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ARTICLE INFO ABSTRACT

Keywords: Acetaminophen (APAP)-induced hepatotoxicity is a major factor in liver failure and its toxicity is associated with
IDH2 the generation of reactive oxygen species (ROS), decreased levels of reduced glutathione (GSH) and overall
Acetaminophen oxidative stress. Mitochondrial NADP " -dependent isocitrate dehydrogenase (IDH2) was demonstrated as an
ER stress . . essential enzyme for mitochondria to maintain their antioxidant system by generating NADPH, which is an
r;;:g‘;ns;;agleiy:;;c;on essential reducing equivalent for GSH turnover in mitochondria. Here, we investigated the role of IDH2 in APAP-
induced liver injury with IDH2 deficient (idh2~/~) mice. Hepatotoxicity was promoted through apoptotic cell
death following APAP administration in IDH2 deficient hepatocytes compared to that in wild-type hepatocytes.
Apoptosis was found to result from the induction of ER stress and mitochondrial dysfunction as shown by the
blocking the effect of phenylbutyrate and Mdivil, respectively. In addition, mito-TEMPO, a scavenger of mi-
tochondrial ROS, was seen to ameliorate APAP-induced hepatotoxicity in idh2~/~ mice. In conclusion, IDH2
deficiency leads to a fundamental shortage of GSH that increases susceptibility to ROS generation and oxidative
stress. This leads to excessive mitochondrial dysfunction and ER stress induction in response to APAP admin-
istration. Our study provides further evidence that IDH2 has a protective role against APAP-induced liver injury
and emphasizes the importance of the elaborate linkages and functions of the antioxidant system in liver health.

1. Introduction agents [10]. Thus, repletion of GSH reduces APAP-induced hepato-

toxicity [11]. Evidence suggests that mitochondria are a major site of

Acetaminophen (APAP) is the most widely used painkiller and is
generally known for its safety and efficacy. However, APAP overdose
can cause toxicity in the liver that leads to liver failure. Liver injury and
acute liver failure induced by drugs remains a considerable problem in
Western societies [1]. APAP-induced toxicity accounts for at least 42%
of acute liver failure cases at tertiary hospitals and one third of the
deaths in the U.S. each year [2]. APAP-induced hepatotoxicity is dis-
tinguishable by its substantial oxidative stress generation [3]. When
APAP is bioactivated, reactive oxygen species (ROS) are generated and
the metabolite depletes glutathione (GSH) [4-6]. ROS are generated as
byproducts of aerobic metabolism, defense mechanisms against pa-
thogens and various types of stress. ROS oxidizes components of cells
such as proteins, lipids, and nucleic acids and this oxidation eventually
causes harm to cells [7].

To protect against oxidative stress, cells possess antioxidant defense
systems. These systems, which include catalase, superoxide dismutase,
glutaredoxin, and peroxiredoxin, require GSH and NADPH as reducing
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ROS formation during APAP overdose, which leads to severe liver in-
jury [8,9]. The mitochondrial NADP*-dependent isocitrate dehy-
drogenase (IDH2) catalyzes isocitrate to a-ketoglutarate, producing
NADPH, which is a fundamental cofactor for regeneration of GSH in the
thioredoxin system [12]. Therefore, IDH2 regulates the mitochondrial
redox status and decreases oxidative stress in cells [13].

Herein, we hypothesize that retardation of GSH reduction in an
IDH2 deficient mouse model increases susceptibility to APAP hepato-
toxicity. Previously, we studied the role of IDH2 in carcinogenesis [14],
neurodegenerative disease [15], colitis [16] and LPS-induced in-
flammation [17]. In the present study, we investigate the effects of
IDH2 deficiency in APAP-induced liver injury and the mechanisms in-
volved in the associated cell death pathways.
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Fig. 1. Knockout of IDH2 in C57BL/6 mice and increased susceptibility of APAP-induced liver injuries. APAP (250 mg/kg) was intraperitoneally injected into 8-week-
old C57BL/6 mice. (A) Confirmation of IDH2 knockout with an absence of mRNA expression and decreased ratio of mitochondrial NADPH to total NADPH pool in
mouse liver tissue. Results are shown as the mean + SD (n = 5 mice in each group). **p < 0.01 between the two genotypes indicated. (B) Time-dependent analysis
of ALT and AST activities. (C) C-reactive protein (CRP) expression measured by Western blot analysis. 3-Actin was used as a loading control. (D) Caspase-3 activation
in mouse livers by colorimetric assay. Protease activity of caspase-3 was calculated by measuring the absorbance at 405 nm. (E) In situ apoptotic cell death in liver
tissue detected by TUNEL assay. Liver tissues were collected 4 h post APAP administration. (F) Western blot analysis of apoptosis-related proteins. 3-Actin was used as
a loading control. (G) Immunoblot analysis of activation of p38 MAPK in the liver tissues of wild-type and idh2 ™/~ mice. B-Actin was used as a loading control. In B-
D, results are shown as the mean + SD (n = 4-5). **p < 0.01 and *p < 0.05 versus the WT mice exposed to APAP.

2. Materials & methods 2.2. Animals

2.1. Materials The animals used in this study were idh2~/~ germ-line knockout
male mice and their background strain C57BL/6 served as idh2*/*

APAP, poly(ethylene glycol) 400 (PEG), dichloro-dihydro-fluor- wild-type control mice. Mice were housed and bred in cages at 22 °C
escein diacetate (DCFH-DA), JC-1, 4-phenylbutyrate (4-PBA), Mdivi-1 with 12h light/dark cycles. Eight-week-old wild-type and idh2 ™/~

and mito-TEMPO were purchased from Sigma Aldrich (St. Louis, MO). male C57BL/6 mice, weighing 22-24 g, were used for experiments and
Customized PCR primers were obtained from Macrogen (Seoul, Korea). divided into several groups of at least five mice per each group. APAP
Serum alanine transaminase (ALT) and aspartate transaminase (AST) (250, 500 mg/kg), dissolved in 1:1 mixture of sterile phosphate-buf-
assay kits were purchased from Abnova (Taipei, Taiwan). EZ- fered saline (PBS) and PEG, was injected into mice intraperitoneally.
Glutathione assay kit was purchased from DoGenBio (Seoul, Korea). In Control mice received an equal quantity of sterilized PBS and PEG,
situ cell death detection kit was from Roche (Basel, Switzerland). only. Mito-TEMPO was dissolved in sterilized PBS and injected in-
MitoTracker, and MitoSox were purchased from Invitrogen (Eugene, traperitoneally at 2 mg/kg, 1h before APAP injection. Mice were sa-
OR). Mitophagy detection kit was purchased from Dojindo (Rockvile, crificed at the indicated time (30 min to 24 h) after APAP treatment.
MD). Antibodies were purchased as follows: 3-Actin, C-reactive protein Animal studies were conducted in accordance with institutional
(CRP), JNK and C/EBP homologous protein (CHOP) (Santa Cruz guidelines for the care and use of laboratory animals at the Animal
Biotechnology, Santa Cruz, CA); cytochrome c, cleaved caspase-9, Facility of the University Laboratory Animal Resources, Kyungpook

cleaved caspase-7, p38, p-p38, p-JNK, cleaved-PARP, PUMA, LC3B, National University.
Alexa488-conjugated LC3A/B, Pan-cadherin, ULK1, p-ULK1, p-mTOR

(S2448), AMPK, p-AMPK, Nix, BNIP3, Parkin, PINK-1, CYP2E1, 4-hy- 33 validation of IDHZ2 gene knockout
droxynonenal (4-HNE) and HRP-conjugated secondary antibodies (Cell
Signaling, Beverly, MA); ATF4 (Abcam, Cambridge, UK); Fis1 and Mfn1
(Sigma-Aldrich, St. Louis, MO); GSSG (ViroGen, Watertown, MA);
OPAl1 (BD Bioscience, Franklin Lakes, NJ); CYP2E1l (Millipore,
Burlington, MA).

Idh2 knockout was validated by genotyping-PCR and assessment of
NADPH quantities. Genomic DNA was extracted from mice liver tissues
using saturated salt solution with proteinase K. Primers sequences used
were as follows: idh2 WT, forward 5-ACTGTTCTGGAACATGCTGCC-3’,
reverse 5-TCCTCAAAGCATCAGGTACCG-3’; idh2 KO, forward 5-GGG
TGTGACGATACATGCCTA-3’, reverse 5’-CCAGTCATAGCCGAATAG
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Fig. 2. APAP-treatment of idh2 ™/~ hepatocytes exacerbates ER stress and activates related signaling pathways. (A) Immunofluorescent staining of CHOP in primary
hepatocytes from wild-type and idh2~/~ mice. Histograms represent quantified fluorescence intensity. (B) Expression ER stress associated protein markers measured
by immunoblotting analysis. B-Actin was used as a loading control. (C) Immunofluorescent staining of PUMA in primary hepatocytes from wild-type and idh2 =/~
mice. Histograms represent quantified fluorescence intensity. (D) Immunofluorescent staining of p53 in primary hepatocytes. (E) Immunoblot analysis of PUMA and

p53. B-Actin was used as an internal control. In A-C, results are shown as the mean

APAP.

CCT-3". Amplified DNA products were resolved on a 1% agarose gel
with 0.01% EcoDye™ DNA staining solution (SolGent, Daejeon, South
Korea). Bands were visualized using an ImageQuant LAS 500 chemi-
luminescence CCD camera (GE Healthcare, Buckinghamshire, UK).
NADPH values were determined using the method of Zerez et al. [18]
and expressed as the ratio of NADPH to the total NADP pool using the
formula: [NADPH]/[NADP" + NADPH (NADPt)].

2.4. Serum analysis

Mouse blood samples were processed using serum separation tubes
and centrifuged at 5000 x g for 10 min. Serum alanine transaminase
(ALT) and aspartate transaminase (AST) activities were determined
using ALT and AST assay kits (Abnova, Taipei, Taiwan) according to the
manufacturer's protocol.

2.5. Preparation of liver tissues

Mice were euthanized at the indicated time points following in in-
jection and tissues were harvested. For histochemistry and immuno-
fluorescence, liver tissues were fixed in 4% (w/v) paraformaldehyde
and embedded in paraffin. Tissues were sectioned (5um), depar-
affinized, and rehydrated. For antigen retrieval, slides were immersed
in 10 mM sodium citrate (pH 6.0) and heated to 110 °C for 10 min. For
immunoblotting, liver tissues were collected and flash-frozen in liquid
nitrogen.

2.6. Isolation and culture of primary hepatocytes

Primary hepatocytes were isolated as previously described [19].
Isolated primary hepatocytes were seeded on collagen coated chamber
slides and incubated with William's E Medium (Thermofisher, Waltham,
MA) and 5% Fetal bovine serum at 37 °C and 5% CO, for 24 h and
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+

SD (n = 3-5). **p < 0.01 and *p < 0.05 versus the WT mice exposed to

treated with or without APAP, Mito-TEMPO, Z-VAD-FMK, 4-PBA and
Mdivi-1.

2.7. Histochemistry and immunofluorescence

Paraffin-embedded liver sections were incubated in dry oven at
60 °C and rehydrated. Apoptosis was measured by TUNEL staining
using the In situ cell death detection kit (Roche, Basel, Switzerland)
according to the manufacturer's protocol. Mitochondria were observed
using primary hepatocytes. Mitophagy in hepatocytes was observed
using an Olympus IX83 inverted microscope. Cells were treated as ac-
cording to the manufacturer's protocol and as referred to J. Konig et al.
[20]. Cells were pretreated with mitophagy dye (Dojindo, Rockville,
MD) for 30 min, then treated with APAP and observed after 1 h. Mito-
phagy dye accumulates in healthy mitochondria and exhibits a weak
fluorescence. Damaged mitochondria fuse with lysosome when mito-
phagy is induced, and then the mitophagy dye emits a high fluores-
cence. For immunofluorescence, paraffin-sectioned slides or chamber
slides with primary hepatocytes were incubated with specific primary
antibodies at 4 °C overnight, washed with PBS 3 times, and incubated
with Alexa488 or Alexa555 conjugated secondary antibody for 1h at
room temperature. Slides were then treated with anti-bleaching reagent
and sealed with a cover glass. Images were analyzed using a Zeiss Ax-
iovert 200 inverted microscope or Olympus IX83 inverted microscope.

2.8. Measurement of redox status

Total GSH was measured by the rate of formation of 5-thio-2-ni-
trobenzoic acid using EZ-Glutathione assay kit (DoGenBio, Seoul,
Korea). Oxidized glutathione was evaluated as total GSH after treat-
ment with 1-methyl-2-vinylpyridinium trifluoromethanesulfonate
[21,22]. 4-HNE levels were measured by immunoblot analysis using
anti-4-HNE antibody. The ratio of ADP to ATP was determined using a
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Fig. 3. Autophagy in liver tissues from mice treated with 1 mM APAP. (A) Immunofluorescence staining of LC3A/B (green) and Pan-cadherin (red) in liver tissues and
(B) primary hepatocytes. Nuclei were stained with DAPI (blue). (C) Western blot analysis for LC3B protein. B-Actin was used as an internal control. (D) Western blot
analysis of autophagy-related proteins in liver tissues harvested 2 h post APAP treatment. 3-Actin was used as a loading control. In A-D, results are shown as the

+

mean SD (n = 3-5). N.S., not statistically significant.

commercial ADP/ATP assay kit (Abcam, Cambridge, UK) according to
the manufacturer's protocol. Mitochondrial membrane potential was
assessed using the fluorescent probe, JC-1, and a Zeiss Axiovert 200
inverted microscope and quantified using Image J software. Mi-
tochondrial ROS was detected using mitoSOX with an inverted micro-
scope.

2.9. Measurement of mitochondrial DNA damage

Mitochondrial DNA (mtDNA) damage was measured by quantitative
PCR as described by Furda et al. [23]. MtDNA were extracted from mice
livers using a Genomic DNA buffer set kit and a Genomic tip (Qia-
gen,Venlo, Netherlands). Sequences of the primers used were as fol-
lows: 10-kb mitochondria fragment, forward 5-GCC AGC CTG ACC
CAT AGC CAT ATT AT-3’, reverse 5-GAG AGA TTT TAT GGG TGT ATT
GCG G-3%; 117-bp mitochondria fragment, forward 5-CCC AGC TAC
TAC CAT CAT TCA AGT-3’, reverse 5’-GA T GGT TTG GGA GA T TGG
TTG A TG-3’. Amplified mtDNA were incubated with Picogreen and
fluorescence detected using a SPARK 10M Multi plate reader (TECAN,
Mannedorf, Switzerland). Lesion frequencies were represented as raw
fluorescence values of amplified large mitochondrial fragments nor-
malized small mitochondrial fragments.

2.10. Immunoblot analysis

Liver tissue extracts were separated on 8-12% SDS-polyacrylamide
gels and transferred to nitrocellulose membranes. The membranes were
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probed with specific primary antibodies overnight at 4 °C, washed, and
then labeled with horseradish peroxidase-labeled secondary antibodies
and an enhanced chemiluminescence detection kit (GE Healthcare,
Buckinghamshire, UK). Luminescence was visualized using ImageQuant
LAS 500 chemiluminescence CCD camera.

2.11. Statistical analysis

All experiments were performed at least three times. Results are
presented as the mean = standard deviation (SD). Two-tailed t-test
was used to determine statistical significance between two mean values.
P < 0.05 was considered statistically significant.

3. Results

3.1. Knockout of IDHZ increases susceptibility to APAP-induced liver injury
in C57BL/6 mice

Depletion of IDH2 in mice was confirmed by PCR genotyping, which
revealed shortening of IDH2 mRNA in idh2~/~ mice, and enzymatic
analysis for measurement of NADPH. The ratio of NADPH versus the
total pool of NADP + NADPH was significantly decreased in the livers
of idh2™/~ mice (Fig. 1A). To test whether IDH2 plays a role in APAP-
induced liver injury, APAP was administered to idh2*/* and idh2~/~
mice intraperitoneally at a dose of 250 mg/kg and the mice were seri-
ally sacrificed between 0 (pre-challenge) and 24 h post-injection. ALT
and AST activities were significantly increased in serum of idh2™ "~
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Fig. 4. Mitophagy caused by mitochondrial dysfunction in liver tissues of idh2~/~ mice treated with 1 mM APAP. (A) Mitophagy in primary hepatocytes using a
mitophagy detection kit and observed by microscopy. (B) Western blot analysis of mitophagy related proteins in liver tissues. B-Actin was used as a loading control.
(C) Immunoblot analysis of mitochondrial fusion and fission markers. 3-Actin was used as an internal control. (D) Quantitative PCR analysis of mitochondrial DNA

damage in liver tissue. Results are shown as the mean + SD (n = 4-5). **p < 0.01 and *p < 0.05 versus the WT mice exposed to APAP. N.S., not statistically

significant.

mice compared to that from of idh2*/* mice (Fig. 1B). The hepatic
level of CRP has been reported as an inflammatory biomarker for acute
toxicity [24]. Western blot analysis showed increased levels of CRP in
idh2~/~ mice following APAP treatment (Fig. 1C).

A higher dose of APAP (500 mg/kg) on mice also induced elevations
of ALT, AST and CRP but there were no significant differences between
idh2*/* and idh2~/~ mice (Supplementary Fig. 1). Colorimetric de-
tection of caspase activities in liver tissues indicated that idh2 ™/~ mice
were more sensitive to APAP-induced caspase-3 activation than wild-
type mice (Fig. 1D). A significantly higher number of TUNEL-positive
hepatocytes was observed in idh2 ™/~ mice compared to idh2*/* mice
treated with APAP (Fig. 1E). Furthermore, proteolytic cleavage of
proapoptotic markers PARP, caspase-9 and caspase-7, and release of
cytochrome ¢ from mitochondria were remarkably increased in APAP-
treated idh2~/~ mice compared to wild-type mice (Fig. 1F). The level
of stress-induced JNK/p38 activation was also higher in idh2 ™/~ mice
treated with APAP compared control mice (Fig. 1G). To confirm APAP-
induced apoptotic cell death in idh2~”/~ mice, the pancaspase inhibitor
Z-VAD-FMK (Z-VAD) was added to idh2~/~ primary hepatocytes. Ac-
tivated caspase-3 was not detected and cell viability after APAP treat-
ment was significantly improved in the presence of Z-VAD (Supple-
mentary Fig. 2B and Fig. 2C). Collectively, these results show that IDH2
deficiency increases susceptibility to APAP-induced liver injury in mice
via stress-induced activation of the JNK/p38 signaling, thereby indu-
cing hepatic apoptosis. However, the mechanisms of enhanced APAP-
induced liver injury in the absence of IDH2 remained unclear, thus we
further explored APAP-induced hepatotoxicity in idh2~/~ mice.

2337

3.2. Knockout of IDH2 exacerbates ER stress under exposure to APAP

ER stress activates the JNK/p38 pathway resulting in apoptotic cell
death [25]. Therefore, we examined ER stress-induced signaling acti-
vation in idh2”/” mice treated with APAP. ER stress induces tran-
scription factor CHOP that is probably not only the most sensitive
marker of ER stress, but also contributes to ER stress-induced apoptosis
[26,27]. Peak CHOP expression was observed in idh2 /= primary he-
patocytes treated with 1 mM APAP for 2h as measured by immuno-
fluorescence staining with anti-CHOP antibodies (Fig. 2A). Induction of
CHOP is strongly dependent on ATF4 and phosphorylation of elF2a as a
branch of the unfolded protein response (UPR) to ER stress [28]. As
shown in Fig. 2B, protein expression in liver tissues revealed IDH2
deficiency increases sensitivity to APAP-induced ER stress. ER stress
also induces PUMA at the transcription level in a manner dependent on
p53. PUMA is a member of the BH3-protein family, which induces cy-
tochrome c release from mitochondria [29]. Fluorescence microscopy
revealed increased expression of PUMA and p53 following APAP
treatment, especially in idh2~/~ hepatocytes (Fig. 2C and D). Im-
munoblot analysis of liver lysates confirmed the results from primary
hepatocytes (Fig. 2E). However, ER stress as a reason of cell death is
still unclear. Primary hepatocytes from idh2~/~ mice were treated with
ER stress inhibitor 4-PBA and expression of cleaved-capsase-3 was
significantly decreased when 4-PBA was administered (Supplementary
Fig. 2D). These results suggest that elevated apoptosis in IDH2 deficient
mice (Fig. 1D-G) was induced by increased ER stress and subsequent
activation of signaling pathways involving CHOP and PUMA. How
IDH2 deletion increases ER stress in response to APAP treatment is not
clear. Autophagy has emerged as an essential protective mechanism



H. Kim, et al. BBA - Molecular Basis of Disease 1865 (2019) 2333-2341
A B c WT idh2-"
* : A
3 - WT idh2 APAP _ + _ +
APAP - + - +
2.5 ] CYP2E1
B € .
%g 27 ACHN | - o — —
G 3 i - -
g é 15 L 5 NS, ]
ie) 1))
28 11 g 4
20 3
0.51 g g )
o
o Sl I 15 B
APAP - * -t 0
- a
WT idh2 APAP - + - 4
WT idh2"
D E F
2 - * 1.2 - /\FV\P
* - +
15 "
o1.0 A >
= Bna l =
;_E E 0.8 =
< 14 506 - N
5 35 3
< x 304 1 =
0.5 A S0 le)
£8027 X
0 - 0 -
APAP - t -t APAP_ - * -t
WT idh2" WT idh2+"

Fig. 5. Modulation of redox status in liver tissues from of idh2 ™/~ mice. (A) Redox status in liver tissues measured by enzymatic assay. The fold change of oxidized
glutathione (GSSG) is presented. (B) Immunoblot analysis of 4-HNE, a major lipid peroxidation product in liver tissues. (C) CYP2E1 expression in livers of idh2="~
mice treated with APAP by western blot. B-Actin was used as an internal control. (D) ADP to ATP ratio as a measure of mitochondrial function in liver tissues from
idh2~/~ mice assessed using an ADP/ATP assay kit. (E) Mitochondrial membrane potential APAP-treated idh2~/~ primary hepatocytes stained with JC-1.
Fluorescence intensity was plotted using Image J software. (F) Mitochondrial ROS in idh2 ™/~ primary hepatocytes imaged using MitoSox staining light microscopy.
In A and C-E, results are shown as the mean + SD (n = 3-5). *p < 0.05 versus the WT mice exposed to APAP. N.S., not statistically significant.

during ER stress and recent studies have shown that ER stress can either
stimulate or inhibit autophagy [30]. Therefore, we next examined au-
tophagy in idh2~/~ mice.

3.3. APAP induces autophagy in mouse liver

Recent investigations reported that APAP treatment leads to au-
tophagy induction, both in vivo and in vitro [31,32]. Activation of
autophagy also has protective effects on APAP-induced hepatotoxicity
[33]. To demonstrate autophagy induction upon APAP treatment, LC3
puncta in liver tissues were examined by confocal microscope. Forma-
tion of autophagosomes in liver tissues was increased after APAP
treatment in both idh2™/~ and wild-type mice (Fig. 3A). However,
there was no significant difference between IDH2 deficient mice and
wild-type mice. Morphological disruption, determined by pan-cadherin
antibody detection of membrane integrity in liver tissues, has pre-
viously been observed in idh2 =/~ mice treated with APAP [34]. Cad-
herin degradation occurs during apoptosis [35], thus our findings of
hepatic apoptosis in APAP-treated idh2~/~ mice (Fig. 1D-G) is well
supported. Formation of LC3 puncta in primary hepatocytes (Fig. 3B)
and western blot analysis of LC3B in liver tissues (Fig. 3C) further
confirmed the data presented in Fig. 3A. Recent studies have demon-
strated that autophagy induction was promoted through activation of
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AMPK and ULK1 phosphorylation due to an energy deficit when treated
with APAP [36]. Strengthened autophagy signaling activation following
APAP administration was observed by immunoblot in mouse liver
(Fig. 3D). However, no significant differences between idh2™/~ and
wild-type mice were observed. As described above, recent studies have
shown that autophagy has protective effects against APAP-induced
hepatotoxicity [31,37] which could explain why wild-type hepatocytes
are less sensitive to APAP-induced hepatotoxicity. However, this does
not fully describe the pathways involved in idh2~/~ hepatocyte cell
death. Because IDH2 is mitochondrial enzyme, it is possible that dele-
tion of IDH2 might impact on mitochondria. Therefore, we investigated
mitochondria-specific autophagy, or mitophagy.

3.4. Mitochondrial dysfunction is increased in idh2 /"~ mice following
APAP treatment

Mitophagy performs an elimination role for mitochondria that have
become dysfunctional due to oxidative stress and DNA damage.
Mitophagy involves fusion of autophagosome, including engulfed mi-
tochondria, with the lysosome, leading to degradation of the en-
capsulated mitochondria. Fusion of mitochondria and lysosome, in-
dicated by red fluorescence, was markedly intensified in APAP-treated
idh2=/~ primary hepatocytes compared to non-treated idh2~/~
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Fig. 6. Protective effects of mito-TEMPO against APAP-induced liver injury in idh2~/~ mice. Mice were treated with mito-TEMPO (2 mg/kg, i.p.) 2h prior to
treatment with APAP (250 mg/kg, i.p.) (A) Serum ALT and AST activity measured using Abnova serum assay kit. (B) Apoptotic cell death in liver tissues detected
using an In situ cell detection kit. (C) Activation of caspase-3 in mouse livers measured by colorimetry. Samples were read at 405 nm (D) Western blot analysis of
mitophagy-associated signaling molecules, cytochrome ¢, CHOP, p53, LC3B and Parkin in mito-TEMPO-treated idh2~/~ mouse liver. (E) Mitophagy in idh2 =/~
primary hepatocytes imaged by light microscopy with mitophagy detection kit. (F) MMP of idh2 /"~ primary hepatocytes using JC-1 staining and light microscopy.
Fluorescence was quantified using Image J software. (G) APAP-induced nitrotyrosine formation in the idh2 ™/~ hepatocytes was measured by immunoblot analysis. In
A, C and F, results are shown as the mean *+ SD (n = 3-5). *p < 0.05. m-T, mito-TEMPO.
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Fig. 7. Schematic diagram showing how IDH2 deficiency promotes APAP-in-
duced hepatic apoptosis and the protective effects of mito-TEMPO against
APAP-induced hepatic apoptosis.

hepatocytes (Fig. 4A), while fluorescence intensity in wild-type hepa-
tocytes was not significantly increased following APAP treatment.
Protein expression of markers related to mitophagy pathways, in-
cluding PINK1/Parkin associated pathways and BNIP3/Nix pathways,
were also markedly increased in idh2 ™/~ livers from mice treated with
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APAP (Fig. 4B). Reduced membrane potential in fragmented mi-
tochondria is a precondition of mitophagy induction [38]. Mitochon-
drial morphology is closely related to mitochondrial dynamics. Mi-
tochondrial dynamics are a quality control system for maintaining
healthy mitochondria by facilitating the removal of damaged mi-
tochondria from the cell [39]. As components of this mitochondrial-
maintenance system, we examined the expression of fission marker,
Drpl/Fisl, and fusion marker, Opal/Mfnl by immunoblotting. Con-
sistent with the data in Fig. 4C, expression of fission markers was in-
creased in livers from idh2 ™/~ mice compared to livers from wild-type
mice treated with APAP. This mitochondrial dynamics, which is biased
toward fission, represents idh2~/~ primary hepatocytes treated with
APAP have more fragmented mitochondria than in wild-type primary
cells treated with APAP. Mdivi-1, which reduces Drpl levels and con-
sequently inhibits mitochondrial dysfunction, was treated to idh2~/~
primary hepatocytes to claim responsibility for the mitochondrial dys-
function-induced apoptosis. Decreased level of activated caspase3 after
Mdivi-1 treatment in Supplementary Fig. 2E demonstrated the causality
between mitochondrial dysfunction and cell death. This indicates that
the absence of IDH2 makes mitochondria vulnerable during APAP ad-
ministration. It has been reported that the mitochondrial dysfunction
and selective deletion of the defective mitochondria is induced when
deleterious mtDNA damage accumulates [40]. Therefore, we quanti-
tated the generation of mtDNA damage. Lesion frequencies on mtDNA,
obtained by quantitative PCR, were significantly higher in livers taken
from idh2~/~ compared to the livers of wild-type mice. IDH2 serves as
a donor of NADPH to mitochondria to maintain the antioxidant system,
as previously described. In the absence of IDH2, the antioxidant system
is ablated causing further oxidative stress and excessive mtDNA da-
mage, and this could explain the increased mitochondrial dysfunction
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3.5. Redox status is altered in hepatocytes of idh2 ™/~ mice

Cells are equipped with complicated networks of antioxidant de-
fense systems and IDH2 functions as a provider of NADPH for NADPH-
dependent antioxidant enzymes. Thus, IDH2 plays a crucial role in
regulating mitochondrial redox balance and reducing oxidative stress in
cells. In Fig. 1A, we have shown diminished NADPH levels in livers
from idh2 ™/~ liver. Because NADPH is essential for the regeneration of
GSH and reduction of the thioredoxin system, and GSH depletion is
major factor in APAP-induced cytotoxicity, we measured the content of
GSSG, an important parameter of GSH turnover, in mouse liver. Oxi-
dized GSH was increased and turnover to its reduced form was notably
reduced in the livers of idh2 ™7/~ mice treated with APAP (Fig. 5A). To
evaluate cellular oxidative damage, we measured the protein expres-
sion of 4-HNE, a major lipid peroxidation product. 4-HNE was sig-
nificantly higher in idh2 /" mice compared to wild-type mice
(Fig. 5B). Taken together, these results suggest that IDH2 deletion
amplified oxidative stress in the livers of APAP-treated mice.

We next observed the effect of mitochondria in oxidative stress and
mitochondrial ROS generation. It has been broadly reported that the
activation of CYP2EI] is one of the major contributors to APAP-induced
hepatotoxicity [41]. CYP2E] is the primary enzyme for ROS generation
and bio-activation of APAP, and its activity is increased following APAP
treatment [42]. We confirmed the increased expression of CYP2E1 in
the livers of mice treated with APAP and there was no significant dif-
ference between idh2 /'~ and wild-type mice (Fig. 5C). We have shown
APAP-induced mtDNA damage was significant in idh2 7~ mice. Thus,
to test whether mitochondria were functional or not, we examined the
ratio of ADP to ATP, and mitochondrial membrane potential (MMP).
The ratio of ADP to ATP was higher in IDH2 deficient primary hepa-
tocytes treated with APAP (Fig. 5D). The MMP of idh2~/~ primary
hepatocytes treated with APAP was lower than that of non-treated cell,
as indicated by a more intense green fluorescent signal (Fig. S5E). Higher
cytosolic ADP/ATP ratio and lower MMP represent suppressed mi-
tochondrial function [43,44]. Thus APAP-treated idh2 ™/~ hepatocytes
were shown to have mitochondrial dysfunction. Fig. 5F shows a marked
increase in mitoSox fluorescence intensity after treatment of idh2~/~
primary hepatocytes with APAP and this fluorescence increase was less
pronounced in wild-type cells. This suggests that IDH2 deficiency pro-
motes the production of mitochondrial ROS in APAP-treated hepato-
cytes. Collectively, although ROS are produced in both models, an ab-
sence of IDH2 accelerates GSH depletion and weakens regulation of the
antioxidant system, leading to oxidative damage.

3.6. Mito-TEMPO protects against APAP-induced liver injury in IDH2
deficient mice

Our previous study suggested that mito-TEMPO reduced oxidative
stress by scavenging mitochondrial superoxide, specifically [15].
Therefore, we evaluated the protective effects of this mitochondrial
ROS scavenger during APAP-induced hepatotoxicity. Idh2~/~ mice
treated with APAP only, had higher serum ALT and AST activity than
idh2~/~ mice treated with APAP plus mito-TEMPO (Fig. 6A). TUNEL
staining of liver tissue from idh2 ™/~ mice treated with or without APAP
and mito-TEMPO showed that mito-TEMPO reduced APAP-induced
hepatotoxicity in idh2~/~ mice, with no detectable toxicity to hepa-
tocytes from mito-TEMPO administration (Fig. 6B). The protective ef-
fect of mito-TEMPO against APAP-induced apoptosis is also demon-
strated by colorimetric assay showing reduced caspase-3 activity
(Fig. 6C). The release of cytochrome ¢ from mitochondria, and protein
expression of CHOP and p53, activation of LC3B and Parkin expression
in the tissues of APAP/mito-TEMPO-treated mice were attenuated
compared to that seen in mice treated with APAP only (Fig. 6D).
Fluorescent images also showed amelioration of excessive mitophagy
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caused by mitochondrial dysfunction in hepatocytes by mito-TEMPO
treatment (Fig. 6E). MMP measurement showed that mito-TEMPO ad-
ministration mitigated APAP-induced mitochondrial dysfunction in
hepatocytes from idh2~/~ mice (Fig. 6F). Furthermore, Mito-TEMPO
treatment protected against mitochondrial superoxide anion formation
as indicated by elimination of APAP-induced nitrotyrosine staining in
the idh2 ™/~ hepatocytes (Fig. 6G), consistent with the previous report
that the effective dismutation of superoxide by Mito-TEMPO can pre-
vent peroxynitrite formation [9].

4. Discussion

This study presents experimental evidence that IDH2 deficiency
accelerates APAP-induced hepatotoxicity. An absence of IDH2 resulted
in diminished NADPH, which is essential for GSH turnover and reduc-
tion of the thioredoxin system. Many studies have already demon-
strated that APAP administration induces a shortage of GSH. IDH2
deficient cells are not able to replenish GSH, leaving the cells more
susceptible to further APAP-induced GSH impoverishment. When APAP
was administered, CYP2E1, the primary enzyme of APAP bioactivation
and associated ROS generation, was activated at the same level in both
models. However, the level of oxidative stress was higher in IDH2 de-
ficient hepatocytes than in wild-type cells. This appears to be the con-
sequence of reduced oxidative capacity following GSH depletion. Thus,
a fundamental shortage of GSH in IDH2 deficient cells renders them
fragile and more sensitive to ROS generation and oxidative stress.

Previous studies have demonstrated that production of ROS by
mitochondria and oxidative stress induces mtDNA damage, which in
turn causes respiratory chain dysfunction and further increases in ROS
generation. This catastrophic cycle leads to mitochondrial dysfunction
[45-47]. Our results using an APAP-treated IDH2 deficient mouse
model mirror this deleterious process. To maintain mitochondrial
homeostasis in this model, mitochondrial dynamics were seen to shift
toward fission rather than fusion to delete damaged mitochondria.
Mitophagy was also activated. Mitophagy is defined to be the selective
degradation of defective mitochondria by autophagy, and the increase
in the degraded mitochondria is proportional to the activation of
apoptosis. However, no significant difference in autophagy induction
after APAP treatment was observed between IDH2 deficient and wild-
type cells in this study, which represents the activation of the core
autophagy machinery remains largely the same between the two gen-
otypes in the response to APAP treatment (Fig. 3). Autophagy and
mitophagy themselves are protective mechanisms to remove APAP
adducts, damaged protein and mitochondria. When these mechanisms
are activated, they protect against APAP-induced liver failure. How-
ever, the increase in the lysosomal degradation of the defective mi-
tochondria from the APAP-treated idh2 ™/~ hepatocytes leads to the
increased susceptibility to the apoptotic cell death in the liver tissues.
Furthermore, excessive activation of autophagy or mitophagy has been
shown to be a cause of cell death. Mitophagy associated proteins, BNIP3
and NIX are also known cause mitochondrial depolarization and cell
death [48]. Lim et al. demonstrated that mitochondrial dysfunction can
induce ER stress [49]. ER stress also interferes with mitochondria,
leading to mitochondrial dysfunction and apoptosis [50].

In conclusion, APAP administration in IDH2 deficient mouse model
resulted in mitochondrial damage and mitophagy beyond protection,
resulting in induction of ER stress. ER stress interfered with the mi-
tochondria to further induce mitochondrial depolarization. This status
ultimately leads to apoptotic cell death, and ultimately, liver failure
(Fig. 7). In this study, we confirmed that IDH2 plays a role in protecting
hepatocytes against APAP-induced liver damage by balancing the oxi-
dative status in cells. These findings demonstrate that the complex
linkages and functions of the antioxidant system are crucial to liver
health.
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