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Abstract
Previous studies suggest that lipid peroxidation byproducts, such as 4-hydroxynonenal (HNE) and
4-oxo-2-nonenal (ONE), induces cell death in a wide variety of cell types, partly by modulating
intracellular signaling pathways. However, the specific mechanisms involved, particularly for
ONE, are unclear while c-Jun N-terminal kinase (JNK) has been shown to be essential in HNE-
mediated cytotoxicity. In this study, we examined the role of mitogen-activated protein kinases
(MAPK) signaling pathways in ONE-induced cytotoxicity in SH-SY5Y human neuroblastoma
cells and found that ONE strongly induces the phosphorylation of extracellular signal-regulated
kinase (ERK) and JNK, but no change in p38 MAPK. Interestingly, a transient exposure of the
cells to ONE resulted in cell death, which contrasts with HNE-mediated toxicity. Importantly,
blocking the ERK pathway, but not the JNK pathway, protected cells against ONE-induced
cytotoxicity indicating a striking difference between the ONE-mediated cytotoxicity mechanism
and that of HNE. Furthermore, inhibition of ERK reduced ONE-induced phosphorylation of p53, a
key modulator of the cellular stress response, and the proteolytic cleavage of poly (ADP-ribose)
polymerase (PARP), a hallmark of apoptosis. Overall, these data strongly suggest that ERK plays
an essential role for ONE-mediated cytotoxicity and that ERK is an upstream component of p53-
mediated apoptosis.
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Introduction
The brain is a high oxygen-consuming organ and constantly exposed to oxidative stress. In
addition, since the brain contains high concentrations of polyunsaturated fatty acids and has
a relatively weak antioxidative capacity, it is particularly vulnerable to oxidative stress
(Halliwell et al. 1992, Facchinetti et al. 1998). Polyunsaturated lipid in lipoproteins and
membranes are particularly susceptible to oxidative stress damage, leading to the production
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of several reactive aldehydes such as 4-hydroxynonenal (HNE) and 4-oxo-2-nonenal (ONE)
(Esterbauer et al. 1991, Lee & Blair 2000, Lee et al. 2001), which are capable of modifying
protein (Sayre et al. 2001) and DNA (Marnett et al. 2003). Indeed, there is substantial
evidence for increased lipoperoxidation in neurodegenerative disease associated with
oxidative stress, such as Alzheimer disease and Parkinson disease (Yoritaka et al. 1996,
Sayre et al. 1997, Takeda et al. 2000).

It is relatively well recognized that HNE-mediated cytotoxicity involves the mitogen-
activated protein kinases (MAPK) pathway (Tamagno et al. 2005, Song et al. 2001). MAPK
includes extracellular signal-regulated kinase 1/2 (ERK1/2), c-Jun N-terminal kinase/stress-
regulated protein kinase (JNK/SAPK), and p38 MAPK, which are involved in many cellular
functions, ranging from proliferation to differentiation and apoptosis (Chang & Karin 2001).
In various cell types, JNK and p38 MAPK are frequently associated with the induction of
apoptosis while the ERK pathway is mainly induced in response to mitogens and growth
factors and plays a major role in regulating cell growth, survival, and differentiation (Xia et
al. 1995, Cobb 1999). However, ERK activation can also contribute to apoptosis induced by
H2O2 in oligodendrocytes (Bhat & Zhang 1999, Brand et al. 2001), mesanglial cells
(Ishikawa & Kitamura 2000), and SH-SY5Y neuroblastoma cells (Kelicen et al. 2002).

In previous studies, HNE appears to markedly upregulate the activity of JNK and p38 kinase
and, importantly, blocking of these pathways prevents cell death (Tamagno et al. 2005).
HNE has also been shown to upregulate the transcription factor activator protein 1 followed
by the activation of JNK rather than ERK (Uchida et al. 1999, Parola et al. 1998) in all cell
types tested, including myofibroblasts, hepatocytes, neuronal cells (Camandola et al. 2000,
Tamagno et al. 2005), and cells of the macrophage lineage (Poli et al. 2004).

While the majority of the previous studies focus on HNE, ONE has recently been reported to
be more reactive with protein (Sayre et al. 2006) and DNA (Lee & Blair 2001, Pollack et al.
2006) and is more cytotoxic than HNE (Lin et al. 2005, Shibata et al. 2006), emphasizing
the importance of ONE in pathogenic mechanisms. ONE is causally involved in broad
pathophysiological effects associated with oxidative stress in cells and tissues in vivo (West
et al. 2004, Shibata et al. 2006). Furthermore, ONE adducts have been shown to accumulate
in the spinal cord motor neurons of patients with amyotrophic lateral sclerosis (Shibata et al.
2006). However, the mechanisms of ONE-mediated cytotoxicity remain to be elucidated.
Specifically, while JNK is a known key player in HNE-mediated toxicity, it is unclear
whether the same mechanism(s) are involved in ONE-mediated cytotoxicity. In this regard,
it is very interesting to note that Shibata and colleagues (Shibata et al. 2006) recently
identified ONE, but not HNE, as a selective inducer of the activation of p53 in SH-SY5Y
neuroblastoma cells. These data strongly suggest that ONE, despite its structural similarity
to HNE, may exert its cytotoxicity through a different apoptotic mechanism than that used
by HNE (i.e., JNK signal pathway). Therefore, in the present study, to gain insights into the
mechanisms of cytotoxic response by ONE, we investigated the involvement of MAPK
pathways involved in ONE-mediated cytotoxicity in SH-SY5Y human neuroblastoma cells
and their relationship with p53 signaling pathway.

Materials and Methods
Chemicals and reagents

U0126 was obtained from Cell Signaling Technology (Beverly, MA). SB203580 and
SP600125 were obtained from Calbiochem (San Diego, CA). Antibodies against
phosphorylated ERK1/2 (Thr202/Tyr204), p38 MAPK (Thr180/Tyr182), JNK1/2 (Thr183/
Tyr185), p53 (Ser15), total ERK1/2 and cleaved poly (ADP-ribose) polymerase (PARP)
were purchased from Cell Signaling Technology (Beverly, MA). The anti-plain p38 MAPK
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and JNK1/2 were obtained from the StressGen Biotechnology (Victoria, BC). The anti-Actin
antibody was obtained from Sigma (Saint Louis, MO). ONE and HNE were prepared as
described in our previous studies (Nadkarni & Sayre 1995, Zhang et al. 2003).

Cell culture and cytotoxicity assays
SH-SY5Y human neuroblastoma cells were maintained in Opti-MEM media (Life
Technologies, Gaithersberg, MD) with 5% fetal bovine serum and 1% penicillin/
streptomycin with fungizone (Life Technologies). For cytotoxicity in SH-SY5Y, the cells
were seeded in a density of 2×104 cells/well on to 96 well plates and cultured overnight for
lactate dehydrogenase (LDH) assay. For ONE treatment, the cell culture medium was
switched to serum-free Opti-MEM containing different concentrations of ONE or HNE. The
cytotoxicity of ONE and HNE was evaluated by the LDH assay kit (Roche Diagnostic,
Indianapolis, IN), according to the manufacturer’s instructions. Briefly, cell media were
collected after each treatment and the collected media were mixed with LDH substrate in a
96 well plate. After incubation for 30 min at room temperature, the optical density was
measured at 490 nm using a microplate reader (Molecular Devices, Sunnyvale, CA). The
measured optical density was converted after standardization with low (no treatment; 0%
toxicity) and high controls (1% Triton X-100; 100% toxicity) by the following equation:
cytotoxicity (%) = [(experimental value-low control)/(high control-low control)]×100.

Western blot analysis
Cells were washed twice with ice cold phosphate-buffered saline without Ca2+ and Mg2+

and then suspended in a lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM sodium chloride,
1% Triton, 1 mM EGTA, 1 mM EDTA, 2.5 mM sodium pyrophosphate, 1 mM β-
glycerophosphate, 1 mM sodium orthovanadate, 1 μg/ml leupeptin, 1 mM PMSF). After
centrifugation at 10,000 ×g for 10 min, equal amounts of cellular protein lysates were
separated by SDS-PAGE and electrophoretically transferred to PVDF membranes
(Millipore, Billerica, MA). Following treatment with 10% nonfat milk at room temperature
for 1 hour, the membranes were probed with each antibody at 4°C for overnight followed by
horseradish peroxidase-conjugated anti-rabbit or mouse IgG secondary antibodies (Cell
Signaling Technology, Beverly, MA). Bound antibodies were visualized by
chemiluminescence detection on autoradiographic film. For quantitative analysis of the
immunoblot bands, the densities of the bands were measured by scanning densitometry
(BioRad, Hercules, CA). The densitometric data were presented as mean ± SD of values
obtained for four controls versus four experimental samples.

JNK kinase assay—For the JNK kinase assay, cell lysates were prepared as described
previously, and JNK activity was determined using a JNK assay kit according to the
manufacturer’s instruction (Cell Signaling Technology, Beverly, MA). Briefly, GST-c-Jun
(amino acids 1-89) fusion protein bound to glutathione-sepharose beads was incubated with
cell lysates and allowed to react on a rotating rocker for 2 hours at 4°C. The reactants were
centrifugated at 10,000 g for 15 min to pull down JNK. After washing with 1× kinase assay
buffer (kit component), the samples were resuspended in 50 μL 1× kinase assay buffer
containing 200 μM ATP for 30 min at 30°C, subjected to SDS-PAGE and transferred to a
PVDF membrane. Kinase activity was analyzed by western blotting using rabbit anti-
phospho-c-Jun antibody.

Statistical analysis
The significance of difference between experimental values was determined by Student’s t-
test (two tailed, paired t). Values were considered significantly different at p < 0.05.
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Results
ONE activates ERK1/2, JNK but not p38 MAPK

To investigate whether ONE can activate MAPK, cells were treated with 5 μM ONE. Under
these conditions, 5 μM ONE induced about 50% cytotoxicity in 24 hours (Lin et al. 2005).
The activation of each kinase was analyzed by phospho-specific antibodies and, as shown in
Figure 1, ERK phosphorylation significantly increased within 10-20 min by ONE treatment
and then gradually decreased to basal levels after 30 min (Fig. 1). No significant changes in
the amounts of total ERK1/2 were observed in all of the samples indicating that ONE
modulates the posttranslational regulation of ERK rather than transcriptional activation. In
contrast to ERK1/2, the activation of JNK required 1 hour treatment of ONE while there was
no significant change in phospho-p38 (Fig. 2A and B).

The early activation of ERK1/2 plays a role in ONE-induced neurotoxicity
Since JNK has been reported to be an essential factor in HNE-mediated cytotoxicity
(Tamagno et al. 2005), we were interested in the early signal pathway by ONE or HNE
treatment and whether it is significant to induce cell death because of time-gap between the
activation of ERK and JNK. To address this, one group of cells was treated with ONE or
HNE for 30 min and the media was replaced with ONE- or HNE-free media (Fig. 3B), and
the other group of cells was continuously treated with ONE or HNE (Fig. 3A). In this
experiment, ONE was sufficient to induce the cell death even at a low concentration (5 μM)
after 30 min treatment but HNE treatment for 30 min did not induce cell death at 20 μM
(Fig. 3). These results are consistent with our previous report showing higher toxicity of
ONE than HNE (Lin et al. 2005) and, furthermore, suggest that the signal pathway
mechanisms involved in ONE-mediated cytotoxicity are different than the pathways
involved in HNE-mediated cytotoxicity. Since both pro- and anti-apoptotic roles for ERK
have been reported following oxidative stress mediated injury (Arany et al. 2004, Zhuang et
al. 2007), we further evaluated the role of ERK activation in ONE-induced cell death using
U0126, a specific inhibitor for ERK upstream kinase MEK1/2 (Favata et al. 1998).
Inhibition of ERK activation using U0126 significantly reduced ONE-induced cytotoxicity
(Fig. 4) although the exposure of SH-SY5Y cells to U0126 alone for 1 hour had no effect on
apoptosis and selectively inhibited ERK1/2 phosphorylation (data not shown). We also
examined the role of p38 and JNK pathways in ONE-induced cytotoxicity using specific
inhibitors for each kinase. In contrast to inhibition of ERK, the inhibition of p38 MAPK by
SB203580, or JNK by SP600125, had no effect on ONE-induced cell death (Fig. 4). Since it
has been suggested that JNK is a major player in HNE-mediated toxicity (Tamagno et al.
2005), we further confirmed the effect of SP600125 on JNK activation to confirm.
Specifically, we examined both the level of phospho-JNK with Western blot (Fig. 2C) and
the activity of JNK with kinase assay using GST-c-Jun protein as a substrate (Fig. 2D). A
significant increase of JNK activity was observed in the cell lysate treated with ONE for 1
hour and co-treatment of SP600125 completely inhibited JNK activity (Fig. 2C,D). These
data strongly suggest that the early activation of ERK, but not JNK or p38, mediates
neurotoxicity in SH-SY5Y cells following ONE treatment.

ERK acts as an upstream factor for p53 activation in ONE-treated cells
Recently, Shibata et al. (Shibata et al. 2006) reported that ONE induces apoptosis in SH-
SY5Y neuroblastoma cells by the p53-dependent apoptotic pathway. This prompted us to
determine whether the ERK activity is involved in the p53-dependent apoptotic pathway. To
confirm p53 activation in response to treatment with ONE, we examined the activation of
p53 by measuring the phosphorylation of p53 (Ser15). Consistent with a previous report
(Shibata et al. 2006), ONE treatment enhanced p53 phosphorylation in a time-dependent
manner (Fig. 5A). Next, we treated cells with U0126 to prevent ERK activation for
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determining whether ONE-induced p53 response is mediated via the ERK pathway. As
shown in Figure 5B, pretreatment with U0126 significantly reduced ONE-induced
phosphorylation of p53, suggesting ERK is an upstream pathway for p53 activation by ONE.
The tumor suppressor gene product, p53, has been reported to mediate apoptosis in many
experimental systems and ONE-induced cell death has been shown to be an apoptotic cell
death (Shibata et al. 2006, West et al. 2004). Consistently, the exposure of SH-SY5Y cells to
ONE led to a proteolytic cleavage of PARP, one of the molecular hallmarks for apoptosis,
resulting in the accumulation of the 85 kDa fragment and ERK inhibition significantly
reduced the level of this PARP fragment (Fig. 5B,C) in line with its neuroprotective actions.
However, JNK inhibition failed to reduce the level of phospho-p53 and PARP fragment
(Fig. 5B,C). These data indicate that p53-activation and its apoptotic activity are mediated
by ERK activation in ONE-treated cells. Therefore, ERK may be a fundamental early signal
pathway involved in ONE-induced cytotoxicity.

Discussion
Lipid peroxidation-derived aldehydes generated during the process of lipid peroxidation can
diffuse within or even escape from the cell and attack targets are far from the original
initiation site. Therefore, it has been suggested that they are not only end products of lipid
peroxidation but also act as a mediator of oxidative stress (Uchida et al. 1999). The present
study supports this hypothesis by demonstrating the activation of MAPK by ONE. ONE
activates both ERK and JNK, but not p38 MAPK. Additionally we show that ERK is an
upstream regulator of p53-mediated apoptosis by ONE in SH-SY5Y human neuroblastoma
cells. Treatment of SH-SY5Y cells with ONE induced the early activation of ERK followed
by the late activation of JNK. While inhibition of ERK significantly reduced toxicity, JNK
inhibition did not affect cytotoxicity induced by ONE. This is particularly interesting since
JNK plays an important role in HNE induced cytotoxicity (Uchida et al. 1999, Tamagno et
al. 2005).

Compared to HNE, ONE is structurally analogous but contains a different functional group
at the C4 position that is predicted to make the compound more reactive toward nucleophiles
than HNE. It has been shown that both HNE and ONE react with amino acid nucleophiles
via Michael addition, however the reactivity of these lipid aldehydes toward amino acid
nucleophiles differs qualitatively, with Arg being a target for ONE but not HNE, and
quantitatively, by a remarkable > 100-fold difference in the rate of Cys modification
between HNE and ONE (Doorn & Petersen 2002). Moreover, ONE has some unique
adducts from HNE. Even after Michael addition, ONE adduct, a 4-ketoaldehyde, cannot
rearrange to a cyclic hemiacetal like HNE and can further condense with Lys side chain to
form a stable pyrrole cross-linking (Zhang et al. 2003, Liu et al. 2003, Zhu & Sayre 2007).
In addition, ONE, but not HNE, forms 4-ketoamide with Lys (Zhu & Sayre 2007).
Therefore, a possible explanation for the difference between ONE and HNE cytotoxicity
found in this study may stem from the difference in the reactions between ONE and HNE.
This finding is consistent with our previous findings that ONE is more neurotoxic to
neuroblastoma cells as well as more reactive in modifying and cross-linking proteins than
HNE (Lin et al. 2005, Zhang et al. 2003).

In recent study, a series of toxic α, β-unsaturated aldehydes, including ONE, have shown to
induce apoptosis involves the activation of caspases, proteolysis of downstream caspase
targets, and nucleosomal DNA fragmentation (West et al. 2004). More recently, ONE, but
not HNE, was identified as a potential trigger of p53, a key modulator of cellular stress
reponses in human neuroblastoma cell lines (Shibata et al. 2006).
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In the present study, pre-treatment with a specific inhibitor of MEK, the upstream kinase of
ERK, markedly suppressed p53 phosphorylation at Ser 15 at 1 h after ONE treatment (Fig.
5), suggesting that ERK is an upstream regulator of p53-mediated cell death by ONE. Since
mutation at Ser 15 impairs the functional activation of p53 in apoptosis (Unger et al. 1999),
phosphorylation of p53 at Ser15 appears to play a critical role in the stabilization,
upregulation and functional activation of p53 during cellular stress (Lambert et al.
1998,Shieh et al. 1997,Siliciano et al. 1997), suggesting an essential role for Ser15
phosphorylation in the induction of cell death. In this regard, it is interesting to note that
ERK regulates p53 phosphorylation at Ser15 in response to resveratrol (Alkhalaf & Jaffal
2006), or nitric oxide (Ridnour et al. 2005). While the mechanism(s) underlying ERK
activation by ONE remain to be determined, we hypothesize that oxidative stress associated
with ONE may be an important participant in the mechanism (Fig. 6). Indeed, since ONE is
a potent electrophile like HNE, ONE treatment can trigger a change in the cellular redox
status such that it may exert oxidative stress and ERK activation (Wang et al. 1998,Chu et
al. 2004). In support of this idea, oxidative stress has been known to induce ERK activation
as shown in hydrogen peroxide- or glutamate-mediated oxidative stress in neurons (Zhuang
et al. 2007,Stanciu et al. 2000) and antioxidants or ROS scavengers prevent the activation of
ERK in these conditions. Furthermore, the inhibition of ERK by U0126, a specific inhibitor
of MEK, protects the cells from oxidative stress mediated cytotoxicity (Zhuang et al. 2007).
Based on these previous findings and the fact that ONE is intimately linked with oxidative
stress, our data showing the protective effect of ERK inhibition strongly suggest the
interaction of oxidative stress and ERK pathway in ONE-induced cytotoxicity.
Alternatively, ERK could be directly regulated by modification with ONE as shown in rat
hepatocytes treated with HNE (Parola et al. 1998,Sampey et al. 2007). Further study is
required to explore this possibility.

In conclusion, in ONE treated SHSY5Y human neuroblastoma cells, we demonstrate that
ERK is an early and important signal pathway associated with subsequent apoptosis and that
an essential role for ERK signaling pathway in p53-dependent apoptosis. Studies focusing
on these biochemical steps would extend our understanding of the regulation of stress
signaling cascades stimulated by various reactive products generated by lipid peroxidation.
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Abbreviations

(ERK) extracellular signal-regulated kinase

(HNE) 4-hydroxynonenal

(JNK) c-Jun N-terminal kinase

(LDH) lactate dehydrogenase

(MAPK) mitogen-activated protein kinases

(ONE) 4-oxo-2-nonenal

(PARP) poly (ADP-ribose) polymerase

(SAPK) stress-regulated protein kinase
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Figure 1. The activation of ERK
SH-SY5Y cells were treated with 5 μM ONE for 30 min and phosphorylation of ERK was
monitored by Western blotting with highly specific anti-phospho-ERK antibody (A). ERK
phosphorylation increased within 10 min by ONE treatment and then gradually decreased to
baseline over 30 minutes. The densities of phospho-ERK1 and ERK2 were normalized with
those of total-ERK1, ERK2 and actin, respectively (B). * p < 0.05 and ** p < 0.01 compared
with the control group as assessed by Student’s t-test (n=4).
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Figure 2. ONE activates JNK, but not p38 MAPK
SH-SY5Y cells were treated with 5 μM ONE for different time intervals as indicated. JNK,
and p38 MAPK was monitored by Western blotting 15 μg of whole cell lysate with highly
specific anti-phospho-JNK, and phospho-p38 MAPK antibodies (A). The densities of
phospho-JNK and phospho-p38 MAPK were normalized with total level of each protein
detected by anti-JNK and p38 MAPK antibodies, and actin, respectively (n=4) (B). While
there was no significant change in the level of phospho-p38, the level of phospho-JNK
increased 1 h after ONE treatment and this increase was prevented by JNK specific inhibitor
(SP600125) treatment (C). The significant increase of JNK activity by ONE and the specific
inhibitory effect of SP600125 were also confirmed by the kinase assay using GST-c-Jun as a
substrate (D).
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Figure 3. The transient short-term treatment of ONE triggers cell death
One group of cells was treated with various concentrations of ONE and HNE for 30 minutes
and the media was changed (B). The other group of cells was continuously treated with the
ONE and HNE (A). After overnight culture, we assessed the cytotoxicity using LDH assay.
As a result, the cytotoxicity of 30 minutes-treated group was similar with those of
continuous-treated group in ONE-treated cells (A and B). This result showed that ONE (5
μM) for 30 minutes treatment is sufficient to induce the cell death, whereas HNE treatment
for 30 minutes did not induce cell death (B). Each column is the mean ± SD from five
independent experiments.
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Figure 4. The early activation of ERK plays a role in ONE-induced neurotoxicity
The cells were pre-incubated with each MAPK inhibitor (U0126, SP600125, and SB203580)
for 1 h and followed by treatment with ONE. Pre-incubation of cells with p38 MAPK
inhibitor or JNK inhibitor had no effect on ONE-induced cell death, but ERK inhibitor
decreased ONE-induced cytotoxicity. These data showed that the early activation of ERK
plays a role in ONE-induced neurotoxicity. Each column is the mean ± SD from five
independent experiments. Data are expressed as the percentage of maximum LDH release
(defined as 100% cell death) induced by incubating cells for 45 min with 1% Triton X-100
as detained in the manufacturer’s protocol. * Significantly different (p < 0.001) from the
control cells treated with 5 μM ONE. ND: No difference.
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Figure 5. p53 activation is mediated by ERK activity in ONE-treated cells
ONE treatment enhanced the p53 phosphorylation in a time-dependent manner (A). The
cells was pretreated with ERK or JNK inhibitor and then treated with ONE for 1 h. p53-
activation was prevented by ERK inhibitor but not by JNK inhibitor. In addition, cleaved
PARP was also reduced by ERK inhibitor (B). The densities of cleaved PARP and phospho-
p53 were normalized with actin (n=4) (C). * Significantly different (p<0.001) from the cells
treated with 5 μM ONE.
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Figure 6. A schematic model of ONE-induced signaling pathway
ONE induces strong ERK activation at an early time point, which is subsequently followed
by p53-mediated apoptosis. In this model, ERK, but not JNK or p38, plays as an upstream
regulator of ONE-induced cytotoxicity. While the mechanisms for ERK activation by ONE
are unclear and require further study, we hypothesize that either direct interaction of ONE
and ERK or ONE-mediated generation of reactive oxygen species might be an important
factor in this regulatory mechanism.
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