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Abstract

Ischemic pre-conditioning protects the kidney against subsequent ischemia/reperfusion (I/R). This study investigated
the role of cytosolic NADP" -dependent isocitrate dehydrogenase (IDH1), a producer of NADPH, in the ischemic pre-
conditioning. Mice were pre-conditioned by 30 min of renal ischemia and 8 days of reperfusion. In non-pre-conditioned mice
30 min of ischemia had significantly increased the levels of plasma creatinine, BUN, lipid peroxidation and hydrogen perox-
ide in kidneys, whereas in pre-conditioned mice, the ischemia did not increase them. The reductions of reduced glutathione
and NADPH after I/R were greater in non-pre-conditioned mice than in pre-conditioned mice. Ischemic pre-conditioning
prevented the I/R-induced decreases in IDH1 activity and expression, but not in glucose-6-phosphate dehydrogenase activ-
ity. In conclusion, protection of the kidney afforded by ischemic pre-conditioning may be associated with increased activity
of IDH1 which relates to increased levels of NADPH, increased ratios of GSH/total glutathione, less oxidative stress and less

kidney injury induced by subsequent I/R insult.
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Introduction

Organs previously exposed to an ischemia and
reperfusion (I/R) insult are resistant to subsequent
I/R insults. The phenomenon, called ischemic pre-
conditioning, has been demonstrated in a number of
organs including the kidney [1-8]. Recently, we have
reported that ischemic pre-conditioning by a single
event of ischemia and reperfusion renders the kidney
resistant to subsequent I/R insults; the protection by
ischemic pre-conditioning is highly effective and per-
sists for at least 12 weeks [7,8]. However, the molecular
mechanism of protection remains to be elucidated.
I/R in tissues including kidney increases the levels
of reactive oxygen species (ROS) by the activation of
ROS-producing systems and simultaneous impair-
ment of antioxidant scavenging enzymes [9]. Excessive
production of ROS after I/R causes lipid peroxidation,
protein degradation and DNA breakdown, resulting

in tissue damage [9-13]. Accumulating evidence has
demonstrated that ROS production and scavenging
are critical modulators for the degree of I/R injury in
various organs [9,14—16].

NADPH is an essential co-factor for the generation
of reduced glutathione (GSH) [17,18], which is the
most abundant low molecular-mass thiol in mamma-
lian cells [19,20]. In addition, NADPH is used for
the conversion of oxidized thioredoxin to reduced
thioredoxin, which also plays a role as an antioxidant
[21,22]. The NADPH is produced by at least four
enzymes: glucose-6-phosphate dehydrogenase (G6PD),
phosphogluconate dehydrogenase, malate dehydro-
genase and NADP"-dependent isocitrate dehydroge-
nases (IDHs) [23-25]. NADP"-dependent isocitrate
dehydrogenases consist of IDH1 which is expressed
in the cytosol and IDH2 which is found in the mito-
chondria [23,26]. Recently, we found that renal I/R
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reduced the activity and expression of IDH1 along
with a decrease in NADPH production in the kidney
[27]. Expression and activity of IDH]1 differs within
various regions of the kidney. For example expression
of IDHI1 is low in the S3 segment of the proximal
tubule which is most sensitive to I/R-induced injury
[27]. Up-regulation of IDH1 expression in cultured
kidney epithelial cells decreases cell susceptibility to
oxidative stress, whereas down-regulation of IDH1
expression renders cells more vulnerable to insult
[27]. It has been reported that G6PD is a primary
source of NADPH in various cells [21]. However, we
recently found that the contribution of IDHI1 for
NADPH production is 10-30-times higher than
G6PD in the kidney [27]. Additionally, IDH1 mRNA
is highly expressed in the liver and kidney [28],
suggesting that IDH1 is a major contributor for the
generation of NADPH in the kidney and that IDH1
is tightly associated with kidney I/R injury.

Therefore, in the present study we investigated the
relationship of NADPH and IDHI1 in the ischemic
pre-conditioning phenomenon. We found that the
ischemic pre-conditioned mouse kidney was less sus-
ceptible to a subsequent I/R insult. Further, in those
ischemic pre-conditioned kidneys, there was greater
IDH1 activity, higher levels of NADPH and GSH
along with less production of hydrogen peroxide, lipid
production and preservation of renal function. These
data suggest that IDH1 may be considered as a target
protein for the development of therapeutics for I/R-
induced kidney diseases including acute kidney injury
(AKI) of which mortality and morbidity are very
high and where effective therapeutics have not been
developed yet [29,30].

Materials and methods
Animal preparation

All experiments were performed with 8-10-week-
old C57BL/6 male mice obtained from Koatech
(Kyungkido, Korea). The studies were performed
under the guidelines of the Institutional Animal Care
and Use Committee of Kyungpook National Univer-
sity. Mice were allowed free access to water and stan-
dard mouse chow. Mice were anaesthetized with
pentobarbital sodium (60 mg/kg body weight; intrap-
eritoneally; Sigma, St. Louis, MO) and subjected to
bilateral renal ischemia as previously described [7,31].
During surgery, body temperature was maintained at
36.5-37.5°C. Some mice were pre-conditioned by
30 min of bilateral renal ischemia and 8 days of rep-
erfusion. For control, mice were subjected to sham-
operation instead of 30 min of ischemia. To evaluate
the accuracy and strength of pre-conditioning plasma
creatinine (PCr) levels were determined 24 h after the
pre-conditioning. Pre-conditioned mice with low PCr
concentration were not used for further I/R studies.

After 8 days from the pre-conditioning or sham-
operation (non-pre-conditioning), mice were sub-
jected to either 30 min of bilateral renal ischemia or
sham-operation. Mice were randomly assigned to
I/R and sham-operation at the first surgeries (pre-
conditioning and non-pre-conditioning) and the
second surgeries (I/R and sham-operation).

Kidney preparation

To perform biochemical experiments, kidneys were
snap-frozen in liquid nitrogen and kept in a deep-
freezer until use.

Plasma creatimine and blood urea nitrogen (BUN)
concentration

Seventy microlitres of blood were taken from the ret-
robulbar vein plexus using a heparinized-capillary
glass tube at the times indicated in the figures. PCr and
BUN concentrations were measured using the Vitros
250 (Johnson & Johnson, Rochester, NY, USA).

Measurement of lipid peroxidation and H,O,

To determine lipid peroxidation, kidney samples were
evaluated for malondialdehyde (MDA) production
using a spectrophotometric assay for thiobarbituric
acid-reactive substances (TBARS). Briefly, kidneys
were homogenized and 100 ug of kidney lysate was
added in the 1.4 ml of reaction buffer (0.375% of
thiobarbituric acid, 15% of trichloroacetic acid and
0.25 N HCI). The mixtures were boiled in a water
bath for 15 min, cooled at room temperature, centri-
fuged at 12 000 rpm (Eppendorf, 5415C) for 10 min
and then measured absorbance at 535 nm wavelength.
H,O, levels were measured using a ferric sensitive
dye, xylenol orange. H,O, oxidizes iron (II) to iron
(IIT) in the presence of sorbitol, which acts as a cata-
lyst. Iron (III) forms a purple complex with xylenol
orange as previously described [9,32].

Western blot analysis

Western blot analyses were performed as described
previously [7]. Briefly, renal tissue was homogenized
in lysis buffer [7] containing inhibitors of proteinase
and phosphatase and the lysates were centrifuged at
14 000 rpm (Eppendorf, 5415C) for 20 min at 4°C.
Supernatant was collected and protein concentration
was determined using the Bradford protein assay.
Protein sample was mixed with an SDS-sample buffer
and denatured by 5 min of boiling at 95°C. The
protein sample was separated on 10% SDS-PAGE
gels and then transferred to Immobilon membranes
(Millipore Corp., Bedford, MA). The membrane was
incubated with anti-IDH1 [33] antibody overnight at
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4°C. After washing, the membrane was incubated
with horseradish peroxidase-conjugated anti-rabbit
IgG secondary antibody, exposed to Western Lighting
Chemiluminescence Reagent (NELL101; PerkinElmer
LAS, Boston, MA) and then developed using X-ray
film. The area of each band was analysed using
LabWorks 4.5 software (UVP, Upland, CA).

Measurement of IDHI and glucose-6-phophate
dehydrogenase (G6PD) activity

The activities of both IDH1 and G6PD in kidney
were measured as described previously [27,28,34].
Briefly, IDH1 activity in the cytosolic fraction (50 ug
protein) was measured in the reaction mixture con-
taining 40 mM Tris (pH 7.4), 2 mM NADP*, 2 mM
MgCl, and 50 mM threo-DS-isocitrate (Sigma). One
unit of IDHI1 activity was defined as the amount of
enzyme catalysing the production of 1 umol of NADPH/
mi as measured by the absorbance at 340 nm at 37°C.
G6PD activity in the cytosolic fraction (50 ug pro-
tein) was measured in the reaction mixture containing
55 mM Tris (pH 7.8), 3.3 mM MgCl,, 240 uM
NADP" and 4 mM glucose 6-phosphate (Sigma).
One unit of G6PD activity was defined as the amount
of enzyme catalysing the reduction of 1 umol of
NADP*/min as measured by the absorbance at
340 nm at 37°C. The cytosolic fractionation was
performed as described previously [27].

Measurement of cytosolic NADPH and total
NADP (NADP* +NADPH) level

The cytosolic NADPH level was measured as
described previously [27,28,35]. Briefly, NADPH in
the cytosolic fraction was induced by exclusion of
NADP through heating for 30 min at 60°C. Cytoso-
lic fractions (200 pug protein, respectively) for NADPH
and NADPt levels were pre-incubated in the reaction
mixture containing 100 mM Tris (pH 8.0), 2 mM
phenazine ethosulphate, 5 mM EDTA, 0.5 mM
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) and 1.5 unit G6PD (Sigma) for
5 min at 37°C. The reactions were started by the addi-
tion of 1 mM glucose 6-phosphate. NADPH and total
NADP (NADP* + NADPH) levels were defined
as the change in optical density (O.D.) at 570 nm for
1 min at 37°C.

Measurement of ratio of oxidized
glutathione (GSSG) to toral glurathione

The ratio of oxidized glutathione (GSSG) to
total glutathione (GSH + GSSG) was measured by
an enzymatic recycling method as described previ-
ously [27,28,36]. The amount of total glutathione
(GSH + GSSG) was determined by the formation of
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5-thio-2-nitrobenzoic acid (TBA) converted from
5,5-dithiobis (2-nitrobenzoic acid) (DTNB). GSSG
was measured by removing the TBA produced by the
reaction of GSH and DTNB by adding of 2-vinylpyri-
dine which inhibits the formation of TBA by GSH.
Total glutathione and GSSG levels were defined as
the change in OD at 412 nm for 1 min at 37°C.

Statistics

Results were presented as mean = SEM. Statistical
differences among groups were determined using
analysis of variance (ANOVA) followed by least-
significant difference post hoc comparison using the
SPSS 12.0 program. Differences between groups
were considered statistically significant at a p-value
of <0.05.

Results

Ischemic pre-conditioning prevents I/R-induced
increases in tissue H,0,, lipid peroxidation,
plasma creatinine and BUN levels

H,0, concentrations in kidneys of non-pre-conditioned
mice were significantly increased at 4 and 24 h after
ischemia (Figure 1A). However, H,O, levels in kid-
neys of pre-conditioned mice remained unchanged.
In agreement with H,O, levels, lipid peroxidation
levels in non-pre-conditioned mouse kidneys were
significantly increased at 4 and 24 h after ischemia,
whereas those in pre-conditioned mice were not
(Figure 1B). Thirty minutes of ischemia in the non-
pre-conditioned mouse, but not in the pre-conditioned
mouse, significantly increased levels of PCr and BUN
(Figures 2A and B). These results indicate that the
protection of renal function by pre-conditioning is
associated with lower I/R-induced oxidative stress.
Sham-operation did not induce any significant
changes in tissue H,O, and lipid peroxidation levels
in mice non-pre-conditioned when compared with
concentrations in normal kidney tissue (Figures 1A
and B), indicating that sham-operation did not induce
any significant oxidative stress to the kidney.

Ischemic pre-conditioning prevents I/R-induced
increases in levels of tissue GSSG/rotal glutathione

Thirty minutes of renal ischemia significantly
increased the ratio of GSSG to total glutathione in
kidney tissue of non-pre-conditioned mice 4 and 24 h
after ischemia, whereas the ratio did not increase in
kidneys of pre-conditioned-treated mice (Figure 3A).
Furthermore, ischemia significantly reduced total
glutathione levels in kidneys of non-pre-conditioned
mice 4 and 24 h after the ischemia, whereas total
glutathione was not effective in kidneys following
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Figure 1. Levels of (A) hydrogen peroxide (H,0,) and (B) lipid
peroxidation in kidney. Mice were pre-conditioned by either
30 min of bilateral renal ischemia (pre-condition) or sham-
operation (non-pre-condition) on day 0 and 8 days later, they were
subjected to another 30 min of bilateral renal ischemia or sham-
operation. Kidneys were harvested 4 and 24 h after the surgeries.
Levels of (A) H,0, and (B) lipid peroxidation were determined in
the kidneys. The results are presented as the means = SE (n = 6).
“p < 0.05 vs 4 h after sham of non-pre-condition. NS, no statistical
difference when compared with 4 h after S in pre-condition.

pre-conditioning (Figure 3B). Sham-operation in
non-pre-conditioned mice did not induce any signifi-
cant changes in the ratio of GSSG to total glutathione
or total glutathione levels when compared with those
in normal kidney tissue (Figures 3A and B).

Ischemic pre-conditioning prevents I/R-induced
decreases in activiry and expression of IDH1 after I/R

The conversion of GSSG to GSH is highly dependent
on levels of NADPH, which is produced by IDHs and
G6PD.IDHI1 activity in kidneys of non-pre-conditioned
mice was significantly decreased at 4 and 24 h after
ischemia; however, it was not decreased in pre-
conditioned mouse kidneys at the same time points
(Figure 4A). Moreover, expression levels of IDH1
were significantly decreased after ischemia in kidneys
of non-pre-conditioned mouse kidneys, whereas IDH 1
was not decreased in kidneys after pre-conditioning
(Figure 4B).
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Figure 2. Concentrations of (A) plasma creatinine and (B) blood
urea nitrogen (BUN). Mice were pre-conditioned by either 30 min
of bilateral renal ischemia (pre-condition) or sham-operation (non-
pre-condition) on day 0 and 8 days later, they were subjected to
another 30 min of bilateral renal ischemia or sham-operation.
Concentrations of (A) plasma creatinine and (B) plasma BUN
were determined 4 and 24 h after the surgeries. The results are
presented as means = SE (n = 6). *p < 0.05 vs 4 h after sham of
non-pre-condition. NS, no statistical difference when compared
with 4 h after S in pre-condition.

Ischemic pre-conditioning prevents I/R-induced decreases
i the ratio NADPH of total NADP (NADPH/
NADPy) after I/R

GO6PD has long been considered as a primary source
of NADPH [21] and it has been reported that G6PD
gene deficiency increased myocardial dysfunction
after I/R in mice [37]. Therefore, we determined
the involvement of G6PD activity in our model
Tissue G6PD activity was significantly decreased in
tissue 24 h after ischemia in the non-pre-conditioned
mouse, however activities did not decrease in the
pre-conditioned mouse significantly (Figure 5). The
ratio of NADPH to total NADP (NADPH/NADPt)
in kidneys from the non-pre-conditioned mouse
decreased 4 and 24 h after ischemia (Figure 6).
However, the ratio of NADPH to total NADP in
pre-conditioned mouse kidneys was even increased
after ischemia (Figure 6). These results indicate
that the preserved activity of IDH1 in kidneys of
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Figure 3. (A) Ratio of oxidized glutathione (GSSG) to total
glutathione (GSSG + GSH) and (B) levels of total glutathione in
kidney. Mice were pre-conditioned by either 30 min of bilateral renal
ischemia (pre-condition) or sham-operation (non-pre-condition) on
day 0 and 8 days later, they were subjected to 30 min of bilateral
renal ischemia or sham-operation. Kidneys were harvested 4 and
24 h after the surgeries. (A) Ratio of GSSG/(GSH + GSSH) and
level of total glutathione (B) were determined in the kidneys as
described in the Materials and methods section. Results are
expressed as means = SE (n = 6). *p < 0.05 vs 4 h after sham of
non-pre-condition. NS, no statistical difference when compared
with 4 h after S in pre-condition.

pre-conditioned mice after ischemia might increase
NADPH production to protect the kidney from
subsequent I/R injury.

Discussion

In the present study, we report that ischemic pre-
conditioning protects kidneys against oxidative stress
and renal functional impairment induced by I/R and
the protection is associated with the increase of IDH1
activity, which leads to the increases of NADPH and
GSH amounts. Because effective pharmacological
regulators of IDH1 and genetically IDH1-gene modi-
fied animals have not been used in the present study,
we could not directly prove the role of IDH1 as a medi-
ator of protection afforded by ischemic pre-conditioning.
However, our current data demonstrate that IDH]1 is
associated with ischemic pre-conditioning-induced
protection through the serial activation of the
IDH1-NADPH-GSH axis.
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Figure 4. Activity (A) and expression (B and C) of IDHI in kid-
neys. Mice were pre-conditioned by either 30 min of bilateral renal
ischemia (pre-condition) or sham-operation (non-pre-condition)
on day 0 and 8 days later, they were subjected to 30 min of bilateral
renal ischemia (I) or sham-operation (S). Kidneys were harvested
4 and 24 h after the surgeries. (A) IDH1 activity was determined
in the kidneys (n = 6). (B) IDH1 expression was determined by
Western blot analysis using anti-IDH1 antibody. GAPDH
expression was determined as an equal loading marker. The
densities of blots were quantified using the Lab Works program
(n = 3). Results are expressed as means = SE. p < 0.05vs 4 h
after sham of non-precondition. NS, no statistical difference when
compared with 4 h after S in pre-condition.

Although 8 days after pre-conditioning renal func-
tion returned to almost normal ranges, ischemic pre-
conditioned kidneys presented higher levels of lipid
peroxidation, H,O,, ratio of GSSG to total glutathione,
whereas IDH1 expression and activity, G6PD and
total glutathione were lower than non-pre-conditioned
kidneys. Those changes in the pre-conditioned kidney
may be due to the differentiation of survival or regen-
erated tubular epithelial cells, fibrotic changes, as well
as inflammatory responses after I/R injury [8,38]. It
has been reported that antioxidant systems are associ-
ated with the transforming status of cells and cell
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Figure 5. G6PD activity in kidneys. Mice were pre-conditioned by
either 30 min of bilateral renal ischemia (pre-condition) or sham-
operation (non-pre-condition) on day 0 and 8 days later, they were
subjected to 30 min of bilateral renal ischemia or sham-operation.
Kidneys were harvested 4 and 24 h after the surgeries and G6PD
activity was determined in the kidneys. Results are expressed
as means = SE (n = 6). "p < 0.05 vs 4 h after sham of non-
pre-condition. NS, no statistical difference when compared with
4 h after S in pre-condition.

types [39,40].Glutathione is the most abundant
low molecular weight thiol which plays an antioxidant
role in tissues. Accumulating evidence has demon-
strated that GSH prevents cells from oxidative stress,
which is a major cause of I/R injury [10,41,42]. In
the present study, I/R decreased total glutathione
levels in non-pre-conditioned kidneys, but not in
pre-conditioned kidneys. However, post-ischemic
increase in the ratio of GSSG to total glutathione was
prevented by ischemic pre-conditioning. These data
suggest that the decrease of post-I/R oxidative tissue
damage afforded by pre-conditioning is associated
with higher GSH concentrations, rather than total
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o /
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Z 0.4 /
I
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Z 4] %
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Figure 6. Ratio of NADPH to total NADP (NADPH/NADP?) in
kidneys. Mice were pre-conditioned by either 30 min of bilateral
renalischemia (pre-condition) or sham-operation (non-pre-condition)
on day 0 and 8 days later, they were subjected to 30 min of bilateral
renal ischemia or sham-operation. Kidneys were harvested 4 and
24 h after the surgeries. NADPH/(NADP' +NADPH) was deter-
mined in the kidneys as described in the Materials and methods
section. Results are expressed as means = SE (n = 6).
*p < 0.05 vs 4 h after sham of non-precondition. #p < 0.05 vs
4 h after sham of pre-condition.

glutathione concentrations, resulting from a greater
conversion of GSSG to GSH. It is well known
that the GSH attenuates renal cell damage against
oxidative stress and I/R injury [41,42].

Production of GSH is regulated by NADPH, which
is an essential co-factor necessary to convert GSSG to
GSH [21,22]. Several studies have demonstrated that
both NADPH and GSH levels are associated with the
degree of oxidative stress as well as I/R injury [43,44].
In the present study we found that I/R significantly
decreased NADPH levels in the non-pre-conditioned
mouse, whereas I/R in the pre-conditioned mouse
increased NADPH levels significantly.

In the kidneys, we have reported that IDHI1 is a
major enzyme that produces NADPH. IDH1 over-
expression in cultured kidney epithelial cells reduced
oxidative stress and protected cells from oxidative
stress-induced cell death, whereas inhibition of IDH1-
expression using siRNA against IDH1 mRNA increased
susceptibility to oxidative stress-induced cell death
[27]. In addition, I/R reduced the activity and expres-
sion of IDH1 in kidneys, which in turn decreased
NADPH production [27]. Expression and activity of
IDH]1 differ in various kidney regions; expression of
IDH1 is low in the S3 segment of the proximal tubule
which is most sensitive to I/R-induced injury [27].
Up-regulation of IDH1 expression in cultured fibro-
blasts decreases cell susceptibility to oxidative stress,
whereas down-regulation of IDH1 expression increases
cell susceptibility [45]. Therefore, we compared IDH1
activities in kidneys of pre-conditioned and non-
pre-conditioned mice. Our results showed that IDH]1
activity after I/R was significantly increased in pre-
conditioned mouse kidneys and correlated with
NADPH levels, whereas the activity of IDH1 and
NADPH was decreased in non-pre-conditioned mouse
kidneys. Levels of IDH1 expression positively corre-
late with kidney cell resistance to I/R-induced oxida-
tive stress. It suggests that increased activity of IDH1
in the pre-conditioned mouse contributes to the
protection afforded by ischemic pre-conditioning.

In the present study the decrease of G6PD activity
24 h after ischemia was less than IDH]1 activity. Eight
days after ischemia (when renal function returned
almost normal), G6PD activity dropped to a lower
level than 24 h after ischemia (when the decrease of
renal function was peaked), whereas IDH1 activity
returned to normal ranges 8 days after ischemia. This
suggests that IDH]1 rather than G6PD is a major con-
tributor in NADPH production. Recently, we reported
that G6PD produced 10-30-times less NADPH than
IDH1 within the kidney [27] and that IDH]1 is highly
expressed in the kidney [46].

Our data demonstrate that the increased activity of
IDH]1 in kidneys of the pre-conditioned mouse is, at
least in part, associated with pre-conditioning-induced
protection through the serial activation of the
IDH1-NADPH-GSH axis.
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