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Abstract Retinal pigment epithelial (RPE) cells are
constantly exposed to oxidative injury while clearing
byproducts of photoreceptor turnover, a circumstance
thought to be responsible for degenerative retinal diseases.
The mechanisms of hydrogen peroxide (H2O2)-induced
apoptosis in RPE cells are not fully understood. We
studied signal transduction mechanisms of H2O2-induced
apoptosis in the human RPE cell line ARPE-19. Activation
of two stress kinases (JNK and p38) occurs during H2O2

stimulation, and H2O2-mediated cell death was significantly
reduced by their specific inhibition. Exposure to a lethal
dose of H2O2 elicited Bax translocation to the mitochondria
and release of apoptosis-inducing factor (AIF) from the
mitochondria, both of which were abolished by either JNK-
or p38-specific inhibitors. Both H2O2-induced cell death
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and JNK/p38 phosphorylation were partially inhibited by
C. difficile toxin B, inhibitor of Rho, Rac, and cdc42. Use of
pull-down assays revealed that the small GTPase activated
by H2O2 is Rac1. This study is the first to demonstrate that
H2O2 induces a Rac1/JNK1/p38 signaling cascade, and
that JNK and p38 activation is important for H2O2-induced
apoptosis as well as AIF/Bax translocation of RPE cells.
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Introduction

Human retinal pigment epithelial (RPE) cells form the outer
blood-retina barrier between the photoreceptors and the
choriocapillaris. The physiological function of RPE cells,
removing photoreceptor turnover byproducts, leaves them
constantly exposed to a number of reactive oxygen species
(ROS) including hydrogen peroxide (H2O2) [1]. Oxidative
injury is thought to play an essential role in the degeneration,
dysfunction, or loss of RPE cells, and may be responsible for
several retinal degenerative diseases, including age-related
macular degeneration (AMD) [2, 3].

Although several previous studies have demonstrated that
RPE cell death, when induced by different oxidants in vitro
and in vivo, proceeds through the apoptosis pathway, few
have investigated upstream signaling events mediating this
stress response [4–11]. Mitogen-activated protein kinases
(MAPKs), including stress-activated c-Jun NH2-terminal
kinase (JNK), p38 kinase and extracellular signal-regulated
kinase (ERK), have been found to respond to a variety of
extracellular stimuli and to determine cell fate under stress
[12, 13]. It is generally accepted that ERK activation is es-
sential for cell survival, whereas activation of JNK and p38
is thought to play an important role in cell death signaling
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[14, 15]. While high-level and persistent activation of JNK1
and p38 has been observed in RPE cell death induced by
serum depletion, involvement of these kinases in the oxida-
tive stress response has not been established [16].

A recent study of apoptosis identified apoptosis-inducing
factor (AIF) as a molecule capable of mediating a unique
mechanism that is different from the caspase 3-mediated
pathway [17–19]. AIF is localized in the mitochondrial in-
termembrane space [17]. Release of AIF from the mitochon-
dria followed by its translocation to the nucleus induces
chromatin condensation and large-scale DNA fragmentation
in a caspase-independent manner [19, 20]. The Bcl-2 pro-
tein family member Bax has been reported to translocate
from the cytoplasm to the mitochondria in response to cer-
tain death signals [21]. Bax translocation causes permeabi-
lization of the mitochondrial membrane and the release of
apoptogenic factors like AIF [22]. AIF translocation, as op-
posed to caspase 3 activation, was recently shown to be the
major pathway of oxidant-induced RPE cell death; however,
the upstream signaling for this event remains unclear [7].

Constitutively activated mutant forms of Rac and Cdc42,
of the Rho-family GTPases, have been reported to induce
JNK and p38 kinase activations [23–25]. Rho GTPases
belong to the Ras superfamily of monomeric G proteins.
The three most studied Rho GTPases, RhoA, Rac1, and
Cdc42Hs, participate in a wide variety of cellular responses
that include mediating cell survival or death signals. For
example, Cdc42-mediated JNK activation is required for
nerve growth factor withdrawal-induced neuronal death
[26]. Osmolarity-induced cellular shrinkage of NIH3T3
cells activates Rac, followed by activation of p38 MAPK,
resulting in apoptosis [27]. However, the involvement of
Rho-family GTPases in oxidative stress signaling has not
been established. Moreover, the relationship in RPE cells
between Rho-family GTPases and stress kinases, such as
JNK and p38, remains unclear.

The RPE constitutes the blood-retinal barrier and plays an
essential role in the maintenance of photoreceptor function.
However, this physiological role renders it vulnerable to
oxidative stress. Finding strategies for protecting RPE cells
from oxidative stress-induced cytotoxicity is therefore an
important objective. In the present study we have examined
H2O2-induced death signaling in cultured RPE cells. Our
results suggest that the early signaling cascade includes
the small GTPase Rac1, and that JNK and p38 MAPK are
involved.

Materials and methods

Reagents

H2O2, 4′,6-diamidino-2-phenylindole (DAPI), and other
pharmacological and general biochemical reagents were

purchased from Sigma (St. Louis, MO, USA). SB203580,
SP600125 and Clostridium difficile toxin B were purchased
from Calbiochem (San Diego, CA, USA).

Cell culture

The human RPE cell line ARPE-19, obtained from American
Type Culture Collections (Manassas, VA, USA), was cul-
tured in Dulbecco’s modified essential medium (DMEM)-
F12 supplemented with 10% fetal bovine serum (FBS),
50 units/ml penicillin/streptomycin and 2.5 mM glutamine
in a 37◦C incubator with 5% CO2.

Cell viability

ARPE-19 cells were seeded in 10% FBS-DMEM-F12
medium in 96-well microculture plates (12,000 cells/well)
(Nunclon, Roskilde, Denmark) for 24 hr. The culture medium
was then replaced by 0.5% FBS-DMEM-F12 medium for
16 hr. At the time, the cell density before H2O2 treat-
ment was around 22,000 cells/well of 96-well microcul-
ture plates. Cells were then fed with serum-free medium
containing either 10 µM SP600125, 20 µM SB203580 or
5 ng/ml Clostridium difficile toxin B for 1 hour followed by
1 mM H2O2 treatment for 2 hr. Cells were then washed
with PBS and fed with 10% FBS-DMEM-F12 medium
for additional 16 hr to remove residual H2O2. Cell viabil-
ity was then determined by the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay, and con-
firmed by the trypan blue exclusion assay [6, 28].

Cell Lysis, Fractionation, and SDS-PAGE

Following H2O2 treatment, ARPE-19 cells were scraped
into lysis buffer (150 µL/35 mm well) containing 20 mm
HEPES (pH 7.4), 1% SDS, 150 mm NaCl, 1 mm EGTA,
5 mM β-glycerophosphate, 10 mM sodium pyrophosphate,
10 mM sodium fluoride, 100 µM sodium orthovanadate,
10 µg/mL leupeptin, and 10 µg/mL aprotinin. The lysate
was incubated on ice for 15 min. Cell debris was removed
by centrifugation at 15,000 rpm for 15 min at 4◦C. Total cell
lysate was separated into cytoplasmic and nuclear fractions
using the NE-PER Nuclear and Cytoplasmic Extraction Kit
(Pierce, Rockford, IL, USA). Mitochondria were extracted
using the Mitochondria Isolation Kit (Pierce, Rockford, IL,
USA) according to the manufacturer’s instructions. Each
cellular fraction was then resolved on a 12% SDS-PAGE
and then electrotransferred to PVDF membranes (Millipore,
Bedford, MA, USA).

Western blot analysis

Samples were probed with Anti-Active p38 polyclonal an-
tibody (Promega, Madison, WI, USA), Anti-Active JNK
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polyclonal antibody (Promega, Madison, WI, USA), anti-
phospho-HSP27 (Ser78) antibody (Upstate Biotechnology,
Lake Placid, NY, USA), phosphor-c-Jun (ser73) antibody
(Upstate Biotechnology, Lake Placid, NY, USA), anti-AIF
polyclonal primary antibody (Santa Cruz Biotechnology
Inc., CA, USA) or anti-human monoclonal Bax antibody
(BD Biosciences Clontech, Palo Alto, CA), according to
the manufacturer’s instructions, and then washed three times
in TBST. Antibodies against JNK (Santa Cruz Biotechnol-
ogy Inc., CA, USA), p38/SAPK2, HSP27, c-Jun (60A8)
(Upstate Biotechnology, Lake Placid, NY, USA) or actin
(Sigma-Aldrich Corp, St. Louis, MO, USA) were used to
verify equal loading of protein. Next the blots were in-
cubated with horseradish peroxidase-labeled anti-rabbit or
anti-mouse (Amersham Biosciences, Piscataway, NJ, USA)
secondary antibody diluted in PBS with 0.1% Tween (PBS-
T) for 1 h, and then washed three times in TBST prior to vi-
sualization using an enhanced chemiluminescent technique.
X-ray films were scanned on the Model GS-700 Imaging
Densitometer (Bio-Rad Laboratories, Inc., Hercules, CA,
USA) and analyzed using Labworks 4.0 software.

Detection of AIF translocation into the nucleus

Immunocytochemistry was performed as described else-
where, using a goat anti-AIF polyclonal primary antibody
(Santa Cruz Biotechnology Inc., CA, USA) diluted 1:200,
and an FITC-conjugated rabbit anti-goat secondary antibody
(Sigma, St. Louis, MO, USA) diluted 1:60 [6]. The cells
were mounted with DAPI containing anti-fade mounting
medium (Vectashield, Vector Laboratories, Inc., Burlingame,
CA, USA) and viewed with an epi-fluorescence microscope
(Olympus Optical Co., LTD, Melville, NY, USA).

Pull-down assay for Cdc42, Rac1, and Rho activation

ARPE-19 cells were deprived of serum for 16 hr and then
treated with 1 mM H2O2 ranging from 10 min to 2 hr and de-
tached from the culture plate by scraping. Cells were lysed in
Mg2+ lysis buffer (Upstate Biotechnology, Lake Placid, NY,
USA) containing 10 µg/ml leupeptin and 10 µg/ml aprotinin.
The lysates were briefly centrifuged to remove cell debris.
A small aliquot of the resulting supernatant was immedi-
ately removed for detection of total Rac1, Cdc42, or RhoA
protein by immunoblotting. To precipitate activated Cdc42
or Rac1, supernatants were incubated with 10 µg/sample of
GST-PBD beads (Upstate Biotechnology, Lake Placid, NY,
USA). GST-rhotekin beads (Upstate Biotechnology, Lake
Placid, NY, USA) were used for activated Rho precipita-
tion. The supernatants were then mixed by inversion for
1 hr at 4◦C and pelleted beads were washed three times with
Mg2+ lysis buffer. Aliquots of the original cell lysates and the
PBD- and rhotekin-precipitates were subjected to 15% SDS–

PAGE, transferred to PVDF membranes, and immunoblotted
for Cdc42, Rac1, and Rho.

Statistical analysis

Data are expressed as mean ± standard deviation (SD). The
Mann-Whitney U test was used to determine statistically
significant differences: P values < 0.05 were considered
significant.

Results

H2O2 induces JNK and p38 MAPK activation

We used Western blot analysis to determine whether JNK
and p38 phosphorylation can be induced by H2O2 exposure.
Previous studies in our laboratory indicated that 1 mM H2O2

is lethal to ARPE-19 cells, but 0.2 mM H2O2 does not affect
cell viability [29]. ARPE-19 cells were treated with 0.2, 1,
or 2 mM H2O2 for intervals ranging between 20 to 180 min.
Whole cell extracts were prepared and analyzed using anti-
bodies against the active phosphorylated forms of JNK and
p38. As shown in Fig. 1(A), JNK1 (MW 46 kDa) and p38 are
activated 20 min after H2O2 treatment. The peak phospho-
rylation of JNK1 occurred 40 min after treatment; activation
was maintained for up to 60–90 min, depending on H2O2

dose. Phosphorylation of p38 peaked 60 min after H2O2

treatment, was sustained for up to 90 min, and remained de-
tectable for 2–3 hr. There were no obvious changes in total
p38 or JNK (data not show) (Fig. 1(A)). Therefore, H2O2

activated JNK1 and p38 phosphorylation.
Phosphorylation of JNK1 and p38 occurred at the non-

lethal dose (0.2 mM) of H2O2; however, a 2- to 3-fold higher
level was observed following treatment with a lethal dose of
2 mM (Fig. 1(B) and (C)). This implied that critical levels
of JNK and p38 phosphorylation must be achieved to trigger
the death signal.

Effects of JNK and p38 on H2O2-induced cell death

We next determined whether activation of JNK1 or p38
was essential for H2O2-induced cell death. As shown in
Fig. 2(A), the viability of cells treated with 1 mM H2O2

was markedly decreased. However, following pretreatment
with a JNK inhibitor (10 µM SP600125) or a p38 inhibitor
(20 µM SB203580) for 2 hr, the 1 mM H2O2-induced cell
death was reversed by 91 ± 11% and 78 ± 2%, respectively,
when compared to control (P < 0.05). In control experi-
ments, 2 hr exposure of cells to 10 µM SP600125, 20 µM
SB203580, or to the solvent DMSO were not cytotoxic to
ARPE-19 cells (data not shown).
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Fig. 1 Concentration-dependent profile and time course of changes in
H2O2-stimulated MAPK phosphorylation. (A) Serum-starved ARPE-
19 cells were exposed to 0.2, 1 or 2 mM H2O2 for times indicated.
Cell lysates were resolved on 12% SDS-PAGE gels followed by West-
ern blotting with specific antibodies against the active phosphorylated

forms of JNK and p38 (p-JNK and p-p38), then stripped and reprobed
with anti-p38 antibodies as a loading control (lower panel). An addi-
tional study yielded equivalent results. Intensities of p-JNK1 (B) and
p-p38 MAPK (C) were determined by densitometry

Since the activation of JNK and p38 seems to play an es-
sential role in H2O2-mediated cell death, we further explored
the specificity of the inhibitors of p38 and JNK. SP600125
selectively inhibited JNK-mediated phosphorylation of c-
Jun, and SB203580 inhibited p38-mediated phosphorylation

of HSP27 in H2O2-activated ARPE-19 cells. As shown in
Fig. 2(B), Western blot analysis revealed that the phospho-
rylated c-Jun level was not affected by the SB203580 (10–20
µM) and phosphorylated HSP27 level was not affected by
SP600125 (5–10 µM).

Fig. 2 Activation of JNK and p38 plays an essential role in H2O2-
mediated cell death. (A) MTT viability assay following a 16 h recov-
ery period of untreated ARPE-19 cells (column 1), cells treated with
0.2 mM and 1 mM H2O2 for 2 h (columns 2 and 3), and cells pretreated
with the chemicals indicated, before stimulation with 1 mM H2O2 for
2 hr (columns 4–6). Values expressed as % control. Data presented are
means ± SD (n = 4). ∗P < 0.05 vs. untreated cells. (B) Specificity
of the p38 and JNK inhibitors. Western blot analysis of serum-starved
ARPE-19 cells (control) and the cells pretreated for 1 hr with the

SP600125 or SB203580 at the indicated concentrations then incubated
with 1 mM H2O2 for an additional 40 min using specific antibodies
against phosphorylated forms of c-Jun (substrate of activated JNK) or
HSP27 (substrate of activated p38). Loading equality was confirmed
with antibodies against unphosphorylated c-Jun and HSP27. The ex-
periment was repeated two times with similar results. Cont, untreated
control; SB, SB203580 (a p38 MAPK inhibitor); SP, SP600125 (a JNK
inhibitor)
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H2O2-induced nuclear morphology changes can be
abolished by inhibitors of p38 and JNK

The effect of kinase inhibitors on nuclear morphology
in H2O2-treated ARPE-19 cells was assessed by DAPI
staining. The normal nuclear morphology of untreated
cells is shown in Fig. 3(A) (a). In contrast, H2O2 exposure
resulted in small nuclei with partially condensed chromatin
(Fig. 3(A), (d)); 82 ± 12% of cells showed this abnormal
nuclear morphology (Fig. 3(B)). We also noted an absence
of apoptotic bodies and chromatin fragmentation in these
H2O2-treated cells, which is consistent with previous
reports of atypical apoptosis morphology in RPE [7].
Pretreatment with SB203580 and SP600125 prior to H2O2

exposure reduced the number of cells with abnormal nuclear
morphology to 32% and 28%, respectively (Fig. 3(B)).
These findings indicated that inhibitors of p38 and JNK1
significantly reduce H2O2-induced nuclear morphological
changes.

H2O2-induced AIF translocation was blocked
by inhibitors of p38 and JNK

In untreated cells, AIF was localized predominantly outside
the nucleus with a dot-like pattern (Fig. 3(A), b). H2O2 ex-
posure led to robust AIF staining in both cytosol and nucleus
(arrowheads, Fig. 3(A), e), indicating that H2O2 triggered
translocation of AIF from mitochondria to the nucleus. How-
ever, only 31 ± 7% of SB98059-treated cells and 22 ± 8% of
SP600125-treated cells showed nuclear localization of AIF
(Fig. 3(B)). The decrease is indicative of a regulatory role for
JNK1 and p38 in AIF nuclear translocation, further estab-
lishing the significance of kinase signaling in H2O2-induced
cell death.

To further demonstrate that H2O2-induced JNK and p38
activation is required for AIF translocation, the inhibitors
effect on AIF translocation was examined by Western
blotting. Results revealed that either SP600125 (5 µM
and 10 µM) or SB203580 (10 µM and 20 µM) prevented
AIF translocation to the cytosol and nuclei fraction (Fig.
4(A)). H2O2-induced AIF translocation was not affected
by the DMSO solvent. The Bcl-2 family member Bax
has been shown to cause release of AIF and subsequent
caspase-independent cell death [22]. As shown in Fig. 4(B)
(blot 2), Western blot analysis revealed that H2O2 induced
mitochondrial localization of Bax. The Bax targeting to
mitochondria was also attenuated in cells pretreated with
either SP600125 (10 µM) or SB203580 (20 µM). The
Western blot analysis also showed a significant increase in
Bax protein, which was observed up to 4 hr after H2O2 treat-
ment as compared to basal levels (Fig. 4(B), blot 1). Taken
together, the selective inhibition of p38 and JNK prevented
the H2O2-induced release of AIF from the mitochondria

(Figs. 3(A) and 4(A)) and significantly attenuated the
H2O2-induced increase in mitochondrial localization of Bax
(Fig. 3(B)).

Effect of C. difficile Toxin B on H2O2-induced cell
death and on JNK and p38 activation

The above findings led us to hypothesize that inhibition of up-
stream effectors of JNK1 or p38 would block H2O2-mediated
cell death. For inhibition, C. difficile toxin B was selected
for its very high degree of substrate specificity for Rho, Rac,
and Cdc42, but not other small G proteins [30]. ARPE-19
cells were pretreated for 4 hr with 5 ng/ml toxin B prior to
treatment with 1 mM H2O2 and the MTT viability assay was
performed. The viability of toxin B-pretreated cells was in-
creased by 78 ± 7% as compared to cells treated with H2O2

alone (P < 0.05), suggesting that small GTPases are involved
in H2O2-induced death signaling (Fig. 5(A)). Pretreatment
with toxin B alone was not toxic to ARPE-19 cells (data not
shown).

We used Western blot analysis of toxin B-pretreated cells
to establish that JNK1 and p38 kinases are activated by Rho
family small G proteins during H2O2 exposure. Exposure
to 1 mM H2O2 for 40 and 60 min induced a marked ac-
tivation of JNK1 and p38 (Fig. 5(B), p-JNK1 and p-p38
panels), whereas pretreatment of cells with toxin B resulted
in only modest activation of both kinases following H2O2

exposure (Fig. 5(B), p-JNK and p-p38 panels). Total JNK
and p38 protein levels were not changed. The levels of JNK1
and p38 phosphorylation in cells treated with toxin B plus1
mM H2O2 remained higher than those for cells treated with
0.2 mM H2O2. These findings are consistent the hypothesis
that JNK and p38 phosphorylation mediates H2O2 cytotoxi-
city. Reductions in JNK1 and p38 phosphorylation by toxin
B led to partial protection.

We were also interested in discovering which specific
member of the Rho-family GTPases is responsible for p38
and JNK activation. Without H2O2 exposure, GST-PBD
beads precipitated only small amounts of Cdc42 and Rac1
(Fig. 5(C)). Exposure of cells to 1 mM H2O2 resulted in a
prominent increase in the amounts of active Rac1, but no
increase of Cdc42 (Fig. 5(C)). Activation of Rac1 was de-
tected after 10 min and reached its maximum 20 min after
stimulation, earlier than JNK and p38 activation (compare
Fig. 5(D) and Fig. 1). This suggested that Rac1 regulated the
phosphorylation of JNK1 and p38 during H2O2 treatment.

Discussion

In this study we investigated signaling mechanisms occur-
ring during H2O2-induced RPE cell death. We demonstrated
that H2O2 exposure markedly increased JNK and p38 activ-
ity in human ARPE-19 cells. H2O2-mediated cell death was
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Fig. 3 JNK and p38 inhibitors block H2O2-induced chromatin con-
densation and AIF translocation. (A) Untreated ARPE-19 cells (a–c),
cells treated with 1 mM H2O2 for 2 h (d–f) or pretreated with SB203580
(20 µM, 2 h) then either exposed to 1 mM H2O2 for 2 h (g-i) were fixed
and double-stained with AIF (green) and DAPI (blue) after a 16 h re-
covery period. Arrows in panels (d) and (g) point to partially condensed
nuclei. Arrowheads in panels (e) and (h) indicate AIF located in nu-
clei. Representative photomicrographs from duplicate experiments are

shown. (B) Percentages of ARPE-19 cells, treated with 1 mM H2O2

or pretreated with SB203580 (20 µM, 2 h) or SP600125 (10 µM) or
DMSO solvent (2 µM) then either exposed to 1 mM H2O2 for 2 h as de-
scribed above, displaying nuclear AIF and DAPI staining. Values were
obtained by averaging five fields per slide in which approximately 150
cells per slide were counted. Results expressed are means ± SD from
three independent experiments. (∗, P < 0.05 versus untreated samples)
(continued on next page)
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Fig. 4 Effect of inhibition of p38 and JNK on cellular localization
of AIF and Bax in ARPE-19 cells undergoing H2O2-mediated cell
death. Aliquots containing equal amounts of protein from cytosolic
(C), nucleus (N) and mitochondrial (M) fractions or whole cell lysates
(L) were subjected to SDS-PAGE and Western blot analysis. (A) H2O2-
induced translocation of AIF from the mitochondrial to cytosolic and
nucleus fractions is inhibited by either p38 or JNK inhibitors. ARPE-19
cells were treated with 1 mM H2O2 for 4 hr or pretreated with SP600125
(SP; JNK inhibitor) or SB203580 (SB; p38 inhibitor) at the indicated
concentrations for 1 hr before treatment with 1 mM H2O2 for 4 hr, or
were left untreated as controls. (B) H2O2-induced translocation of Bax
from the cytosol to the mitochondria is inhibited by either p38 or JNK
inhibitors. ARPE-19 cells with or without inhibitor (SP600125; 10 µM,
SB203580; 20 µM) pretreatment for 1 hr were exposed to 1 mM H2O2

for the times indicated. β-actin was probed to indicate similar loading
of protein extract for each treatment

significantly reduced by treatment with inhibitors of JNK
and p38 MAPK. Moreover, a lethal dose of H2O2 resulted
in both Bax and AIF translocation, which was abolished
by JNK and p38 MAPK inhibitors. We also found that
H2O2 substantially increased the amount of activated Rac1.
H2O2-induced JNK1 and p38 MAPK phosphorylation was
partially inhibited by C. difficile toxin B, indicating JNK1
and p38 MAPK activation is mediated, at last in part, by ac-
tivity of a small GTPase. Collectively, these findings suggest
a hierarchical model for H2O2-related death of ARPE-19
cells, in which H2O2 induces signaling through the Rho fam-
ily of small G proteins to activate JNK and p38, leading to
apoptosis. Inhibition of either JNK or p38 kinase prevented
apoptosis as well as the translocation of Bax and AIF. These
results indicate that activation of both JNK and p38 signaling
are the signaling molecules involved in H2O2-induced cell
death. This may be valuable information for the development
of agents to protect RPE cells from oxidative damage.

Inhibition of either JNK or p38 produced marked in-
hibition of H2O2-induced cell death. Inhibition of serum
deprivation-mediated death of ARPE-19 cells by JNK and
p38 inhibition has been reported previously, but possible
mechanisms were not explored [16]. In the present study,
we found that inhibition of only one of these two signaling
pathways is sufficient to inhibit cell death to a large extent
(Fig. 2(A)). This would suggest a mutually dependent inter-
play of JNK and p38 activation in signaling H2O2-mediated
cell death. This notion is, however, based on the specificity
of kinase inhibitors used in the study. To ensure the inhibitor
specificity, the phosphorylation of c-Jun and HSP27 was ex-
amined. As shown in Fig. 2(B), phosphorylation of c-Jun
and HSP27 was abolished specifically only when its corre-
sponding upstream kinase was inhibited. Nevertheless, lack
of cross reactivity between the p38 inhibitor and the JNK
inhibitor does not exclude potential overlapping inhibitory
effects on other kinases. How JNK and p38 affect each other
and whether other kinases are also involved in this interplay
remains to be determined.

Our observation that AIF translocation can be abolished
by specific inhibitors provides further evidence that activated
JNK and p38 are indeed the signaling molecules involved
in this phenomenon (Figs. 3 and 4(A)). These findings are
consistent with previous observations in retinoid derivative-
treated human respiratory epithelial cells and ceramide–
treated neuronal cells [31, 32].

Bax is a pro-apoptotic member of the Bcl2 family.
Accumulated evidence shows that death signals induce a
conformational change of Bax, leading to its mitochondrial
translocation [33, 34]. Bax translocation plays a critical
role in the mitochondria-induced release of cytochrome c
and induces release of AIF from mitochondria [22, 35].
Here we report that in ARPE-19 cells H2O2-induced JNK
and p38 activation mediates Bax translocation (Fig. 4(B)).
The relationship between JNK, p38 and Bax, however,
remains unclear. A recent report demonstrated that JNK
and p38 phosphorylate BH3-only proapoptotic proteins
Bim and Bmf, which was thought to mediate UV-induced
apoptosis through a Bax dependent mitochondrial apoptotic
pathway [36]. Nevertheless, the involvement of the BH3-
only members of the Bcl-2 intracellular protein family in
H2O2-induced Bax translocation, and the link with JNK and
p38 signaling remains to be determined.

The Rho-family GTPases (Rho, Rac1, and cdc42) par-
ticipate in a wide variety of cellular responses, including
cell death. These GTP binding proteins have been shown
to mediate apoptosis through activating downstream stress-
activated kinases such as p38 and JNK [23–25]. In this study,
C. difficile toxin B decreased H2O2-induced JNK1 and p38
phosphorylation (Fig. 5(B)), indicating that Rho GTPases
mediate activation of these kinases in RPE cells. This finding,
considered together with the effects of the GTPase inhibitor,
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Fig. 5 C. difficile toxin B inhibits H2O2-induced ARPE-19 cell death
and MAPK activation. (A) MTT viability assay. ARPE-19 cells were
treated with 1 mM H2O2 for 2 hr, pretreated with 5 ng/ml C. difficile
toxin B for 4 hr before treatment with 1 mM H2O2 for 2 hr, or left
untreated as controls: expressed as % control. Variations shown repre-
sent SD from three independent experiments (n = 4 dishes). ∗P < 0.05
compared with H2O2-treated cells. (B) Western blot analysis. ARPE-19
cells were treated with 1 mM or 0.2 mM H2O2 for 40 or 60 min as indi-
cated, or treated with 5 ng/ml C. difficile toxin B for an additional 4 hr
before treatment with 1 mM H2O2. Samples were subjected to SDS-
PAGE and Western blot analysis. Phosphorylated JNK and p38 kinases
were detected with anti-active-form antibodies. The total levels of JNK
and p38 kinases were analyzed with anti-JNK and anti-p38 kinase an-

tibodies and used as equal loading control. Values represent the fold
difference of the quantified p-JNK and p-p38 signals relative to total
levels of JNK and p38 loading control, compared with controls treated
with 0.2 mM H2O2 for 40 min. The experiment was repeated two times
with similar results. (C) Pull down assay. Cells were treated for times
indicated with 1 mM H2O2, lysed, and active Rac1 and Cdc42 were
precipitated using GST-PBD beads. Captured proteins were separated
by SDS-PAGE and analyzed by Western blotting. The results shown
are from three independent experiments. Whole cell lysates were also
analyzed by Western blot analysis to estimate the levels of Rac1 and
Cdc42. (D) Values for GTP-Rac were normalized to total Rac. The val-
ues represent the means ± SD of the optical density ratio from three
independent experiments

supports the notion that JNK-p38 signaling is essential for
H2O2-induced cell death. The specific small GTPase respon-
sible for p38 and JNK activation was suggested to be Rac1
(Fig. 5(C)). The level of activated RhoA was found to be
unchanged by H2O2 treatment (data not shown). This is the
first report linking Rac1 signaling to H2O2-induced RPE cell
death. In addition, comparison of the activation time course

of Rac1, JNK and p38 during H2O2 exposure lead to the
suggestion that Rac1 is an upstream mediator of JNK1/p38
signaling. First, the appearance of GTP-Rac occurred 10 min
prior to JNK1/p38 activation (compare Fig. 5(D) with Fig.
1(B) and (C)). Second, after cells were treated with 1 mM
H2O2 for 2 hr, the increased levels of GTP-Rac returned
to basal levels, and the levels of JNK1/p38 phosphoryla-
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tion showed a pattern consistent with the changes in Rac1
(compare Fig. 5(C) with Fig. 1(A)).

Interestingly, the degree of activation of JNK1 and p38
MAPK seems to be critical for H2O2-induced cell death.
Our results revealed that a lethal dose H2O2 induces a much
higher degree of JNK1 and p38 activation than a non-lethal
dose H2O2 (Fig. 1(B) and (C)). In addition, H2O2-induced
cell death can be significantly reversed by toxin B at a
concentration that only modestly inhibited JNK1 and p38
activation (Fig. 5(B)). It is possible that adequate levels
of activation of p38 and JNK are required to promote
Bax/AIF translocation and result in H2O2-induced RPE
injury.

The ARPE-19 cell line is derived from a primary RPE
tumor, and is widely used as an in vitro model for investiga-
tion of the molecular pathways and related biochemical and
cellular functions of human RPE. Since the physiological
function of RPE cells is responsible for clearance of oxi-
dants derived from photoreceptor turnover, ARPE-19 cells
have been used to explore oxidant-mediated insults and re-
lated protective factors in a number of recent studies. Hepa-
tocyte growth factor (HGF), pigment epithelium-derived fac-
tor, keratinocyte growth factor, sigma receptor ligands and
neuroactive steroids have been shown to prevent oxidant-
induced apoptosis in ARPE-19 cells [7, 29, 37–39]. In these
studies, pretreatment with HGF abrogated oxidant-mediated
AIF translocation; however, the underlying mechanism has
not been elucidated [7]. The present study provides a hierar-
chical model for an H2O2-induced signaling cascade related
to AIF-mediated apoptosis in ARPE-19 cells that may prove
useful for future studies of protective strategies to prevent
RPE cell death or injury.
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