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Abstract
Aims/hypothesis We investigated whether oltipraz, a nuclear
respiratory factor 2 alpha subunit (NRF2) activator, improves
insulin sensitivity and prevents the development of obesity in
mice.
Methods C57BL/6J mice were fed with a low-fat diet (10%
of energy as fat), a high-fat diet (HFD) (45% of energy as
fat) or a HFD with oltipraz for 28 weeks. The effects of
oltipraz on body weight, fat content, glucose disposal,
insulin signalling, metabolic profiles and endogenous

NRF2 functional status in the three groups of mice were
investigated.
Results Oltipraz prevented or significantly attenuated the
effect of HFD on glucose disposal, body weight and fat
gain. Impairment of protein kinase B/Akt phosphorylation
in this HFD-fed mouse model in response to intraperitoneal
insulin injection was observed in adipose tissue, but not in
the muscles, accompanied by inhibition of AMP-activated
protein kinase signalling and activation of p70S6 kinase, as
well as reduced GLUT4 content. These defects were
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attenuated by oltipraz administration. Nuclear content of
NRF2 in adipose tissue was reduced by HFD feeding,
associated with increased Keap1 mRNA expression and
reduced production of haem oxygenase-1 and superoxide
dismutase, increased protein oxidation, decreased plasma
reduced:oxidised glutathione ratio and the appearance of
macrophage marker F4/80. These defects were also restored
by oltipraz. Finally, oltipraz attenuated HFD-induced
inducible nitric oxide synthase overproduction.
Conclusions/interpretation Impairment of the endogenous
redox system is important in the development of obesity
and insulin resistance in chronic HFD feeding. NRF2
activation represents a potential novel approach in the
treatment and prevention of obesity and diabetes.

Keywords High fat . Insulin resistance . NRF2 . Obesity .

Oltipraz . Oxidative stress

Abbreviations
AMPK AMP-activated protein kinase
4E-BP1 Eukaryotic translation initiation factor 4E
eIF2α Eukaryotic initiation factor 2 α
ER Endoplasmic reticulum
GSH Reduced glutathione
GSSG Oxidised glutathione
HFD High-fat diet
HO-1 Haem oxygenase-1
iNOS Inducible nitric oxide synthase
IPGTT Intraperitoneal glucose tolerance test
IPITT Intraperitoneal insulin tolerance test
IPPTT Intraperitoneal pyruvate tolerance test
KEAP1 Kelch-like ECH-associated protein 1
LFD Low-fat diet
MRI Magnetic resonance imaging
mTOR Mammalian target of rapamycin
NRF2 Nuclear respiratory factor 2 alpha subunit
PKB Protein kinase B
ROS Reactive oxygen species
siRNA Small interfering RNA
S6K RPS6-p70-protein kinase
SOD Superoxide dismutase

Introduction

Insulin resistance occurs in nearly one third of the
population and is implicated in obesity, diabetes, hyperten-
sion, and cardiovascular and other metabolic disorders [1].
Mechanisms underlying the development of insulin resis-
tance remain to be fully elucidated [2]. Several lines of
evidence suggest that oxidative stress plays a critical role.
First, agents inducing insulin resistance may cause oxida-

tive stress, as documented in several cell models of insulin
resistance, including treatment of 3T3-L1 cells with TNF
or dexamethasone [3]. Second, in animal models, includ-
ing obese mice and intralipid- or hyperglycaemia-infused
mice, reactive oxygen species (ROS) and inducible nitric
oxide synthase (iNOS)-mediated nitric oxide overproduc-
tion were associated with the development of insulin
resistance [4–7]. Third, antioxidant administration or
iNOS inhibition may reverse insulin insensitivity in a
variety of animal models of insulin resistance [6, 7]. It has
been suggested that ROS- or nitric oxide-induced defects
of insulin signalling are due to direct impairment of
insulin signalling molecules by protein oxidation or
nitrosylation [8, 9]. Several signalling abnormalities
caused by alteration of redox homeostasis may also
indirectly impair insulin signalling [10], as exemplified
by inflammatory signalling and endoplasmic reticulum
(ER) stress [11, 12].

Since ROS overproduction is an important contributor to
oxidative stress [13], it is important to explore the role of
the endogenous antioxidant system in the prevention of
insulin insensitivity in vivo. Nuclear respiratory factor 2
alpha subunit (NRF2) is a key molecule of the endogenous
antioxidant system [14]. This transcription factor upregu-
lates several antioxidant enzymes to maintain redox
homeostasis. In the absence of oxidative stress, NRF2
resides in the cytoplasm together with its repressor kelch-
like ECH-associated protein 1 (KEAP1). It is generally
accepted that following ROS overproduction or in response
to electrophilic reagent treatment, NRF2 detaches from
KEAP1 and is translocated into the nucleus, leading to
upregulated production of antioxidant enzymes [14],
although a very recent study suggested that electrophilic
reagent may lead to covalent binding of NRF2 with
KEAP1 [15]. Several downstream targets of NRF2,
including glutathione S-transferases, haem oxygenase-1
(HO-1) and superoxide dismutase (SOD), were able to
improve insulin sensitivity [2, 10, 14, 16–19]. Moreover,
inflammatory signals and ER stress can be repressed by
NRF2 [12]. It is therefore reasonable to suggest that
endogenous NRF2 signalling status affects the develop-
ment of insulin insensitivity.

Here we examined the functional status of the NRF2
system in a high-fat diet (HFD) mouse model in which
the development of obesity and insulin insensitivity was
relatively slow because the HFD used by us had 45%,
instead of 60% of energy from fat. We found that long-
term feeding of this HFD induced oxidative stress and
repressed endogenous NRF2 function. Administration of
oltipraz, an NRF2 activator [20], prevented the develop-
ment not only of oxidative stress but also of insulin
insensitivity, as well as of obesity and other related
metabolic abnormalities.
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Methods

Reagents Oltipraz was purchased from LKT Laboratories
(St Paul, MN, USA). Antibodies against protein kinase B
(PKB), phosphorylated PKB (Ser473), AMP-activated pro-
tein kinase (AMPK), phosphorylated AMPK (T172), phos-
phorylated acetyl-CoA carboxylase, eukaryotic translation
initiation factor 4E (4E-BP1), phosphorylated 4E-BP1
(p-4E-BP1), RPS6-p70-protein kinase (S6K), p-70S6K,
eukaryotic initiation factor 2 α subunit (eIF2α, Ser51),
SOD2 and histone-3 were obtained from Cell Signaling
Technology (Beverly, MA, USA). iNOS and endothelial
nitric oxide synthase antibodies were from Alpha Diagnostic
International (San Antonio, TX, USA). Nrf2 (also known as
Nfe2l2) small interfering RNA (siRNA), the control
scramble siRNA, NRF2, HO-1 and F4/80 antibodies were
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
GLUT1 and GLUT4 antibodies, kits for glucose, choles-
terol, NEFA, HDL and TNFα ELISA assays were from
Abcam (Cambridge, MA, USA). Triacylglycerol assay kit
was from Cayman Chemical (Ann Arbor, MI, USA).
Leptin/insulin ELISA kits were from Crystal Chem (Down-
ers Grove, IL, USA). Adiponectin ELISA kit was from
R&D Systems (Minneapolis, MN, USA). HepG2 cells were
purchased from ATCC (Manassas, VA, USA). Reduced
glutathione:oxidised glutathione (GSH:GSSG) assay kit
was from Oxford Biomedical Research (Oxford, MI, USA).

Animal care and treatment Male C57BL/6J mice from
Jackson Laboratory (Bar Harbor, ME, USA) were housed five
per cage under conditions of constant temperature (22°C),
and a light/dark cycle of 12 h with free access to food and
water. From 5 weeks of age mice had free access to a low-fat
diet (LFD) (control diet, 10% energy from fat), HFD (45%
energy from fat) or HFD diet plus oltipraz (0.75 g/kg diet).
Diets were made up by Harlan Teklad (Madison, WI, USA)
according to customer specifications. The animal experiments
were performed in accordance with the Guide for Care and
Use of Experimental Animals (University Health Network,
Toronto, ON, Canada).

Magnetic resonance imaging assessment of total fat mass
and lipid content Magnetic resonance imaging (MRI) scans
were performed (7 tesla Biospec 70/30 USR; Bruker
BioSpin MRI, Ettlingen, Germany). Mice in a prone
position were advanced into a cylindrical volume resonator,
with a receive-only surface coil placed posterior to the liver.
A respiratory pad provided physiological monitoring (SA
Instruments, Stony Brook, NY, USA). Whole-body quanti-
fication of fat relied on fat hyperintensity in T2-weighted
RARE images, using the volume resonator for RF
transmission and reception. Respiratory-gated PRESS mag-
netic resonance spectroscopy was applied to evaluate intra-

hepatic water and lipid contents, using the surface coil for
RF reception. The PRESS technique was also used to
evaluate intra-muscular water and lipid contents, using
muscle within proximity of the spinal cord. The RARE
variable set included: echo time (TE) 24 ms; repetition time
(TR) 5,000 ms; 250×250 μm in-plane resolution over 40×
40 mm field-of-view (160×160 matrix) with 89.286 kHz
readout bandwidth. A total of 44 contiguous 2-mm vertical
slices provided whole-body coverage. Respiratory motion
artefacts were suppressed using nine averages, for a total
acquisition time of 15 min. Total fat mass quantification
used custom image segmentation software (Matlab; The
Mathworks, Natick, MA, USA), which robustly separated
fat from non-fat voxels within each image. The number of
voxels within each mask image was counted and scaled to
volume (0.125 mm3 per voxel). The PRESS variable sets
included: TE/TR 20/5,000 ms; 2×2×2 mm PRESS voxel,
2,048 points; 0.98 Hz/point; 64 averages; 5 min and 40 s
total data acquisition time. jMRUI (The MRUI Project;
www.mrui.uab.es/mrui/) supported basic spectral process-
ing, and Matlab supported quantification of areas under
water (centred at 4.7 ppm) and fat resonances (defined as
the summation centred at 1.3 and 0.9 ppm).

Glucose, insulin and pyruvate tolerance tests Mice were
fasted overnight for the glucose tolerance test or fasted for
6 h for insulin and pyruvate tolerance tests. Following the
fasting, glucose (2 g/kg), insulin (0.65 U/kg) or pyruvate
(2 g/kg) was injected i.p. Blood samples collected from the
tail vein were used for glucose measurement.

Determination of blood biochemistry and liver triacylgly-
cerol content Ambient levels of plasma glucose, triacylgly-
cerol, total cholesterol, NEFA and HDL after overnight
fasting were measured using kits following manufacturer’s
instruction. Liver triacylglycerol content was determined as
described [21].

Tissue protein preparation, nuclear protein extraction and
western blot analysis Nuclear extracts were prepared accord-
ing to Carey et al. [22]. Methods for tissue protein preparation
and western blotting have been previously described [23].

Determination of macrophage infiltration in adipose
tissue Paraffin-embedded adipose tissues were subjected
to F4/80 immunostaining for determination of macrophage
infiltration.

Quantitative real-time RT-PCR Real-time PCR was per-
formed using iQ Sybr Green (Bio-Rad, Mississauga, ON,
Canada) and the Rotorgene according to the protocol provided
by the manufacturer. The relative mRNA transcript levels
were calculated according to the 2�ΔΔCt method [24].
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Assessment of redox status GSH andGSSGwere determined
using a GSH:GSSG kit (Oxford Biomedical Research)
according to the manufacturer’s instructions. Protein oxida-
tion was detected using a protein oxidation detection kit
(OxyBlot; Millipore, Kingston, ON, Canada), which contains
the antibody against dinitrophenol.

siRNA knockdown Methods for Nrf2 knockdown with
siRNA in the HepG2 cell line are detailed in the Electronic
supplementary material (ESM) Methods.

Statistics All results are presented as mean ± SEM.
Statistical significance was assessed by ANOVA. A p value
of p<0.05 was considered to be statistically significant.

Results

Long-term oltipraz administration prevents HFD feeding-
induced whole-body insulin resistance Insulin resistance in
C57BL/6J mice has often been induced in the short term by
feeding a diet containing poly-saturated fatty acid (45%) or
with a mixed fatty acid diet with 60% energy from fat. Here
we employed soybean oil as the fat source in the HFD. In
addition, the fat content of the HFD was relatively low
(45%). In this HFD mouse model, the development of
obesity and insulin resistance was slow (see below). The
mice were fed with LFD, HFD or HFD plus oltipraz for
28 weeks. We measured levels of plasma glucose, insulin,
leptin, adiponectin, triacylglycerol and HDL. As shown in
Table 1, the fasting blood glucose level, total cholesterol
and NEFA showed no significant differences among the
three groups of animals, while neither HFD nor oltipraz
administration had any significant effect on plasma HDL or
adiponectin levels. However, oltipraz significantly attenu-
ated HFD-induced elevation of plasma insulin and leptin
levels. The triacylglycerol level was significantly higher in
HFD mice than in LFD mice, while oltipraz administration
showed a trend towards reducing plasma triacylglycerol

content. Together, although the deleterious effects of HFD
were modest and not all variables examined showed
significant alterations, the protective effect of oltipraz was
appreciable.

To evaluate the functional impact of long-term oltipraz
administration on whole-body glucose metabolism, we
conducted an intraperitoneal glucose tolerance test (IPGTT).
A representative IPGTT performed at 20 weeks is presented
in Fig. 1a. Blood glucose levels were higher in HFD mice
than in LFD mice after glucose challenge, while oltipraz
treatment significantly improved glucose tolerance in the
former. To determine insulin sensitivity more directly, an
intraperitoneal insulin tolerance test (IPITT) was per-
formed. Insulin was less effective in lowering glucose level
in the HFD mice, while oltipraz administration significantly
enhanced insulin-mediated glucose-lowering (Fig. 1b). We
then assessed whether the liver was responsible for the
improved glucose disposal using an intraperitoneal pyru-
vate tolerance test (IPPTT). As shown in Fig. 1c, glucose
production following pyruvate administration was signifi-
cantly enhanced in the HFD animals, while oltipraz
administration partially inhibited this effect, indicating that
increased liver gluconeogenesis induced by HFD can be
inhibited by oltipraz.

Oltipraz administration prevents HFD-induced obesity and
lipid accumulation in muscle In this animal model, the
effect of HFD feeding on body weight gain was gradual. A
significant difference in body weight appeared at 16 weeks
after HFD vs LFD feeding (Fig. 2a). Importantly, oltipraz
administration completely inhibited the effect of HFD on
body weight gain during the entire experimental period. To
specifically examine fat mass, we used MRI. In the LFD-
fed animals, the average total fat volume was approximate-
ly 3.7 ml. HFD caused an increase to 9.8 ml, while oltipraz
treatment of HFD mice reduced this to 4.1 ml (Fig. 2b).
Consistent with total fat mass, the weight of epididymal fat
pads, representative of visceral fat, was significantly
increased by HFD feeding, while oltipraz blocked this
stimulation (Fig. 2c). Indeed, the size of adipocytes in

Variable LFD HFD HFD and oltipraz

Glucose (mmol/l) 4.79±0.42 4.76±0.28 5.62±0.45

Insulin (pmol/l) 48.2±0.25.9 115.5±17.2a* 17.2±8.6b**

Total cholesterol (mmol/l) 2.86±0.39 2.24±0.31 2.23±0.30

Triacylglycerol (mmol/l) 0.44±0.07 0.69±0.10a* 0.54±0.24

NEFA (μmol/l) 276.70±91.94 161.52±62.31 138.57±90.89

HDL (mmol/l) 1.40±0.14 1.18±0.12 1.14±0.15

Leptin (ng/dl) 2.0±1.4 19.41±7.13a** 4.73±3.54b**

Adiponectin (μg/ml) 7.26±1.08 5.99±2.14 6.60±1.03

TNFα (pg/ml) 17.39±1.14 16.06±1.17 18.95±7.22

Table 1 Plasma metabolic
profile

Results are means ± SEM
a Significant for LFD vs HFD;
b significant for HFD vs HFD and
oltipraz; n=4

*p<0.05, **p<0.01
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HFD-fed mice was greater than in the LFD-fed mice, while
oltipraz administration reduced adipocyte size, as shown by
haematoxylin and eosin staining (Fig. 2d). Figure 2e shows
representative RARE images of cross-sections in the mice
with fat displayed as hyperintense tissue.

There was no significant difference in liver weight
between LFD and HFD mice, while the oltipraz group
showed reduced liver weight compared with the HFD
group (ESM Fig. 1a). Liver triacylglycerol content was
slightly increased by HFD, while the mice treated with
HFD and oltipraz showed a triacylglycerol level similar to
that of LFD mice, although there were no significantly
statistical differences between them (ESM Fig. 1b). MRI
assessment revealed that total liver lipid content was
significantly increased by HFD, while oltipraz tended to
block the effect of HFD (ESM Fig. 1c, d). Together, the
above observations suggest that this long-term HFD
feeding generated a model of moderate insulin resistance,

characterised by a significant increase in fat mass and a
modest increase of hepatic lipid content. We also observed
a significant increase in liver TNFα induced by HFD
feeding and a repressive effect of oltipraz administration on
this increase (data not shown). However, this increase did
not result in increased plasma TNFα in the HFD group
(Table 1).

HFD feeding was also shown to increase muscle
triacylglycerol content, which was blocked by oltipraz
administration (ESM Fig. 2a). We then assessed intra-
muscle lipid content byMRI. As presented in ESM Fig. 2b, c,
HFD-fed mice had elevated total lipid content in the
gastrocnemius muscle, although the increase did not reach
statistical significance. Oltipraz showed a trend to reduce
lipid content in mouse muscle. There was no apparent
pathological change in liver sections of the three groups by
haematoxylin and eosin staining, in contrast to sections of
corresponding C57BL/6J mouse groups subjected to HFD
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Fig. 1 Long-term oltipraz
administration prevents HFD-
induced insulin resistance. After
the stated period of LFD, HFD
or HFD plus oltipraz (OPZ)
feeding, IPGTT (n=5)
(20 weeks) (a, b), IPITT (n=6)
(22 weeks) (c, d) and IPPTT
(n=6) (24 weeks) (e, f) were
performed on the three groups
of mice. Black squares, LFD;
black triangles, HFD; black dia-
monds, HFD+OPZ. †p<0.05 for
LFD vs HFD; ‡p<0.05 for HFD
vs HFD+OPZ; *p<0.05, **p<
0.01, ***p<0.001
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with 60% energy from fat (ESM Fig. 3). In our experimental
animals, oltipraz administration prevented not only HFD-
induced obesity, but also lipid accumulation in insulin-
sensitive tissues other than the adipose tissue.

Oltipraz prevents HFD-induced impairments in insulin
signalling and GLUT4 depletion in adipose tissue To
explore mechanisms underlying the protective effects of
oltipraz during HFD feeding, we first investigated insulin
signalling by determining PKB Ser473 phosphorylation in
response to insulin in adipose tissue, and soleus and
gastrocnemius muscles. In adipose tissue, insulin-
stimulated PKB phosphorylation was clearly impaired by
HFD, while oltipraz administration restored the response
(Fig. 3a). However, this impairment was not observed in
soleus (ESM Fig. 4a) or gastrocnemius muscles (ESM
Fig. 4b). These results support the notion that adipose tissue
is the initial site affected by HFD feeding. Thus, the
following investigations were focused on the adipose tissue.

Mammalian target of rapamycin (mTOR), along with its
downstream targets, p70S6K and 4E-BP1, may function as a
negative feedback loop of insulin signalling, while AMPK
improves insulin sensitivity by inhibiting the mTOR/p70S6
kinase pathway [25, 26]. In hepatocytes, oltipraz was shown
to enhance insulin signalling via AMPK activation-mediated
p70S6K inhibition [25]. Here we tested whether the
stimulatory effect of oltipraz on AMPK can be detected in
our experimental setting in adipose tissue. As shown in
Fig. 3b, HFD inhibited AMPK T172 phosphorylation, while
oltipraz administration at least partially attenuated the effect
of HFD. Correspondingly, the level of phosphorylated
acetyl-CoA carboxylase, a known target of AMPK [27],
was barely detectable in HFD-fed mice, while oltipraz
administration restored its appearance (Fig. 3b). In addition,
insulin-stimulated p-4E-BP1 and p-70S6K levels were
higher in HFD-fed mice than in LFD-fed mice, while
oltipraz partially attenuated the effect of HFD (Fig. 3c, d).

To further investigate the mechanisms by which oltipraz
increases the capacity of mice to lower blood glucose, we
examined GLUT4 content in adipose tissue in the three
groups of mice. The level of GLUT4, which is responsible for
insulin-stimulated glucose uptake [28], was reduced in HFD
mice, while oltipraz administration restored it (Fig. 3e).

Oltipraz reverses HFD-induced NRF2 repression and
oxidative stress To investigate the involvement of oxidative
stress and the endogenous NRF2 system in the develop-
ment of insulin resistance induced by HFD, we first
measured plasma GSH:GSSG ratio, an index of redox
status. As shown in Fig. 4a, HFD feeding reduced the GSH:
GSSG ratio by approximately 27%, while oltipraz admin-
istration completely prevented the reduction. In adipose
tissue, HFD feeding also significantly reduced the GSH:

GSSG ratio, while oltipraz administration showed a partial,
although not statistically significant reversal (Fig. 4b). To
detect protein carboxylation (an indicator of protein
oxidation) in adipose tissue, we used dinitrophenol anti-
body. As shown in Fig. 4c, the total protein oxidation level
was elevated in HFD mice, while oltipraz administration
clearly reduced protein oxidation.

We then tested whether endogenous NRF2 machinery
in adipose tissue was impaired after HFD feeding. Both
nuclear NRF2 levels and the levels of two known targets
of NRF2, HO-1 and SOD, were chosen as indicators of
the status of the NRF2 system. As shown in Fig. 4d,
nuclear NRF2 levels in HFD mice were lower than in LFD
mice, while oltipraz partially restored nuclear NRF2
content. Consistently, the levels of HO-1 and SOD were
significantly reduced by HFD feeding, while oltipraz
restored them (Fig. 4e). These changes were accompanied
by increased KEAP1 production following HFD feeding
and its reduction by oltipraz administration (Fig. 4f).

Oltipraz prevents HFD-induced inflammation and ER stress
in adipose tissue Oxidative stress affects other redox-
sensitive signalling, such as inflammation and ER
function. Increased inflammatory signalling and ER
stress have been associated with the development of
insulin resistance [11, 12, 29]. We did not see significant
alterations in plasma TNFα content with HFD feeding or
oltipraz administration (Table 1). In fat tissue, however,
the content of IκB, a negative modulator of the inflam-
matory mediator nuclear factor kappa-B, was significantly
reduced by HFD feeding and significantly increased by
oltipraz administration (Fig. 5a). Furthermore, iNOS, the
nitric oxide synthase isoform that is elevated in response
to inflammation, was increased by HFD feeding, and this
increase was prevented by oltipraz administration
(Fig. 5b). This was associated with inhibition of macro-
phage infiltration by oltipraz administration, as detected
by immunostaining using the F4/80 antibody (Fig. 5c).
Finally, in adipose tissue, eIF2α Ser51, an indicator of ER
stress, was activated by HFD feeding, while oltipraz
partially attenuated this effect (Fig. 5d). Neither apparent

Fig. 2 Long-term oltipraz administration prevents HFD-induced
obesity and lipid accumulation in liver and muscle. a Comparison of
body weight change of mice fed with LFD (black squares), HFD
(black triangles, dashed line) or HFD plus oltipraz (OPZ) (black
diamonds) during 28 weeks (n=10 for LFD and HFD, n=8 for HFD+
OPZ). †p<0.05 for LFD vs HFD; ‡p<0.05 for HFD vs HFD+OPZ. b
Total body fat volume assessed by MRI at 26 weeks (n=4 for all three
groups) and (c) weight of epididymal fat pads (n=8); **p<0.01. d
Haematoxylin and eosin staining shows the sizes of adipocytes from
the epididymal fat pad. e Representative RARE images at multiple
cross-sections of mice in each cohort. Fat is displayed as a
considerable hyperintensity compared with other tissues. Arrows, area
of fat (white)

b
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changes in IκB content, nor alterations of the ER stress
indicator eIF2α Ser51 were observed in the liver (data not
shown).

Our observations collectively suggest that oltipraz
regulates insulin signalling via stimulation of the
endogenous NRF2 machinery. For the exploration of

underlying mechanisms, extensive in vitro investigations
will be needed. Up to this stage, we have conducted
Nrf2 siRNA knockdown in a hepatocyte cell line, showing
that reduced Nrf2 production led to impaired insulin
signalling and attenuated response to oltipraz protection
(ESM Fig. 5).
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Fig. 3 Oltipraz attenuates HFD-induced impairments in insulin
signalling and GLUT4 depletion in adipose tissue. Mice on LFD,
HFD and HFD+oltipraz (OPZ) diets for 28 weeks were fasted
overnight and injected with PBS or insulin for 30 min. Samples from
epididymal fat pad (adipose) were prepared for western blotting.

Representative blots and densitometry scanning of the blots are shown
for (a) PKB, (b) AMPK and acetyl-CoA carboxylase (ACC), (c)
4EBP-1, (d) S6K and (e) GLUT4; n=3 or 4; *p<0.05, ***p<0.001,
†p=0.06. a–d White bars, basal; black bars, insulin-stimulated
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Discussion

Oltipraz, a prototype dithiolethione, has been found to have
cancer chemopreventive activity in a promising clinical trial
[20]. Oltipraz may enhance the binding activity of NRF2 to
the antioxidant response element, hence increasing produc-
tion of phase II enzyme genes [30, 31]. Although the
beneficial effect of oltipraz on insulin action has been
documented in recent studies in some mouse models of
insulin resistance [32, 33], these investigators did not
directly relate the insulin-sensitising effect of oltipraz to
NRF2 activation. We found that in our HFD mouse model
the alteration in oxidative homeostasis, along with impaired
glucose disposal and insulin signalling, as well as the
development of obesity, can be reversed by oltipraz

administration. These observations support the notion that
the function of NRF2 is important in preventing HFD-
induced oxidative stress and associated impairment of
insulin signalling. We show in this study that long-term
HFD feeding led to a reduced nuclear content of NRF2 in
adipose tissue, along with decreased levels of NRF2 target
proteins. Oltipraz administration abrogated these changes.
We therefore suggest that HFD can lead to a defect in the
endogenous NRF2 antioxidant system, which plays a role
in the impairment of insulin signalling and energy
homeostasis.

A dedicated and robust homeostasis in redox status is
important for maintaining sensitivity to insulin [34]. It has
been suggested that physiological levels of ‘oxidants’ are
required to maintain effective insulin signalling [35, 36].
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Fig. 5 Oltipraz prevents HFD-
induced inflammation and ER
stress in adipose tissue. Mice on
LFD, HFD and HFD+oltipraz
(OPZ) diets for 28 weeks were
killed. Epididymal fat pads were
taken for western blotting to
assess levels of IκB (a), iNOS
and endothelial nitric oxide
synthase (eNOS) (b) and phos-
phorylated eIF2α (d). Quantifi-
cation was by optical density.
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Immunostaining shows detec-
tion of macrophage infiltration
marker F4/80 (arrows) in the fat
tissue of HFD-fed mice, but not
in tissue of mice on LFD or
HFD+OPZ
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Conversely, oxidative stress or toxic levels of ROS will
impair insulin signalling [37–39]. Oxidative stress may
serve as a signal of the nutritional excess that negatively
regulates insulin action via activation of the inhibitory process,
such as inflammatory signalling [11, 40] and adaptive
mechanisms including ER stress [12, 41]. These alterations
causally induce the development of insulin resistance. We
show in this model that pharmacological administration of
oltipraz not only reversed oxidative stress, but also improved
insulin sensitivity in HFD-fed mice. These observations
highlight the importance of the NRF2 antioxidant system in
regulating redox balance and maintaining insulin sensitivity
during long-term consumption of high-fat food.

Oltipraz administration may improve in vivo insulin
signalling through multiple mechanisms. Combining the
previous observations by others [25, 26, 30] and those in
this study, we would summarise the beneficial effects of
oltipraz as follows. First, the elevation of NRF2 target
enzymes, such as SOD and HO-1, by oltipraz administra-
tion suggests that oltipraz exerts its beneficial effect via
NRF2 activation. This is consistent with the notion that
NRF2-stimulated SOD or HO-1 production improves
insulin signalling and glucose uptake in a setting of insulin
resistance [2, 10]. Second, in line with NRF2 activation, the
redox-related processes inflammation and ER stress can
also be inhibited by the oltipraz-mediated activation of
NRF2. Third, extensive investigations by Kim and col-
leagues and others have shown that oltipraz exerts its effect
in hepatocytes via AMPK activation following oltipraz
administration [25, 26]. These investigators demonstrated
that AMPK can be activated by oltipraz, leading to p70S6K
inhibition. This attenuates a negative feedback of IRS-1,
resulting in improved insulin signalling [25, 26]. We were
unable to verify the observations by Kim and colleagues in
our model in hepatocytes, because the impairment of
insulin action in liver was relatively modest. However, we
did observe the opposite effects of HFD and oltipraz on
AMPK and p70S6K phosphorylation in adipose tissue
(Fig. 3). Finally, we show here for the first time that oltipraz
reduces KEAP1 production. While the mechanisms under-
lying KEAP1 production remain largely unknown, it can be
functionally inactive due to its mutation in certain cancer
patients [42].

In the chronic HFD-fed mouse model in the current
study, the development of insulin resistance and obesity
took a relatively long time. We believe this model mimics
the natural development of insulin resistance and therefore
represents a relevant animal model. In addition, these
conditions facilitated the detection of early pathological
alterations that lead to the development of impaired insulin
action. In this model, the most apparent abnormalities,
including reduced PKB phosphorylation in response to i.p.
insulin, the signs of inflammatory activation and ER stress,

were all observed in adipose tissue. This is consistent with
the current notion that adipose tissue is the main organ to be
affected by oxidative stress after HFD feeding [43–45].
However, the concomitant alterations in lipid profile were
observed both in blood and other insulin-sensitive tissues,
including liver and muscle. Again, oltipraz administration
was shown to reduce lipid content in liver and muscle. This
supports the notion that lipid accumulation is important for
the development of insulin resistance [43]. The underlying
mechanism by which oltipraz caused this improvement
could be related to its protective effect on mitochondria,
which promotes lipid utilisation [30]; this deserves further
investigation.

The phosphatidylinositol 3 kinase/PKB signalling path-
way has been a focus for assessing insulin sensitivity. We
found that although our experimental animals showed
whole-body insulin insensitivity, and increased intrahepatic
and muscle triacylglycerol content by HFD feeding, PKB
Ser473 phosphorylation in response to i.p. insulin injection
in the muscles was not impaired. These observations
support the theory that IRS1-independent defects may
define major nodes of insulin insensitivity [2]. To identify
such a defect in muscle, which is the main organ for
glucose uptake, will be a challenge future work.

Another major finding of the current study is that
long-term oltipraz administration rendered mice resistant
to HFD-induced obesity. Given that a few studies have
shown the inhibitory effect of NRF2 activation on
adipocyte differentiation [46, 47], the beneficial effect of
oltipraz on HFD-induced obesity may be due to the direct
inhibition of adipocyte differentiation. However, this
notion has been challenged by a recent in vivo Nrf2
knockout mouse study, showing that NRF2 is required for
adipocyte differentiation [48]. NRF2 deficiency leads to
decreased peroxisome proliferator-activated receptor γ
production, along with a decrease in adipose tissue mass
[48]. Further studies are required to explore this apparent
discrepancy of the role of NRF2 in adipose tissue
differentiation, revealed by genetic knockout vs pharma-
cological manipulation.

Together, our observations indicate the importance of the
endogenous NRF2 antioxidant system in preventing devel-
opment of insulin resistance and obesity. They also indicate
the beneficial effects of oltipraz administration in HFD-fed
animals. We suggest that the induction of NRF2-responsive
antioxidant enzymes to reduce oxidative stress is a potential
strategy to combat obesity and the associated insulin
resistance.
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