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Abstract
Stroke is the third leading cause of death in the United States yet no neuroprotective agents for
treatment are clinically available. There is a pressing need to understand the signaling molecules
which mediate ischemic cell death and identify novel neuroprotective targets. Cyclopentenone
isoprostanes (IsoP), formed following free radical mediated peroxidation of arachidonic acid, are
used as markers of stress but their bioactivity is poorly understood. We have recently shown that 15-
A2t-Isop is a potent neurotoxin in vitro and increases the free radical burden in neurons. In this work,
we demonstrate that 15-A2t-IsoP is abundantly produced in stroke infarcted human cortical tissue.
Using primary neuronal cultures we found that minimally toxic exposure to 15-A2t-IsoP does not
alter ATP content, but in combination with oxygen glucose deprivation resulted in a significant
hyperpolarization of the mitochondrial membrane and dramatically increased neuronal cell death. In
the presence of Ca2+, 15-A2t-IsoP led to a rapid induction of the permeability transition pore and
release of cytochrome c. Taken with our previous work, these data support a model in which ischemia
causes generation of reactive oxygen species, calcium influx, lipid peroxidation and 15-A2t-IsoP
formation. These factors combine to enhance opening of the permeability transition pore leading to
cell death subsequent to mitochondrial cytochrome c release. This data is the first documentation of
significant 15-A2t-IsoP formation following acute ischemic stroke and suggests addition of 15-A2t-
IsoP to in vitro models of ischemia may help to more fully recapitulate stroke injury.

Introduction
Stroke is the third leading cause of death in the United States and the leading cause of serious
long-term disability. Each year there are approximately 700,000 new strokes, 88% of which
are ischemic in nature [1]. The mechanisms by which cells die following ischemic injury have
been intensively investigated for over 30 years. Core to the neurodegenerative process is the
release of excessive glutamate resulting in overstimulation of receptors, ionic and energetic
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dysfunction which leads to oxidative and nitrosylative stress and protease activation [2]. In
spite of this wealth of knowledge, we have been unsuccessful in designing therapeutics that
block stroke induced death [3] suggesting that we need to more fully understand the biology
of stroke to develop targets for drug design.

One of the least well understood components of the ‘excitotoxic’ cascade is the identification
of discreet signaling molecules that contribute to oxidative injury. Excessive production of
reactive oxygen species (ROS) cause cellular dysfunction and death, and an extensive literature
supports a role for oxidative stress in the pathogenesis of stroke-induced neurodegeneration
[4,5]. The extent of oxidative stress can be assessed using measures of injury such as F2-IsoP
formation. IsoPs are a family of prostaglandin-like molecules formed non-enzymatically as a
result of free radical-mediated peroxidation of arachidonic acid. Measurement of F2-IsoPs has
been used as a ‘gold standard’ to measure cumulative oxidative damage from diet, exercise,
renal, cardiac and recently neurological stress [6,7]. Indeed, F2-IsoPs are elevated in a mouse
model of stroke [8] and in a collaborative effort as part of the BEAT Stroke Study, we observed
an increase in F2-IsoP in the plasma of patients who experienced a stroke 6h-3days previously
[9]. While the F2-IsoPs have proven to be excellent markers of stress based on their stability,
they are thought to be largely biologically inert and do not contribute to excitotoxicity [10].
F2-IsoPs are not, however, the only products of the IsoP pathway.

Another set of IsoPs termed A2/J2- or cyclopentenone IsoPs, are formed alongside F2-IsoPs
in vivo, and are reactive electrophiles which form adducts with cellular thiols [11]. We have
previously demonstrated that cyclopentenone IsoPs such as 15-A2t-IsoPs have known bioactive
properties and stimulate some of the same neurotoxic signaling events activated by stroke
[10]. The mechanism of 15-A2t-IsoP induced neurodegeneration in cultured neurons involves
mitochondrial ROS production, glutathione depletion, 12-lipoxygenase activation,
phosphorylation of ERK and p66shc, and cleavage of caspases [12]. Based on these findings,
we have hypothesized that cyclopentenone IsoPs, including 15-A2t-IsoPs, are formed as a result
of oxidative damage during ischemia/reperfusion, alter energetic status of cells by disruption
of mitochondrial function and thus facilitate neuronal death. In spite of the similarities between
the two stresses, we have previously not combined hypoxic injury with 15-A2t-IsoPs to test
this hypothesis.

In this current work, we have developed a new mass spectrometric method to directly evaluate
A2/J2-IsoP formation in infarcted brain tissue from human ischemic stroke patients and found
a significant increase in formation of these compounds within the injured brain. Furthermore,
exogenous 15-A2t-IsoP application was found to potentiate hypoxia induced neuronal cell
death in our in vitro ischemia model. We show that although hypoxia induced a greater degree
of mitochondrial hyperpolarization when 15-A2t-IsoP is present, ATP generation was not
further compromised. When mitochondria were incubated with15-A2t-IsoP and Ca2+, we
observed a more rapid induction of the permeability transition pore and release of cytochrome
c from the mitochondria. Taken together, this data suggests the presence of cyclopentenone
IsoPs preceding ischemia/reperfusion injury may play an important role in determining a
patient’s outcome following a stroke.

Experimental methods
Materials and Reagents

15-A2t-IsoP was generously provided by Drs. Giovanni Vidari and Giuseppe Zanoni
(University of Pavia, Italy) while 15-deoxy-Δ12,14-prostaglandin J2 (15d-PGJ2) was obtained
from Cayman Chemical Company (Ann Arbor, MI). Both compounds were stored at −80°C
in ethyl acetate, then dried under nitrogen, resuspended in DMSO and added to media
immediately before each experiment. All media and media supplements were from Gibco/BRL.
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Antibodies for western blot analysis include cytochrome c 65981A (BD Biosciences) and anti-
mouse IgG horseradish peroxidase conjugated secondary antibody (Cell Signaling
Technology). Immunofluorescence antibodies include activated caspase-3 (Cell Signaling
Technology, Inc.), 4′-6-diamidino-2-phenylindole (DAPI, Sigma) and cy2/cy3 fluorescent
secondary antibodies (Cell Signaling Technology, Inc.). Tetramethyl rhodamine ethyl ester
(TMRE) and carbonyl cyanide-p-trifluoromethoxyphenyl-hydrazon (FCCP) were obtained
from Fluka Biochemika. The modular hypoxic chamber was purchased from Billups-
Rothenberg Inc. Syto16 green fluorescent nucleic acid stain was obtained from Invitrogen. All
other chemicals were from Sigma Chemical.

Human brain samples
Human post-mortem samples of frontal cortex were kindly provided from the Human Brain
and Spinal Fluid Resource Center by Dr. Rashad Nagra of the Veterans Administration West
Los Angeles Healthcare Center. Inclusion criteria for the stroke population were clinical and
pathological diagnosis of focal ischemic stroke from clot or plaque occlusions of either the
internal and external carotid arteries or the middle cerebral arteries. Exclusion criteria included
any history of neurological disease including but not limited to Parkinson’s disease,
Alzheimer’s disease, dementia, or known history of traumatic brain injury. The average patient
age was 72.8±13.9 years, and the average post-mortem interval was 15.3±4.7 hours. Control
samples were matched for age within 7 years and post mortem delay within 3 hours respectively
and had no history of neurological diseases. Fresh frozen samples were dissected on dry ice
and prepared for IsoP quantification in the manner described below.

Quantification of 15-A2/J2-IsoPs in human brain samples using LC/MS
Tissue samples (100–300mg) were homogenized in 5ml of ice-cold chloroform: methanol (2:1,
v/v) containing butylated hydroxytoluene (0.005%) to prevent ex vivo autoxidation. [2H4]-
PGA2 (6ng) was then added to the homogenate as the internal standard. Esterified A2/J2-IsoPs
in phospholipids were hydrolyzed using Apis melifera phospholipase A2 to yield A2/J2-IsoP
free fatty acids. The samples were then purified by extraction with a C18 Sep-Pak (Waters
Corporation) that had been preconditioned by rinsing with methanol and distilled, deionized
water (pH 3). After sample loading, the Sep-Pak was rinsed with 10mL each of water (pH 3)
and heptane and the sample was eluted with ethyl acetate:heptane (1:1, v/v). The solvent was
removed by evaporation under a stream of dry nitrogen and samples were resuspended in
methanol:water (2:1, v/v) for LC/MS analysis.

Online LC was carried out using the ThermoFinnigan Surveyor MS Pump 2.0 equipped with
a Luna C18 column (Phenomenex, 2.1mm × 50cm, 3μm particle size) utilizing a linear gradient
mobile phase A: water/mobile phase B with 2mM ammonium acetate (95/5, v/v); mobile phase
B: acetonitrile/methanol (95/5, v/v) with 2mM ammonium acetate with a flow rate of 200μL/
min. A gradient of 80% to 50% mobile phase A over 18 minutes was used for the analysis of
all samples. A Thermo Finnigan TSQ Quantum 1.0 SR 1 mass spectrometer was used for
sample analysis. The mass spectrometer was operated using multiple reaction monitorin in the
negative ion mode monitoring the transition of the precursor A2/J2-IsoP ion [M – H]− (m/z 333
to the 15-series specific product ion [M–H-CH2(OH)CH2CH2CH2CH2CH3 – CO2] − (m/z
189). Analogous ions were monitored for the internal standard. Data acquisition and analysis
was performed using Xcaliber software, version 1.3.

Cell culture
Cortical cultures were prepared from embryonic day 16 Sprague-Dawley rats as previously
described [13]. Briefly, cortices were dissociated and the resultant cell suspension was adjusted
to 770,000 cells/well (6-well tissue culture plates containing poly-L-ornithine-treated
coverslips) in growth media. This media was composed of a volume to volume mixture of 80%
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Dulbecco’s Modified Eagle Medium (MEM), 10% Ham’s F12-nutrients, 10% bovine calf
serum (heat-inactivated, iron-supplemented; Hyclone) with penicillin, streptomycin, and 2mM
L-glutamine. Glial cell proliferation was inhibited after two days in culture with 1–2μM
cytosine arabinoside, after which the cultures were maintained in Neurobasal media (Gibco)
containing 50X B27 supplement, penicillin and streptomycin. All experiments were conducted
three weeks following dissection (21–25 days in vitro), when excitotoxicity is expressed fully
in our system [14].

Neuronal oxygen glucose deprivation
In order to model ischemic cell death, primary neuronal cultures were exposed to oxygen
glucose deprivation (OGD) for periods ranging from 0–90 minutes as previously described
[12]. Mature neurons on glass coverslips were transferred to 35mm petri dishes containing
glucose-free balanced salt solution (GBSS) with 10μM 15-A2t-IsoP or DMSO. GBSS was first
bubbled with nitrogen for 5 minutes to remove dissolved oxygen immediately prior to the
addition of cells. Plates were then placed in an ischemia chamber (Billups-Rothberg), which
was flushed with 95% nitrogen and 5% CO2 for 5 minutes, then sealed and placed at 37°C for
25, 55, or 85 minutes for a total exposure time of 30, 60, and 90 minutes. OGD treatment was
terminated by rinsing cells with MEM, followed by addition of MEM with 10mM Hepes,
0.001% BSA, and 2x N2 supplement (MEM/Hepes/BSA/2xN2) under normoxic conditions.
10μM 15-A2t-IsoP or DMSO was present in the media during the ischemic exposure and the
24 hours following exposure.

Toxicity assays
Twenty four hours following the neuronal ischemic insult performed in the presence or absence
of 10μM 15-A2t-IsoP or vehicle (DMSO), cell death was assessed by visually inspecting the
cells under phase bright microscopy as well as by using the lactate dehydrogenase (LDH) based
in vitro toxicity kit (Sigma) according to the manufacturer’s specifications. In order to account
for minor variations in total LDH content across multiple dissections and platings, raw LDH
values were normalized to the toxicity caused by the glutamate receptor excitotoxin, 100μM
NMDA plus 10μM glycine, which is known to cause 100% cell death in this system [13]. All
experiments were performed with an ‘n’ of four using cells derived from at least two
independent original dissections. Statistical significance was determined by two-tailed t-test
assuming unequal variances with p <0.05.

ATP assays
Measurements of ATP content were performed 3 or 24 hours following 90 minute OGD in the
presence or absence of 10μM 15-A2t-IsoP or DMSO. Each coverslip was moved to a new plate
containing 300μl of Cell Lysis reagent from the ViaLight® Plus Kit (Cambrex Bio Science).
After ten minutes, 80μl of cell lysate was added to each well of a 96 well white plate with a
transparent bottom followed by the addition of 100μl of ATP monitoring reagent. Addition of
this reagent leads to the formation of light from the interaction of the enzyme luciferase with
ATP present in the cell and luciferin. The resulting bioluminescent measurements are linearly
related to ATP concentration and were taken on a Spectrafluor Plus plate reader (Tecan)
following a two-minute incubation using an integration time of 1000ms and gain of 150.
Measurements were obtained in duplicate for each sample and normalized for protein levels
following a protein assay. ATP levels are expressed as the mean from three independent
experiments ± standard error mean (S.E.M). Statistical significance was determined by two-
tailed t-test assuming unequal variances with p <0.05.
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Tetramethylrhodamine ethyl ester (TMRE) measurement of mitochondrial membrane
potential

All imaging was performed on an Axiovert 200 microscope fitted with a LD Plan-Neofluar
20x objective, an Axiocam MRm camera with 1388 × 1040 pixel resolution, a HBO 103 W/2
mercury short-arc lamp, and the Axiovision 4.5 software package (Carl Zeiss Inc.). For
measurement of TMRE, cells were imaged using an excitation BP 546/12 and emission LP
590 filter set. For measurement of Syto 16, cells were imaged using an excitation BP 470/20
and emission BP 505–530 filter set.

Mitochondrial membrane potential (Δψ) was assessed using a modification of the method
previously described by Chan et al [15]. Following OGD, the coverslips were transferred to a
24 well plate containing 1mL of a warm (37°C) 50nM TMRE solution in MEM/Hepes/BSA/
2xN2, plus either 15-A2t-IsoP (10μM) or DMSO. Cells were incubated in the TMRE solution
for 20 minutes at 37°C and 5% CO2. After incubation, cells were rinsed twice with 37°C
phosphate buffered saline solution (PBS) by removing half of the solution and adding 1mL of
PBS. The remaining PBS was removed and replaced with 1mL of 37°C MEM/Hepes/BSA/
2xN2 and fluorescent images were obtained by exciting TMRE at 555nm with emission
detection at 590nm.

Because fluorescent indicators of Δψ cannot be readily calibrated in intact cells due to possible
changes in plasma membrane potential [16–18], we used relative fluorescence changes to
monitor Δψ as previously described [19]. The uncoupler FCCP was used to collapse Δψ and
scale TMRE signal. After the initial imaging, MEM/Hepes/BSA/2xN2 was removed from each
well of the 24 well plates by suction and 1mL of MEM/Hepes/BSA/2xN2 containing 10μM
FCCP and 0.5μM Syto 16 green fluorescent nucleic acid stain was added. After five minutes,
the FCCP solution was removed and the cells were rinsed with 1mL of 37°C PBS. The
remaining PBS was removed and replaced with 1mL of 37°C MEM/Hepes/BSA/2xN2. Cells
were then re-imaged for measurement of TMRE. Each field taken for measurement of TMRE
was normalized with an accompanying Syto 16 measurement [20].

Image quantification
Cellular uptake of TMRE was quantified through the analysis of the gray scale histogram
profile of each neuron in a field, with 5–15 neurons per field, using Adobe Photoshop CS2. To
subtract background and account for variability in the number of mitochondria in each neuron,
the mean pixel histogram value for each neuron was divided by the average mean pixel
histogram value of an entire field from the same coverslip exposed to FCCP. For each
experimental group the uptake of TMRE was expressed as the mean ± S.E.M of the neuron/
FCCP pixel value ratio for all coverslips in that experimental group. Statistical significance
was determined by two-tailed t-test assuming unequal variances with p <0.05

Mitochondrial preparation
For biochemical assays of intact mitochondria, homogenates were made from Sprague-Dawley
rat liver as previously described [21–23]. Briefly, liver was dissected, weighed and washed in
10ml cold PBS. The sample was homogenized using a dounce homogenizer in ice cold isolation
media (250mM sucrose, 10mM Tris, 2mM EGTA, pH 7.4; 10mL/g of tissue). To remove intact
cells and debris, the homogenate was spun at 500g for 10 minutes at 4°C followed by
centrifugation of the resulting supernatant at 9400g for 10 minutes. The pellet was then washed,
resuspended in EGTA-free isolation media and centrifuged 10 minutes more at 9400g.
Following addition of 3mls of EGTA-free media, protein concentration was determined using
the BCA protein assay.
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Mitochondrial permeability transition pore assay
Opening of the mitochondrial permeability transition pore (PTP) was assayed
spectrometrically using a light scattering assay as previously described [22,24,25].
Mitochondria (1 mg) were suspended in 1 ml of assay buffer (40mM Hepes, 195mM mannitol,
25mM sucrose, 5mM succinate, 1μM rotenone, pH 7.2) containing 10μM DMSO, varying
concentrations of 15-A2t-IsoP (1–40μM), or 10μM 15d-PGJ2. Following a 2 minute
equilibration period, CaCl2 (20–80μM) was added and absorbance (535nM) was measured for
20 minutes at 37°C. Lag time before onset of swelling was measured by determining the time
when the maximum rate of change in absorbance was evident following Ca2+ addition. For 15-
A2t-IsoP, 15d-PGJ2 and DMSO comparison, lag time was normalized to DMSO in the presence
of Ca2+ lag time. Data represents the mean from at least three independent experiments ±
S.E.M. Statistical significance was determined by two-tailed t-test assuming unequal variances
with p <0.05

Cytochrome c release
During the PTP experiments, cytochrome c release was assessed following addition of
cyclosporin A (5μM) and EGTA (1mM) to the mitochondrial suspension five minutes
following Ca2+ addition to prevent further swelling [24,26]. The supernatant and mitochondrial
pellet fractions were collected following centrifugation at 14000g for 5 minutes. Supernatants
were further concentrated 20-fold by ultrafiltration using Microcon Ultracel YM-10 centrifugal
filters. For western blot analysis, the eluate was resuspended in an equal volume of Laemmli
sample buffer (Bio-Rad) which included a 1:20 dilution of β-mercaptoethanol.

Western blot analysis
Equal protein concentrations as determined by BCA protein assay were separated using
Criterion Tris-HCl gels (Bio-Rad). Proteins were then transferred to polyvinylidene difluoride
membranes (Amersham Biosciences) and blocked in methanol for five minutes. Following 10
minutes drying, the membranes were incubated overnight with cytochrome c antibody in 5%
non fat dry milk in Tris buffered saline containing 0.1% Tween-20 (TBS-Tween). Membranes
were washed three times with TBS-Tween, and incubated with horseradish peroxidase
conjugated secondary antibody for one hour. Following three additional washes in TBS-Tween,
the protein bands were visualized using Western Lightning© chemiluminsecence reagent plus
enhanced luminol reagents (PerkinElmer Life Science). The NIH Image J analysis program
was used to quantify the cytochrome c western band intensity as we have previously described
[13]. The 15-A2t-IsoP and 15d-PGJ2 induced changes in cytochrome c intensities were
normalized to the intensity obtained for DMSO and data represent the fold increase over this
vehicle control. All data points represent at least three independent experiments ± standard
error mean. Statistical significance was determined by two-tailed t-test assuming unequal
variances with p <0.05

Immunofluorescence and quantification of activated caspase 3 containing cells
Six hours following exposure to 15-A2t-IsoPs or DMSO with or without 90 minute OGD,
cultures were fixed in 10% formaldehyde for 20minutes, then rinsed with PBS, permeabilized
with 0.1% Triton X-100, and blocked for 1hour with 1% bovine serum albumin diluted in PBS.
Coverslips were then incubated overnight at 4°C in anti-activated caspase-3 primary antibody,
washed with PBS for a total of 20minutes and incubated in cy-2 or cy-3-labeled secondary
antibodies for 1hour. Cells were then washed and stained with 1.4 μm DAPI for 10 minutes,
followed by further washes. Coverslips were mounted on microscope slides, and fluorescence
was visualized with a Zeiss Axioplan microscope [12]. The percentage of cells containing
activated caspase was determined by counting the number of activated caspase immunostained
cells and dividing by the total number of DAPI stained cells for five different fields of view.
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All data points represent the average ± S.E.M. from three independent experiments. Statistical
significance was determined by two-tailed t-test assuming unequal variances with p <0.05

Results
IsoP is increased following human ischemic stroke

We have previously demonstrated that 15-A2t-IsoP is a potent inducer of neuronal apoptosis
when applied to primary neurons in culture, and exacerbates oxidative glutamate toxicity in
vitro [12]. While high levels of glutamate have been linked to stroke injury [27–31] and lipid
peroxidation has been documented following stroke like injuries [32,33,34], the importance of
15-A2t-IsoP formation in cell death following stroke induced injury has not been previously
explored. To this end, we obtained fresh frozen post-mortem human cortical brain tissue
samples from infarcted regions of cortex from stroke patients or from matched areas of cortex
from neurologically intact control patients in order to determine if these bioactive products are
formed following stroke.

Our prior work assessing CNS formation of cyclopentenone IsoPs employed a mass
spectrometric assay which quantified all cyclopentenone IsoP isomers together and was not
sensitive enough to apply to small samples [12]. For this work, we developed a new liquid
chromatography-tandem mass spectrometry (LC-MS/MS) methodology far more sensitive and
specific than our previous gas chromatography-MS assay which can quantify specific IsoP
isomers such as 15-A2/J2-IsoPs. We employed this assay to quantify levels of esterified 15-
A2/J2-IsoPs which serve as indices of cyclopentenone IsoP formation, in our human stroke
brain and control samples. In all control brain samples, levels of 15-A2/J2-IsoPs were near the
limit of detection of our assay, which can detect quantities as low as ~0.2ng/g of brain tissue.
In all six human stroke specimens, a pronounced 15-A2/J2-IsoP peak was readily apparent.
Quantification via stable isotope dilution using a deuterium-labeled PGA2 as the internal
standard revealed a 4-fold increase in 15-A2/J2-IsoP levels in stroke samples compared to
controls (Fig. 1).

While the chromatographic nature of the A2/J2 compounds under the conditions required for
LC/MS analysis allows unprecedented levels of detection, it is, however, not possible to further
separate the 8 different stereoisomers of the 15-A2 and 15-J2-IsoPs from each other. Other
methods with far lower sensitivity, such as normal phase LC can achieve this end, but this
separation methodology is not compatible with our electrospray ionization MS methodology.
Based upon our experience with the oxidation of arachidonic acid in vitro and in vivo, it is
highly unlikely that the peaks detected in the mass spec are a result of just the 15-A2- or just
the 15-J2-IsoPs as they would be expected to be formed in equal abundance [11,35].

15-A2t-IsoP in combination with OGD enhances neuronal toxicity
We next assessed if a sublethal dose of 10μM 15-A2t-IsoP could potentiate the injury of oxygen
glucose deprivation. We, and others, use mature primary neuronal cultures exposed to OGD
to model ischemia/reperfusion injury associated with stroke [13,36,37]. Like in vivo tissue,
loss of oxygen and glucose leads to rapid loss of cellular membrane potential, release of
cytokines and excitotoxins and substantial oxidative stress [2].

Using this model, we evaluated neuronal toxicity following OGD for 30, 60, or 90 minutes in
the presence or absence of 15-A2t-IsoP. Following treatment, cells were returned to normal
growth media and cell death was assessed 24hrs later. We found increased cell death in neurons
exposed to 90 minute OGD treatment which caused 39% neuronal death (Fig. 2). Addition of
the non-toxic dose of 10μM 15-A2t-IsoP in combination with OGD for 90 minutes significantly
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increased cell death, elevating total cell death under these conditions to approximately 70%
(Fig. 2).

15-A2t-IsoP does not alter ATP homeostasis
Previously, we demonstrated that higher concentrations of 15-A2t-IsoP activated cell death via
a pathway requiring mitochondrial ROS production and that cell injury was abated in the
presence of the mitochondrial uncoupler FCCP. This suggests that either removing
mitochondrial free radicals decreased death or that 15-A2t-IsoP may alter the energetic status
of neurons at the level of either the Krebs cycle or electron transport chain [12].

To test the contribution of 15-A2t-IsoP to energetic dysfunction, we first measured the ATP
content of neurons 3 and 24 hours following exposure to OGD in the presence or absence of
10μM 15-A2t-IsoP. We observed a dramatic loss of energetic stores 3 hours following exposure
to 90 minutes of OGD, which did not recover even 24 hours later (Fig. 3). The failure of 15-
A2t-IsoP to significantly alter ATP content beyond that induced by OGD at either 3 or 24 hours
suggests that this level of 15-A2t-IsoP does not further inhibit electron transport or Krebs cycle
production of reducing equivalents necessary for ATP production.

Increased hyperpolarization of the mitochondrial membrane potential occurs in the presence
of 15-A2t-IsoP and hypoxia

A variety of molecular, ionic and energetic mechanisms converge to determine the
electrochemical gradients of the mitochondrial membrane potential (MMP). As the MMP is
imperative in regulating the activation of apoptotic signaling pathways, we wanted to determine
if 15-A2t-IsoP altered neuronal mitochondrial polarization using the fluorescent indicator cell
permeable positively charged molecule TMRE which rapidly accumulates in mitochondria as
a function of the membrane potential [19].

Neurons were easily identified by positive Syto 16 staining and had well defined somas and
processes (Fig. 4 panel A). Following either OGD or 15-A2t-IsoP exposure for 90 minutes,
there was a significant decrease in the intensity of the TMRE staining (Fig. 4, panels B and C)
with only a fewer intensely labeled cells (arrowheads). Surprisingly, the combination of OGD
and 15-A2t-IsoP resulted in an increase in mitochondrial sequestration of TMRE (Fig. 4, panel
D) relative to either compound alone. Given that TMRE has very limited interactions with
mitochondrial structures [38], the most likely interpretation of this data is that mitochondria
become hyperpolarized immediately after the paired insults.

While some teams have observed increased intensity of polar mitochondrial dyes as a function
of mitochondrial biogenesis, the time course of these observations is on the orders of days and
not likely a factor in interpreting the changes observed during the short time frame of these
experiments (<3 hours from insult to recording) [39]. To ensure we did not have a biogenesis
artifact, we did, however, perform fluorescent readings of neurons exposed to these conditions
and loaded with the Mitotracker Green FM dye which accumulates in mitochondria regardless
of mitochondrial coupling [40]. We found no difference in fluorescent intensity resulting from
OGD, 15-A2t-IsoP or a combination of the two conditions at this time point (data not shown)
suggesting that the changes in TMRE represent mitochondrial hyperpolarization rather than
increased numbers of mitochondria.

15-A2t-IsoP enhances PTP opening in the presence of Ca2+

The mitochondrial membrane potential hyperpolarizes with extrusion of protons from the
matrix allowing the cytochromes within the electron transport chain to become more reduced
[12]. Moreover, hyperpolarization enhances the electrochemical gradient for Ca2+ transport
into the mitochondria which can adversely affect neuronal viability [41]. Ca2+ overload in

Zeiger et al. Page 8

Free Radic Biol Med. Author manuscript; available in PMC 2010 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



stroke and other pathological conditions leads to opening of the permeability transition pore
(PTP) within the inner mitochondrial membrane and the subsequent release of pro-apoptotic
proteins [28,42–45]. Both the isomeric bioactive prostaglandin 15-deoxy-Δ12,14-prostaglandin
J2 (15d-PGJ2), a cyclooxygenase-derived enzymatic product of arachidonic acid peroxidation,
and arachidonic acid itself have both been shown to open the PTP and lead to the release of
cytochrome c [24,46].

To determine if 15-A2t-IsoP has a similar effect on the PTP, we exposed purified liver
mitochondria to 10μM DMSO, 15-A2t-IsoP, or 15d-PGJ2 in the presence or absence of Ca2+

and sphectrometrically monitored opening of PTP. Neither DMSO, 15-A2t-IsoP, nor 15d-
PGJ2 promoted swelling of the mitochondria on their own throughout the 30 minute
measurement window. However, in the presence of Ca2+, 15-A2t-IsoP led to a 1.5 fold increase
in the onset of swelling compared to DMSO alone (Fig. 5 panels A, B), but had a lower effect
than 15d-PGJ2. The effect of 15-A2t-IsoP was concentration dependent as the time of opening
and magnitude was enhanced with increased levels of IsoP (Fig. 5 panels C, D).

Cytochrome c release from mitochondria occurs following treatment with 15-A2t-IsoP and
Ca2+

We next evaluated if cytochrome c was released from the purified mitochondria exposed to
either 15d-PGJ2 or 15-A2t-IsoP using western blot analysis of the supernatant fraction
following treatment. Based on the normalized band intensity, we observed that both 15-A2t-
IsoP and 15d-PGJ2 induced substantial mitochondrial release of cytochrome c in the presence
of calcium and a significant increase compared to DMSO in the absence of calcium (Fig. 6
panels A, B).

Previously, we have demonstrated that 15-A2t-IsoP treatment at higher concentrations (30μM)
led to activation of caspase -3 and apoptotic neuronal death [12]. As PTP opening has been
linked to both necrotic and apoptotic death while cytochrome c release is known to activate
the apoptosome [42,45,47–49], we next evaluated if the combination of OGD and 15-A2t-IsoP
similarly led to an increase in apoptotic death. Six hours following treatment of neurons with
DMSO or 15-A2t-IsoP with or without 90 minute OGD, we stained for cleaved caspase 3 and
quantified the percentage of total cells demonstrating activated caspase 3. We observed a
substantial increase in activated caspase 3 containing cells following OGD and 15-A2t-IsoP
exposure compared to OGD alone (Fig. 6 panel C). Taken together, this data suggests increased
cytochrome c release in the presence of 15-A2t-IsoP and OGD temporally coincides with the
opening of the PTP and results in apoptotic signaling.

Discussion
The isoprostanes are a family of prostaglandin-like molecules which are formed non-
enzymatically in all cell membranes as a result of free radical-mediated peroxidation of
arachidonic acid. Numerous studies have demonstrated increased F2-IsoP levels in
neurodegenerative diseases and while F2-IsoP itself is not bioactive, cyclopentenone IsoPs
which are also formed in vivo are reactive electrophiles [6,10–12,50,51]. These compounds,
also known as A2/J2-IsoPs, readily form Michael adducts with cellular thiols, including those
found in cysteine residues and in glutathione [11].

We have previously shown that cyclopentenone IsoPs are formed in animals when exposed to
oxidizing conditions and that these compounds potently induce apoptosis when applied to
primary neuronal cultures [12]. This current work is the first demonstration that the reactive
cyclopentenone A2/J2-IsoPs are formed in the CNS in patients who have suffered an ischemic
stroke. Our data also support a model in which the specific cyclopentenone 15-A2t-IsoP
potentiates stroke induced injury in neurons via a prodeath mitochondrial pathway.
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Neuronal mitochondrial function is an essential determinant of cell fate following injury and
the balance of energetic signaling and molecular cues to determine if hypoxic, oxidative, and
hypoglycemic injury is lethal [2]. Alterations of mitochondrial membrane potential, calcium
dysfunction, and decisions to release pro-apoptotic factors, which activate transcriptionally
dependent and independent signaling, place mitochondria at the heart of the response to
neurodegeneration [52]. The enhanced extrusion of protons upon a combined exposure of OGD
and 15-A2t-IsoP in our in vitro model of ischemic injury suggests that when faced with the
paired insults of ischemia and lipid peroxidation, neurons undergo a rapid and intense change
in mitochondrial polarity. Indeed, acute mitochondrial hyperpolarization has been observed in
response to many neurotoxic stressors as a means to drive aerobic ATP production by
increasing the proton gradient responsible for oxidative phosphorylation [53–55]. In the current
set of experiments, the presence of 15-A2t-IsoP did not, however, have further detrimental
effects on ATP production compared to ischemia alone indicating 15-A2t-IsoP does not impact
net energetic status.

Both hypoxia and ischemia have been linked to opening of the outer mitochondrial membrane
which would lead to an extrusion of protons [56–58]. This phenomenon would result in
hyperpolarization similar to our TMRE results following 15-A2t-IsoP and OGD treatment.
Similar to previous work demonstrating that products of fatty acid oxidation induce PTP
opening and cytochrome c release [24,46], we found that the non-enzymatically derived lipid
oxidation product 15-A2t-IsoP led to a more rapid opening of the PTP and cytochrome c release
in the presence of Ca2+. Taken with the increased activation of caspase 3 following OGD and
15-A2t-IsoP exposure, we believe these events culminate into the activation of apoptotic death
pathways.

Given the ability of 15-A2t-IsoP to adduct to thiol residues, we hypothesize that this
cyclopentenone IsoP may be interacting with PTP proteins to enhance pore sensitivity to
Ca2+. This hypothesis is supported by a proteomics analysis which identified several proteins
in isolated mitochondria that are directly modified by 15d-PGJ2 including ATP synthase and
adenine nucleotide translocase (ANT), two proteins important for pore formation [24,59–61].
In particular, ANT has a critical cysteine residue that is responsible for adenine nucleotide
inhibition of PTP and important for binding of cyclophilin-D for pore formation that is
susceptible to oxidative stress [62,63].

While both 15-A2t-IsoP and 15d-PGJ2 induce PTP opening, PGJ2 activates the PPAR nuclear
receptor and was shown to be neuroprotective following glutamate induced toxicity in cortical
cultures [12,24,50,64]. Indeed, PGJ2 increased glutathione levels through upregulation of
electrophile response element containing genes such as glutathione synthetase and glutamate-
cysteine ligase [64]. This is in contrast to 15-A2t-IsoP which we have demonstrated decreases
glutathione levels in cortical neurons [12]. Thus, 15-A2t-IsoP’s ability to enhance PTP opening
may be a consequence of glutathione depletion resulting in increased ROS which then adduct
to the critical cysteines in PTP pore proteins. This could explain the slower kinetics for PTP
opening compared to 15d-PGJ2. Alternatively, the difference may be due to the increased
potency of Michael addition reactions for 15d-PGJ2’s two electrophile β-carbons versus 15-
A2t-IsoP’s single electrophile β-carbon.

In conclusion, the treatment of ischemic stroke remains one of the most challenging areas of
medicine today. At present, only one agent is approved (Alteplase, rt-PA), and for only a brief
window of time (onset of symptoms less than three hours) [65]. Moreover, we recognize that
the models of stroke induced death fail to recapitulate many aspects of the clinical realities of
ischemia. As we seek to refine both in vivo and in vitro stroke models to more fully identify
potential molecules to alter the fate of ischemically injured cells, understanding bioactive lipid
products as discreet mediators of stress and more fully capturing the in vivo lipid environment
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in our cell culture models is essential to developing appropriate therapies [66]. To this end, we
believe evaluation of 15-A2t-IsoP formation during stroke and consideration of inclusion of
pathophysiologically relevant levels of 15-A2t-IsoP and other lipids to in vitro stroke models
may allow us to more fully recapitulate stroke induced injury. This importance of lipid
bioactivity is further highlighted by the fact that strong risk factors associated with stroke
including hypertension, history of transient ischemic attacks, diabetes, high cholesterol and
arthrosclerosis demonstrate increased IsoP formation [67,68]. As neuronal toxicity is enhanced
by 15-A2t-IsoP during hypoxia, it will be of interest to determine if baseline levels of
cyclopentenone IsoPs before stroke directly impact morbidity and mortality.
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Fig. 1. Levels of esterified 15-A2/J2-IsoPs are increased in postmortem brain samples from human
stroke patients
Post-mortem samples from cerebral cortex of ischemic stroke patient brains or control brains
not exhibiting stroke were subjected to liquid chromatography tandem mass spectrometric
analysis, and concentrations of membrane-esterified 15-A2/J2-IsoPs were quantified by stable
isotope dilution using a deuterium-labeled PGA2 internal standard. * denotes statistical
significance compared to control sample as determined by two-tailed t-test with p <0.05.
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Fig. 2. 15-A2t-IsoP potentiates ischemic injury
A) Exposure of neurons to prolonged oxygen glucose deprivation (OGD) led to increased cell
death in the presence of 10μM 15-A2t-IsoP. Data represent the mean of three independent
experiments normalized to treatment which causes 100% cell death in this system ± S.E.M. *
denotes statistical significance as compared to no OGD as determined by two-tailed t-test with
p<0.05. Representative images of primary neuronal cultures which were incubated for 24 hours
in 10μM DMSO (B) or 15-A2t-IsoP (C) demonstrate many healthy phase bright neurons with
an elaborate series of processes and well defined soma. Upon 90 minute ischemia (D),
cytoarchitectural changes become more pronounced with cell soma shrinkage, loss of process
integrity and some evidence in the upper right quadrant of highly pyknotic neurons. A dramatic
loss of neurons was only evident following exposure to a combination of ischemia and 10μM
15-A2t-IsoP (E).
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Fig. 3. 15-A2t-IsoP treatment does not lead to decreased ATP content
ATP levels from neuronal cultures treated with DMSO (control) or 10μM 15-A2t-IsoP were
measured 3 (white) or 24 hrs (gray) following OGD. Data were normalized for total protein
and are expressed as % control ± S.E.M from 3–5 independent experiments. * denotes statistical
significance as compared to control as determined by two tail t-test with p< 0.05.
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Fig. 4. 15-A2t-IsoP alters mitochondrial membrane potential
A) The effects of 10μM 15-A2t-IsoP exposure in the presence or absence of 90 minute OGD
on mitochondrial membrane potential were evaluated by loading cells with 50nM TMRE for
20 minutes. Data represents the mean neuron pixel value ratio of FCCP signal to background
± S.E.M. of three independent experiments. The combination of OGD and IsoP increased
mitochondrial polarity and TMRE intensity. This observation is demonstrated by
representative photomicrographs from DMSO control (B), 10μM 15-A2t-IsoP (C), 90 minute
OGD (D), or a combination of OGD and 10μM 15-A2t-IsoP (E). Both IsoP and OGD treatment
resulted in loss of mitochondrial polarity in processes compared to controls. However, the
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combination of OGD and IsoP increased uptake of TMRE with many intensely labeled
neuronal cell bodies (arrows).
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Fig. 5. 15-A2t-IsoP enhances stress associated PTP pore opening
A) Purified mitochondria were incubated with 10μM DMSO, 15-A2t-IsoP, or 15d-PGJ2 in the
absence or presence of Ca2+ and PTP opening was assessed by measuring alterations in
absorbance over time. Data are from a representative experiment performed in duplicate. B)
The average lag time to pore opening was measured by determining the maximal rate of change
and normalized to DMSO with Ca2+ exposure. Data represent the normalized lag time ± S.E.M
from four independent experiments. Statistical significance was determined by two-tailed t-
test with p <0.05 as compared to DMSO (*) or A2t-IsoP ($). C) Dose response curves for IsoP
induced PTP opening were performed using 1–40μM IsoP as shown in the representative
experiment. D) The pooled data from three independent experiments ± S.E.M support a dose
response relationship between PTP opening time and IsoP concentration.
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Fig. 6. 15-A2t-IsoP exposure causes cytochrome c release from mitochondria and activates
apoptotic pathways in combination with OGD
A) Cytochrome c release from the inner mitochondrial membrane was assessed from purified
mitochondria incubated for five minutes with 10μM DMSO, 15-A2t-IsoP, or 15d-PGJ2 in the
presence or absence of Ca2+. Following the incubation, the supernatant was centrifugally
separated from the organelle and cytochrome c release was analyzed by western blot. B)
Quantification of cytochrome c using Image J analysis software revealed a 1.5 fold increase
in cytochrome c release induced by 15-A2t-IsoP and a 2-fold increase by15d-PGJ2. Data
represent the mean intensity normalized to DMSO with Ca2+ ± S.E.M for three independent
experiments. Statistical significance was determined by two-tailed t-test with p <0.05 as
compared to DMSO (*) or 15-A2t-IsoP ($). C) The combination of 90’OGD and IsoP exposure
resulted in a significant increase in activated caspase 3 containing cells as compared to DMSO,
15-A2t-IsoP or OGD alone 6 hours following exposure. Data represent the mean % of cells
exhibiting activated caspase 3 for five different fields of views ± S.E.M from three independent
experiments. Statistical significance was determined by two-tailed t-test with p <0.05 as
compared to DMSO (*) or 90’OGD ($).
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