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Abstract
Uncoupling protein 2 (UCP-2) is an inner mitochondrial membrane proton carrier that modulates
mitochondrial membrane potential (ΔΨm) and uncouples oxidative phosphorylation. We have shown
that up-regulation of UCP-2 by Wy14,643, a selective peroxisome proliferator-activated receptor-α
(PPARα) agonist, enhances cyanide cytotoxicity. The pathway by which Wy14,643 up-regulates
UCP-2 was determined in a dopaminergic cell line (N27 cells). Since dopaminergic mesencephalic
cells are a primary brain target of cyanide, the N27 immortalized mesencephalic cell was used in this
study. Wy14,643 produced a concentration- and time-dependent up-regulation of UCP-2 that was
linked to enhanced cyanide-induced cell death. MK886 (PPARα antagonist) or PPARα knock-down
by RNA interference (RNAi) inhibited PPARα activity as shown by the peroxisome proliferator
response element-luciferase reporter assay, but only partially decreased up-regulation of UCP-2. The
role of oxidative stress as an alternative pathway to UCP-2 up-regulation was determined. Wy14,643
induced a rapid surge of ROS generation and loading cells with glutathione ethyl ester (GSH-EE) or
pre-treatment with vitamin E attenuated up-regulation of UCP-2. On the other hand, RNAi
knockdown of PPARα did not alter ROS generation, suggesting a PPARα-independent component
to the response. Co-treatment with PPARα-RNAi and GSH-EE blocked both the up-regulation of
UCP-2 by Wy14,643 and the cyanide-induced cell death. It was concluded that a PPARα-mediated
pathway and an oxidative stress pathway independent of PPARα mediate the up-regulation of UCP-2
and subsequent increased vulnerability to cyanide-induced cytotoxicity.
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Introduction
Uncoupling protein 2 (UCP-2) is an anion carrier expressed in the inner mitochondrial
membrane. UCP-2 facilitates a proton leak across the inner membrane to modulate
mitochondrial function by reducing the membrane potential (ΔΨm) and uncoupling oxidative
phosphorylation to reduce ATP synthesis (Busquets et al., 2001;Rousset et al., 2004).
Activation of UCP-2 stimulates the proton leak across the mitochondrial inner membrane to
reduce ΔΨm. This action appears to protect cells against oxidative stress by reducing
mitochondrial generation of reactive oxygen species (ROS) (Mattiasson et al., 2003). On the
other hand, excess mitochondrial uncoupling due to UCP-2 over-expression sensitizes cells to
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cytotoxic agents, possibly by depleting cellular ATP as a result of reduced mitochondrial
function (Li et al., 2005;Prabhakaran et al., 2005).

UCP-2 is regulated by gene transcription, mRNA translation and activation of the protein in
mitochondria (Ledesma et al., 2002). Gene expression is stimulated by a diverse range of
stimuli (Kim-Han and Dugan, 2005) and by factors that influence the promoter, including
peroxisome proliferator-activated receptors (PPARs) (Murray et al., 2005;Nakatani et al.,
2002). UCP-2 expression is up-regulated in several models of brain damage and
neurodegenerative diseases (MacManus et al., 2004;Sullivan et al., 2003). In the mitochondrial
inner membrane, the protein must undergo activation to catalyze the proton leak. UCP-2-
mediated uncoupling is stimulated by superoxide and free fatty acids (Koshkin et al.,
2003;Echtay et al., 2002;Medvedev et al., 2002), whereas UCP-2 mediated uncoupling is
inhibited by purine nucleotides (GTP, ATP, GDP, ADP) through a high affinity binding site
(Negre-Salvayre et al., 1997).

Recent studies have linked UCP-2 up-regulation to activation of PPARs (Nakatani et al.,
2002;Murray et al., 2005). PPARs function as transcription factors to regulate expression of
target genes involved in lipid and energy metabolism. PPARα is a PPAR subtype expressed in
a variety of tissues, including brown adipose tissue, liver, and brain. In brain, PPARα regulates
neuronal differentiation, anti-oxidative defense, and neuronal death (Cimini et al., 2005). For
instance, activation of PPARα by a selective agonist, Wy14,643 [4-chloro-6-(2,3-xylidino)-2-
pyrimidinylthioacetic acid], enhanced low KCl media-induced death of cerebellar granule cells
(Smith et al., 2001). Also, we have shown in primary cortical cells that Wy14,643 can enhance
cyanide-induced mitochondrial dysfunction and switch the mode of death from apoptosis to
necrosis. The enhancement of cyanide toxicity was linked to up-regulation of UCP-2
expression (Li et al., 2006).

Several studies have shown that Wy14,643 can modulate UCP-2 gene expression, but the
pathway by which increased expression is mediated has not been established (Nakatani et al.,
2002). It is possible that ligand-mediated activation of PPAR activates the ucp2 promoter to
increase transcription (Medvedev et al., 2001). However, non-PPARα pathways may also
mediate up-regulation since it has been shown that PPARα agonists can increase UCP-2
expression in PPARα deficient mice (Grav et al., 2003).

Cyanide is a potent neurotoxicant that inhibits cytochrome oxidase in mitochondrial complex
IV to block oxidative metabolism, thus reducing ATP synthesis and enhancing ROS generation
at complex I and III (Chen et al., 2003). In mice treated with cyanide, two distinct modes of
cell death are produced through different signaling cascades, with apoptosis in the cortex and
necrosis in the dopaminergic cells of the basal ganglia (Mills et al., 1999). We have shown that
sensitivity of the either cortical or mesencephalic (dopaminergic) cells to cyanide is associated
with the level of expression of UCP-2 (Prabhakaran et al., 2005;Li et al., 2006). In primary
cortical cells, up-regulation of UCP-2 by Wy14,643 switches the cyanide-induced apoptosis
to necrosis. It is apparent that a PPARα agonist can regulate the level of cell sensitivity to the
mitochondrial toxin through modulation of UCP-2 expression.

The mesencephalic brain area is a primary target of in vivo cyanide toxicity (Mills et al.,
1999). We have shown that overexpression of UCP-2 enhances cyanide-induced toxicity in
primary mesencephalic cells by mediating a rapid reduction of mitochondrial function
(Prabhakaran et al., 2005). Therefore, an immortalized mesencephalic cell line (N27 cell) that
exhibits neurochemical properties of dopaminergic neurons, was used to study the pathways
by which Wy14,643 up-regulates UCP-2 expression, leading to an enhancement of cyanide
toxicity. It is demonstrated that Wy14,643 influences UCP-2 expression through two pathways,
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a PPARα dependent pathway and an oxidative stress mediated process independent of
PPARα.

Materials and methods
Materials

4-Chloro-6-(2,3-xylidino)-2-pyrimidinylthioacetic acid (Wy14,643) and 3-[3-tert-
butylsulfanyl-1-(4-chlorobenzyl)-5-isopropyl-1H-indol-2-yl]-2,2-dimethylpropionic acid
(MK886) were purchased from BioMol (Plymouth Meeting, PA). 2′,7′-Dichlorofluorescein
diacetate (DCF-DA) were purchased from Invitrogen (Carlsbad, CA). Pre-stained SDS-PAGE
standards and Bio-Rad protein assay system were purchased from Bio-Rad (Hercules, CA).
All other chemicals were obtained from Sigma Chemical Co. (St. Louis, MO). Wy14,643,
MK886 and vitamin E were dissolved in DMSO and the final concentration of DMSO did not
exceed 0.1% (v/v). Other chemicals were dissolved in cell culture medium.

Cell culture
Rat immortalized mesencephalic IRB3AN27 neuronal cells (N27 cells), that display features
of dopaminergic neurons (Adams et al., 1996), were plated at a density of 1 × 104 cells/cm2

on poly-L-lysine (5 μg/ml) coated 6 or 24-well plates. Cells were grown in RPMI 1640 medium
supplemented with 10% fetal bovine serum, penicillin (100 units/ml) and streptomycin (100
μg/ml) at 37°C in an atmosphere of 5% CO2 and 95% air.

Cell viability assays
Cell viability was determined by quantitating succinate dehydrogenase catalyzed conversion
of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) to formazan
(Altman, 1976). The cultures were incubated with MTT (0.5 mg/ml) in medium for 3 h. The
formazan salt was solubilized in DMSO and optical density determined at 570 nm. The values
were expressed as percent viability relative to vehicle-treated control cultures.

Measurement of ROS generation
The DCF-DA assay was used to determine cellular ROS generation as previously described
with minor modification (Zhang et al., 2006). In all experiments, pretreated cells were loaded
with DCF-DA (30 μM) for 30 min at 37°C, then washed with PBS and fluorescence intensity
monitored with a microtiter plate reader at excitation wavelength of 485 nm and emission
wavelength of 535 nm. The data of the treatment groups were expressed as a percent of DCF
fluorescence generated in control cells under identical incubation conditions.

Glutathione analysis
After the treatments, cells were lysed by freezing and thawing in HCl (10 mM) and centrifuged
for 15 min at 4°C and 2000 x g. The supernant was removed and neutralized with buffer (143
mM NaH2PO4, 6.3 mM EDTA, pH 7.4). The reaction mixture, containing 5,5′-dithiobis-2-
nitrobenzoic acid (1 mM) and NADPH (0.34 mM), was added to samples and the reaction was
started by adding 8.5 IU/ml glutathione reductase (Vandeputte et al., 1994). Total glutathione
(GSH+GSSG) levels were determined by measuring the increase in absorbance at 415 nm and
compared to a standard curve. The reduced glutathione (GSH) was determined as the difference
between the total glutathione values and samples pretreated with 2-vinylpyridine to selectively
remove GSH.

Measurement of mitochondrial uncoupling
Cells were washed with ice-cold PBS, gently scraped off the culture plates and then centrifuged
at 500 x g for 5 min. The cells were re-suspended in medium (250 mM sucrose, 1 mM EDTA,
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50 mM KCl, 2 mM KH2PO4, 25 mM Tris-HCl, pH 7.4) and then digitonin (40 μg/ml) was
used to permeabilize the cells. Oxygen consumption was measured polarographically at 37°C
with a Clark oxygen electrode (Rank Brothers, Ltd., Cambridge, UK) that was interfaced with
a microcomputer to provide a real time display of oxygen concentration. Basal oxygen
consumption was measured, and then the state 4 respiratory rate was determined in
permeablized cells in the presence of succinate (5 mM), ADP (1 mM) and the F1F0-ATP
synthase inhibitor, oligomycin (10 μg/ml). After addition of ADP and oligomycin, UCP-2
mediated proton conductance was estimated as an increased palmitic acid-induced respiration
compared with state 4 respiration induced by oligomycin (Echtay et al., 2002).

Transient transfection and PPAR reporter assay
The ability of Wy14,643 to activate PPARα was assessed using a reporter assay system
(peroxisome response element-luciferase) as described by Kehrer et al. (2001). The luciferase
reporter construct PPRE3-TK-LUC was a kind gift from Dr R. M. Evans (Salk Institute for
Biological Studies, San Diego, CA). pRL-CMV-RLUC (Promega, Madison, WI), a reporter
vector containing Renilla luciferase (RLUC), was used as an internal control for normalizing
transfection efficiency. PPRE3-TK-LUC and pRL-CMV-RLUC were transfected into N27
cells by using the Lipofectamine 2000™ (Invitrogen, Carlsbad, CA) for 24 h followed by the
different treatments for an additional 6 h, then the cells were lysed and analyzed by using a
dual-luciferase reporter gene assay system (Promega, Madison, WI). The luciferase activity
was normalized to the internal control (RLUC activity).

Western blot analysis
After the various treatments or transient transfection, cells were washed with ice-cold PBS and
harvested by centrifugation at 500 x g for 5 min. Cell pellets were lysed in a buffer containing
220 mM mannitol, 68 mM sucrose, 20 mM HEPES, pH 7.4, 50 mM KCl, 5 mM EGTA, 1 mM
EDTA, 2 mM MgCl2, 1 mM dithiothreitol, 0.1% Triton X-100, and protease inhibitors on ice
for 15 min. After centrifugation, supernatants were taken as whole-cell protein extraction. The
protein content in the extractions was determined by the Bradford assay (Bio-Rad, Hercules,
CA). Samples containing 30 μg of protein were boiled in Laemmli buffer for 5 min and then
subjected to electrophoresis in 12% SDS-polyacrylamide gel, followed by transfer to a
polyvinylidene difluoride membrane. After blocking with Tris-buffered saline containing 5%
nonfat dry milk and 0.1% Tween 20, the membrane was exposed to primary UCP-2 antibody
or β-actin antibody for 3 h at room temperature on a shaker. The UCP-2 antibody was a rabbit
anti-mouse polyclonal antibody (1:2000) directed toward the C-terminal domain of UCP-2
(Alpha Diagnostic International, Inc., San Antonio, TX). Antibody specificity was determined
by using a 14-amino acid UCP-2 blocking peptide according to the manufacturer’s protocol.
The UCP-2 antibody was detected with a fluorescein-linked anti-rabbit IgG (second antibody).
The signal was then amplified by detection of the secondary antibody with an anti-fluorescein
alkaline phosphatase conjugate followed by fluorescent ECF substrate according to the ECF
Western Blotting Kit™ (Amersham, Piscataway, NJ). Densitometric analysis was performed
using Scion Image software (Scion Corporation, Frederick, MD). Data were normalized to the
internal control (β-actin) and then expressed as relative density of each band compared with
the respective vehicle control band. For each study, Western blot analysis was conducted two
to three times and representative blots are shown.

RNA Interference
Small interfering RNA corresponding to the UCP-2 gene was designed as recommended
(Elbashir et al., 2001) and synthesized by Ambion, Inc. (Austin, TX) with 5′ phosphate, 3′
hydroxyl, and two base overhangs on each strand. The gene-specific sequences were used for
UCP-2 interference: sense 5′-GAACGGGACACCUUUAGAGtt-3′ and antisense 5′-
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CUCUAAAGGUGUCCCGUUCtt-3′; annealing for duplex siRNA formation was performed
as described by the manufacturer. Pre-designed siRNA for PPARα (Ambion Inc, Austin, TX)
was used to knock-down PPARα expression. The Silencer Negative Control siRNA 1, which
does not target rat, mouse, or humans genes, was used as a negative control (Ambion, Austin,
TX). Transient transfections of the UCP-2 and PPARα siRNA were performed with
Lipofectamine 2000™ (Invitrogen, Carlsbad, CA).

Statistics
Data were expressed as mean ± S.E.M., and statistical significance was assessed by one-way
ANOVA or two-way ANOVA. The Tukey-Kramer multiple range test and Fisher’s LSD test
were used for post hoc comparisons. Differences were considered significance at P<0.05.

Results
Wy14,643 potentiates cyanide-induced toxicity by up-regulating UCP-2

Examination of N27 cells by phase contrast microscopy showed that incubation with cyanide
(400 μM) for 24 h did not produce a significant level of cell death. Wy14,643 (100 μM)
produced a low-level cytotoxicity as compared to control cells, whereas pretreatment with
Wy14,643 potentiated the toxicity of cyanide (Fig. 1A, B). Co-treatment with Wy14,643 and
cyanide decreased cell density and altered the morphology of surviving cells. The mode of
death was predominantly necrotic as determined by PI staining (data not shown). Quantitation
of cell death showed that Wy14,643 sensitized cells to cyanide (Fig 1B). Western blots of
UCP-2 showed that Wy14,643 induced a concentration- and time-dependent up-regulation of
UCP-2 (Fig. 2A, B). Up-regulation of UCP-2 expression was detected as early as 6 h and
reached a maximum within 12 h. To determine whether UCP-2 up-regulation would increase
mitochondrial uncoupling, state 4 respiration was measured. After 12 h of Wy14,643 treatment,
a marked increase of palmitic acid-induced state 4 respiration was observed (150% of control
cells) (Fig. 2C), reflecting that an increased mitochondrial uncoupling accompanied UCP-2
up-regulation.

Western blot analysis showed that the Wy14,643-induced up-regulation of UCP-2 was
significantly enhanced when cells were also treated cyanide (Fig. 3A). Knock-down of UCP-2
expression by RNAi markedly reduced the UCP-2 up-regulation, and importantly reversed the
Wy14,643 enhancement of cyanide toxicity (Fig. 3B), thus linking UCP-2 up-regulation to cell
death. It should be noted that induction of UCP-2 expression by Wy14,643 was not totally
blocked in cells transfected with UCP-2 RNAi. This may be attributed in part to a 60–70%
transfection efficiency of the UCP-2 RNAi in these cells (data not shown). These results are
consistent with our previous work with primary cortical cells that showed constitutively
expressed UCP-2 was not totally knocked-down after transfection with RNAi (Li, et al.,
2005).

PPARα antagonism and RNAi knock-down partially inhibit UCP-2 up-regulation
To determine if the Wy14,643-induced UCP-2 up-regulation involved PPARα, cells were
treated with a non-competitive PPARα antagonist, MK886 (5 μM) at a concentration that
blocks Wy14,643-induced UCP-2 up-regulation at both mRNA and protein levels (Li et al.,
2006). In N27 cells, MK886 did not completely block Wy14,643-mediated up-regulation of
UCP-2 (Fig 4A). Similarly, Western blots also showed that RNAi knock-down of PPARα,
which blocked constitutive PPARα expression (data not shown), did not completely block up-
regulation of UCP-2 (Fig 4B). To confirm that MK886 or PPARα-RNAi abolished Wy14,643-
mediated PPARα activation, PPARα-driven reporter activity was determined. Both MK886
and PPARα-RNAi diminished reporter activation (Fig. 4C), showing the treatments blocked
PPARα activation. It was concluded that Wy14,643 induction of UCP-2 is mediated only in

Zhang et al. Page 5

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2008 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



part through a PPARα-dependent pathway and that an alternative pathway contributes to
UCP-2 up-regulation.

ROS generation contributes to UCP-2 up-regulation
Since increased generation of ROS (oxidative stress) can up-regulate UCP-2 expression (Yang
et al., 2000), the effect of Wy14,643 on cellular ROS levels was determined. A surge of ROS
generation was observed after 4–12 h of incubation with Wy14,643 (Fig. 5A), paralleling the
temporal profile of UCP-2 up-regulation. Also the ratio of cellular GSH/GSSG was
significantly decreased (Fig. 5B), indicating Wy14,643 produced a significant oxidative stress.
To determine the involvement of oxidative stress in up-regulation of UCP-2, cells were loaded
with an ROS scavenger (GSH-EE) or pretreated with an antioxidant (Vitamin E). Western blots
showed that both GSH-EE and vitamin E significantly reduced the Wy14,643 mediated UCP-2
up-regulation (Fig. 6A, B), thus showing that oxidative stress contributes to UCP-2 up-
regulation.

PPARα activation does not stimulate ROS generation
Previous work has shown that Wy14,643 stimulation of ROS generation can be independent
of PPARα (Atarod and Kehrer, 2004). To determine if PPARα activation contributed to the
ROS generation, the effect of PPARα-RNAi knock-down on ROS production was determined.
Knock-down of PPARα did not reduce ROS levels compare to control cells, whereas loading
with GSH-EE or pretreatment with vitamin E significantly reduced ROS generation (Fig. 7).
In addition, pretreatment with PPARα antagonist MK-886 did not diminish the ROS production
(data not shown). It was concluded that the Wy14,643-mediated increase of ROS production
did not involve PPARα activation.

Blockade of UCP-2 up-regulation requires both PPARα knockdown and decreased ROS
generation

To confirm that the Wy14,643 up-regulation of UCP-2 involves both a PPARα-dependent
pathway and oxidative stress, cells were transfected with PPARα-RNAi and then loaded with
GSH-EE, followed by analysis of UCP-2 expression. Western blots showed that concurrent
treatment with PPARα-RNAi and GSH-EE reduced UCP-2 expression to control levels and
significantly decreased Wy14,643-mediated mitochondrial uncoupling (Fig. 8A, B).
Furthermore, co-treatment with PPARα-RNAi and GSH-EE produced an additive inhibition
of Wy14,643-induced UCP-2 expression and mitochondrial uncoupling. These observations
provide strong support for involvement of both a PPARα-dependent pathway and an oxidative
stress-mediated pathway for up-regulation of UCP-2 expression.

PPARα knock-down and decreased ROS generation block cyanide cytotoxicity
Cyanide-mediated cytotoxicity was examined in cells treated with PPARα-RNAi and GSH-
EE. Phase contrast microscopy of the cells showed that PPARα knock-down or GSH-EE
reduced the Wy14,643 enhancement of cyanide toxicity and combined treatment (GSH-EE/
PPARα-RNAi) appeared to block the cell death (Fig. 9A). Quantitation of cell death showed
that the co-treatment abolished the cyanide-induced cell death in Wy14,643 treated cells (Fig.
9B), thus demonstrating that Wy14,643-mediated enhancement of cyanide toxicity involves
at least two independent pathways, one mediated by PPARα activation and the other through
increased oxidative stress.

Discussion
The selective PPARα agonist Wy14,643 sensitized N27 cells to cyanide-induced death through
up-regulation of UCP-2. PPARα antagonism or RNAi knock-down only partially blocked
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Wy14,643-mediated up-regulation of UCP-2, suggesting involvement of a process
independent of PPARα activation. Wy14,643 stimulated intracellular ROS generation which
in turn increased oxidative stress as reflected by a decreased GSH/GSSG ratio. Loading cells
with GSH-EE or pretreatment with an antioxidant significantly reduced UCP-2 expression,
demonstrating that enhanced ROS generation contributes to UCP-2 up-regulation. Importantly,
knock-down of PPARα did not alter the levels of ROS generation, showing that the increased
oxidative stress was not mediated by PPARα activation. Furthermore, co-treatment with
PPARα RNAi and GSH-EE abolished the Wy14,643-mediated up-regulation of UCP-2 and
the cyanide-induced cell death. It was concluded that two pathways mediate the Wy14,643-
induced UCP-2 up-regulation and increased vulnerability of the cells to cyanide. The
PPARα-dependent pathway appears to involve direct transcriptional activation of the UCP-2
gene, whereas an oxidative stress mediated pathway is independent of PPARα activation.

UCP-2 is an anionic transporter capable of dissipating the mitochondrial proton gradient and
in turn reduces the efficiency of ATP synthesis (Dulloo and Samec, 2001). It is widely accepted
that constitutive expression of UCP-2 can produce neuro-protection by uncoupling oxidative
phosphorylation to reduce mitochondrial ROS generation (Horvath et al., 2003;Conti et al.,
2005). We have shown in primary cortical cells that Wy14,643 can induce UCP-2 up-regulation
and switch cyanide-induced apoptosis to necrosis (Li et al., 2006). The up-regulation of UCP-2
by Wy14,643 can play an important role in regulating sensitivity of neuronal cells to stimuli
that influence mitochondrial function. The present study extends these observations in the
dopaminergic N27 cell line by showing that Wy14,643 up-regulates UCP-2 to sensitize the
cells to cyanide-induced toxicity. This cell model was then used to explore the mechanisms
underlying up-regulation of UCP-2 and associated cell death.

Pathways by which Wy14,643 mediate UCP-2 up-regulation have not been established. Since
ucp-2 is a target gene of PPARα, activation of the receptor would lead to increased expression
(Ravnskjaer et al., 2005;Nakatani et al., 2002). Wy14,643 can selectively activate PPARα by
stimulating formation of a heterodimeric transcription factor complex with retinoid X receptor
alpha (RXRα) (Gearing et al., 1993). The heterodimer then binds to specific peroxisome
proliferator-response elements of target genes to stimulate transcription. Previous studies have
shown in hepatocytes and primary cortical cells that Wy14,643 can increase UCP-2 expression
through activation of PPARα (Nakatani et al., 2002;Li et al., 2006). In the present study,
Wy14,643 induced a concentration- and time-dependent up-regulation of UCP-2. Wy14,643
did not increase the constitutive expression by PPARα (data not shown) and the luciferase
reporter assay showed that Wy14,643 activated PPARα. It is concluded that PPARα activation
is involved in Wy14,643-induced UCP-2 up-regulation., possibly through activation of the
peroxisome proliferator response element.

Recent reports have shown that PPARα ligands can produce a number of cellular actions
independent of PPARα binding, including inhibition of mitochondrial complex I which can
lead to enhanced ROS generation (Scatena et al., 2003, 3004). It appears that PPARα agonist-
induced UCP-2 up-regulation can also be independent of PPARα. Peters et al. (2001) showed
that conjugated linoleic acid, a PPARα ligand, increased UCP-2 levels in both PPARα
wildtype+/+ and PPARα null−/− mice, thus demonstrating that up-regulation of UCP-2 can be
mediated by a PPARα independent pathway. The present study used two approaches in
blocking the PPARα pathway, a selective PPARα antagonist (MK886) and RNAi knock-down.
Both treatments inhibited Wy14,643-mediated PPARα activation, but only partially blocked
the Wy14,643-induced UCP-2 expression, thereby providing support for involvement of a
PPARα-independent mechanism.

An alternative pathway for UCP-2 up-regulation may involve oxidative stress, since it has been
shown that increased ROS can up-regulate UCP-2 (Yang et al., 2000,Ho et al., 2005). The
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proximal 3.3 kb of the ucp-2 promoter contains nucleotide sequences of ROS-sensitive trans-
acting factors, including AP-1 and C/EBP (Cortez-Pinto et al., 1998). Pecqueur et al (2002)
showed that UCP-2 is up-regulated when the level of intracellular ROS is high. In hepatocytes,
an up-regulation of UCP-2 occurs in response to increased ROS generation, both in vivo and
in vitro (Cortez-Pinto et al., 1999;Rashid et al., 1999). It seemed likely that redox regulation
of UCP-2 expression was also involved in the response observed in this study. Wy14,643
induced a rapid surge of ROS generation as reflected by a decreased GSH/GSSG ratio, and
loading cells with GSH-EE or pretreatment with an antioxidant (vitamin E) inhibited the up-
regulation of UCP-2. The results of these experiments show that oxidative stress is involved
in up-regulation of UCP-2 by WY14,643.

Previous studies have shown that Wy14,643 can stimulate ROS generation independent of
PPARα. In human T-lymphocytic leukemia cells, Wy14,643-mediated ROS generation was
not blocked by a PPARα inhibitor (Atarod and Kehrer, 2004). Similarly in this study, RNAi
knock-down of PPARα did not diminish the Wy14,643-induced ROS production, showing that
the enhanced ROS production is likely independent of PPARα. This is consistent with
observations in Kupffer cells from PPARα null−/− mice in which PPARα agonists induced
ROS generation independent of PPARα activation (Peters et al., 2000).

The origin of the Wy14,643-mediated oxidative stress has not been well characterized. Atarod
and Kehrer (2004) suggest that Wy14,643-induced oxidant production may originate in
mitochondria. Interestingly, studies have shown that Wy14,643 can decrease cellular
glutathione levels by interfering with its synthesis (Teissier et al., 2004;O’Brien et al., 2001).
We have shown that Wy14,643 decreased levels of reduced glutathione which could exacerbate
intracellular oxidative stress and increase UCP-2 transcription. In this study, loading the cells
with GSH-EE blocked Wy14,643-mediated UCP-2 up-regulation and cyanide-induced cell
death, thus providing evidence that intracellular redox conditions play an important role in
regulating UCP-2 expression and neurotoxicity. It is important to note that besides UCP-2 up-
regulation, Wy14,643 can produce additional actions that may contribute to enhanced
sensitivity to cyanide. A recent study has shown that PPARα ligands can directly inhibit
complex I in mitochondria, which would lead to increased generation of ROS and
mitochondrial dysfunction (reduction of ΔΨm and reduced ATP synthesis) (Scatena et al.,
2003;2004). It is likely these additional mitochondrial actions of Wy14,643 could enhance the
sensitivity to KCN.

In conclusion, it was demonstrated that Wy14,643, a selective PPARα agonist, sensitized
dopaminergic cells to cyanide-induced death through up-regulation of UCP-2. The Wy14,643-
stimulated UCP-2 expression was mediated through both a PPARα-dependent pathway and a
redox sensitive pathway involving increased ROS generation which then enhanced the
sensitivity of the cells to cyanide.
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Fig 1.
Wy14,643 enhancement of cyanide-induced cell death. (A) N27 cells were incubated with
Wy14,643 (100 μM) or DMSO (control) for 5 h followed by cyanide (400 μM) for 24 h.
Magnification is 200X for phase contrast micrographs of cells (a. Solvent control; b. KCN; c.
Wy14,643; d. Wy14,643 + KCN). (B) Cells were pretreated with Wy14,643 (100 μM) or
DMSO (control) 5 h before cyanide and cell viability was assessed 24 h later. Values were
expressed as percent viability relative to vehicle-treated control cultures. *Significantly
different from control group. #Significantly different from Wy14,643 group. P < 0.05.
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Fig 2.
Wy14,643-induced up-regulation of UCP-2 and enhanced mitochondrial uncoupling. (A–B)
Western blot of UCP-2 after treatment with varying concentrations of Wy14,643 for 12 h (panel
A) or with Wy14,643 (100 μM) for 0–24 h (panel B). β-actin was used as an equal loading
control. Data represent mean ± SEM for three separate experiments. (C) Cells were pretreated
with Wy14,643 (100 μM) for 12 h or DMSO (control) and mitochondrial respiratory function
was then measured. Mitochondrial uncoupling was determined by the increase of state 4
respiration produced by addition of a UCP-2 activator (palmitic acid, 300 μM). Data are
expressed as percent increase above oligomycin-induced state 4 respiration (mean ± SEM).
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Values are relative O2 consumption (mean ± SEM). *Significantly different from control
group, P < 0.05.
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Fig 3.
Knock-down of UCP-2 blocked Wy14,643-induced expression of UCP-2 and enhancement of
cyanide toxicity. (A) Cells were transfected with UCP-2 RNAi and 24 h later treated with
Wy14,643 (100 μM) for 12 h. UCP-2 was detected by Western blot analysis. Data represent
mean ± SEM for three separate experiments. (B) Effect of UCP-2 RNAi on cyanide toxicity.
Cell viability was assessed by MTT assay. Data represent mean ± SEM. *Significantly different
from control group. #Significantly different from Wy14,643+KCN group. P < 0.05.
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Fig 4.
PPARα antagonist and PPARα RNAi partially blocked UCP-2 up-regulation. (A) Cells were
pretreated with MK886 (5 μM) 30 min, followed by Wy14,643 (100 μM) for 12 h. UCP-2
expression was determined by Western blotting. Data represent mean ± SEM for three separate
experiments. (B) Cells were transfected with PPARα-RNAi 24 h followed by Wy14,643 (100
μM) for 12 h. UCP-2 was detected by Western blotting. Data represent mean ± SEM for three
separate experiments. (C) Cells were transfected with PPRE3-TK-LUC and pRL-CMV-RLUC
with or without PPARα-RNAi for 24 h, and then were treated with Wy14,643 (100 μM) for 6
h in the presence or absence of MK886 (5 μM) for 30 min. Luciferase activity was normalized
to the Renilla luciferase activity. Results are expressed as mean ± SEM of three independent
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experiments. *Significantly different from control group. #Significantly different from
Wy14,643 group, P < 0.05. MK886 x Wy14,643 interaction was significant, P<0.05 (two-way
ANOVA). PPARα-RNAi x Wy14,643 interaction was significant, P<0.05 (two-way ANOVA).
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Fig 5.
Increased intracellular ROS generation produced by Wy14,643. (A) Generation of ROS after
treatment with Wy14,643 (100 μM). DCF fluorescence was measured after treatment with
Wy14,643 for 0–12 h. (B) Wy14,643 decreased the ratio of GSH/GSSG. Cells were treated
with Wy14,643 (100 μM) or DMSO (control) for 12 h and ratio of cellular GSH/GSSG
determined. Results are presented as mean ± SEM of three individual experiments.
*Significantly different from control group, P < 0.05.
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Fig 6.
Effect of GSH-EE and vitamin E on UCP-2 expression. (A) Cells were loaded with GSH-EE
(2 mM) for 1 h and then treated with Wy14,643 (100 μM) for 12 h. UCP-2 was detected by
Western blotting. Data represent mean ± SEM for three separate experiments. (B) Cells were
pretreated with vitamin E (100 μM) for 1 h and then Wy14,643 (100 μM) for 12 h. UCP-2 was
detected by Western blots analysis. Data represent mean ± SEM for three separate experiments.
*Significantly different from control group. #Significantly different from Wy14,643 group,
P<0.0.5. GSH-EE x Wy14,643 interaction was significant, P<0.05 (two-way ANOVA). Vit E
x Wy14,643 interaction was significant, P<0.05 (two-way ANOVA).
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Fig 7.
Effect of GSH-EE and PPARα knock-down on Wy14,643-mediated ROS generation. Cells
were transfected with PPARα-RNAi and 24 h later treated with Wy14,643 (100 μM) for 12 h.
In the GSH-EE group, cells were loaded with GSH-EE (2 mM) for 1 h or pretreated with
vitamin E (100 μM) for 1 h and then Wy14,643 (100 μM) for 12 h. DCF fluorescence levels
were then determined. DCF fluorescence is expressed as percent control and each value is the
mean of three experiments ± SEM. *Significantly different from control group. #Significantly
different from Wy14,643 group, P<0.05.
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Fig 8.
Co-treatment with GSH-EE and PPARα knock-down blocked Wy14,643-induced UCP-2 up-
regulation and mitochondrial uncoupling. Cells were transfected with PPARα RNAi and 24 h
later treated with Wy14,643 (100 μM) for 12 h. In the GSH-EE group, cells were loaded with
GSH-EE (2 mM) for 1 h and then Wy14,643 (100 μM) for 12 h. (A) GSH-EE and PPARα-
RNAi blocked Wy14,643-induced UCP-2 expression. Western blots of UCP-2 in cells
pretreated with GSH-EE and PPARα-RNAi. Data represent mean ± SEM for three separate
experiments. (B) Effect of GSH-EE and PPARα-RNAi on mitochondrial uncoupling. Values
are relative O2 consumption (mean ± SEM). *Significantly different from control
group. #Significantly different from Wy14,643 group. &Significantly different from Wy14,643
+GSH-EE+PPARα-RNAi group. P < 0.05.
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Fig 9.
Effect of GSH-EE and PPARα knock-down on Wy14,643-mediated enhancement of cyanide
toxicity. Cells were transfected with PPARα-RNAi and 24 h later treated with Wy14,643 (100
μM) for 12 h, followed by KCN (400 μM) for 24 h. In GSH-EE group, cells were loaded with
GSH-EE (2 mM) for 1 h and then Wy14,643 (100 μM) for 12 h, followed by KCN for 24 h.
(A) Magnification is 200X for phase contrast micrographs of cells: a. KCN; b. Wy14,643
+KCN; c. GSH-EE+KCN; d. GSH-EE+Wy14,643+KCN; e. PPARα-RNAi+KCN; f. PPARα-
RNAi+Wy14,643+KCN; g. GSH-EE+PPARα-RNAi+KCN; h. GSH-EE+PPARα-RNAi
+Wy14,643+KCN. (B) Viability of cells was assessed by MTT assay. Values were expressed
as percent viability relative to vehicle-treated control cultures. *Significantly different from
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control group. #Significantly different from Wy14,643+KCN group. &Significantly different
form Wy14,643+GSH-EE+PPARα-RNAi+KCN group. P<0.05.
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