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Abstract
The peroxisome proliferator-activated receptor-α (PPARα) regulates lipid homeostasis, particularly
in the liver. This study was aimed at elucidating the relationship between hepatosteatosis and
oxidative stress during fasting. Fasted Ppara-null mice exhibited marked hepatosteatosis, which was
associated with elevated levels of lipid peroxidation, nitric oxide synthase activity, and hydrogen
peroxide accumulation. Total glutathione (GSH), mitochondrial GSH, and the activities of major
anti-oxidant enzymes were also lower in the fasted Ppara-null mice. Consequently, the number and
extent of nitrated proteins were markedly increased in the fasted Ppara-null mice, although high
levels of protein nitration were still detected in the fed Ppara-null mice while many oxidatively-
modified proteins were only found in the fasted Ppara-null mice. However, the role of inflammation
in increased oxidative stress in the fasted Ppara-null mice was minimal based on the similar levels
of tumor necrosis factor-α change in all groups. These results with increased oxidative stress observed
in the fasted Ppara-null mice compared with other groups demonstrate a role for PPARα in fasting-
mediated oxidative stress and that inhibition of PPARα functions may increase the susceptibility to
oxidative damage in the presence of another toxic agent.
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Introduction
The peroxisome proliferator-activated receptor (PPAR) family consists of three isotypes,
PPARα [1], PPARβ/δ [2], and PPARγ [3]. PPARs are members of the nuclear hormone receptor
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superfamily that upon ligand binding, form a heterodimer with retinoid X receptor, another
member of the nuclear receptor superfamily, and bind to PPAR response elements (PPRE)
present in the 5′-flanking region of their target genes, resulting in the activation or repression
of gene transcription [4].

PPARα is highly expressed in metabolically active tissues such as heart, kidney, intestinal
mucosa, skeletal muscle, brown fat, and liver where it plays a central role in the control of lipid
metabolism, gluconeogenesis, and amino acid metabolism [5]. PPARα has been well-
established as a key modulator of lipid transport [6] and metabolism, notably mitochondrial
and peroxisomal fatty acid beta-oxidation [7,8]. Thus, PPARα is positioned to coordinate lipid
metabolism and glucose homeostasis during the feeding and fasting cycles. Studies using
Ppara-null mice showed unequivocally the critical role of PPARα in maintaining lipid
homeostasis during fasting for 24 and up to 72 h, conditions that require hepatic fatty acid
oxidation to provide energy [9–12]. Collectively, these reports revealed that fasted Ppara-null
mice exhibited hepatic steatosis, myocardial lipid accumulation, hypoglycemia, hypothermia,
hypoketonemia, and alteration of phospholipids and triacylglycerol homeostasis, mainly due
to the lack of hepatic fatty acid oxidation [8].

Cytochrome P450-2E1 (CYP2E1), known to produce reactive oxygen species (ROS), is up-
regulated in rat liver during fasting [13,14]. In addition, it was reported that livers isolated from
rats fasted for 36 h exhibited increased free radicals and decreased anti-oxidant levels, however,
there was no effect on lipid peroxidation [15]. Another study showed that fasting for 36 h
increases oxidative stress due to free radical generation from mitochondria, another main site
of ROS generation in the cell, by increasing the sensitivity of membranes to oxidative damage
from lipid and protein oxidation [16]. In contrast, studies with mouse liver isolated following
24 or 48 h fasting, revealed up-regulation of a battery of anti-oxidant factors for protection
from oxidative stress [17]. This study further implicated an important role for PPARα in
protecting hepatocytes from potential oxidative damage developed during fasting. Liver
steatosis resulting from nonalcoholic fatty liver diseases (NAFLD), might sensitize the liver
to oxidative stress, even with the basal levels of ROS produced by hepatocytes, since it provides
an environment that is rich in oxidizable unsaturated fatty acids [18]. Lipid peroxidation is
known to increase dramatically in response to different treatments causing acute or chronic
steatosis in mice [19] or steatosis due to a choline/methionine-deficient diet [20], producing
several aldehydes such as malondialdehyde (MDA) and 4-hydroxynonenal (HNE) [18] that
can attack cellular macromolecules such as proteins, DNA, and phospholipids [21].
Additionally, nitrotyrosine (3-NT), produced as consequence of oxidative/nitrosative stress
and known to cause dysfunction and degradation of many functional proteins in the body, was
suggested to play a critical role in the development of NASH after exposure to a choline-
deficient diet [22]. Both lipid peroxidation and 3-NT formation can deplete cellular anti-
oxidants, induce mitochondrial dysfunction, and further aggravate organ damage [18].

Since Ppara-null mice exhibit liver steatosis during fasting, it is thus logical to hypothesize
that steatotic livers from Ppara-null mice fasted for 36 h would be more susceptible than non-
steatotic livers of their wild-type counterparts to oxidative stress related effects. The main aim
of this study was to elucidate the relationship between lipid accumulation and the development
of oxidative stress during fasting. We further studied whether tumor necrosis factor-alpha
(TNF-α) plays a role in steatosis-induced oxidative stress in the fasted Ppara-null mice since
PPARα has been reported to protect against steatosis-induced inflammation through inhibition
of inflammatory genes, including TNF-α [23].
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Experimental Procedures (Materials and Methods)
Materials

Biotin-conjugated-N-maleimide (biotin-NM), N-ethylmaleimide (NEM), 3-[(3-
cholamidopropyl)-1-dimethylammonio]-propanesulfonic acid (CHAPS), dithiothreitol
(DTT), p-nitrophenol (PNP), propionyl aldehyde, and all other chemicals used in this study
were obtained from Sigma Chemical (St. Louis, MO), unless indicated otherwise. Protease
inhibitor and phosphatase inhibitor cocktails were obtained from Calbiochem (San Diego, CA).
Horseradish peroxidase-conjugated goat anti-rabbit and goat anti-mouse antibodies were
purchased from Bio-Rad (Hercules, CA). Specific antibodies to 3-NT and SOD2 were
purchased from Abcam Inc. (Cambridge, MA). Horseradish peroxidase-conjugated
monoclonal antibody (mAb)-biotin was obtained from Oncogene Science (Cambridge, MA).
Protein A/G agarose beads were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Enhanced chemiluminescence reagents were obtained from Thermo Scientific (Rockford, IL).

Animals
Age- and gender-matched inbred Ppara-null mice on 129/Svj background and wild-type mice
[stock number 2448 from the Jackson Laboratory (Bar Harbor, Maine)] [24] were used in this
study. All mice were housed in a temperature-controlled room (23–25°C) on a 12 h light
(06:30–18:30) – 12 h dark cycle (18:30–06:30) and were fed standard rodent chow.

Animal treatment and histopathology analysis
All experiments were performed with 6 to 7-week-old female mice (15–20 g). Mice were
randomly assigned into 4 different groups of 3 animals: (1) wild-type-fed; (2) wild-type-fast;
(3) Ppara-null-fed; and (4) Ppara-null-fast. Wild-type and Ppara-null were either fed standard
rodent chow or deprived of food for 36 h with free access to water. Fasted mouse groups were
deprived of food at the beginning of the light cycle (06:30) and were weighed before
euthanization at the beginning of the dark cycle on the following day (18:30). The whole liver
was excised immediately and weighed. Small liver section from the largest lobe of each mouse
was fixed in 10% formalin in PBS and subjected to hematoxylin and eosin (H&E) staining by
American HistoLabs, Inc. (Gaithersburg, MD). Histological examination was performed under
a light microscope (200 x). The rest of the liver samples were frozen immediately at −80°C
until used. All animal experiments were conducted in accordance with the National Institutes
of Health guidelines and approved by the Institutional Animal Care and Use Committee.

Sample preparation
Liver tissues (approximately 500 mg) from each mouse of the 4 different groups were
homogenized on ice in 5 volumes of extraction buffer (50 mM Tris-Cl, pH 7.5, 1 mM EDTA,
1% CHAPS with protease inhibitor and phosphatase inhibitor cocktails). The buffer used in
this study was freshly pre-equilibrated with nitrogen gas for 1 h to remove dissolved oxygen,
as described [25]. The homogenates were then subjected to centrifugation at 13,000 × g for 30
min at 4°C to remove cell debris and insoluble proteins. The resultant supernatant was used to
perform different experiments. Mitochondrial fractions were prepared from mouse livers in
different groups by using differential centrifugation followed by 2 separate washing steps, as
described [31,33]. The concentration of the proteins was determined using the BioRad protein
assay kit, as described previously [26].

Determination of the transaminase activities—The activities of alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) were measured in plasma
sample from each animal using a clinical IDEXX Vet Test chemistry analyzer system from
IDEXX Laboratories (West brook, ME).
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Determination of MDA concentrations, GSH concentration, nitric oxide synthase (NOS)
activity, hydrogen peroxide (H2O2) concentrations, and CYP2E1 activity

The amounts of MDA and GSH were measured using the commercially available kits from
Oxford Biomedical research Inc. (Oxford, MI) following the manufacturer’s protocol for each
measurement. MDA and total GSH concentrations (μM) in each sample were measured using
20 and 200 μg whole liver lysates, respectively. Mitochondrial GSH content was determined
with 200 μg mitochondrial proteins in each animal. NOS activity was evaluated using the
commercially available kit from Oxford Biomedical research Inc. (Oxford, MI) following the
manufacturer’s protocol by using 50 μg whole liver lysates per sample. One unit of NOS
activity was defined as the amount of NO (nM) produced per 1 mg protein/min. H2O2 produced
from total liver lysates was determined during 30 min incubation by using the Amplex®Red
hydrogen peroxide assay kit obtained from Molecular Probes (Eugene, OR) by following the
manufacturer’s instructions [27,28]. CYP2E1 activity was measured by the rate of PNP
oxidation to p-nitrocatechol with 2 mg whole liver lysates/sample [29].

Anti-oxidant enzyme activities assays
The enzyme activities of SOD, CAT, and GPx were measured using the commercial kits from
Calbiochem (San Diego, CA) following the manufacturer’s protocol. Total SOD activity was
determined using 20 μg of whole liver lysates where one unit of enzyme activity corresponds
to the amount of enzyme needed to exhibit 50% dismutation of the superoxide radical. CAT
activity was measured with 250 μg of whole liver lysates and one unit of enzyme activity stands
for the amount of formaldehyde (μM) production per min. GPx activity was determined by
using 100 μg of whole liver lysates and one unit of enzyme activity represents the amount of
enzyme that causes the oxidation of 1.0 nmol of NADPH to NADP+ per min × mL at 25°C.

Immunoblot (IB) analysis
Total liver lysates (10–40 μg) were separated by 10 or 12 % SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and electrophoretically transferred to nitrocellulose membranes.
Upon completion of electric transfer of the proteins, membranes were blocked for 1 h in 5%
milk powder in Tris-HCl buffered saline containing 0.01% Tween 20 (TBS-T). Membranes
were then probed with specific primary antibodies (1:1,000 dilution) for 3-NT and SOD2
detection or horseradish peroxidase-conjugated monoclonal antibody (mAb)-biotin (1:2,000
dilution) in 5% milk powder in TBS-T, overnight at 4°C. After washing steps to remove the
primary antibodies, the membranes were either incubated with goat anti-mouse (anti-3-NT) or
goat anti-rabbit (anti-SOD2) horseradish peroxidase-conjugated secondary antibody (1:5,000
dilution in 5% milk powder in TBS-T). Protein bands were detected by enhanced
chemiluminescence on Kodak X-OMAT film and their densities quantified using UNSCAN-
IT gel version 6.1 from Silk Scientific Corporation (Orem, UTAH) [28].

Immunoprecipitation (IP) and IB analyses
A separate aliquot of total liver lysates pooled from three mouse livers per group (1 mg) was
incubated with 2 μg of anti-SOD2 antibody overnight at 4°C with constant head-to-tail rotation
followed by addition of protein A/G-agarose for an additional 1 h. Proteins bound to the protein
A/G-agarose were washed three times with PBS containing 1% CHAPS to remove
nonspecifically bound proteins. After centrifugation, bound proteins were dissolved in
Laemmli buffer and separated on 12% SDS-PAGE gels for IB analysis using the specific
antibodies against 3-NT or SOD2, as mentioned above [30].

Protein oxidation determination
Whole liver lysates were pooled from three mouse livers per group (10 mg/group) and labeled
with NEM, as described in details [31,32], and as illustrated in Figure 9A. The NEM-labeled
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proteins were then treated with 15 mM DTT for 30 min to reduce the oxidatively-modified
Cys residues before they were incubated with biotin-N-maleimide. Equal amounts of biotin-
labeled protein (10 μg/well) were separated on 12% SDS–PAGE, transferred to nitro-cellulose
membranes, and subjected to immunoblot analysis with the specific antibody against biotin,
as previously described in details.

Aldehyde dehydrogenase (ALDH) activity measurements
Activities of mitochondrial low Km ALDH2 and cytosolic ALDH1 were measured, without or
with pre-incubation of whole liver lysates with 15 mM DTT for 1 h, by monitoring the increased
production of NADH at 340 nm in the presence of 10 μM and 60 μM propionyl aldehyde,
respectively, used as the substrate [31–33].

TNF-α determination
Individual whole liver cell lysates (200 μg/sample) were used to measure TNF-α protein
content using an ELISA kit from Assay Design (Ann Arbor, Michigan), by following the
manufacturer’s protocol. TNF-α protein can be detected at levels as low as 3.5 pg/ml level.

Data processing and statistical analysis
All data were obtained from two separate experiments with at least three different
measurements, unless otherwise stated. Statistical analyses were performed using the two tailed
Student’s t-test at the 95% confidence level (Prism5 software) and p<0.05 was considered
statistically significant. Other methods not specifically described were the same as previously
reported [28,30–33].

Results
Induction of fatty liver in fasted Ppara-null mice

Livers of age- and gender-matched wild-type and Ppara-null mice under non-fasting
conditions were grossly (not shown) and histologically normal (Fig. 1A and B). In contrast,
livers isolated from the fasted Ppara-null mice for 36-h exhibited much paler liver color
compared with that of the wild-type mice which exhibited the normal reddish-burgundy color
(not shown). Histological analysis of fasted Ppara-null groups revealed the accumulation of
micro- and macro-vesicular intracellular lipid droplets that were not observed in the fasted
wild-type mice (Fig. 1C and D). In addition, hepatocyte ballooning, displacement of nuclei,
and collapsed sinusoidal spaces, were noted only in the fasted Ppara-null mice (Fig. 1D). These
results suggest that mice lacking PPARα subjected to fasting for 36 h are much more susceptible
to a significant alteration of hepatic lipid metabolism, as previously reported [9–12].

Limited effect of 36 h fasting on plasma transaminase activities
The plasma activities of ALT and AST were evaluated in response to fasting in wild-type and
Ppara-null mice (Fig. 2). We only detected minimal changes between the groups. Although
ALT and AST tend to be higher in the fasted Ppara-null mice, all values were within the normal
ranges for plasma transaminases.

Weight change and increased liver/body weight ratio in fasted Ppara-null mice
We observed similar reduction of total body weight (~8–9%) in the fed- and fasted wild-type,
and the fed Ppara-null mice (Fig. 3A). However, the fasted Ppara-null group exhibited a
maximum reduction of weight (~15%), which was significantly different from the fasted wild-
type or the fed Ppara-null groups (Fig. 3A). In contrast to the body weight loss, the ratios of
liver/total body weight were significantly (~33% and 22%) higher compared with that of the
fasted wild-type and the fed Ppara-null groups, respectively (Fig. 3B). Taken together, the
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increased liver/body weight ratio observed in the livers of the fasted Ppara-null mice could
be, at least in part, due to hepatic steatosis. These results are in agreement with previous studies
[9–12].

Increased oxidative stress in the fasted Ppara-null mice
It is well-established that fasting induces CYP2E1, an enzyme involved in biotransformation
of several low molecular weight xenobiotics (e.g., halogenated hydrocarbons, primary
alcohols, nitrosamines, etc), therapeutic agents (e.g., acetaminophen), and endogenous
compounds (e.g., fatty acids and ketone bodies) [34,35]. CYP2E1 is also known to produce
reactive oxygen species and thus serves as a generator of oxidative stress [13,14,35]. Because
CYP2E1 activity was reported to increase in response to a high fat diet [36,37], we determined
whether the fatty liver increased the activity of CYP2E1 in different mouse strains.
Interestingly, the activity of CYP2E1 increased only in the fasted wild-type mice, by 2.1- and
2.6-fold compared with their fed wild-type counterparts and the fasted Ppara-null mice,
respectively (Fig. 4A). In contrast, CYP2E1 activity did not change significantly in the fasted
Ppara-null mice (Fig. 4A).

We previously reported that oxidative stress was markedly elevated in rat fatty liver [33,37].
However, it is unknown whether similar effects may occur under conditions of fasting-induced
steatosis in Ppara-null mice. Therefore, we evaluated the levels of different oxidative stress
parameters (Figs. 4B–F). The lipid peroxidation marker, MDA, was significantly higher in the
fasted Ppara-null mice by 80% and 50% compared with the fasted wild-type mice and their
fed Ppara-null counterparts, respectively (Fig. 4B). The activity of NOS was 40% and ~20%
higher in the fasted Ppara-null mice compared with the fasted wild-type and the fed Ppara-
null mice, respectively; however, the increase was only significant between the fasted Ppara-
null mice and the fasted wild-type group (Fig. 4C). It is noteworthy to also mention that the
activity of NOS was significantly higher in the fed Ppara-null mice compared with their wild-
type counterparts by ~60% (Fig. 4C). The rate of H2O2 production were also assessed (Fig.
4D). Albeit not significant, we clearly observed that the H2O2 level in the fasted Ppara-null
mice was markedly increased by ~50% compared with both the fasted wild-type and the fed
Ppara-null mice (Fig. 4D). The levels of total GSH, an antioxidant that protects cells against
oxidative radical damage, were significantly decreased in both the fasted wild-type and the
fasted Ppara-null groups by 10% and ~27%, respectively, compared with their corresponding
controls (Fig. 4E). The levels of GSH in the fasted Ppara-null mice were also significantly
lower by 20% than the fasted wild-type mice (Fig. 4E). However, the mitochondrial GSH
content, which may be more critical than the total GSH levels, was significantly inhibited by
~10% in the fasted Ppara-null mice compared with the fasted wild-type mice and their
corresponding fed mice (Fig. 4F). Taken together, these data suggest that the levels of
oxidative/nitrosative stress are more prominent in the fasted Ppara-null mice than the
corresponding wild-type or the fed Ppara-null group.

Suppression of Anti-oxidant enzyme activities in fasted Ppara-null mice
Lipid peroxidation and other parameters of oxidative stress observed in animal models of non-
alcoholic steatohepatitis (NASH) have been suggested to increase oxidative radical production
and decrease anti-oxidant enzyme activities with decreased GSH contents [18]. In addition, it
was reported that livers isolated from rats fasted for 36 h exhibit decreased levels of anti-oxidant
enzyme activities [15]. Therefore, we evaluated the activities of SOD, CAT, and GPx activities
(Fig. 5). Fig. 5A shows significantly (34% and 25%) lower SOD activities in the fasted
Ppara-null mice compared with the fasted wild-type and the fed Ppara-null mice, respectively.
In addition, the SOD activity in the fed Ppara-null mice was significantly decreased by ~40%
as compared to their wild-type counterparts (Fig. 5A). The CAT activities were also 22% and
17% lower in the fasted Ppara-null mice compared with the fasted wild-type and the fed
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Ppara-null mice, but the significant level was only reached when compared with the fasted
wild-type group (Fig. 5B). Approximately 40% inhibition of GPx activity was observed in the
fasted Ppara-null mice compared with their fed controls, albeit not significant (Fig. 5C).
Together, these data clearly demonstrate that the levels of anti-oxidant enzyme activities were
at their lowest levels in the fasted-Ppara-null groups.

Increased protein nitration in mice lacking PPARα
Bailey and coworkers [38,39] reported that elevated production of ROS and reactive nitrogen
species (RNS) was proposed to play a causative role in the pathogenesis of non-alcoholic
steatohepatitis (NASH). Thus, the level of 3-NT, a marker for nitrative stress, was evaluated
by immunoblot analysis (Figs. 6A and B). The levels of 3-NT were 70% and 25% higher in
the fasted Ppara-null mice compared with the fasted wild-type and the fed Ppara-null,
respectively, although significance was only reached when compared with the fasted wild-type
group (Figs. 6A and B). In addition, the 3-NT levels were significantly higher in the fed
Ppara-null mice compared with their corresponding wild-type mice (Figs. 6A and B). These
results are in agreement with NOS activity data shown in Fig. 4C.

Nitration of mitochondrial SOD2 in Ppara-null mice
Nitration of many proteins may decrease their functions. A prominent example of decreased
enzyme activity due to protein nitration is mitochondrial SOD2 [40]. Based on our data of
increased NOS activity and protein nitration with suppressed SOD activity in both the fed- and
fasted-Ppara-null groups, albeit higher in the fasted Ppara-null group, we further evaluated
whether mitochondrial SOD2 activity was inhibited through nitration. Indeed, immunoblot
analysis revealed that the amounts of SOD2 protein were not changed in any of the groups
when equal or similar amounts of proteins are loaded (Fig. 7A). However, the amounts of
nitrated SOD2 were clearly higher in the Ppara-null mouse groups, as evident by immunoblot
analysis of immunoprecipitated SOD2 proteins (Fig. 7B). In contrast, the levels of nitrated
SOD2 were very low or undetectable in both wild-type groups, regardless of feeding or fasting
(Fig. 7B). Densitometric analysis data revealed that the SOD levels in the fed- and fasted-
Ppara-null mice were 2.9- and 3.7-fold higher than those of their corresponding wild-type
groups, respectively (Fig. 7C). The nitrated SOD2 levels were 28% higher in the fasted
Ppara-null mice compared with their fed counterparts (Figs. 7B and C). Taken together, these
data revealed that Ppara-null mice are more susceptible to protein nitration and that this
susceptibility is further enhanced by fasting for 36 h.

Oxidatively-modified proteins identified in fasted Ppara-null mice
Our laboratory recently reported that increased levels of oxidatively-modified proteins in
mitochondria contribute to mitochondrial dysfunction long before full-blown liver diseases
caused by many hepatotoxic agents or pathological conditions that increase oxidative/
nitrosative stress [25,28,30–32,37]. Since the fasted Ppara-null mice exhibited elevated levels
of oxidative stress, we hypothesized that many hepatic proteins are oxidized and/or S-
nitrosylated in the Ppara-null mice fasted for 36 h. Immunoblot analysis with specific antibody
against biotin demonstrated that the levels of biotin-NM-labeled oxidized proteins (as
illustrated in Fig. 8A) were markedly increased only in the fasted Ppara-null groups (Fig. 8B,
upper panel) despite equal amounts of proteins analyzed for all groups (Fig. 8B, lower panel).
While there was no increase in oxidized proteins in the fasted-wild-type mice compared with
their controls, the levels of oxidized proteins were increased by ~45% in the fasted Ppara-null
mice compared with their control and was the highest among all the groups (Figs. 8B and C).
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Reversible inhibition of ALDH activities in fasted Ppara-null mice
We previously demonstrated that ALDH activities in multiple, distinct specimens are inhibited
through reversible modifications of Cys residues such as S-nitrosylation, S-glutathionylation,
sulfenic acid, and disulfide [28,30–32]. Since the data in Fig. 8 showed that oxidatively-
modified proteins were markedly increased in fasted Ppara-null mice, we evaluated whether
the catalytic activities of ALDH enzymes were altered in the fasted Ppara-null mice and
whether their activities could be restored by DTT. Different concentrations (10 or 60 μM) of
the specific substrate propionaldehyde were used to evaluate the mitochondrial ALDH2 and
the cytosolic ALDH1 activities, respectively (Fig. 9). While ALDH activities in the fasted wild-
type mice increased significantly compared with their control (Fig. 9A), ALDH activities were
significantly decreased by ~50% in the fasted Ppara-null mice compared with their control
and was the lowest among all the groups (Fig. 9A). The basal ALDH activities in the fed
Ppara-null mice were significantly higher by ~60 to 70% compared with their wild-type
counterparts (Fig. 9A). The inhibition of ALDH enzyme activities was completely reversed
when liver extracts were pre-incubated with DTT before measuring enzyme activities,
suggesting that ALDH activities were inhibited through oxidative modifications of Cys
residues (Fig. 9B).

Limited role of TNF-α in fasted Ppara-null mice
It was reported that obesity-induced inflammation, as revealed by increased TNF-α levels and
other cytokines in Ppara-null mice fed with a high fat diet [23]. In addition, increased cytokine
levels were correlated with increased oxidative stress levels [18]. Therefore, we evaluated
whether TNF-α plays a role in steatosis-induced oxidative stress in the fasted Ppara-null mice
(Fig. 10). ELISA data showed that TNF-α levels were not altered in any of the groups,
suggesting that inflammation plays no or a limited role in oxidative stress observed in the fasted
Ppara-null mice for 36 h.

Discussion
During fasting, low insulin levels lead to lypolysis and the release of free fatty acids (FFAs)
from adipose tissue. The released free fatty acids undergo β-oxidation in the hepatic
peroxisomes and mitochondria to produce ketone bodies (mainly acetoacetate and β–
hydroxybutyrate) [18]. Ketone bodies released from the liver are essential sources of energy
during fasting in skeletal muscles, brain, and other peripheral tissues through the tricarboxylic
acid cycle [18]. The fasting-induced hepatic peroxisomal and mitochondrial β-oxidation is
largely mediated by PPARα, which becomes activated in response to long chain FFAs, and
up-regulates the expression of several target genes involved in fatty acid uptake, transport and
metabolism, and lipoprotein synthesis and assembly. Some of the PPARα target genes include
mitochondrial carnitine palmitoyltransferase (CPT), medium-chain acyl CoA dehydrogenase
(both of which play a role in β-oxidation), 3-hydroxy-3-methylglutaryl-CoA synthase (the rate
limiting enzyme of ketogenesis), peroxisomal acyl-CoA oxidase (peroxisomal β-oxidation),
and microsomal cytochrome P450 omega hydroxylases (fatty acid omega hydroxylases) [41–
43]. Indeed, our data show that the fasted Ppara-null mice exhibited marked accumulation of
intracellular lipid droplets, which is at least partially responsible for the increased liver/body
weight ratios. These results are in agreement with data reported earlier [9–12]. In addition, the
decreased body weights, especially observed in the fed groups, can be explained by the time-
frame of our protocol where we started the experiment by measuring animal weights (and food
removal for the fasted mouse groups) at the end of the dark cycle (feeding cycle) at around
6:30 AM. Mouse livers were then collected after measuring the body and liver weights at the
end of the light cycle (non-feeding cycle) at around 6:30 PM on the following date.
Consequently, the initial weights determined at 6:30 AM on the first date were slightly higher
than the final weights at 6:30 PM on the second date (36-h later), because the mice did not
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seem to eat during the light cycle even in the fed-mouse groups, as evidenced by empty
stomachs observed when the animals were sacrificed. Thus, the decreased body weights in the
fed mice may reflect artificial observations depending on the time points of weight
measurements under our experimental protocol. Nonetheless, the decreased body weights in
fasted Ppara-null mice compared to other groups are significant.

Hepatic steatosis may render (prime) the liver susceptible to more serious conditions such as
inflammation and fibrosis due to the increased production of ROS/RNS and the presence of
oxidizable unsaturated fatty acids [18,38]. Oxidation of unstaturated fatty acids can produce
MDA and 4-HNE, both of which can activate hepatic stellate cells resulting in fibrosis with
increased production of collagen and a-smooth muscle actin [44]. Therefore, the main aim of
the current study was to characterize the effects of fasting-induced hepatic steatosis in mice
lacking PPARα on the production of ROS/RNS, which would make the liver more susceptible
to oxidative/nitrative/nitrosative stress. We found that CYP2E1, an enzyme known to produce
reactive oxygen species [34,35], was only elevated in response to 36 h fasting in the wild-type
group. CYP2E1 protein and/or activity have been positively correlated with the levels of
hyperketonemia in animal models [36,45,46]. In addition, ketone bodies induce CYP2E1
protein expression in primary cultured rat hepatocytes [46]. The amounts of ketone bodies are
significantly increased in the fasted wild-type mice while they are markedly decreased in the
fasted Ppara-null mice compared with their controls [9,12]. The low levels of ketone bodies
in fasted Ppara-null mice likely explain one reason why CYP2E1 was not induced in these
mice despite fasting. We, however, can not totally exclude the possibility of CYP2E1
involvement because it might have been activated at earlier time points and returned to basal
level at later time points. We also observed altered levels of other markers of increased
oxidative stress: (1) MDA, which likely participates in acute liver injury or chronic fibrosis
[38]; (2) NOS activity, which produces NO, leading to synthesis of a more potent oxidant
peroxinitrite (ONOO−) in the presence of ROS and plays a key role in the development/
progression of NASH [22]; (3) H2O2, produced from the mitochondria, as demonstrated in
alcoholic fatty liver [37]; (4) decreased amounts of total and mitochondrial GSH, one of the
most important non-enzymatic anti-oxidants [47], and has been reported to be decreased in
liver of obese ob/ob mice [48]. While the highest levels of MDA, NOS activity, and H2O2 were
found in the fasted Ppara-null mice, the lowest levels of total and mitochondrial GSH were
detected in the same group. All results thus indicate increased oxidative stress in fasted
Ppara-null mice as compared to wild-type mice. In addition, we determined some parameters
of mitochondrial functions to evaluate a possible source of the oxygen species. Our data showed
that mitochondrial GSH levels (Fig. 4F) and ATP-synthase activity (not shown) were the lowest
in the fasted Ppara-null mice among all the groups, suggesting potential oxidative inhibition
of mitochondrial complexes and subsequent production of ROS, contributing to increased
oxidative stress in this mouse group, as we described [28,32,33]. In contrast, the lower oxidative
stress status in the fasted wild-type mice (than the fasted Ppara-null mice) are somewhat
counter-intuitive, since increased availability of fatty acids in the fasted wild-type mice and
subsequent oxidation of these fatty acids through elevated CYP2E1 (Fig. 4A), cytochrome
P450 4A isozymes, and peroxisomal enzymes such as acyl-CoA oxidase likely increases ROS
production leading to increased oxidative stress, as previously reported [20,42,43].
Interestingly, the levels of NOS activity and nitrated proteins were also elevated in the fed
Ppara-null group, suggesting that PPARα by itself may have an anti-oxidant role. Together,
our data suggest that steatosis caused by PPARα deficiency likely contributes to ROS
production and that inhibition of PPARα functions may increase the susceptibility to organ
damage in the presence of another toxic agent or factor when compared with the wild-type
mice. Further studies are needed to establish the mechanism of increased oxidative stress
observed in fasted Ppara-null mice.
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Most tissues including the liver contain specific enzymes that protect against ROS-induced
oxidative damage. Cell morphology, integrity, and organelle structures can be negatively
affected by increased oxidative stress when the production of active oxidants exceeds the
capacity of and/or inhibit the anti-oxidant defense mechanism [18,49,50]. The systematic
elimination of oxygen radicals (O2

.−, H2O2, etc) by the coordinated action of SODs, CAT and
GPx is very important in maintaining the healthy status by preventing the formation of highly
toxic hydroxyl radicals. Disruption or suppression of the CAT, GPx and SOD activities likely
contribute to the induction and/or exacerbation of oxidative stress. In this study, we found that
the catalytic activities of anti-oxidant SODs were significantly decreased, while CAT and GPx
were slightly inhibited in the fasted Ppara-null mice, but not in the fasted wild-type mice. Since
the decreased activity of any of these antioxidant enzymes would compromise the elimination
of oxygen radicals, the elevated H2O2 production rate in the fasted Ppara-null mice can be
explained. SOD activity, however, was also suppressed in the fed Ppara-null mice, suggesting
a role of PPARα in regulating the SOD activity possibly through controlling the extent of
oxidative stress. This notion is in agreement with the earlier data that PPARα activation results
in up-regulation of certain anti-oxidant enzymes including the mitochondrial SOD2 [51].
Taken together, these data suggest that PPARα may play a protective role against the oxidative
stress-induced cellular damage, at least in part, through its regulation of anti-oxidant enzymes.

Nitration of Tyr (3-NT formation) is mediated by RNSs such as peroxynitrite anion
(ONOO.−) and nitrogen dioxide (NO2.−), formed as secondary products of NO.− metabolism
in the presence of oxidants such as superoxide radicals (O2.−), H2O2, and transition metal
centers, and is believed to be an excellent biomarker of NO-dependent oxidant stress [52]. The
amounts of nitrated proteins were increased in the liver of obese ob/ob mice, implicating a role
for NO in causing low mitochondrial respiratory chain activity in the liver of patients with
NASH [53]. In our experiments, 3-NT formation was mostly increased in the steatotic livers
of the fasted Ppara-null mice, although the level of nitrated proteins was also increased in the
fed Ppara-null group. Protein nitration may cause functional loss of many proteins through
inhibition of critical Tyr residues as demonstrated by mitochondrial SOD2 with nitrated Tyr34
[40,54] or rapid degradation of the nitrated proteins [55,56]. Furthermore, protein nitration
may inhibit or interfere with the normal cellular signaling pathways mediated through
phosphorylation of Tyr residues by a variety of Tyr-specific protein kinases [57,58]. In fact,
we observed that SOD2 was nitrated both in the fed- and fasted Ppara-null mice with the
highest amount of nitrated-SOD2 in the fasted Ppara-null mice, while the protein levels were
not changed. These data with nitrated SOD2 protein with decreased activity in the fasted
Ppara-null mice, could explain the decreased SOD activity shown in Fig. 5A and is in
agreement with the elevated levels of both NOS activity (Fig. 4C) and 3-NT formation (Fig.
6).

We have recently studied the mechanism of oxidative Cys modifications of mitochondrial
proteins and functional consequence of mitochondrial dysfunction, prior to full-blown liver
injury, upon exposure to many hepatotoxic agents or under pathological conditions that
increase oxidative/nitrosative stress [25,28,31–33,37]. Our current data also showed that many
proteins in the fasted Ppara-null only underwent oxidative modifications. One of the oxidized
proteins described in our previous studies was mitochondrial ALDH2 [28,31–33,37], which
contains a Cys residue in its active site [59] and is responsible for removal of acetaldehyde
produced from ethanol metabolism and lipid aldehydes (MDA and HNE) produced from lipid
peroxidation [60]. Mitochondrial ALDH2 has been also reported to be inactivated by HNE
[61]. In addition, cytosolic ALDH1 was also found to be inhibited through reversible
modifications of Cys residue(s) [32]. We observed that ALDH activities were elevated in the
fasted wild-type mice. Similarly, ALDH activities were much higher in the fed Ppara-null
mice compared with their wild-type counterparts, which may represent a compensatory
mechanism for removal of reactive aldehydes encoded by the PPARα gene. Although we do
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not know the exact reason for the elevation of ALDH activity, our data are similar to that
reported earlier [62]. Nonetheless, ALDH activities were significantly inhibited in the fasted
Ppara-null mice compared to those in the fed Ppara-null mice and this inhibition was
completely reversed by incubation with a reducing agent DTT, suggesting reversible
inactivation of ALDH activities through oxidative modifications of active site Cys as discussed
above. Because of highly conserved sequences in the active site Cys and its vicinity, we expect
that other ALDH enzymes would also be inhibited in the fasted- Ppara-null mice, as reported
earlier [32]. The inhibition of ALDH activities would provide a possible explanation for the
persistent elevation of MDA levels encountered in the fasted Ppara-null mice (Fig. 4B). These
results together with the results (shown in Figs. 4 – 6) indicate that PPARα may have an anti-
oxidant role, whether directly or indirectly, and that increased oxidative stress may play a more
profound role than nitrosative stress alone in promoting cellular damage in Ppara-null mice
mainly because the levels of NOS and protein nitration were also higher in our system in the
fed Ppara-null mice.

TNF-α, one of the proinflammatory cytokines increased during liver steatosis in Ppara-null
mice [23] that may enhance levels of oxidative stress [18], does not seem to play a major role
in the increased levels of oxidative stress in the fasted Ppara-null mice based on minor changes
in TNF-α (Fig. 10) and no signs of inflammation (i.e., infiltration of immune cells) in the liver
histological evaluations (Fig. 1), suggesting that the initiation of oxidative stress is not
dependent on elevation of inflammatory cytokines under our experimental conditions.
Alternatively, oxidative stress takes place before development of inflammation.

Anderson et al. [63] reported that intact livers or primary hepatocytes isolated from Ppara-
null mice were more sensitive to damage after exposure to toxic chemicals such carbon
tetrachloride, paraquat, and cadmium. The authors attributed the damaging effects to the ability
of PPARα to regulate many proteins that are involved in maintaining protein integrity such as
chaperone and chaperonin proteins that bind to unfolded proteins and prevent aggregation and
accompanying cytotoxicity, and proteasome family members involved in the degradation of
damaged or excess proteins, all of which were absent in the Ppara-null mice. In addition, the
activation of PPARα protects against acetaminophen-mediated liver toxicity [64]. Our data are
not only consistent with these reports but also provide another possible underlying mechanism
for these findings. Furthermore, based on our data, it is likely that inhibition of PPARα
functions likely increases the susceptibility to oxidative damage, especially under fasting-
induced steatosis conditions, to hepatotoxic agents that also cause elevated oxidative stress
levels. It is thus recommended to interpret data with caution when the experiments are
conducted with Ppara-null mice under overnight fasting conditions, a standard procedure in
many toxicological studies, since food could cause variability in the metabolic status of the
hepatocytes.

In summary, the current study demonstrated that in steatotic livers of mice lacking PPARα,
the increased production of ROS/RNS together with the overall reduced antioxidant capacity
with decreased ALDH activities, likely lead to increased MDA (lipid peroxidation), protein
nitration, protein oxidation, all of which can inactivate proteins. When the functions of
mitochondrial proteins are negatively affected, this will trigger a vicious cycle of ROS/RNS
formation due to additional oxygen radicals that leak from the mitochondrial electron transport
chain. Based on the little difference in the levels of nitrated proteins in the fed and fasted
Ppara-null female mice, our data not only demonstrate evidence for an anti-oxidant role of
PPARα but may also provide a potential mechanism for the elevated oxidative stress and
consequences reported earlier by other studies.
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Abbreviations
ALDH  

aldehyde dehydrogenase

Biotin-NM  
biotin-conjugated-N-maleimide

CAT  
catalase

CHAPS  
3-[(3-cholamidopropyl)-1-dimethylammonio]-propanesulfonic acid

CYP2E1  
cytochrome P450-2E1

DTT  
1,4-dithiothreitol

GSH  
glutathione

GPx  
glutathione peroxidase

H2O2  
hydrogen peroxide

HNE  
4-hydroxynonenal

MDA  
malondialdehyde

NEM  
N-ethylmaleimide

NOS  
nitric oxide synthase

3-NT  
3-nitrotyrosine

NAFLD  
nonalcoholic fatty liver diseases

NASH  
nonalcoholic steatohepatitis

PPARα  
peroxisome proliferator-activated receptor-α

PNP  
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p-nitrophenol

SOD  
superoxide dismutase

TNF-α  
tumor necrosis factor-alpha
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Fig. 1.
Effect of fasting on intracellular lipids accumulation in wild-type and Ppara-null mice. Wild-
type and Ppara-null mice were either fed or deprived of food for 36 h with free access to water.
Removal of standard rodent chow was started at the beginning of the light cycle and mice were
euthanized at the beginning of the dark cycle on the next day. Photomicrographs (200×) after
H&E staining from the left hepatic lobes of indicated mouse livers are presented: (A) Wild-
type fed standard chow, (B) Ppara-null fed standard chow, (C) Fasted wild-type, and (D) Fasted
Ppara-null mice. Fasted wild-type mice (C) were normal as compared to Ppara-null-fasted
mice (D) which showed pleomorphic foamy hepatocytes due to accumulation of micro- and
macro-vesicular lipid droplets. Photomicrographs are representative of different treatment
groups (n = 3 per group), and all mice exhibited a very similar pattern of response.
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Fig. 2.
Effect of 36 h fasting on plasma transaminase activities. The activities of ALT and AST were
measured in plasma samples from each animal in different groups by using a clinical chemistry
analyzer system and presented. Data are expressed as mean ± S.E.M. of 3 mice per group.
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Fig. 3.
Changes in body and liver weights of wild-type and Ppara-null mice following 36 h fasting.
(A) Body weight of each mouse was measured before and after 36 h feeding or fasting with
free access to water. The changes of weight are presented as percentage of weight reduction.
(B) When mice were euthanized, the whole liver was excised and immediately weighed. Liver
weights are presented as percentage of the body weight. Data are expressed as mean ± S.E.M.
of 3 mice per group. *Significantly different from corresponding wild type
group; #significantly different from fed Ppara-null mice.
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Fig. 4.
Effect of 36 h fasting on CYP2E1 activity, MDA formation, NOS activity, H2O2 production,
and total and mitochondrial GSH. Equal amounts of whole liver lysates or mitochondrial
proteins from different groups were used to determine (A) CYP2E1 activity by measuring the
rate of PNP oxidation to p-nitrocatechol, (B) hepatic malondialdehyde (MDA), (C) NOS
activity, (D) H2O2 production rates, (E) total GSH and (F) mitochondrial GSH levels, as
described in Materials and Methods. Data are expressed as mean ± S.E.M. of 3 mice per group.
&Significantly different from fed wild-type; *significantly different from corresponding wild-
type group; #significantly different from fed Ppara-null mice.
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Fig. 5.
Changes in the anti-oxidant enzyme activities following 36 h fasting in wild-type and Ppara-
null mice. Equal amounts of whole liver lysates were used to measure: (A) superoxide
dismutase activity, (B) catalase activity, and (C) glutathione peroxidase activity according to
the manufacturer’s protocols. Data are expressed as mean ± S.E.M. of 3 mice per group.
*significantly different from corresponding wild-type group.
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Fig. 6.
Levels of hepatic protein nitration in wild-type and Ppara-null mice subjected to fasting for
36 h. (A) Equal amounts of whole liver lysates (40 μg/well) from different groups were
separated on 12% SDS–PAGE, transferred to nitro-cellulose membrane, and subjected to
immunoblot analysis (IB) by using anti-3-NT antibody (upper panel). Coomassie-stained gel
is presented to show equal protein loading. (B) Density of 3-NT band in each lane was
calculated by quantitative densitometry, normalized to that of the corresponding Coomassie-
stained protein bands, and is presented as a percentage of the 3-NT level detected in the wild-
type fed group. Data are expressed as mean ± S.E.M of 3 mice per group. *significantly
different from corresponding wild-type group.
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Fig. 7.
Levels of mitochondrial superoxide-dismutase 2 (SOD2) and nitrated (SOD2) in wild-type and
Ppara-null mice following 36 h of food deprivation. (A) Equal amounts of whole liver lysates
(40 μg protein/well) from different groups were separated on 12% SDS–PAGE, transferred to
nitro-cellulose membrane, and subjected to immunoblot analysis (IB) by using the specific
anti-SOD2 antibody (upper panel). Coomassie blue-stained gel is presented to show equal
protein loading (lower panel). (B) Whole liver lysates (1 mg/sample) were pooled from 3 mouse
livers per group for the 4 different groups and were immunoprecipitated (IP) with the specific
anti-SOD2 antibody, as described in the “Methods” section. Immunoprecipitated proteins from
each group were then subjected to 12% SDS–PAGE, transferred to nitrocellulose membrane,
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and subjected to immunoblot analysis with the anti-3-NT (upper panel) or anti-SOD2 antibody
(lower panel). (C) Density of 3-NT bands was normalized to that of the corresponding SOD2
band and is plotted as a percentage of the nitro-tyrosine level detected in the wild-type fed
group.
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Fig. 8.
Comparison of oxidized proteins in the four groups following 36 h fasting. (A) Schematic
diagram of the method used to identify oxidatively-modified Cys residues. (B) Whole liver
lysates were pooled from 3 mouse livers per group (10 mg/group) and labeled with N-EM. The
N-EM-labeled proteins were then treated with 15 mM DTT for 30 min to reduce the oxidatively-
modified Cys residues before they were incubated with biotin-N-maleimide. Equal amounts
of biotin-labeled protein (10 μg/well) were separated on 12% SDS–PAGE, transferred to nitro-
cellulose membrane, and subjected to immunoblot analysis with the anti-biotin antibody (upper
panel). Coomassie blue-stained gel is presented to show equal protein loading (lower panel).
(C) Densities of oxidized-protein bands were normalized to that of the corresponding
Coomassie blue-stained bands and are plotted as a percentage of the oxidized-protein level in
the wild-type fed group.
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Fig. 9.
Inactivation of ALDH in fasted Ppara-null mice for 36 h. (A) Catalytic activities of
mitochondrial ALDH2 (by using 10 μM propionaldehyde) and cytosolic ALDH1 (by using 60
μM propionaldehyde) in the indicated liver samples were determined. (B) Reversal of the
suppressed mitochondrial ALDH2 and cytosolic ALDH1 from the fed- or fasted- Ppara-null
mouse livers was determined in the absence and presence of 15 mM DTT. &Significantly
different from fed wild-type; *significantly different from corresponding wild-type group (A)
or from other groups (B); #significantly different from fed Ppara-null mice.
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Fig. 10.
Effect of 36 h fasting on tumor necrosis factor-alpha (TNF-α) levels in wild-type and Ppara-
null mice. Equal amounts of whole liver lysates were used to measure the contents of TNF-α
by ELISA according to the manufacturer’s protocol and findings are presented.
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