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Abstract
The mechanisms of peroxynitrite-induced apoptosis are not
fully understood. We report here that peroxynitrite-induced
apoptosis of PC12 cells requires the simultaneous activation
of p38 and JNK MAP kinase, which in turn activates the
intrinsic apoptotic pathway, as evidenced by Bax transloca-
tion to the mitochondria, cytochrome c release to the
cytoplasm and activation of caspases, leading to cell death.
Peroxynitrite induces inactivation of the Akt pathway.
Furthermore, overexpression of constitutively active Akt
inhibits both peroxynitrite-induced Bax translocation and cell
death. Peroxynitrite-induced death was prevented by over-
expression of Bcl-2 and by cyclosporin A, implicating the
involvement of the intrinsic apoptotic pathway. Selective
inhibition of mixed lineage kinase (MLK), p38 or JNK does not
attenuate the decrease in Akt phosphorylation showing that
inactivation of the Akt pathway occurs independently of the
MLK/MAPK pathway. Together, these results reveal that
peroxynitrite-induced activation of the intrinsic apoptotic
pathway involves interactions with the MLK/MAPK and Akt
signaling pathways.
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Introduction

Nitric oxide regulates synaptic transmission, synaptogenesis
and cell survival, while contributing to the pathogenesis of
neurological diseases and cerebral ischemia.1 Nitric oxide is a
relatively unreactive molecule, with reactivity comparable to
that of molecular oxygen.1 However, nitric oxide reacts with
superoxide to form the powerful oxidant peroxynitrite.
Peroxynitrite is formed at a rate more than three times faster
than the scavenging of superoxide by superoxide dismutase.1

Under pathological conditions, the production of nitric oxide is
overstimulated, leading to the formation of peroxynitrite,
which mediates the deleterious effects of nitric oxide and
superoxide.1

Peroxynitrite has a relatively short half-life (o1 s in
physiological conditions). It has distinct biological targets,
including lipids, thiols and tyrosine residues.1,2 Increased
nitrotyrosine immunoreactivity is a common feature in several
pathological conditions, including atherosclerosis, rheumatoid
arthritis and neurodegenerative diseases.1,3 Even though the
formation of nitrotyrosine is not a ‘footprint’ for peroxynitrite
formation,4 it is reasonable to suggest that if nitric oxide and
superoxide are formed, peroxynitrite is also produced.

Peroxynitrite induces apoptosis in a number of cell types in
culture, including pheochromocytoma-derived PC12 cells,5,6

cortical neurons,7 HL-60 cells8 and rat thymocytes.9 Peroxy-
nitrite-induced apoptosis of PC12 cells can be prevented by
pretreatment with nerve growth factor (NGF), insulin and
caspase inhibitors.5 Treatment with peroxynitrite also de-
creases the activity of the phosphatidyl-inositol 3-kinase
(PI3-K) pathway,6 while stimulating the activity of p3810 and
c-Jun-N-terminal kinase (JNK) mitogen-activated protein
kinase (MAPK) pathways.11 Both the inactivation of PI3-K12

and the activation of p38 and JNK/MAPK13 have been shown
to promote apoptosis. Furthermore, activation of PI3-K is
important in preventing apoptotic signaling in PC12 cells.12

These observations suggest that peroxynitrite-induced cell
death might result from the activation of specific apoptotic
signaling pathways and not merely from nonspecific oxidative
damage. However the intracellular signaling pathways re-
sponsible for peroxynitrite-induced apoptosis are still poorly
understood. In this study, we sought to determine the roles
played by the mixed lineage kinase (MLK)/MAPK and Akt
signaling pathways in the peroxynitrite-induced apoptosis of
PC12 cells.

Results

Incubation of PC12 cells with 0.5 mM peroxynitrite induced the
transient phosphorylation of p38 and JNK MAP kinases
(Figure 1a and b), as measured in whole cell lysates.
Phosphorylation of both kinases was maximal 15–20 min
after exposure to peroxynitrite. Phospho-p38 returned to
basal levels within 4 h (Figure 1a) and phospho-JNK within 2 h
(Figure 1b) following treatment. The contribution of activated
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p38 and JNK to peroxynitrite-induced cell death was
determined by measuring cell viability in the presence of
inhibitors selective for p38 (SB203580, 1 mM), JNK
(SP600125, 0.1 mM) or MLK (CEP11004, 1 mM) (Figure 1c).
The selective inhibition of p38, JNK or MLK significantly
decreased peroxynitrite-induced cell death. However, the
combined inhibition of p38 and JNK, or the combined inhibition
of p38, JNK and MLK did not provide any additional protection
in comparison to treatment with each inhibitor alone.

JNK MAPK has been shown to translocate from the cytosol
to the mitochondria in a stimulus-dependent fashion.14,15 To
determine if peroxynitrite differentially affected the localization
of activated JNK, PC12 cells were treated with 0.5 mM
peroxynitrite, incubated for 20 min and subcellular fractions
were collected for analysis of phosphorylated p46JNK and
phosphorylated p54JNK (Figure 2a and b). Peroxynitrite
significantly increased total cellular levels of phosphorylated
p54JNK in comparison to control (reverse order addition or
decomposed peroxynitrite). Peroxynitrite also augmented the
phosphorylation of p46JNK and p54JNK in mitochondrial
fractions in comparison to control. Levels of cytosolic and
mitochondrial p46JNK and p54JNK were measured as a
fraction of total cellular JNK (Figure 2a and c). Compared to
control, levels of p46JNK were significantly higher in the
cytosolic fraction: levels of p54JNK were significantly higher in

Figure 1 Peroxynitrite activated p38 and JNK MAP kinase. (a, b) Representa-
tive Western blots show phosphorylation of p38 and JNK MAP kinase following
treatment with peroxynitrite (0.5 mM). Blots probed for the phosphorylated forms
of p38 and JNK were stripped and subsequently probed using antibodies against
total p38 and JNK. Activation of p38 and JNK occurred within minutes and was
maximal within 1 h (JNK) and 4 h (p38) following treatment. (c) Inhibition of MLK
(CEP11004, 1mM), p38 (SB203580, 1mM) or JNK (SP600125 0.1 mM)
significantly prevented cell death induced by peroxynitrite (ONOO), but the
combined inhibition of p38 and JNK, or the combined inhibition of p38, JNK and
MLK did not offer any additional protection. REV¼ reverse order addition
(decomposed peroxynitrite). NT¼ no treatment control. Viability results
represent means7S.E.M. of duplicate measures from at least three independent
experiments. *Po0.05 versus peroxynitrite

Figure 2 Peroxynitrite induced translocation of JNK and phospho-JNK to the
mitochondrial fraction. Whole-cell lysates (total) were collected 25 min following
treatment with 0.5 mM peroxynitrite and processed into cytosolic (cyt) and
mitochondrial (mt) fractions. Blots were probed with an antibody selective for the
active or phosphorylated form of JNK, then stripped and subsequently probed
with an antibody selective for total JNK. (a) Representative Western blots indicate
subcellular alterations in phospho-p46/p54 JNK and p46/p54 JNK. (b) Values for
phospho-p46 JNK (open bars) and phospho-p54 JNK (filled bars) were
normalized to phosphorylated plus nonphosphorylated p46 JNK and p54 JNK,
respectively. The values represent the mean7S.E.M. of the optical density ratio
from three independent experiments. Peroxynitrite (ONOO) induced a significant
increases in phospho-p46 JNK/p46 JNK (*Po0.05) and phospho-p54 JNK/p54
JNK (**Po0.05) in mitochondrial fractions. Total phospho-p54 JNK/p54 JNK
was significantly (***Po0.05) higher when treated with peroxynitrite. (c) Values
for p46 JNK (open bars) and p54 JNK (filled bars) for each fraction were
normalized to total levels of p46 JNK and p54 JNK and are represented
graphically. The values represent the mean7S.E.M. of the standardized optical
density of the bands from three independent experiments. Peroxynitrite induced
significant increases in cytosolic p46 JNK (*Po0.05) and mitochondrial p54 JNK
(**Po0.05). (d) Representative Western blot shows that the inhibition of MLK
(CEP11004, 1 mM) prevented peroxynitrite-induced increases in cytosolic p46
JNK and mitochondrial p54 JNK, represented graphically in panel (e). Open bars
represent p46 JNK; filled bars represent p54 JNK. REV¼ reverse order addition
(decomposed peroxynitrite). Results represent mean7S.E.M. of five indepen-
dent experiments
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the mitochondrial fraction. The selective inhibition of MLK with
CEP11004 (1mM) prevented the peroxynitrite-induced trans-
location of p46JNK and p54JNK (Figure 2d and e). Similar
experiments designed to study the effects of peroxynitrite on
p38 localization reveal that incubation of PC12 cells with
peroxynitrite did not induce the translocation of either phospho
p38 or p38 to the mitochondria (data not shown).

Treatment with 0.5 mM peroxynitrite increased the ratio of
mitochondrial to cytosolic Bax (Figure 3a and b) and
decreased the ratio of mitochondrial to cytosolic cytochrome

c (Figure 3a and c), without affecting the total cellular content
of Bax (Figure 3d and e). The selective inhibition of p38, JNK
and MLK significantly attenuated the peroxynitrite-induced
increase in mitochondrial to cytosolic Bax ratio (Figure 3a and
b). In addition, the selective inhibition of p38 and JNK
significantly prevented the peroxynitrite-induced release of
cytochrome c from the mitochondria (Figure 3a and c).
Although the selective inhibition of MLK attenuated the
peroxynitrite-induced decrease in the ratio of mitochondrial
to cytosolic cytochrome c, the effect did not reach statistical
significance (Figure 3c).

Peroxynitrite (0.5 mM) induced the cleavage of both
caspase 9 (Figure 4a and b) and caspase 3 (Figure 4a and
c) at 16 and 24 h following treatment. The peroxynitrite-
induced cleavage of caspase 3 correlated with the cleavage of
its substrate PARP (Figure 4d). Furthermore, the percentage
of TUNEL-positive cells was significantly higher at 16 h
following treatment with peroxynitrite (Figure 4e and f),
coinciding with the onset of caspase cleavage.

The peroxynitrite-induced activation of caspase 3 was
concentration dependent and was maximal at 0.5 mM (Figure
5a and b), as measured 16 h following treatment. Peroxynitrite
also induced a concentration-dependent decrease in cell
viability (Figure 5c), with the largest decrease seen at 1.0 mM
peroxynitrite, the highest concentration tested. The peroxy-
nitrite-induced activation of caspase 3 was significantly
inhibited at 16 h following selective inhibition of MLK (Figure
5d and e). The cleavage of caspase 3 was similarly prevented
by selective inhibition of either p38 or JNK (data not shown).
Furthermore, treatment with the general caspase inhibitor
z-VAD-fmk, as well as with inhibitors selective for caspases 3
and 9 (z-DEVD-fmk and z-LEHD-fmk, respectively), signifi-
cantly inhibited peroxynitrite-induced cell death (Figure 5f).

The overexpression of Bcl-2 inhibited the peroxynitrite-
induced cleavage of caspases 9 and 3 (Figure 6a) and
increased the resistance of PC12 cells to peroxynitrite-
induced cell death (Figure 6b). In addition, incubation with
cyclosporin A (2.5 mM), an inhibitor of the mitochondrial
permeability transition,16 significantly attenuated peroxy-
nitrite-induced cell death (Figure 6c). Lower concentrations
of cyclosporin A (0.5 and 1.0 mM) also prevented cell death
(data not shown).

Next, we assessed the effects of peroxynitrite on the PI3-K/
Akt pathway. Peroxynitrite (0.5 mM) decreased the phosphor-
ylation of Akt in PC12 cells at 16 h following treatment (Figure
7a and b), an effect that was not attenuated by selective
inhibition of p38, JNK or MLK (Figure 7c and d). To determine
the relevance of the Akt pathway in peroxynitrite-induced
death, cell viability was measured following the transient
cotransfection of PC12 cells with GFP and constitutively
active Akt, in comparison to the transient transfection with
GFP alone (Figure 8). The overexpression of constitutively
active Akt significantly attenuated the peroxynitrite-induced
death of GFP-positive PC12 cells in comparision to transfec-
tion with GFP alone (Figure 8a). In addition, the over-
expression of constitutively active Akt significantly
attenuated the peroxynitrite-induced increase in the ratio of
mitochondrial to cytosolic Bax (Figure 8b and c). The
overexpression of Akt in PC12 cells was confirmed via
Western blot (Figure 8d).

Figure 3 Peroxynitrite induced the translocation of Bax and release of
cytochrome c. (a) Representative Western blot shows peroxynitrite (ONOO)-
induced translocation of Bax from the cytosolic to mitochondrial fraction, and
release of cytochrome c from the mitochondrial to cytosolic fraction. Inhibitors
selective for p38 (SB203580, 1.0 mM), JNK (SP600125, 0.1 mM) and MLK
(CEP11004, 1.0 mM) attenuate this peroxynitrite-induced translocation of Bax
and the release of cytochrome c. Western blot data are expressed quantitatively
in panels (b) and (c) as the ratio of mitochondrial to cytosolic Bax and to
cytochrome c, respectively. (d) Representative Western blot of whole-cell lysates
indicates that peroxynitrite does not affect total cellular Bax, which is represented
graphically in panel (e). Results represent means7S.E.M. of at least three
independent experiments. All proteins were collected 16 h following treatment
with 0.5 mM peroxynitrite. REV¼ reverse order addition (decomposed
peroxynitrite). *Po0.05 versus peroxynitrite
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Discussion

Studies of the morphology and DNA fragmentation of several
cell types including thymocytes, HL-60 cells, cultured cortical
neurons and PC12 cells first revealed a role for peroxynitrite in
apoptosis.5,7–9 When peroxynitrite is directly added to
preparations of isolated mitochondria, the permeability
transition pore is activated and cytochrome c is released,

suggesting that peroxynitrite-induced apoptosis may be the
result of direct oxidative damage to the mitochondria.17

However, other studies have shown that peroxynitrite-induced
apoptosis could be either inhibited or enhanced by treatment
with trophic factors,5,6 suggesting a regulated process. In the
current study, we report that peroxynitrite activation of the
intrinsic or mitochondrial apoptotic pathway in PC12 cells is
preceded by phosphorylation of p38 and JNK MAPK and by
translocation of phosphorylated JNK to the mitochondria.
Furthermore, our study shows that the inactivation of the
PI3-K/Akt pathway is important in peroxynitrite-induced
apoptosis. Together, these results reveal an important link
between peroxynitrite-induced upstream signaling events and

Figure 4 Peroxynitrite induced cleavage of caspases 9 and 3, cleavage of
PARP and increased numbers of TUNEL-positive cells. (a) Representative
Western blot indicates the appearance of the predominant cleavage product of
caspase 9, migrating at approximately 40 kDa, and that of caspase 3, migrating at
approximately 17 kDa, following treatment with 0.5 mM peroxynitrite. Quantitative
analysis of Western blot data indicates the peroxynitrite-induced increase in the
ratio of cleaved to full-length caspase 9 (b) and an increase in cleaved caspase 3
(c), normalized to levels of b-tubulin. Open circles¼ peroxynitrite. Open
squares¼ reverse order addition (REV, decomposed peroxynitrite). Results
represent the mean7S.E.M. of three independent experiments. (d) Represen-
tative Western blot indicates cleavage of PARP (85 kDa), which correlates
temporally with the activation of caspase 3. (e) TUNEL analysis indicates the
appearance of a green TUNEL-positive cell among a field of fewer total,
propidium iodide-stained, attached cells 16 h after treatment with peroxynitrite
(ONOO, right panel), in comparison to greater number of propidium iodide-
stained cells and the absence of TUNEL-positive cells in a matched control (REV,
decomposed peroxynitrite, left panel) field. Scale bar¼ 50 mm. (f) Quantitation
indicates a greater number of TUNEL-positive cells at 7 and 16 h following
treatment with peroxynitrite (open squares), as a percentage of total, propidium
iodide-stained cells in comparison to REV (open circles). Results represent
mean7S.E.M. of three independent experiments, and numbers of cells
determined from each experiment represent an average of five fields per
treatment and time point. *Po0.05 versus REV

Figure 5 Peroxynitrite-induced cleavage of caspase 3 was dose dependent
and was attenuated by inhibition of MLK. (a) Representative Western blot
indicates the dose-dependent activation of caspase 3 (17 kDa), measured 16 h
following incubation with peroxynitrite. (b) Quantitative analysis of Western blot
data (the ratio of cleaved caspase 3 to b-tubulin loading control) indicates that the
maximal activation of caspase 3 occurs at X0.5 mM peroxynitrite. (c)
Peroxynitrite-induced cell death is dose dependent. Open squar-
es¼ peroxynitrite. Open circles¼ reverse order addition (REV, decomposed
peroxynitrite). Results represent means of three independent experiments. (d, e)
Selective inhibition of MLK (CEP11004, 1.0 mM) alleviates the peroxynitrite
(0.5 mM)-induced activation of caspase 3, measured by the appearance of the
17 kDa cleavage product and quantitatively as the ratio of cleaved caspase 3 to
b-tubulin. Results represent the mean7S.E.M. of three independent experi-
ments. REV¼ reverse order addition (decomposed peroxynitrite). (f) Inhibitors
selective for caspases 3 and 9 (z-DEVD-fmk and z-LEHD-fmk, 25 mM) and the
general caspase inhibitor z-VAD-fmk (50 mM), all attenuated peroxynitrite
(0.5 mM)-induced cell death. *Po0.05 versus peroxynitrite. Results represent
means7S.E.M. of duplicate measurements from at least three independent
experiments
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downstream activation of the intrinsic apoptotic pathway
(Figure 9), suggesting that induction of apoptosis by peroxy-
nitrite is not a consequence of direct effects on the
mitochondria.

In our study, peroxynitrite activated p38 and JNK MAPK
within minutes of treatment, as previously shown in other cell
types.10,11,18,19 Peroxynitrite-induced apoptosis was already
known to depend in part on p38 MAPK activation,18,20,21 but
we found JNK MAPK activation to be equally important
(Figures 1 and 3). Indeed, inhibition of either kinase prevented
apoptosis. MLK is an upstream activator of p38 and JNK22

which regulates the intrinsic apoptotic pathway in trophic
factor-deprived sympathetic neurons.23 Since the inhibition of
MLK also attenuated peroxynitrite-induced apoptosis (Figures
1–3 and 5), it is presumed that peroxynitrite initiates apoptotic
signaling upstream of p38 and JNK.

Results of the current study indicate that peroxynitrite not
only increased the phosphorylation of total cellular JNK but
also stimulated the translocation of phosphorylated p46 and
p54 JNK to the mitochondrial fractions. When exposed to a
variety of stress-inducing stimuli, several different cell types
are known to translocate active JNK to the mitochondria.14,15

Incubation of PC12 cells with 6-hydroxydopamine was shown
to lead to the selective translocation of JNK2 to mitochondria,
and to the activation of the intrinsic apoptotic pathway.15 Since
the antibody used in our study to detect JNK does not
differentiate between JNK1 and JNK2, further studies will be

necessary to determine whether peroxynitrite-induced apop-
tosis is mediated by JNK2 alone or by both kinases working in
tandem.

Bax translocation plays a critical role in the mitochondria-
induced release of cytochrome c,24 while Bax deficiency
blocks the release of cytochrome c and the apoptosis induced
by the transfection of JNK in mouse embryonic fibroblasts.25

In a number of different cellular models, inhibition of both JNK
and p38 prevented the translocation of Bax.25–27 For
peroxynitrite-induced apoptosis to occur, MLK, p38 and JNK
had to be simultaneously activated, inducing Bax transloca-
tion to the mitochondria. Although it is not possible to causally
relate the increased phosphorylation of mitochondrial JNK
and the translocation of Bax to mitochondria, it is safe to say
that both events are dependent upon the activation of MLK
(Figures 2 and 3).

Bcl-2 is thought to prevent Bax from assuming its
proapoptotic conformation and to inhibit the Bax-induced
release of cytochrome c.28 Overexpression of Bcl-2 has been
shown previously to prevent peroxynitrite-induced apoptosis
in PC12 cells and in cultured cortical neurons.7,29 Over-
expression of Bcl-2 also prevented apoptosis induced by the
downregulation of SOD in PC12 cells, which promotes the
endogenous production of peroxynitrite.30 Protection pro-
vided by the overexpression of Bcl-2 further confirms that the
intrinsic apoptotic pathway is activated by peroxynitrite
(Figure 6). When compared to vector control, PC12 cells

Figure 6 Overexpression of Bcl-2 and treatment with cyclosporin A prevented
peroxynitrite-induced activation of the intrinsic apoptotic pathway. (a) Repre-
sentative Western blot indicates that the overexpression of Bcl-2 prevented
cleavage of caspases 3 and 9 induced by 1.0 mM peroxynitrite, in comparison to
cells overexpressing vector control. REV¼ reverse order addition (decomposed
peroxynitrite). (b) Overexpression of PC12 cells with Bcl-2 attenuated cell death
induced by 1.0 mM peroxynitrite, in comparison to cells overexpressing vector
control. Reverse order addition (REV, decomposed peroxynitrite). *Po0.05
versus vector controlþ peroxynitrite. (c) Cyclosporin A (2.5mM) attenuated
peroxynitrite-induced cell death. *Po0.05 versus peroxynitrite. Results
represent means7S.E.M. of duplicate measurements from at least three
independent experiments

Figure 7 Peroxynitrite inactivated the Akt survival pathway, an effect not
prevented by selective inhibition of MLK, p38 or JNK. (a, b) Western blot
indicates the peroxynitrite (ONOO, 0.5 mM)-induced dephosphorylation of Akt,
measured 16 h following treatment. Blots for phospho-Akt were stripped and
reprobed for Akt. REV¼ reverse order addition control (decomposed
peroxynitrite). Results represent means7S.E.M. of three independent experi-
ments. (c) Peroxynitrite-induced dephosphorylation of Akt was not prevented by
selective inhibition of MLK (CEP-11004, 1.0 mM), p38 (SB203580, 1.0 mM) or
JNK (SP600125, 0.1 mM). At 16 h following treatment, whole-cell lysates were
collected for Western blot analysis of phospho-Akt and Akt, which is represented
graphically in (d) as the ratio of phospho-Akt to Akt. Results represent
means7S.E.M. of three independent experiments. *Po0.05 in comparison to
ONOO
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overexpressing Bcl-2 showed a significant reduction in cell
death after incubation with 1 mM of peroxynitrite. The varying
degrees of vulnerability to peroxynitrite by naı̈ve versus stably
transformed PC12 cells may be due to inherent differences in
the original clones. Nevertheless, 1 mM concentration of
peroxynitrite induced the cleavage of caspases 9 and 3 and
apoptotic cell death in vector control cells, an effect that was
prevented by overexpression of Bcl-2.

Treatment with cyclosporin A also attenuated peroxynitrite-
induced apoptosis in naı̈ve PC12 cells (Figure 6), suggesting
that the mitochondrial permeability transition is an important
component of the intrinsic apoptotic pathway in this model.
However, in addition to its induction of the intrinsic apoptotic
pathway via alteration of upstream signaling events, peroxy-
nitrite may directly alter mitochondrial function via oxidative
damage, which has been reported using isolated mito-
chondria.17 Such direct, deleterious effects of peroxynitrite

on mitochondria may also be rescued by treatment with
cyclosporin A. Regardless of the initiating event, our results
indicate that the induction of the intrinsic apoptotic pathway by
peroxynitrite is regulated by alterations in mitochondrial
function (Figure 9).

Incubation of PC12 cells with peroxynitrite decreased the
phosphorylation of Akt (Figure 7). The attenuation of Bax
translocation and cell death by overexpression of constitu-
tively active Akt (Figure 8) suggests a role for downregulated
Akt signaling in peroxynitrite-induced induction of the intrinsic
apoptotic pathway. PI3-K, the upstream activator of Akt, has
been implicated previously in peroxynitrite-induced apopto-
sis.6 Selective inhibition of PI3-K has been shown to block the
protection afforded by NGF against peroxynitrite-induced
apoptosis.6 However, peroxynitrite has been shown to have
no direct effect on PI3-kinase activity,6 suggesting that its
effects are downstream of PI3-K and upstream of Akt. Such a
supposition is further supported by the finding that the
inhibition of PI3-K does not trigger apoptosis in PC12 cells.6

Activation of the PI3-K/Akt pathway has been shown to
prevent apoptosis associated with the translocation of Bax
and the release of cytochrome c.31,32 In contrast, down-
regulation of the PI3-K pathway was shown to induce both the
translocation of Bax and apoptosis.32 Inactivation of Akt by
peroxynitrite may result in decreased phosphorylation of its
downstream target Bad. The phosphorylation of Bad is an
important regulator of PI3-K/Akt-dependent survival and
apoptosis.33 When not phosphorylated, Bad can displace
Bax from Bcl-2 and Bcl-XL, thus allowing the formation of

Figure 8 Overexpression of consitutively active Akt prevents peroxynitrite-
induced apoptosis. (a) Transient transfection of constitutively active Akt prevents
peroxynitrite-induced cell death. Percent viability was assessed 24 h after
treatment as the ratio of GFP-positive cells in peroxynitrite (ONOO, 0.5 mM)-
treated cultures to that of GFP-positive cells in control (reverse order addition or
decomposed peroxynitrite)-treated cells, in the presence or absence of
constitutively active Akt. Data represent mean S.E.M. of five independent
experiments, and numbers of GFP-positive cells determined from each
experiment represent an average of five fields per treatment. *Po0.05 versus
cells transfected with GFP only. (b) Representative Western blot indicates that
overexpression of constitutively active Akt attenuates the translocation of Bax
from cytosolic (cyto) to mitochondrial (mt) fractions collected 16 h following
treatment with peroxynitrite (0.5 mM), an effect that is quantitated graphically in
(c). (d) Western blot for myc-tagged Akt indicates that levels of Akt were equal in
cells transfected with constitutively active Akt in comparison to cotransfection of
Akt and GFP. *Po0.05 versus treatment of nontransfected cells with ONOO

Figure 9 Model of peroxynitrite-induced apoptosis in PC12 cells. A scheme is
presented summarizing the results. We suggest that activation of the MLK/p38/
JNK pathway occurs upstream of Bax translocation, cytochrome c release, and
caspase activation. Alterations in levels of cytosolic and mitochondrial JNK were
also found which may occur dependently or independently of Bax translocation.
Inactivation of the PI3-K/Akt pathway was also confirmed important for
peroxynitrite-induced apoptosis. Selective inactivation of the PI3K/Akt pathway
may lead to the subsequent translocation of Bax and activation of the intrinsic
apoptotic pathway. Either the peroxynitrite-induced inactivation of the PI3K/Akt
pathway and activation of p38 and JNK occurs independently of each other, or
the inactivation of PI3K/Akt occurs upstream of p38/JNK activation, as
represented by a dashed arrow. The effects of peroxynitrite on both pathways
may converge at the level of Bax translocation and cytochrome c release, thus
activating the intrinsic apoptotic pathway. Treatment with cyclosporin A
prevented peroxynitrite-induced death, indicating that peroxynitrite may have
direct effects on mitochondrial membrane permeability
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‘active’ homodimers of Bax, their subsequent association with
mitochondria and finally the induction of apoptosis.24,34

Currently, the detection of endogenous levels of phosphory-
lated Bad is limited by lack of specific antibodies.35 The
peroxynitrite-induced decrease in phosphorylated Akt coin-
cided with an increase in translocation of Bax, release of
cytochrome c and cleavage of capsases. In the light of these
studies, our current finding that peroxynitrite induces a
decrease in phosphorylated Akt suggests that this event
could initiate the intrinsic apoptotic pathway.

Both the MLK/p38/JNK and the PI3-K/Akt pathways have
been shown to regulate peroxynitrite-induced cell death.
Previous reports have shown that the inactivation of the PI3K/
Akt pathway allows for the activation of MLK and/or JNK,
which leads to apoptosis.31,36,37 In the current study, inhibitors
of MLK, p38 or JNK did not prevent the peroxynitrite-induced
dephosphorylation of Akt but still prevented apoptosis
(Figures 1 and 7). Akt dephosphorylation was not detected
until 16 h after exposure to peroxynitrite (not shown) suggest-
ing that inactivation of PI3-K/Akt and activation of MLK/p38/
JNK are autonomous pathways that converge, perhaps at the
level of Bax translocation (Figure 9).

Results using inhibitors selective for MAPK show a clear
connection between upstream activation of p38 and JNK, the
downstream translocation of Bax and activation of caspase 3.
However, it was surprising to find a delay of several hours
between peak activation of p38 and JNK and detectable
cleavage of caspase 9 or 3. The simplest explanation for this
discrepancy would be that the Western blot protocol did not
have the necessary sensitivity. In support of this argument
and in line with previous observations,5 only a small, but
significant, percentage of TUNEL-positive cells were detected
7 h after peroxynitrite in the current study (Figure 4), suggest-
ing that the levels of antigen were insufficient to allow for
detection of cleaved caspase via Western blot. Alternatively,
this delay may have resulted from MAPK-dependent altera-
tions in transcription or translation, which have been shown
with p38 and JNK in their stress-induced synthesis of different
proapoptotic molecules including Fas and Fas ligand.38,39

However, treatment with cycloheximide did not inhibit
peroxynitrite-induced apoptosis (data not shown), suggesting
that protein synthesis is not required for peroxynitrite-induced
apoptosis.

At low concentrations, peroxynitrite predominantly induces
apoptosis, while at high concentrations it predominantly
triggers necrosis, as evidenced previously by morphology
and by DNA laddering.5,7 Our current study confirms this
interpretation by noting that peroxynitrite activates caspase 3
in a bell-shaped fashion with upstream translocation of
Bax, release of cytochrome c and cleavage of caspase 9
occurring at concentrations which induce maximal activation
of caspase 3.

Induction of cell death increases with increased concentra-
tions of peroxynitrite. At concentrations that result predomi-
nantly in apoptosis, peroxynitrite may have induced some
minimal necrosis when it was added to the incubation buffer.
Peroxynitrite has been shown to induce minimal necrosis
within a few hours of treatment at concentrations producing
biochemical and morphological markers of apoptosis 24 h
later.5 These results may explain the small but significant

increase in TUNEL staining observed at 7 h following
treatment with peroxynitrite, an increase that does not
correlate temporally with caspase activation. It is well
accepted that the TUNEL stain does not discriminate between
apoptotic and necrotic nuclei.40

Clearly, there is evidence for the increased production of
peroxynitrite in several disease states that likely contributes to
their pathophysiology. The results from this study reveal that
the mechanism of peroxynitrite-induced cell death is more
complex than previously thought. The challenge for future
studies will be to determine the existence of such regulated
pathways of peroxynitrite-induced apoptosis in disease
states, and if selective inhibition of these pathways will delay
or prevent cell death, and ultimately the morbidity and
mortality associated with such diseases.

Materials and Methods

PC12 cell maintenance and treatment

PC12 cells were maintained in RPMI 1640 medium supplemented with
10% horse serum, 5% FBS and 1% penicillin/streptomycin on collagen-
coated plates. For experiments, cells were plated at 30 000/cm2 substrate
on collagen (5 mg/cm2) plus poly-L-lysine (1mg/ml)-coated plates. At 20 h
after plating, cells were rinsed and incubated with buffer (50 mM
Na2HPO4, 90 mM NaCl, 5 mM KCl, 0.8 mM MgCl2, 1 mM CaCl2) for 1 min,
followed by a 4 min treatment with peroxynitrite. After treatment,
peroxynitrite was aspirated and fresh culture medium was added.
Selective inhibitors (CEP-11004, Cephalon, Westchester, PA, USA),
SP600125 (Tocris, Ellisville, MO, USA), SB203580 and cyclosporin A
(Calbiochem, La Jolla, CA, USA) were added 1 h prior to treatment with
peroxynitrite. Previous studies have shown that SB203580 does not
interfere with JNK signaling at the concentrations used in our study,39

suggesting that selective inhibition of p38 does not prevent activation of
JNK.

Caspase inhibitors (z-VAD-fmk, BOC-D-fmk, z-DEVD-fmk, z-LEHD-
fmk, ICN) were added immediately following treatment with peroxynitrite.
As controls, either decomposed peroxynitrite (reverse order addition) or no
treatment was used. PC12 cells treated with staurosporine (Sigma, St
Louis, MO, USA) for 6 h (1.5 mM) served as a positive control for
biochemical measurement of apoptosis (data not shown). Dr Dale
Bredesen (Buck Institute, Novato, CA, USA) kindly provided us with cells
overexpressing Bcl-2 and vector control, which were then maintained and
treated similarly to naı̈ve PC12 cells, with the modification that puromycin
(5mg/ml, Sigma) was added with every media change.

Transient transfection studies

Lipofectamine 2000 diluted in Optimem media (Gibco/Invitrogen,
Carlsbad, CA, USA) was added to tubes containing cDNA for constitutively
active Akt (0.8 mg; Akt-1 in Puse-Amp, Upstate Biotechnology,
Charlottesville, VI, USA) and/or for green fluorescent protein (GFP;
pEGFP-C1, 4 mg, Clontech, Palo Alto, CA, USA), according to the
manufacturer’s instructions, and incubated for 20 min at RT. Three million
PC12 cells were pelleted and resuspended in serum-free RPMI, added to
each of the transfection reaction vials and incubated for 5 h at 371C. After
the transfection reaction, the cells were pelleted and washed, then plated
either in 35-mm dishes for assessment of viability, or in 100-mm dishes for
Western blot analysis. At 24 h after plating, PC12 cells were treated with
peroxynitrite, and then 16–24 h later cell lysates were collected either for
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Western blot analysis, or at 24 h later for assessment of viability by
counting numbers of GFP-positive cells in five separate fields.

Assessment of cell viability

At 16–24 h after treatment, cells were washed with PBS and incubated
with propidium iodide (5 mg/ml, Molecular Probes, Eugene, OR, USA),
which stains dead or dying cells, and fluorescein diacetate (15 mg/ml,
Molecular Probes), which is cleaved intracellularly by viable cells into the
fluorescent fluorescein. In each experiment, live and dead cells were
counted in five separate fields of duplicate dishes.

TUNEL assay

Up to 16 h following treatment with peroxynitrite, TUNEL-positive cells
were counted in five separate fields using the DeadEndt Fluorimetric
TUNEL System (Promega, Madison, WI, USA), according to the
manufacturer’s instructions.

Western blot analysis

Equal amounts of protein (25 mg for Bax; 50mg for p38, JNK, Akt and
PARP; 75 mg for Bad, cytochrome c, caspases), as determined using the
BCA Protein Assay (Pierce, Rockford, IL, USA), were loaded and resolved
using SDS-PAGE and transferred onto PVDF membranes (1.5 h, 100 mA,
constant current). Blots were blocked for 1 h in 5% weight/volume of milk
and then incubated with primary antibody in blocking buffer (overnight,
41C). All primary antibodies used were obtained from Cell Signaling
(Beverly, MA, USA) with the exception of those against cytochrome c and
b-III tubulin (Santa Cruz Biotechnology, Santa Cruz, CA, USA). After
washing with Tris-buffered-saline containing 0.1% Tween (TBS-T), blots
were incubated with secondary antibody (goat-anti-rabbit IgG, Biorad,
Hecules, CA, USA) for 1 h at RT. Following successive washes, the signal
was detected using chemiluminescence (Super Signal, Pierce). Blots
analyzed for phospho-specific proteins (phospho p38, JNK and Akt) were
stripped (Restore Western Blot Stripping Buffer, Pierce) and subsequently
probed for total p38, JNK or Akt. Western blot data were quantified using
Quantity One Software (Biorad).

Analysis of cytosolic versus nuclear fractions
Cells were detached from the substrate and collected by centrifugation
(600� g, 5 min, 41C). The pellets were washed with 1 ml of ice-cold PBS
and collected again via centrifugation (600� g, 5 min, 41C) and
resuspended in lysis buffer containing 25 mM HEPES, 5 mM MgCl2,
2 mM EDTA, 2 mM DTT, 1 mM PMSF, 1 mM sodium orthovanadate, and
1% protease inhibitor cocktail (Sigma). For protein collected as cytosolic
(caspases, p38, JNK) versus nuclear (PARP) fractions, lysates of
4.5� 106 cells were sonicated and then centrifuged (10 000 r.p.m.,
10 min, 41C). The supernatant was transferred (cytosolic fraction) and
then the pellet (nuclear fraction) was resuspended in lysis buffer
containing 1% Triton X-100.

Analysis of whole-cell lysates
Whole-cell lysates of 3� 106 cells were collected for analysis of Akt, Bax
and Bad. The lysis buffer for whole-cell lysates contained 1% SDS and 1%
Triton X-100. After sonication, lysates were centrifuged as above, and the
supernatant was collected.

Analysis of mitochondrial versus cytosolic fractions via
subcellular fractionation
For mitochondrial versus cytosolic determination of Bax and cytochrome c,
250 mM of sucrose was added to the lysis buffer. Lysates of 6� 106 cells
were transferred to a cell cavitation bomb (Parr Instrument Co.); 400 psi of
nitrogen gas was applied to the chamber for 4 min to break open the cell,
leaving the mitochondria intact. After a subsequent spin (10 000 r.p.m.,
10 min, 41C), the supernatant (cytosolic fraction) was cleared of
microsomes (15 000 r.p.m., 30 min, 41C), and the pellet (mitochondrial
fraction) was resuspended in lysis buffer containing 1% Triton X-100.
Subsets of cells were alternatively collected for intracellular localization of
JNK and phospho-JNK. In brief, 5� 107 cells were collected by
centrifugation (600� g, 5 min, 41C); the pellets were washed with 10 ml
of ice-cold PBS and collected again via centrifugation (600� g, 5 min,
41C). Pellets were then resuspended in 1 ml of Cytosol Extraction Buffer
(BioVision, Mountain View, CA, USA) for 10 min before lysates were
prepared using a glass tissue grinder. The lysates were centrifuged at
700� g for 10 min at 41C and the supernatants were used for total protein.
To separate mitochondrial and cytosolic fractions, the supernatants were
centrifuged at 10 000� g for 35 min at 41C, the supernatants were saved
as the cytosolic fraction. The resultant pellets (mitochondrial fraction) were
resuspended in Mitochondrial Extraction Buffer (BioVision).

Statistics

Effects of peroxynitrite versus control were analyzed for significance using
the Student’s unpaired t test. Group-wise comparisons were analyzed for
significance via one factor analysis of variance (ANOVA) with post hoc
comparisons conducted via either Dunnet’s Multiple Comparison test
(when compared only to peroxynitrite alone) or via Bonferonni’s post hoc
test (when making multiple comparisons between groups). In all cases, a
P-value of less than or equal to 0.05 was considered significant.
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