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ABSTRACT

Nonalcoholic fatty liver disease (NAFLD) has a high prevalence in the general population and can
evolve into nonalcoholic steatohepatosis (NASH), cirrhosis, and complications such as liver failure
and hepatocellular carcinoma. Recently, we reported that mitochondrial NADP"-dependent isoci-
trate dehydrogenase, encoded by the IDH2, plays an important role in the regulation of redox
balance and oxidative stress levels, which are tightly associated with intermediary metabolism
and energy production. In the present study, we showed that in mice targeted disruption of
IDH2 attenuates age-associated hepatic steatosis by the activation of p38/cJun NH2-terminal kin-
ase (JNK) and p53, presumably induced by the elevation of mitochondrial reactive oxygen species
(ROS), which in turn resulted in the suppression of hepatic lipogenesis and inflammation via the
upregulation of fibroblast growth factor 21 (FGF21) and the inhibition of NFxB signaling path-
ways. Our finding uncovers a new mechanism involved in hepatocellular steatosis and IDH2 may
be a valuable therapeutic target for the management of NAFLD.
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Introduction

Nonalcoholic fatty liver disease (NAFLD), acknowledged
as an important public health problem because of its
high prevalence, is considered to be an integral part of
the metabolic syndrome that is associated with obesity,
hyperlipidemia, and diabetes [1,2]. A chronic imbalance
between triglyceride acquisition and its utilization leads
to the abnormal accumulation of lipids in the liver,
resulting into fatty liver or hepatic steatosis [3].
Although hepatic steatosis itself is benign, the excess
triglyceride could result in nonalcoholic steatohepatosis
(NASH) [4]. NASH is characterized by inflammation and
cellular injury or even death of hepatocytes, and it
highly increases the risk of hepatocellular carcinoma
and fibrosis of the liver [5].

Mitochondria are the main organelles involved in the
production of reactive oxygen species (ROS), and there-
fore are also the main targets of ROS-induced damage
[6,7]. Numerous studies suggest that mitochondrial ROS
have evolved as key mediators of communication
between the mitochondria and cell for regulation of
homeostasis as well as the maintenance of normal cel-
lular functions [8]. We demonstrated that mitochondrial
NADP*-dependent isocitrate dehydrogenase (IDH2) is
critical for maintaining the cellular redox environment

via its ability to generate NADPH by catalyzing the oxi-
dative decarboxylation of isocitrate into a-ketoglutarate
[9]. NADPH serves as an essential reducing equivalent
needed for recycling the oxidized form of glutathione
(GSH) in mitochondria and is required for the mitochon-
drial antioxidant defense systems including the NADPH-
dependent thioredoxin system [10,11].

Previously, we reported that IDH2-deficient mice,
which are resistant to age-associated diet-induced
obesity, exhibit several metabolic changes related to
glucose tolerance and insulin sensitivity as well as
promotion of energy expenditure via increase of
thermogenesis [12]. We proposed that IDH2 plays a
role as the central regulator of adipocyte lipid metab-
olism and energy expenditure, thereby directly com-
bating obesity and obesity-related insulin resistance.
Here, we show that mice with targeted disruption of
IDH2 attenuate age-associated hepatic steatosis. This
function of IDH2 is linked to its capacity to suppress
lipogenesis and inflammation through mitochondrial
ROS-dependent activation of p38/c-Jun NH2-terminal
kinase (JNK) and p53. Our finding uncovers a new
mechanism involved in hepatocellular steatosis and
suggests that IDH2 could be a valuable therapeutic
target for the management of NAFLD.
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Materials and methods
Animal care

Age-matched male IDH2 knockout (IDH2™"7) and their
littermate wild type (IDH2"'") mice with C57BL/6
genetic background were used in this study [13]. The
animals were housed in climate-controlled, specific
pathogen-free barrier facilities under a 12-h light-dark
cycle, and chow and water were provided ad libitum.
The Institutional Animal Care and Use Committee at the
Kyungpook National University approved the experi-
mental protocols for this study. Mice were fed a normal
chow diet (12% fat calories, Purina Laboratory Rodent
Diets 38057).

Histological analysis

Tissues were harvested, fixed in 4% (w/v) paraformalde-
hyde in phosphate-buffered saline (PBS), and
embedded in paraffin. Then, 5-um-thick tissue sections
were deparaffinized, rehydrated, and used for staining,
immunohistochemistry, and immunofluorescence. For
antigen retrieval, the slides were submerged in 10 mM
sodium citrate (pH 6.0) and heated to 90°C for 20 min.
Tissue lipid content was assessed by 4,4-difluoro-
1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-Indacene
(BODIPY) staining of paraffin-embedded tissue sections.
Cryosectioned tissues (3 um thick) were fixed with 1%
formalin for 10 min, and stained with BODIPY (Molecular
Probes, Carlsbad, CA) working solution, stocked in etha-
nol (2mg/ml) after diluting to 1000x with PBS, for
30 min. The sectioned tissues were then counterstained
with 4,6-diamidino-2-phenylindole (DAPI) and mounted.
Immunohistochemistry was performed wusing a
VECTASTAIN ABC Kit (PK-4001, Vector Laboratories,
Burlingame, CA), according to the manufacturer's
instructions, using antibody against 4-hydroxynonenal
(4-HNE) and sterol regulatory element-binding protein1
(SREBP1) (Santa Cruz Biotechnology, Santa Cruz, CA),
acetyl-CoA carboxylase (ACC), and fatty acid synthase
(FAS) (Cell Signaling Technology, Beverly, MA).
Antibodies used for immunofluorescence staining were
anti-Opa1l (BD Biosciences, Franklin Lake, NJ), anti-Mfn1,
and anti-Fis1 (Sigma Aldrich, St. Louis, MO). Images
were acquired using a light microscope (Nikon Eclipse
80i) or confocal microscope (Nikon E600).

Immunoblot analysis

Antibodies were from the following sources: Prx-SO;
(Abcam), SREBP1; actin (Santa Cruz Biotechnology,
Santa Cruz, CA); ACC, FAS, C/EBPa, C/EBPB, p-p38, p38,
JNK, fibroblast growth factor 21(FGF21), Akt, pAkt, Erk,
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pErk, 1KKa, IKKB, plKKo/B, plKBa, NFkB, tumor necrosis
factor alpha (TNF-a), and p53 (Cell Signaling
Technology, Beverly, MA). Total-protein extracts were
separated by 10% SDS-PAGE, and the proteins were
transferred to nitrocellulose membranes. The mem-
branes were incubated with the appropriate primary
antibodies, washed, and incubated with a horseradish
peroxidase-labeled anti-rabbit IgG secondary antibody.
Antibody binding was detected with an enhanced
chemiluminescence detection kit (Amersham Pharmacia
Biotech; Buckinghamshire, UK).

Reverse transcription-polymerase chain reaction
(RT-PCR)

RNA was isolated using an RNeasy kit (Qiagen; Hilden,
Germany) according to the manufacturer’s instruc-
tions. RNA (3 pg) used for RT-PCR was extracted using
TRIzol reagent and cDNA was synthesized using the
Super Scripts First-Strand kit (Invitrogen; Carlsbad, CA)
according to the manufacturer’s protocol. The sequen-
ces of primers used were as follows: GAPDH, forward
5/-CGACAGTGTTTCCTCGTCAA-3', reverse 5-CCTTTT
GGCTCCACCCTTCA-3'; IDH2, forward 5-ATCAAGGAG
AAGCTCATCCTGC-3, reverse 5'-TCTGTGGCCTTGTACT
GGTCG-3'. GAPDH was used as an internal control.
The PCR products were separated on 2% agarose gels
and bands were visualized with ethidium bromide
staining.

Mitochondrial redox status

In order to determine the levels of mitochondrial ROS,
dihydrorhodamine 123 (DHR 123; 2 mg/kg body weight)
was administered intraperitoneally, after which the tis-
sues were homogenized and lysed in TEGN buffer. The
fluorescence intensity was analyzed using a Shimadzu
UV1650 spectrophotometer using excitation and emis-
sion wavelengths of 500 and 536 nms, respectively.
NADPH concentrations were measured using an enzym-
atic cycling method, as previously described [12], and
were expressed as the ratio of NADPH to total NADP.
Mitochondrial and cytosolic fractions were obtained
from homogenized liver using differential centrifuga-
tion, and the ratio of glutathione disulfide (GSSG)/total
glutathione (GSHt) in each fraction was determined. The
concentration of GSHt was determined by the rate of
formation of 5-thio-2-nitrobenzoicacid at 412nm
(e=136x10*M 'ecm™ "), as previously described [12],
while GSSG levels were measured using a DTNB-GSSG
reductase recycling assay.
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Statistical analysis two genotypes [12]. To confirm the IDH2 deficiency in
the knockout mice used in the present study, we meas-
ured the expression of hepatic IDH2 gene products. As
expected, neither IDH2 mRNA nor the expression of the
47-kDa IDH2 protein was detected by RT-PCR analysis
(Figure 1(A)) and immunoblotting analysis (Figure 1(B)),
respectively, in the liver tissues harvested from
10-month-old IDH2™~ mice.

Results and discussion The hallmark feature of NAFLD is the accumulation

Previously, we demonstrated that 10-month-old IDH2 "~ of lipids in the form of neutral lipid droplets in hepato-
mice exhibited a marked reduction in body weight cytes [14]. Histological examination of liver tissue from
compared with wild-type mice and this difference IDH2™"~ mice with BODIPY (a highly lipophilic bright
resulted from the lowered adipocyte hypertrophy. green dye to evaluate intracellular lipids) staining
However, there had been no significant difference in revealed a reduction in the lipid droplets compared to
the body weight from birth to 24 weeks between the  that in the wild-type mice (Figure 1(C)), indicating

Results were expressed as mean + SD. Statistical analysis
was performed using Student’s t-test, and one-way ana-
lysis of variance was done for a comparison between
the two groups. p Values <0.05 were considered statis-
tically significant.
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Figure 1. Suppressed hepatic lipogenesis in IDH2~"~ mice. (A) RT-PCR analysis of gene expression in the liver tissues of wild-type
and IDH2~"~ mice. GAPDH was used as an internal control. (B) Expression levels of IDH2 protein were measured by immunoblot-
ting using anti-IDH2 antibody. Actin was used as a loading control. (C) Representative BODIPY-stained and 4-HNE-stained sections
from the livers of wild-type and IDH2 ™"~ mice. Activities of serum aspartate transaminase (AST) were measured by Abnova assay
kit. Each value represents the mean +SD from five to six independent experiments. (D) Immunohistochemical staining of proteins
related to lipogenesis in the liver of wild-type and IDH2™~ mice. (E) Immunoblot analysis of p53 levels and lipogenic protein
expression in the liver of wild-type and IDH2~’~ mice. Actin was used as a loading control. (F) Immunoblot analysis for protein
expression of FGF21 and p38 MAPK activation in the liver tissues of wild-type and IDH2~"~ mice. The figure shows representative
data for five to six independent experiments. The protein levels were normalized to the actin levels in the analysis of immuno-
blotting data. Each value represents the mean + SD from five to six independent experiments. **p < 0.01, between the two geno-
types indicated.
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Figure 2. Attenuated hepatic inflammation in IDH2~”~ mice. Immunoblot analysis of p53 levels and proteins associated with

NFkB signaling pathway in the liver 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.

amelioration of late-onset hepatosteatosis in IDH2™/~
mice. Consistent with the reduced lipid deposition in
the liver, the level of 4-HNE, a major lipid peroxidation
product, was found to have markedly decreased in
IDH2™"~ mice (Figure 1(Q)). In addition, the serum level
of aspartate transaminase (AST) (Abnova assay kit) was
lower in IDH2™/~ mice compared with IDH2"/" mice
(Figure 1(C)). In order to elucidate the molecular basis
of these metabolic changes in the liver of IDH2™'~ mice,
we evaluated the expression of lipogenesis-related
genes. A key transcriptional regulator of triglyceride
synthesis, SREBP1, controls the transcription and expres-
sion of lipogenic enzymes such as that of FAS, which
catalyzes the first committed step in lipogenesis, and of
ACC, which is the rate-limiting enzyme in fatty acid syn-
thesis [15]. We found that the expressions of SREBP1
and its target genes—FAS and ACC—are significantly
attenuated in the liver of IDH2™~ mice compared with
that of the WT mice (Figure 1(D)). The tumor suppressor
protein p53 is considered to be a redox active transcrip-
tion factor that organizes and directs cellular responses
against a variety of insults to genomic instability [16,17].
p53 has been demonstrated to regulate key transcrip-
tion factors responsible for the expression of genes
involved in determining cellular lipogenic status such as
that of SREBP1 [18]. ACC is activated by CCAAT/enhan-
cer-binding protein o (C/EBPa) and CCAAT/enhancer-

binding protein B (C/EBPB), as well as SREBP1 [19].
C/EBP is originally isolated from rat liver, which plays a
critical role in energy metabolism, particularly in the
synthesis and mobilization of glycogen and fat [20].
Immunoblotting analysis confirms the upregulation of
p53 and downregulation of SREBP1, C/EBP, FAS, and
ACC in the liver of IDH2™~ mice (Figure 1(E)).

Fibroblast growth factor 21 (FGF21) appears to be
primarily produced by the liver and is thought to act on
its target tissues, including liver and adipose tissues
[21]. FGF21 is a novel hormone that has profound
effects on metabolic parameters such as glucose and
lipid homeostasis. Furthermore, the hormone has the
critical role to promote rapid body weight loss [22].
Recent studies demonstrated that the activation of
FGF21 contribute to the reversal of simple fatty liver
and NASH through the direct regulation of lipid metab-
olism and reduced accumulation of hepatic lipids [23].
In addition, MAPK and JNK are established regulators of
hepatic metabolism [24,25]. Recent studies demon-
strated that regulation of FGF21 expression is attributed
to the mediators of p38-MAPK and/or JNK signaling in
liver [26]. According to several reports, FGF21 is a target
of the hepatic JNK signaling pathway, which is also
regulated by the activation of p38 MAPK-mediated
mechanism [27]. Expression of FGF21 improves activa-
tion of extracellular signal-related kinase (ERK) and Akt
signaling pathways [28]. These, Erk and Akt, are related
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Figure 3. Modulation of hepatic mitochondrial redox status in IDH2™"~ mice. (A) Quantification of DHR 123 fluorescence level for
evaluation of the mitochondrial ROS generation in the liver of wild-type and IDH2 ™/~ mice. (B) Immunofluorescence staining of
mitochondrial fusion markers Opal/Mfn1 and a fission marker Fis1 in the liver of wild-type and /DH2~~ mice. Histograms repre-
sent the quantification of fluorescence intensity. (C) Ratio of GSSG versus total GSH concentration and the ratio of NADPH versus
total NADP concentration were measured in the liver tissues of wild-type and IDH2™"~ mice. Values are presented as the fold
change over the levels observed in wild-type mice. Each value represents the mean+SD from five to six independent experi-
ments. **p < 0.01, between the two genotypes indicated. (D) Immunoblot analysis of oxidized peroxiredoxin (Prx-SOs) level, a
marker for intracellular ROS formation in the liver of wild-type and IDH2™"~ mice. Actin was used as a loading control. The pro-
tein levels were normalized to the actin levels.

to the suppression of lipogenesis and fat accumulation complex with its inhibitor 1kB in the cytoplasm. Upon
in liver [29]. As shown in Figure 1(F), activation of MAPK activation of upstream inflammatory pathways, kB is
and upregulation of FGF21 expression supports the phosphorylated by the IkB kinase (IKK) complex, ubiqui-
alteration of hepatic steatosis via decreased fatty acid tinated, and later degraded. This transformation allows
synthesis in IDH2 knockout mice. Taken together, we NFkB to translocate into the nucleus where it acts as a
propose that the ROS-mediated activation of p38/ transcriptional regulator inducing the generation of
JNK-FGF21 axis may be responsible for the suppression proinflammatory cytokines. Especially, NFxB activates
of lipogenesis in IDH2~/~ mice. TNF-o. responsible for the progression of metabolic

Inflammation is a key variable in the progression of inflammation [33,34]. TNF-a triggers the diverse hepatic
hepatic steatosis [30]. Several studies have shown that lesions of NASH by inducing hepatic inflammation and
the tumor suppressor p53 restricts the activation of  fibrosis that eventually lead to end-stage liver disease
proinflammatory transcription factor nuclear factor [35]. As expected, the upregulation of p53 leads to the
kappa B (NFkB) signaling pathway [31]. Previous studies inhibition of NFkB pathway as well as downregulation
have identified NFkB and JNK as key regulators of early of TNF-a in the hepatocytes of IDH2 ™/~ mice (Figure 2).
hepatic inflammatory recruitment and liver injury in Several previous studies have suggested that ROS
NASH [32]. Under basal conditions, NFkB exists as a initiates cellular damage. A plethora of recent studies,
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Figure 4. Model for the amelioration of late-onset hepatic
steatosis in IDH2-deficient mice.

however, have proposed that at physiological levels,
ROS can also serve as signaling molecules to regulate
normal physiological processes such as oxygen sensing
[36]. Furthermore, over the last decade, our knowledge
of ROS has become more complex; several reports have
suggested that the type and compartmentalization of
ROS are likely to regulate distinct biological outcomes
[37]. In order to examine the effect of IDH2 deficiency
on the redox status of hepatic mitochondria and the
subsequent cellular ROS production, we analyzed the
mitochondrial ROS by DHR123 (Figure 3(A)), biogenesis
(Figure 3(B)) in the hepatocytes of IDH2™’~ mice and
wild-type mice. We also determined the mitochondrial
redox status reflected by the efficiency of GSH recycling
and NADPH pool in the tissues from both the geno-
types (Figure 3(C)). The data reveal that IDH2 deficiency
leads to elevated levels of mitochondrial ROS and the
upregulation of mitochondrial biogenesis as well as the
shift of mitochondrial redox status to the oxidative
state. In addition, the level of peroxiredoxin (Prx)-SOs, a
marker for oxidative damage to the antioxidant enzyme
Prx, was also found to have increased in the liver tissue
of IDH2™~ mice compared to that of IDH2™" mice
(Figure 3(D)).

The findings of this study summarized in Figure 4 are
as follows: (a) The inhibition of IDH2 results in elevated
levels of mitochondrial ROS, which leads to the activa-
tion of p38/JNK and p53. (b) Activated p38/JNK induces
inhibition of lipogenesis-related genes via the upregula-
tion of FGF21. (c) Upregulation of p53 also attenuates
lipogenesis-related genes and suppression of inflamma-
tion through the inhibition of NFkB pathway. In sum-
mary, we provide the first evidence that targeted
disruption of IDH2 attenuates late-onset hepatic stea-
tosis. Therefore, IDH2 is a potential target for the
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development of pharmacological interventions counter-
acting hepatic steatosis and related metabolic diseases.
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