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Idh1 protects murine hepatocytes from endotoxin-
induced oxidative stress by regulating the intracellular
NADP+/NADPH ratio

M Itsumi1, S Inoue1, AJ Elia1, K Murakami1, M Sasaki1, EF Lind1, D Brenner1,2, IS Harris1, IIC Chio1, S Afzal1,3, RA Cairns1, DW Cescon1,
AR Elford1, J Ye1, PA Lang1,4,5, WY Li1, A Wakeham1, GS Duncan1, J Haight1, A You-Ten1, B Snow1, K Yamamoto1, PS Ohashi1,3

and TW Mak1,3

Isocitrate dehydrogenase-1 (Idh1) is an important metabolic enzyme that produces NADPH by converting isocitrate to α-
ketoglutarate. Idh1 is known to reduce reactive oxygen species (ROS) induced in cells by treatment with lipopolysaccharide (LPS)
in vitro. Here, we used Idh1-deficient knockout (Idh1 KO) mice to investigate the role of Idh1 in antioxidant defense in vivo. Idh1 KO
mice showed heightened susceptibility to death induced by LPS and exhibited increased serum levels of inflammatory cytokines
such as tumor necrosis factor-α and interleukin-6. The serum of LPS-injected Idh1 KOmice also contained elevated levels of AST, a
marker of inflammatory liver damage. Furthermore, after LPS injection, livers of Idh1 KO mice showed histological evidence of
elevated oxidative DNA damage compared with livers of wild-type (WT) mice. Idh1 KO livers showed a faster and more pronounced
oxidative stress than WT livers. In line with that, Idh1 KO hepatocytes showed higher ROS levels and an increase in the NADP+/
NADPH ratio when compared with hepatocytes isolated from WT mice. These results suggest that Idh1 has a physiological
function in protecting cells from oxidative stress by regulating the intracellular NADP+/NADPH ratio. Our findings suggest that
stimulation of Idh1 activity may be an effective therapeutic strategy for reducing oxidative stress during inflammatory responses,
including the early stages of septic shock.
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There are five isocitrate dehydrogenase (Idh) genes in
mammals: Idh1, Idh2 and Idh3α, β and γ. The Idh3 proteins
form a heterotrimeric enzyme, are localized in the mitochon-
dria, use NAD+ as a coenzyme and function in the tricarboxylic
acid cycle.1 The Idh2 enzyme is a homodimer and is also
localized in mitochondria but uses NADP+ as a coenzyme.1

The Idh1 enzyme is also a homodimer, is located in the cytosol
and peroxisomes, and uses NADP+ as its coenzyme. All Idh
enzymes catalyze the oxidative decarboxylation of isocitrate
to α-ketoglutarate (αKG), but Idh1 and Idh2 produce one
molecule of NADPH in the process, whereas Idh3 produces
NADH.1

NADPH is a substrate for many metabolic redox reactions,
and a sufficient supply of reducing equivalents of NADPH is
required for the detoxification of the reactive oxygen species
(ROS) that routinely accumulate in normal cells.2 One major
source of NADPH is the glycolytic enzyme glucose-6-
phosphate dehydrogenase (G6PDH). Lipopolysaccharide
(LPS) induces G6PDH expression and activity, resulting in
elevated NADPH production and protection of the cell against

death induced by oxidative stress.3 As Idh1 activity also
generates reducing equivalents of NADPH, we postulated that
Idh1 might have an important role in resolving cytosolic
oxidative stress.
Although excessive ROS accumulation induces apoptosis,

moderate ROS generation is a critical component of the
inflammation characteristic of the innate immune response.4

Indeed, previous reports have shown that, at least in vitro, Idh1
contributes to reducing the ROS induced in cells by treatment
with lipopolysaccharide (LPS) or H2O2.

5,6 Expression of Idh1 is
induced in RAW 264.7, which is derived from murine
macrophages, by LPS treatment and overexpression of Idh1
in these cells enhances their survival upon exposure to H2O2.

5

These observations prompted us to investigate the role of Idh1
in murine host defense and activation of the innate immune
system in vivo.
LPS, which is derived from Gram-negative bacteria, is the

prototypical stimulus for triggering an inflammatory cascade
both in vitro and in vivo. Mice challenged with LPS quickly
mount an inflammatory response that may start as fever but
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can progress rapidly to septic shock or disseminated
intravascular coagulation. This excessive inflammation, which
is mediated by tumor necrosis factor-α (TNF-α) and several
other inflammatory cytokines, can cause damage to multiple
organs, including the liver.7 TNF-α is a pleiotropic cytokine that
induces a plethora of biological effects, including the produc-
tion of other inflammatory cytokines and chemokines, upre-
gulation of adhesion molecules, and cell proliferation,
differentiation or death.8 TNF-α is produced mainly by
macrophages and also by a variety of other cell types,
including hepatocytes.9

In the liver, TNF-α has an important role in maintaining the
balance between hepatocyte cell death and proliferation.10–12

TNF-α causes ROS generation in hepatocytes and induces
apoptosis.13 During milder inflammatory insults, hepatocytes
upregulate their oxidative stress defense mechanisms to
maintain viablity.14 This mechanism relies mainly on Nrf2,15 a
master transcription factor for cytoprotective and antioxidant
genes. Nrf2 directly regulates the production of glutathione,
through the transactivation of glutamine cysteine ligase
catalytic subunit (GCLC) and glutamine cysteine ligase
modifier subunit (GCLM). GSH exists in both reduced (GSH)
and oxidized (GSSG) states. GSH is one of the most important
scavengers of ROS, and its ratio with GSSG is a marker of
oxidative stress.16 To maintain sufficient levels of GSH, de
novoGSH synthesis is required, which involves the GCLC and
the GCLM. Reduction of GSSG to GSH by the enzymes GSH
reductase also aids in maintaining levels of GSH.17 Both of
these pathways require NADPH to provide reducing power.
Because Idh1 is highly expressed in the liver18 and is an
important source of cytosolic NADPH, we hypothesized that
Idh1might contribute to host antioxidant defense by producing
NADPH capable of protecting hepatocytes from ROS-
induced death.
In this study, we evaluated the response of Idh1-deficient

(Idh1 KO) mice to LPS-induced systemic inflammation. Idh1
KO mice were more sensitive to LPS-induced sepsis, as
evidenced by their elevated serum levels of TNF-α. LPS-
induced mortality in Idh1 KO mice was attributed to massive
hepatocyte apoptosis or cytotoxicity. Freshly isolated Idh1-
deficient hepatocytes increased oxidative stress upon LPS
treatment and exhibited altered upregulation of antioxidant
response genes. Importantly, primary hepatocytes isolated
from Idh1 KO mice at steady state also contained increased
ROS compared with steady-state wild-type (WT) hepatocytes,
suggesting a constitutive role for Idh1 in regulating hepatocyte
responses to oxidative stress. Modulation of intracellular Idh1
levels may therefore represent a therapeutic opportunity to
target oxidative stress in patients suffering from various
inflammatory conditions.

Results

Idh1-deficient mice exhibit increased susceptibility to
septic shock. To study the role of Idh1 in antioxidant
defense, we used an Idh1 LSL/LSL mouse strain (C57BL/6
background) generated previously in our laboratory in the
course of our studies of Idh1 mutations in hematopoietic and
neuronal cells.19,20 In the absence of Cre recombinase, this

mutant is null for Idh1 in all tissues and so constitutes an Idh1
KO mouse (Figure 1). Idh1 KO mice showed normal
development and fertility. To determine if Idh1 has a role in
preventing septic shock, we administered a lethal dose of
LPS (100 μg per mouse) to one cohort of WT and Idh1 KO
mice, and a sublethal dose of LPS (50 μg per mouse) to a
second cohort, and monitored mouse survival over 5 days.
About 60% of WT mice survived the sublethal LPS treatment,
whereas only 10% of their Idh1 KO counterparts survived
(Figure 2a). These data indicate that effective host defense
against LPS-induced septic shock requires Idh1.
We next analyzed levels of various inflammatory cytokines

in the serum of WTand Idh1 KO mice at 2 h after LPS (50 μg
per mouse) treatment. TNF-α and interleukin -6 (IL-6) are the
major effectors of LPS-induced cytotoxicity in vivo.21 As
expected, TNF and IL-6 were not detectable in the serum of
either WT or Idh1 KO mice at steady state. Upon LPS
administration, both these cytokines were significantly
increased in the serum of Idh1 KO mice compared with WT
controls (Figure 2b, top). In contrast, levels of IL-10, an anti-
inflammatory cytokine, and interferon-γ (IFN-γ), an inflamma-
tory cytokine, were comparable between these groups
(Figure 2b, bottom). It has been shown that LPS treatment
also induces the production of type I IFN, such as IFN-α and
IFN-β. However, there was no significant difference between
the level of these cytokines in the serum of LPS-administered
WTand Idh1 KO mice (Supplementary Figure 1).

Susceptibility of Idh1-deficient mice to LPS treatment
correlates with a defect in non-hematopoietic cells.
Because of the marginal increase in TNF and IL-6 compared
with the WT, we speculated that non-hematopoietic cells
might be responsible for LPS sensitivity of Idh1 KO mice. TNF
and IL-6 are produced mainly by hematopoietic cells. To
determine whether the increased mortality of Idh1 KO mice
following LPS injection was because of alterations in the
hematopoietic or the non-hematopoietic cell compartment,
we generated reciprocal bone marrow (BM) chimeras using
BM cells from either WT or Idh1 KO mice. Interestingly, Idh1
KO recipients of WT BM cells were more sensitive to LPS
treatment than WT recipients of Idh1-deficient BM cells
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Figure 1 Confirmation of Idh1 deletion in Idh1 LSL/LSL (Idh1 KO) mice.
Immunoblot analysis to detect Idh1, Idh2 and Idh3 proteins in extracts of brain, liver
and spleen from WT Idh1 wt/wt (W), heterozygous Idh1 wt/LSL (H) and Idh1 LSL/LSL
Idh1 KO (K) mice. Actin, loading control. Results are representative of three mice
per group
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(Figure 3). However, there were no significant differences in
serum levels of TNF between WT and KO recipients
(Supplementary Figure 2), which is in line with our previous
experiments. These data suggest that it is a defect in non-
hematopoietic cells, rather than hematopoietic cells, that
enhances LPS-induced mortality in Idh1 KO mice and points
to a crucial of Idh1 in the regulation of septic shock
responses.

Idh1-deficient mice show increased liver injury. Because
Idh1 is highly expressed in the liver,18 and the mortality of our
Idh1 KO mice exposed to LPS was linked to non-
hematopoietic cells, we examined the effects of Idh1
deficiency on the liver during LPS-induced inflammation
in vivo. We collected blood from the tail veins of WTand Idh1
KO mice treated with a sublethal dose of LPS and evaluated
serum levels of alanine aminotransferase (ALT) and aspar-
tate transaminase (AST), which are two markers of hepato-
cellular injury or necrosis.22,23 ASTwas significantly elevated
in WT and Idh1 KO mice after 6 h of LPS treatment,

confirming liver injury (Figure 4a). On the other hand, ALT
was unaffected. However, there were no remarkable findings
on H&E staining during WT and Idh1 mice (Supplementary
Figure 3). To examine directly liver damage, we subjected
liver sections of our LPS-treated mice to TUNEL staining to
detect hepatocyte apoptosis. In line with their elevated levels
of AST, the number of TUNEL+ hepatocytes was significantly
increased in livers of LPS-treated Idh1 KO mice compared
with livers of LPS-treated WT mice (Figure 4b). These results
indicate that a higher degree of LPS-induced liver inflamma-
tion and LPS-induced hepatocyte death is enhanced in the
absence of Idh1.

Endotoxin treatment induces excessive oxidative stress
in livers of Idh1-deficient mice. It has been reported that
Idh1 is crucial for suppressing intracellular ROS levels.5 To
assess ROS accumulation in the livers of our LPS-treated WT
and Idh1 KO mice, we stained liver sections to detect
8-hydroxydeoxyguanosine (8-OHdG), a readout of oxidative
DNA damage.24 Analyses of liver revealed higher levels of 8-
OHdG in LPS-treated Idh1 KO mice, indicating a higher level
of oxidative damage compared with LPS-treated WT mice
(Figure 5a). This elevation of 8-OHdG staining observed in
Idh1 KO liver appeared as early as 6 h after LPS treatment, a
time when 8-OHdG was undetectable in the liver of LPS-
treated WT mice (Figure 5a). The liver of Idh1 KO mice
clearly showed a temporal response with 8-OHdG staining
intensity increasing between 6 and 12 h after LPS injection.
Most of this early response appears to reflect stress-related
effects on mitochondria of liver parenchymal cells (hepato-
cytes). It is worth noting that while there was some nuclear
staining present, this appeared to be in non-parenchymal
cells (Figure 5, enlarged box). These results of early
activation of 8-OHdG are supported by previous reports in
the literature of an early stress response in mitochondria of
hepatocytes induced by LPS,25 as well as stress induced by
TNF-α.26
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Figure 2 Increased in vivo susceptibility of Idh1 KO mice to LPS-induced septic
shock. (a) Kaplan–Meier analysis of the survival of Idh1 KO and WT mice (n= 22 per
group) that received a sublethal dose of LPS (50 μg) and were monitored for 5 days.
Data are expressed as percent survival. ***Po0.001. (b) Quantitation by ELISA of
serum levels of the indicated cytokines in the mice in (a) at 2 h after LPS injection.
Data are expressed as the fold change relative to values in LPS-treated WT mice and
are the mean±S.D. (n= 22). **Po0.01 and ***Po0.001
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Figure 3 Idh1 in non-hematopoietic cells protects against LPS-induced septic
shock. Kaplan–Meier analysis of the survival of lethally irradiated WT mice (n= 11)
that had been reconstituted with Idh1 KO BM cells (KO4WT,●), as well as lethally
irradiated Idh1 KO mice (n= 10) that had been reconstituted with WT BM cells
(WT4KO,■). Mice received a sublethal LPS dose at 10 weeks after reconstitution
and survival was monitored for 7 days. Data are expressed as percent survival.
**Po0.01
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We used quantitative PCR to analyze the expression of
genes related to the induction and control of oxidative stress in
the liver. Compared with LPS-treated WT controls, mRNA
levels of oxidative stress-inducing genes such as Nos2 and
Nox2 were significantly upregulated in livers of Idh1 KO mice
following LPS injection (Figure 5b), as were mRNA levels of
the antioxidant genes NAD(P)H quinone oxidoreductase-1
(Nqo1), heme oxygenase-1 (Ho-1) and ferritin heavy chain
(Fhc) (Figure 5c). These results suggest that hepatocytes of
Idh1 KO mice succumb to death induced by excessive
ROS accumulation, and that this level of ROS cannot be
overcome despite a concomitant increase in antioxidant gene
expression.

Idh1-deficient mice have a high basal level of ROS. In
light of the accumulation of relatively high levels of ROS in the
LPS-treated Idh1 KO mice early after LPS administration, we
wondered whether ROS level were already increased in Idh1
KO mice at steady state. To investigate this hypothesis, we
isolated hepatocytes from the livers of untreated WTand Idh1
KO mice and measured intracellular ROS levels. Indeed, Idh1
KO hepatocytes showed increased levels of ROS compared
with WT hepatocytes as measured by the CM-H2DCFDA
(DCFDA) assay (Figure 6a), indicating a fundamental
abnormality in the oxidative stress response in these mutant
cells, which is not limited to states of inflammation.
The intracellular ratio of NADP+ to NADPH is believed to be

a critical regulator of the oxidative stress response.27 As
NAPDH is produced from NADP+ upon Idh1-mediated

conversion of isocitrate to αKG, we speculated that levels of
NAPDH might be compromised in our Idh1 KO mice even in
the steady state. Consistent with this hypothesis, Idh1 KO
hepatocytes exhibited a significantly higher intracellular
NADP+/NADPH ratio than WT hepatocytes (Figure 6b, left).
We also examined the intracellular ratio of NADP+ to NADPH
in hepatocytes derived from LPS-treated mice. Idh1 KO
hepatocytes showed a significant increase in the intracellular
NADP+/NADPH ratio compared with WT hepatocytes
(Figure 6b, right).
Elevated intracellular ROS activate a number of antioxidant

and oxidative stress response genes.28 Quantitative RT-PCR
analysis of untreated Idh1-deficient hepatocytes revealed
significantly greater mRNA levels of the antioxidant genes
Nrf2, Gclm, Nqo1 and thioredoxin-1 (Txn1) compared with
untreated WT hepatocytes (Figure 6c). In addition, Idh1 KO
hepatocytes showed elevatedmRNAexpression ofCox2, which
generates ROS.29 These results suggest that, even in the
absence of inflammation, hepatocytes lacking Idh1 accumulate
excessive ROS despite attempting to mount an antioxidant
response. Thus, Idh1 has an important role in maintaining
baseline antioxidant defense as well as during inflammation.
To investigate whether the elevated ROS level in Idh1 KO

mice was functionally important for the increased sensitivity to
LPS-induced septic shock, Idh1WTand KOmice were treated
with or without the antioxidant, N-acetyl cysteine (NAC),
followed by a sublethal dose of LPS. The increased LPS
sensitivity of Idh1 KO mice was largely rescued by NAC
administration (Figure 7). The survival of the NAC-treated Idh1
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KO mice was similar to Idh1 WT animals, showing that
increased sensitivity to LPS in Idh1 KOmice is primarily due to
the effects of elevated ROS.

Discussion

We previously reported the in vivo function of mutant IDH1 in
neuronal development and hematopoiesis using conditional
Idh1 KI mice.19,20 However, the in vivo biological functions of
endogenous WT Idh1 are not fully understood. Here, we
provide the first report of the in vivo function ofWT Idh1 using a
KO mouse model. Although Idh1 KO mice were viable, fertile

and displayed no gross pathological phenotype, we found that
loss of Idh1 increased mortality caused by endotoxin-induced
inflammation, and demonstrated that this mortality was linked
to a defect in non-hematopoietic cells. Moreover, compared
with WT controls, hepatocytes from Idh1 KO mice exhibited
increased oxidative stress both at steady state and following
LPS exposure. These findings confirm the importance of Idh1
function in the liver to host antioxidant defense and in limiting
liver inflammation.
We found that Idh1 KO mouse hepatocytes accumulated

ROS and ROS-induced damage, even in the absence of
inflammation, and that the loss of Idh1 in thesemice enhanced
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Figure 5 Loss of Idh1 induces excessive ROS accumulation in the liver. (a) Histological staining to detect the oxidative stress marker 8-OHdG (brown) in livers of Idh1 KO and
WTmice that received sublethal LPS injection and were killed 6 h or 12 h later, as indicated. Results presented are representative of two sections per mouse in two mice per group
at 6 h and the average of five sections per mouse in six mice per group at 12 h. Scale bars, 1 mm (6 h), 0.5 mm (12 h) and 50 μm (insets). (b and c) Quantitative PCR analysis of
mRNA levels of the indicated ROS-inducing (b) and antioxidant (c) genes in livers of Idh1 KO and WTmice that received a sublethal LPS dose. Liver extracts were prepared at 6 h
after LPS injection. Data are expressed as the fold change relative to values in LPS-treated WT mice and are the mean± S.D. (n= 3). *Po0.05
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their susceptibility to LPS-induced shock. These data indicate
that Idh1 KO hepatocytes were able to overcome their
excessive ROS accumulation at steady state, but could not
stave off lethality in the face of robust inflammation. We also
examined Idh2 expression during LPS treatment as a potential
mechanism of adaptation to loss of Idh1, but its expression
was unaffected (Supplementary Figure 4). Thus, Idh1 has a
physiological function in suppressing inflammation and
protecting against septic shock by inhibiting ROS
accumulation.
We also observed that the 8-OHdG staining observed was

predominantly cytoplasmic in both WT and Idh1 KO hepato-
cytes after LPS treatment, although there was some nuclear
staining in non-parenchymal cells (Figure 5, enlarged box).
Consistent with our data, LPS/TNF-induced ROS production
in hepatocytes results in relatively rapid oxidative damage of
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Figure 7 NAC-treated Idh1 KO mice increase survival. Kaplan–Meier analysis of
the survival of LPS-injected Idh1 KO mice and WT mice treated with (n= 6 for each
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mice received a sublethal dose of LPS (50 μg) and were monitored for 5 days. Data
are expressed as percent survival. **Po0.01
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mitochondrial, rather than nuclear DNA.25,26 These observa-
tions strongly suggest that the early cytoplasmic 8-OHdG
staining in the Idh1 KO hepatocytes is due to enhanced
oxidative damage to mitochondrial DNA.
Although TNF-α and IL-6 production were increased in sera

of Idh1 KOmice compared with sera ofWTmice following LPS
exposure, we found no significant differences in serum levels
of TNF-α between WT and Idh1 KO BM recipient mice.
However, macrophages and neutrophils in Idh1 KO mice did
not show increased TNF-α production compared with those
from WT animals. Because TNF-α is produced by both
hematopoietic and non-hematopoietic cells, it is still unclear
which cells contribute to the observed increase in TNF-α
levels.
Idh1 KO recipient mice reconstituted with WT BM cells were

just as susceptible to LPS-induced mortality as intact Idh1 KO
mice, without an increase in TNF-α production, ruling out a role
for Idh1 in the hematopoietic system in this phenotype. This
result suggests that the mortality of Idh1 KO mice is due to an
enhanced sensitivity to this inflammatory cytokine rather than
to a direct effect of its absolute level or an increased activity of
cytokine-secreting cells.
Our demonstration that Idh1 deletion induces ROS accu-

mulation in hepatocytes at steady state supports a previous
report in which overexpression of Idh1 inhibited ROS
accumulation induced in RAW264.7 cells by H2O2

treatment.5 Furthermore, our finding that Idh1 KO hepatocytes
have an increased NADP+/NADPH ratio is consistent with the
drop in NADPH expected in the absence of Idh1 owing to a
failure to convert isocitrate to αKG. As noted earlier, one of the
major producers of cytosolic NADPH is G6PDH. Similar to our
Idh1 KO mice, G6PDH KO mice show heightened suscept-
ibility to LPS and increased production of inflammatory
cytokines, particularly TNF-α and IL-6.30 Taken together,
these observations establish that the mechanism underlying
LPS susceptibility involves an increase in the intracellular
NADP+/NADPH ratio.
At an early stage following LPS injection, Idh1 KO mice

exhibited significant ROS accumulation accompanied by
elevated Nox2 mRNA expression. These results suggest that
the heightened ROS level present after LPS treatment is due
not only to the deficit in NADPH and GSH production caused
by the absence of Idh1 (i.e. not due only to the inability of Idh1-
deficient cells to suppress ROS) but also to enhanced
production of ROS by themitochondria or by cytosolic NADPH
oxidases. Furthermore, at steady state, Idh1 KO hepatocytes
already contained elevated ROS levels, even though they also
showed upregulation of several antioxidant genes, including
Nrf2, Gclm, Nqo1 and Txn1. However, despite these
abnomalies, steady-state Idh1 KO mice were healthy, fertile,
maintained a normal weight and showed no inflammatory
symptoms. These observations were initially puzzling
because other mutants with impaired antioxidant responses
have abnormal phenotypes caused by ROSaccumulation. For
example, steady-state Nrf2 KO mice display various inflam-
matory disorders,31–34 Gclc KO mice are lethal,35 and Gclm
KO mice exhibit weight loss.36 In addition, a previous report
showed that Idh-mediated NADPH production cannot com-
pensate for the loss of the NADPH supply in G6PDH-deficient
mice.37 We believe our steady-state Idh1 KO mice show non-

impaired survival because they upregulate antioxidant genes
and limit ROS accumulation to a level lower than occurs in
these other mutants. However, when robust inflammation
occurs, such as that induced by LPS, the levels of NADPH
production and antioxidant gene expression in Idh1 KO
hepatocytes are insufficient to counteract their excessive
ROS accumulation, leading to mouse mortality. We performed
rescue experiments by adenoviral expression of WT Idh1 and
by treatment with NAC to define the mechanism of the
observed phenotypes (Figure 7). We were not able to achieve
WT expression levels of Idh1 via the adenoviral system
(Supplementary Figure 5), and thus we could not rescue the
phenotype. However, NAC treatment produced a significant
survival advantage in Idh1 KO mice after LPS challenge.
These results indicated that antioxidant treatment might
compensate for loss of Idh1.
We found that Idh1-deficient hepatocytes at steady state

contained high levels of ROS, and that further accumulation
was promoted by vigorous inflammation. Such abnormally
high ROS concentrations not only inflict tissue damage but
may also introduce gene mutations. When ROS production
exceeds a cell's ability to metabolize these radicals and
overwhelms antioxidant defenses, DNA lesions leading to
carcinogenesis can be induced.38 Compared with the fre-
quency of Idh1 gain-of-function mutations that result in altered
Idh1 activity and lead to acute myeloid leukemia or
glioblastoma,39–41 the frequency of cancers with complete
loss of Idh1 function is low (Supplementary Figure 6). It is
unclear whether inflammation contributed to tumorigenesis in
these patients. However, our study suggests that the Idh1
deletion in the cancer cells of these patientsmight have been a
contributing factor to their malignancies. It will be interesting to
examine ROS levels in the tumor cells of these Idh1-deleted
cancer patients.
In conclusion, our work has demonstrated a role for Idh1 in

mitigating damage inflicted by intracellular oxidative stress. It
is therefore possible that stimulation of Idh1 activity might be a
beneficial therapeutic strategy for inflammatory disorders,
including the early stages of septic shock.

Materials and Methods
Mice. Idh1 LSL/LSL (Idh1 KO) mice have been described previously.20 WT mice
were standard C57BL/6 animals. All mice were maintained at the Ontario Cancer
Institute Animal Facility in compliance with the regulations of the Animal Ethics and
Animal Care Committees at the Princess Margaret Cancer Centre, Toronto, Ontario.
These bodies approved all experiments.

Immunoblotting. Cells were lysed in 0.5% Triton X-100 lysis buffer (20 mM
Tris-HCl at pH 7.4, 150 mM NaCl, 10% glycerol) containing protease inhibitor
(Roche, Indianapolis, IN, USA; catalog no. 1183617001) for 30 min on ice. Cell
lysates (50 μg) were subjected to standard SDS-PAGE and immunoblotting using
the primary Abs; Idh1 (Santa Cruz, Dallas, TX, USA; cat. no.: sc-49996), Idh2
(Abcam, Cambridge, MA, USA; AB55271) and Idh3α (Abcam; AB5864) and actin
(Sigma-Aldrich, St. Louis, MO, USA; A2066).

Septic shock induction: Idh1 KO and WT mice (10 weeks old; n= 4–8 per
group) were intravenously injected with a sublethal dose of LPS (50 μg in 300 μl
PBS per mouse; Sigma-Aldrich). Mouse survival was monitored for 5 days.

BM chimeras: BM chimeras was performed as described previously.42

Serum components: Serum samples were obtained from tail veins of untreated
or LPS-treated mice using microtainer serum separator tubes (BD and Company,
Franklin Lakes, NJ, USA). Serum levels of TNF-α, IL-6, IFN-γ and IL-10 were

Idh1 protects from LPS-induced oxidative stress
M Itsumi et al

1843

Cell Death and Differentiation



determined by ELISA using the appropriate kits (BD Biosciences, San Jose, CA,
USA) according to the manufacturer’s instructions. Serum levels of ALT and AST
were determined using a test devised by IDEXX Laboratory Inc. (Markham, ON,
Canada) and performed by the Animal Health Laboratory of the University of Guelph
(Guelph, ON, Canada).

Apoptosis: TUNEL assays were performed using the In Situ Cell Death detection
kit (Roche) according to the manufacturer’s instructions. Visiopharm Image Analysis
software (Visiopharm, Denmark) was used to count the number of TUNEL+ cells per
field as well as the total number of DAPI+ (Molecular Probes, Eugene, OR, USA)
nuclei per field. Ten contiguous fields per liver were counted at × 10 magnification
for WT (n= 3) and Idh1 KO (n= 3) mice. The results were expressed as the ratio of
TUNEL+ cells to total number of cells (DAPI+ nuclei) for each liver.

Histological oxidative stress determinations: Liver samples were fixed in
4% paraformaldehyde and embedded in paraffin, and tissue sections of 5 μm were
cut. Oxidative DNA damages by oxidative stress were detected using mouse anti-8-
OHdG antibody (Abcam; AB62623) as the primary antibody. Sites of anti-8-OHdG
Ab binding were visualized using 3, 3-diamino-benzidine tetrahydrochloride (Vector
Labs, Burlingame, CA, USA; SK-4100) as the substrate and hematoxylin as the
counterstain. Stained slides were analyzed using an Olympus Nano Zoomer Pathology
Slide Scanner (2.0HT) (Hamamatsu, Bridgewater, NJ, USA).

Real-time RT-PCR: Total RNA was extracted using the NucleoSpin RNA II Kit
(Clontech, Palo Alto, CA, USA) and reverse-transcribed using iScript (Bio-Rad,
Hercules, CA, USA). The resulting cDNAs were diluted to 1:5–10 and served as
templates for real-time PCR using Power SYBR Green PCR Master Mix (Applied
Biosystems, Burlington, ON, Canada) and 500 nM forward primer plus 500 nM
reverse primer on an ABI 7700 instrument (Applied Biosystems). All procedures
were performed according to the manufacturer’s instructions. The primer sequences
used for real-time RT-PCR are listed in Supplementary Table 1. Each sample was
assayed in triplicate, and data were normalized to the housekeeping gene 18 S
ribosomal RNA. Results were calculated using the comparative threshold cycle
method (2−ΔΔCt).

Hepatocyte isolation: Hepatocytes were isolated from WT and Idh1 KO mice
(10 weeks old) by in situ digestion of the liver using collagenase type II perfusion, as
described previously.43 Following perfusion, livers were immediately transferred to a
sterile 6 cm dish and minced, and hepatocytes were dispersed by aspiration with a
large-bore pipette. Dispersed hepatocytes were filtered through a 100-μm cell
strainer (BD Falcon, San Jose, CA, USA) to remove tissue debris. After washing two
times with cold DMEM and centrifuging at 50 × g for 3 min at 4 ºC, an aliquot of
freshly isolated hepatocytes was placed in a hemocytometer and stained with trypan
blue to evaluate cell viability and determine total cell number.

NADP+/NADPH ratio: Hepatocytes (5 × 105) isolated from WTor Idh1 KO mice
as above were lysed in the NADP Extraction Buffer supplied with the Fluoro NADP/
NADPH Detection Kit (Cell Technology, Fremont, CA, USA). Extracts were analyzed
to quantitate the NADP+/NADPH ratio according to the manufacturer’s instructions.

Flow cytometric ROS determinations: To measure intracellular ROS in
hepatocytes, hepatocytes were incubated with 300 nM DCFDA (Invitrogen,
Carlsbad, CA, USA) for 10 min at 37 °C. DCFDA fluorescence was analyzed by
flow cytometry using a FACSCalibur instrument (BD and Company) and FlowJo
software (Tree Star, Ashland, OR, USA).

Statistics: The statistical significance of most differences between groups was
calculated using Prism software (GraphPad, San Diego, CA, USA). Differences in
mouse survival were assessed by the Kaplan–Meier method. In both cases,
differences with P-values of o0.05 were considered statistically significant.
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