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Abstract

Oxidative stress and subsequent lipid peroxidation are involved in the pathogenesis of numerous
neurodegenerative conditions, including stroke. Cyclopentenone isoprostanes (I1soPs) are novel
electrophilic lipid peroxidation products formed under conditions of oxidative stress via the
isoprostane pathway. These cyclopentenone 1soPs are isomeric to highly bioactive cyclopentenone
prostaglandins, yet it has not been determined if these products are biologically active or are formed
in the brain. Here we demonstrate that the major cyclopentenone IsoP isomer 15-Ap-1SoP potently
induces apoptosis in neuronal cultures at submicromolar concentrations. We presenta model in which
15-Ao¢-1soP induced neuronal apoptosis involves initial depletion of glutathione and enhanced
production of reactive oxygen species, followed by 12-lipoxygenase activation and phosphorylation
of extracellular signal-regulated kinase 1/2 and the redox sensitive adaptor protein p66s"c, which
results in caspase-3 cleavage. 15-Ay-1soP application also dramatically potentiates oxidative
glutamate toxicity at concentrations as low as 100 nM, demonstrating the functional importance of
these molecules in neurodegeneration. Finally, we employ novel mass spectrometric methods to show
that cyclopentenone IsoPs are formed abundantly in brain tissue under conditions of oxidative stress.
Together these findings suggest that cyclopentenone IsoPs may contribute to neuronal death caused
by oxidative insults, and that their activity should perhaps be addressed when designing
neuroprotective therapies.
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Excessive production of reactive oxygen species (ROS) and subsequent lipid peroxidation have
been implicated in the pathogenesis of many neurodegenerative conditions, including stroke
and Parkinson’s disease (Beal 1995; Chan 2001; Jenner 2003). One of the most well known
but least understood factors that contribute to ROS-induced cell death is lipid peroxidation.
Significant evidence suggests that reactive lipid peroxidation products, such as 4-
hydroxynonenal, contribute to the pathology of CNS oxidative injury (Kruman et al. 1997; Ou
etal. 2002; Bruckner et al. 2003). However, the exact lipid species and molecular mechanisms
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by which lipid peroxidation contributes to free radical-mediated neuronal death are poorly
defined.

Free radical-induced peroxidation of arachidonic acid, a ubiquitous polyunsaturated fatty acid
found in membrane phospholipids, results in the formation of isoprostanes (IsoPs), a group of
prostaglandin-like compounds (Morrow et al. 1990). Previously, the highly stable, chemically
inert F-ring IsoPs (F,-I1soPs) have been quantified as markers of oxidative damage (Roberts
and Morrow 2002), and have been shown to be elevated in brain tissue affected by numerous
neurodegenerative conditions, including ischemia, Alzheimer’s, and Huntington’s diseases
(Marin et al. 2000; Montine et al. 2001, 2002; Reich et al. 2001). Recently it was demonstrated
that highly reactive A- and J-ring IsoPs, known as cyclopentenone IsoPs (Fig. 1a), are
abundantly formed following oxidative injury via the same isoprostane pathway (Chen et al.
1999a). Esterified cyclopentenone IsoPs were detected in membrane phospholipids under basal
conditions in rat liver, and their levels increased 22-fold following oxidant injury (Chen et
al. 1999a). These cyclopentenone IsoPs, which are isomeric to the bioactive prostaglandins
PGA, and PGJ,, contain an electrophilic o,B-unsaturated carbonyl moiety in their cyclopentane
ring that rapidly adducts cellular thiols, including those found in proteins and glutathione
(GSH) via Michael addition (Chen et al. 1999a).

Due to their reactive cyclopentenone ring structure, cyclopentenone IsoPs are likely to exhibit
potent biological actions (Levonen et al. 2004). However, the formation and biological activity
of the reactive cyclopentenone IsoPs in the CNS remains unexplored. Cyclopentenone
prostaglandins, which are produced enzymatically by cyclooxygenases and are isomeric to
cyclopentenone IsoPs, have a wide variety of biological actions, including both neurotoxic
(Rohn et al. 2001; Kondo et al. 2002) and neuroprotective (Qin et al. 2001; Wang et al.
2002) properties, suggesting that cyclopentenone 1soPs may also have potent bioactivity in
neurons. In this work, we have for the first time determined that cyclopentenone IsoPs are
indeed produced in abundance in the human brain and are elevated under oxidative and
neurodegenerative conditions. Furthermore, we show that purified 15-Ap-1s0P, a major isomer
formed invivo (Fig. 1a) (Chen et al. 1999b), is a potent neuronal apoptogen. We have identified
a discrete redox-sensitive cell death pathway activated by 15-Ay-1soP which overlaps
extensively with the cell death signal transduction pathways activated during ischemia and
glutathione depletion. Indeed, application of 15-Ay-IsoP during mild oxidative or ischemic
injury greatly exacerbates toxicity. Our results suggest that cyclopentenone IsoPs represent a
novel class of neurotoxic lipid peroxidation products that contribute to ischemic and excitotoxic
injury in the CNS, and reveal novel signaling pathways activated by these compounds which
may represent pharmacological targets for protection from oxidative stress-induced neuro-
degeneration.

Experimental procedures

Materials and reagents

15-Ay-Isoprostane was obtained by total synthesis (Zanoni et al. 2002). All cell culture media
and supplements were purchased from Invitrogen (Gaithersburg, MD, USA) unless otherwise
noted. 2'-Amino-3'-methoxyflavone (PD98059) and 4-amino-5-(4-chlorophenyl)-7-(t-butyl)
pyrazolo[3,4-d]pyrimidine (PP2) and cyclohexamide (CHX) were from Calbiochem (La Jolla,
CA, USA); N-tert-butyl-a-phenylnitrone (PBN), carbonyl cyanide p-
trifluoromethoxyphenylhydrazone (FCCP), and 4-hydroxy TEMPO (TEMPOL) were from
Sigma (St. Louis, MO, USA), and baicalein and 2,2’-azobis(2-amidinopropane) hydrochloride
(AAPH) were from Cayman (Ann Arbor, MI). Primary antibodies for activated caspase-3,
extracellular signal-regulated kinase (ERK1/2), and phospho-ERK1/2 were from Cell
Signaling Technologies (Beverly, MA, USA); Ku70 antibodies were purchased from BD
Biosciences (San Jose, CA, USA), phospho-p66S¢ (serine 36) antibody was from Calbiochem
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and 12-lipoxygenase (12-LOX) antibody was from Cayman. Alexa 680-conjugated secondary
antibodies were purchased from Molecular Probes (Eugene, OR, USA).

Neuron-enriched rat cortical cultures were prepared as described previously (McLaughlin et
al. 1998). In brief, cortices from embryonic day 16 Sprague Dawley rat fetuses were isolated
and incubated in trypsin (Sigma) for 30 min at room temperature. Cortices were dissociated in
10 mL of plating medium containing Dulbecco’s modified Eagle’s medium, 10% F12 nutrients,
and 10% bovine calf serum (Hyclone, Logan, UT, USA). Cells were then plated on poly-L-
ornithine coated coverslips and grown in plating medium. After 2 DIV, cells were treated for
24 h with 1-2 uM cytosine arabinoside to prevent glial proliferation, and then transferred to
Neurobasal media containing 1 x B27 supplement, 100 U/mL penicillin, and 100 pg/mL
streptomycin. These cultures were maintained for 21-28 days prior to use in experiments,
allowing time for them to express a full complement of glutamate receptors (Sinor et al.
1997). HT22 cells, a mouse hippocampal cell line selected for its responsiveness to oxidative
stress (Ratan et al. 1994a), were grown in 75-mm? flasks in Dulbecco’s modified Eagle’s
medium containing 10% bovine calf serum. HT22 cells were a generous gift of Dr Pamela
Mabher (Salk Institute).

15-Ay-isoprostane toxicity assays

Primary neuronal culture toxicity assays were performed by rinsing 28 DIV cells in 96-well
plates with minimal essential medium (without phenol red), which was then partially replaced
with 100 pL of minimal essential medium containing 25 mM HEPES, 0.001% bovine serum
albumin, and 1 x N2 supplement, plus either 15-A,-1soP or vehicle. For experiments involving
pharmacological inhibitors, 100 uL of media with inhibitor or vehicle was added for 30 min,
and then replaced with media containing 15-A,-1soP and inhibitors. After 24-48 h, 40 uL of
cell media was removed and used to assess cell viability using a lactate dehydrogenase (LDH)-
based in vitro toxicity kit (Sigma). In order to account for variation in total LDH content, raw
LDH values were normalized to the toxicity caused by 100 uM NMDA plus 10 uM glycine,
which is known to cause 100% cell death in this system (McLaughlin et al. 2003). All
experiments were performed using cells derived from at least two independent dissections.

Oxidative glutamate toxicity

Oxidative glutamate toxicity assays were performed as previously described (Ratan et al.
1994a). Briefly, immature dissociated fore-brain neurons (1-2 DIV) were rinsed twice with
minimal essential medium, and then incubated in minimal essential medium containing 25 mM
HEPES, 0.01% bovine serum albumin, 1 x N2 supplement, and 10 uM glycine, with or without
3 mM glutamate and 15-Ax-1soP. LDH assays and microscopy were performed 18-24 h later.

For all toxicity experiments using HT22 cells, cells were plated at a density of 7500 cells/well
in 96-well plates 24 h prior to experiments. Cells were rinsed with minimal essential medium,
and then treated with minimal essential medium containing 0.01% fetal bovine serum, 2 mM
glutamine, 10 uM glycine, and 5.5 g/L glucose, with or without 3 mM glutamate and 15-Ay;-
IsoP, for 18 h. Cell media was next replaced with minimal essential medium plus 10% fetal
bovine serum. Cultures were then incubated with a 1 : 10 dilution of 5 mg/mL MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reagent (Sigma) dissolved in minimal
essential medium. Cells were incubated for 3 h, allowing MTT reduction by living cells, then
solubilized by 1: 1 addition of acidified isopropanol (0.1 N HCI) containing 10% Triton X-100,
and absorbance measured at 630 nm using a SPECRACfluor Plus fluorometric plate reader
(Tecan, Durham, NC, USA). MTT measurements were normalized to toxicity caused by 1M
sorbitol (100%). Serum-free media was used in all experiments. Slightly lower levels of cell
death and more reproducible results were observed in serum-free media than if serum was
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included (3 mM glutamate induced ~85% cell death in 10% serum, but only ~50% death
without serum). We believe this observation is a consequence of variability in manufacturer’s
serum preparation as well as of residual glutamine in serum which would potentiate glutamate
toxicity in this model.

Mass spectrometric analysis of cyclopentenone isoprostanes

Frozen brain samples (100-200 mg) were placed directly in 2 : 1 chloroform : methanol (10
mL) containing 0.005% butylated hydroxytolulene, then homogenized and extracted as
previously described (Morrow and Roberts 1999). For experiments employing oxidized brain
tissue, adult rat brain tissue was homogenized and oxidized via incubation in phosphate-
buffered saline containing 1 mM 2,2'-azobis-(2-amidinopropane) (AAPH) at 37°C for 12 h,
then extracted with 2 : 1 chloroform methanol. Lipid extracts were dried under N2, resuspended
in diethyl ether, and esterified IsoPs were hydrolyzed via addition of Apis melifera
phospholipase A, (Sigma). Three nanograms of [2H4]PGA, internal standard was then added
to each of the samples, which were dried, resuspended in MeOH, then diluted in pH 3 water
and subjected to solid-phase extraction on C18 SepPaks (Waters, Milford, MA, USA) as
previously described, (Morrow and Roberts 1999) followed by resuspension in 2 : 1 methanol :
water. Cyclopentenone IsoPs were then analyzed by liquid chromatography electrospray
tandem mass spectrometry (LC/MS/MS). LC was carried out on a Mercury MS (Phenomenex,
Torrance, CA, USA) C18 column (2.0 x 20 mm) utilizing a gradient mobile phase at 300 pL/
min. Mobile phase Awas water, mobile phase B was acetonitrile/methanol (95/5); the gradient
started with 80% A and 20% B and proceeded to 40% A and 60% B over 19 min.
Cyclopentenone IsoPs were analyzed in the multiple-reaction monitoring (MRM) mode on a
ThermoFinnigan TSQ Quantum 1.0 SR 1 mass spectrometer. The reaction monitored for both
the samples and internal standard was decarboxylation and loss of water from the parent ion
(loss of 62 from the parent m/z).

Human brain samples

Human postmortem samples of frontal cortex were kindly provided from the Human Brain and
Spinal Fluid Resource Center by Dr Rashad Nagra of the VA West Los Angeles Healthcare
Center. All included patients were diagnosed as neurpathologically normal. The average patient
age was 72.8 + 13.9 years, and the average postmortem interval was 15.3 + 4.7 h. Samples
were prepared and analyzed in the manner described above.

Measurement of total Fy-isoprostanes

Total Fo-1soPs were measured in cell lysates and conditioned media from neuronal cultures by
gas chromatography/mass spectrometry (GC/MS) as previously described (Morrow and
Roberts 1999). Data was normalized to number of cells collected.

Immunofluorescence

Following exposure to 15-Ay-1soPs or vehicle, cultures were fixed in 10% formaldehyde for
20 min, then rinsed with phosphate-buffered saline, permeabilized with 0.1% Triton X-100,
and blocked for 1 h with 1% bovine serum albumin diluted in phosphate-buffered saline.
Coverslips were then incubated overnight at 4°C in rabbit anti-activated caspase-3 (1 : 75) and
mouse anti- microtubule-associated protein 2 (MAP2) (1 : 200), or rabbit polyclonal anti-12-
LOX (1 : 100) primary antibodies. Cells were then washed in phosphate-buffered saline for a
total of 20 min and incubated in cy-2 or cy-3-labeled secondary antibodies for 1 h. Cells were
then washed and stained with 1.4 uM 4'-6-diamidino-2-phenylindole (DAPI) for 10 min,
followed by further washes. Coverslips were mounted on microscope slides, and fluorescence
was visualized with a Zeiss Axioplan microscope.
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Glutathione assay

Cellular glutathione was measured using the ApoGSH glutathione detection kit (Biovision,
Mountain View, CA, USA), following the manufacturers protocol. Briefly, cell lysates were
incubated with a solution containing 2 uL of 25 mM monochlorobimane (MCB), a dye that
has a high affinity for glutathione (GSH), and 2 pL of 50 U/mL glutathione-S-transferase. Free
MCB is non-fluorescent, whereas the GSH-MCB adduct emits at 461 nm after excitation at
380 nm. Fluorescence measurements were performed using a SPECRAfluor Plus fluorometric
plate reader (Tecan, Durham, NC, USA) and values were normalized to number of cells
collected.

Western blots

Total protein extract was prepared as described previously (McLaughlin et al. 2001). Equal
protein concentrations were separated using Criterion Tris-HCI gels (Bio-Rad, Hercules, CA,
USA). Proteins were then transferred to polyvinylidene difluoride membranes (Amersham
Biosciences, Piscataway, NJ, USA) and blocked for 1 h at room temperature with Odyssey
blocking buffer (LiCor, Lincoln, NE, USA). Membranes were then incubated overnight in
primary antibodies diluted in blocking solution. Membranes were washed in phosphate-
buffered saline containing 0.1% Tween-20 and then incubated in Alexa 680-conjugated
fluorescent secondary antibodies (Molecular Probes) for 1 h at room temperature. Protein bands
were visualized using an Odyssey infrared imaging system and software (version 1.2, LiCor
Biosciences).

Neuronal membrane preparation

Results

Total cell membranes were isolated by the method of Nagamatsu et al. (1992) with slight
modifications. Briefly, cells were homogenized in 1 mL of homogenization buffer (10 mM
Tris-HCI, pH 7.4, 1 mM EDTA, 200 mM sucrose, 1 mM phenylmethylsulfonyl fluoride). The
nuclei and cell debris were removed from the homogenate by centrifugation at 900 g for 10
min at 4°C. The resulting supernatant was centrifuged at 110 000 g for 75 min at 4°C (SW40
rotor, Beckman ultracentrifuge). The supernatant (cytosolic fraction) was stored at —70°C,
whereas the membrane pellet was solubilized in buffer (10 mM Tris-HCI, pH 7.4, 1mM EDTA,
0.5% Triton X-100, 1 mM phenylmethylsulfonyl fluoride) for a minimum of 1 h at 4°C and
then stored at —70°C.

Cyclopentenone isoprostanes are formed in the brain and are elevated following oxidative
injury As cyclopentenone 1soPs exert neurotoxic effects, it is imperative to determine if they
are formed in the brain. The formation of D,- and E,-IsoPs, the direct precursors of
cyclopentenone IsoPs, are significantly increased in brain tissue following oxidant damage
(Reich et al. 2001; Montine et al. 2003), suggesting that cyclopentenone 1soPs should be
present. Thus, we analyzed cyclopentenone 1soP levels in rat brain tissue using a stable isotope
dilution liquid chromatography tandem mass spectrometric method (LC/MS/MS) employing
[2H4]PGA, as an internal standard. Basal levels of cyclopentenone IsoPs in adult rat brain
using this assay were 14.7 + 8.6 ng/g (n = 3), and were elevated to 179.0 + 84.2 ng/g (n =3,
p <0.05) following 12-h exposure to the oxidant AAPH (1 mM), a 12-fold increase. In contrast,
F»-1soP levels in rat brain were 1.6 + 0.3 ng/g, nine-fold lower, and increased only two-fold
following oxidation. These findings demonstrate that in brain tissue, cyclopentenone IsoPs
may be the favored product of the IsoP pathway. We next examined the cyclopentenone I1soP
levels in postmortem samples of frontal cortex tissue of neurologically normal human subjects.
Cyclopentenone IsoPs were abundant in human brain tissue, present at levels of 33.5 + 3.5 ng/
g wet brain tissue (n = 5), 6.8-fold higher than levels of F»-1soPs in normal human cortex (4.9
+ 0.3 ng/g) previously reported from our laboratory (Reich et al. 2001). Thus, cyclopentenone
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IsoPs are formed in abundance in the CNS and are increased by oxidant injury in parallel with
Fo-1soPs.

The endogenous cyclopentenone isoprostane 15-Ag-isoprostane is neurotoxic to primary
cortical neurons in culture

In order to evaluate the potential role of cyclopentenone IsoPs in neurodegeneration, we first
examined the effects of 15-Ax-1soP, one of the major cyclopentenone IsoPs formed in vivo
(Chen et al. 1999b), on neuronal viability in primary neuronal cultures. 15-Ay-1soP caused
dose-dependent neuronal death in mature cortical cultures (LDsg = 950 nM, Fig. 1b), as
determined by LDH release. Toxicity was seen at concentrations as low as 300 nM after 48-h
exposure, though higher concentrations of 15-Ay-1soP (30 uM) were required to induce
neurotoxicity at 24 h (Fig. 2e). 15-Ay-1soP was also highly toxic to the oxidative stress-
sensitive HT22 hippocampal cell line, with an observed LDsq of 4.8 uM following 24 h
exposure (Fig. 1c). Notably, 15-Fo-IsoP (also known as 8-iso-PGF5,,), a non-reactive F,-1soP
which is structurally identical to 15-Ay-1soP but lacks the cyclopentenone moiety, did not
induce cell death under similar conditions (data not shown).

Neuronal death induced by 15-Ay-isoprostane is apoptotic

In order to more fully characterize 15-Ay-IsoP-induced cell death, nuclear morphology was
assessed by DAPI nuclear staining in primary cultures treated with 30 pM 15-Ay-IsoP for 24
h. An abundance of asymmetric chromatin formations was observed in 15-Ay-1soP-treated
cells, consistent with apoptotic cell death (Figs 2a and b). Furthermore, analysis of activated
caspase-3 staining in these cultures demonstrated greatly increased apoptotic protease
immunoreactivity in 15-Ay-IsoP-treated neurons, as well as a reduction in the neuron specific
marker microtubule-associated protein MAP2 staining (Figs 2c and d). These findings are
consistent with the neurite retraction and beading that typify apoptotic cell death. Moreover,
the increased caspase-3 cleavage in 15-Ay-1soP-treated neurons was also confirmed after 24
h of treatment by western blot analysis (data not shown). In order to confirm that caspase
activation was essential to the pathological cascade, neurons were co-incubated with 15-Ag;-
IsoPs in the presence of zZVAD-FMK (20 uM). This broad-spectrum caspase inhibitor provided
complete protection from 15-Ao-I1soP-induced cell death in both primary neuronal cultures (as
assessed by LDH release) and HT22 cells (as assessed by MTT assay, Fig. 2¢).

15-Ay-Isoprostane depletes cellular glutathione and induces oxidative stress

We have previously observed that 15-A,-1soPs rapidly adduct glutathione (GSH) in non-
neuronal cells (Milne et al. 2004). Because GSH depletion is fatal to neurons (Murphy et al.
1989), we next measured the GSH levels in immature neurons and HT22 cells exposed to 15-
Ao-1soP. Three-hour exposure to 15-Ax-1soP resulted in a dose-dependent depletion of GSH
in both neurons and HT22 cells (Fig. 3a). 15-Ay-1soP depleted GSH levels as effectively as 5
mM glutamate, a well-characterized oxidative injury (Tan et al. 1998). Furthermore, we found
that depletion of cellular GSH via pre-treatment with the compound buthionine sulfoximine
(BSO) enhanced IsoP-induced HT22 cell death and that cell death could be blocked by pre-
incubation with 100 uM N-acetyl cysteine (data not shown). Both of these observations are in
keeping with those observed following glutamate exposure to HT22 cells (Ratan et al.
1994b). Thus, the rapid depletion of GSH induced by 15-Ax-1soP likely contributes to the
potent toxicity of this compound in both primary neuronal cultures and HT22 cells.

As GSH depletion is associated with oxidant stress, we next examined oxidative damage in

neurons following treatment with 15-Ay-1soP. 15-Ay-1soP exposure for 3 h induced a nearly
three-fold increase in neuronal levels of F,-isoprostanes (Fo-1soPs), stable lipid peroxidation
products measured as an index of oxidative stress (Fig. 3b) (Morrow and Roberts 1999). We
found that 15-A,-1soP-induced lipid peroxidation production could be completely blocked by
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co-application of the mitochondrial uncoupling agent FCCP (10 uM), but not by the 12-
lipoxygenase inhibitor baicalein (2 uM), suggesting that ROS production is dependent on
functional mitochondria. We also observed progressive up-regulation of Ku70, a DNA repair
protein involved in cell death, over the course of a 24 h exposure to 15-Ay-1soP, indicative of
oxidative DNA damage.

Our observation that 15-Ay-1soP increases lipid peroxidation suggests that ROS contribute to
the apoptotic process induced by this agent. Accordingly, the free radical spin traps 4-hydroxy-
TEMPO (TEMPOL, 1 mM) and PBN (0.5 mM) provided significant protection from 15-Ao-
IsoP (Fig. 3c, 68% and 54% protection, respectively). These observations suggest that 15-
Au-1soP-induced ROS production could potentiate oxidative injury via a feed-forward
mechanism.

12-Lipoxygenase activation is required for 15-Ay-Isoprostane-induced neurodegeneration

12-Lipoxygenase (12-LOX) oxidizes arachidonic acid to 12-hydroperoxides and plays a key
role in neurotoxicity associated with a number of oxidative stress-inducing insults, including
glutamate (Li et al. 1997; Khanna et al. 2003), thiol oxidants (Du et al. 2002), nitric oxide
(Canals et al. 2003), B-amyloid (Lebeau et al. 2004), and peroxynitrite (Zhang et al. 2004).
Furthermore, 12-LOX activation occurs secondary to GSH depletion in several of these models
(Lietal. 1997; Canals et al. 2003).

Given that 15-Ay-1soP both depletes GSH and induces oxidative stress, we examined the
potential role of 12-LOX in 15-Ay-1soP toxicity. Immunofluorescent analysis of 15-Ag-IsoP-
treated neurons revealed striking translocation of 12-LOX from a nuclear/cytoplasmic
localization toward the edges of the cell (Fig. 4a). As 12-LOX activation is dependent on its
translocation to the membrane (Hagmann et al. 1993;L.i et al. 1997;Du et al. 2002), we
examined 12-LOX localization in subcellular fractions from immature neurons exposed to 15-
Au-1soP for 3 h. As shown in Fig. 4b, nearly all cellular 12-LOX was present in the cytoplasm
in control (vehicle-treated) cells. As a positive control, we used neurons exposed to 5 mM
glutamate for 8 h, which has been previously shown to induce 12-LOX translocation and
activation in these cells (Li et al. 1997). Exposure to 15-Ay-IsoP for 3 h also caused marked
12-LOX membrane translocation, which was blocked by co-application of the specific 12-LOX
inhibitor baicalein (20 uM), which is known to prevent 12-LOX membrane localization (Du
et al. 2002). Finally, baicalein at two concentrations (20 and 2 uM) also provided ~80%
protection from 15-Ay-IsoP-induced neuronal death (Fig. 4d), demonstrating that 12-LOX
activation is required for 15-Ao-1soP-induced neuronal death.

Although baicalein has been reported to possess antioxid-ant properties, the 2 uM concentration
of this inhibitor is well below its antioxidant ECsq (Gao et al. 1999). Furthermore, this low
concentration of baicalein failed to inhibit 15-Ay- 1soP-induced lipid peroxidation (Fig. 3b),
but provided significantly better protection than a 500-fold greater concentration of the potent
antioxidant TEMPOL (Fig. 3c). Thus, the early activation of 12-LOX is a critical component
of 15-Ay-1soP-induced cell death.

Extracellular signal-regulated kinase and p66Sh¢ phosphorylation participate in 15-Ay;-
Isoprostane neurotoxicity

We next sought to determine if known redox-sensitive kinases are involved in 15-Ap-IsoP-
induced cell death. Phosphorylation of the stress-responsive kinases ERK1/2 plays a role in
several neurodegenerative diseases (Alessandrini et al. 1999; Perry et al. 1999; Zhu et al.
2002). Moreover, blockade of ERK attenuates neuronal death in response to oxidative stimuli.
(Stanciu et al. 2000; Du et al. 2002; Lee et al. 2003). We examined ERK1/2 phosphorylation
in 15-Ay-1soP-treated neurons and observed robust ERK1/2 phosphorylation within 30 min
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of 15-Ay-1soP exposure. ERK phosphorylation returned to baseline within 60 min post-
treatment, and then showed a more subtle and sustained increase at 8 and 24 h (Fig. 5a).
Consistent with a role for ERK1/2 phosphorylation in 15-Ay-1soP neurotoxicity, application
of the MEK inhibitor PD98059 (20 uM) completely inhibited ERK phosphorylation, and
provided 55% neuroprotection from 15-Ay-1soP exposure (Figs 5b and d). Co-application of
either FCCP (1 uM) or TEMPOL (1 mM) blocked early ERK activation (Fig. 5b), suggesting
that 15-Ay-1soP-induced mitochondrial ROS production is upstream of ERK phosphorylation.
Although ERK stimulation is capable of inducing a host of transcriptional responses, we found
that the protein synthesis inhibitor cyclohexamide (CHX, 3.5 uM) did not protect neurons from
15-Ay-IsoP (Fig. 5d).

We next sought to evaluate the activation of the adaptor protein p66s"¢, which has been shown
to be serine phosphorylated in response to oxidative stress and may contribute to oxidant and
B-amyloid induced cell death (Migliaccio et al. 1999; Trinei et al. 2002; Smith et al. 2005).
Western blot analysis demonstrated that the redox sensitive serine 36 residue of p66s° is
strongly and transiently phosphorylated 1 h following 15-A,-1soP treatment, and returns to
base-line within 3 h (Fig. 5a), though more persistent phosphorylation was seen in some
experiments (data not shown). Co-application of the antioxidant PBN (0.5 mM) prevented
p66SNC phosphorylation, suggesting that p66shC activation is downstream of ROS generation
(Fig. 5¢). However, co-application with PD98059 did not prevent IsoP-induced p66s
phosphorylation, demonstrating that ERK signals independently of p66Sc (Fig. 5¢). These
results illustrate independent roles for ERK and p665"® phosphorylation in the 15-A-1soP
neuronal death pathway, and suggest that ROS production precedes both events.

p66S"C belongs to a family of Src kinases which are redox-responsive and have been implicated
in ROS-induced cell death (Devary et al. 1992; Balamurugan et al. 2002). The Src kinase
inhibitor PP2 (50 nM), which also blocks p66S activity, provided significant protection from
15-Ay¢-1s0P toxicity (65% neuroprotection, Fig. 5d), suggesting a contributory role for
p66S° or other Src kinases in the 15-Ay-1soP toxicity pathway.

15-Ayt-Isoprostane potentiates oxidative glutamate toxicity in immature neuronal cultures
and HT22 cells

Given that 15-A,-1s0Ps are formed under conditions of oxidative stress, we next examined the
effects of 15-Ay-1soP on cell death in an in vitro model of oxidative neurodegeneration.
Exposure of immature primary neurons or HT22 cells, neither of which express functional
NMDA receptors, to millimolar concentrations of extracellular glutamate causes inhibition of
cellular cystine import and subsequent depletion of GSH and oxidative stress-dependent cell
death (Murphy et al. 1989; Ratan et al. 1994b; Li et al. 1997). Neither 1.5 mM glutamate nor
5 uM 15-A,¢-I1soP alone were toxic to immature neurons following 18 h of continuous exposure
(Fig. 6a). However, application of both agents together greatly potentiated cell death (Fig. 6a).
Similarly, exposure of HT22 cells to 3 mM glutamate for 18 h led to ~50% cell death (Fig. 6b),
whereas exposure to 1 uM 15-Ay-1soP alone did not effect cell viability (Fig. 1c). However,
application of these concentrations of glutamate and 15-Ay-1soP together resulted in 95% cell
death (Fig. 6b). Indeed, 15-A,-1soP concentrations as low as 100 nM significantly potentiated
glutamate (3 mM) toxicity in this model, demonstrating that low concentrations of these
oxidation products can synergize with other oxidative insults to augment cell death.

Discussion

In this work we report the novel observations that reactive cyclopentenone IsoPs are formed
abundantly in human cerebral cortex, and that their levels are elevated following oxidation.
Moreover, amajor cyclopentenone IsoP isomer, 15-Ao-1soP, is highly bioactive and is a potent
neuronal apoptogen. The mechanism of 15-Ay-IsoP toxicity occurs via depletion of cellular
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GSH, induction of ROS production, and activation of redox-sensitive signaling molecules,
including 12-LOX, p66%"¢, and ERK1/2, which culminate in caspase-3-dependent neuronal
apoptosis (Fig. 7). Finally, we have demonstrated that 15-Ay-ISOP can potentiate neuronal
death in response to oxidative glutamate toxicity at biologically relevant concentrations. Thus,
we propose that cyclopentenone I1soPs represent novel bioactive compounds that contribute to
oxidative injury-induced neurodegeneration.

IsoPs are formed when free or membrane-bound arachidonic acid is exposed to ROS (Morrow
et al. 1992). Non-reactive F,-1soPs have long been quantified as markers of lipid peroxidation
(Musiek and Morrow 2005), and elevated cerebral Fo-1soPs levels have been detected in human
Alzheimer’s and Huntington’s diseases (Montine et al. 1999; Reich et al. 2001), as well as in
animal models of stroke, encephalitis, and seizure (Marin et al. 2000; Patel et al. 2001;
Milatovic et al. 2002).

Our data demonstrate that cyclopentenone 1soPs are not only formed much more abundantly
than F,-IsoPs in peroxided brain tissue, but are 6.8-fold more plentiful in human brain.
Cumulative oxidative stress is higher in long lived species, such as humans, than it is in mice.
Our data are not necessarily incongruent with this finding — they may represent two ends of
the spectrum with mice that are 4 months old and humans that averaged 73 years old. Moreover,
the brains of the mice in this work were flash frozen whereas those of the humans had an
average of a 15 h postmortem delay.

Interestingly, we have detected esterified cyclopentenone 1soPs in oxidized rat brain tissue at
levels of 179 ng/g, which roughly converts to ~550 nM. This concentration is within the
biologically relevant range, as we noted increased cell death and exacerbation of glutamate
toxicity at concentrations as low as 100 nM. Itis difficult to directly compare the concentrations
of IsoPs measured in vivo with those required to exert toxicity in our cell culture system for
several reasons. First, we are currently only able to measure the esterified pool of
cyclopentenone IsoPs, which fails to account for the free acid pool of IsoPs, and does not supply
information about the rate of formation, adduction, and metabolism of these compounds.
However, recent studies have identified the major urinary metabolite of 15-Ay-1soP in rats
exposed to oxidant injury, demonstrating that cyclopentenone 1soPs, which are largely formed
esterified to membrane phospholipids, are then hydrolyzed to free compounds, adducted to
proteins and GSH, and excreted in vivo (Milne et al. 2005). Further, the exogenous application
of reactive IsoPs to cells in culture certainly requires much higher concentrations to exert effects
than would the endogenous, intracellular generation of these compounds, as exogenous IsoPs
readily react with albumin and other proteins in the cell media and may not cross the cell
membrane with perfect efficiency. Taking these factors into account, we would predict from
our current data that cyclopentenone IsoPs are also formed in neurological diseases in which
F,-I1soPs have been detected, and could reach biologically relevant concentrations under
pathophysiological conditions. Further studies are required to more thoroughly examine the
formation of cyclopentenone IsoPs in specific neurodegenerative diseases.

15-Ao-1soPs are metabolized via adduction to GSH (Milne et al. 2004), and rapidly deplete
cellular GSH levels in neurons. 15-Ay-IsoP also promotes oxidative stress, as evidenced by
an increase in membrane-bound F,-1soPs following exposure. 15-Ay-1soP-induced lipid
peroxidation can be abrogated by uncoupling mitochondrial respiration with FCCP, which
inhibits mitochondrial ROS production in neurons (Tan et al. 1998; Liu et al. 2002) and is in
keeping with previous studies of cyclopentenone PGs, which are capable of inducing oxidant
stress (Kondo et al. 2001; Li et al. 2001). This observation suggests that an initial oxidative
insult can set in motion a feed-forward cycle of increasing oxidative stress in cells, as
cyclopentenone IsoPs are formed as products of oxidative stress, then induce further GSH
depletion, ROS production, and oxidant injury (Fig. 7).
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Data from several groups now suggest that overexpression of GST A4-4, the specific GST
isoform which metabolizes several electrophilic lipids including cyclopentenone 1soPs,
protects non-neuronal cells from oxidative insults (Zimniak et al. 1997; Cheng et al. 1999;
Hubatsch et al. 2002). There is mounting evidence that GSH depletion in neurons is intimately
linked to 12-LOX activation (Li et al. 1997; Arai et al. 2001; Du et al. 2002; Canals et al.
2003; Khanna et al. 2003; Pratico et al. 2004). 12-LOX is the primary lipoxygenase expressed
in neurons and oxidizes arachidonic acid at the 12 position to hydroperoxides (12-HPETES)
and alcohols (12-HETEs), both of which have been implicated in neuronal signaling
(Nishiyama et al. 1993; Watanabe et al. 1993). Inhibition of 12-LOX activity protects neurons
from numerous oxidative stress-associated insults, including glutamate, thiol oxidants,
peroxynitrite, and p-amyloid (Li et al. 1997; Du et al. 2002; Lebeau et al. 2004; Zhang et al.
2004). We have shown that 12-LOX activation occurs in response to 15-Ao-1SoP exposure
and is toxic to neurons. Although 12-LOX has been implicated as a source of ROS following
GSH depletion (Li etal. 1997; Tan et al. 1998), we found that early 15-A,-IsoP-induced ROS
production cannot be blocked with the 12-LOX inhibitor baicalein, suggesting that 12-LOX
activation is downstream of 15-Ay-1soP-induced GSH depletion.

Once thought to be random destructive agents, it has become increasingly clear that ROS
production is carefully regulated and that ROS are capable of activating discrete signaling
pathways (Martindale and Holbrook 2002; Finkel 2003). The contribution of the bioactivity
of 15-Ay-1soP to enhancing ROS production has numerous downstream signaling
consequences, including the activation of stress-responsive kinases. Indeed, the Shc adaptor
protein isoform p66S1° is phosphorylated at serine 36 in response to ROS-inducing stimuli, and
cells and animals lacking p66S1° are highly resistant to oxidative injury (Migliaccio et al.
1999). p66S° is also phosphorylated in skeletal muscle following ischemia/reperfusion injury
and contributes to cell death in this setting (Zaccagnini et al. 2004), and is activated in neurons
in response to OGD (R. Breeding, E. Musiek and B.A. McLaughlin, unpublished data).
p66SC translocation to the mitochondria has recently been shown to induce opening of the
permeability transition pore (Orsini et al. 2004) and to enhance cellular ROS production (Trinei
et al. 2002). Our data demonstrate that p66s° is ser36 phosphorylated following 15-Ag;-1soP
treatment and ensuing ROS production. 15-Ay-1soP is the first lipid peroxidation product
shown to activate this important cell death pathway and provides an important molecular link
in neurons between ROS stress and p66SC activation.

15-Ay¢-1soP-induced ROS production also induces a biphasic phosphorylation of ERK1/2.
Considerable evidence now suggests that ERK can mediate cell death in response to oxidative
injury (Colucci-D’Amato et al. 2003; Lee et al. 2003; Chu et al. 2004). Intriguingly, the
subcellular localization of ERK may dictate its effects, with extended nuclear or mitochondrial
retention of phosphorylated ERK leading to cell death (Stanciu and DeFranco 2002; Chu et
al. 2004). Indeed, inhibition of ERK1/2 phosphorylation provides partial protection from 15-
Ao-1soP toxicity and supports an emerging role of ERK activation in cell death mediated by
oxidative stress.

To further understand the actions of cyclopentenone 1soPs in neurodegeneration, we sought to
examine a potential role for these molecules in the neuronal death caused by oxidative insults.
Ratan et al. (1996) have developed methods to mimic pathophysiological oxidative injury
induced by glutamate exposure. We have used two of these model systems: immature primary
cortical cultures as well as HT22 cells (which lack functional NMDA receptors) that have been
exposed to millimolar concentrations of glutamate resulting in inhibition of the glutamate-
cystine antiporter and rapid GSH depletion followed by oxidative stress-dependent cell death
(Murphy et al. 1989). Like 15-Ax-1soP-induced cell death, oxidative glutamate toxicity
proceeds via a pathway requiring mitochondrial ROS production, 12-LOX activation, and ERK
phosphorylation (Li et al. 1997; Tan et al. 1998; Stanciu et al. 2000). Our observations that

J Neurochem. Author manuscript; available in PMC 2010 June 7.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Musiek et al.

Page 11

cyclopen- tenone IsoP levels increase eight-fold during glutamate treatment and that
concentrations of 15-Ay-1soPs as low as 100 nM can markedly potentiate oxidative glutamate
toxicity demonstrate the potent toxicity of these molecules under pathophysiological
conditions. Furthermore, GSH depletion would be expected to impair the detoxification of
ROS and cyclopentenone isoprostanes (Milne et al. 2004), exacerbating the effects of these
molecules. These findings are relevant to acute neurological insults such as stroke, in which
GSH depletion is an essential feature (Schubert and Piasecki 2001; Lerouet et al. 2002), as
well as Parkinson’s disease, where the depletion of GSH in the substantia nigra is an early
hallmark of the disease (Perry and Yong 1986).

In conclusion, the cyclopentenone IsoPs are formed in neural tissue during oxidative stress,
and application of these compounds recapitulates many of the pathogenic signaling events
observed during neurodegeneration caused by oxidative insults. Given the abundance of
cyclopentenone IsoPs formed following oxidative stress, as well as the potent ability of these
compounds to induce neuronal apoptosis and exacerbate oxidant injury, cyclopentenone IsoPs
may represent important mediators of oxidative neuropathology. As such, reactive
cyclopentenone IsoPs and the pathogenic kinase pathways activated by these molecules merit
further evaluation as targets for neuroprotective therapies.
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FCCP carbonyl cyanide p-trifluoromethoxyphenylhydrazone
GC gas chromatography
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Fig. 1.

15-Ayt-1soprostane (15-Ayt-I1soP) is toxic to neurons. (a) Diagram depicting the formation of
15-Ay¢-1s0P via the oxidation of arachidonic acid and subsequent spontaneous dehydration of
15-Ey-1soP. (b) Mature primary cortical neurons were exposed to increasing concentrations
of 15-Ay-1soP for 48 h, at which time cell death was assessed by measuring release of lactate
dehydrogenase (LDH) into the cell media from dying neurons. NMDA (100 uM) was used as
a positive control, as it induces total cell death in these cultures. Note that 15-Ax:-1soP induces
cell death in a dose-dependent manner with an LDsgq of 950 nM. (¢) The oxidative stress-
sensitive HT22 hippocampal cell line was exposed to 15-Ay-I1soP for 18 h, after which cell
viability was assessed by measuring cellular MTT reducing capacity. Like primary neurons,
HT22 cells are killed by 15-Ay-1soP with an LDsq of 3 uM. Data in (b) and (c) represent the
mean + SEM of at least three separate experiments, each performed at least in triplicate. *p <
0.05 vs. control by one-way ANOVA.

J Neurochem. Author manuscript; available in PMC 2010 June 7.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Musiek et al.

% Cell Death

Page 18

I |soP+zVAD

neurons HT22 cells

Fig. 2.

15-Ayt-1soprostane (15-Apt-1soP) induces apoptotic neuronal death. (a, b) 4’-6-Diamidino-2-
phenylindole (DAPI) staining of neurons treated with vehicle (a) or 30 uM 15-Ay-IsoP for 24
h (b) demonstrates an increase in asymmetric chromatin formations (arrows), an indication of
apoptosis. (c, d) Neuronal culture treated for 48 h with vehicle (c) vs. 30 uM 15-Ax:-1soP (d).
IsoP-treated cells (d) show a loss of microtubule-associated protein 2 (MAP-2) staining (green)
and increased activated caspase-3 expression (red). Images in (a)—(d) are representative of three
separate experiments. (e) Co-incubation of cells [primary cortical neurons (left) or HT22 cells
(right)] with 20 uM zVAD-FMK, a broad-spectrum caspase inhibitor, caused a significant
reduction in cell death following 24 h treatment with 15-Ap-I1soP as assessed by lactate
dehydrogenase (LDH) release (neurons) or MTT assay (HT22s). Data represent the mean +
SEM of four independent experiments, each performed in triplicate and analyzed by two-tailed
paired t-test. !p < 0.05 vs. control, *p < 0.05 vs. IsoP + zVAD.
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Fig. 3.

Glutathione depletion and oxidative stress contribute to 15-Ag-isoprostane (15-Apt-1soP)
toxicity. (a) Glutathione (GSH) levels were measured spectrophotometrically after immature
neurons or HT22 cells were exposed for 3 h to vehicle (0.1% dimethylsulfoxide), 10 or 30
UM 15-Ay-1soP, or 5 mM glutamate, which was used as a positive control. Data represent the
mean + SEM of three separate experiments and was analyzed by two-tailed paired t-test. *p <
0.05 vs. control. (b) Neuronal cultures were exposed to vehicle or 15-Ap-1soP (30 uM) + the
mitochondrial uncoupling agent carbonyl cyanide p-trifluoromethoxyphenylhydrazone
(FCCP: 10 uM) or baicalein (2 uM) for 3 h, then harvested and assayed for total F,-isoprostane
content (F,-1soPs) by gas chromatography/mass spectrometry (GC/MS). FCCP and baicalein
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were present 30 min before and during 15-A,-1soP exposure. Data represent the mean + SEM
for three independent experiments, and were analyzed one-way ANOVA. *p < 0.05 vs. control.
(c) Neurons were exposed to 15-Ay-1soP (30 uM) + the antioxidants TEMPOL (1 mM) or N-
tert-butyl-a-phenylnitrone (PBN, 0.5 mM). After 20-24 h, cell death was assessed by lactate
dehydrogenase assay. Antioxidants were present for 30 min before and during IsoP exposure,
and significantly decreased 15-Ay-1soP-induced cell death. Data were normalized to the
amount of cell death caused by 15-Ay-1soP alone minus that caused by vehicle (100% relative
neurodegeneration) in this and subsequent figures. Data represent the mean + SEM for three
separate experiments, each performed in quadruplicate, and were analyzed by one-way
ANOVA *p < 0.05 vs. control (a, b) or I1soP alone (c).
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Fig. 4.

12-Lipoxygenase (12-LOX) activation in neurons following 15-Ap-isoprostane (15-Ay-1soP)
exposure causes cell death. Neurons were exposed to (a) vehicle or (b) 30 uM 15-Ay-I1soP for
3 hthen fixed, stained with an anti-12-LOX antibody, and subjected to fluorescent microscopy.
Translocation of 12-LOX to the membrane is associated with its activation (arrowheads).
Photomicrographs are representative of results from three independent experiments. (c)
Immature neurons were exposed to vehicle (Con), 30 pM 15-Ay-1soP + baicalein (Baic: 20
uM) or 5 mM glutamate (Glut, used as a positive control) for 3 h, then membrane and
cytoplasmic fractions were prepared and analyzed for 12-LOX by western blot. Blots are
representative of two independent experiments. (d) Neurons were exposed to 15-Ay-1soP (30
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M) + the specific 12-LOX inhibitor baicalein (Baic: 20 or 2 pM). After 2024 h, cell death
was assessed by lactate dehydrogenase (LDH) assay. Baicalein was present for 30 min before
and during IsoP exposure. Data represents the mean + SEM for at least three independent
experiments, and was analyzed by one-way ANOVA. *p < 0.05 vs. IsoP alone.
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Fig. 5.

15-Ayt-1soprostane (15-Ayt-1soP) neurotoxicity involves phosphorylation of extracellular
signal-regulated kinase (ERK) and p66°"® and up-regulation of Ku70. (a) Neuronal cultures
were exposed to 30 uM 15-Ay-1soP or vehicle for various amounts of time, then whole- cell
extracts were harvested and subjected to western blot analysis. ERK is displayed as a loading
control. (b) Neurons were exposed to 30 uM 15-Ax-1soP + the MEK inhibitor PD98059 (20
uM), TEMPOL (1 mM), or carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP: 1
uM), then harvested at 20 h and subjected to western blot using a phospho-ERK specific
antibody. (c) Neurons were exposed to 30 uM 15-Ay-1soP + PD98059 (20 uM), N-tert-butyl-
a-phenylnitrone (PBN: 0.5 mM), or baicalein (20 pM), then harvested at 1 h and subjected to
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western blot analysis. (d) Neurons were exposed to 15-Ay-1soP (30 pM) + cyclohexamide (3.5
uM), the Src kinase inhibitor PP2 (50 nM), or the MEK inhibitor PD98059 (20 uM). Cell death
was assessed after 20-24 h by lactate dehydrogenase (LDH) assay. Data represent the mean +
SEM of three independent experiments; each performed in triplicate, and were analyzed by
one-way ANOVA. Blots shown in (a), (b) and (c) are representative of at least three
independent experiments. Inhibitors in (b), (c) and (d) were present for 30 min before and
during 1soP exposure. PD98059, 2’-amino-3'-methoxyflavone; PP2, 4-amino-5-(4-
chlorophenyl)-7-(t-butyl)pyrazolo-[3,4-d]pyrimidine.
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Fig. 6.

15-Ay-Isoprostane (15-Aot-I1soP) potentiates oxidative glutamate toxicity in neuronsand HT22
cells. () Immature (1-2 DIV) primary cortical neurons were exposed to 1.5 mM glutamate or
5 uM 15-Ay-1soP alone or in combination. Cell death was assessed after 18 h by lactate
dehydrogenase (LDH) assay. (b) HT22 cells were exposed to glutamate plus increasing
concentrations of 15-Ay-1soP. Cell viability was assessed by MTT assay after 20-24 h. Note
that in both (a) and (b), 15-Ay-1soP and glutamate in combination resulted in significantly
increased cell death. Data in (a) and (b) represent the mean + SEM of three independent
experiments, each performed in triplicate, and were analyzed by one-way ANOVA. *p < 0.05
vs. control.
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Fig. 7.

Model of signaling events in 15-Ap-isoprostane (15-Ay-1soP)- induced neurodegeneration.
Based on our findings in this work, we suggest that 15-Ay:-1soPs are formed in membranes
(plasma membrane is depicted, but other membranes are included) following an initial oxidant
injury. 15-Ax-1soPs could then induce mitochondrial dysfunction and glutathione (GSH)
depletion, causing marked increases in intracellular reactive oxygen species (ROS) production
and further lipid peroxidation. This results in phosphorylation of extracellular signal-regulated
kinase 1/2 (ERK1/2) and serine 36 of p665¢, both of which contribute to cell death. The loss
of GSH leads to the translocation and activation of 12-lipoxygenase (12-LOX), which
contributes to cell death. As 15-Ay-1s0P is a product and inducer of oxidative stress, the
production of 15-A,-1soPs in response to an initial oxidant injury sets in motion a feed-forward
cycle that leads to a loss of intracellular redox homeostasis and cell death. Interruption of this
cycle with baicalein, 4-amino-5-(4-chlorophenyl)-7-(t-butyl) pyrazolo[3,4-d]pyrimidine
(PP2), or antioxidants can prevent cell death. At the earliest stage, inhibition of mitochondrial
function with carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP) blocks 15-Ayt-
IsoP-induced oxidative injury and ERK phosphorylation.
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