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The NRF2 (also known as NFE2L2) transcription factor is a
critical regulator of genes involved in defense against oxidative
stress. Previous studies suggest that Nrf2 plays a role in adipo-
genesis in vitro, and deletion of the Nrf2 gene protects against
diet-induced obesity in mice. Here, we demonstrate that resis-
tance to diet-induced obesity in N7f2~/~ mice is associated with
a 20-30% increase in energy expenditure. Analysis of bioener-
getics revealed that Nrf2~/~ white adipose tissues exhibit
greater oxygen consumption. White adipose tissue showed a
>2-fold increase in Ucp1 gene expression. Oxygen consumption
is also increased nearly 2.5-fold in Nrf2-deficient fibroblasts.
Oxidative stress induced by glucose oxidase resulted in
increased Ucpl expression. Conversely, antioxidant chemicals
(such as N-acetylcysteine and Mn(III)tetrakis(4-benzoic acid)
porphyrin chloride) and SB203580 (a known suppressor of Ucp1
expression) decreased Ucpl and oxygen consumption in Nrf2-
deficient fibroblasts. These findings suggest that increasing oxi-
dative stress by limiting N7f2 function in white adipocytes may
be a novel means to modulate energy balance as a treatment of
obesity and related clinical disorders.

Obesity is characterized by excess adipose tissue mass, and it
is associated with various chronic diseases, including type 2
diabetes, hypertension, atherosclerosis, and cancer. Obesity is
currently one of the leading causes of morbidity and mortality
globally. There are two different types of adipose tissues in
mammals: white adipose tissue and brown adipose tissue.
White adipose tissue (WAT)? serves an important role in main-
taining energy homeostasis in the body by storing surplus
energy as triglyceride and releasing free fatty acids to meet the
needs of other organs when energy intake is less than energy
expenditure. White adipocytes contain few mitochondria and
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are characterized by a single, large lipid droplet. Brown adipose
tissue (BAT) is specialized in energy consumption through heat
production in response to cold or excess calories. This
response, known as adaptive thermogenesis, protects against
cold exposure and plays a beneficial role in regulating energy
balance in mice that have a variable diet (1, 2). Brown adi-
pocytes contain multiple small lipid droplets and are highly
enriched in mitochondria. In humans, BAT is abundant in new-
borns, and it was originally thought to be nonexistent or non-
functional in adults. However, recent studies have shown met-
abolically active BAT in adult humans through the use of
PET/CT scans (positron emission tomography associated with
computed tomography) (3-5). These BAT depots are observed
in the neck and in other locations, including the suprarenal,
supraclavicular, and paravertebral region of the body (6-11).
The thermogenic function of BAT is dependent on UCP1, a
protein expressed in the inner mitochondrial membrane of
brown fat cells that functions to dissipate the proton gradient
generated during oxidative phosphorylation. This is achieved
by increasing the permeability of the inner mitochondrial
membrane, allowing protons that have been pumped into the
intermembrane space to return to the mitochondrial matrix.
This proton leak, termed mitochondrial uncoupling, is physio-
logically relevant, accounting for 20-25% of the basal meta-
bolic rate (12—14). Studies have shown that mice lacking Ucp1
are more susceptible to diet-induced obesity (15). Conversely,
transgenic mice with increased UcplI expression in WAT are
resistant to high fat diet-induced obesity (16). In addition,
transgenic mice expressing Ucpl in skeletal muscle showed
improved glucose tolerance after being fed a high fat diet when
compared with wild type mice (17). In humans, it has been
estimated that as little as 50 g of BAT (<0.1% of body weight)
could utilize up to 20% of basal caloric needs if maximally stim-
ulated (2). Because of the enormous thermogenic capacity of
BAT, there has been intense interest in the determinants of
BAT function and the potential for treating obesity by manip-
ulating BAT function. In addition to brown adipose tissue, sev-
eral studies have shown that brown-like adipocytes (often
referred to as “brite” or “beige” adipocytes) occur in some clas-
sical white adipose depots as well as skeletal muscle and that
these serve as extremely promising targets for treatment of obe-
sity (18 -21).
SASBMB

VOLUME 291+-NUMBER 14-APRIL 1, 2016


http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.M115.673756&domain=pdf&date_stamp=2016-2-3

Nrf2 Deficiency and Resistance to Diet-induced Obesity

NRF2 (nuclear factor-erythroid 2-related factor 2, also
known as NFE2L2) is a member of the Cap-N-Collar subfamily
of bZIP transcription factors that also includes NRFI,
p45NFE2, and NRF3 (22-24). Under basal conditions, NRF2 is
maintained at low levels through the ubiquitin proteasome pro-
teolytic pathway mediated by KEAP1 (Kelch-like ECH-associ-
ated protein 1) (24, 25). In response to oxidative stress, NRF2
escapes KEAP1-mediated negative regulation, resulting in
nuclear accumulation of NRF2 (26). NRF2 is able to form het-
erodimers with other transcription factors, including sMAF
(small Maf proteins), JUND, and ATF4 (activation transcrip-
tion factor 4), to bind and activate gene transcription via cis-
acting antioxidant response elements in the promoters of cel-
lular defense genes (27-30). These genes include a wide variety
of enzymes involved in detoxification, such as NAD(P)H qui-
none oxidoreductase 1 and heme oxygenase 1 (31, 32). Nrf2 is
also involved in driving the expression of key antioxidant
enzymes, such as the catalytic and regulatory subunits of y-glu-
tamate cysteine ligase, and phase 2 enzymes, such as glutathi-
one transferases (33). Mice lacking the Nrf2 gene demonstrate
no obvious outward defects; however, they have an increased
susceptibility to toxicant and oxidative stress-induced diseases,
and they are also more prone to developing autoimmune disor-
ders as they age (34—38). Compared with wild type mice, Nrf2
mutant mice have also been shown to be more sensitive to car-
cinogens in the stomach, suggesting an important role of Nrf2
and antioxidant response in the protection against cancer (39).

Recent findings suggest that Nrf2 plays a role in regulating the
expression of key genes involved in the process of adipogenesis (40,
41). In addition, mice lacking Nrf2 demonstrate a resistance to
high fat diet-induced obesity, but the underlying mechanism is not
clear (41). In this study, we explored the role of N7f2 in mitochon-
drial function. Specifically, we assessed energy expenditure,
changes in adipose tissue mass, morphology, and gene expression
in Nrf2~/~ mice fed both a normal and high fat diet. In addition,
Nrf2~'~ cells were assessed for mitochondrial function and gene
expression. Our studies are consistent with the hypothesis that
oxidative stress modulates mitochondrial function to control fat
storage and energy expenditure in Nrf2 knock-outs.

Experimental Procedures

Reagents—Dulbecco’s modified Eagle’s medium (DMEM),
a-minimum essential medium, fetal bovine serum (FBS), L-glu-
tamine, penicillin, streptomycin, CM-H2DCFDA, Mito-
Tracker Green FM, nanoyl-acridine orange, and Superscript I1I
reverse transcriptase were purchased from Invitrogen. Glucose
oxidase, butylated hydroxyanisole (BHA), and anti-B-actin
antibody (A1978) were purchased from Sigma. UCP1
(ab23841) antibody was purchased from Abcam (Cambridge,
MA). a-Tubulin antibody (ab3873) was purchased from Cell Sig-
naling (Beverly, MA). TRIzol RNA reagent, 2X FastStart SYBR
Green Master mix, was purchased from Roche Applied Science.
The RNeasy MinElute cleanup kit was from Qiagen (Valencia,
CA). The enhanced chemiluminescence substrate kit was from
Pierce. Mn(Ill)tetrakis(4-benzoic acid)porphyrin chloride (MnT-
BAP) was purchased from EMD Millipore (Billerica, MA).

Cells—Mouse embryonic fibroblasts (MEFs) were generated
as described previously (41) and cultured in DMEM supple-
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mented with 10% FBS, 8.3 mm L-glutamine, 100 units/ml peni-
cillin, and 100 ug/ml streptomycin. Oxidative stress was
induced in cells by incubating with 25 milliunits/ml glucose
oxidase for 6 h at 37 °C, and antioxidant treatment was accom-
plished by incubation with 40 um BHA or with 10 um MnTBAP.

Mice—All experiments were carried out following guidelines
of the University of California Irvine institutional animal care
and use committee. Nrf2 knock-out mice have been described
previously (42) and were back-crossed 10 generations to
C57BL/6] background to produce nearly isogenic lines. Studies
were done using age-matched 12-16-week-old Nrf2~/~ and
wild type male mice. Mice were housed on 12-h light and dark
cycles under controlled environmental settings (23 = 1°C),
with free access to food and water. Age-matched wild type and
Nrf2~/~ mice were fed either a standard global rodent diet
(Harland Teklad 2020x) or a high fat diet chow containing 60%
keal from fat (Harlan Teklad TD.06414). The fatty acid profile
of the high fat diet as a percentage of total fat consists of 37%
saturated, 47% monounsaturated, of 16% polyunsaturated fat.

Metabolic and Indirect Calorimetry Studies—Indirect calo-
rimetry to measure oxygen (O,) consumption, carbon dioxide
(CO,) production, activity, and food intake was done using
the Comprehensive Laboratory Animal Monitoring System
(Columbus Instruments, Columbus, OH). Mice were individu-
ally housed in metabolic chambers maintained at 20-22 °Cina
12-h light/12-h dark cycle. After the mice had adapted to the
environment of the metabolic chamber for 72 h, metabolic
parameters were assessed. Activity was monitored by the num-
ber of times a mouse moved through infrared beams crossing
the cages. Body fat and lean mass were measured using an
EchoMRI-100 (Echo Medical Systems, Houston, TX). Glucose
tolerance tests were conducted in animals that were fasted
overnight. Glucose was administered by intraperitoneal injec-
tion at a dose of 1 mg/g body weight. Blood samples were col-
lected from the tail vein at time O (prior to the glucose injection)
and 30, 60, and 120 min after glucose loading for blood glucose.
Blood glucose concentrations were measured using a TRUE-
Test blood glucose meter (Nipro Diagnostics, Fort Lauderdale,
FL). Fasting serum triglyceride levels were analyzed with a
serum triglyceride kit according to the manufacturer’s instruc-
tions (Sigma), and serum concentrations of insulin were deter-
mined using the Ultra Sensitive Mouse Insulin ELISA Kit from
Crystal Chem (Downers Grove, IL).

RNA Isolation and Quantitative Real-time PCR—RNA was
extracted using TRIzol RNA reagent and further purified using
the RNeasy MinElute Cleanup Kit. cDNA synthesis was gener-
ated with a Superscript I1I first-strand synthesis kit according to
the manufacturer’s recommendation. Amplification of cDNA
occurred in a Step One Plus PCR machine (ABI) using the Fast-
Start SYBR Green reagent in duplicate 10-ul reactions. The
ribosomal phosphoprotein large PO (RPLP0) gene was used as a
reference control, and relative expression was calculated using
the expression, 2(* testgene — CIRPLP %, Fold change in expres-
sion was determined from the difference between the averaged
expression levels relative to control. Primers used are listed in
Table 1.
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TABLE 1
List of primers
Gene Forward Reverse

ch] o CGGAAATCATATCCAACCAG TGAGGACCGCTAGCAAGTTTG
NRF1 CGCAGCACCTTTGGAGAA CCCGACCTGTGGAATACTTG
Dio2 AAGCACGTGGCGTTGCTTCTG TGGAGACGTGCACCACACTGG
Ucpl ACTGCCACACCTCCAGTCATT CTTTGCCTCACTCAGGATTGG
Cox7al GGGCGAAGAGGGGAGGTGAC TTGTCCATTCCCCCGCCTTT
Cox8b GAACCATGAAGCCAACGACT GCGAAGTTCACAGTGGTTCC
Sirt3 TGGCGTTGTGAAACCCGACA AACGAACGGCCCCACCAAGT
CideA TGCTCTTCTGTATCGCCAGT GCCGTGTTAAGGAATCTGCTG
Tfam GGAATGTGGAGCGTGCTAAAA TGCTGGAAAACACTTCGGAATA
Rplpo CCCCTTCTCCTTCGGGCTGAT GTGTGGCACCGAGGCAACAGT

Western Blotting—Protein lysates were prepared using Non-
idet P-40 lysis buffer, and protein concentrations were deter-
mined using Bio-Rad protein assay reagent with BSA as the
protein standard. Samples were electrophoresed on SDS-poly-
acrylamide gels and transferred onto nitrocellulose membranes.
Membranes were then blocked in 5% milk at room temperature
for 1 h and incubated with primary antibody overnight at 4 °C.
Subsequently, blots were washed, and peroxidase-conjugated sec-
ondary antibody was added and incubated for 1 h. Blots were visu-
alized using a chemiluminescent detection system.

Histology and Immunohistochemistry—Tissues were fixed in
10% neutral buffered formalin and imbedded in paraffin. Tissue
sections were stained with H&E and visualized using a Nikon
microscope equipped with a CCD camera.

RNA Sequencing (RNA-seq) Analysis—From WAT of mice
fed a high fat diet, total RNA was isolated using TRIzol RNA
reagent and further purified using RNeasy MinElute Cleanup
Kit. Three independent replicates were used for both wild type
and Nrf2~/~ mice. Integrity and purity of the samples were
assessed using an Agilent Bioanalyzer, and libraries for RNA-
Seq were generated using the Illumina Truseq kit version 2
per the manufacturer’s instructions. RNA-seq libraries were
sequenced on an Illumina HiSeq 2500 next generation
sequencer using single read 50-bp (SR50) chemistry with a read
depth of >10 million reads/sample. Reads are processed and
mapped to a reference genome (mm10, built name NCBIM37)
using ELAND. Transcript abundance quantification was
assigned using normalized read counts, such as FPKM, and sta-
tistical testing for differential expression was performed using
Cufflinks. Differentially expressed genes were further analyzed
using Ingenuity Pathways Analysis.

Flow Cytometry—For intracellular reactive oxygen species
measurements, cells were incubated with 10 um CM-H2DCFDA
in PBS for 15 min at 37 °C. Fluorescence was analyzed by flow
cytometry. Oxidative stress was induced in cells by incubating with
25 milliunits/ml glucose oxidase for 6 h at 37°C prior to
CM-H2DCFDA staining. Antioxidant treatment was accom-
plished by incubation with 100 um BHA for 6 h at 37 °C.

Measurement of Oxygen Consumption in Adipocytes and
MEF Cells Using the XF24 Extracellular Flux Analyzer—The
Seahorse XF24 Extracellular Flux Analyzer was utilized for mea-
suring the oxygen consumption of adherent MEF cells as well as
extracted adipose tissue explants. The protocol for acquisition
of intra-abdominal WAT, preparation of tissue, and usage of
XF24 was performed as described previously (43), with minor
changes. The sensor cartridge was calibrated with calibration
buffer (Seahorse Bioscience, North Billerica, MA) at 37 °C the
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day before oxygen consumption rate (OCR) measurements.
Intra-abdominal WAT was dissected into small pieces (~5 mg)
and washed extensively with XF-Basal Medium containing 25
mM HEPES and 25 mm glucose. Two pieces of isolated WAT
weighing a total of 10 mg were placed into each well of a XF24
Islet Capture Microplate (Seahorse Bioscience), and each well
was covered with a capture screen to hold the tissues in place
while allowing for free perfusion. XF Basal Medium supple-
mented with 25 mMm glucose, 1 mm sodium pyruvate, and 2 mm
L-glutamine (450 ul) was then added, and the OCR was mea-
sured in a XF24 extracellular flux analyzer (Seahorse Biosci-
ence) according to the manufacturer’s protocol. OCR readings
were taken over time under basal conditions and after the addi-
tion of mitochondrial inhibitors, oligomycin (8 ng/ml), car-
bonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP; 8
uM), and a mixture of rotenone (3 um) and antimycin-A (12
M), in succession. A minimum of five wells were utilized per
condition in any given experiment. Plates were saved, and tissue
protein concentrations were measured by a Bradford assay.
OCR was determined by Seahorse XF-24 software as a function
of time and normalized by protein concentration (pmol/min/
ung), respectively. Bioenergetic parameters assessed were basal,
ATP-linked respiration, proton leak, maximal, and reserve
capacity. The basal respiration rate was calculated by subtract-
ing the residual OCR determined after the addition of rotenone
and antimycin-A. ATP-linked respiration was determined from
the difference between basal OCR and OCR following oligomy-
cin addition. The difference in OCR between rotenone and oli-
gomycin represented the amount of oxygen consumed that is
due to proton leak. Maximal OCR was determined by subtract-
ing the OCR after rotenone addition from the OCR induced by
FCCP. Last, the reserve capacity was calculated by the differ-
ence between maximal and basal respiration. All data are
expressed as a percentage of the basal OCR to allow comparison
between the different genotypes. For MEF cells, 50,000 cells
were plated in XF 24-well plates 1 day before analysis. This
allowed for 70-90% confluence on the day of measurement.
The sensor cartridge was hydrated 24 h before the run as indi-
cated by the manufacturer’s protocol. On the day of the run,
cells were washed two times with Seahorse Basal Medium con-
taining 25 mm glucose, 1 mm sodium pyruvate, and 4 mm L-glu-
tamine and then covered with 450 ul of the same basal medium.
The OCR was measured in a XF24 extracellular flux analyzer
(Seahorse Bioscience) according to the manufacturer’s proto-
col. OCR readings were taken over time under basal conditions
and after the addition of mitochondrial inhibitors, oligomycin
(1 um), FCCP (1 uMm), and a mixture of rotenone (1 um) and
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antimycin-A (1 um), in succession. A minimum of five wells
were utilized per condition in any given experiment. Plates
were saved, and cellular protein concentrations were measured
by a Bradford assay. OCR was determined by Seahorse XF-24
software as a function of time and normalized by protein con-
centration (pmol/min/ug), respectively.

Measurement of Oxygen Consumption Utilizing the BD Oxy-
gen Biosensor Plate—Fluorometric measurements of oxygen
consumption in adherent mouse cells were done using BD Oxy-
gen Biosensor plates (BD Biosciences) (44). Triplicate wells
were seeded with 2 X 10° cells suspended in 25 mm glucose
DMEM without phenol red. Plates were scanned every 5 min
for 120 min in a temperature-controlled (37 °C) plate reader
(Thermo, Waltham, MA) with an excitation wavelength of 485
nm and an emission wavelength of 630 nm. Fluorescence values
for each well were normalized to their initial value and then to
the values of no-cell controls at each time point.

GSH and GSSG Assay—Measurements of GSH and GSSG
levels were determined using the Glutathione Assay Kit (Cay-
man Chemical, Ann Arbor, MI) following the manufacturer’s
protocol. Tissues were homogenized in 5-10 ml of cold 50 mm
MES buffer/g of tissue. Homogenates were spun at 10,000 X g
for 15 min, and supernatant fractions were collected. Superna-
tant fractions were assayed for total reduced (GSH) and oxi-
dized (GSSG) glutathione by the standard enzymatic recycling
method after deproteination of samples using 5% metaphos-
phoric acid and the addition of triethanolamine. Samples for
GSSG determination were first incubated at room temperature
with 2 ul of 4-vinylpyridine/100-ul sample for 1 h after vigor-
ous vortexing in order to derivatize endogenous GSH and allow
for measurement of GSSG specifically. The GSSG was then
subtracted from the total GSH to determine actual GSH level
and GSH/GSSG ratio, which is used as an indicator for oxida-
tive stress (45).

Statistical Analysis—Data are expressed as means * S.E., and
statistical analysis was done using GraphPad Prism (GraphPad
Software, Inc., La Jolla, CA). For simple comparisons of two
groups, a two-tailed Student’s ¢ test for unpaired samples was used.
For comparisons of wild type and knock-out groups concerning
the influence of high fat diet, a two-way ANOVA analysis was
used, followed by a post hoc Bonferroni analysis. p values of <0.05
were considered statistically significant and are indicated.

Results

Nrf2~/~ Mice Are Resistant to High Fat Diet-induced
Obesity—The body weights of wild type and Nrf2~/~ male mice
were indistinguishable at 12 weeks of age when fed a standard
chow diet (Fig. 14). This observation in mice derived from a
C57BL/6 background is consistent with our previous results in
mice derived from a mixed C57BL/6 X Sv129 genetic back-
ground (41). After exposure to a high fat diet for 6 weeks, the
mean body weight of Nrf2~/~ mice was 25% less than that of
wild type mice (Fig. 14). Wild type mice nearly doubled their
starting weight, whereas Nrf2 '~ mice only gained 50% of their
starting weight (Fig. 14). A comparison of adipose tissue mass
normalized to lean body mass measured by EchoMRI showed
that Nrf2~/~ mice exposed to a high fat diet had 50% less whole-
body fat compared with wild type mice. Importantly, there was
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no significant change in the lean body mass of Nrf2 ™/~ mice
compared with wild type mice (Fig. 1B). The white and brown
adipose tissue weights normalized to body weight were 30%
lower in N7f2~/~ mice compared with wild type mice. Relative
weights of liver, heart, and kidney were not different between
wild type and Nrf2 '~ mice (Fig. 1C) (data not shown). To rule
out possible lipid deposition in other tissues, sections of various
tissues were analyzed. Ectopic accumulation of lipids was not
observed in heart or skeletal tissues of both wild type and
Nrf2~'~ mice placed on a high fat diet (Fig. 1D). However, wild
type mice demonstrated significant liver steatosis compared
with N7f2~/~ mice (Fig. 1D). These results indicate that lower
fat mass in Nrf2~/~ mice is not associated with increased lipid
accumulation in non-adipose tissues. Along with the reduction in
fat mass, intra-abdominal WAT depots of Nrf2~/~ mice showed
smaller unilocular adipocytes compared with wild type mice (Fig.
1E). The frequency of smaller fat cells, quantitated from H&E
images, was significantly higher in Nrf2~'~ WAT (Fig. 1F). In
addition, BAT from Nrf2 '~ mice showed smaller multilocular
lipid droplets (Fig. 1G). However, strain differences in subcutane-
ous adipocytes were not observed (data not shown).

Nrf2~/~ Mice on a High Fat Diet Showed Improved Metabolic
Profiles—Nrf2~'~ mice on a high fat diet exhibited decreased
fasting glucose levels compared with wild type controls (Fig.
2A). Glucose tolerance tests showed significantly lower blood
glucose levels in Nrf2~'~ mice at the 90 and 120 min time
points (Fig. 2B). The area under the curve (AUC)y 150 min Of
blood glucose was also significantly lower in N7f2~/~ mice than
that in wild type controls (Fig. 2C). The improvement in glucose
tolerance in N7f2~/~ mice is not due to increased insulin secre-
tion because plasma insulin levels were lower in N7f2~/~ mice
compared with wild type controls (Fig. 2D). In addition, serum
triglyceride levels were also lower in Nrf2~'~ mice (Fig. 2E).
Taken together, these findings suggest that Nrf2 deficiency pro-
vides protection against the deleterious effects of a high fat diet
on plasma levels of glucose and triglycerides.

Nrf2~/~ Mice on High Fat Diet Demonstrate Increased
Energy Expenditure—Potential mechanisms, including reduced
food intake or increased energy expenditure, could contribute
to reduced adiposity in Nrf2~/~ mice. To investigate this pos-
sibility, we monitored the food consumption and metabolic
activities using the Comprehensive Laboratory Animal Moni-
toring System. Food intake per body weight in Nrf2 '~ mice
was comparable with that of wild type mice fed the same diet
(Fig. 3A). The activity of mice was also measured for 72 h under
a 12-h light-dark cycle. No significant difference was observed
in either horizontal activity or rearing behavior between
Nrf2~/~ and wild type mice (Fig. 3B). Although energy expend-
iture levels in wild type and N7f2~/~ mice fed a regular diet were
similar (data not shown), O, consumption and CO,, generation
were significantly higher in Nrf2~’~ mice compared with wild
type controls under high fat feeding (Fig. 3, C and D). Respira-
tory quotient (RER) levels were identical in N7f2~/~ and wild
type mice, indicating that the utilization of carbohydrate and fat
was similar for both groups (Fig. 3E). This suggests that despite
the increase in metabolic activity, Nrf2~/~ mice have not
shifted their energy source dramatically. These findings suggest
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FIGURE 1.Nrf2~'~ mice are resistant to high fat diet-induced obesity. A, comparison of body weights of wild type and Nrf2~/~ mice on a regular diet (RD) and after
6 weeks of high fat diet (HFD). B, echo MRI analysis of body compositions of wild type and Nrf2~/~ mice. C, comparison of WAT, BAT, and liver and heart weights,
normalized to body weights, of wild type and Nrf2~/~ mice after 6 weeks of high fat diet. Shown are representative histological sections of skeletal muscle, heart, liver
(D), and peritoneal fat from wild type and Nrf2 =/~ mice (E). F, histogram depicting the size distribution of the measured white adipocytes in wild type and Nrf2~/~ mice.
G, representative interscapular brown fat from wild type and Nrf2~/~ mice. All tissues are taken from mice after 6 weeks of high fat diet feeding. Error bars, S.E.

that resistance to obesity of Nrf2 /™ mice is due to increased
energy expenditure by increasing metabolic rate.
Nrf2-deficient WAT Show Increased Oxygen Consumption—
To further substantiate these findings, we investigated whether
loss of Nrf2 affects mitochondrial function by comparing OCRs
of adipose tissues from wild type and N2/~ mice. WAT iso-
lated from Nrf2~'~ mice fed either a normal or high fat diet
showed an increase in basal OCR in comparison with wild type
(Fig. 4A). Proton leak-dependent respiration measured in the
presence of the ATP synthase inhibitor, oligomycin, was signif-
icantly higher in WAT of Nrf2~/~ mice fed a normal diet and
was further increased in Nrf2 '~ mice fed a high fat diet (Fig.
4B), suggesting that mitochondrial coupling was diminished. High
fat diet feeding led to an increase in maximal and reserve mito-
chondrial respiratory capacities in both wild type and Nrf2™/~
mice, but no difference was seen between the genotypes (Fig. 4, C
and D). Although WAT of Nrf2~'~ mice showed a decrease in
reserve capacity, this difference did not reach statistical signifi-
cance (Fig. 4D). Taken together, these results suggest that mito-
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chondrial activity is increased in N7f2 '~ adipocytes and that this
increase in activity is potentially caused by increased proton leak
across the mitochondrial inner membrane.

Nrf2-deficient MEF Cells Show Increased Oxygen Con-
sumption—To determine whether increased cellular respira-
tion is intrinsic to Nrf2 deficiency, we measured OCR in MEFs
utilizing the XF24 extracellular flux analyzer. Compared with
wild type MEF cells, basal oxygen consumption rates in
Nrf2~'~ MEF cells were increased 2.5-fold (Fig. 54). To con-
firm these results, oxygen utilization of wild type and Nrf2 ™/~
MEFs was also compared using oxygen biosensor plates in
which the fluorescent signal from oxygen-sensitive dye is
quenched by O,. In this assay, Nrf2 '~ MEF cells showed a
similar increase in oxygen consumption compared with wild
type MEFs (Fig. 5B). To demonstrate that this effect is specific
to Nrf2 deficiency, we asked if re-expression of Nrf2 would
lower the oxygen consumption rates in N7f2~/~ MEF cells. As
shown in Fig. 5C, retrovirus-mediated expression of Nrf2 in
Nrf2~'~ MEF cells decreased oxygen consumption by >50%.
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Brown Fat Markers Are Up-regulated in White Adipose Tis- sion analysis by high throughput RNA-seq of adipocytes
sues of Nrf2~"~ Mice—To determine the molecular basis of the  derived from intra-abdominal fat pads of wild type and Nrf2
lean phenotype of Nrf2~'~ mice, we performed gene expres- mice fed a high fat diet. Genes that were differentially expressed
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were analyzed with Ingenuity Pathway Analysis software. The
top biological functions and disease networks identified by IPA
in Nrf2~'~ included cell signaling, small molecule biochemis-
try, lipid metabolism, cancer, and cell death (Fig. 64). Overall,
the top ranked networks were significantly enriched for path-
ways involved in lipid metabolism. Of the genes identified in
these pathways, Nrf2~/~ white adipose tissue showed increased
expression of Ucpl and other brown adipocyte markers. UCP1
functions as an uncoupler of mitochondrial ATP production,
and its up-regulation might account for the change in energet-
ics in Nrf2~/~ mice. Hence, we focused our attention on these
genes to validate the RNA-seq data. Quantitative RT-PCR anal-
ysis showed significant up-regulation of Ucp1, Cox7al, Cox8b,
Sirt3, CideA, Pgcla, Tfam, and Nrfl (nuclear respiratory factor
1) in WAT of Nrf2~ '~ mice fed a high fat diet (Fig. 6B). Inter-
estingly, expression of some of these genes associated with
brown fat was also up-regulated in Nrf2 '~ WAT under regular
diet conditions (Fig. 6B). Western blotting analysis showed
increased UCP1 protein expression in Nrf2~/~ WAT that was
further enhanced by high fat diet (Fig. 6, C—E). Unlike WAT,
expression of UcpI and other brown fat markers was not altered
significantly in Nrf2~/~ brown adipose tissues under regular
diet or high fat diet conditions (data not shown). Taken
together, these data suggest that WAT in Nrf2~/~ mice gained
some BAT-like features.

Oxidative Stress Modulates Oxygen Consumption and UCP1
Expression—Nrf2 plays a pivotal role in oxidative stress
response. Hence, we sought to determine whether elevated
oxygen consumption rates in Nrf2-deficient cells are potentially
linked to oxidative stress. To confirm oxidative stress in our
model, we assessed glutathione status in adipose tissues of wild
type and Nrf2~ '/~ mice. WAT from Nrf2~'~ mice fed a high fat
diet showed a decrease in GSH with a corresponding increase in
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GSS@G, leading to a reduction in GSH/GSSG ratio (Fig. 7, A-C).
A decreased GSH/GSSG ratio is indicative of oxidative stress.
To further test the effects of oxidative stress on cellular respi-
ration, we compared oxygen consumption rates in MEF cells
derived from wild type and Nrf2-deficient mice. Oxygen con-
sumption rates were 2-fold higher in Nrf2~/~ cells compared
with wild type (Fig. 7D). Wild type cells treated with glucose
oxidase to induce oxidative stress also showed a 2-fold increase
in oxygen consumption (Fig. 7D). However, glucose oxidase
treatment did not lead to further enhancement of oxygen con-
sumption in N7f2~/~ cells. As expected, elevated intracellular
reactive oxygen species levels were detected in Nrf2~'~ cells
and wild type cells treated with glucose oxidase (Fig. 7E). We
then examined the effects of BHA, a free radical scavenging
antioxidant, on oxygen consumption in Nrf2 '~ cells. As
shown in Fig. 7D, oxygen consumption in Nrf2 '~ cells was
reduced by BHA treatment. BHA treatment had no effect in
wild type cells. Next, we examined the effects of oxidative stress
on UCP1 expression. Wild type MEF cells treated with glucose
oxidase led to a marked induction of UcpI mRNA and protein
(Fig. 7, Fand G). Consistent with the effects of oxidative stress,
Nrf2~'~ MEF cells showed increased Lcpl mRNA and protein
compared with wild type cells (Fig. 7, H and I), and treatment
with antioxidants (N-acetylcysteine, a free radical scavenging
compound, or MnTBAP, a cell-permeable superoxide dismu-
tase mimetic) led to a decrease in UcpI in Nrf2~ '~ MEF cells
(Fig. 7)). To test the involvement of Ucpl in cellular oxygen
consumption, we used SB203580, a p38 MAPK inhibitor known
to suppress Ucpl expression (46). SB203580 treatment resulted
in a dose-dependent decrease in OCR in Nrf2~'~ MEF cells
(Fig. 7K). Taken together, these data suggest that Nrf2 defi-
ciency in MEFs results in oxidative stress, which in turn up-reg-
ulates Ucpl expression and cellular respiration.
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FIGURE 5. Nrf2-deficient MEF cells show increased oxygen consumption.
A, Seahorse X-24 analysis of basal OCR normalized to total protein in wild type
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nificance was determined by Student’s t test (*, p < 0.05). B, oxygen consump-
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sensor plates. Data represent means of maximum fluorescence intensity nor-
malized to cell number = S.E. (error bars) of 3—4 independent experiments.

Discussion

Obesity and its related disorders are leading causes of mor-
bidity and mortality worldwide. Various treatment modalities
for obesity have been met with limited success. Hence, identi-
fication of novel targets that can potentially be employed for
prevention and treatment of obesity is of great interest. In this
study, we have demonstrated that loss of Nrf2 protects mice
from diet-induced obesity. Nrf2~/~ mice exhibit increased
energy expenditure and brown adipose-like changes in white
adipose depots. Loss of N7f2 in cells results in increased oxygen
consumption and expression of UCP1, and we have shown that
oxidative stress can modulate UCP1 expression and oxygen
consumption in cells. Taken together, these results suggest that
increased uncoupled respiration due to increased oxidative
stress brought on by the loss of Nrf2 helps to contribute to the
lean phenotype of Nrf2~/~ animals fed a high fat diet.

Nrf2 plays an important role in oxidative stress response by
regulating the basal and inducible expression of a large battery
of antioxidant genes. It is interesting to note that a deficiency in
various Nrf2 target genes leads to a similar decrease in adiposity
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and improved metabolic parameters. Knock-outs of Gelm and
Gpx1, which are genes involved in antioxidant defense and glu-
tathione synthesis, result in mice with decreased adipose tissue
mass and with protection from high fat diet-induced obesity. In
addition, these mice show increased energy expenditure,
decreased serum insulin levels, and increased insulin sensitivity
(47, 48). Conversely, it has been shown that transgenic mice
overexpressing Gpxl are insulin-resistant and obese (49).
Another pathway of potential interest involves thioredoxins,
which are cellular antioxidants that protect against oxidative
stress by promoting the reduction of other proteins via a cys-
teine thiol-disulfide exchange reaction. Thioredoxins are kept
in the reduced state via TXNRD1 (thioredoxin reductase 1).
TXNIP (thioredoxin-interacting protein), on the other hand,
can increase reactive oxygen species by inhibiting TXNRD1. It
has been demonstrated that Nrf2 suppresses Txnip gene
expression. Thus, loss of Nrf2 results in increased Txnip expres-
sion and a subsequent increase in oxidative stress (50). Interest-
ingly, Txnip knock-out mice also demonstrate increased adi-
posity when exposed to high fat diet feeding (51). Whereas
findings suggest that the lean phenotype in Nrf2~/~ mice is
linked to antioxidant dysfunction and oxidative stress, Nrf2
affects the expression of many genes besides just those involved
in oxidative stress, and it is possible that multiple mechanisms
are contributing to the ability of Nrf2 knock-out to attenuate
diet-induced weight gain and accumulation of body fat. Addi-
tionally, our model represents a whole animal knock-out of
Nrf2. The possibility that Nrf2 deficiency in non-adipose tissue
may contribute to the observed phenotype will require further
experimentation using adipose tissue-specific knock-out mod-
els of Nrf2 deficiency.

UCP1 uncouples the proton motive force generated in the
mitochondria from ATP production to produce heat, and
UCP1 has been shown to play an important role in energy
homeostasis and obesity. Mice deficient in UcpI are shown to
be susceptible to weight gain, whereas overexpression of Ucpl
provides protection against diet-induced obesity (16, 17). UCP2
and UCP3, which are homologs of UCP1, also have uncoupling
function in the mitochondria and serve as potential targets for
increased metabolic capacity. Ucp2 is ubiquitously expressed at
low levels throughout the body, whereas Ucp3 is limited to skel-
etal and cardiac muscle (52, 53). Mice overexpressing Ucp3 in
muscle are lean and have increased energy metabolism as well
as decreased levels of serum glucose (54). Additionally, poly-
morphisms in the Ucp2 gene have been associated with obesity
and decreased metabolic rates in humans (55-57). In this study,
we found that Nrf2~/~ mice fed a high fat diet have an elevated
metabolic rate in both whole animals and isolated white adi-
pose tissue that is associated with an up-regulation of Ucp1 in
their abdominal white adipose depots. Similarly, the basal oxy-
gen consumption rate in Nrf2-deficient cells is increased, and
Ucpl expression is induced. However, up-regulation of Ucp2
and Ucp3 expression was not observed in Nrf2-deficient fat
tissues (data not shown). Additionally, we observed decreased
levels of Ucp3 in muscle tissues of Nrf2~/~ mice (data not
shown) that are consistent with data demonstrating direct reg-
ulation of Ucp3 by Nrf2 (58). Thus, UCP2 and UCP3 do not
appear to provide additional mitochondrial uncoupling in the

JOURNAL OF BIOLOGICAL CHEMISTRY 7761



Nrf2 Deficiency and Resistance to Diet-induced Obesity

A -log(B-H p-value)
00 25 50 75 100 125 150 175 200 225 250 275

Cell Death and survival [N |

Cell Growth and Proliferation _ L
organismal suvva [
Organismal Development “ L
Cardiovascular Disease _ L

Cell Morphology- — ( L
Cardiovascular Development — ‘ L
Lipid Metabolism- I INEEEE N N L

Small Molecule Biochemistry: _ l L

B Z .
9 10_ |:|W|Idtype
7 i, Ene
I&J 81 [ Wild type HFD
o 6- L BE Nrf2--HFD
x s
L :
w4 :
= :
g 2 :
T :
' -~ O - Q90O N O g -
58S ESG Sy
= X 0 W 0O 5 E
2 O o O o =z
&)
C WAT-RD
Wild type ~ Nrf2-/-
= e T E
I o o
—— = 3_ACTIN E%4 0<0.01 Owr
853 3 Nrf2?
QO c
D WAT-HFD 282 oo
O =
Wild type  Nrf2-/- @ et il
e oL [

E—

FIGURE 6. Brown fat markers are up-regulated in white adipose tissues of Nrf2~'~ mice. A, Ingenuity Pathway Analysis of differentially expressed genesin
wild type and Nrf2~/~ white adipose tissues. Genes that were significantly different between wild type and Nrf2~/~ white adipose tissues were used as input
for pathway analysis. The top 10 overrepresented canonical pathways of up-regulated genes found in Nrf2~/~ white adipose tissues compared with controls
are shown. Category names are presented on the y axis. The x axis indicates the —log(p) value of the overrepresentation analysis. B, quantitative RT-PCR analysis
of brown fat markers in abdominal white adipose tissues of wild type and Nrf2~/~ mice fed a high fat diet (HFD) or regular diet (RD). Expression levels were
quantitated relative to Rplpo levels as an internal reference and calculated as 2(Ct test 9ene = CtRPLPY) Bar granhs depict mean values = S.E. (error bars) of 4-6
different samples of each genotype, and significance was assessed by two-way ANOVA and post-hoc Bonferroni analysis. *, significance between wild type and
Nrf2~/~ regular diet samples; #, significance between regular diet and high fat diet samples. C-E, Western blotting analysis of UCP1 protein levels in abdominal
white adipose tissues of wild type and Nrf2~/~ mice fed a high fat or regular diet, respectively. B-Actin levels were used as a loading control. E, bar graph shows
quantitation of protein levels; significance was assessed by two-way ANOVA and post hoc Bonferroni analysis.
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adipose tissue of N7f2 knock-out animals. These findings sug-  tors are not likely to play a role here because mice in this study
gest that UCP1-dependent thermogenesis is a mechanism by = were housed and maintained in a controlled environment, and
which energy expenditure in Nrf2~'~ mice is up-regulated. both wild type and Nrf2~/~ mice showed similar food intake

Whereas a wide range of stimuli, including cold exposure, and physical activity. In addition, expression of Rip140 and Lxr,
diet, and exercise, controls UcpI expression (15, 59), these fac-  both of which are negative regulators of UcpI expression (60 —
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Student’s t test (*, p < 0.05).

62), was not altered in Nrf2~/~ adipose tissues (data not
shown). Expression of Ucp1 is activated by oxidative stress (46,
63, 64). Consistent with this, we show that glucose oxidase-
induced oxidative stress in MEF cells up-regulates UcpI expres-
sion, and antioxidant treatment down-regulates Ucpl expres-
sionin Nrf2~/~ MEF cells. We also found that Pgcla expression
is increased in WAT of Nrf2 ™/~ mice fed a high fat diet, which
is known to exacerbate oxidative stress in fat cells (65). It has
been shown that oxidative stress increases the expression of
Pgcla, and PGCla interacts with other nuclear hormone recep-
tors in white adipose cells to enhance mitochondrial biogenesis
and the expression of UcpI (64, 66, 67). Hence, we surmise that
acquisition of brown fat features by WAT depots in Nrf2 '~
mice is driven in part by oxidative stress induction of Pgcla
expression.

Data obtained previously showed that Nrf2~/~ mice of C57/
129 mixed genetic background are resistant to high fat diet-
induced obesity (41). In agreement with this, our results also
show that Nrf2~/~ mice derived on a C57/BL/6 background are
resistant to diet-induced obesity. Here we demonstrated that
Nrf2~'~ mice have increased energy expenditure and acquisi-
tion of brown fat-like gene expression in their WAT depots.
There is growing evidence that the acquisition of brown-like fat
cells in WAT protects against both genetic and diet-induced
obesity through increased metabolic activity, and this “brown-
ing” phenomenon has become a subject of considerable interest
for possible treatment of obesity and metabolic syndrome (68 —
70). Browning of WAT has been shown to occur in mouse mod-
els of prolactin receptor deficiency, IkB kinase € deficiency,
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COXII overexpression, and increased prostaglandin synthesis
(71-74). In these instances, mice displayed a protection against
diet-induced obesity as well as increased oxygen consumption.
Additionally, FGF21 has been shown to exert anti-obesogenic
effects and ameliorates insulin and leptin resistance in ob/ob
mice (75). It has been shown that mice lacking Nrf2 demon-
strate protection against diet-induced obesity, maintain insulin
sensitivity, and demonstrate increased circulating levels of
FGF21 and expression of Fgf21 in liver and WAT (76). How-
ever, no difference in Fgf21 expression was found between wild
type and Nrf2-deficient white adipose tissue or liver in our
experiments (data not shown). The basis of this discrepant
result is not known currently; however, our high fat diet dura-
tion of 6 weeks was significantly shorter than the 180 days
tested in the above study. We propose that the metabolic and
gene expression changes observed in our Nrf2~'~ model are
due in part to increased levels of oxidative stress, caused by a
combination of decreased antioxidant capacity through the loss
of Nrf2 function and the additional oxidative stress provided
through exposure to a high fat diet. Currently, we cannot rule
out the possibility that increased UCP1 expression in Nrf2 ™/~
mice is through modulation of downstream target genes, inde-
pendent of oxidative stress effects. Previous data have shown
that deficiency of Nrf2 results in down-regulation of Pparvy (75).
Ppary knock-out mice demonstrate decreased adipose tissue
mass, protection against diet-induced obesity, and increased
expression of Ucp1 in white adipose tissue (77, 78). It is thought
that decreased PPARy activity drives increased expression of
prostaglandin E synthase, which, in concert with COXII, drives
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the formation of prostaglandin, which is hypothesized to be
important in the formation of brown adipose tissue within
white adipose tissue depots (77). It is likely that the phenotype
observed in Nrf2 ™/~ mice is due to a complex interplay of a
variety of pathways.

Further supporting this complex role of Nrf2, recent studies
have shown that overexpression of Nrf2 through the use of
graded knockdown of Keapl actually provides protection
against the onset of diabetes in genetic models of diabetes in
mice (79). This suggests a beneficial role for Nrf2 in the protec-
tion against the development of diabetes with increased expres-
sion of Nrf2 resulting in decreased blood glucose and protection
against obesity in a db/db mouse background. However, it is
worth noting that in addition to the protective effects of Nrf2,
the same group also found that mice lacking Nrf2 demonstrate
decreased serum glucose levels compared with control mice,
which correlates with data from our model of Nrf2 deficiency.
In mice doubly deficient in KeapI and leptin, there was a resis-
tance to high fat diet-induced obesity and a decrease in adipose
tissue weight that was also associated with impaired insulin
signaling, hyperglycemia, and glucose intolerance (80). Addi-
tional studies utilizing the ob/ob genetic model of obesity have
yielded varied results. Nrf2 knock-out animals crossed into the
ob/ob mouse background, using either a whole animal or fat-
specific Nrf2 knock-out, demonstrated that loss of Nrf2
resulted in decreased adipose tissue mass yet aggravated insulin
resistance, hyperglycemia, and hypertriglyceridemia (81). This
seems to demonstrate that in genetic models of obesity and
diabetes, the results of Nrf2 modulation can vary drastically,
depending on the specific conditions of the model. In order to
most closely compare results with our own, it is important to
look at systems similar to ours, in which the experiments are
performed looking at strictly diet-induced models of obesity
rather than genetic models of obesity and diabetes. For exam-
ple, Keap1 knockdown mice in the C57BL/6 background with-
out crossing to any genetic models of obesity or diabetes gained
significantly more weight than wild type animals as well as
developed glucose intolerance, increased inflammation, and
hepatic steatosis when placed on a high fat diet (82). As men-
tioned previously, other groups have also shown that Nrf2
knock-out mice were found to be resistant to long term high fat
diet-induced obesity (68). These results coincide with our data
and seem to suggest that increased Nrf2 levels lead to increased
obesity and that Nrf2 deficiency may provide protective bene-
fits in a diet-induced obesity model. These varied results in the
literature suggest a complex interaction between Nrf2, obesity,
and diabetes, and further research will probably provide
insight.

In summary, Nrf2-deficient mice are protected from diet-
induced obesity and exhibit increased energy expenditure asso-
ciated with the up-regulation of brown adipose tissue-specific
genes in white adipose depots. Cell-based experiments demon-
strated that increased UCP1 expression is associated with
increased cellular oxidative stress. These observations suggest a
promising model for increasing energy expenditure in white
adipose tissue through Nrf2 and the possibility of pharmacolog-
ical modulation of Nrf2 or regulation of oxidative stress as treat-
ments for obesity and its related disorders.
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