation of caspase-3. Thus, we
think that we could speculate the effective and specific
intracellular dose in this study. Cheng et al. have
reported a significant reduction in the loss of cell viabil-
ity following the intracerebroventricular administration
of a caspase inhibitor?”. The authors reported that this
inhibitor is neuroprotective, even during the short period
after administration and following the onset of reper-
fusion. Moreover, edaravone (3-methyl-1-phenyl-2-
pyrazolin-5-one), which is a potent scavenger of free
radicals, has been shown to prevent hypoxia/ischemia in
mice showing a correlation between neuronal cell death
and the caspase-12 activity®®. Taken together, these
findings suggest that there may be a specific cell death-
inducing signal pathway that involves caspases and
ERKs in hypoxia/ischemia. Kulich et al. have report-
ed that the sustained activation of ERKs leads to
Parkinson’s disease®. In addition, apoptosis signal-
regulating kinasel (ASK1), a mammalian mitogen-
activated protein kinase kinase kinase (MAPKKK), is a
ROS-sensitive mediator of apoptosis®?®®. The effect of
ASK 1 leads to the activation of c-Jun N-terminal kinase
(JNK) and p38 mitogen-activated protein kinase
(MAPK), which are stress activated proteins and belong
to the MAPK superfamily®®?*¥. But we have not yet
further examined its effects. Allan et al. have also
reported that the ERKs inhibit the activation of caspase-
929 suggesting that it should be considered whether
ERKs contribute to anti-apoptotic signaling pathway.
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It must therefore be clarified what condition is critical
for pro-apoptotic or anti-apoptotic signaling pathways
and how this family of proteins does participate in
pro-apoptotic or anti-apoptotic signaling pathways.

Although we have focused on caspase-3 in our current
study, caspase-9 also exists in the seriate cascade®. In
a recent report, caspase-12 was shown to be involved in
the ischemic brains of rats®® and in hypoxia/ischemia in
mice®”. It has been found as the result of an in vitro
study that the seriate cascade comprises caspase-3, -9 and
-128738)_ This cascade leads to endoplasmic reticulum
(ER) stress-mediated apoptosis. ASKI is also involved
in ER stress-mediated apoptosis via a different mecha-
nism from ROS®*?.  In the ER stress-mediated apoptotic
response, glucose-regulated protein 78 or 94 (GRP78 or
GRP94), which are chaperones for misfolded proteins,
are up-regulated. This endogenous mechanism for
protecting against ER stress is therefore very noteworthy
We consider that
further study correlated with ER stress is necessary for
total interpretation of the ROS-mediated cytotoxicity
and its preventive mechanism via ERKs.

in the context of these phenomena.
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FEWCHEELREEZH L TS I EHRESNTWD, AT, PCI2 MR L T #@(LAFRZ 2L, 50, 150,
250 uM I 72 & &2, IRERTFINC T R b =Y AVFHE I NI T L BR T, £ DOFRIZ, extracellular  signal-regulated
kinases (ERKs) Z{HE b3 %V »B{bI#3E T H % mitogen-activated protein kinase kinase 1 (MAPKKI % 7z 1& MEK1)
DR IIBHERTH 2 PDIS059 (PD) WIS % L. 50 uM OMREALAKTROELE F T, 7K b —¥ A% L | 150, 250
uM DI AFFAE T TR, 7R M=V 2 EERICHIHIL: 2 L 2HET 5, ZOFRRICBNT, TR A %2HE
179 % caspase-3 DYEM:ZHIE LIz & 25, 50 uM OIEERILAKROTFAE FCld. PD RGN & HE 3 2 & IWIIRE DS
PEBEICEP> T2, 150 uM OMELKEIAE F ik, #ic, PD RBIFREOIHE I ERICE» o720 LA s PCI2HM
JaP OB LK ZE OPEFEERAFRTIC ERKs OTEMAETRT S . Z ORGSR, caspase-3 /19 % 7 K b — 3 22 & ZHfflasto
TR & SR 3 2 BRSO FAEDHH & 2T 78 5 Tz,

(F—=T]—F> JEHBER. ERK, 7 A%—¥, 7R b= 2, PCI2#iE
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