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Abstract

Emerging evidence suggests that the lack of PPARa enhances hepatic steatosis and inflammation in Ppara-null micewhen

fed a high-fat diet (HFD). Thus, the aim of this study was to determine whether Ppara-null mice are more susceptible to

nonalcoholic steatohepatitis (NASH) than their wild-type (WT) counterparts following short-term feeding with a HFD. Age-

matchedmaleWT and Ppara-null micewere randomly assigned to consume ad libitum a standard Lieber-DeCarli liquid diet

(STD) (35% energy from fat) or a HFD (71% energy from fat) for 3 wk. Liver histology, plasma transaminase levels, and

indicators of oxidative/nitrosative stress and inflammatory cytokines were evaluated in all groups. Levels of lobular

inflammation and the NASH activity score were greater in HFD-exposed Ppara-null mice than in the other 3 groups.

Biochemical analysis revealed elevated levels of ethanol-inducible cytochrome P450 2E1 and TNFa accompanied by

increased levels of malondialdehyde as well as oxidized and nitrated proteins in Ppara-null mice. Elevated oxidative stress

and inflammation were associated with activation of c-Jun-N-terminal kinase and p38 kinase, resulting in increased

hepatocyte apoptosis in Ppara-null mice fed a HFD. These results, with increased steatosis, oxidative stress, and

inflammation observed in Ppara-null mice fed a HFD, demonstrate that inhibition of PPARa functions may increase

susceptibility to high fat–induced NASH. J. Nutr. 141: 603–610, 2011.

Introduction

Nonalcoholic fatty liver diseases (NAFLD)7 represent a hepatic
metabolic syndrome (1). Obesity and diabetes are common in our
aging population and are frequently associated with NAFLD,
which includes nonalcoholic fatty liver (simple steatosis), nonal-
coholic steatohepatitis (NASH), fibrosis, and possibly cirrhosis
(2). In the US, the prevalence of NAFLD and NASH are 20%
and ;3–5% of the adult population, respectively (3). The “two-

hit” hypothesis postulates that steatosis primes the liver to sec-
ondary insults, including reactive oxygen/nitrogen species (ROS/
RNS), gut-derived endotoxins, TNFa, and other proinflammatory
cytokines (4), resulting in NASH development.

The PPAR are members of the nuclear receptor superfamily,
including PPARa, PPARb/d, and PPARg (5,6). Upon ligand
binding, PPAR form a heterodimer with retinoid X receptor,
interact with PPAR response elements in the target genes, and
regulate their expression (5,6). PPARa is essential in the modu-
lation of lipid transport and metabolism, mainly through acti-
vating mitochondrial and peroxisomal fatty acid b-oxidation
pathways (5–7). In addition, PPARa seems to decrease inflam-
mation, mainly through direct interaction with NF-kB, causing
inhibition of its signaling pathway (8) or reducing the activated
levels of NF-kB and subsequent inflammation (9). In fact, PPARa
was reported to protect the liver from obesity-induced inflam-
mation after feeding with a high-fat diet (HFD) for 6 mo (10).
Furthermore, PPARa was implicated in the attenuation of
oxidative stress in alcoholic liver disease when treated with
polyenephosphatidylcholine through downregulation of ROS-
generating enzymes such as ethanol-inducible cytochrome P450
2E1 (CYP2E1), acyl-CoA oxidase, and NADPH oxidase (11).
We recently reported that Ppara-null mice subjected to fasting
alone developed steatosis and increased oxidative/nitrosative
stress compared with the control-fed mice (12). Thus, we hypo-
thesized that lack of functional PPARa contributes to increased
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susceptibility to the development of NAFLD and NASH through
both increased oxidative stress and inflammatory response
compared with the corresponding wild-type (WT) mice. The
aim of this study was to examine this hypothesis by feeding WT
and Ppara-null mice with a HFD for 3 wk, as originally
described (13), instead of feeding for 6 mo (10). Steatosis, in-
flammatory response, oxidative stress, and the indicators of
NAFLD and NASH manifestations were monitored in both WT
and Ppara-null mice fed a HFD or a standard liquid diet (STD).

Materials and Methods

Mice and dietary protocol. Age- and sex-matched inbred Ppara-null
mice on 129/Svj background andWTmice (stock number 2448 from the

Jackson Laboratory) were used in this study, as described (10). Male

mice consumed ad libitum either an STD (containing 35% energy from

fat, 47% from carbohydrates, and 18% from protein) or a HFD (71%
energy derived from fat, 11% from carbohydrate, and 18% from

protein) (13) for 3 wk without extra drinking water. Both HFD and STD

were obtained from Dyets and freshly prepared daily. Mice (6–7 wk old;
15–20 g) were randomly assigned to 4 different groups (consisting of 3 or

4 mice/group): WT-fed an STD (WT-STD); WT-fed a HFD (WT-HFD);

Ppara-null-fed an STD (Null-STD); and Ppara-null-fed a HFD (Null-

HFD). All mouse experiments were approved by the NIAAA Institutional
Animal Care and Use Committee and conducted humanely according to

the NIH Guideline.

Histopathology analysis. The whole liver was excised and weighed
immediately after mice were killed by asphyxiation. Following staining

with hematoxylin and eosin, histological examination was performed

with the histological scoring system for NAFLD by an experienced

pathologist without knowledge of treatments (14). Briefly, the proposed
NAFLD activity score (NAS) was quantified by summing scores of

steatosis (0–3), lobular inflammation (0–2), and hepatocellular balloon-

ing (0–2). NASH was defined in the cases of NAS of $5. The rest of the
liver samples were frozen immediately at 2808C until analysis.

Sample preparation. Approximately 500 mg liver tissue from each

mouse from 4 different groups was homogenized on ice in 5 volumes of
STE buffer (containing 250 mmol/L sucrose, 50 mmol/L Tris-HCl, pH

7.5, and 1 mmol/L EDTA) with protease inhibitor and phosphatase

inhibitor cocktails (Calbiochem), as described (15). Cytosolic and mito-

chondrial fractions were prepared as described elsewhere (12,16) by se-
quential centrifugation of total cell homogenates and postnuclear lysates.

Mitochondrial pellets were washed with ice-cold STE buffer 3 times to

remove contaminating cytosolic proteins and used as the crude mitochon-
drial fraction after the mitochondrial proteins were dissolved in TE buffer

containing 1% CHAPS (12,16).

Determination of malondialdehyde, serum transaminases, hepa-

tic mitochondrial 3-ketoacyl-CoA thiolase, and TNFa. Hepatic

malondialdehyde (MDA) levels were determined as previously described

(12) despite potential interference in theMDAmeasurement as discussed

(17). All other measurements such as serum transaminases, hepatic
mitochondrial 3-ketoacyl-CoA thiolase (thiolase), and cytosolic TNFa

levels were the same as described (12,16,18).

Immunoblot analysis. Cytosolic or mitochondrial proteins (10–40 mg)

were separated by 12% SDS-PAGE and subjected to immunoblot

analyses performed as previously described (12). Specific antibody to

thiolase was kindly provided by Dr. Nancy Braverman, Johns Hopkins
University (Baltimore, MD). Respective antibodies for CYP2E1, induc-

ible NO synthase (iNOS), 3-nitrotyrosine, and GAPDH were purchased

from Abcam. Antibody to oxidized peroxiredoxin (Prx) Prx-SO3 was

obtained from LabFrontier and the specific antibody to phospho-c-Jun
kinase (p-JNK) or phospho-p38 kinase (p-p38 kinase) was from Cell

Signaling Technology. Antibody to themitochondrial complex II (succinate-

quinone reductase) subunit was purchased from Mitosciences. After

removal of the primary antibodies followed by washing steps, the

nitrocellulose membranes were incubated with secondary goat anti-

mouse (anti-3NT) or goat anti-rabbit (anti-thiolase, -CYP2E1, -iNOS,

-Prx-SO3, p-JNK, and p-p38 kinase, respectively) conjugated with HRP
(1:5000 dilutions in 5% milk powder in TE-buffered saline with 0.05%

Tween 20). Protein bands were detected by enhanced chemiluminescence

and their densities quantified using UN-SCAN-IT gel version 6.1 from

Silk Scientific (12).

Terminal deoxynucleotidyl transferase dUTP nick end labeling

(TUNEL) assay. The ApopTag peroxidase in situ apoptosis detection

kit (Millipore) was used to identify apoptotic hepatocytes by labeling
and detecting DNA strand breaks by the TUNEL method following the

manufacturer’s protocol.

Data analysis. The number of mice used was 3 WT-STD and 4 for all

other groups. All statistical analyses were performed using SAS 9.2

Software (SAS Institute). Fisher’s exact test was used to assess statistical

differences for histological data and TUNEL assay. Two-way ANOVA
was performed to assess differences in all other results. When 2-way

ANOVA indicated the presence of a genotype-diet interaction, 1-way

ANOVA followed by the post hoc Tukey’s Studentized range test at a

significance level of 0.05 was performed to determine differences among
the 4 groups of mice. Equality of variances was assessed by the Modified

Levene test (Brown and Forsythe test) and variances were found to be

homogeneous. Reproducibility of the data were confirmed by 2 or 3
separate experiments.

Results

Histopathological evaluation of NAFLD. Livers of age-
matched male WT-STD or WT-HFD mice appeared grossly
(data not shown) and histologically normal (Fig. 1A,B), where
all mice within the same group had very similar patterns of
response. In contrast, livers from Null-STD mice were much
paler and larger in size compared with those of WT mice.
Histological analysis of the Null-STD mice revealed the accu-
mulation of micro-vesicular intracellular lipid droplets (Fig. 1C)
that were not observed in theWT groups. Livers fromNull-HFD
mice were even paler than their STD-fed counterparts with
accumulated micro- and macro-vesicular lipid droplets, leading
to hepatocyte ballooning and steatosis. In addition, displace-
ment of nuclei, collapsed sinusoidal spaces, and inflammatory foci
(arrows representing the infiltrated neutrophils) were prominently
noted in Null-HFD mice (Fig. 1D). The analysis of histological
scoring system for NAFLD activity (14) revealed that Null-HFD
mice were the only group to achieve the NAS of 5, which differed
from the other 3 groups (Fig. 1E). Collectively, these results sug-
gest that Null-HFDmice are much more susceptible to the NASH
development than the corresponding WT mice, similar to the
earlier results (10).

Increased liver:body weight ratio. Weight gain did not differ
among the 4 groups of mice (data not shown). However, the
ratios of liver:total body weight (liver index) were higher in
Ppara-null mice than in WT mice (P , 0.05) (Table 1). The
increased liver:body weight ratio in the Ppara-null mice could
be, at least partly, due to intracellular lipid accumulation, con-
sistent with the previous study with Null-HFD mice (45%
energy from fat) fed for 6 mo (10). Plasma alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST) activities did
not differ between Ppara-null mice and theWT groups (Table 1),
similar to the original report using the same diet (13).

Inhibition of mitochondrial thiolase in Null-HFD mice.

Because hepatic fat accumulation could partly result from in-
hibition of the fat degradation pathways, we evaluated the
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activity of mitochondrial thiolase, the last enzyme in mitochon-
drial b-oxidation (19). Both thiolase protein levels (P, 0.0001)
and activity (P , 0.001) in Ppara-null mice were lower than
those in WT mice (Fig. 2). These data suggest that the inhibition
of mitochondrial thiolase activity in Ppara-null mouse groups
could partially contribute to the decreased fat oxidation and
ultimately the hepatic fat accumulation.

Increased CYP2E1 protein expression in Null-HFD mice.
We evaluated the expression levels of cytosolic and mitochon-
drial CYP2E1 proteins, because CYP2E1, an important source
of oxidative stress (20), was increased by a HFD (13). Cytosolic
CYP2E1 protein was ;5.3-fold higher in Ppara-null mice com-
pared with WT mice (P , 0.0001) (Fig. 3A,B). Mitochondrial
CYP2E1 protein levels were also ;1.7-fold higher in Ppara-null
mice than in WT mice (P , 0.001). In addition, mitochondrial
CYP2E1 protein levels in HFD mice were ;1.3-fold higher
compared with STD mice (P , 0.05) (Fig. 3C,D). Thus, feeding
a HFD or lacking functional PPARa likely results in elevated
CYP2E1 levels.

Increased lipid peroxidation in Null-HFD mice. Increased
oxidative stress can elevate the level of lipid peroxidation in
conditions associated with a HFD and fatty liver (21). Thus, we
evaluated a lipid peroxidation marker, MDA, in both cytosol
and mitochondria. Cytosolic MDA levels were higher in Ppara-

null mice than in WT mice (i.e. genotype effect) (P , 0.0001)
and in HFD-fed mice relative to STD-fed mice (i.e. diet effect)
(P , 0.0001) (Table 1). In addition, a genotype-diet interaction
was observed with MDA levels in Null-HFD mice, which were
;2.3-fold higher than those in WT-STD mice (P , 0.05).
Moreover, the Null-HFD mice had an ;66% greater cytosolic
MDA level increase compared with their STD-fed counterparts
(P , 0.05). Similarly, WT-HFD mice had ;42% more cytosolic
MDA than the corresponding WT-STD mice (P , 0.05).
Cytosolic MDA levels in Null-HFD were ;64% higher (P ,
0.05) relative to WT-HFD mice (Table 1). In contrast, mito-
chondrial MDA levels did not differ among the groups (data not
shown). Thus, lipid peroxidation was higher in HFD-fed Ppara-
null mice relative to the other groups (P , 0.05).

Levels of iNOS and protein nitration. The levels of iNOS and
protein nitration, important factors in NASH development (21),
were elevated in HFD-fed mice (22). Therefore, we evaluated
both variables in the cytosol and mitochondria. Cytosolic and
mitochondrial iNOS levels had different patterns in all mouse
groups upon HFD feeding. The expression of cytosolic iNOS
was ;82% greater (P , 0.005) in Ppara-null mice compared
with the levels of the WT mice (Supplemental Fig. 1A,B).
Interestingly, a genotype-diet interaction was found (P , 0.001)
and post hoc analysis indicated that Null-HFD or Null-STD
mice had mitochondrial iNOS levels ;35 or ;39% lower,

TABLE 1 Body and liver weights, liver MDA, plasma transaminases, mitochondrial Prx-SO3, and TNFa
concentrations in WT and Ppara-null mice fed STD or HFD for 3 wk1

Measurement WT-STD WT-HFD Null-STD Null-HFD Two-way ANOVA2

Liver, weight, g/100 g body 2.87 6 0.07 3.06 6 0.08 4.06 6 0.06 4.55 6 0.23 G: P , 0.05

ALT, U/L 36.3 6 8.95 43.3 6 6.39 60.7 6 9.13 38.5 6 10.0

AST, U/L 147 6 7.00 158 6 11.9 189.8 6 25.8 201 6 22.9

Cytosolic MDA,3 mmol/L 4.67 6 0.07c 6.65 6 0.56b 6.56 6 0.39b,c 10.9 6 0.48a G, D: P , 0.0001; GxD: P , 0.05

Mito. Prx-SO3, % WT-STD 100 6 0.57b 98.1 6 3.82b 102 6 6.99b 399 6 19.4a G, D, GxD: P , 0.0001

TNFa, pg/50 mg protein 46.8 6 8.20 104 6 12.4 67.3 6 8.93 164 6 8.20 G: P , 0.005 D: P , 0.0001

1 Data are means 6 SEM, n = 4 or 3 (WT-STD). Means in a row with superscripts without a common letter differ, P , 0.05.
2 G, genotype; D, diet.
3 Cytosolic proteins (20 mg/assay) were used to measure MDA levels in different groups.

FIGURE 1 Liver histology of WT and

Ppara-null mice fed STD or HFD for 3 wk

(A–D). Hematoxylin and eosin stain

shows intracellular lipid accumulation

and inflammation (2003). The enclosed

box in each panel shows the enlarged

images (4003) and black arrows (D)

indicate inflammatory foci. (E) Values are

means 6 SEM, n = 4 or 3 (WT STD).

*Different from corresponding WT group,

P = 0.05; +different from Null-STD,

P = 0.05. A color version of this figure

is available online as Supplemental
Figure 2.
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respectively, than WT-STD mice (P , 0.05) and that WT-HFD
mice had levels ;64% lower than WT-STD mice (P , 0.05)
(Supplemental Fig. 1C,D). In contrast, protein nitration had
similar patterns of response in both cytosol and mitochondria.
Cytosolic and mitochondrial levels of nitrated proteins were
elevated ;61% (P , 0.01) and ;53% (P , 0.0001), respec-
tively, in Ppara-null mice relative to WT mice, while feeding a
HFD resulted in decreased cytosolic (31% lower, P , 0.05) and
mitochondrial (35% lower, P , 0.0001) levels of nitrated
proteins relative to feeding a STD (Supplemental Fig. 1E–H).
These data indicate that Ppara-null mice had elevated levels of
protein nitration compared withWTmice, although the levels of
nitrated proteins in STD-fed mice were higher than those of the
HFD-fed groups.

Evaluation of a marker for protein oxidation. Prx represent
thioredoxin-dependent peroxide reductases that are capable of
removing low amounts of peroxides and/or peroxynitrite pro-
duced during normal cellular metabolism (23). At least 6 iso-
forms of Prx have been identified: Prx I, II, and VI are expressed
in the cytosol, Prx III is restricted to mitochondria, Prx IV is
secreted, and Prx V is located in mitochondria and peroxisomes
(23). Upon oxidation, Prx becomes inactivated (23,24). Further-
more, we recently reported increased Prx oxidation and inactiva-
tion in conditions associated with increased ROS/RNS production
(25). Thus, Prx oxidation (formation of Prx-SO3) was evaluated in
both cytosol and mitochondria in all 4 groups (Table 1). Cytosolic
Prx-SO3 did not differ among the groups (data not shown), but

mitochondrial Prx-SO3 levels were significantly greater in Null-
HFD mice than in other groups (Table 1). These results collec-
tively suggest that Null-HFD mice had the highest levels of
oxidative stress among all groups.

Increased TNFa in HFD-fed mice. Based on the key role of the
proinflammatory cytokine TNFa in NASH models (10,13), the
TNFa levels in all groups were determined. Hepatic TNFa levels
were ;1.5-fold greater in Ppara-null mice compared with WT
mice (P, 0.005) and;2.4-fold higher in HFD-fed mice relative
to STD-fed mice (Table 1). Thus, the elevated TNFa levels in
Ppara-null mice and in response to HFD feeding reflect a state of
inflammation.

Activation of JNK and p38 kinase in Ppara-null mice. Both
ROS/RNS and proinflammatory cytokines such as TNFa can
promote the death signaling pathways by activating JNK and
p38 kinase (26). The levels of p-JNK (Fig. 4A,B) were greater
in Ppara-null mice relative to WT mice (P , 0.0001). Levels of
p-p38 kinase were ;3-fold higher in Ppara-null mice compared
with WT mice (P , 0.0001) and ;33% higher in HFD-fed mice

FIGURE 2 Mitochondrial thioase protein (A), densitometric levels

(B), and catalytic activities (C) in livers of male WT and Ppara-null mice

fed STD or HFD for 3 wk. The mitochondrial complex II protein was

used to show equal protein loading. Values are means 6 SEM, n = 4

or 3 (WT-STD). G, genotype.

FIGURE 3 Levels of CYP2E1 protein in cytoplasm (A) or mitochon-

dria (C) in livers of male WT and Ppara-null mice fed STD or HFD for 3

wk. The densities measured by immunoblot analysis were normalized

to GAPDH (B) and complex II subunit (D), respectively, and were

plotted as a percentage of the value in WT-STD mice. Values are

means 6 SEM, n = 4 or 3 (WT-STD). G, genotype; D, diet.
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comparedwith STD-fed mice (P, 0.05) (Fig. 4C,D). A genotype-
diet interaction was also found (P, 0.05). Levels of p-p38 kinase
were significantly greater in both Ppara-null mouse groups
compared with their corresponding WT mice, but the p-p38
kinase level was higher in Null-HFDmice than in all other groups
(Fig. 4C,D).

Increased hepatocyte apoptosis in Null-HFD mice. The
activation of JNK and p38 kinase can cause apoptosis and/or
necrosis (21,26). HFD also increased JNK activity in rats (21).
To demonstrate apoptosis in our groups, a TUNEL assay was
performed. TUNEL-positive hepatocytes were readily observed
in the Null-HFD mice and were significantly greater in number
than in the Null-STD, WT-STD, or WT-HFD groups (Fig. 5).
These results suggest that increased ROS, together with in-
creased inflammation and subsequent activation of JNK and p38
kinase, likely promote increased apoptosis in Null-HFD mice
compared with other groups.

Discussion

Lieber et al. (13) originally reported a new rodent model of
NAFLD by providing a liquid HFD containing 71% energy from

fat. However, this high-fat liquid diet regimen may have a few
disadvantages, such as having a labor-intensive feeding proce-
dure and the fat contents/compositions may not necessarily re-
flect those in regular American diets. Nonetheless, in this rodent
model, rats fed a HFD only for 3 wk developed several key
features of NAFLD, such as steatosis, inflammation (with in-
creased levels of TNFa), and increased oxidative stress param-
eters such as increased CYP2E1 protein and lipid peroxidation,
possibly due to extremely high levels of 18:1(n-9) and 18:2(n-6)
fatty acids compared with 18:3(n-3) and 22:6(n-3) fatty acids
contained in this HFD. Furthermore, this new NASHmodel also
seemed to avoid the nutritional deficiency problem associated
with a methionine/choline-deficient diet (27), which does not
reflect the conditions of human NASH patients.

PPARa is highly expressed in metabolically active tissues
such as heart, kidney, intestinal mucosa, skeletal muscle, brown
fat, and liver where it regulates genes involved in lipid metab-
olism, gluconeogenesis, and amino acid metabolism (5,6). For
instance, PPARa directly regulates many genes encoding for the
enzymes that are involved in the mitochondrial and peroxisomal
fatty acid b-oxidation pathways (5–7). In addition, administra-
tion of PPARa agonists ameliorates hepatic steatosis in mice fed
a methionine/choline-deficient diet (28). Furthermore, oxidized
fat was shown to prevent alcohol-induced TG accumulation
through activating PPARa target genes (29). Taken together, it is
reasonable to hypothesize that Ppara-null mice are more suscep-
tible to NAFLD and NASH compared with WT mice following
short-term feeding of a HFD. Thus, we aimed to investigate this
hypothesis in Ppara-null andWTmice by using the HFD-feeding
model for only 3 wk (13) instead of feeding for 6 mo (10).

Our results demonstrated that among all the groups, only the
Null-HFD group had extensive lobular inflammation (Fig. 1D)
and achieved the NAS (Fig. 1E) qualified for NASH (14). These
results suggest a critical role for PPARa in fat accumulation and
concomitant inflammation (NASH development). The increased
liver:body weight ratios in Ppara-null mice (Table 1) can be
explained by accumulation of intracellular lipid droplets, at least
partially due to the inhibition of peroxisomal and mitochondrial
fatty acid b-oxidation pathways, evidenced by the decreased
protein levels and activity of mitochondrial thiolase (Fig. 2).
Based on small changes in its protein content, the thiolase acti-
vity could be inhibited through oxidative modification (includ-
ing S-nitrosylation) of its active site Cys residues (16) during
increased oxidative stress in Null-HFD mice. Thus, the first hit,
namely steatosis, of the two-hit theory for NASH development
(30) appears to markedly occur in Ppara-null mice (Fig. 6). De-
spite no significant differences among the groups (Table 1), the
serum transaminase levels are within the normal ranges, as re-
ported (31,32). The basal ALT/AST levels could depend onmouse
strains, gender, age, and diet conditions, including diet compo-
sition, fat content, feeding duration, etc., which help explain the
basal transaminase levels in our current study. It is also true that
an underlying hepatic disorder can exist in the absence of elevated
serum transaminases, as recently reported (33).

The second hit is lipid peroxidation promoted by the
increased oxidative stress produced by various factors, including
elevated CYP2E1 and oxidized inactivated Prx. We observed
that both cytosolic and mitochondrial CYP2E1, an enzyme
known to produce ROS (20) that indirectly forms peroxynitrite
through its production of superoxide which interacts with NO
(17,34), were elevated in Ppara-null mice. Indeed, a pathogenic
role for CYP2E1 in both alcoholic steatohepatitis (35) and
NASH (21,29,36) has been reported, although other sources of
oxidative stress cannot be excluded. The upregulation of CYP2E1

FIGURE 4 Activation of JNK (A) or p38 kinase (C ) in livers of WT and

Ppara-null mice fed STD or HFD for 3 wk. Cytosolic proteins (100 mg/

lane) were used to determine the activation of JNK and p38 kinase. The

densities of immunoreactive bands were normalized to GAPDH (B,D )

and plotted as a percentage of the levels in WT-STD mice. Significance

levels are indicated for differences between genotypes (G). Values are

means 6 SEM, n = 4 or 3 (WT-STD). (D ) Labeled means without a

common letter differ, P , 0.05.
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in Ppara-null mice may be attributed, at least partly, to the excess
fatty acids and ketones that are substrates or inducers of CYP2E1
(35,37). Hepatic steatosis sensitizes the liver, making it susceptible
to more serious conditions such as inflammation and fibrosis
through the increased production of ROS/RNS and the presence
of oxidizable unsaturated fatty acids (22). Oxidation of unsatu-
rated fatty acids contained in corn oil (13) can produceMDA and
4-HNE, both of which can activate hepatic stellate cells, resulting
in fibrosis through increased production of collagen anda-smooth
muscle actin (38,44). Indeed, the lipid peroxidation levels were
highest in Null-HFD mice. Furthermore, the TNFa level, which
can be induced by increased oxidative stress, was elevated by
feeding a HFD and in Ppara-null mice. This fact probably con-
tributes to the lobular inflammation (i.e. fat-induced NASH)
observed histologically (Fig. 1), similar to the condition ob-
served in alcoholic steatohepatitis (39).

NO and ROS can produce a more potent oxidant peroxyni-
trite (ONOO2), which plays a key role in the development and/
or progression of NASH through nitration of various proteins
(40,41). The amount of nitrated proteins, a footprint of peroxy-
nitrite, increased in the liver of obese ob/obmice (41). We found
increased amounts of cytosolic iNOS, whereas mitochondrial
iNOS levels actually decreased in Null-HFD mice. We are not
sure about the reason for this discrepancy. The different levels of
antioxidant enzymes and/or the potential negative feedback
regulation of iNOS for cell protection may account for different
iNOS levels in the cytosol and mitochondria. Alternatively, it
is also possible that mitochondrial iNOS was upregulated at
earlier time points and then decreased at later time points, as was
previously reported (42). We also found that the levels of ni-
trated proteins were higher in Ppara-null mice than in WT mice.
The lower levels of nitrated proteins in Null-HFD mice than in
the Null-STD mice may be due to increased degradation of
nitrated proteins through proteasomes and other proteolytic
pathways (43), resulting in shorter half-lives than the native
protein counterparts (18,34). Alternatively, the decreased pro-
tein nitration in HFD-exposed mice compared with the cor-
responding STD-fed groups may reflect a negative feedback
regulation for this event, similar to that of mitochondrial
iNOS. However, further research is needed to investigate
the roles and temporal changes in the amounts of nitrated
proteins.

The current data collectively provided evidence that both
parameters (i.e. fat accumulation and oxidative stress) of the
two-hit hypothesis (29) occurred to a stronger extent in Null-
HFD mice (Fig. 6). Despite the increase in some indicators of
oxidative stress and inflammation in the WT-HFD mice, the
increases were minimal and less effective compared with those of
the corresponding Ppara-null mice. The delayed development of
steatohepatitis in the WT mice in our study compared with the
rats originally described (13) is unknown and could possibly be
due to strain differences.

Both elevated ROS/RNS and proinflammatory cytokines
such as TNFa can promote the cell death signaling pathways via
activating JNK and p38 kinase, leading to apoptosis and/or
necrosis (21,26). Our results of increased hepatocyte apoptosis
in Null-HFD mice determined by TUNEL assay (Fig. 5) are in
agreement with the earlier results of JNK- and/or p38 kinase-

FIGURE 5 Levels of apoptotic hepato-

cytes (A-D) in livers of WT and Ppara-null

mice fed STD or HFD for 3 wk. TUNEL-

positive hepatocytes were identified by

black arrows (D) and quantified (E ) in 20

high-power fields (3400). Values are

means 6 SEM, n = 4 or 3 (WT-STD).

*Different from the corresponding WT

group, P = 0.05; +different from Null-

STD, P = 0.05. A color version of this

figure is available online as Supplemen-
tal Figure 3.

FIGURE 6 A proposed role of PPARa in the development of

NAFLD/NASH. The early accumulation of intracellular lipids (first hit)

followed by the increased oxidative stress and inflammatory cytokines

(second hit), which can activate JNK and p38 kinase, contribute to

NAFLD/NASH, and ultimately lead to apoptosis of hepatocytes.
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mediated hepatic apoptosis observed in rats exposed to HFD
(21,44). Despite the fact that JNK was also activated in the
Null-STD mice, apoptosis was only observed in the HFD-fed
group, possibly due to the longer persistence and stronger
activation of JNK and p38 kinase in this group than in the STD-
fed group.

In summary, this study demonstrated a critical role for
PPARa in preventing fat-related oxidative stress, inflammation,
and faster development of NAFLD andNASH even after 3 wk of
feeding with a HFD. This result was possibly mediated by the
earlier development of hepatic steatosis accompanied by the
increased levels of ROS/RNS and TNFa in the Null-HFD mice
(Fig. 6). Because of the rapid development of NASH (within 3
wk of high-fat feeding), this mouse model may be used for future
translational research to identify beneficial agents in efficiently
treating and/or preventing NASH.
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