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ABSTRACT
Mitochondrial NADP+-dependent isocitrate dehydrogenase (IDH2) catalyzes the oxidative decarboxyl-
ation of isocitrate to a-ketoglutarate, synthesizing NADPH, which is essential for mitochondrial redox
balance. Ischemia-reperfusion (I/R) is one of most common causes of AKI. I/R disrupts the mitochondrial
redox balance, resulting in oxidative damage to mitochondria and cells. Here, we investigated the role of
IDH2 in I/R-induced AKI. I/R injury in mice led to the inactivation of IDH2 in kidney tubule cells. Idh2 gene
deletion exacerbated the I/R-induced increase in plasma creatinine and BUN levels and the histologic
evidence of tubule injury, and augmented the reduction of NADPH levels and the increase in oxidative
stress observed in the kidney after I/R. Furthermore, Idh2 gene deletion exacerbated I/R-induced mito-
chondrial dysfunction andmorphologic fragmentation, resulting in severe apoptosis in kidney tubule cells.
In cultured mouse kidney proximal tubule cells, Idh2 gene downregulation enhanced the mitochondrial
damage and apoptosis induced by treatment with hydrogen peroxide. This study demonstrates that Idh2
gene deletion exacerbates mitochondrial damage and tubular cell death via increased oxidative stress,
suggesting that IDH2 is an important mitochondrial antioxidant enzyme that protects cells from I/R insult.
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Isocitrate dehydrogenases (IDHs) catalyze the oxida-
tive decarboxylation of isocitrate to a-ketoglutarate,
accompanied by the reduction of NAD(P)+ to
NAD(P)H.1 Three IDHs, IDH1, IDH2, and IDH3,
are present in mammals. IDH1 is localized in the cy-
tosol, and IDH2 and IDH3 are localized in the mito-
chondria.1 IDH3 is NAD+-dependent, and it plays a
central role in aerobic energy production in the tricar-
boxylic acid cycle.1 IDH1 and IDH2 are NADP+-
dependent, and they have important roles in cellular
metabolism. IDH1 is involved in lipidmetabolism and
glucose sensing, and IDH2 is involved in the regulation
of oxidative respiration.1 Accumulating evidence con-
sistently demonstrates that NADPH levels generated
by IDH1 and IDH2 are critical for the maintenance of

redox balance via the glutathione and thioredoxin sys-
tems of peroxide detoxification.1–4 NADPH is neces-
sary for the antioxidative action of both the
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thioredoxin and glutathione systems.1,5 The intracellular concen-
tration of thioredoxin is 100–1000-fold lower than that of gluta-
thione.5 Recent studies have reported that IDH2 is a major
NADPH-producing enzyme, and that IDH2 is important for
maintaining the mitochondrial redox balance in cells.6–9 How-
ever, the role of IDH2 in kidney diseases remains to be defined.

AKI is common in patients within intensive care units. AKI is
associatedwith highmortality andmorbidity, and is a risk factor
for developing CKD. Ischemia-reperfusion (I/R) injury is the
most common cause of AKI. Increasing evidence demonstrates
that reactive oxygen species (ROS) and oxidative stress play a
crucial role in the pathogenesis of I/R-inducedAKI.10Mitochon-
dria are the major producers of ROS in the cell. Simultaneously,
mitochondria comprise one of the intracellular organelles most
susceptible to ROS.11,12 Mitochondria produce most of the en-
ergy used by the cell via oxidative phosphorylation. Oxidative
phosphorylation is the major endogenous source of ROS, such
as the superoxide anion radical (O2

2), hydrogen peroxide
(H2O2), and the hydroxyl radical, all of which are toxic byprod-
ucts. Under physiologic conditions, ROS are tightly regulated
within the mitochondria by various mechanisms, including
the actions of mitochondrial manganese superoxide dismutase
(MnSOD) and glutathione peroxidase (GPx). MnSOD converts
O2

2 to H2O2, and GPx converts H2O2 to H2O in the presence of
GSH.13 However, under pathophysiologic conditions, such as
when the ROS production and removal systems are broken,
excessive amounts of ROS are generated, resulting in acute/
chronic exposure of mitochondria to ROS. ROS stress in the
mitochondria leads to the shutdown of mitochondrial energy
production, and causes oxidative damage to mitochondrial and
cellular proteins, lipids, and nucleic acids.14 Many studies have
demonstrated that maintenance of themitochondrial redox bal-
ance, by genetic or pharmacologic approaches, protects cells
against AKI.11,15,16

During I/R injury, superoxide radicals (ROS produced pri-
marily in the mitochondria) are rapidly converted to H2O2 by
MnSOD. The noxiousH2O2 is removed byGPx and othermem-
bers of the peroxiredoxin family.13 GPx requires GSH in order to
remove H2O2. NADPH is required for the reduction of oxidized
glutathione (GSSG) by glutathione reductase (GR).17 GSH is
also needed to detoxify lipid peroxides through the action of
glutathione-S-transferases. Therefore, NADPH is an essential
cofactor for the removal of noxious oxygen free radicals pro-
ducedby I/R. It is classically recognized that glucose 6-phosphate
dehydrogenase (G6PD), which catalyzes the first reaction in the
pentose phosphate pathway, is as a major NADPH-producing
enzyme.13 However, G6PD is absent from mitochondria, and
the inner membrane of mitochondria is impermeable to
NADPH.1,18 Therefore, we hypothesized that IDH2, by provid-
ing mitochondrial NADPH, is important for the prevention of
I/R-induced mitochondrial damage and consequent AKI. We
report here, for the first time, that Idh2 gene deletion exacerbates
I/R-induced mitochondrial damage, oxidative stress, apoptosis,
and necrosis, and we suggest that IDH2 is a useful target to de-
velop therapeutics for AKI.

RESULTS

Idh2 Gene Deficiency Exacerbates Kidney Injury after
I/R Insult
The survival rate after ischemia was much lower in Idh22/2

mice than in Idh2+/+ mice (Figure 1A). BUN and plasma cre-
atinine (PCr) concentrations increased in both Idh2+/+ and
Idh22/2mice after ischemia (Figure 1, B and C). The increases
in BUN and PCr concentrations were greater in Idh22/2mice
than in Idh2+/+ mice (Figure 1, B and C). As previously de-
scribed,19 BUN concentrations peaked at 1 day after ischemia,
and then decreased gradually to near-normal levels (Figure 1B,
note that BUN was determined only in mice that survived),
indicating that the functional recovery of the kidney was de-
layed in Idh22/2mice compared with Idh2+/+ mice (Figure 1B).
Consistent with the results for functional damage, I/R resulted in
severe damage to kidneys of both Idh2+/+ and Idh22/2 mice;
post-I/R kidneys presented with congestion and dilation of tu-
bules, loss of brush border and nuclei in tubular cells, and accu-
mulation of interstitial cells (Figure 1, D–F). The damage was
greater in Idh22/2 mice than in Idh2+/+ mice (Figure 1, D–F).
Sixteen days after ischemia, the expression of collagen increased
in the interstitium, and this increase was greater in Idh22/2mice
than in Idh2+/+ mice (Figure 1, G and H), indicating that kidney
injury ismore severe in Idh22/2mice than in Idh2+/+mice. F4/80
is a marker of monocyte/macrophage cells. F4/80-positive cells
were observedmainly in the interstitium at 1 day and 16 days after
ischemia (Figure 1I). The number of F4/80-positive cells was
greater in Idh22/2 mice than in Idh2+/+ mice (Figure 1, I–K).
The expression of Ly6G, a neutrophil marker, increased in both
Idh2+/+ and Idh22/2mice 24 hours after ischemia (Figure 1, L and
M). This increasewas greater in Idh22/2mice than in Idh2+/+mice
(Figure 1, L andM). There were no significantly differences in PCr
and BUN concentrations, histologic damage, F4/80-positive cell
number, Ly6G expression, and collagen expression in sham-
operated Idh22/2 mice when compared with Idh2+/+ mice
(Figure 1). Taken together, these data indicate that Idh2 gene
deletion exacerbates kidney injury after I/R insult.

I/R Reduces IDH2 Expression and Activity in Both Idh2+/+

and Idh22/2 Kidneys
IDH2 was observed throughout the entirety of the tubules in
wild-type mouse kidneys. The most intense IDH2 expression
was seen in the collecting duct, proximal tubule, distal tubule,
and descending thin limb, in that order (Figure 2, A and B).
Twenty-four hours after ischemia, IDH2 expression decreased
in all tubules, and those decreases were greatest in the proxi-
mal tubule and distal tubule (Figure 2A). Further, when IDH2
expression was evaluated in the kidneys by Western blot anal-
ysis, expression was lower from 1 day to 16 days after ischemia
(Figure 2C). IDH1 expression decreased 1 day after ischemia
and then returned to around normal level by 16 days after
ischemia (Figure 2C).

When we determined IDH1 and IDH2 expression and ac-
tivity in the Idh2+/+ and Idh22/2mouse kidneys, expression of
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Figure 1. Renal function, histology, and inflammation in Idh2+/+ and Idh2 2/2mice after I/R. Idh2+/+ (Idh2WT) and Idh22/2 (Idh2 KO) mice were
subjected to either 25 minutes of bilateral renal ischemia or a sham surgery. (A) Survival rate was determined (each group n=20). (B) Concentrations
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both IDH2 and IDH1 had decreased in Idh2+/+ mice 24 hours
after ischemia. IDH2 was not detected in Idh22/2 mice (Fig-
ure 2, D and E). IDH1 expression decreased in both Idh2+/+

and Idh22/2mice after I/R, and this decreasewas greater in Idh22/2

mice (Figure 2, D and F). When the level of activity of IDH2 and
IDH1 was determined in the mitochondrial and cytosolic frac-
tions of the kidney (Figure 2G), it was established that I/R had
decreased the activity of both IDH2 and IDH1 in Idh2+/+ mice
(Figure 2, H and I). IDH2 activity was not detected in Idh22/2

mice (Figure 2H). IDH3 activity decreased in both Idh2+/+ and
Idh22/2mice after I/R, but there was no significant difference in
post-I/R IDH3 activity between Idh22/2 and Idh2+/+ mice (Fig-
ure 2J). IDH3 activity was not significantly different between
Idh2+/+ mice and Idh22/2 mice after sham operation (Figure
2J). IDH1 activity decreased in both Idh2+/+ and Idh22/2mice
after I/R, and this decrease was greatest in Idh22/2 mice (Fig-
ure 2I). Interestingly, IDH1 expression and activity in sham-
operated Idh22/2mice was slightly lower than in sham-operated
Idh2+/+mice (Figure 2, D, F, and I). These results indicate that I/R
insult disrupts the functioning of IDHs.

Idh2 Gene Deletion Exacerbates ROS Production and
Oxidative Stress after I/R
To investigatewhether the increased susceptibilityof kidneys to
I/R insult in Idh22/2 mice is associated with ROS/oxidative
stress, wemeasured ROS production and oxidative stress levels
in the kidneys 24 hours after ischemia. Twenty-four hours
after ischemia, the H2O2 level was greater in Idh22/2 mice
than in Idh2+/+ mice (Figure 3A). MDA production and 4-
hydroxynonenal (4-HNE) expression, indexes of lipid perox-
idation, increased in both Idh2+/+ and Idh22/2 mice 24 hours
after ischemia (Figure 3, B–D). These post-I/R increases in
MDA production and 4-HNE expression were greater in Idh22/2

mice than in Idh2+/+ mice (Figure 3, B–D). The H2O2 level,
MDA amount, and expression of 4-HNE were slightly greater
in the sham-operated Idh22/2 mice than Idh2+/+ mice (Figure
3, A–D). When oxidative damage to DNAwas evaluated by im-
munostaining using an anti–8-hydroxy-29-deoxyguanosine
(8-OHdG) antibody,20 8-OHdG–positive signals were observed
in both the cytosol and nuclei of tubule cells, in both Idh2+/+ and
Idh22/2mice 24 hours after ischemia (Figure 3E), indicating that
mitochondrial and nuclear DNA are oxidatively damaged. The
number of 8-OHdG–positive cells and the intensity of 8-OHdG

staining in the cytosol were greater in Idh22/2 mice than in
Idh2+/+ mice (Figure 3, E–G). These results indicate that Idh2
gene deletion exacerbates oxidative stress after I/R.

Idh2 Gene Deletion Impairs Reduction of NADP+ and
GSSG within Mitochondria after I/R
WhenNADPH levelswere evaluated by immunohistochemical
stainingusing an anti-NADPHantibody,NADPHwas found to
have decreased in kidney tubular cells 24 hours after ischemia
(Figure 4A). This decrease in NADPH was greater in Idh22/2

mice than in Idh2+/+mice (Figure 4A). After a sham operation,
NADPHwas lower in Idh22/2mice than in Idh2+/+ mice (Fig-
ure 4A).

The activityofmitochondrialGRdecreased inboth Idh22/2

and Idh2+/+ mice 24 hours after ischemia (Figure 4B). This de-
crease in GR activity was greater in Idh22/2mice than in Idh2+/+

mice (Figure 4B). However, there was no significant difference in
GR activity between Idh22/2 and Idh2+/+ mice after sham oper-
ation (Figure 4B). The ratio of GSSG to total glutathione (GSSG/
tGSH) in the mitochondria increased 24 hours after ischemia in
both Idh22/2 and Idh2+/+ mice (Figure 4C). This ratio was sig-
nificantly more increased in Idh22/2 mice than in Idh2+/+ mice
(Figure 4C). However, there was no significant difference in the
GSSG/tGSH ratio between sham-operated Idh22/2 mice and
Idh2+/+ mice (Figure 4C). These data indicate that, upon I/R
injury, Idh2 gene deletion impairs the process whereby GSSG is
reduced to GSHwithinmitochondria. GPx uses GSH to remove
H2O2 in mitochondria.21 Twenty-four hours after ischemia,
mitochondrial GPx activity had decreased in both Idh22/2 and
Idh2+/+ mice (Figure 4D). This decrease in GPx activity was
greater in Idh22/2mice than in Idh2+/+ mice (Figure 4D). How-
ever, there was no significant difference in GPx activity between
Idh22/2 and Idh2+/+ mice after a sham operation (Figure 4D).
These results indicate that a decline in NADPH production ow-
ing to Idh2 gene deletion may impair GPx-mediated removal of
H2O2 in mitochondria.

Further, we determined whether IDH2 affects the GSSG/
tGSH ratio, or the activity of GR and GPx, in the cytosolic
fractionof kidney lysates. The activityof cytosolicGRdecreased
24 hours after ischemia in both Idh2+/+ and Idh22/2mice (Figure
5A). TheGSSG/tGSH ratio increased in both Idh2+/+ and Idh22/2

mice (Figure 5B). The activity of cytosolicGPxdecreased 24 hours
after ischemia in both Idh2+/+ and Idh22/2 mice (Figure 5C).

of BUNweremeasured at indicated times. (C) Concentrations of PCr were determined 24 hours after surgery. (D) Twenty-four hours (upper
panels) and 16 days (lower panels) after surgery, kidneys were harvested and then stainedwith periodic acid–Schiff. Images were obtained
from the outer medulla. Asterisk indicates congestion of necrotic tubule cells. (E and F) Kidney damage was scored as described in the
Concise Methods section. (G) Sixteen days after surgery, kidney sections were subjected to picro-sirius red staining. (H) Collagen de-
position was measured as described in the Concise Methods section. (I) Twenty-four hours (upper panels) and 16 days (lower panels) after
surgery, kidney sections were subjected to immunohistochemical staining using an anti-F4/80 antibody. Hematoxylin was used to visu-
alize the nuclei of cells. Insert is at high magnification of the dash-lined rectangle. Arrows indicate F4/80-positive cells. (J and K) F4/80-
positive cells were counted in the outer stripe of outer medulla. (L) Twenty-four hours after surgery, kidney samples were analyzed by
Western blotting using an anti-Ly6G antibody. GAPDHwas used as a loading control. (M) The density of bandwasmeasured using ImageJ
software. Results are expressed asmean6SEM (n=6 except survival rate). *P,0.05 versus respective sham-operatedmice; †P,0.05 versus
ischemia-operated Idh2 WT mice. Isch, ischemia; KO, knockout; ND, not detected; WT, wild type.
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Figure 2. Expression and activity of IDH2 and IDH1 in Idh2+/+ and Idh22/2 mice after I/R. C57BL/6 mice were subjected to either renal
ischemia or a sham operation. (A) Twenty-four hours after surgery, kidney sections were subjected to immunofluorescence staining
using antibodies directed against IDH2, AQP1, and NCX1. 49,6-diamidino-2-phenylindole (DAPI) staining was used to visualize the nuclei of
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However, there were no significant differences between Idh2+/+

and Idh22/2mice in the activity of GPx or GR, or in GSSG/tGSH
(Figure 5, A–C). This indicates that IDH2 is not critical for the
activity of cytosolic GR or GPx. Because it has been classically
recognized that G6PD is a major producer of NADPH and cata-
lase is a major H2O2–removing enzyme in the cytosol, we deter-
mined the activities and expressions of G6PD and catalase in the
cytosol. The expressions and activities of G6PD and catalase de-
creased after I/R in both Idh22/2 and Idh2+/+ mice (Figure 5,
D–H). However, there were no significant differences in the
expression or activity of G6PD or catalase between Idh2+/+ and
Idh22/2mice (Figure 5, D–H). Taken together, these data indicate
that IDH2 is a critical enzyme for the GSH–peroxide detoxifica-
tion system in mitochondria.

Idh2 Gene Deletion Exacerbates Structural and
Functional Damage to Mitochondria after I/R
ROS and oxidative stress causes structural and functional dam-
age tomitochondria, including fragmentation.12 Transmission
electron microscopy data revealed swelling of mitochondria
with a loss of cristae, disruption of the mitochondrial mem-
brane, and release of matrix content into the cytoplasm 90
minutes post-ischemia (Figure 6A). These examples of post-
I/R mitochondrial damage were more severe in Idh22/2 mice
than in Idh2+/+ mice (Figure 6A). The ATP level was signifi-
cantly lower in Idh22/2 kidneys than in Idh2+/+ kidneys, at 24
hours after ischemia (Figure 6B). There was no significant
difference in the ATP level between sham-operated Idh2+/+

mice and Idh22/2 mice (Figure 6B). To evaluate mitochon-
drial fragmentation, we determined the mitochondrial aspect
ratio (the ratio between themajor andminor axis of the ellipse
equivalent to the mitochondrion). After ischemia, the mito-
chondrial aspect ratios decreased in both Idh22/2 and Idh2+/+

mice, although the decrease seen in Idh2+/+ mice was not sta-
tistically significant (Figure 6C). The mitochondrial aspect
ratio recorded in sham-operated Idh22/2 mice was lower
than that in Idh2+/+ mice (Figure 6C).

The expression of dynamin-related protein 1 (Drp1) and
fission 1 protein (Fis1), markers of mitochondrial fission, was
increased in the kidneys of both Idh2+/+ and Idh22/2 mice
(Figure 6, D–F). These increases in Drp1 and Fis1 expression
were greater in Idh22/2 mice than in Idh2+/+ mice (Figure 6,
D–F). The expression of both Drp1 and Fis1 was higher in

sham-operated Idh22/2 mice than in sham-operated Idh2+/+

mice (Figure 6, D–F). In contrast to the fission proteins, the
expression of optic atrophy 1 (Opa1), a marker of mitochondrial
fusion, was decreased in Idh22/2 mice, but not in Idh2+/+ mice,
24 hours after ischemia (Figure 6, D and G). There was no sig-
nificant difference in the expression of Opa1 between sham-
operated Idh2+/+ mice and Idh22/2 mice. This indicates that
Idh2 gene deletion impairs the balance between mitochondrial
fusion and fission, resulting in increased fragmentation. It also
suggests that IDH2 plays a crucial role in the maintenance of
mitochondrial structure and function, and that its disruption
increases the vulnerability of mitochondria to I/R insults.

Idh2 Gene Deletion Exacerbates Apoptosis of Tubular
Cells after I/R
Mitochondrial damage initiates the apoptotic cascade.12 First,
we determined the expression of Bax and Bcl family proteins,
which regulate cytochrome c release from the mitochondria
into the cytosol. After I/R, the expression of proapoptotic fac-
tor Bax (active [6A7] and total [5B7] form of Bax) increased in
both Idh2+/+ and Idh22/2 mice (Figure 7, A–C). In contrast,
the expressions of antiapoptotic factors, Bcl-2 and Bcl-xL,
were decreased in both Idh2+/+ and Idh22/2 mice (Figure 7,
A, D, and F). The ratio of total Bax-to-Bcl-2 increased in both
Idh2+/+ and Idh22 /2 mice (Figure 7E). Those post-I/R
changes in proapoptotic and antiapoptotic factors were
greater in Idh22/2 mice than Idh2+/+ mice (Figure 7, A–H).
Next, to evaluate cytochrome c release, we determined the
expression of cytochrome c in the mitochondria and the cy-
tosol, respectively. I/R decreased the level of mitochondrial
cytochrome c expression when compared with sham, whereas
I/R increased the level of cytosolic cytochrome c expression (Fig-
ure 7, I–K). These post-I/R changes were greater in in Idh22/2

mice than Idh2+/+ mice (Figure 7, I–K). These results indicate
that I/R in Idh22/2 mice induces greater mitochondrial damage
than in Idh2+/+ mice. Further, we determined levels of expression
of caspase-3 and X-linked inhibitor-of-apoptosis protein (XIAP),
an antiapoptotic protein. I/R increased caspase-3 expression,
whereas it decreased XIAP expression in both Idh2+/+ and Idh22/2

mice (Figure 7, A, G, and H). These changes were greater in
Idh22/2 mice than in Idh2+/+ mice (Figure 7, A, G, and H).

I/R injury significantly increased terminal deoxynucleotidyl
transferase–mediated digoxigenin-deoxyuridine nick-end labeling

cells. (B) Diagram showing IDH2 expression in normal kidney tubular segments. (C) Kidneys were harvested at the indicated times and
analyzed by Western blotting using anti-IDH2 and anti-IDH1 antibodies. GAPDH was used as a loading control. (D) Idh2+/+ and Idh22/2

mice were subjected to 25 minutes of renal ischemia. Kidneys were harvested 24 hours after ischemia and then subjected analyzed by
Western blotting using anti-IDH2 and anti-IDH1 antibodies. (E and F) The densities of bands were measured using ImageJ software. (G)
The mitochondria and cytosol mitochondria were fractionated from kidney whole lysates, and the fractions were then confirmed by
Western blot analysis using antibodies directed against IDH2, MnSOD, IDH1, CuZnSOD, and GAPDH. Ponceau S was used to determine
equal loading. The activity of IDH2 (H), IDH1 (I), and IDH3 (J) was measured in the mitochondrial (H and J) and cytosolic fractions (I),
respectively. Results are expressed as the mean6SEM (n=6). *P,0.05 versus respective sham-operated mice; †P,0.05 versus ischemia-
operated Idh2 WT mice; #P,0.05 versus sham-operated Idh2 WT mice. CD, collecting duct; DT, distal tubule; G, glomerulus; Isch, is-
chemia; ISOM, inner stripe of outer medulla; KO, knockout; OSOM, outer stripe of outer medulla; S1–2 PT, segment 1–2 in the proximal
tubule; S3 PT, segment 3 in proximal tubule; WT, wild type.
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(TUNEL)-positive tubule cells in both Idh2+/+ and Idh22/2mice
24 hours after ischemia, and these increases in TUNEL-positive
cells were greater in Idh22/2mice than in Idh2+/+ mice (Figure 7,

L and M). Sixteen days after ischemia, the amount of TUNEL-
positive cells was greater in the kidneys of Idh22/2 mice than in
Idh2+/+ mice (Figure 7, L and N). In sham-operated kidneys, the

Figure 3. Idh2 gene deletion accelerates H2O2 production, lipid peroxidation, and DNA oxidation in the kidneys after I/R. Idh2+/+ (Idh2 WT)
and Idh22/2 (Idh2 KO) mice were subjected to either 25 minutes of bilateral renal ischemia or sham surgery, and then kidneys were harvested
24 hours later. H2O2 (A) and MDA production (B) were determined in the kidney tissue. (C) 4-HNE expression was determined by Western blot
analysis using an anti–4-HNE antibody. GAPDH was used as a loading control. (D) The densities of bands were measured using ImageJ software. (E)
Kidney sections were subjected to immunohistochemical staining using an 8-OHdG antibody. Images were obtained from the outer medulla. Insert
is at high magnification of the dash-lined rectangles. Brown indicates 8-OHdG-positive signal. Number of 8-OHdG–positive cells (F) and intensity of
the 8-OHdG stains in the cytosol (G) were determined. Results are expressed as mean6SEM (n=6). *P,0.05 versus respective sham-operated mice;
†P,0.05 versus ischemia-operated Idh2 WT mice; #P,0.05 versus sham-operated Idh2 WT mice. Isch, ischemia; KO, knockout; WT, wild type.
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expression of Bax (5B7), Bcl-2, and Bcl-xLwas greater in Idh22/2

mice than in Idh2+/+ mice (Figure 7, A–H). However, there were
no significant differences in TUNEL-positive cells, active form of
Bax (Bax 6A7), and caspase-3 activation between sham-operated
Idh22/2 mice and Idh2+/+ mice (Figure 7). These data indicate
that Idh2 gene deletion accelerates the apoptosis pathway and
delays recovery after I/R insult.

Idh2 Gene Downregulation Exacerbates H2O2-Induced
Apoptosis in Cultured Proximal Tubule Cells
Finally, we determined whether IDH2 downregulation, using
small interfering RNA (siRNA) against Idh2 (Idh2-siRNA),
increases the susceptibility of murine proximal tubular epithe-
lial cells (mProx24 cells) to H2O2-induced oxidative stress and
ATP depletion/repletion. First, we determined the role of
IDH2 on H2O2-induced oxidative stress. Idh2-siRNA trans-
fection significantly decreased IDH2 expression in the cells
(Figure 8, A and B). H2O2 treatment decreased expression of
IDH2 in both Idh2-siRNA–transfected cells and scramble-
siRNA–transfected cells (Figure 8, A and B). The decrease

was greater in Idh2-siRNA–transfected cells than in scram-
ble-siRNA–transfected cells (Figure 8, A and B). H2O2 treat-
ment increased the expression of Bax (6A7), the ratio of Bax
(5B7) to Bcl-2 expression, and cleaved caspase-3. These in-
creases were higher in the Idh2-siRNA–transfected cells (Fig-
ure 8, A, C, D, and H). In contrast, H2O2 treatment lowered
the expression of Bcl-2, Bcl-xL, and XIAP, and the decreases
were greater in Idh2-siRNA–transfected cells (Figure 8, A, E, F,
and G). Expression of Opa1 decreased after treatment with
H2O2, and the decrease was greater in the Idh2-siRNA–transfected
cells (Figure 8, A and I). Idh2-siRNA transfection alone, without
H2O2 treatment, did not affect the expression of Bax (5B7), Bax
(6A7), Bcl-2, XIAP, Bcl-xL, cleaved caspase-3, or Opa1 (Figure 8,
A–I). H2O2 treatment increased the amount of TUNEL-positive
cells and this increase was greater in Idh2-siRNA–transfected cells
than in scramble-siRNA–transfected cells (Figure 8, J andK).Total
cell number was less in Idh2-siRNA–transfected cells than in
scramble-siRNA–transfected cells (Figure 8, J and L), indicating
that cell survival rate was lower in Idh2-siRNA–transfected cells
than scramble-siRNA–transfected cells.

Figure 4. Levels of NADPH, activity of GR and GPx, and GSSG/tGSH in the mitochondria from Idh2+/+ and Idh22/2 mice after I/R.
Idh2+/+ (Idh2 WT) and Idh22/2 (Idh2 KO) mice were subjected to either 25 minutes of bilateral renal ischemia or sham surgery. (A)
Kidney sections were subjected to immunohistochemical staining using an anti-NAPDH antibody. Images were obtained from the outer
medulla. Upper panels are at low magnification, lower panels are at high magnification of the dash-lined rectangle in upper panel.
Brown indicates NADPH-positive signal. (B) Activity of GR, (C) GSSG/tGSH, and (D) the activity of GPx in the mitochondrial fractions
from kidneys were determined as described in the Concise Methods section. Results are expressed as the mean6SEM (n=6). *P,0.05
versus respective sham-operated mice; †P,0.05 versus ischemia-operated Idh2 WT. KO, knockout; WT, wild type.
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Next, we determined the role of IDH2 on ATP depletion/
repletion-induced hypoxic injury. Idh2-siRNA transfection sig-
nificantly decreased IDH2 expression in the cells (Figure 8, M
and N). ATP depletion/repletion decreased the expression of
IDH2 in both Idh2-siRNA-transfected cells and scramble-
siRNA–transfected cells (Figure 8, M and N). ATP depletion/
repletion increased the amount of TUNEL-positive cells in
both Idh2-siRNA–transfected cells and scramble-siRNA–transfected
cells, and these increases were greater in Idh2-siRNA–transfected
cells than in scramble-siRNA–transfected cells (Figure 8, O and
P). ATP depletion/repletion reduced total cell number, and this
reduction was greater in Idh2-siRNA–transfected cells than in
scramble-siRNA–transfected cells (Figure 8, O and Q). Taken
together, these results indicate that IDH2 protects kidney tubule
cells against mitochondrial damage and apoptosis induced by
oxidative stress and hypoxic injury.

DISCUSSION

Wedemonstrate, for thefirst time, that I/R causes disruption of
IDH2, and that Idh2 gene deletion exacerbates I/R-induced
defects in the structure and function of mitochondria via im-
pairment of the NADPH–GR–GSH–GPx antioxidant systems.
Furthermore, Idh2 gene deletion delays recovery from injury.
This results in increased mitochondrial and cellular oxidative
damage, leading to apoptosis, and structural and functional
impairments of the kidneys. These findings indicate that IDH2
is important for maintaining redox balance and for protecting
the kidneys from I/R insult. This suggests that IDH2 is a ther-
apeutic target for AKI treatment, in addition to mitochondrial
dysfunction-related diseases.

I/R insult disrupts the mitochondrial redox balance in kid-
ney tissue, resulting in a shutdown of mitochondrial energy

Figure 5. Expressions and activities of cytosolic GR, GPx, G6PD, catalase, and GSSG/tGSH in the cytosol of Idh2+/+ and Idh22/2 mice
after I/R. Idh2+/+ (Idh2WT) and Idh22/2 (Idh2 KO) mice were subjected to either 25 minutes of bilateral renal ischemia or sham surgery.
Activities of GR (A), GPx (C), G6PD (D), catalase (E), and GSSG/tGSH (B) in the cytosol fraction were determined. (F) Kidney samples
were subjected to Western blot analysis using anti-G6PD and anti-catalase antibodies. GAPDH was used as loading control. (G and H)
Densities of blots were measured using ImageJ software. Results are expressed as the mean6SEM (n=6). *P,0.05 versus respective
sham-operated mice. Cat, catalase; Cyto, cytosolic; Isch, ischemia; KO, knockout; WT, wild type.
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production, and in the occurrence of oxidative damage to mi-
tochondrial and cellular proteins, lipids, and nucleic acids,
which causes apoptosis, necrosis, and inflammation in the
kidney.14,15,22 In this study, Idh2 gene deletion reduced the
amount of NADPH in both sham- and I/R-operated mouse
kidneys. GSSG/tGSH was elevated to a greater extent after I/R
in mitochondria from Idh22/2 mice than from Idh2+/+ mice,
indicating that mitochondrial GSSG could not be reduced to
GSH by GR because of insufficient mitochondrial NADPH in
Idh22/2 mice. In addition, Idh2 gene deletion diminished the
ROS-scavenging activity of GPx in the mitochondria after I/R,
accompanied by increases in H2O2 production, lipid peroxi-
dation, and oxidative damage to mtDNA. In I/R-induced AKI
models, Mortensen et al. and Liang et al. have reported that
MnTMPyP, an MnSOD mimetic, protects kidneys from I/R-
induced ROS production, inflammatory responses, and apo-
ptosis.15,22 Dare et al. reported that MitoQ, an antioxidant
targeted to mitochondria, ameliorates I/R-induced oxidative

stress and kidney injury.16 We previously reported that Idh2
gene deficiency increases ROS production and oxidative stress,
leading to mitochondrial damage,6–8 whereas Idh2 gene in-
duction dampens various stresses, including H2O2, cadmium,
heat shock, high glucose, and ethanol.6,9,23–25 Recently it has
been reported that IDH2 plays an important role in mainte-
nance of redox balance and mitochondrial homeostasis in en-
dothelial cells.26 Therefore, our results indicate that IDH2
serves as an important provider of NADPH in the mitochon-
dria, and IDH2 deficiency increases the susceptibility of mi-
tochondria to post-I/R oxidative stress.

IDH1 is expressed in the cytosol, whereas IDH2 is expressed
in the mitochondria. IDH2 is NADP+-dependent and IDH3,
although it is located on themitochondria, is aNAD+-dependent
enzyme.6,21,27 In this study, we found that activity and ex-
pression of IDH1 before and 24 hours after I/R insult were
less in Idh22/2 mice when compared with Idh2+/+ mice. Be-
cause cytosolic oxidative stress influences mitochondrial

Figure 6. Mitochondrial function and structures in Idh2+/+ and Idh22/2 mice after I/R injury. Idh2+/+ (Idh2 WT) and Idh22/2 (Idh2 KO) mice were
subjected to either 25 minutes of bilateral renal ischemia or sham surgery. (A) Ninety minutes after ischemia or sham surgery, mitochondrial structures
were evaluated under transmission electron microscopy (TEM). Upper panels are at low magnification. Lower panels are at high magnification of the
dash-lined rectangle in the upper panels and show mitochondrial structures. (B) Twenty-four hours after ischemia, ATP levels were measured as
described in the Concise Methods. (C) Aspect ratio [(major axis)/(minor axis)] from TEM pictures was measured. (D) Twenty-four hours after surgery,
kidneys samples were subjected to Western blot analysis using anti-Drp1, anti-Fis1, and anti-Opa1 antibodies. GAPDH was used as a loading control.
(E–G) Densities of blots were measured using ImageJ software. Results are expressed as mean6SEM (n=6). *P,0.05 versus respective sham-operated
mice; †P,0.05 versus ischemia-operated Idh2 WT; #P,0.05 versus sham-operated Idh2 WT. BB, Brush border; Isch, ischemia; KO, knockout; N,
Nucleus; WT, wild type.
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Figure 7. Apoptosis and its signal pathways in Idh2+/+ and Idh22/2 mice after I/R injury. Idh2+/+ (Idh2WT) and Idh2 2/2 (Idh2 KO) mice
were subjected to either 25 minutes of bilateral renal ischemia or sham surgery. Twenty-four hours after ischemia, (A) Kidney tissue
samples were analyzed by Western blotting using antibodies directed against Bax (6A7), Bax (5B7), Bcl-2, Bcl-xL, XIAP, and cleaved
caspase-3. GAPDH was used as a loading control. (B–H) The densities of bands were measured using ImageJ software. (I) Mitochondrial
(Mito.) and cytosolic (Cyto.) fractions were subjected to Western blot analysis using anti-cytochrome c (Cyto c) antibody. COX IV and
GAPDH were used as a loading control of mitochondrial and cytosolic fraction, respectively. (J and K) The densities of bands were
measured using ImageJ software. (L) Apoptotic cells in kidney tissue were evaluated by TUNEL assay 24 hours (upper panels) and 16
days (lower panels) after surgery. Arrows indicate TUNEL-positive cells. Images were obtained from the outer stripe of outer medulla.
49,6-diamidino-2-phenylindole was used to stain the nuclei of cells. (M and N) TUNEL-positive cells were counted (ten fields per
kidney). Results are expressed as mean6SEM (n=6). *P,0.05 versus sham-operated Idh2 WT mice; †P,0.05 versus ischemia-operated
Idh2 WT mice; #P,0.05 versus sham-operated Idh2 WT. Isch, ischemia; KO, knockout; WT, wild type.
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Figure 8. Effect of IDH2 downregulation on H2O2-induced apoptosis in cultured mProx24 cells. mProx24 cells were transfected with Idh2-siRNA and
scrambled siRNA (Scr-siRNA). After transfection, cells were treatedwith 500mMH2O2 for 5 hours. (A) Cell lysates were analyzed byWestern blotting using
antibodies directed against IDH2, Bax (6A7), Bax (5B7), Bcl-2, Bcl-xL, XIAP, cleaved caspase-3 (C-casp-3), andOpa1.b-actin was used as a loading control.
(B–I) The densities of bands were measured using ImageJ software. (J) Fixed cells were subjected to TUNEL assay. Arrows indicate TUNEL-positive cells.
TUNEL-positive (K) and total cell number (L) were determined. (M–Q) mProx24 cells transfected with either Idh2-siRNA or Scr-siRNA were incubated in
Krebs–Henseleit buffer with or without sodium cyanide (5mM) and 2-deoxyglucose (5mM) for 60minutes, followed by Krebs–Henseleit buffer containing
10mMof dextrose for 40minutes. Cells were subjected toWestern blot analysis using anti-IDH2 antibody. b-actin was used as a loading control. (N) The
densities of bands were measured using ImageJ software. (O) Fixed cells were subjected to TUNEL assay. Arrows indicate TUNEL-positive cells. TUNEL-
positive (P) and total cell number (Q) were counted. Results are expressed as mean6SEM (n=3). *P,0.05 versus respective vehicle-treated siRNA;
†P,0.05 versus H2O2-treated or ATP-depleted Scr. siRNA; #P,0.05 versus vehicle-treated Scr. siRNA. ATP dep., ATP depletion.
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oxidative stress and vice versa, these decreases of IDH1 activ-
ity and expression in Idh22/2 mice may, at least in part, con-
tribute to increases in mitochondrial damage, leading to
increased susceptibility in Idh22/2 mice. It is also possible
that IDH1 and IDH2 interact with each other. There is some
evidence that IDH2 and IDH1 may interact or share similar
expression patterns; mutations of Idh1 and Idh2 are frequent
in some types of cancer, including leukemia, gliomas,
and cartilaginous tumors.27–30 However, 16 days post-I/R,
mortality of Idh22/2 mice was almost 65%, whereas that of
Idh2+/+mice was about 30% (Figure 1A). Furthermore, in this
study, the expression and activity of G6PD, a major NADPH-
producing enzyme in the cytosol, were not different between
Idh22/2 and Idh2+/+ mice after both sham and I/R operation.
In addition, the activities of GPx/GR in the cytosol were not
significantly different between Idh22/2 and Idh2+/+ mice.
These results indicate that, although IDH1 could be involved
in the increased susceptibility of IDH2 to I/R injury, IDH2
plays a critical role in the kidney post-I/R injury.

In this study, I/R decreased IDH3 activity in both Idh22/2

and Idh2+/+ mice. However, this decrease rate was not signif-
icantly different between Idh22/2 and Idh2+/+ mice. In addi-
tion, there was no difference in IDH3 activity between
sham-operated Idh22/2 and Idh2+/+ mice. This suggests
that, although IDH3 may be affected by I/R injury, it is not
critical for the increased susceptibility to I/R injury shown in
Idh22/2 mice. In previous studies, we found that the regulation
of IDH2 expression (overexpression or knockdown) did not
affect IDH3 activity.6 Although we could not rule out the in-
volvement of IDH1 and IDH3 in the increased susceptibility of
Idh22/2mice, taken together, IDH2 plays a critical role in injury
and repair after I/R injury.

Mitochondria aredynamicorganelles and theirmorphology is
maintained throughabalancebetweenfissionand fusionprocess-
es.12 Under physiologic conditions, mitochondria are filamen-
tous and elongated, whereas under stress conditions, including
I/R injury, mitochondria become fragmented and degraded.
Such fragmentation and degradation induces an increase in per-
meability of the mitochondrial outer membrane and enables the
release of proapoptotic factors, such as cytochrome c.12 Mito-
chondrial fission involves the constriction and cleavage of mito-
chondria by fission proteins, such as Drp1 and Fis1. Conversely,
mitochondrial fusion involves the elongation ofmitochondria by
tethering and merging two adjacent mitochondria. Mitochon-
drial fusion is mediated by Mitofusin-1 and Mitofusin-2 in the
outer membrane, and by Opa1 in the innermembrane.12 Brooks
et al. reported that mitochondrial fragmentation precedes cyto-
chrome c release, apoptosis, and AKI in I/R- and cisplatin-
induced models.31 They also reported that inhibition of
mitochondrial fragmentation using mdivi-1, a pharmacologic
inhibitor of Drp1, ameliorates tubular cell apoptosis and AKI.31

Xiao et al. reported that Oma1 gene deficiency prevents Opa1
proteolysis, and this protects against mitochondrial fragmenta-
tion and AKI after I/R.32 In our study, the expression of Fis1 and
Drp1 was higher in Idh22/2mice than in Idh2+/+ mice. This was

the case evenwhen sham-operated Idh22/2mice were compared
with Idh2 +/+ mice, which had severe mitochondrial fragmenta-
tion. In addition, ATP levels 24 hours post-ischemia were signif-
icantly lower in Idh22/2 mice, but not in Idh2+/+ mice, when
comparedwith sham-operatedmice. BecauseATP levels decrease
quickly upon ischemia and return to a normal range within a few
hours after reperfusion,33,34 the lowered ATP levels in Idh22/2

mice may reflect the delayed recovery of the kidneys from I/R
injury, suggesting that IDH2 has a critical role in the restoration
of mitochondrial function.

It is known that the mitochondria are central players in ap-
optosis. When electron transport and energy metabolism be-
come impaired, mitochondria can trigger apoptosis by releasing
cytochrome c, activating caspases, and altering the cellular redox
potential via ROS production.11,12 In this study, I/R led to
increases in cytochrome c release, caspase-3 cleavage, and
TUNEL-positive apoptotic cells, and these increaseswere greater
in Idh22/2 mice than in Idh2+/+ mice. In addition, Idh2 gene
deletion enhanced the post-I/R increase in the ratio of Bax-to-
Bcl-2. This indicates that Idh2 gene deletion exacerbates apopto-
sis in mouse kidneys. Further, it was demonstrated that IDH2
downregulation by Idh2-siRNAaccelerated apoptosis after treat-
ment with H2O2 and ATP depletion. This suggests that the mi-
tochondrial dysfunction because of IDH2 downregulation can
activate the apoptosis signaling pathway.

In conclusion, this study demonstrates that IDH2 is an
important antioxidant enzyme that protects againstmitochon-
drial damage, oxidative stress, apoptosis, and necrosis via the
production of NADPH, which is an essential cofactor for the
GSH–GPx antioxidant system.

CONCISE METHODS

Animal Preparation
All experiments were conducted using 8- to 10-week-old Idh2 knock-

out (Idh22/2) and wild-type (Idh2+/+) male mice weighing 22–24 g.8

The generation and characterization of Idh22/2 mice has been de-

scribed previously.8 This study was conducted in accordance with the

guidelines of the Institutional Animal Care and Use Committee of

KyungpookNational University, Republic of Korea, and the Guide for

the Care and Use of Laboratory Animals, published by the US Na-

tional Institutes of Health (Publication No. 85–23, revised 2011). The

mice were provided free access to water and standard chow. The mice

were anesthetized by intraperitoneal injection of pentobarbital so-

dium before surgery (50 mg/kg body wt; Sigma-Aldrich, St. Louis,

MO). To induce ischemia, kidneys were exposed via flank incisions,

and the renal pedicles were clamped completely for 25 minutes using

microaneurysm clamps while mice were under anesthetic. The same

procedure, except for the clamping of the renal pedicle, was used during

the sham operation. Body temperature was maintained at 36.5°C–37°C

throughout all surgical procedures by using a temperature-controlled

heating device (FHC, Bowdoinham, ME). After surgery, PCr and BUN

concentrations were determined to evaluate renal function by using a

Vitros 250 Chemistry Analyzer (Johnson & Johnson, Rochester, NY).
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The kidneys were excised 1 day postsurgery and were either snap-frozen

in liquid nitrogen for Western blot analysis, or perfusion-fixed in PLP

(4% paraformaldehyde, 75 mM L-lysine, and 10mM sodium periodate;

Sigma-Aldrich) for histologic studies.

Histology
Kidneyswereperfusion-fixedwithPLPandparaffin sectionswere stained

with periodic acid–Schiff stain, according to a standard protocol. To de-

terminemorphologic damage to tubular cells, kidney damage in a kidney

section stained with periodic acid–Schiff was scored at ten fields in the

outer medulla per kidney, as described previously.35

Picro-Sirius Red Staining
Paraffin-embedded kidney tissue sections were stained with picro-sirius

red (PSR), according to the standard protocol. Dewaxed kidney tissue

sectionswere exposed toPSRstain for 1hour, and thenwashed twicewith

acidified water (0.5% glacial acetic acid). Sections were then serially

dehydrated in different alcohol concentrations. Photomicrographs

(4003 magnification) were obtained randomly from the outer medul-

lary region using a Leica microscope (DM2500; Leica Microsystems,

Buffalo Grove, IL). Regions of collagen deposition in PSR-stained kidney

sections were measured using an image analysis program (i-solution;

Image & Microscope Technology Inc., Daejeon, Republic of Korea).

Western Blot Analysis
Western blotting was performed as described previously.36 Western

blotting was performed using antibodies directed against mitochon-

drial NADP+-dependent IDH2,24 cytosolic NADP+-dependent

IDH1,37 MnSOD (Calbiochem, San Diego, CA), copper-zinc super-

oxide dismutase (CuZnSOD; Chemicon, Temecula, CA), Opa1 (BD

Biosciences, San Jose, CA), Drp1 (Cell Signaling Technology, Dan-

vers, MA), Fis1 (Sigma-Aldrich), Bax (5B7) (EMD Millipore, Bill-

erica, MA), Bax (6A7) (Santa Cruz Biotechnology, Santa Cruz, CA),

Bcl-2 (EMD Millipore), XIAP (AnaSpec, San Jose, CA), Bcl-xL (BD

Biosciences), cleaved caspase-3 (Cell Signaling Technology), 4-HNE

(Abcam, Inc., Cambridge, MA), G6PD (Cell Signaling Technology),

catalase (Fitzgerald, Concord, MA), Ly6G (eBioscience, San Diego,

CA), cytochrome c (BD Biosciences), COX-IV (Abcam, Inc.), b-actin

(Sigma-Aldrich), and GAPDH (Novus Biologicals, Littleton, CO).

Immunofluorescence Staining
Immunofluorescence staining of IDH2 was performed as previously

described.38 Immunofluorescence staining of the proximal tubules

and the descending limb of the loop of Henle was performed using

antibodies directed against Aquaporin 1 (AQP1; Alomone Labs,

Jerusalem, Israel). Staining of the distal tubules was performed using

antibodies directed against Na+/Ca2+ exchanger 1 (NCX1; Thermo

Fischer Scientific, Vernon Hills, IL), as described previously.19 Sec-

tions were viewed under a Leica microscope (DM2500).

Immunohistochemical Staining
Immunohistochemical staining was performed using anti-NADPH

(1:100; Biorbyt, Cambridge, UK), 8-OHdG (Abcam, Inc.), and anti-

F4/80 (Serotec, Oxford, UK) antibodies, as described previously.19

The 8-OHDG antibody binds to DNA damaged by oxidation in

mitochondria and nuclei.20 Sections were viewed under a Leica mi-

croscope (DM2500). Photomicrographs were obtained randomly

from the outer medullary region. F4/80– and 8-OHdG–positive cells

were counted and the intensity of 8-OHdG stains were measured under

4003magnification using an image analysis program (i-solution).

Measurement of H2O2 and Lipid Peroxidation in the
Kidney
H2O2 levels in the kidney tissue were measured using xylenol

orange, a dye sensitive to ferric ions, as described previously.38

To determine the extent of lipid peroxidation, thiobarbituric acid-

reactive substances (Sigma-Aldrich)were used as described previously.39

Preparation of Cytosolic and Mitochondrial Fractions
Cytosolic and mitochondrial fractions were prepared as described

previously.40 Briefly, frozen kidney tissue was homogenized in su-

crose buffer (0.2 M sucrose, 1 mM EGTA, 10 mM HEPES, pH 7.4;

Sigma-Aldrich) on ice, three times using a Teflon Homogenizer (Dai-

han Scientific, Seoul, Korea) at 1600 rpm. The homogenate was

centrifuged at 600 3 g for 10 minutes, and then the supernatant

was centrifuged at 7000 3 g for 10 minutes. The supernatant com-

prised the cytosolic fraction, and it was centrifuged again at 70003 g

for 10 minutes, to purify the cytosolic fraction. The mitochondrial

pellet was washed twice with sucrose buffer and was centrifuged again

at 7000 3 g for 10 minutes. The pellet was suspended in PBS con-

taining 0.1% Triton X-100, disrupted twice with a sonicator (4710

series; Cole-Palmer, Chicago, IL) at 40% of the maximum setting for

10 seconds, and centrifuged at 15,000 3 g for 30 minutes. The su-

pernatant comprised the mitochondrial fraction, and it was used to

measure the activity of enzymes. Equal amounts of fractionated pro-

teins were separated by SDS-PAGE, transferred to a PVDF mem-

brane, and then stained with Ponceau S reagent. Effective isolation

of those fractions was confirmed by Western blot analysis, using an-

tibodies against IDH1, CuZnSOD, and GAPDH for the cytosolic

fraction, and against IDH2 and MnSOD for the mitochondrial frac-

tion (Figure 2G).

Measurement of GSSG/tGSH in the Kidney
GSSG/tGSH was measured using an enzymatic recycling method, as

described previously.41,42 Given that GSH and related thiols are sen-

sitive to oxidation and degradation during sampling and analysis,

samples were harvested quickly in liquid nitrogen, stored at 270°C

until use, and analyzed rapidly. The total amount of glutathione was

determined by the formation of 5-thio-2-nitrobenzoic acid (TBA)

from 5,59-dithiobis(2-nitrobenzoic acid), as described by Akerboom

and Sies.41 GSSG was measured by the removal of TBA produced by

the reaction of glutathione and 5,59-dithiobis(2-nitrobenzoic acid)

upon the addition of 2-vinylpyridine, which inhibits the formation of

TBA by GSH.42 Total GSH and GSSG levels were defined as the

change in optical density at 412 nm over 1 minute at 37°C.

Measurement of ATP Levels and the Activity of IDH1
and IDH2
The activity of IDH1, IDH2, G6PD, and catalase was measured as

described previously.43 The levels of ATP were measured using an
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ATP Colorimetric/Fluorometric Assay Kit according to the manufac-

turer’s instructions (Abcam, Inc.).

mProx24 Cell Culture and IDH2 Knockdown
mProx24 cells44 were cultured in DMEM with 10% FBS (Mediatech

Inc., Manassas, VA) and 100 ml/ml of streptomycin/penicillin

(WelGENE Inc., Daegu, Korea). siRNA directed against Idh2, and

an RNA-interference negative control, were provided by ST Pharm

(Seoul, Korea). Once the mProx24 cells reached 60%–70% conflu-

ency, they were transfected with siRNAs (200 pmol/ml) using

Lipofectamine 2000 (Thermo Fisher Scientific) for 48 hours, accord-

ing to the manufacturer’s instructions. The mProx24 cells transfected

with siRNAs were treated with 500 mM H2O2 for 5 hours, and

harvested or fixed to analyze for apoptosis. To induce ATP depletion/

repletion, cells were incubated in a Krebs–Henseleit buffer (115 mM

NaCl, 3.6 mM KCl, 1.3 mM KH2PO4, 25 mM NaHCO3, 1 mM CaCl2,

1 mM MgCl2; pH 7.4) with or without sodium cyanide (5 mM) and

2-deoxyglucose (5 mM) for 60 minutes, washed with Krebs–Henseleit

buffer, and then incubated in Krebs–Henseleit buffer containing 10mM

of dextrose for 40 minutes.

TUNEL Assay
TUNEL assay was performed using an in situ cell death detection kit

(Roche Diagnostics, Indianapolis, IN) according to the manufac-

turer’s instructions. Briefly, 4-mm kidney sections were deparaffinized

and rehydrated. Then, the sections were incubated with TUNEL reagent

mixture for 30minutes at room temperature, andwashedwith PBS three

times, for 5minutes each time. 49,6-diamidino-2-phenylindole was used

to stain nuclei. Images were obtained from the outer stripe of the outer

medulla, under a Leica DM2500microscope. TUNEL-positive cells were

counted at ten fields per kidney.

Transmission Electron Microscopy
Ninety minutes after sham or ischemia-inducing surgery, kidneys

were perfusion-fixed with 2.5% glutaraldehyde via the abdominal

aorta, then stored overnight in the fixative at 4°C. Samples were cut

into 1 mm3, washed in 0.1 M phosphate buffer, and then postfixed in

aqueous 2% osmium tetroxide for 90 minutes. After three washes

with 0.1 M phosphate buffer, the samples were dehydrated through a

graded series of 50%–100% ethanol, 100% propylene oxide, and then

infiltrated in 1:1, 1:2, and 1:3mixtures of propylene oxide: EponResin

828 (Polysciences Inc., Warrington, PA) for 1 hour, respectively. After

samples had been incubated in 100% Epon Resin 828 over 8 hours,

samples were then embedded in molds and cured at 35°C and 45°C

for 12 hours, followed by additional hardening at 60°C for 2 days. Ul-

trathin (60 nm) sections were double-stainedwith 2%uranyl acetate and

1% lead citrate. Sections were visualized using a transmission electron

microscope (H-7000; Hitachi, Yokohama, Japan) at 75 kV. Electron mi-

crographs of mitochondria were captured from proximal tubule cells in

the outer stripe of outermedulla. Themitochondrial aspect ratio [(major

axis)/(minor axis)] was computed using 30 mitochondria per cell.

Statistical Analyses
Results are expressed as mean6SEM. Statistical differences among

groups were calculated using paired t tests and one-way ANOVA.

Differences were regarded as statistically significant when they had

P values ,0.05.
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