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Reactive oxygen species (ROS) are a byproduct of normal metabolism and play important roles in cell
signaling and homeostasis. Mitochondria, the main organelles involved in intracellular ROS production,
play central roles in modulating redox-dependent cellular processes such as metabolism and apoptosis.
We recently reported an important role for mitochondrial NADP " -dependent isocitrate dehydrogenase
(IDH2) in cellular redox regulation. Here, we show that mice with targeted disruption of IDH2 exhibit
resistance to obesity, with lower body weight and reduced visceral fat, and increased insulin sensitivity
accompanied by enhanced energy expenditure relative to controls. This function of IDH2 is linked to its
capacity to suppress lipogenesis in visceral adipose tissue, partly via transcriptional repression of SREBP1,
and to increase thermogenesis in adipocytes by transcriptional activation of UCP1 via activation of the
p38 signaling axis. Our results highlight the importance of redox balance in the regulation of metabolism
and demonstrate that IDH2 plays a major role in modulating both insulin sensitivity and fuel metabolism,
thereby establishing this protein as a potential therapeutic target in the treatment of type 2 diabetes and

obesity.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Obesity is an increasingly prevalent medical and social problem
with potentially devastating consequences as it clusters with type
2 diabetes, hypertension, atherosclerosis, and hyperlipidemia in
metabolic syndrome or syndrome X [1,2]. Obesity is characterized
by enlargement of visceral white adipose tissue (WAT) mass.
Visceral fat enlargement encompasses an increase in both adipo-
cyte cell size and cell number [3]. However, it is predominantly the
increase in visceral adipocyte cell size, termed adipocyte hyper-
trophy, which is strongly influenced by lipid metabolism and
linked to a greater susceptibility of developing obesity-related
pathologies [4].

Obesity is associated with increased systemic oxidative stress,
which may result from a combination of adipokine imbalance,
comorbidities, and reduced antioxidant defenses [5]. In cross-
sectional studies, obese subjects have exhibited higher levels of
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oxidative stress biomarkers compared with their leaner counter-
parts [6]. There are multiple sources of oxidative stress in relation
to obesity. Some of these are inherently related to increased
adiposity and fat distribution, whereas others are the result of
comorbidities or behavioral lifestyle factors associated with being
obese. Increased adipose tissue and, in particular, visceral adip-
osity with adipocyte hypertrophy are significantly related to sys-
temic levels of oxidative stress [7]. In addition, recent studies have
implicated systemic oxidative stress as a major contributing factor
in obesity-related metabolic complications [6], and shown that
oxidative stress in adipose tissue results in inflammation, adipo-
kine dysregulation, and insulin resistance [8]. Since adipose tissue
plays a crucial role in regulating whole-body obesity and insulin
sensitivity [9], the balanced regulation of pro- and antioxidative
mechanisms in adipocytes is important for the metabolic
homeostasis.

Mitochondria are the main organelles involved in the produc-
tion of reactive oxygen species (ROS). Additionally, these are the
main targets of ROS-induced damage, as observed in various pa-
thological states, including obesity [10,11]. The production of
NADPH, which is required for the regeneration of glutathione in
the mitochondria, is critical for the scavenging of mitochondrial
ROS by glutathione reductase and peroxidase systems [12,13]. In
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addition, mitochondria relay information via several known ret-
rograde signaling molecules such as ROS, Ca®*, and cytochrome ¢
[14]. Numerous studies suggest that mitochondrial ROS have
evolved as key mediators of communication between the mi-
tochondria and the cell for the regulation of homeostasis and
maintenance of normal cellular function [15].

Mitochondrial NADP'-dependent isocitrate dehydrogenase
(IDH2), an NADPH-generating enzyme, is a major antioxidant and
redox regulators that prevents oxidative stress by catalyzing the
production of NADPH in mitochondria [16]. IDH2 is an evolutio-
narily conserved protein that catalyzes the oxidative decarbox-
ylation of isocitrate into a-ketoglutarate and the reduction of
NADP* to NADPH. IDH2 acts in the forward Krebs cycle as a
NADP*-consuming enzyme, generating NADPH for the main-
tenance of the reduced glutathione and peroxiredoxin systems,
and for self-maintenance via the reactivation of cysteine-in-
activated IDH2 by glutaredoxin 2 [17].

Mitochondria are the major source of intracellular ROS, and
“mitochondrial fitness” plays a crucial role in the maintenance of
adipocyte function [18]. As IDH2 is a major mitochondrial redox
regulator, our study focuses on the role of endogenous IDH2,
linking mitochondrial redox status and regulation of adipocyte
function. We found that IDH2-deficient mice, which are resistant
to diet-induced obesity, exhibit several metabolic changes related
to glucose tolerance, insulin sensitivity, and hepatic steatosis. We
propose that the negative effects of IDH2 on the SREBP1 metabolic
regulatory system contribute to the suppression of genes involved
in lipogenesis associated with visceral adipocyte hypertrophy. In
addition, IDH2 disruption promotes increased energy expenditure
via thermogenesis by regulating UCP1 expression through the
induction of ROS accumulation in adipocytes. This metabolic
phenotype is profoundly different from the metabolic syndrome
observed in mice with disruption of general antioxidant enzymes,
suggesting that IDH2 plays a major role in modulating both obe-
sity and insulin sensitivity. Our findings therefore indicate that
IDH2 may be a valuable therapeutic target in counteracting obesity
and type 2 diabetes.

2. Materials and methods
2.1. Animal care and experimental protocol

The animals used in this study were idh2~/~ germ-line
knockout (IDH2~/~) mice and their littermate WT control, and
both mice are C57BL/6] background [19]. The animals were
housed in climate-controlled, specific pathogen-free barrier facil-
ities under a 12-h light-dark cycle, and chow and water were
provided ad libitum. The Institutional Animal Care and Use Com-
mittee at the Kyungpook National University approved the ex-
perimental protocols for this study. Mice were fed a normal chow
diet (12% fat calories, Purina Laboratory Rodent Diets 38057) or a
high-fat diet (60% fat calories, Research Diets D12492). The high-
fat diet study with 6-month-old IDH2~/~ mice and controls was
followed for a period of 4 weeks. Body weights were measured
daily during the experimental protocol. At the end of the experi-
mental period, one mouse from each group was anesthetized, and
the degree and distribution of adiposity was examined by com-
puted tomography (CT) imaging. All other mice were euthanized,
and dissected tissue specimens were immediately stored at
—80 °C until analysis.

2.2. Physiological measurements

For measurement of food consumption, 10-month-old IDH2~/~
mice and controls were housed individually. Food consumption

and body weight was measured for 7 d consecutively. The surface
temperature of the mice was imaged at 24 °C using a high-re-
solution infrared camera (Ti45-60HZ Thermal Imager, Fluke Cor-
poration) and analyzed with a software package (SmartView 3.10
Software). Rectal temperature was monitored using an electronic
thermistor (Model BAT-12) equipped with a rectal probe (RET-3,
Physitemp).

2.3. Blood chemistry and metabolite analyses

For the intraperitoneal glucose tolerance test (IGTT), 10-month-
old IDH2~/~ mice and controls were deprived of food for 16 h and
administered 0.75 mg glucose per g body weight intraperitoneally.
For the intraperitoneal insulin tolerance test (IITT), 10-month-old
IDH2~/~mice and controls were administered 0.75 U human in-
sulin per kg of body weight by subcutaneous injection. Blood was
withdrawn from the supraorbital vein at the indicated times.
Blood glucose was measured by glucose oxidase method (Roche).
Serum FFA, triglyceride, and total cholesterol levels were de-
termined by the nonesterified fatty acid C-test, triglyceride L-type,
and cholesterol L-type (Wako), respectively. LDL and HDL choles-
terol levels were determined with HDL and LDL/VLDL assay Kit
(Sigma Aldrich). Plasma insulin was measured by ELISA-based
insulin immunoassay kit (Mercodia), according to the manufac-
turer's instructions. Liver tissues were excised, weighed, and
homogenized. A 500 pl volume of homogenates was added to
3 mL of methanol/chloroform at a 1:2 (vol/vol) ratio. The mixture
was shaken for 10 min and then centrifuged. The organic layer was
removed and saved, the aqueous layer was re-extracted with 3 mL
of methanol/chloroform, and a small aliquot of the combined or-
ganic extracts was evaporated. FFA and triglyceride concentration
of this aliquot was determined as described earlier.

2.4. Histological analysis

Tissues were harvested and fixed in 4% (w/v) paraformaldehyde
in PBS and embedded in paraffin. Then, 5-pm-thick tissue sections
were deparaffinized, rehydrated, and used for H&E staining, im-
munohistochemistry, and immunofluorescence. For antigen re-
trieval, the slides were submerged in 10 mM sodium citrate (pH
6.0) and heated to 90 °C for 20 min. Tissue lipid content was as-
sessed by Oil Red O or Nile red staining of paraffin-embedded
tissue sections. Immunohistochemistry was performed using a
VECTASTAIN ABC Kit (PK-4001, Vector Laboratories, Burlingame,
CA, USA), according to the manufacturer's instructions, using an-
tibody against UCP1 and PGC-1a (Abcam), SREBP1 (Santa Cruz
Biotechnology), ACC, FAS, p-ATF-2, and p-p38 (Cell Signaling
Technology), GSSG (ViroGen), and NADPH (Biorbyt). Antibodies
used for immunofluorescence staining were anti-Opal (BD
Bioscience), anti-Mfn1, and Fis1 (Sigma Aldrich). Images were ac-
quired with a light microscope (Nikon Eclipse 80i) or a confocal
microscope (Nikon E600). Staining intensities were analyzed using
color deconvolution feature of ImageQuant 5.2 software (Mole-
cular Dynamics).

2.5. CT scan analysis

The adiposity of mice was examined radiographically using the
small animal Inveon system (Siemens Medical Solutions, USA).
Briefly, the micro CT scanner was set to 80 kVp for the X-ray tube
and 500 pA for the X-ray source, with an exposure time of 250 ms.
The detector and X-ray source were rotated 360° with 180 rotation
steps, the number of calibration exposures was 30, and the FOV
was set as 56.89 x 56.89 mm. CT reconstruction was used to
standardize the cone-beam setup with one of the values from the
downsampling factors. The number of voxels for the bone scan
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was 512 x 512 x 512. The images were reconstructed in a short
time using the modified Feldkamp process (Cobra EXXIM software,
EXXIM Computing Corp). CT scanning was performed at 2-mm
intervals, from the diaphragm to the bottom of the abdominal
cavity.

2.6. Immunoblot analysis

Antibodies were from the following sources: UCP1, PGC-1«,
and Prx-SOs; (Abcam), SREBP1 and Actin (Santa Cruz Biotechnol-
ogy), ACC, FAS, p-ATF-2, ATF-2, p-p38, p38, and p53 (Cell Signaling
Technology), Opal (BD Bioscience), and Fis1 (Sigma Aldrich).
Conventional immunoblotting procedures were used to detect the
target proteins, as follows: Tissues were homogenized and lysed in
TEGN buffer (10 mM Tris, pH 8, 1 mM EDTA, 10% glycerol, 0.5%
Nonidet P-40, 400 mM NaCl, 1mM DTT, 0.5mM phe-
nylmethylsulfonylfluoride and protease inhibitor mixture con-
taining 1 M benzamidine, 3 mg/mL leupeptin, 100 mg/mL baci-
tracin, and 1 mg/mL a2 macroglobulin) and incubated on ice for
15 min. Lysates were then cleared by centrifugation at 20,000 x g
for 10 min. Total protein concentration was determined via the
Bio-Rad protein assay. Equal amounts of protein were separated on
10% SDS/PAGE and the proteins were transferred to nitrocellulose
membranes (Schleicher and Schuell). The membranes were
blocked for 1 h in PBS solution containing 5% nonfat milk powder
and 0.1% Tween-20 and then probed with primary antibody
overnight in 1% milk and 0.1% Tween-20 in PBS. Finally, after three
5-min washes in 0.1% PBS/Tween-20, proteins were visualized by
enhanced chemiluminescence (Amersham Biosciences). Band in-
tensities were quantified with ImageQuant 5.2 software (Mole-
cular Dynamics).

2.7. Reverse transcription-polymerase chain reaction (RT-PCR)

RNA was extracted using an RNeasy Mini Kit (Qiagen) and
quantified by UV-vis spectrophotometry. The cDNAs were gener-
ated by reverse transcription with random hexamers using the
ImProm-II Reverse Transcription System (Promega). Then, RT-PCR
was performed with the primers listed in Supplementary Table 1,
using the GeneAmp 2400 PCR System (Perkin-Elmer Cetus) ac-
cording to the manufacturer's protocol. PCR products were sepa-
rated on 2% agarose gels and bands were visualized with ethidium
bromide staining.

2.8. Measurement of redox status and cellular ROS

Intracellular peroxide concentrations were determined using a
ferric acid-sensitive dye, xylenol orange, as previously described
[20]. The concentration of total glutathione was determined by the
rate of formation of 5-thio-2-nitrobenzoic acid at 412 nm
(e=136x10*MM~'cm~') according to the method described
by Akerboom and Sies [21]. Oxidized glutathione (GSSG) was
measured by the 5,5'-dithiobis(2-nitrobenzoic acid)-GSSG re-
ductase recycling assay after treating GSH with 2-vinylpryidine
[22]. NADPH was measured using the enzymatic cycling method as
described by Zerez et al. [23] and expressed as the ratio of NADPH
to the total NADP pool. Intracellular ATP levels were determined
by using luciferin-luciferase, as previously described [24]. Light
emission was quantitated in a Turner Designs TD 20/20 lumin-
ometer (Stratec Biomedical Systems). In order to examine the le-
vels of mitochondrial ROS, DHR 123 (Dihydrorhodamine 123;
2 mg/kg body weight) was administered intraperitoneally and
then tissues were homogenized and lysed in TEGN buffer. Fluor-
escence intensity was analyzed using a Shimadzu UV1650 spec-
trophotometer using excitation and emission wavelengths of 500
and 536 nm, respectively.

2.9. Statistical analysis

Analyses were performed using a two-tailed t-test. Results are
shown as means + SD.

3. Results
3.1. Disruption of IDH2 in vivo

In order to investigate the physiological role of IDH2, we gen-
erated mice with mutation in IDH2, leading to IDH2 deficiency
(Supplementary Fig. 1). Notably, IDH2 ~/~ mice exhibited an obese-
resistant phenotype compared with wild-type mice, even when a
normal diet is administered, suggesting that IDH2 plays a crucial
role in regulating adiposity in adulthood (Fig. 1A). We therefore
focused on elucidating the role of IDH2 in the pathogenesis of
obesity and associated disorders.

3.2. Resistance to obesity in IDH2~/~ mice

There was no difference in body weight at birth between
genotypes; however, at 24 weeks, the body weight of IDH2~/~
mice was lower than that of wild-type mice. This difference in
body weight was found to persist throughout their lives, when fed
on a normal diet (Fig. 1B). There were no phenotypic differences
between male and female mice. 10-month-old IDH2~/~ mice
showed a marked reduction in body weight compared with wild-
type mice (Fig. 1C). Furthermore, macroscopic and computed to-
mographic (CT) analyses taken 10 months after birth showed that
visceral fat depots were significantly lower in IDH2~/~ mice
compared with in wild-type mice (Fig. 1D). However, there was no
significant difference in the weights of other organs such as lung,
kidney, and spleen, referring to body weight normalized (Sup-
plementary Fig. 2A). In contrast, visceral white adipose tissue
(WAT) per body weight in IDH2~/~ mice was markedly lower than
that in wild-type mice (Fig. 1E). Consistent with fat mass reduc-
tion, sections of WAT from IDH2~/~ mice showed decreased adi-
pocyte size relative to wild-type mice (Fig. 1F and G). Furthermore,
a smaller amount of lipid accumulation in the adipose tissue was
observed in IDH2~/~ mice than in wild-type mice, indicating that
a reduction in total fat mass results from decreased triglyceride
accumulation (Supplementary Fig. 2B). In order to further in-
vestigate whether IDH2~/~ mice show resistance to diet-induced
obesity, we challenged the two genotypes with a high-fat diet
containing 60% (wt/wt) fat for 28 days to stimulate weight gain.
IDH2~/~ mice fed this diet showed significant differences asso-
ciated with reduction in body weight compared to wild-type mice
(Fig. 1H and I). At the end of the feeding period, the net weight
gains were 3.124+1.67¢g and 11.79 +2.06 g, respectively, for
IDH2~/~ mice and wild-type mice (Fig. 1]). However, there was no
significant difference in apparent food consumption between the
two genotypes (Supplementary Fig. 3A). As expected, administer-
ing a high-fat diet caused massive lipid accumulation in visceral
fat depots in the controls, whereas such changes were rarely seen
in IDH2~/~ mice (Fig. 1K and L; Supplementary Fig. 3B). Notably,
the adipocyte size of visceral WAT in IDH2 '/~ mice was markedly
smaller than that in wild-type mice (Fig. 1M and N).

3.3. Metabolic alterations in IDH2~/~ Mice

There was no difference in in vitro adipocyte differentiation of
embryonic fibroblasts between IDH2~/~ mice and wild-type mice
(data not shown). In order to investigate alternative causes of
decreased adiposity in IDH2~/~ mice, we compared lipid meta-
bolism, body temperature, and food intake in IDH2~/~ mice and
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Fig. 1. Resistance to obesity in IDH2~/~ mice. (A) Gross appearance of 10-month-old wild-type and IDH2~/~ mice on a normal diet. (B) Body weight of wild-type and IDH2~/~
mice on a normal diet (n=10). (C) Change in body weight of wild-type and IDH2~/~ mice fed a normal diet for 4 months, starting at 6 months of age (n=10). (D) Abdominal
cavity and representative cross-sectional CT images of 10-month-old wild-type and IDH2~/~ mice fed a normal diet. (E) Gross image of visceral fat and visceral WAT weight/
body weight of 10-month-old wild-type and IDH2~/~ mice on a normal diet (n=7). (F) Hematoxylin and eosin (H&E)-stained sections and (G) distribution of adipocyte size in
visceral WAT from 10-month-old wild-type and IDH2~/~ mice on a normal diet (n=3). The diameters of visceral white adipocytes were determined by ImageQuant. More than
500 adipocytes were examined for each group. (H) Photograph of 6-month-old wild-type and IDH2~/~ mice showing body size differences after 4 weeks of a high-fat diet.
(I) Body weight of wild-type and IDH2~/~ mice on a high-fat diet (n=10). (J) Change in body weight of 6-month-old wild-type and IDH2~/~ mice after 4-weeks of high-fat
feeding (n=10). (K) Macroscopic level, (L) comparison of visceral fat weight/body weight (n=7), (M) histological analysis, and (N) Average adipocyte sizes in visceral WAT from
6-month-old wild-type and IDH2~/~ mice after 4 weeks of a high-fat diet (n=3). Data are presented as means + SD. Bars in histological sections indicate 50 um. *P < 0.01
between the two genotypes indicated. The figure shows representative data for three independent experiments. Male mice were used for all experiments.
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Fig. 2. Metabolic effects of IDH2 deficiency on a normal diet. (A) Plasma concentrations of free fatty acid (FFA), triglyceride (TG), total cholesterol (TCH), LDL cholesterol (LDL-
C), HDL cholesterol (HDL-C) in wild-type and IDH2~/~ mice. Values are presented as the fold change over the levels observed in wild-type mice. (B) Representative H&E-
stained and lipid-stained sections from livers of wild-type and IDH2~/~ mice. (C) Hepatic concentrations of FFA and triglyceride in wild-type and IDH2~/~ mice.
(D) Representative infrared thermal images of temperature of the skin and quantification of rectal temperature in wild-type and IDH2~/~ mice. (E) Average food intake of
wild-type and IDH2~/~ mice. (F) Plasma glucose levels and insulin concentration in wild-type and IDH2~/~ mice before and after 5-h fast. (G) Glucose and insulin tolerance
tests in wild-type and IDH2~/~ mice. (H) Immunoblots comparing the levels of adiponectin, TNF-o, and leptin in the serum of wild-type and IDH2~/~ mice. Albumin served
as a loading control. Quantification of adiponectin, TNF-a, and leptin levels normalized to albumin is shown. (I) Immunoblot analysis of adiponectin and leptin expression in
visceral WAT of wild-type and IDH2 ~/~ mice. Actin was used as a loading control. The protein levels were normalized to the actin level. Each value represents the mean + SD
from five to six independent experiments. *P < 0.01, between the two genotypes indicated. N.S. indicates no significant difference compared with wild-type mice. The figure
shows representative data for five independent experiments. Bars in histological sections indicate 50 pm. 10-month-old male mice were used for all experiments.

wild type mice. Significant reductions were observed in the levels
of plasma total cholesterol, free fatty acid (FFA), LDL cholesterol,
and triglycerides in IDH2~/~ mice; however there was no sig-
nificant difference in serum HDL cholesterol concentration be-
tween the two genotypes (Fig. 2A). As the plasma lipid metabolites
observed above are closely associated with hepatic steatosis in
obesity [25], we also studied the effect of the metabolic alterations
on the development of hepatic steatosis. Remarkably, histological
examination of liver tissue from IDH2~/~ mice revealed a reduc-
tion in lipid droplets and decreased accumulation of triglyceride
compared with wild-type mice (Fig. 2B), indicating amelioration of
hepatic steatosis in IDH2~/~ mice. Consistent with the reduced
lipid deposition in the liver, hepatic triglyceride levels and FFA
contents were markedly decreased in IDH2~/~ mice (Fig. 2C).
IDH2~/~ mice also showed significant increases in ambient and
rectal core body temperature compared with wild-type mice
(Fig. 2D), suggesting enhanced energy expenditure in IDH2~/~
mice. The daily food intake in IDH2~/~ mice, however, was similar
to that in wild-type mice when individually housed and fed a

normal diet (Fig. 2E).
3.4. Insulin sensitivity in IDH2~/~ mice

Obesity is a major risk factor for insulin resistance as well as
type 2 diabetes. Adipose tissue, in particular, has a substantial
effect on systemic glucose homeostasis via secretion of adipocy-
tokines [26]. In order to investigate this further, we performed
intraperitoneal glucose and insulin tolerance tests (IGTT and IITT,
respectively). As expected, the circulating glucose and insulin le-
vels were observed to be significantly lower in IDH2~/~ mice than
in wild-type mice (Fig. 2F). IGTT and IITT showed that IDH2~/~
mice exhibit improved glucose tolerance and increased insulin
sensitivity (Fig. 2G). Recent studies have demonstrated that tumor
necrosis factor (TNF)-a [27] secreted from adipose tissue acts as a
mediator of insulin resistance, and that adiponectin [28] and leptin
[29] mediate insulin sensitivity. IDH2~/~ mice showed increased
serum adiponectin levels and decreased serum TNF-o level,
whereas no significant differences were observed in leptin
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concentration in serum between genotypes (Fig. 2H). Additionally,
adiponectin levels in the adipocytes of IDH2~/~ mice were
markedly higher than those in the adipocytes of wild-type mice,
whereas the leptin levels in the adipocytes did not significantly
differ between the genotypes (Fig. 2I), suggesting that adipose
tissues in IDH2~/~ mice secrete adiponectin at high levels, and the
increased glucose tolerance and insulin sensitivity observed in
IDH2~/~ mice directly result from the increased serum adipo-
nectin. Taken together, these results clearly show that IDH2~/~
mice exhibit obesity resistance-related insulin sensitivity and
glucose metabolism.

3.5. Molecular alterations in IDH2~/~ mice

The physiological data presented above indicate that the in-
activation of IDH2 in vivo leads to resistance to obesity, which is
associated with resistance to adipocyte hypertrophy and increased
energy expenditure. It is well established that, together with ex-
cess energy intake, an increase in lipogenesis in adipose tissue
causes adipocyte hypertrophy and thermogenesis, i.e., heat pro-
duction in response to food intake and changes in environmental
temperature, is an important defense against obesity associated

with increased energy expenditure [30]. In order to elucidate the
molecular basis of these metabolic changes in IDH2~/~ mice, we
examined the expression of molecules with proposed roles in
obesity that is associated with metabolic activity in adipocytes.
Consistent with the reduced plasma lipid content in IDH2~/~
mice, the expression of lipogenic genes such as sterol regulatory
element binding protein 1 (SREBP1), fatty acid synthase (FAS), and
acetyl-CoA carboxylase (ACC) was significantly lower in the adi-
pocytes of IDH2 /= mice than in those of wild-type mice (Fig. 3A;
Supplementary Fig. 4A). SREBP1, which is considered a key tran-
scriptional regulator of triglyceride synthesis, controls the tran-
scription and expression of lipogenic enzymes such as FAS, which
catalyzes the first committed step in lipogenesis, and ACC, the
rate-limiting enzyme in fatty acid synthesis [31]. RT-PCR analysis
confirmed the downregulation of lipogenesis-related genes as well
as Scd1 and Mel, which are direct targets of SREBP1 involved in
lipogenesis in the adipocytes of IDH2~/~ mice (Fig. 3B). Recently, it
was reported that the tumor suppressor p53 represses the pro-
moter activity of the SREBP1 gene and its downstream gene,
constituting a negative feedback loop against excess fat accumu-
lation in adipocytes [32]. It was found that p53 is highly induced in
the adipocytes of IDH2~/~ mice compared with those of wild-type
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Fig. 3. Suppressed lipogenesis and increased thermogenesis in adipose tissues of IDH2~/~ mice on a normal diet. (A) Immunohistochemical staining of proteins related to
lipogenesis in visceral WAT of wild-type and IDH2~/~ mice. (B) RT-PCR analysis of expression of genes associated with lipogenesis from visceral WAT of wild-type and IDH2~/
~ mice. Actin was used as an internal control for the experiment. (C) Immunoblot analysis of p53 levels and lipogenic protein expression in visceral WAT of wild-type and
IDH2~/~ mice. Actin was used as a loading control. (D) Immunohistochemical and (E) immunoblot analysis for protein expression of UCP1 and p38 MAPK activation from
visceral WAT of wild-type and IDH2~/~ mice. (F) Immunoblot analysis of PGC-1« expression in visceral WAT of wild-type and IDH2~/~ mice. (G) RT-PCR analysis of mRNA
levels of genes involved in brown fat-like changes in visceral WAT of wild-type and IDH2~/~ mice. (H) RT-PCR analysis of thermogenic gene expression from visceral WAT of
wild-type and IDH2~/~ mice. (I) Representative images of H&E staining and immunohistochemical staining of proteins associated with thermogenesis in BAT of wild-type
and IDH2~/~ mice. (J) Immunoblot analysis of proteins related to p38-mediated UCP1 expression in BAT of wild-type and IDH2~/~ mice. (K) RT-PCR analysis of genes
involved in thermogenesis of BAT from wild-type and IDH2~/~ mice. The figure shows representative data for three independent experiments. Bars in histological sections

indicate 50 pm. 10-month-old male mice were used for all experiments.
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mice, suggesting that p53 suppresses lipogenesis-related genes in
the adipocytes of IDH2~/~ mice by inhibiting SREBP1 expression
(Fig. 3C; Supplementary Fig. 4B). It is well established that un-
coupling protein 1 (UCP1) is a key contributor to browning of
visceral WAT with thermogenesis. The brown fat-like cells in the
adipose tissue have been associated with resistance to diet-in-
duced obesity and improved glucose metabolism [33]. Several
reports have shown that the activation of p38 mitogen-activated
protein kinase (MAPK) in adipocytes is indispensable for the
transcription of the UCP1 gene through phosphorylation of acti-
vating transcription factor 2 (ATF-2) [34]. UCP1 expression is sig-
nificantly increased in visceral WAT of IDH2~/~ mice and its ex-
pression is highly related to the increased activation of the p38-
ATF-2 axis (Fig. 3D and E; Supplementary Fig. 4C). In addition, the
activation of p38 has been shown to increase the expression of
PGC-1a, a key coactivator of the thermogenic transcriptional
program in browning of WAT (Fig. 3F; Supplementary Fig. 4A) [33].
To investigate if mitochondrial contents in the adipose tissue of
IDH2~!~ mice would be influenced by the activation of PGC-1a
[35], mitochondrial contents were measured by im-
munohistochemistry for a mitochondrial marker protein, voltage-
dependent anion channel (VDAC), and there was no significant
change in the mitochondrial contents in both genotypes (Supple-
mentary Fig. 5). These results indicate that the mitochondrial
contents may not be influenced by the PGC-1a expressed in the
tissues of IDH2-deficient mice. Gene expression analysis con-
firmed the induction of Ppargcla (encoding PGC-1a, peroxisome
proliferator-activated receptor 7y coactivator 1a) as well as a
number of its target genes associated with thermogenesis in WAT
of IDH2~/~ mice (Fig. 3G and H; Supplementary Fig. 4E), sug-
gesting increased browning of WAT, and, therefore, thermogenesis
in IDH2~/~ mice. It is well-known that brown adipose tissue (BAT)
is the primary site of energy expenditure by thermogenesis, which
is mediated by UCP1 in mitochondria [36]. Interestingly, a mark-
edly lower accumulation of lipid vesicles and higher expression of
UCP1 was observed in BAT of IDH2~/~ mice compared with those
in wild-type mice (Fig. 3I; Supplementary Fig. 4F). Moreover,
sections of BAT from IDH2~/~ mice showed increased p38 phos-
phorylation levels (Fig. 3J; Supplementary Fig. 4G), which are
significantly related to the increased expression of UCP1 via the
p38-ATF-2 axis signaling pathway (Fig. 3]). In addition, phos-
phorylation and activation of p38 was found to stimulate the ex-
pression of PGC-1a in BAT (Fig. 31 and ]). RT-PCR analysis showed
significant increases in the expression of genes associated with
thermogenesis in BAT of IDH2~/~ mice (Fig. 3K). These findings
suggest that the inactivation of IDH2 in vivo inhibits expression of
lipogenesis-related genes and activates molecules involved in sti-
mulating energy expenditure via thermogenesis in adipocytes,
thereby, in part, leading to decreased adiposity.

3.6. Modulation of ROS production in IDH2~/~ mice

Next, we attempted to elucidate the mechanisms by which
IDH2 inactivation leads to elevation of the activity of these sig-
naling axes. It is well established that coordination between mi-
tochondrial and nuclear activities is vital for cellular homeostasis,
and several signaling molecules and transcription factors, such as
p38 MAPK and the tumor suppressor p53, are regulated by mi-
tochondria-derived cellular ROS to carry out this interorganellar
communication [37-39]. In particular, IDH2 is a primary NADPH
producer in the mitochondria, which plays a critical role in cellular
redox regulation by maintaining a NADPH-dependent GSH/GSSG
ratio [16]. Therefore, this suggests that IDH2 modulates the cel-
lular redox status responsible for the regulation of the signaling
pathway. In order to examine the effect of IDH2 activity on redox
status of mitochondria and subsequent cellular ROS production,

we analyzed the mitochondrial redox (Fig. 4A), mitochondrial
biogenesis (Fig. 4B), and intracellular ROS (Fig. 4C and D) in white
adipocytes for the 2 genotypes. The data reveal that IDH2 in-
activation leads to elevated levels of mitochondrial ROS and dy-
namic changes in mitochondrial morphology, leading to an in-
crease in cellular ROS levels in the adipocytes. Furthermore, high
levels of mitochondrial biogenesis (Fig. 4E) and increased cellular
ROS levels (Fig. 4F and G), which are characteristic features of
brown adipocytes essential for BAT-dependent thermogenesis, are
also observed in BAT from IDH2 ~/~ mice. Taken together, the data
in Fig. 4 indicate that IDH2 inhibition, resulting in elevated cellular
ROS production, gates the p38 MAPK-mediated thermogenic and
the p53-mediated lipogenic axes in the adipose tissue. Fig. 4H
summarizes the findings of this study as follows: the inhibition of
IDH2 results in elevated intracellular ROS levels, which leads to the
activation of UCP1 and inhibition of lipogenesis-related genes. This
occurs via gating of the ROS-mediated p38-ATF-2 axis and p53-
SREBP1 axis as a result of the modulation of cellular redox status.
These data therefore indicate a critical role for ROS in lipid
metabolism.

4. Discussion

Mitochondrial NADP™*-dependent isocitrate dehydrogenase,
encoded by the IDH2 gene, plays a major role in the regulation of
redox balance and oxidative stress levels which are tightly asso-
ciated with intermediary metabolism and energy production [40].
In order to establish the role of IDH2 in the metabolic phenotype
in vivo, we generated IDH2-deficient mice using embryonic stem
cells from C57BL mice and demonstrated that the inactivation of
IDH2 in vivo has substantial metabolic benefits such as resistance
to obesity and obesity-related metabolic disorders. IDH2-deficient
mice are protected against diet-induced weight gain via the re-
duction of adipocyte hypertrophy, which results from the inhibi-
tion of the expression of genes associated with lipogenesis in
adipose tissue. Furthermore, as a result of higher levels of UCP1
expression in their adipocytes, IDH2-deficient mice show in-
creased energy expenditure through thermogenesis.

In the present study, we demonstrate a physiological role for
mitochondrion-generated ROS in regulating metabolism in adip-
osity. We suggest that elevated mitochondrial ROS levels, resulting
from the inhibition of IDH2, lead to higher UCP1 expression
through p38 MAPK activation. This is consistent with the well-
known relationship between ROS, p38 MAPK signaling, and UCP1
expression [34,41]. Recent studies have demonstrated that in-
hibition of ROS by chemical antioxidants was sufficient to inhibit
both p38 MAPK activation and UCP1 expression, indicating that
ROS is essential for inducible UCP1 expression and UCP1-mediated
thermogenesis in adipocytes, and for homeostatic regulation of
energy metabolism [42]. We then investigated the molecular
mechanism underlying the reduction of adipocyte hypertrophy
associated with decreased visceral fat mass. Interestingly, we
found that inactivation of IDH2 suppresses the expression of li-
pogenesis-related genes via transcriptional repression of SREBP1,
which is gated by ROS-mediated p53 activation. The tumor sup-
pressor protein p53 is considered a redox active transcription
factor that organizes and directs cellular responses against a
variety of insults to genomic instability [39,43]. Recent studies
have revealed that the cellular concentration and distribution of
p53 are associated with distinct cellular functions. Additionally, it
has been demonstrated that ROS act as both upstream signals that
trigger p53 activation and as downstream factors that mediate the
expression of key metabolic enzymes, orchestrating an intricate
balance between mitochondrial respiration, glycolysis, and the
pentose phosphate shunt [39]. p53 functions as a negative
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all experiments.

regulator of lipid synthesis by activating fatty acid oxidation and
inhibiting fatty acid synthesis [44]. In particular, activated p53
inhibits adipocyte differentiation and p53 knockout enhances lipid
accumulation [45]. Of interest, p53 has been demonstrated to
regulate key transcription factors responsible for the expression of
genes involved in determining cellular lipogenic status e.g.,
SREBP1, which is a key transcription factor for genes involved in
fatty acid synthesis [44]. p53 activation by ROS suppresses the
expression of the SREBP1 in adipose tissue, contributing to the
repression of FAS and ATP citrate lyase (ACLY) [32]. Disruption of
p53 in ob/ob mice was found to partially restore SREBP1-mediated
expression of lipogenic enzymes, constituting a negative feedback
loop against excess fat accumulation in adipocytes [32]. Mean-
while, it is possible that IDH2 disruption is likely to induce various
compensatory responses for counteracting the obesity-related
metabolisms, which may not be directly related to ROS-mediated

inhibition of SREBP1 and lipogenesis, and concomitant upregula-
tion of UCP1 associated with thermogenesis. For example, it is
plausible that IDH2-deficient mice appear to promote lipid cata-
bolism more readily than that in wild-type mice due, in part, to
compensatory increases in levels of component of fatty acid oxi-
dation, and thus elevated rates of fatty acid oxidation, which is
inferred by elevation of fatty acid metabolism-related genes as
shown in Fig. 3F and H. Further detailed characterization and
analyses are required to reveal the possibility in a future study.
Chronically elevated levels of cellular ROS have been attributed
to diseases such as obesity and diabetes [8]. Several previous
studies have suggested ROS as initiators of cellular damage. A
plethora of recent studies, however, have proposed that, at phy-
siological levels, ROS can also serve as signaling molecules to
regulate normal physiological processes such as oxygen sensing
[46]. Furthermore, over the last decade, our knowledge of ROS has
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become more complex, as several reports have suggested that the
type and the compartmentalization of ROS are likely to regulate
distinct biological outcomes [47].

Antioxidants were once considered beneficial for treating age-
and obesity-associated metabolic derangements such as chronic
inflammation, fibrotic damage, and insulin resistance [48]. How-
ever, several animal and human clinical studies failed to show the
benefits of antioxidants in treating age- or obesity-associated
diseases [49] and instead revealed several harmful side effects
[50,51]. It is plausible that antioxidant therapies may have inter-
fered with certain ROS-dependent physiological processes im-
portant for metabolic homeostasis. The present study suggests
that ROS-mediated inhibition of SREBP1 expression and con-
comitant promotion of UCP1 expression may override any bene-
ficial effects of antioxidants.

In summary, we provide the first evidence that IDH2, as a
central regulator of adipocyte lipid metabolism and energy ex-
penditure, directly antagonizes obesity and obesity-related insulin
resistance. Therefore, IDH2 is a potential target for the develop-
ment of pharmacological interventions counteracting obesity and
obesity-related metabolic diseases.
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