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Abstract
Nrf2, a master regulator of intracellular redox homeostasis, is indicated to participate in fatty acid
metabolism in liver. However, its role in diet-induced obesity remains controversial. In the current
study, genetically engineered Nrf2-null, wild-type (WT), and Nrf2-activated, Keap1-knockdown
(K1-KD) mice were fed either a control or a high-fat western diet (HFD) for 12 weeks. The results
indicate that the absence or enhancement of Nrf2 activity did not prevent diet-induced obesity, had
limited effects on lipid metabolism, but affected blood glucose homeostasis. Whereas the Nrf2-
null mice were resistant to HFD-induced glucose intolerance, the Nrf2-activated K1-KD mice
exhibited prolonged elevation of circulating glucose during a glucose tolerance test even on the
control diet. Feeding a HFD did not activate the Nrf2 signaling pathway in mouse livers.
Fibroblast growth factor 21 (Fgf21) is a liver-derived anti-diabetic hormone that exerts glucose-
and lipid-lowering effects. Fgf21 mRNA and protein were both elevated in livers of Nrf2-null
mice, and Fgf21 protein was lower in K1-KD mice than WT mice. The inverse correlation
between Nrf2 activity and hepatic expression of Fgf21 might explain the improved glucose
tolerance in Nrf2-null mice. Furthermore, a more oxidative cellular environment in Nrf2-null mice
could affect insulin signaling in liver. For example, mRNA of insulin-like growth factor binding
protein 1, a gene repressed by insulin in hepatocytes, was markedly elevated in livers of Nrf2-null
mice. In conclusion, genetic alteration of Nrf2 does not prevent diet-induced obesity in mice, but
deficiency of Nrf2 improves glucose homeostasis, possibly through its effects on Fgf21 and/or
insulin signaling.
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Introduction
The nuclear factor erythoid 2-related factor 2 (Nrf2), a member of the cap‘n’collar (CNC)
family of transcription factors, is a crucial molecule in the maintenance of redox
homeostasis. Inactive Nrf2 is retained in the cytoplasm by association with an actin-binding
protein, Kelch-like ECH-associated protein 1 (Keap1), which functions as an adapter for
Cul3/Rbx1-mediated ubiquitination and degradation of Nrf2. Keap1 senses the cellular
oxidative stress and releases Nrf2. Nrf2 then translocates to the nucleus, where it forms a
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heterodimer with small Maf (Katsuoka et al., 2005) or Jun (Jeyapaul and Jaiswal, 2000), and
activates transcription of genes encoding detoxifying and antioxidant enzymes as well as
membrane transporters through binding to the antioxidant-responsive elements in their
promoters. Nrf2 target genes include NAD(P)H:quinone oxidoreductase 1 (Nqo1) (Itoh et
al., 1997; Ishii et al., 2002), glutathione-S-transferases (Gsts) (Itoh et al., 1997), glutamate
cysteine ligase catalytic subunit (Gclc) (Chan and Kwong, 2000), multidrug resistance-
associated proteins (Hayashi et al., 2003; Klaassen and Slitt, 2005; Maher et al., 2007), etc.
Multiple cellular protective functions of Nrf2 during hepatic toxicity, inflammation, aging,
and chemotherapy, as well as mechanisms of activating the Nrf2-Keap1 signaling pathway
have been thoroughly reviewed (Aleksunes and Manautou, 2007; Kensler et al., 2007;
Giudice et al., 2010; Klaassen and Reisman, 2010).

In addition to its well-recognized roles in detoxification and cytoprotection, Nrf2 signaling
has recently been associated with nutrient disposition, especially lipid metabolism. A
microarray study first revealed that either genetic or chemical activation of Nrf2 decreased
the mRNA levels of a large number of lipid metabolism genes, especially those involved in
lipogenesis, in mouse livers (Yates et al., 2009). An independent proteomic analysis further
demonstrated that many proteins involved in lipogenesis were upregulated in livers of Nrf2-
null mice (Kitteringham et al., 2010). These two studies suggested a negative regulation of
lipogenesis by Nrf2 in mouse livers. However, studies using diet-induced obesity mouse
models have reached conflicting conclusions. Whereas chronic activation of Nrf2 by
administering agonists, CDDO-Im (Shin et al., 2009) or oltipraz (Yu et al., 2011), was
reported to prevent high-fat diet-induced obesity in mice, others found that deficiency of
Nrf2 protected mice from diet-induced obesity, due to impaired adipogenesis (Pi et al.,
2010), or by increasing fibroblast growth factor 21 (Fgf21), a liver-derived pro-lipolytic
hormone (Chartoumpekis et al., 2011).

In order to elucidate the impact of Nrf2 on diet-induced obesity, the current study employed
not only Nrf2 deficient (Nrf2-null) mice, but also mice with genetically enhanced Nrf2
activity (Keap1-knockdown, K1-KD). Nrf2-null, WT, and K1-KD mice were fed either a
high-fat Western diet (HFD) or a control diet for 12 weeks. Application of the Nrf2-null and
K1-KD models during intake of HFD allows us to assess the effect of the Nrf2 “gene dose
response” while avoiding the potential off-target effects of chemical activators of Nrf2. By
comparing various metabolic parameters in Nrf2-null, wild-type (WT), and K1-KD mice fed
either a control diet or a HFD, putative roles of Nrf2 in glucose and lipid homeostasis were
determined.

Materials and Methods
Animals and experimental design

Nrf2-null (from Dr. Jefferson Chan, University of California, Irvine, CA) (Chan et al., 1996)
and K1-KD mice (from Dr. Masayukin Yamamoto, Tohoku University, Aoba-ku, Sendai,
Japan) (Okada et al., 2008) were bred in the Laboratory Animal Facility at the University of
Kansas Medical Center. Both strains were backcrossed to achieve a >99% congenic C57BL/
6 background, which was verified by the Jackson Laboratory (Bar Harbor, ME). Wild type
(WT) C57BL/6 mice were purchased from Charles River Laboratories, Inc. (Wilmington,
MA). At 3 months of age, male Nrf2-null, WT, and K1-KD mice (n=6) were fed either a
control diet (5SXC; catalog # 1813907; 12.1% fat-derived calorie) or a high-fat Western diet
(HFD) (5SXB; catalog# 1813906; 39.7% fat-derived calorie) that were purchased from
TestDiet (Richmond, IN) for 12 weeks. To mimic the Western diet, both control diet and
HFD contained fat from a variety of sources, including lard, hydrogenated vegetable oil,
butter fat, corn oil, and soy oil. The feed preservative t-butylhydroquinone was removed
from both diets because it is a known Nrf2 agonist (Imhoff and Hansen, 2010). All animals
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were fed ad libitum and had free access to water. Body weights were monitored weekly. All
mice were housed in an Association for Assessment and Accreditation of Laboratory
Animal Care-accredited animal care facility in a temperature-, light-, and humidity-
controlled environment. The University of Kansas Medical Center Institutional Animal Care
and Use Committee approved the studies.

Glucose/insulin tolerance test
Glucose tolerance test (GTT) was conducted after 10 weeks of feeding, and insulin tolerance
test (ITT) was performed after 11 weeks of feeding the control or Western diets. The feed
was removed for 6 h before the GTT or ITT. For the GTT, a single dose of D-glucose (20%
solution in water; 10 ml/kg) was injected i.p.. For the ITT, a single dose of insulin (Humulin
N, purchased from a CVS Pharmacy, Roeland Park, KS) (0.75 U/kg; 5 ml/kg in saline) was
injected i.p.. Blood was taken from tails of mice at 0, 30, 60, 90, and 120 min thereafter, and
glucose concentrations were determined using a ReliOn Ultima glucose monitor (Arkray
USA, Inc., Minneapolis, MN).

Serum analysis
All mice were sacrificed in the morning after being fed either a control diet or a HFD for 12
weeks. Right before mice were sacrificed, the glucose concentrations were determined with
a ReliOn Ultima glucose monitor using blood from the tail as described above. Blood was
collected from these mice without pre-fasting. Concentrations of triglycerides, nonesterified
fatty acids (NEFAs), and cholesterol in plasma were measured using kits from Wako
Diagnostics (Richmond, VA). Plasma insulin was quantified using an enzyme-linked
immunosorbent assay kit from Millipore (Billerica, MA). Beta-hydroxybutyrate was
determined using a kit from Cayman Chemical Company (Ann Arbor, MI). All assays were
performed according to the manufacturers' protocols.

Histopathology
Liver tissues were fixed in 10% formalin for 48 h, transferred to 70% ethanol for 48 h, and
embedded in paraffin blocks for sectioning. Liver sections (5 μm) were stained with
hematoxylin and eosin using standard protocols.

Liver biochemistry
Liver lipids were extracted as described (McGrath and Elliott, 1990), and determined with
the same protocol as serum lipids. GSH concentrations in livers were quantified by UPLC-
MS/MS as described previously (Wu et al., 2011). NADH concentrations in livers were
determined by using a kit from BioVision Inc. (Milpitas, CA) per their protocol. Lipid
peroxidation was monitored by quantifying thiobarbituric acid reactive substances (TBARS)
using the OXItek TBARS kit (ZeptoMetrix, Buffalo, NY) as previously described (Zhang et
al., 2010).

Glycogen content assays
Glycogen was prepared from mouse livers as reported (Passonneau and Lauderdale, 1974).
Briefly, 20 mg of frozen liver tissue was homogenized in 0.03 N HCl. The homogenates
were heated at 100°C for 5 min, followed by centrifugation at 12,000 g for 5 min. The
supernatant was transferred to a new tube and appropriate dilutions were made.
Amyloglucosidase from Aspergillus niger (A-7420) for glycogen hydrolysis, and the
glucose assay kit (GOGA-20) were both purchased from Sigma-Aldrich (St. Louis, MO).
The assay was carried out according to the manufacturer's protocol with slight
modifications.
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RNA isolation
Total RNA was extracted from livers using RNA-Bee reagent (Tel-Test, Inc., Friendswood,
TX) per the manufacturer's protocol. RNA was dissolved in diethyl pyrocarbonate-treated
deionized water, and RNA concentrations were determined with a NanoDrop
Spectrophotometer ND-1000.

Messenger RNA quantification
Total RNA was reverse-transcribed into first-strand cDNA using multiscript reverse
transcriptase from a High Capacity RT kit (Applied Biosystems, Foster City, CA) according
to the manufacturer's protocol. Messenger RNA of genes of interest was determined with
quantitative real time-PCR performed on an Applied Biosystems Prism 7900HT sequence
detection system. The reaction system contains 2 ng of cDNA, 150 nM of each primer, and 5
μl of Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA) in a total
volume of 10 μl. The specific primers used to quantify gene expression are listed in Table 1.
The relative mRNA levels were calculated by cycle threshold (Ct) values, which were
normalized to the internal control glyceraldehyde 3-phosphate dehydrogenase (Gapdh)
mRNA.

Western blot analysis
Liver protein was extracted with NE-PER nuclear extraction kit (Pierce Biotechnology,
Rockford, IL) according to the manufacturer's manual. Protein concentrations were
determined using the Bradford assay (Bio-Rad Laboratories, Hercules, CA). Approximately
30 μg of nuclear protein extracts and 60 μg of cytosolic protein were used for
immunoblotting of proteins of interest. The primary antibodies used in this study include
Nrf2 (sc-13032), PPARα (sc-9000), and histone 3 (H3; sc-8654-R) from Santa Cruz
Biotechnology (Santa Cruz, CA); ChREBP (NB400-135) from Novus Biologicals, LLC
(Littleton, CO); Nqo1 (Ab2346) and β-actin (Ab8227) from Abcam (Cambridge, MA); and
Fgf21 (RD281108100) from BioVendor R&D (Modrice, Czech Republic). Secondary
antibodies were purchased from Sigma-Aldrich (St. Louis, MO). Protein-antibody
complexes were detected using an enhanced chemiluminescent kit (Peirce Biotechnology,
Rockford, IL) and exposed to HyBlot CL autoradiography film (Denville Scientific Inc.,
Metuchen, NJ). Density of individual blots was quantified by Quantity One 1-D Analysis
Software (Bio-Rad Laboratories, Hercules, CA). The blot densities of proteins of interest
were normalized to respective loading controls.

Statistical analysis
Differences among individual groups were evaluated by two-way analysis of variance
(ANOVA) with genotype and diet as the two variables, followed by Student-Newman-Keuls
comparisons. Differences were considered statistically significant at p < 0.05.

Results
Gross characteristics of mice with low to high Nrf2 activities fed a HFD

Starting at 3 months of age, Nrf2-null (absent of Nrf2 expression), wild-type (WT; with
regular Nrf2 activity), and Keap1-knockdown (K1-KD; with enhanced Nrf2 activity) mice
were fed either a control diet (12.1% calories derived from fat) or a high-fat western diet
(HFD; 39.7% fat-derived calories) for 12 continuous weeks. Fat in both diets were from a
variety of sources, instead of a single animal- or plant-origin. The growth curves of the three
genotypes of mice were similar throughout the 12-week feeding period on either the control
diet or the HFD (Fig. 1A). Mice fed the HFD for 12 weeks gained approximately 10 g more
weight than those fed the control diet, regardless of their genotype (Fig. 1B). Although
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having similar body size, Nrf2-null mice had smaller livers, whereas K1-KD mice had larger
livers than WT mice. Feeding the HFD increased the liver-to-body weight ratio only in
Nrf2-null mice, but not in the other two genotypes.

Liver histology
Hematoxylin and eosin staining showed that the microscopic structures of livers of mice
with different levels of Nrf2 activity were similar on each diet (data not shown).

Blood and liver chemistry
Blood chemistries were determined in serum collected from mice in the morning following
overnight ad libitum access to food and water. Blood glucose concentrations were higher in
K1-KD mice than in Nrf2-null and WT mice when either control or HFD was fed (Table 2).
The HFD did not affect blood glucose concentrations in any of the 3 genotypes of mice. The
concentrations of circulating triglycerides were comparable among the 3 genotypes of mice
fed the control diet. The HFD increased blood triglycerides in WT and K1-KD mice, but not
in Nrf2-null mice. Blood concentrations of non-esterified free fatty acids (NEFAs) were
similar among the 3 genotypes of mice fed the control diet. The HFD tended to increase
circulating NEFAs in all 3 genotypes, but was statistically significant only in the K1-KD
mice. The blood cholesterol concentrations in mice fed the control diet were not statistically
different among genotypes. When the HFD was given, the circulating cholesterol increased
in all 3 genotypes, but tended to be higher in K1-KD mice (K1-KD vs. WT, p=0.076). The
concentrations of β-hydroxybutyrate were not affected by either the Nrf2 genotype or the fat
content of diets.

Glycogen concentrations were similar in livers of mice possessing various Nrf2 activities
when they were on the control diet (Table 2). The HFD decreased glycogen content in livers
of Nrf2-null mice, but not in WT and K1-KD mice. Liver triglyceride concentrations were
similar in mice with graded Nrf2 activity when the control diet was given. The HFD nearly
doubled the concentration of triglycerides in livers of all 3 genotypes of mice. The
concentrations of NEFAs increased approximately 40% in livers of all three genotypes of
mice fed the HFD, but no genotype differences were observed in mice fed either the control
or the HFD. Concentrations of the two reducing sources in hepatocytes, glutathione (GSH)
and nicotinamide adenine dinucleotide (NADH), were not affected by HFD, but were lower
or tended to be lower in livers of Nrf2-null mice than WT mice, regardless of the fat content
of diets. Concentrations of malondialdehyde (MDA), a marker of oxidative stress, were not
affected by either Nrf2 genotype or fat content of diets in the liver.

Glucose and insulin tolerance tests
To evaluate the impact of Nrf2 on whole-body glucose disposition, an intraperitoneal
glucose tolerance test (GTT) was conducted in the 10th week of feeding. When the control
diet was fed, K1-KD mice exhibited higher blood glucose concentrations (Fig. 2A) and
decreased glucose clearance. The HFD increased the blood glucose concentration and
reduced the glucose clearance in WT mice to a similar level as K1-KD mice. In contrast,
Nrf2-null mice were able to maintain low blood glucose concentrations and normal glucose
clearance even when a HFD was fed. Thus, the deficiency of Nrf2 seems to protect mice
from HFD-induced hyperglycemia. An i.p. insulin tolerance test (ITT) was performed in the
11th week of feeding. Intraperitoneal insulin injection was equally efficient in lowering
blood glucose concentrations in all 3 genotypes of mice on either a control or a HFD (Fig.
2B), indicating that insulin sensitivity was not affected by Nrf2. Feeding the HFD increased
the circulating insulin concentrations in all 3 genotypes of mice (Fig. 2C), and no apparent
differences in circulating insulin concentrations were observed among the 3 genotypes.
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Hepatic expression of Nrf2 and Nrf2-target genes
To explore the in vivo effects of an overload of dietary fatty acids on the Nrf2-Keap1
signaling pathway, the mRNA expression of Nrf2 and its prototypical target genes in mouse
livers was determined (Fig. 3A). Nrf2 mRNA was absent in Nrf2-null mouse livers as
expected. The HFD did not affect the mRNA expression of Nrf2 in WT or K1-KD mouse
livers. Graded expression of mRNA of well-characterized Nrf2-regulated genes, including
Nqo1, glutathione S-transferase mu 1 (Gstm1), and Gclc, was observed in both control- and
HFD-fed mice that possess none (Nrf2-null) to high levels (K1-KD) of Nrf2 activity.
However, the HFD had negligible effects on the mRNA levels of these Nrf2-target genes,
except a slight induction of Gstm1 in K1-KD mice. Furthermore, the nuclear accumulation
of Nrf2 protein was not significantly increased in the liver by feeding a HFD (Fig. 3B).
Accordingly, the amount of Nqo1 protein, one of the most sensitive Nrf2-target genes, was
not increased in the HFD-fed mice compared with the control-fed mice in all three
genotypes. Consistent with mRNA expression pattern, Nqo1 protein was much higher in
livers of K1-KD mice than the other genotypes. Taken together, both mRNA and protein
data indicate that dietary fatty acids do not alter the Nrf2 signaling pathway in mouse livers.

Expression of hepatic genes involved in glucose metabolism
In liver, the carbohydrate responsive element-binding protein (ChREBP) regulates a series
of genes involved in glycolysis, gluconeogenesis, and fatty acid synthesis to convert excess
carbohydrates into triglycerides through de novo lipogenesis. When the control diet was fed,
the mRNA of ChREBP tended to be higher in livers of Nrf2-null than Nrf2-expressing mice,
but was not statistically significant (Fig. 4A). In contrast, the nuclear accumulation of
ChREBP protein tended to be lower in livers of Nrf2-null mice than WT and K1-KD mice
when a control diet was fed (Fig. 4B). Liver-type pyruvate kinase (Pklr), the key enzyme for
glycolysis in liver, is a prototypical target gene of ChREBP. No differences were observed
in the mRNA expression of Pklr among mice possessing different Nrf2 activities (Fig. 4A).
Glucose-6-phosphatase (G6pase) catalyzes the final step of gluconeogenesis in hepatocytes,
resulting in the formation of free glucose. ChREBP also regulates the transcription of
G6pase. Nrf2-null mice expressed more G6pase mRNA than the other two genotypes when
the HFD was fed (Fig. 4A). Moreover, the mRNA of another key enzyme for glycolysis,
glucokinase (Gck), tended to be higher in Nrf2-null mice when a HFD was fed (Nrf2 vs.
WT, p=0.084), and phosphoenolpyruvate carboxykinase (Pepck), another rate-limiting
enzyme for gluconeogenesis was higher in livers of Nrf2-null mice when control diet was
fed (data not shown). In general, the HFD did not markedly influence the mRNA expression
of glucose metabolism-related genes in mouse livers.

Hepatic expression of genes involved in fatty acid metabolism
In liver, sterol regulatory element-binding protein 1c (SREBP-1c) is a critical transcription
factor that mediates the insulin signal in regulating fatty acid synthesis. Acetyl-CoA
carboxylase 1 (Acaca) and fatty acid synthase (Fasn) are two key enzymes for hepatic fatty
acid synthesis, and are both transcriptionally regulated by SREBP-1c. Messenger RNA of
SREBP-1c, Acaca, and Fasn was not statistically different among genotypes on either diet
but had a trend of being higher in livers of Nrf2-null mice or lower in K1-KD mice than in
WT mice, on both the control and HFD (Fig. 5A). However, the differences were not
statistically significant. Malic enzyme (Me1) is an enzyme involved in pyruvate cycling that
transfers reducing equivalents from NADH to NADPH, which is important for the reductive
reactions of FA synthesis. The transcription of Me1 is regulated by SREBP-1c. Me1 mRNA
was expressed lower in livers of Nrf2-null mice than in WT mice. In addition, Acaca, Fasn,
and Me1 are also transcriptionally regulated by ChREBP. Similar to glucose metabolism-
genes, FA synthesis genes in liver were not significantly affected by the HFD or Nrf2
activity.
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Peroxisome proliferator-activated receptor α (PPARα) regulates the transcription of a broad
range of genes encoding enzymes and transporters involved in fatty acid catabolism. In mice
fed the control diet, the mRNA of PPARα was higher in livers of K1-KD than the other two
genotypes (Fig. 5B), although the nuclear accumulation of PPARα protein was not
statistically different between genotypes (Fig. 5C). Messenger RNA of several genes
involved in FA oxidation was expressed more in K1-KD mouse livers (Fig. 5B). The fatty
acid translocase CD36 is an important membrane transporter that mediates the uptake of
fatty acids in macrophages, endothelium, smooth muscle cells, as well as hepatocytes (He et
al., 2011). Interestingly, CD36 was recently identified on mitochondrial membranes, and
appears to participate in β-oxidation by moving FA across the mitochondrial membrane
(Bonen et al., 2004). The mRNA of CD36 was higher in K1 -KD mouse livers than the other
two genotypes when mice were fed the control or the HFD. Cytochrome P450 4a10
(Cyp4a10), an enzyme involved in FA ω-oxidation in peroxisomes, was expressed higher in
livers of K1-KD mice than Nrf2-null or WT mice when the control diet was given. Cyp4a10
mRNA was further increased by feeding the HFD only in K1-KD mice. Catalase (CAT)
decomposes hydrogen peroxide, a reactive byproduct of fatty acid β-oxidation in
peroxisomes. Compared with WT mice, CAT mRNA was lower in Nrf2-null mouse livers
fed a control diet or HFD, but higher in K1-KD mouse livers when control diet was given.
CAT mRNA was slightly decreased by the HFD in K1-KD mouse livers. In summary, the
Nrf2-activated K1-KD mice appear to have higher expression of fatty acid catabolism-
related enzymes.

Hepatic expression of liver-derived hormones
Insulin-like growth factor 1 (IGF-1) is a hormone primarily produced by liver. IGF-1
stimulates cell growth and proliferation in almost every organ in the body. Under normal
physiological conditions, IGF-1 protein (approximately 98%) is bound to one of the 6
binding proteins (Igfbps) in the blood. Igfbp-1, which is predominantly synthesized in liver,
is considered the key Igfbp that regulates the bioactivity of IGF-1 (Lewitt and Baxter, 1991).
As shown in Fig. 6A, hepatic expression of IGF-1 mRNA was not affected by the genetic
alteration of Nrf2 activity, and was slightly decreased by the HFD only in K1-KD mice.
However, the mRNA of Igfbp-1 was markedly higher in livers of Nrf2-null mice, compared
with mice expressing Nrf2. The HFD did not affect the mRNA expression of Igfbp-1 in any
of the three genotypes. Fibroblast growth factor 21 (Fgf21) is a newly identified peptide
hormone that is synthesized by the liver, but promotes glucose uptake and lipolysis in white
adipose tissue. Both mRNA (Fig. 6A) and protein (Fig. 6B) of Fgf21 were much higher in
livers of Nrf2-null mice compared with Nrf2-expressing mice when the control diet was fed,
and were both reduced by the HFD in Nrf2-null mice. In comparison, Fgf21 protein was
expressed less in livers of K1-KD mice than WT mice on either control or HFD. These data
suggest that Nrf2 activity negatively regulates the hepatic expression of Igfbp-1 and Fgf21.

Discussion
The prevalence of obesity has increased significantly in the world. Health consequences of
obesity include type 2 diabetes, metabolic syndrome, hypertension, cardiovascular disease,
cancer, liver disease, etc (Ginter and Simko, 2008). Nrf2, a master regulator of antioxidative
and detoxification enzymes, has recently been suggested to participate in the regulation of
lipid metabolism. However, the exact function of Nrf2 in energy metabolism remains
controversial. Data from the current study demonstrate that Nrf2 activity has minimal
influence on HFD-induced obesity, but rather adversely affects glucose homeostasis in mice.

In the literature, both activation (Shin et al., 2009; Yu et al., 2011) and deficiency of Nrf2
(Pi et al., 2010; Chartoumpekis et al., 2011) have been implicated in preventing diet-induced
obesity in mice. The present study, however, shows that genetically modified mice with
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graded Nrf2 activity were equally susceptible to HFD-induced obesity (Fig. 1), and
exhibited similar blood and hepatic lipid profiles when a HFD was fed (Table 2). The
discrepancies on the role of Nrf2 during diet-induced obesity in these studies could be due to
differences in experimental design. Fat sources of the diet (Buettner et al., 2006), length of
HFD feeding (VanSaun et al., 2009), gender, genetic background (Zhu et al., 2009), and age
of the mice, as well as the mechanism of activating Nrf2 may all contribute to the outcome
of the HFD studies.

The current study fed a Western-style HFD to genetically modified mice that have none,
normal, and enhanced Nrf2 activity. In order to mimic the diets of humans, the Western
HFD utilized in the present study contained 40% calories from various fat sources. All mice
used in the present study were male, on the C57BL/6 background, and fed a control diet or
HFD for 12 weeks. In comparison, some of the other studies used female mice (Shin et al.,
2009), some used mice on a C57BL6/129SV mixed background (Pi et al, 2010); some fed
mice diets containing very high amounts of fat (60% of fat calorie) (Shin et al., 2009;
Chartoumpekis et al., 2011); and, some employed diets using soybean oil as the only fat
source (45% calorie from fat) (Yu et al., 2011) or without indication of fat sources (Shin et
al., 2009; Pi et al., 2010; Chartoumpekis et al., 2011). The longest periods of feeding the
HFD in these previous studies ranged from 12 (Pi et al., 2010) to 28 weeks (Yu et al., 2011).
Moreover, most of the previous studies started feeding the HFD to juvenile mice (3-6 weeks
of age), whereas the present study and another study (Chartoumpekis et al., 2011) started
feeding the HFD to adult mice (3-month old) to eliminate potential effects of fluctuations of
hormones during development.

In addition to the aforementioned reasons, the mechanism of activating Nrf2 may also
impact the experimental results. The current study used K1-KD mice, which express lower
levels of Keap1, the Nrf2 repressing protein, as the Nrf2-activated model. Using a genetic
model can avoid potential off-target effects of chemicals that are used to activate Nrf2. For
example, a daily oral gavage of CDDO-Im inhibited food intake in mice (Shin et al., 2009).
In conclusion, the aspects discussed above could all influence the outcome of a diet-induced
obesity study. The current study indicates that activation of Nrf2 itself does not affect the
development of obesity in mice fed a Western HFD.

The present study shows that dietary fatty acids do not activate Nrf2 signaling in mouse
livers. This conclusion is supported by the fact that neither Nrf2 protein accumulation in the
nucleus nor the expression of prototypical Nrf2 target genes was markedly increased by
feeding a HFD in any of the 3 genotypes of mice (Fig. 3). Moreover, hepatic GSH and MDA
were not affected by Western HFD in the current study (Table 2), indicating that no
oxidative stress was induced in mouse livers. The lack of oxidative stress could also explain
why Nrf2 signaling was not activated by feeding the Western HFD.

To further explore the role of Nrf2 in lipid metabolism, mRNA of the main regulators of
fatty acid synthesis (SREBP-1c and ChREBP) and fatty acid oxidation (PPARα), as well as
several key enzymes for fatty acid metabolism that are known to be regulated by these
transcription factors were quantified in mouse livers. As shown in Figs. 4A and 5A, genes
involved in fatty acid synthesis tended to be expressed higher in Nrf2-null mice, but the
differences were not statistically significant; whereas genes involved in lipid catabolism
(Fig. 5B) seemed to be expressed slightly higher in livers of the Nrf2-activated K1-KD
mice. From these data, one would expect a positive correlation between Nrf2-activity and
fatty acid catabolism in mouse livers. Caution is required in interpreting these data because
the activity of these transcription factors is subjected to post-translational modifications that
await examination.
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An interesting phenotype observed in the current study is that genetic activation of Nrf2
aggravates glucose intolerance in control-fed mice, and the deficiency of Nrf2 improves
glucose intolerance in mice fed a HFD. Glucose is the key substrate for the central nervous
system and red blood cells. The liver plays an important role in maintaining glucose
homeostasis by converting dietary carbohydrates into glycogen or triglycerides for storage
after food intake, and producing glucose through glycogenolysis and gluconeogenesis under
fasting conditions. The glycogen and triglyceride contents in livers of mice with graded Nrf2
activity were similar regardless of diet, suggesting that the energy storage function of liver is
not affected by Nrf2. Messenger RNA of the glucose transporter 2 (data not shown), rate-
limiting enzymes for glycolysis (Pklr, Fig4A; and hexokinase, data not shown) and
gluconeogenesis (G6pase, Fig 4A; and phosphoenolpyruvate carboxykinase, data not
shown) were either unaffected by Nrf2 activity, or slightly elevated when Nrf2 is absent.
These data suggest that the capability of the liver in handling glucose is not markedly
impacted by the absence or activation of Nrf2, at least at the gene transcription level.

Insulin and glucagon are the major hormones that control the transcription of glycolytic and
lipogenic genes in liver. Because neither circulating insulin concentrations nor insulin
tolerance was affected by the absence or activation of Nrf2 (Fig.2), the pancreatic function
and insulin sensitivity in peripheral tissues appear to be normal in mice with various Nrf2
activities. In liver, insulin exerts its transcriptional regulation on lipogenic genes mainly
through the transcription factor SREBP-1c. Messenger RNA data from this study (Fig. 5A)
suggest that Nrf2-null mice might have better hepatic insulin sensitivity because various
lipogenic genes tended to be expressed slightly more in Nrf2-null mice and slightly less in
K1-KD mice. Therefore, enhanced lipogenesis from carbohydrates could be one of the
reasons that Nrf2-null mice had lower blood glucose concentrations.

In addition to its function in processing nutrients, the liver also synthesizes hormones that
help maintain whole-body energy homeostasis. One of them is IGF-1, which can lower
blood glucose levels by promoting glucose uptake in peripheral tissues and inhibiting
hepatic glucose production (Sjogren et al., 2002). The biological access of IGF-1 to target
tissues is tightly regulated by a family of IGF-binding proteins. Of the six known Igfbps,
Igfbp-1 is predominantly synthesized by liver and is considered the major regulator of the
immunoreactive IGF-1 in the circulation (Lewitt and Baxter, 1991). Increased Igfbp-1
protein in vivo is associated with reduced free IGF-1 and hyperglycemia in rodents (Lewitt
et al., 1991; Murphy, 2000). In the current study, IGF-1 mRNA was comparable in livers of
mice with graded Nrf2 activity, which is consistent with a previous study demonstrating that
the circulating concentration of total IGF-1 was not affected by Nrf2 deficiency (Beyer et
al., 2007). Nevertheless, the mRNA of Igfbp-1 was markedly higher in livers of Nrf2-null
mice (Fig. 6). The transcription of Igfbp-1 in liver is repressed by insulin, and this repression
is impaired by oxidative stress due to the interruption of insulin-dependent phosphorylation
of mammalian target of rapamycin (Kimura et al., 2010). Therefore, the increased mRNA of
Igfbp-1 in Nrf2-null mice could be due to the more oxidative cellular environment in their
hepatocytes. However, the elevated Igfbp-1 mRNA did not seem to result in higher
circulating Igfbp-1 protein in Nrf2-null mice, because the blood glucose concentration is
lower instead of higher in these mice compared with WT and K1-KD mice. This suggests
additional regulation of Igfbp-1 at steps of post-transcription, post-translation, as well as
protein secretion.

The current study and previous reports (Beyer et al., 2007; Zhang et al., 2010; Wu et al.,
2011) demonstrate that enhanced Nrf2 activity is correlated with increased reducing
equivalents (i.e., GSH, NADH, and NADPH) and decreased oxidative stress in liver. In
addition to scavenging oxidative stress, these reducing equivalents are also important for
glucose and lipid metabolism. In addition, growing evidence indicates that reactive oxygen
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species are not just inert by-products of mitochondrial respiration, but rather function as
signaling molecules in mammalian cells. For example, H2O2 is a signal for glucose-
stimulated insulin secretion in the pancreas (Pi et al., 2007). The absence (Nrf2-null) or
activation (K1-KD) of Nrf2 can alter the intracellular redox balance in hepatocytes or other
types of cells, and thus interfere with cell metabolism pathways that require reactive oxygen
species as signaling molecules.

Fgf21 is a newly identified endocrine hormone that is abundantly expressed in liver,
released into the blood, and promotes glucose uptake and lipolysis in white adipose tissue
(Kharitonenkov et al., 2005; Inagaki et al., 2007). Over-expression or administration of
recombinant Fgf21 prevents weight gain, promotes weight loss, improves hepatic and
peripheral insulin sensitivity, as well as decreases plasma glucose and triglycerides in
multiple obesity/diabetes models (Kharitonenkov et al., 2005; Kharitonenkov et al., 2007;
Xu et al., 2009). The expression of Fgf21 in liver is transcriptionally regulated by PPARα in
response to fasting (Inagaki et al., 2007). Enhanced expression of Fgf21 mRNA in livers of
Nrf2-null mice was first described in our previous study (Zhang et al., 2010). Recently,
another group reported that Nrf2 deficiency correlated with higher hepatic Fgf21 mRNA and
increased plasma Fgf21, which they suggested partially protected mice from HFD-induced
obesity and insulin intolerance (Chartoumpekis et al., 2011). Moreover, they demonstrated
that Nrf2 directly repressed the transcription of Fgf21 in ST-2 cells. Consistent with these
previous reports, the current study shows that Fgf21 protein was expressed more in livers of
Nrf2-null mice and less in Nrf2-activated K1-KD mice. Therefore, the improved glucose
tolerance of Nrf2-null mice could be the result of elevated expression of the anti-diabetic
hormone Fgf21 in liver. However, the enhanced expression of Fgf21 in Nrf2-null mice was
not sufficient to prevent HFD-induced weight gain within a 12-week period in either the
current study or a previous report (Chartoumpekis et al., 2011). It has been shown that i.p.
administration of recombinant Fgf21 prevents weight gain only at higher doses (>1 mg/kg/
day), but was able to lower blood glucose at a much lower dose (0.1 mg/kg/day) in HFD-fed
mice (Xu et al., 2009). Thus, the increase of Fgf21 in Nrf2-null mice should be sufficient to
improve glucose tolerance, but not enough to prevent weight gain in mice fed a HFD.

In conclusion, by using mice with genetically altered Nrf2 activity, the current study
demonstrates that Nrf2 does not prevent the development of obesity induced by a Western
HFD in mice, nor directly regulates fatty acid metabolism in liver. Nrf2 deficiency improves
glucose tolerance in mice fed a HFD, whereas Nrf2 activation worsens glucose tolerance in
mice fed either a control diet or a HFD. The effect of Nrf2 on glucose homeostasis appears
to be mediated by its negative regulation of the anti-diabetic hormone Fgf21 in liver, as well
as its effects on cell metabolism pathways that interact with reactive oxygen species.
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Highlights

• Nrf2 deficiency improves glucose tolerance in mice fed a high-fat diet.

• The anti-diabetic hormone, Fgf21, is highly expressed in livers of Nrf2-null
mice.

• The absence of Nrf2 increases the insulin-regulated Igfbp-1 mRNA in liver.

• Nrf2 deficiency improves glucose tolerance by influencing Fgf21 and insulin
signaling.
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Figure 1. Body weight and liver weight
(A) Growth curves of Nrf2-null, wild-type (WT), and Keap-1 knockdown (K1-KD) mice fed
with either a high-fat Western Diet (HFD) or a control diet over a 12-week period. (B) End
point body weight as well as liver/body weight ratio. Data are presented as mean ± S.E.
(n=6). Two-way ANOVA was performed with genotype and treatment as main factors.
Significant main effects and interactions were followed by Student-Newman-Keuls
comparisons to assess the differences between groups. Asterisks (*) represent statistical
differences (p < 0.05) between mice with altered Nrf2 activity and WT mice on the same
diet. Pounds (#) represent statistical differences (p < 0.05) between HFD-treated and control
diet-treated mice of the same genotype.

Zhang et al. Page 16

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2013 November 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 2. Glucose and insulin parameters in Nrf2-null, WT, K1-KD mice fed a control diet or
HFD
(A) Glucose tolerance test (GTT) as well as area under the curves (AUCs) of serial glucose
concentrations in the GTT. Asterisks (*) represent statistically significant differences (p <
0.05) compared with WT on the same diet at that time point. (B) Insulin tolerance test (ITT).
(C) Blood insulin concentrations. For GTT, a bolus of intraperitoneal injection of 20% D-
glucose was given after the basal blood glucose (time 0) was taken. Serial glucose levels
were taken at indicated time points thereafter. The procedure of ITT resembled that of GTT
except a single dose of Humulin N (0.75 U/kg) was given at time 0. The blood glucose
levels at indicated time points in ITT were presented as percentages of time 0. Blood insulin
concentrations were determined after euthanasia via a bolus of pentobarbital. Asterisks (*)
represent statistical differences (p < 0.05) between mice with altered Nrf2 activity and WT
mice on the same diet. Pounds (#) represent statistical differences (p < 0.05) between HFD-
treated and control diet-treated mice of the same genotype.
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Figure 3. Hepatic mRNA and protein expression of Nrf2 and Nrf2-target genes
(A) Messenger RNA of Nrf2, Nqo1, Gstm1, and Gclc were quantified by RT-qPCR,
normalized to Gapdh, and presented as a ratio to WT control. The mRNA expression of
Gapdh in mouse livers was not affected by either Nrf2 genotype or diet. (B) Western blots
were performed with nuclear (Nrf2) or cytosol (Nqo1) fraction from control- and HFD-
treated Nrf2-null, WT, and K1-KD mouse livers. Histone 3 (H3) and β-actin were used as
nuclear and cytosol loading control, respectively. Density of blots was determined by
Quantity One 1D Analiysis software, normalized to respective loading control, and
presented as a ratio to wild-type control. Asterisks (*) represent statistical differences (p <
0.05) between mice with altered Nrf2 activity and WT mice on the same diet. Pounds (#)
represent statistical differences (p < 0.05) between HFD-treated and control diet-treated
mice of the same genotype.
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Figure 4. Quantification of genes involved in glucose metabolism in the liver
(A) Messenger RNA of genes involved in hepatic glucose metabolism. Messenger RNA
were determined by RT-qPCR, normalized to Gapdh, and presented as a ratio to WT control.
(B) Nuclear accumulation of ChREBP protein. Density of ChREBP blots was normalized to
the loading control TBP and presented as a ratio to wild-type control. Asterisks (*) represent
statistical differences (p < 0.05) between mice with altered Nrf2 activity and WT mice on
the same diet. Pounds (#) represent statistical differences (p < 0.05) between HFD-treated
and control diet-treated mice of the same genotype.
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Figure 5. Hepatic mRNA and protein expression of fatty acid metabolism-related genes
(A) Messenger RNA of genes involved in fatty acid biosynthesis. (B) Messenger RNA
expression of genes involved in fatty acid catabolism. (C) Immunoblots of PPARα protein
using nuclear fraction prepared from livers of mice with various Nrf2 activity. Density of
PPARα protein blots was normalized to the loading control H3 and presented as a ratio to
wild-type control. Asterisks (*) represent statistical differences (p < 0.05) between mice
with altered Nrf2 activity and WT mice on the same diet. Pounds (#) represent statistical
differences (p < 0.05) between HFD-treated and control diet-treated mice of the same
genotype.
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Figure 6. Hepatic mRNA expression of liver-derived endocrine hormones
(A) Messenger RNA expression of insulin-like growth factor-1 (IGF-1), IGF-1 binding
protein-1 (Igfbp-1), and Fgf21. (B) Immunoblots of Fgf21 in mouse livers with graded
activation of Nrf2. Density of Fgf21 protein blots was normalized to the loading control β-
actin and presented as a ratio to wild-type control. Asterisks (*) represent statistical
differences (p < 0.05) between mice with altered Nrf2 activity and WT mice on the same
diet. Pounds (#) represent statistical differences (p < 0.05) between HFD-treated and control
diet-treated mice of the same genotype.
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Table 1

Primers used for quantitative real time-PCR.

Gene Name Forward Reverse

Acaca 5′-agaaacccgaacagtggaact-3′ 5′-aggtagcccttcacggttaaa-3′

CAT 5′-cctcgttcaggatgtggttt-3′ 5′-tctggtgatatcgtgggtga-3′

CD36 5′-catattggtcaagccagctag-3′ 5′-agcaacaaacatcaccactcc-3′

ChREBP 5′-cctcacttcactgtgcctca-3′ 5′-acaggggttgttgtctctgg-3′

Cyp4a10 5′-cacaccctgatcaccaacag-3′ 5′-tccttgatgcacattgtggt-3′

Fasn 5′-gaccttcatggacacaatgct-3′ 5′-ataccaccagagaccgttatg-3′

Fgf21 5′-ctgggggtctaccaagcata-3′ 5′-atcctccctgatctccaggt-3′

G6pase 5′-atgactttgggatccagtcg-3′ 5′-tggaaccagatgggaaagag-3′

Gclc 5′-tggccactatctgcccaatt-3′ 5′-gtctgacacgtagcctcggtaa-3′

Gstm l 5′-ctcccgactttgacagaagc-3′ 5′-ttgctctgggtgatcttgtg-3′

IGF-1 5′-ctggaccagagaccctttgc-3′ 5′-ggacggggacttctgagtctt-3′

lgfbp-1 5′-ctgccaaactgcaacaagaatg-3′ 5′-ggtcccctctagtctccaga-3′

Me1 5′-gggattgctcacttggttgt-3′ 5′-agtgggtgaaccctcacaag-3′

Nqo1 5′-tatccttccgagtcatctctagca-3′ 5′-tctgcagcttccagcttcttg-3′

Nrf2 5′-cgagatatacgcaggagaggtaaga-3′ 5′-gctcgacaatgttctccagctt-3′

Pklr 5′-ctggtgattgtggtgacagg-3′ 5′-atggggtgcaactaggtcag-3′

PPARα 5′-atgaagagggctgagcgtag-3′ 5′-aaacgcaacgtagagtgctgt-3′

SREBP-1c 5′-taggtcaccgtttctttgtgg-3′ 5′-atccaagggcatctgagaact-3′
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