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Abstract

Background The transcription factor nuclear factor-

E2-related factor-2 (Nrf2) inhibits lipid accumulation and

oxidative stress in the liver by interfering with lipogenic

pathways and inducing antioxidative stress genes.

Methods The involvement of Nrf2 in defense against the

development of steatohepatitis was studied in an experi-

mental model induced by an atherogenic plus high-fat

(Ath ? HF) diet. Wild-type (WT) and Nrf2-null mice were

fed the diet. Their specimens were analyzed for pathology

as well as for the expression levels of genes involved in

fatty acid metabolism and those involved via the Nrf2

transcriptional pathway.

Results In Nrf2-null mice fed the diet, steatohepatitis

developed rapidly, leading to precirrhosis. The Ath ? HF

diet increased hepatic triglyceride levels and changed fatty

acid composition in both mouse groups. However, oleic

acid (C18:1 n-9) predominated in the livers of Nrf2-null

mice. Correlating well with the pathology, the mRNA

levels of the factors involved in fatty acid metabolism (Lxr,

Srebp-1a, 1c, Acc-1, Fas, Scd-1, and Fatty acid trans-

porting peptides 1, 3, 4), the inflammatory cytokine genes

(Tnf-a and IL-1b), and the fibrogenesis-related genes

(Tgf-b1 and a-Sma) were significantly increased in the

livers of Nrf2-null mice fed the diet, compared with the

levels of these factors in matched WT mice. Oxidative

stress was significantly increased in the livers of Nrf2-null

mice fed the diet. This change was closely associated with

the decreased levels of antioxidative stress genes.

Conclusions Nrf2 deletion leads to the rapid onset and
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diet, through both up-regulation of co-regulators of fatty

acid metabolism and down-regulation of oxidative metab-

olism regulators in the liver.

Keywords Nrf2 gene-knockout mouse � Transcription

factor � Atherogenic plus high-fat diet � Fatty acid �
Oxidative stress

Abbreviations

Acc-1 Acetyl-CoA carboxylase

Aco Acyl-CoA oxidase

a-Sma Alpha-smooth muscle actin

Ath ? HF diet Atherogenic plus high-fat diet

ALT Alanine aminotransferase

AST Aspartate aminotransferase

Cpt Carnitine palmitoyltransferase

Elovl6 Elongation of long-chain fatty acids

family member 6

Fas Fatty acid synthase

Fatp Fatty acid transport protein

c-Gcs c-Glutamyl cystein synthetase

GSH Glutathione

Gst Glutathione S-transferase

4-HNE 4-Hydroxy-2-nonenal

Keap1 Kelch-like Ech-associated protein 1

L-Fabp Liver fatty acid binding protein

Lxr Liver X receptor

NASH Non-alcoholic steatohepatitis

Nrf2 Nuclear factor-E2-related factor-2

Nqo1 NAD(P)H: quinone oxidoreductase 1

Ppar Peroxisome proliferators activated

receptor

ROS Reactive oxygen species

Scd-1 Stearoyl-CoA desaturase-1

Srebp Sterol regulatory element-binding protein

Tgf Transforming growth factor

WT Wild type

Introduction

A striking increase in the incidence of obesity worldwide

has been reported over the past several decades. Obesity is

associated with an increased risk of non-alcoholic fatty

liver disease (NAFLD) [1, 2]. NAFLD is characterized by

an increase in intrahepatic triglyceride content with or

without inflammation and fibrosis, presenting a spectrum of

pathological features ranging from simple steatosis to non-

alcoholic steatohepatitis (NASH). Thus, because of its high

prevalence, potential progression to severe liver disease

(e.g., NASH), and its association with serious cardiomet-

abolic abnormalities, NAFLD has become an important

public health problem [3].

From a clinical perspective, it is necessary to develop

and establish new options for the prevention and treatment

of NASH. While the details of the pathogenetic mechanism

of NASH remain unknown, oxidative stress plays a critical

role in the development of NASH in obese subjects [4–6].

Excessive amounts of triglycerides in the liver may lead to

an increased exposure of hepatocytes to potentially toxic

fatty acids (Fas) [7]. The damage in fat-burdened hepato-

cytes results from reactive oxygen species (ROS), causing

hepatic inflammation and fibrosis [8, 9]. It is a challenge to

study the cellular defense mechanism that regulates hepatic

lipotoxicity through interfering in accelerated fatty acid

metabolism and its related oxidative stress in the liver in

obesity-related disorders.

Free fatty acids appear to be important mediators of

lipotoxicity, both as potential cellular toxins and by leading

to lipid accumulation. When lipids accumulate in non-

adipose tissues, they may enter non-oxidative deleterious

pathways, leading to cell injury and death [10]. Moreover,

changes in hepatic fatty acid composition influence lipid

metabolism and inflammation in NASH. It was reported

that saturated fatty acids such as palmitic (16:0), stearic

(18:0), and arachidic acids (20:0) were not changed sig-

nificantly, but levels of monounsaturated fatty acids, such

as palmitoleic acid (16:1 n-7) and oleic acid (18:1 n-9),

were significantly higher in the livers of NASH patients

than in the livers of non-NASH patients [11].

The transcription factor termed nuclear factor-E2-rela-

ted factor-2 (Nrf2) serves as a cellular sensor for oxidative

stress [12, 13]. In the studies done in our laboratories [14,

15], chemicals and drugs that activate the Nrf2 regulatory

pathway were shown to decrease oxidative stress, which

has been implicated in the pathogenesis of numerous liver

diseases. Besides the hepatoprotective roles played by

Nrf2, it has recently been reported that Nrf2 activation

inhibits lipid accumulation and interferes with the hepatic

lipotoxicity that occurs after the eating of a high-fat diet

(HFD), probably by modulating lipogenic pathways [16,

17]. Moreover, in a proteomic analysis [18], Nrf2 was

found to govern numerous genes associated with fatty acid

metabolism. Nrf2 activation may contribute to an attenu-

ation of increased intrahepatic triglyceride content.

In this study, we studied the roles of Nrf2 in the

development of nutritional steatohepatitis, with special

reference to fatty acid and lipid metabolism in the liver.

Wild-type (WT) mice and Nrf2 gene-null mice (Nrf2-null)

were fed an atherogenic and HF diet (Ath ? HF), which is

a newer and better experimental model of human steato-

hepatitis than previous models [19]. We first demonstrated

that Nrf2 deletion led to severe progression of the
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steatohepatitis induced by the Ath ? HF diet. Nrf2 may

influence the development of steatohepatitis through up-

regulation of co-regulators governing fatty acid synthesis

and composition as well as by down-regulation of anti-

oxidative stress systems in the liver. Nrf2 activation

induced by pharmaceutical intervention could be a new

option for the prevention and treatment of steatohepatitis.

Materials and methods

Animals

Male 8- to 10-week-old WT and Nrf2-null mice [14, 15,

20] on C57BL/6 background were fed an Ath ? HF diet

[19] or control diet (Oriental Yeast, Tokyo, Japan) for

24 weeks. At the end of the experiment, serum and liver

tissue specimens were collected for analysis. All experi-

ments were performed under protocols approved by the

Institutional Animal Care and Use Committees of the

University of Tsukuba.

Biochemical and histological analyses

Serum concentrations of aspartate aminotransferase (AST),

alanine aminotransferase (ALT), triglyceride, and total

cholesterol were measured by SRL Inc. (Tokyo, Japan).

Liver tissues were fixed in 10 % paraformaldehyde,

embedded in paraffin, and stained with hematoxylin–eosin

(HE) and sirius red solution.

Triglyceride concentrations and fatty acid composition

of liver tissues

Triglyceride concentrations in the liver tissue specimens

were measured as previously described [20]. The fatty acid

composition of liver tissues was determined by a gas

chromatography system. The extraction of lipids contained

in the livers and analysis of the fatty acid composition were

described previously [21].

Immunoblot analysis

Immunoblot analysis was performed using total homoge-

nates and/or the nuclear fraction of the liver specimens, as

previously described [20].

Immunohistochemistry

For immunostaining of 4-hydroxy-2-nonenal (4-HNE),

2-lm-thick tissue sections were stained, using the indirect

immunoperoxidase method, with anti-4HNE monoclonal

antibody (mAb) (JaiCA, Shizuoka, Japan) as previously

described [20]. For the evaluation of inflammation,

inflammatory cells invading the HE-stained tissue sections

were counted and analyzed quantitatively. Regarding

fibrosis, for quantitative analysis of the fibrotic area, the

fibrotic area (red-colored area) of sirius red-stained tissue

sections was calculated with Image J software.

Real-time quantitative polymerase chain reaction

(PCR)

Steady-state mRNA levels in the specimens were deter-

mined by real-time quantitative PCR using recently

detailed methodology [14]. The primers and probes used

for this study have been described previously [14, 20]. Data

were normalized to the amounts of glyceraldehyde

3-phosphate dehydrogenase (GAPDH) present in each

specimen and then averaged.

Statistics

Values are given as means ± SEM (standard error of the

mean). When two groups were compared, an unpaired t-test

was used for data analysis. Multiple group comparisons were

performed by two-way analysis of variance (ANOVA). A

P value of\0.05 was defined as statistically significant.

Results

Nrf2 deletion leads to severe progression

of steatohepatitis induced by an Ath ? HF diet

After feeding on the Ath ? HF diet for 6 weeks, the Nrf2-

null mice exhibited increases in accumulations of lipid

droplets in hepatocytes and infiltration of inflammatory

cells and fibrosis in the livers, compared with the findings

in the livers of the WT mice (Fig. 1a). After 24 weeks of

feeding on the diet, the Nrf2-null mice exhibited more

pronounced changes in terms of steatosis, inflammation,

and fibrosis (Fig. 1a). Especially, bridging and pericellular

fibrosis were noted in the livers of Nrf2-null mice fed the

Ath ? HF diet (Fig. 1a). The intensity of inflammatory cell

infiltration (determined through counting inflammatory

cells) and the extent of fibrosis (described by quantitative

analysis of the fibrotic area with Image J software) were

significantly greater in the Nrf2-null mouse group than in

the WT mouse group at both 6 and 24 weeks after the start

of the Ath ? HF diet intake (Fig. 1b).

Weight gain in the mice was suppressed significantly after

intake of the Ath ? HF diet compared with weight gain after

intake of the ordinary diet, although no significant difference

was noted between the WT group and the Nrf2-null group.

The liver weight relative to body weight increased
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significantly after Ath ? HF feeding, but it did not differ

between the WT group and the Nrf2-null group (Fig. 2a).

In the analysis of blood biochemistry, the serum levels

of AST, ALT, triglycerides, and total cholesterol were

monitored from 3 days to 24 weeks after the start of

Ath ? HF diet feeding. At 3 days after the start of the diet,

AST and ALT levels were higher in the Nrf2-null mice

than in the WT mice (Fig. 2b). However, at 24 weeks after

the start of the diet, AST and ALT levels were higher in the

WT mice than in the Nrf2-null mice (Fig. 2b). This result

Fig. 1 Nuclear factor-E2-related factor-2 (Nrf2) deletion leads to

rapid progression of steatohepatitis induced by an atherogenic plus

high-fat (Ath ? HF) diet. a Hematoxylin and eosin (H.E) and sirius

red sections of representative liver specimens from the wild-type

(WT) and the Nrf2-null mice fed the Ath ? HF diet for 6 and

24 weeks are shown at a low magnification (upper columns) and a

high magnification (lower columns) (Bars 100 lm). b Inflammatory

cells invading the H.E-stained tissue sections were counted and

analyzed quantitatively. For quantitative analysis of the fibrotic area,

the fibrotic area (red-colored area) of sirius red-stained tissue sections

was calculated with Image J software. Values are means ± SE.

*P \ 0.05, **P \ 0.01, significant difference between the two groups
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may be attributed to a difference in the time course of the

peak of liver injuries. It was likely that the liver injuries

appeared earlier in the Nrf2-null mice than in the WT mice.

The triglyceride and total cholesterol levels were not sig-

nificantly different between the WT and Nrf2-null mice

over the observation period (Fig. 2b).

Quantitative PCR was done to determine hepatic

expression levels of the inflammatory cytokine genes

(Tnf-a, Il-1b, and Il-6), the innate immunity genes

(Toll-like receptor (Tlr) 4, 6, and 9), and the fibrogenesis-

related genes (Tgf-b1, aSma, and a1-procollagen). The

results are shown in Fig. 3. The mRNA levels of the

inflammatory cytokine genes, the innate immunity genes,

and the fibrogenesis-related genes were significantly higher

in the livers of Nrf2-null mice than in those of WT mice at

both 6 and 24 weeks after the start of Ath ? HF diet feeding.

These results appeared to be correlated with the degree of

inflammatory cell infiltration and fibrosis in the liver tissue

sections (Fig. 1a). Moreover, the basal mRNA levels of

some factors, e.g., IL-1b, Tlr6, and Tlr9, were higher in the

livers of Nrf2-null mice than in those of WT mice.

Oxidative stress and changes in the expression of Nrf2

and antioxidative stress genes regulated by Nrf2

in the livers of steatohepatitis

Immunostaining of 4-HNE was performed to determine the

presence of lipid peroxides in the liver tissue sections. At

24 weeks after the start of Ath ? HF diet feeding, more

intense and extensive chromatic responses were noted in the

liver sections of Nrf2-null mice than in those of WT mice

(Fig. 4a). To elucidate the molecular mechanism by which

Nrf2 deletion leads to severe progression of steatohepatitis

through an accumulation of oxidative products, the

expression levels of Nrf2 and the antioxidative stress genes

regulated by Nrf2 were determined in the livers of mice fed

the Ath ? HF diet. The diet feeding for 24 weeks was found

to induce around a 3-fold increase in nuclear Nrf2 levels in

the livers of WT mice, whereas Nrf2 was not detected in the

livers of Nrf2-null mice (Fig. 4b). Following these results,

the expression levels of the typical target genes of antioxi-

dative stress genes (c-Gcs, Nqo1, and Gsta1) were deter-

mined in the livers. The Ath ? HF diet feeding up-regulated

the protein levels of c-Gcs, an important enzyme for gluta-

thione (GSH) synthesis, in the livers of WT mice, but not in

those of Nrf2-null mice (Fig. 4b). For Nqo1 and Gsta1,

which are detoxifying enzymes in the liver, their basal

protein levels were significantly lower in the livers of Nrf2-

null mice than in those of WT mice fed the control diet

(Fig. 4b). The Ath ? HF diet feeding potently up-regulated

the protein levels of these enzymes in the livers of WT mice,

but not in those of Nrf2-null mice (Fig. 4b).

Triglycerides and fatty acids in the livers

of steatohepatitis

The levels of triglycerides and the fatty acid composition in the

liver tissues were determined to examine hepatic fat accumu-

lation (Fig. 5). The triglyceride levels in the livers were sig-

nificantly higher in both Nrf2-null mice and WT mice fed the

Fig. 2 Body weight and liver/body ratio changes in the WT and

Nrf2-null mice fed the Ath ? HF from the start to 24 weeks (a).

**P \ 0.01, significantly different from the mice with control

feeding. b Analysis of blood biochemistry (aspartate aminotransferase

[AST], alanine aminotransferase [ALT], triglyceride, and total cho-

lesterol) in the WT and Nrf2-null mice fed the Ath ? HF diet from

3 days to 24 weeks. **P \ 0.01, significant difference between the

two groups
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Ath ? HF diet than in the corresponding mice fed the control

diet. Moreover, at 24 weeks after the start of the Ath ? HF diet

feeding, the levels in the livers were significantly higher in the

Nrf2-null mice than in the WT mice (Fig. 5a).

We also measured the levels and composition of fatty

acids to evaluate the role of Nrf2 in fatty acid metabolism in

the livers of steatohepatitis (Fig. 5b). The levels of total

fatty acids in the livers (Fig. 5b, left panels) were signifi-

cantly increased in both the Nrf2-null mice and WT mice at

1, 6, and 24 weeks after the start of the Ath ? HF diet

feeding. Moreover, the basal levels of total fatty acids at

24 weeks were significantly higher in the Nrf2-null mice

than in the WT mice (Fig. 4b, left panel). For fatty acid

composition (Fig. 5b, right panels), 16:0, linoleic (18:2 n-6),

and arachidonic acid (20:4 n-6) were significantly decreased

in both the Nrf2-null mice and the WT mice at 1, 6, and

24 weeks after the start of the diet feeding. On the other

hand, 18:1 n-9 was significantly increased in both the Nrf2-

null mice and the WT mice at 1, 6, and 24 weeks after the

start of the diet feeding. The magnitude of the increases was

significantly greater in the Nrf2-null mice than in the WT

mice at 1 and 6 weeks after the diet feeding. Moreover, the

basal levels (in control diets group) of 18:1 n-9 were sig-

nificantly higher in the Nrf2-null mice than in the WT mice

at 6 and 24 weeks. The changes in 18:0 composition were

not significant after the start of the diet feeding. Both the

basal levels and the levels after the diet feeding were sig-

nificantly lower in the Nrf2-null mice than in the WT mice.

Changes in the expression of the factors involved

in fatty acid de-novo synthesis, elongation, import,

and export

Quantitative PCR was used to determine the expression

levels of hepatic factors involved in fatty acid metabolism

(Fig. 6). For the factors involved in fatty acid de-novo

Fig. 3 Quantitative polymerase chain reaction (PCR) was used to

analyze the hepatic expression of the inflammatory cytokine genes

(Tnf-a, Il-1b and Il-6), the innate immunity genes (Toll-like receptor
[Tlr] 4, 6, and 9), and the fibrogenesis-related genes (Tgf-b1, aSma,
and a1-procollagen). The mRNA levels of the factors involved in the

steatohepatitis induced by the Ath ? HF diet for 1, 6, or 24 weeks

were determined. Data are given as the mean ± SE (n = 5–8/group)

relative ratio to WT mice fed a control diet in each period. #P \ 0.05,
##P \ 0.01, significantly different from the WT with control feeding;
�P \ 0.05, �P \ 0.01, significantly different from the WT with

Ath ? HF feeding; brackets *P \ 0.05, **P \ 0.01, significant

difference between the two groups
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synthesis, e.g., liver X receptor (Lxr), sterol regulatory

element-binding protein (Srebp)-1a, 1c, 2, acetyl-CoA

carboxylase (Acc-1), and fatty acid synthase (Fas), the

mRNA levels of Lxr were significantly higher in the livers

of both WT mice and Nrf2-null mice fed the Ath ? HF diet

for 24 weeks than in the livers of the corresponding mice

fed the control diet (Fig. 6). Moreover, the Lxr mRNA

levels were significantly higher in the livers of Nrf2-null

mice than in those of WT mice fed the diet for 6 and

24 weeks. Interestingly, the mRNA levels of Srebp-1a, 1c,

2, Acc-1, and Fas were significantly higher in the livers of

Nrf2-null mice than in those of WT mice fed the control

diet at some time points. The mRNA levels of Srebp-1a,

1c, and Acc-1 were also higher in the Nrf2-null mice fed

the Ath ? HF diet than in the WT mice at some time

points (Fig. 6).

For the factors modifying fatty acid composition, the

mRNA levels of stearoyl-CoA desaturase-1 (Scd-1) and

elongation of long-chain fatty acids family member 6

(Elovl6) were determined in the livers. The transcription of

both Scd-1 and Elovl6 is regulated by Srebp-1 [22, 23]. At

some time points, the mRNA levels of Scd-1 and Elovl6

were significantly higher in the livers of Nrf2-null mice fed

the control diet than in those of WT mice (Fig. 6). In mice

fed the Ath ? HF diet, the mRNA levels of Scd-1 in the

livers of Nrf2-null mice were also higher at some time

points than the levels in the livers of WT mice (Fig. 6).

This trend found for Scd-1 expression was similar to those

of Srebp-1c and Fas expressions. However, for Elovl6, the

mRNA levels were significantly lower at 1, 6, and

24 weeks in both the WT and the Nrf2-null mice fed the

Ath ? HF diet than in the corresponding mice fed the

control diet (Fig. 6). Moreover, the Elovl6 mRNA levels in

the livers were not significantly different between the WT

mice and Nrf2-null mice fed the Ath ? HF diet.

Quantitative analysis of the expression levels of the fatty

acid oxidases peroxisome proliferators activated receptor a
(Ppara), Pparc1, Cpt-1, and Aco was conducted using PCR

(Fig. 6). No marked change was noted in the Ppara
expression level. The Pparc1 level and Cpt-1 level

increased significantly following Ath ? HF feeding, while

the Aco level decreased significantly following Ath ? HF

feeding. However, none of these parameters differed sig-

nificantly between the WT group and the Nrf2-null group

(Fig. 6).

For the factors involved in fatty acid uptake and trans-

port in hepatocytes, the mRNA levels of Cd36, liver-fatty

acid binding protein (L-Fabp), and fatty acid transport

protein (Fatp) were determined (Fig. 7). Cd36 has been

shown to be subject to regulation by Nrf2 [24], and Fatp is

involved in fatty acid transport across the cell membrane

[25]. The mRNA levels of Cd36 in the livers were signif-

icantly higher at 1, 6, and 24 weeks in both the WT mice

and Nrf2-null mice fed the Ath ? HF diet than in the

corresponding mice fed the control diet (Fig. 7). However,

at 1 and 6 weeks, the mRNA levels were slightly but sig-

nificantly lower in the livers of Nrf2-null mice fed the

Ath ? HF diet than in those of WT mice. The mRNA

levels of L-Fabp tended to be lower in the livers of both the

WT mice and Nrf2-null mice fed the Ath ? HF diet than in

the corresponding mice fed the control diet. The mRNA

levels of Fatps-1, 3, 4 were significantly higher at 6 and

24 weeks in the livers of Nrf2-null mice fed the Ath ? HF

diet than in the livers of WT mice fed the diet (Fig. 7). For

the factors of fatty acid export from hepatocytes, the

mRNA levels of microsomal triglyceride transfer protein

(Mttp) and ApoB100 were determined. The mRNA levels

of Mttp and ApoB in the livers were not significantly dif-

ferent between the WT and Nrf2-null mice fed the

Ath ? HF diet (data not shown).

Discussion

The results of this study have demonstrated the importance

of hepatic Nrf2 and its down-stream signaling in the

development of nutritional steatohepatitis induced by an

Ath ? HF diet. It is likely that hepatic Nrf2 modifies the

Fig. 4 Oxidative stress and changes in the expression of Nrf2 and

antioxidative stress genes regulated by Nrf2 in the livers of

steatohepatitis. a 4-Hydroxy-2-nonenal (4-HNE)-stained sections of

representative liver specimens from the WT and the Nrf2-null mice

fed the Ath ? HF diet for 24 weeks (Bars 100 lm). b Immunoblot

analysis of Nrf2 proteins in livers and Nqo1, Gsta1, and c-Gcs

proteins in livers of the WT and Nrf2-null mice fed the control diet or

the Ath ? HF diet for 24 weeks. The actin bands were used as

loading controls
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susceptibility to this diet-induced steatohepatitis through

not only activating antioxidative stress systems but also

through regulating fatty acid synthesis and/or composition

in the liver.

The model of nutritional steatohepatitis induced by an

Ath ? HF diet is a newer and better experimental model of

human NASH than previous models, because: (1) an

Ath ? HF diet is more physiological than a CCl4 or

methionine-and choline-deficient (MCD) diet; (2) the liver

pathology involves steatohepatitis with cellular ballooning;

and (3) an Ath ? HF diet causes hepatic insulin resistance,

and promotes oxidative stress and the activation of hepatic

stellate cells (HSCs) [19]. Nrf2 serves as an oxidative stress

sensor and functions as a comprehensive host defense

factor [12, 13, 15]. It has been reported that oxidative stress

plays an important role in both the onset and progression of

NASH [3, 26]. Important sources of oxidative stress

involved in NASH are thought to be ROS and radicals from

fatty acid b-oxidation, inflammatory cytokines, and/or fatty

acids [3, 10, 19, 27].

Fig. 5 Accumulations of

triglyceride and fatty acids

(FAs) in the liver were greater

in Nrf2-null mice compared

with those in WT mice.

a Triglyceride in liver tissue in

the WT and Nrf2-null mice fed

the Ath ? HF diet for 1, 6, or

24 weeks. The numbers in
parentheses below the
horizontal axis represent the

numbers of animals examined in

each group. Data are given as

means ± SE. �P \ 0.05,
�P \ 0.01, significantly

different from the WT with the

Ath ? HF feeding; brackets
*P \ 0.05, **P \ 0.01,

significant difference between

the two groups. b Fatty acid

concentrations (left panels) and

composition (right panels) in

the liver tissues in the WT and

Nrf2-null mice fed the

Ath ? HF diet for 1, 6, or

24 weeks. Data are given as

means ± SE (n = 5–8/group).
##P \ 0.01, significantly

different from the WT with

control feeding; �P \ 0.05,
�P \ 0.01, significantly

different from the WT with the

Ath ? HF feeding; brackets
*P \ 0.05, **P \ 0.01,

significant difference between

the two groups
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In the present study, the expression levels of inflam-

matory cytokine genes (Tnf-a, Il-1b, and Il-6), genes for

factors involved in innate immunity (Tlrs 4, 6, and 9), and

genes for factors involved in fibrogenesis (Tgf-b1, aSma,

and a1-procollagen) were up-regulated in the livers of

Nrf2-null mice fed an Ath ? HF diet compared with the

corresponding levels in the livers of WT mice (Fig. 3). On

the other hand, c-Gcs, Nqo,1 and Gsta1, which are known

as antioxidative stress response genes regulated by Nrf2

and factors involved in the direct elimination of ROS [12,

13], were not induced in the livers of Nrf2-null mice fed the

Ath ? HF diet (Fig. 4). Correlating with these pathological

conditions, the increased accumulation of 4-HNE and lipid

peroxidative products was noted in the livers of Nrf2-null

Fig. 6 Changes in the expression of the mRNAs involved in de-novo

lipid synthesis, fatty acid elongation, and fatty acid oxidases.

Quantitative PCR was used to analyze the hepatic expression of the

factors involved in the de-novo lipid synthesis (Lxr, Srebp-1a, 1c, 2,

Acc-1 and Fas), fatty acid elongation (Scd-1 and Elovl6), and fatty

acid oxidases (Ppara, Pparc1, Cpt-,1 and Aco). Data are given as the

mean ± SE (n = 5–8/group) relative ratio to WT mice fed a control

diet in each period. #P \ 0.05, ##P \ 0.01, significantly different

from the WT with control feeding; �P \ 0.05, �P \ 0.01, significantly

different from the WT with Ath ? HF feeding; brackets *P \ 0.05,

**P \ 0.01, significant difference between the two groups
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mice fed the Ath ? HF diet. The differences in these in

vivo defense systems against oxidative stress could lead to

the susceptibility in Nrf2-null mice to the rapid onset and

progression of steatohepatitis after the start of an

Ath ? HF diet.

Fatty acids are important mediators of lipotoxicity.

Excessive synthesis and/or an influx of fatty acids lead to

lipid accumulation in cells or tissues. Changes in fatty acid

composition may influence lipid metabolism and inflam-

mation [10, 28]. Increases in levels of total fatty acids, and

in the long-chain polyunsaturated fatty acid n-6/n-3 ratio

[29], as well as increases in monounsaturated fatty acids

(MUFAs) such as 16:1 n-7 and 18:1 n-9 [11] were reported

in the analysis of blood and liver specimens of human

NASH. The present study also showed increases in the total

fatty acid concentration and the proportion of 18:1 n-9 in

the livers of both WT and Nrf2-null mice fed an Ath ? HF

diet. These changes were observed at an early stage, at

1 week after the start of the Ath ? HF diet (Fig. 5b).

Moreover, in the livers of Nrf2-null mice, the 18:1 n-9

proportion was significantly increased in the livers of Nrf2-

null mice compared with the proportion in the livers of WT

mice (Fig. 5b). This finding is of great importance because

the proportion of C18:1 n-9 fatty acids increases in the

livers of human NASH [11]. It should also be emphasized

that in the livers of mice with simple obesity, the propor-

tion of C16:0 was increased instead of that of the C18:1

fatty acids [30]. Thus, the accumulation of 18:1 n-9 may be

attributed to the effect of a specific action of Nrf2 deletion.

The biological role of the increased levels of 18:1 n-9 in

the livers of steatohepatitis is currently unclear; however,

an in vitro study showed that cells incubated with 18:1 n-9-

rich medium developed significant accumulation of lipid

droplets within the cytosol and enhanced sensitivity to

apoptosis [31].

Acc-1, Fas, and Scd-1 indicate that endogenous fatty

acid synthesis is crucial for energy metabolism and insulin

sensitivity in the liver [32–34]. In addition, Elovl6 is a

microsomal enzyme involved in the elongation of fatty

acids. These enzymes are regulated by Srebp-1 and play an

important role in the conjugation and de-novo synthesis

of long-chain saturated and MUFAs [23]. Interestingly, in

the present study, the mRNA levels of Srebp-1c and

Scd-1 were significantly higher in the livers of both the

control diet-fed and Ath ? HF-fed Nrf2-null mice than in

the livers of the corresponding WT mice (Fig. 6). The

increased levels of Scd-1 resulted in higher levels of 18:1

n-9 in the Nrf2-null mice. Previous studies have shown that

Nrf2 and its downstream pathway may inhibit lipid accu-

mulation in the body in general, and in the liver [16, 17].

Moreover, it has recently been reported that Nrf2 nega-

tively regulates the enzyme ATP-citrate lyase, which is

responsible for acetyl-CoA production [18]. Furthermore,

the present study has demonstrated that the Nrf2 pathway

Fig. 7 Changes in the expression of the mRNAs involved in lipid

import. Quantitative PCR was used to analyze the hepatic expression

of the factors involved in the influx of lipids (Cd36, L-Fabp, and

Fatp-1,3,4). Data are given as the mean ± SE (n = 5–8/group)

relative ratio to WT mice fed a control diet in each period. #P \ 0.05,

##P \ 0.01, significantly different from the WT with control feeding;
�P \ 0.05, �P \ 0.01, significantly different from the WT with

Ath ? HF feeding; brackets *P \ 0.05, **P \ 0.01, significant

difference between the two groups
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influences the lipid de-novo conjugation and synthesis of

long-chain saturated and MUFAs through changes of fac-

tors such as Srebp-1c, Fas, and Scd-1. Taking the results of

the present study into account, it seems unlikely that Nrf2

regulates only ATP-citrate lyase in fatty acid metabolism.

Because Nrf2 is a known transcription factor, it is likely

that Nrf2 affects the expression of various factors involved

in fatty acid metabolism. In the present study, the results do

not show which factors involved in fatty acid metabolism

are regulated directly by Nrf2.

Free fatty acids transit hepatocyte plasma membranes

passively as well as actively by membrane-associated

Cd36, L-Fabp, and Fatps [25]. A recent studyhas reported

that Cd36 expression levels are increased in the livers of

human steatohepatitis [35]. However, in our study, the

increases in mRNA levels of Cd36 were smaller in the

livers of Nrf2-null mice fed an Ath ? HF diet compared

with the levels in the livers of WT mice (Fig. 7). This may

be because Cd36 expression is partially regulated by Nrf2

[24]. On the other hand, the mRNA levels of Fatps-1, 3,

and 4 were significantly higher at 6 and/or 24 weeks in the

livers of Nrf2-null mice fed the Ath ? HF diet than in the

livers of WT mice (Fig. 7). However, the mRNA levels of

ApoB and Mttp were not increased in parallel with the

increases in expression levels of the Fatps (data not

shown). The accumulation of total fatty acids and triglyc-

erides in the livers of Nrf2-null mice fed the Ath ? HF diet

may be attributed to an imbalance of the influx and efflux

of fatty acids in Nrf2-null mouse livers.

There was no significant difference between the WT

mouse group and the Nrf2-null mouse group in terms of

Ppara, Pparc1, Cpt-1, or Aco expression levels. It seems

unlikely that the difference in metabolic potentials related

to fatty acid oxidation is reflected in a difference in liver

tissue fat deposition.

In contrast, the results of a number of recent studies [36,

37] stand in opposition with those of the present study.

That is, they report that a loss of Nrf2 results in an

impairment of adipogenesis, an inhibition of HF diet-

induced obesity, and prevention of the development of

insulin resistance. In a way, these differences between the

results may be interpreted by postulating that they reflect

Fig. 8 Schematic summary of the role of Nrf2 in hepatic fatty acid

metabolism of steatohepatitis induced by an Ath ? HF diet. Exam-

ination of the pathophysiological background suggests that Nrf2 is a

comprehensive factor that defends the host from oxidative stress in

various aspects and at various stages. These effects include not only

the host defense against oxidative stress induced by the direct

elimination of active oxygen through the stimulation of antioxidative

stress response genes (the primary role of Nrf2 according to a

conventional view), but also the regulation of fatty acid metabolism in

new hepatocytes (shown in the present study), among other effects. It

appears likely that the suppression of oxidative stress by Nrf2 leads to

the suppression of stellate cell activation, thus allowing the suppres-

sion of hepatic fibrosis progression. ROS Reactive oxygen species
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differences in the diets used and organ tissues analyzed.

First, an HF diet for an obesity model is completely dif-

ferent from an Ath ? HF diet for a steatohepatitis model.

The former does not represent any pathology of steato-

hepatitis, while the latter does not induce any body weight

increase (obesity). Second, the present study focused on

analysis of livers and not on analysis of adipose tissues. At

present, the details remain unknown.

In conclusion, this study suggests that in an Ath ? HF

diet-induced steatohepatitis model, Nrf2 plays an important

role in inhibiting the progression of the disease. The pro-

tective effects of Nrf2 include not only the stimulation of

antioxidative stress response genes (the primary role of

Nrf2 according to a conventional view), but also the

modulation of fatty acid metabolism in hepatocytes

(Fig. 8). It is likely that Nrf2 activation by a pharmaceu-

tical intervention restores the disturbed fatty acid metabo-

lism in the livers of steatohepatitis. Thus, Nrf2 could

provide new insights into and new therapeutic strategies for

human NASH in clinical practice.
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