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BACKGROUND AND PURPOSE
Nicorandil, an ATP-sensitive potassium (KATP) channel opener and nitric oxide donor, is used in the treatment of angina and
acute heart failure. Here we investigated the effects of two KATP channel openers, nicorandil and cromakalim on ischaemia
reperfusion (I-R) injury in the kidney.

EXPERIMENTAL APPROACH
Right nephrectomy was performed in 8-week-old male Sprague-Dawley rats and they were then divided into six groups:
control group; I-R, including 30 min of left renal ischaemia followed by 24 h of reperfusion; I-R groups plus nicorandil 3 or
10 mg·kg-1 i.p.; and I-R groups plus cromakalim 100 or 300 mg·kg-1 i.p. After reperfusion, renal function was estimated by
serum creatinine (SCr), urinary albumin : creatinine ratio (ACR) and urinary b2-microglobulin (b2-MG). Levels of KATP

channel subtypes were investigated by Western blot. Kidney sections were stained for 4-hydroxy-2-nonenal and
8-hydroxy-2′-deoxyguanosine.

KEY RESULTS
Renal I-R induced significant increases in SCr, ACR and b2-MG levels compared with the control animals. Treatment with KATP

channel openers reduced urinary b2-MG levels, raised by I-R. Both KIR6.1 and KIR6.2 channels were expressed. Expression of
KIR6.2 channels in the I-R group was lower than in the control group, which was restored to normal by treatment with KATP

channel openers. Histologically, severe acute tubular damage was observed in the I-R kidney and this damage was ameliorated
by KATP channel openers, dose-dependently.

CONCLUSIONS AND IMPLICATIONS
ATP-sensitive potassium channel openers protected against proximal tubule damage after I-R injury. Nicorandil could represent
a powerful additional component in the treatment of patients undergoing partial nephrectomy or renal transplantation.

Abbreviations
4-HNE, 4-hydroxy-2-nonenal; 8-OHdG, 8-hydroxy-2′-deoxyguanosine; CKD, chronic kidney disease; ELISA,
enzyme-linked immunosorbent assay; IPreC, ischaemic preconditioning; I-R, ischaemia-reperfusion; KATP channel,
ATP-sensitive potassium channel; OSOM, outer stripe of outer medulla; PAS, periodic acid-Schiff; ROS, reactive oxygen
species; b2-MG, b2-microglobulin

Introduction
There is accumulating evidence that the numbers of patients
with chronic kidney disease (CKD) are increasing all over the
world. Data from the USA suggest that for every patient with

end-stage renal disease, there are more than 200 with overt
CKD (stage 3 or 4) and almost 5000 with covert disease (stage
1 or 2). The kidneys are particularly susceptible to ischaemic
injury because of clinical conditions such as renal trans-
plantation, treatment of suprarenal aneurysms, renal
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artery reconstructions, contrast agent-induced nephropathy,
cardiac arrest and shock. Recent studies demonstrate that
nephron-sparing surgery is the gold standard in surgical pro-
cedures for small renal malignancies. During this operation,
it is necessary to occlude the renal artery in order to remove
the renal mass. The restoration of the blood flow after the
removal of the renal mass resembles the ischaemia-
reperfusion (I-R) phenomenon in the kidney (Van Poppel,
2010). Especially in CKD patients, it is important to decrease
any additional damage to the kidney caused by I-R injury in
order to avoid likely consequences such as haemodialysis,
peritoneal dialysis or kidney replacement therapies. Renal I-R
is a complex syndrome involving several mechanisms,
including renal vasoconstriction, tubular damage and glom-
erular injury (Bird et al., 1988). Although reperfusion is essen-
tial for the survival of ischaemic tissue, there is good evidence
that reperfusion itself causes additional cellular injury (rep-
erfusion injury) (Paller et al., 1984), which has been attrib-
uted to the generation of reactive oxygen species (ROS),
depletion of ATP, neutrophil infiltration, phospholipase acti-
vation and membrane lipid alterations, cytoskeletal dysfunc-
tion and intracellular Ca2+ accumulation (Paller et al., 1984;
Bonventre, 1993).

Ischaemic preconditioning (IPreC) is an evolutionarily
conserved endogenous mechanism whereby short periods of
non-lethal exposure to hypoxia alleviate damage caused by
subsequent I-R (Lee and Emala, 2001). Many studies in
cardiac protection with IPreC suggest that the mechanism of
cardiac IPreC involves the activation and opening of ATP-
sensitive potassium (KATP) channels (Auchampach and Gross,
1993; Van Winkle et al., 1994). KATP channel agonists may
thus have a direct effect on the underlying pathophysiologi-
cal mechanism of the tissue injury after an I-R insult. For
example, KATP channel agonists have been suggested to exert
cytoprotective effects in the myocardium (Zager et al., 2006).
In addition, a recent study has shown that the KATP channel
opener diazoxide prevents renal I-R injury (Sun et al., 2008).
On the other hand, there are some reports indicating that the
physiological effect of renal IPreC in vivo is independent of
the action of KATP channels (Lee and Emala, 2001; Joo et al.,
2006). Moreover, in another study, opening of KATP channels
has been reported to exacerbate both ischaemic/hypoxic
tubular necrosis and post-ischaemic acute renal failure
(Pompermayer et al., 2005). Thus, the role of KATP channel
openers in the pathogenesis of renal I-R injury remains a
matter of debate.

Nicorandil (2-nicotiamidoethyl-nitrate ester), a KATP

channel opener and an nitric oxide (N0) donor, is used in the
treatment of angina and acute heart failure (Taira, 1989).
There is increasing evidence demonstrating that nicorandil
protects myocardial tissue against I-R injury. For example,
nicorandil has been proven to improve recovery of the post-
ischaemic contractile dysfunction of the heart and to reduce
the infarct size in several animal models and in humans
(Mizunuma et al., 1995; Patel et al., 1999). Recently, the
impact of nicorandil in angina study has shown that nic-
orandil reduced the incidence of major cardiovascular events
in patients with angina pectoris (The IONA Study Group,
2002). Cromakalim is a potassium-channel opening vasodi-
lator. The active isomer is levcromakalim. Cromakalim acts
on KATP channels causing membrane hyperpolarization of

smooth muscle cells, making them more difficult to excite
and to contract. Intrarenal infusion of cromakalim signifi-
cantly increases renal blood flow, glomerular filtration rate,
urine flow and renin release. It is suggested that cromakalim
does not inhibit sodium transport at the medullary portion of
the ascending limb of the loop of Henle and that it may
increase the delivery of sodium to the loop of Henle (Tamaki
et al., 1991).

A number of laboratories have demonstrated that, in
animal models, NO provides potent cytoprotection following
focal I-R injury of the heart, liver, brain and kidney (Nanda-
gopal et al., 2001). In view of these reports, it is possible that
nicorandil could also ameliorate I-R injury in the kidney,
because of its properties as a KATP channel opener and as an
NO donor. Currently, there is no information available about
the protective effects of the KATP channel openers on I-R
injury in the kidney. In the present study, we hypothesized
that nicorandil might prevent the renal injury caused by I-R
and we investigated the effects and the possible mechanisms
of action of the KATP channel openers, nicorandil and cro-
makalim, on the I-R injury in the rat kidney.

Methods

Animal preparation
All animal care and experimental procedures were performed
in accordance with the guidelines set by the Tottori Univer-
sity Committee for Animal Experimentation. Eight-week-old
male Sprague-Dawley rats weighing 260–300 g (SLC, Shi-
zuoka, Japan) were divided into six groups: sham operated-
control group (n = 5); I-R group, including 30 min of left
renal ischaemia followed by 24 h of reperfusion (n = 9); I-R
groups plus nicorandil 3 or 10 mg·kg-1 i.p. [groups Nic 3 (n =
6) and Nic 10 (n = 6) respectively]; and I-R groups plus cro-
makalim 100 or 300 mg·kg-1 i.p. [groups Cro 100 (n = 4) and
Cro 300 (n = 5) respectively]. Nicorandil was dissolved in
saline (0.9% NaCl, pH 7.4), and cromakalim stock solutions
were made in 99.9% ethanol and diluted in saline (approxi-
mately 30 volumes) before use (total volume: approximately
0.3 mL).

After anaesthesia with sodium pentobarbital (50 mg·kg-1,
i.p.), the abdomen was opened in the midline, and then right
nephrectomy was performed and then I-R was induced in
the left kidney using a small clip (Sugita standard aneurysm
clip, holding force 145 g; Mizuho Ikakogyo, Tokyo, Japan),
which was placed on the renal vascular pedicle for 30 min to
induce ischaemia. Sham operations were performed in a
similar manner, except that the renal vessels were not
clamped. Each drug was administered 10 min prior to the
induction of ischaemia in the left kidney. After 24 h of rep-
erfusion, rats were anaesthetized (sodium pentobarbital;
50 mg·kg-1, i.p.) and blood samples (10 mL) were taken from
the vena cava. The left kidney was removed and tissue
samples of the cortex were immediately frozen at -80°C until
used, or fixed in 10% phosphate-buffered formalin fixation
solution. Urinary samples were collected by housing the rats
in metabolic cages. In order to confirm I-R properly, the blood
flow of the left kidney was measured with a Laser Doppler
Flow meter (BRL-100, Bioresearch Co., Nagoya, Japan) during
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the ischaemia period and the 30 min of reperfusion phase,
according to the method described previously (Shimizu et al.,
2009).

As our preliminary experiments indicated, there were no
significant differences in serum creatinine (SCr), urinary
albumin and b2-microglobulin (b2-MG) values between
sham-operated control rats treated with saline, sham-
operated rats with nicorandil (10 mg·kg-1) and sham-operated
rats with cromakalim (300 mg·kg-1); the saline-treated rats
were used as controls. Moreover, these drug doses did not
affect the blood pressure of the rats. In addition, preliminary
work from this and other laboratories indicated that the drug
should be given before ischaemia so that the KATP channels
would be open when first exposed to molecular oxygen
during the reperfusion phase (Saito and Sakai, 1998; Ismail
et al., 2007).

Measurement of serum creatinine, urinary
excretion and albumin excretion
The serum and urinary creatinine levels in experimental rats
were measured with the Jaffe method (Creatinine-test Wako;
Wako Pure Chemical Industries, Osaka, Japan), according to
the kit manufacturer’s instructions. The urinary levels of
albumin were determined with the enzyme-linked immun-
osorbent assay (ELISA) method (Nephrat II, Exocell Inc.,
Philadelphia, PA, USA) according to the manufacturer’s
instructions (Okada et al., 2008). b2-MG, a specific indicator
of tubular damage, was measured in urine with ELISA, using
kits obtained from Panafarm laboratories (Rat Beta-2-
microglobulin, Tokyo, Japan).

Histological examination of the rat kidney
After fixation, the kidney samples were embedded in paraffin
and tissue sections (5 mm) were cut from the paraffin blocks.
All the kidney specimens were stained using haematoxylin
and eosin, periodic acid-Schiff (PAS) and Masson trichrome.
Each section was examined under a light microscope at a
magnification of 40–400. Histological evaluations were per-
formed by experienced renal pathologist (A.H.), without
knowledge of the treatment groups. For the histopathological
analysis of renal damage induced by I-R, proximal tubules
from three areas of the kidney [outer cortex, inner cortex and
outer stripe of outer medulla (OSOM)] were evaluated, and a
semi-quantitative analysis of histological damage was con-
ducted on these areas, according to the methods of Miyaji
et al. (2001) and Zhou et al. (2003). Approximately one
hundred tubules per section were selected randomly at ¥400
magnification, and scored according to the following criteria:
0, normal; 1, areas of tubular epithelial cell swelling, vacuolar
degeneration, necrosis and desquamation involving <25% of
the tubular profile; 2, similar changes involving >25% but
<50% of the tubular profile; 3, similar changes involving
>50% but <75% of the tubular profile; 4, similar changes
involving >75% of the tubular profile according to Miyaji
et al. (2001). The Jablonski grading scale (0–4) was used for
the assessment of I-R-induced necrosis of the overall proximal
tubules, as in Jablonski et al. (1983) (Table 1). In both analy-
ses, about one hundred tubules were scored in each section
and the total scores divided by the number of tubules scored,
thus providing a mean score for each section.

Immunohistochemistry
After deparaffinization with xylene and rehydration in
graded alcohols, sections were subjected to antigen retrieval
using a microwave in a 10 mM citrate buffer (pH 6.0) for
20 min. All incubations were performed in a humidified
chamber. For saturation of non-specific binding sites, the
sections were preincubated with 1.5% normal horse serum
(Vectastain, Vector Laboratories, CA, USA) at room tempera-
ture for 30 min. Then the sections were incubated overnight
at 4°C using a mouse monoclonal antibody against
4-hydroxy-2-nonenal (4-HNE) (1:4, Japan Institute for the
Control of Aging, Shizuoka, Japan) and a mouse monoclonal
antibody against 8-hydroxy-2′-deoxyguanosine (8-OHdG)
(1:10, Japan Institute for the Control of Aging, Shizuoka,
Japan). After washing with phosphate-buffered saline for
10 min, biotinylated horse anti-mouse IgG (1:200) was
applied onto the tissue sections, and incubated for 30 min at
room temperature. Immunoreaction was performed with an
avidin–biotin complex alkaline phosphatase kit (Vectastain,
Vector Laboratories, Burlingame, CA, USA). The sections were
counterstained with haematoxylin or methyl green. Negative
control sections, which were incubated in the absence of the
primary antibody, were also processed and evaluated for
specificity or background staining levels.

Western blot
ATP-sensitive potassium channels play an important role in
many cellular functions by coupling cell metabolism to
electrical activity. KIR6.1 and KIR6.2 are members of the
family of inwardly rectifying potassium channels (nomen-
clature follows Alexander et al., 2009). b-tubulin was used as
a loading control for normalization. Rat kidney was lysed by
sonication in a buffer containing 10 mM Tris–HCl (pH 7.4),
150 mM NaCl, 1 mM EDTA, 1 mM EGTA plus protease
inhibitor cocktail (Roche). Protein was quantified using
colour-producing solution (Wako). Samples were separated
on 12% SDS–PAGE and transferred on a nylon membrane
(Immobilon P, Millipore, Bangalore, India) using a semi-dry
transfer blotter (BioRad, Hercules, CA, USA). Non-specific
binding sites on the membranes were blocked with 5% fat-
free milk in Tris-buffered saline–0.1% Tween 20 (TBST). The
blots were then incubated with one of the following:
primary rabbit anti-KIR6.1 (H80) antibody, primary goat
anti-KIR6.2 (G16), primary rabbit anti-b tubulin (H235)

Table 1
Jablonski grading scale

Score 0 = Normal

Score 1 = Necrosis of individual cells

Score 2 = Necrosis of all cells in adjacent PCT, with survival of
surrounding tubules

Score 3 = Necrosis confined to distal third of PCT with band(s)
of necrosis extending across inner cortex

Score 4 = Necrosis of all three segments of PCT

Modified from Jablonski et al. (1983).
PCT, proximal convoluted tubule.
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(Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 1:200,
1:100 or 1:500 dilution overnight at 4°C in TBST. Mem-
branes were subsequently washed with large volumes of
TBST (3 ¥ 5 min) and the immobilized antibody was conju-
gated with a diluted horseradish peroxidase-labelled second-
ary antibody donkey anti-rabbit (1:5000) (Amersham Life
Science, Buckinghamshire, UK) for KIR6.1 or horseradish per-
oxidase conjugated horse anti-goat IgG (1:5000) (PI-9500,
Vector Laboratories, Burlingame, CA, USA) for KIR6.2, for 1 h
at room temperature in TBST. After thorough washing with
TBST, membranes were incubated with enhanced chemilu-
minescence detection reagents and images were captured in
a LAS-4000 plus imager (GE Healthcare) (Takamura et al.,
2008). Densitometric analysis was performed using Scion
Image Software (version Beta 4.0.2) (Scion Corp., Frederick,
MD, USA).

Statistical analysis
All data were expressed as mean � SEM. The statistical sig-
nificance of differences between group mean values was
established using the Student’s t-test. To establish the statis-
tical significance of differences between more than two group
mean values, we used ANOVA followed by Fisher’s test. Statis-
tical analysis of histological results was performed using
Kruskal–Wallis tests and Mann–Whitney U-tests with Bonfer-
roni correction. P < 0.05 was regarded as the level of
significance.

Materials
Nicorandil was kindly supplied by Chugai Pharmaceutical
Co. Ltd (Tokyo, Japan). Cromakalim was purchased from
Sigma-Aldrich (St. Louis, MO, USA). All other chemicals are
available commercially.

Results

Effects of nicorandil and cromakalim on
ischaemia reperfusion-mediated glomerular
and proximal tubular injury
Figure 1 shows the data of SCr and urinary albumin : creati-
nine ratio (ACR) as biomarkers of glomerular damage and
urinary levels of b2-MG as a biomarker of proximal tubular
damage. Renal I-R induced significant increases in the SCr
levels and ACR in comparison with values obtained from
control rats (Figure 1). However, there were no significant
differences between the groups treated with either low or
high dose of nicorandil (3 or 10 mg·kg-1) or cromakalim (100
or 300 mg·kg-1) and Cont group or I-R group. The ACR values
in the I-R group treated with the higher dose of nicorandil
(10 mg·kg-1) returned to the control value. In contrast to
these parameters, I-R in the kidney significantly increased the
urinary levels of b2-MG compared with control animals.
Treatments with both low and high doses of nicorandil or
cromakalim decreased the urinary b2-MG levels, raised by the
I-R procedure.

Histological analysis of renal tissue in the rat
Figures 2–4 show PAS stained specimens of all groups of the
outer cortex, inner cortex and OSOM. In comparison with

the control rat tubules, kidneys from the I-R group demon-
strated severe acute tubular damage. These features included
brush border loss, nuclear condensation, cytoplasmic swell-
ing and a consistent loss of nuclei from tubular control
profiles. However, significant damage in glomerular or distal
tubules was not observed in the kidneys after I-R. The
changes in the proximal tubules were drastically attenuated
in rats subjected to I-R injury after treatment with nicorandil
or cromakalim especially with the higher doses of both drugs
(Groups Nic 10 mg·kg-1 and Cro 300 mg·kg-1). We also evalu-
ated the histological damage in the proximal tubules and
these histological scores are shown in Table 2. The scores of
the tubules in the outer cortex, the inner cortex and the
OSOM as well as the Jablonski score in the I-R rat kidney
were significantly higher than those in the control rat
kidney. Treatment with the lower dose of nicorandil
(3 mg·kg-1) did not improve the outer cortex and the
Jablonski scores but the higher dose of nicorandil
(10 mg·kg-1) improved all scores and returned them to
control levels, except for the OSOM score. On the other
hand, treatment with either dose of cromakalim (100 or
300 mg·kg-1) did not improve any scores, compared with
those in the I-R group.

Figure 1
Effects of nicorandil and cromakalim on ischaemia reperfusion (I-R)-
mediated glomerular and proximal tubular injury. Renal damage
induced by I-R was assessed by measuring serum creatinine
(SCr), urinary albumin : creatinine ratio (ACR) and urinary
b2-microglobulin (b2-MG). b2-MG values were normalized against
urinary creatinine content. Data are shown as mean � SEM of six to
eight separate determinations in each group. *Significantly different
from control (Cont) group (P < 0.05). †Significantly different from I-R
group (P < 0.05).
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Immunohistochemical localization of
products of lipid peroxidation and oxidative
DNA damage
Lipid peroxidation was assessed by immunohistochemical
staining for 4-HNE, using anti-4-HNE antibody (Figure 5). In

the Cont group, 4-HNE immunoreactivity was rarely
observed. In the I-R group, immunoreactivity for 4-HNE was
detected at the proximal and distal tubule, whereas signifi-
cant immunoreactivity was not observed in glomerulus. The
strongest immunoreactivity for 4-HNE was observed in the
lumen of the proximal tubules, which appeared as red dots.

Figure 2
Periodic acid-Schiff (PAS) staining of outer cortex in rat kidney. Sections of kidneys from control (Cont), ischaemia reperfusion (I-R) untreated (I-R),
I-R with nicorandil (Nic) 3 or 10 mg·kg-1 and I-R with cromakalim (Cro) 100 or 300 mg·kg-1 groups. Original magnification: ¥400.

Figure 3
Periodic acid-Schiff (PAS) staining of inner cortex in rat kidney. Sections of kidneys from control (Cont), ischaemia reperfusion (I-R) untreated (I-R),
I-R with nicorandil (Nic) 3 or 10 mg·kg-1 and I-R with cromakalim (Cro) 100 or 300 mg·kg-1 groups. Original magnification: ¥400.
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This immunoreactivity for 4-HNE in the proximal tubules
was weaker, after treatment with nicorandil or cromakalim,
in a dose-dependent manner.

We also identified oxidative DNA damage immunohis-
tochemically using anti-8-OHdG antibody (Figure 6). In the
Cont group, 8-OHdG immunoreactivity was rarely observed.
In the I-R group, immunoreactivity for 8-OHdG was detected
at the proximal and distal tubule, whereas significant immu-
noreactivity was not observed in glomerulus. The strongest
immunoreactivity for 8-OHdG was detected in the epithe-

lium at the proximal tubule and is represented by red dots.
This immunoreactivity for 8-OHdG, in the proximal tubules,
was reduced by treatment with nicorandil or cromakalim, in
a dose-dependent manner.

Western blot analysis of the expression of
mitochondrial ATP-sensitive potassium
channel subunits, KIR6.1 and KIR6.2
Figure 7 shows the expression of the KIR6.1 and KIR6.2
channel subunits in the cortex of the kidney, using

Figure 4
Periodic acid-Schiff (PAS) staining of the outer stripe of the outer renal medulla in rat kidney. Sections of kidneys from control (Cont), ischaemia
reperfusion (I-R) untreated (I-R), I-R with nicorandil (Nic) 3 or 10 mg·kg-1 and I-R with cromakalim (Cro) 100 or 300 mg·kg-1 groups. Original
magnification: ¥400.

Table 2
Score of damage to proximal tubules in rat kidney following ischaemia reperfusion (I-R) and pretreatment with nicorandil (Nic) or cromakalim
(Cro)

Miyaji score
Jablonski scoreOuter cortex Inner cortex OSOM

Cont 0.002 � 0.002 0.000 � 0.000 0.014 � 0.006 0.000 � 0.000

I-R 0.883 � 0.141* 1.615 � 0.131* 1.671 � 0.243* 3.250 � 0.236*

Nic 3 mg·kg-1 0.467 � 0.231 1.241 � 0.418 0.890 � 0.368 2.667 � 0.422

Nic 10 mg·kg-1 0.080 � 0.023† 0.205 � 0.107† 0.351 � 0.266 0.500 � 0.224†‡

Cro 100 mg·kg-1 0.248 � 0.068 0.458 � 0.117 0.428 � 0.112 1.750 � 0.250

Cro 300 mg·kg-1 0.090 � 0.066 0.173 � 0.142 0.088 � 0.072 0.750 � 0.671

Nicorandil was given at 3 or 10 mg·kg-1 and cromakalim at 100 or 300 mg·kg-1; 10 min before the standard I-R procedure (30 min ischaemia
+ 24 h reperfusion). Data are shown as mean � SEM of four to eight separate determinations in each group.
*Significantly different from control group (P < 0.05).
†Significantly different from I-R group (P < 0.05).
‡Significantly different from Nic 3 group (P < 0.05).
OSOM, outer stripe of outer medulla.
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Figure 5
Immunohistochemical location of 4-hydroxy-2-nonenal (4-HNE) in rat kidney. Lipid peroxidation was assessed with anti-4-HNE antibody
4-HNE-positive cells shown as red stain. In the Cont group, 4-HNE immunoreactivity was rarely observed. In the ischaemia reperfusion (I-R) group,
immunoreactivity for 4-HNE was detected at the proximal and distal tubule, whereas, significant immunoreactivity was not observed in glomeruli.
The strongest immunoreactivity for 4-HNE was observed in the lumen of proximal tubules. This immunoreactivity for 4-HNE in the proximal
tubules was weaker after treatment with nicorandil or cromakalim, in a dose-dependent manner.

Figure 6
Immunohistochemical location of 8-hydroxy-2′-deoxyguanosine (8-OHdG) in rat kidney. 8-OHdG-positive cells show red stain. In the Cont group,
8-OHdG immunoreactivity was rarely observed. In the ischaemia reperfusion (I-R) group, immunoreactivity for 8-OHdG was detected at the
proximal and distal tubule, whereas, significant immunoreactivity was not observed in glomeruli. The strongest immunoreactivity for 8-OHdG was
detected in the epithelium at the proximal tubule, seen as red dots. This immunoreactivity for 8-OHdG in the proximal tubles was reduced after
treatment with nicorandil or cromakalim in a dose-dependent manner.
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immunoblot analysis. In control rats, both KIR6.1 and KIR6.2
channels were detected in the kidney. There were no signifi-
cant differences of expression of KIR6.1 between any groups.
In contrast, the expression of KIR6.2 in the I-R group was
significantly lower than in the control group. This down-
regulation of expression of KIR6.2 was totally prevented by
treatment with the higher dose of nicorandil (10 mg·kg-1) or
the higher dose of cromakalim (300 mg·kg-1).

Discussion

In this study, we clearly demonstrated that proximal tubule
cells were injured by induction of I-R, and that pretreatment
with either nicorandil or cromakalim prevented this injury in
a dose-dependent fashion. Furthermore, our results suggest
that nicorandil ameliorated I-R-induced renal damage by
reducing oxidative damage via activation of KATP channels
and possibly NO production.

There is increasing evidence from both in vivo and in vitro
studies that KATP channel activation plays an important role in
the pathophysiology of myocardial injury mediated by
hypoxia and I-R (O’Rourke, 2004). The role of KATP channels
in the cardiovascular system has been well studied and one of
their most relevant features is that the opening of these
channels can protect cardiac myocytes against ischaemic
injury. More specifically, sarco-KATP channels are reported to
regulate the cell energy metabolism in two ways. First,
opening of these KATP channels accelerates phase 3 repolariza-
tion and slows down depolarization, which will shorten
action potential duration and prevent the reversal of Na+/Ca2+

exchanger resulting in inhibition of Ca2+ entry in the cell.
Second, opening of these channels induces hyperpolarization
of the membrane potential (Zhou et al., 2005). On the other

hand, in an energy crisis such as I-R injury, mitochondrial
production of ATP is impaired by changes of mitochondrial
membrane potential, imbalanced trans-membrane ions trans-
port or overproduction of ROS. The opening of mitochon-
drial KATP channels prevents the mitochondria from these
disturbances by controlling the mitochondrial Ca2+ concen-
tration and matrix swelling.

Renal ischaemia, whether caused by shock or during
partial nephrectomy and transplantation, is a major cause of
acute renal failure. Although reperfusion is essential for the
survival of the ischaemic kidney, reperfusion itself causes
additional injury (Martins et al., 2006). The aetiology of renal
injury due to I-R is complex with many mediators, including
oxidant production, cytokines and ROS. The ischaemic phase
of the renal injury is characterized by a rapid depletion of ATP
(Lieberthal and Nigam, 1998; Chandra et al., 2000). Recent
studies demonstrated that tubular cell apoptosis is a primary
and major contributor to the pathophysiology of renal I-R
and determined the outcome of the renal damage (Bonegio
and Lieberthal, 2002; Padanilam, 2003). Pompermayer et al.
(2005) found that treatment with glibenclamide, a KATP

channel closer, 5 min after the induction of ischaemia, inhib-
ited neutrophil recruitment and improved renal dysfunction
following renal I-R. The authors also suggested that glibencla-
mide may have a therapeutic role in the treatment of renal I-R
injury. In contrast to the previous report, Sun et al. (2008)
demonstrated that treatment with diazoxide 10 min before
induction of ischaemia significantly ameliorated I-R injury in
the kidney, in which mitochondrial KATP channels would be
open when first exposed to molecular oxygen on reperfusion.
The findings of Sun et al. agree with our present results
showing that KATP channel openers prevented renal I-R injury.
In this earlier report (Sun et al., 2008), diazoxide was admin-
istered 40 min before reperfusion, which means that diazox-

Figure 7
Western blot analysis of ATP-sensitive K channel subunit KIR6.1 or KIR6.2, and b-tubulin protein expression. Expression of KIR6.1 and KIR6.2 channels
were detected in kidneys from all groups of rats (each group, n = 4). In contrast to KIR6.1, the expression of KIR6.2 channels in the ischaemia
reperfusion (I-R) group was lower than that in the control group. This down-regulation of KIR6.2 channels was totally prevented by treatment with
nicorandil or cromakalim, at their higher doses. *Significantly different from the other groups (P < 0.05).
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ide was provided after renal artery occlusion (5 min after the
induction of ischaemia), and also that diazoxide did not
penetrate the mitochondria, as Pompermayer et al. (2005)
showed in their study. In our present study, the KATP channel
openers, nicorandil and cromakalim, were given before
ischaemia, in order to evaluate their potential beneficial
effects in clinical use during partial nephrectomy for small
renal cell carcinomas. Thus, the different doses of KATP

channel openers or closers and the different timing of admin-
istration of these drugs may explain the differences between
our data and those of Pompermayer et al. (2005). Further-
more, Zager et al. (2006) reported that levosimendan, a KATP

channel opener, conferred almost complete protection
against lipopolysaccharide (LPS)-induced acute renal failure,
without any apparent reduction in the LPS-induced inflam-
matory response, and that neither levosimendan nor diazox-
ide altered tubule injury mediated by ATP depletion.
Conversely, glibenclamide induced a marked and direct cyto-
toxic effect. They concluded that KATP channel agonists have
a margin of safety if employed in situations (sepsis syndrome,
heart failure) in which severe renal vasoconstriction might
lead to ischaemic acute renal failure (Zager et al., 2006).

Nicorandil is reported to be a selective mitochondrial KATP

channel opener, and cromakalim is reported to be a non-
selective KATP channel opener (Date et al., 2005). Nicorandil
consists of an N-(2-hydroxyethyl) nicotinamide group and an
organic nitrate moiety and therefore is thought to have dual
actions, a nitrate-like action and an action on KATP channels
(Markham et al., 2000). Like other nitrates, nicorandil acti-
vates cytoplasmic guanylate cyclase leading to an increase in
cellular levels of cGMP with a reduction in cytosolic calcium
and thus relaxation of the vascular smooth muscle (Flaherty,
1989). As a KATP channel opener, nicorandil increases the
efflux of potassium ions from the cell, leading to a more
negative resting membrane potential (hyperpolarization),
and also shortens the action potential duration. Through its
dual action, nicorandil reduces both preload (nitrate-like
effect) and afterload (KATP channel opener effect), and
improves coronary blood flow (Gomma et al., 2001). Clinical
studies have shown that nicorandil improves functional and
clinical outcomes in patients with acute myocardial infarc-
tion (The IONA Study Group, 2002; Sugimoto et al., 2003).

Segawa et al. (2001) reported that the inhibitory effects of
nicorandil on rat mesangial cell proliferation are mediated
via the protein kinase G pathway. Sudo et al. (2009) reported
that nicorandil suppressed the development of mesangiopro-
liferative glomerulonephritis in anti-Thy1 nephritis rats. Nic-
orandil significantly prevented overexpression of type-1
collagen, fibronectin, transforming growth factor-b and
platelet-derived growth mRNAs in the cortex. These data
indicate that nicorandil prevents mesangial proliferation and
extracellular matrix production. This is quite interesting,
because nicorandil has beneficial effects not only on tubules
(from our present data) but also on glomerulus (from Sudo
et al.). However, no study has investigated whether nic-
orandil could be used to treat renal I-R injury. KATP channels
are present in various cell types in the kidney, including the
proximal tubule, the thick ascending limb of the loop of
Henle and the cortical collecting duct (Quast, 1996).

As it is important to investigate which KATP channel
subtype is concerned in the rat renal I-R, we analysed rat

kidneys by Western blot and found both KIR6.1 and KIR6.2
subtypes. However, the expression of KIR6.2 channels in the
I-R group was significantly lower than in the control group.
This down-regulation of the KIR6.2 expression was reversed
after treatment with nicorandil or cromakalim. Nicorandil
activates SUR2x-containing KATP channels by interacting
with the 17th transmembrane a-helix of SUR2x (Reimann
et al., 2001). Moreover, nicorandil activates SUR2x/KIR6.2
channels more potently and efficiently (Yamada et al.,
2004). Sun et al. (2008) reported that diazoxide activated
the expression of KIR6.2 in the rat kidney. These data would
be compatible with our present results. The KIR6.2 channel
subunit has been shown to provide protection during
hypoxia-induced generalized seizure, using mutant mice
lacking this subunit of KATP channels (Yamada et al., 2001).
Héron-Milhavet et al. (2004) also reported a protective effect
of KATP channels, as transgenic overexpression of KIR6.2 in
the forebrain significantly protected mice from hypoxic–
ischaemic injury and neuronal damage seen in stroke.
However, there is no information available about the rela-
tionship between the KIR6.2 subunit and renal I-R injury.
Our work may indicate the possibility that the KIR6.2
subunit protects against renal I-R injury in rats, similar to
the protective effect which is found in brain and in the
heart. Our data show that I-R induces down-regulation of
the expression of KIR6.2 channels in the kidney and that
treatment with nicorandil reversed this down-regulation.
Such down-regulation may occur in other organs as well,
under hypoxic conditions, if ischaemia and hypoxia are a
genrla stimulus of down-regulation of the expression of the
KIR6.2 subunit. However, further studies are needed to
clarify the mechanism responsible for this phenomenon.

I-R of the kidney causes both glomerular and tubular
dysfunction (Xie and Guo, 2006). In this study, we demon-
strated that I-R induced damages mainly in the renal tubules
and not in the glomerulus (Figures 2–4). Nicorandil produced
a reduction of the renal dysfunction and the injury mediated
by I-R of the kidney. Nicorandil appears to provide a greater
beneficial action against tubular dysfunction, rather than
glomerular dysfunction. This is supported by our findings
that compared with the rats subjected to I-R, nicorandil did
not produce significant decreases in SCr and ACR levels. In
contrast, nicorandil had a marked effect on a marker of
tubular dysfunction injury, the urinary b2-MG levels. This
finding was supported by the renal histopathology that
revealed severe acute tubular damage in rat kidneys subjected
to I-R, whereas the animals treated with nicorandil showed a
marked reduction of the tubular damage. The strongest
immunoreactivity for 4-HNE as well as for 8-OHdG was
detected in proximal and distal tubules, but not in glomeru-
lus. These data support our biochemical studies. Furthermore,
our data confirm that mitochondrial KATP channel activation
effectively blocks oxidative damage, as estimated by immu-
nohistochemistry for 4-HNE and 8-OHdG.

In conclusion, this study provides strong evidence that
nicorandil has a protective effect against proximal tubule
damage after I-R injury in the rat kidney. Under these circum-
stances, nicorandil or other mitochondrial KATP channel
openers may have a major therapeutic role by preventing
oxidative injury, via expression of KIR6.2 channels. Our results
strongly suggest potential clinical benefits of nicorandil in
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patients undergoing partial nephrectomy or renal transplan-
tation, based on its dual action as a KATP channel opener and
as an NO donor.
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