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Abstract Objective: To compare the effect of ischaemic preconditioning (Ipre) vs.
ischaemic postconditioning (Ipost) on renal ischaemia/reperfusion (I/R) injury in
rats.

Materials and methods: In all, 120 male Sprague–Dawley rats were classified into
four groups of 30 rats each, designated sham, control, Ipre and Ipost. Renal func-
tion, including serum creatinine, blood urea nitrogen (BUN), creatinine clearance
(CrCl), fractional Na excretion (FENa) and renal histopathology were measured
at 2, 24 and 48 h after ischaemia. Markers of lipid peroxidation (malondialdehyde,
MDA), superoxide dismutase (SOD) and reduced glutathione (GSH) were measured
in kidney tissues during the same intervals.

Results: Ipre caused a significant improvement in renal function, as indicated by a
significant decrease in serum creatinine, BUN and FENa, with a significant increase
in CrCl. However, Ipost caused no significant improvement in renal function.
Morphologically Ipre caused a marked significant improvement in the renal tubular
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CrCl, creatinine
clearance; FENa, frac-
tional Na excretion;
MDA, malondialde-
hyde; SOD, superoxide
dismutase; GSH,
reduced glutathione;
ROS, reactive oxygen
species; H&E, haema-
toxylin and eosin;
OSOM, outer stripe of
the outer medulla
damage score compared to Ipost. Also, Ipre caused a significant decrease in MDA,
and significant increase in GSH and SOD when compared to Ipost.

Conclusion: Ipre is more potent than Ipost for improving the renal injury induced
by I/R. Ipre caused a marked improvement in renal function and morphology, while
Ipost caused a minimal improvement in morphology only. Moreover, Ipre caused a
marked and significant reduction in oxidative stress in kidney tissues, while Ipost
caused a minimal reduction.

ª 2012 Arab Association of Urology. Production and hosting by Elsevier B.V.
All rights reserved.
Introduction

Renal ischaemia/reperfusion (I/R) injury is a common
cause of acute renal failure and contributes to consider-
able morbidity associated with surgery and anaesthesia
[1,2]. Although several decades of research have greatly
improved the understanding of the mechanisms underly-
ing renal I/R injury, effective drugs for treating it are
still unavailable. Therefore, it is necessary to actively
explore other approaches for this problem. Ischaemic
preconditioning (Ipre), a well-established phenomenon
that describes tissue adaptation to stress by exploiting
intrinsic defence mechanisms, was initially described in
the heart by Murry et al. [3] and Ambros et al. [4]. Ipre
consists of transient periods of non-lethal ischaemia be-
fore a subsequent lethal episode of ischaemia. In 2003,
Zhao et al. [5], introduced the concept of ischaemic post-
conditioning (Ipost), which consists of one or more
short cycles of reperfusion followed by one or more
short cycles of ischaemia, immediately after an ischae-
mic phase and before the permanent reperfusion.

The efficacy of the protective effect of Ipre and Ipost
is variable. In the heart, some studies showed no statis-
tically significant difference in the reduction of infarct
size for Ipre and Ipost [5], while other studies showed
Ipre to be more effective than Ipost [6]. The differences
between the efficacy of these cardioprotective methods
might suggest differing underlying protective mecha-
nisms. In the small intestine, dos Santos et al. [7]
recently concluded that Ipre and Ipost were equally
able to minimise the tissue injury in the intestines of
rats subjected to mesenteric ischaemia and reperfusion.
In the kidney, several studies reported the beneficial
effect of Ipre [8–11] and Ipost [12,13] on renal I/R
injury in different species of animal. Nevertheless, to
the best of our knowledge, no study has been designed
to compare the magnitude of the renoprotective effects
of Ipre and Ipost against renal I/R injury. Thus the aim
of the present study was to compare the efficacy of Ipre
and Ipost in protecting against renal I/R injury in a rat
model, for both renal function and renal morphology,
and to compare their effects on the redox state in
kidney tissue.
Materials and methods

The study included 120 male Sprague–Dawley rats
(body weight 200–250 g, 4–6 months old) that were bred
in the animal research facility in the Urology &
Nephrology Centre at Mansoura, Egypt. Experiments
were performed according to the Guide for the Care
and Use of Laboratory Animals (Institute for Labora-
tory Animal Research, National Research Council,
Washington, DC: National Academy Press, No. 85–
23, revised 1996). All protocols were approved by our
ethical committee of Mansoura, Faculty of Medicine.

Study design

The rats were randomly divided into four equal groups:
(1) sham, where rats were subjected to right nephrec-
tomy and exposure of the left renal pedicle with no
ischaemia; (2) controls, subjected to right nephrectomy
and left renal ischaemia for 45 min (definitive ischaemia);
(3) Ipre, treated as the control group, but precondition-
ing ischaemia was induced before the definitive ischae-
mia; (4) Ipost, treated as the control group, but Ipost
was induced after the definitive ischaemia. Each group
was subdivided into three subgroups each contains 10
rats, that were killed humanely at 2, 24 and 48 h, respec-
tively, according to the designated subgroup, and the
kidneys harvested. Blood and urine samples were col-
lected just before the death. Urine could not be collected
at the 2-h sample time.

Experimental model

For the sham operation the rats were anaesthetised with
a mixture of ketamine 75 mg/kg and diazepam 5 mg/kg
intraperitoneally. After inducing anaesthesia a midline
laparotomy was made, then a right nephrectomy was
done and the left kidney and its pedicle were dissected
off the surrounding perirenal fat along the renal surface.
The left kidney was exposed for 45 min with no vascular
clamping. The abdomen was then irrigated with isotonic
saline and the abdominal incision closed by continuous
suture using polyglactin 2/0.
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The control group was treated as the sham group but
the left renal artery was clamped using a vascular clip
for 45 min and the right nephrectomy was done 5 min
before removing the vascular clamp.

The Ipre group was also treated like the control
group, but three cycles of 2 min of ischaemia, followed
by a 5-min reperfusion period for I/R, were applied be-
fore the 45 min of ischaemia [4].

The Ipost group was also treated like the control
group, but 3, 6 and 12 min of reperfusion were applied
consecutively, separated by 5 min of re-occlusion, after
45 min of ischaemia [14].

Assessment of renal function

Serum creatinine and blood urea nitrogen levels (BUN)
were estimated from blood samples. Endogenous creat-
inine clearance (CrCl), and fractional Na excretion
(FENa+) were calculated as, respectively;

ðurine creatinine;mg=dL

� urine volume;mL=24 hÞ=ðserum creatinine;mg=dL

� 1440minÞ

and

ðserum creatinine;mg=dL

� urinary sodium;mmol=LÞ=ðserum sodium;mmol=L

� urinary creatinine;mg=dLÞ � 100

Renal oxidative stress after IR injury was determined
by measuring renal cortical malondialdehyde (MDA, an
index for lipid peroxidation) and superoxide dismutase
(SOD, an endogenous antioxidant enzyme).

Histopathological examination

Explanted kidneys were bisected along the long axis and
were fixed in 10% formalin solution for 24 h. After
automated dehydration through a graded-alcohol series,
transverse kidney slices were embedded in paraffin, sec-
tioned at 4 lm, and stained with haematoxylin and eosin
(H&E). For the histopathological assessment of ischae-
mic tubular injury we used a modified form of well-
established grading scales (scores of 0–4) [15]. The
numerical score used was as follows: 0, no damage; (1)
unicellular patchy isolated necrosis; (2) tubular necrosis
<25%; (3) tubular necrosis 25–50%; and (4) >50%
tubular necrosis.

One-way anova was used to assess the significance
within treated groups, within Scheffe’s posthoc test, and
P < 0.05 was taken to indicate statistical significance.
Results

In basal conditions all the groups had comparable val-
ues for all the variables of renal function. CrCl and
FENa were not calculated at 2 h after ischaemia because
urine could not be collected at that time. Compared to
the sham group, the control and study groups had a sig-
nificant increase in serum creatinine, BUN and FENa,
and a significant decrease in CrCl at all sample times
(P < 0.05). Nevertheless, the percentage change in the
Ipre group was significantly less than in the Ipost group.
Compared to the control group, the Ipost group had no
significant change at all sample times, but the Ipre group
had significant decreases in serum creatinine, BUN and
FENa, and a significant increase in CrCl at 24 and 48 h
after ischaemia (P < 0.05; Table 1).

Oxidative stress

Compared to the sham group the control group had a
significant increase in MDA and a significant decrease
in GSH and SOD. Compared to control group the study
groups had a significant decrease in lipid peroxide
(MDA) concentration (P < 0.05). Nevertheless, these
changes were more significant in the Ipre than the Ipost
group. Also, compared to control group, the study
groups had significant increases in the concentration of
SOD and GSH (P < 0.05). These changes in concentra-
tions were more significant in the Ipre than the Ipost
group (Table 2).

Renal morphology

Kidneys from the control rats showed a significant in-
crease in tubular injury score (scores 3, 4) when com-
pared with that of sham rats (P < 0.05; Fig. 1). The
kidney sections from the sham group showed the normal
preserved kidney structure (Fig. 2A). For the control
group, the most severe and pronounced injury was in
the cortex and the outer stripe of the outer medulla
(OSOM), with a pattern of acute tubular necrosis, which
included widespread degeneration of the tubular archi-
tecture, detachment of epithelial cells from the basement
membrane, tubular cell necrosis, intratubular cast for-
mation and luminal congestion with extensive loss of
the brush border (Fig. 2B). Renal sections from the Ipre
group showed a marked reduction in the histological
features of renal injury (Fig. 3A and B), consisting of
mild individual tubular necrosis and minimal tubular
dilatation (scores 1, 2, of which 17 rats had score 1
and 13 had score 2) when compared with the control
group in the same period (P < 0.05). However, in the
Ipost group there were no significant changes (Fig. 4A
and B) compared with the control group.

Discussion

Ipre and Ipost are simple methods to render an organ
more tolerant to ischaemia [4,16]. Also, the critical role
of reactive oxygen species (ROS) in I/R-mediated renal



Table 2 The effect of Ipre and Ipost on lipid peroxidation products (MDA), and the antioxidants SOD and GSH.

Mean (SD) variable at sample time (h) Sham Control Ipre Ipost

MDA (nmol/g tissue)

2 14.35 (3.48) 334.35 (23.78)* 167.39 (12.36) � 190.23 (12.32) ��

24 21.52 (1.27) 364.57 (18.24)* 125.48 (11.97) � 167.25 (12.37) ��

48 26.22 (2.22) 262.42 (20.29)* 62.42 (8.37) � 97.05 (10.02) ��

SOD (% of inhibition)

2 97.25 (8.37) 77.78 (7.27)* 84.44 (5.09) � 90.00 (8.47) ��

24 90.45 (3.36) 76.32 (13.26)* 86.67 (12.56) � 47.78 (11.29) ��

48 93.33 (6.80) 33.33 (9.50)* 65.56 (10.31) � 63.33 (9.07) ��

GSH (mg/g tissue)

2 212.10 (10.27) 85.30 (11.37)* 168.93 (10.34) � 135.25 (13.06) ��

24 210.21 (8.75) 110.31 (13.25)* 349.94 (21.46) � 225.49 (18.67) ��

48 200.59 (16.18) 130.43 (10.08)* 535.83 (26.67) � 275.39 (21.01) ��

One-way anova with posthoc Scheffe’s test.
* Significant (P = 0.05) from the sham group.
� Significant (P = 0.05) from the control group.
� Significant (P = 0.05) from the Ipre group.

Table 1 The effect of Ipre and Ipost on the variables of renal function, from 10 rats at each sample time.

Mean (SD) variable at sample time (h)

2 24 48

Group Basal Test Basal Test Basal Test

Serum creatinine (mg/dL)

Sham 0.44 (0.09) 0.50 (0.14) 0.45 (0.11) 0.58 (0.05) 0.47 (0.07) 0.62 (0.09)

Control 0.52 (0.12) 0.81 (0.09)* 0.45 (0.09) 2.08 (0.46)* 0.61 (0.06) 1.38 (0.14)*

Ipre 0.44 (0.09) 0.85 (0.19)* 0.46 (0.08) 1.20 (0.26)*� 0.52 (0.09) 0.85 (0.11)*�

Ipost 0.48 (0.08) 0.69 (0.16)� 0.44 (0.11) 1.64 (0.45)*� 0.50 (0.09) 1.14 (0.29)*�

Serum BUN (mg/dL)

Sham 21.10 (2.02) 25.80 (1.23) 19.10 (3.02) 25.10 (2.80) 21.10 (2.02) 20.40 (2.71)

Control 21.40 (3.75) 37.10 (3.14)* 19.50 (3.02) 49.80 (3.55)* 19.00 (2.71) 42.70 (6.17)*

Ipre 18.00 (2.67) 28.40 (3.13)� 20.10 (2.73) 29.00 (3.43)� 19.60 (3.20) 26.40 (2.79)�

Ipost 20.10 (2.42) 34.90 (3.98)� 19.70 (3.34) 48.50 (6.43)*� 20.60 (3.75) 39.30 (5.06)*�

CrCl (mL/min)

Sham 1.36 (0.37) – 1.33 (0.24) 1.23 (0.42) 1.41 (0.21) 1.31 (0.29)

Control 1.56 (0.48) – 1.34 (0.28) 0.11 (0.03)* 1.36 (0.37) 0.24 (0.05)*

Ipre 1.60 (0.26) – 1.34 (0.51) 0.42 (0.12)� 1.42 (0.27) 1.100 (0.26)*�

Ipost 1.81 (0.49) – 1.68 (0.36) 0.19 (0.01)*� 1.76 (0.32) 0.25 (0.08)*�

FENa (%)

Sham 0.25 (0.07) – 0.27 (0.04) 0.41 (0.09) 0.3 1 (0.06) 0.35 (0.05)

Control 0.28 (0.09) – 0.34 (0.06) 0.97 (0.14)* 0.35 (0.07) 0.93 (0.19)*

Ipre 0.28 (0.04) – 0.35 (0.08) 0.44 (0.11)� 0.26 (0.05) 0.34 (0.05)�

Ipost 0.29 (0.07) – 0.27 (0.08) 0.88 (0.69)*� 0.25 (0.05) 0.56 (0.21)*,��

One-way anova with posthoc Scheffe’s test.
* significant (P = 0.05) from the sham group.
� significant (P = 0.05) from the control group.
� significant (P = 0.05) from the Ipre group.
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injury has been shown by many studies [17–19] and a
reduction of oxidative stress might be one of the poten-
tial mechanisms of the renoprotective effect of Ipre and
Ipost on renal I/R injury. Thus, in the present study, we
compared the effect of Ipre and Ipost on renal function
and morphology, and on oxidative stress in renal I/R in-
jury. Ipre significantly improved renal function at the
tubular and glomerular levels, as indicated by a signifi-
cant increase in CrCl, and significant decreases in serum
BUN, creatinine and FENa in the Ipre compared with
the control group at 2, 24 and 48 h after renal ischaemia.
These findings are in agreement with those from previ-
ous studies [20,21]. Unfortunately, Ipost caused no
significant improvement in renal function at 2, 24 and
48 h after renal ischaemia. These findings are consistent
with those reported by Zhuang et al. [22] and not in line
with those of Szwarc et al. [12], who reported that Ipost
caused a significant improvement in renal function after



Figure 1 The effects of Ipre and Ipost on the tubulo-interstitial

damage score at 2, 24 and 48 h after ischaemia in the different

groups. Significant difference from the *sham group, #control

group, and $significant from the Ipre group. One-way anova with

Scheffe’s posthoc test (P < 0.05).
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renal I/R injury. Moreover, in a recent study, Weng
et al. [23] reported that Ipost inhibited tubulointerstitial
fibrosis after renal ischaemia. They used a rat model of
45-min of ischaemia and reperfusion for 12 weeks. The
present findings suggest that Ipre is more effective than
Ipost in renal protection from I/R injury.

It was reported that not all combinations and dura-
tions of ischaemia and reperfusion trigger the precondi-
tioning phenomenon to protect the kidney from I/R
injury [10]. Previous studies indicated that left renal ar-
tery occlusion for four cycles of ischaemia for 4 min with
a 12-min reperfusion, or Ipre with four cycles of renal
ischaemia for 8 min with a 5-min reperfusion, or bilat-
eral renal pedicle occlusion for three cycles of ischaemia
Figure 2 Sections of the kidney from the sham group (A), showing

control group (B), showing tubular necrosis at OSOM in >50% of tu
for 5 min followed by 5 min of re-flow, protected renal
function and improved renal morphology after subse-
quent severe I/R injury [7–9]. In the present study the
findings were similar, although we used three cycles of
2 min of ischaemia and 5 min of reperfusion. Also, Tor-
ras et al. [10] and Jia et al. [11] reported that one cycle of
15 min of ischaemia and 10 min of reperfusion was the
optimum Ipre schedule for a renal isograft.

Renal I/R injury is a complex inflammatory process
characterised by tubular epithelial cell necrosis and
apoptosis, marked monocyte infiltration, and increased
production ROS. The latter act as a key mediator in
the renal injury induced by I/R, and cellular defence
mechanisms against oxidative stress are necessary to
maintain normal cellular function. In the present study
there was a lower concentration of GSH and SOD in
the control group that was enhanced by Ipre. Also, the
level of MDA (a marker of lipid peroxidation) increased
significantly in kidney tissues after renal I/R, and Ipre
reversed the increase in lipid hydroperoxide levels to a
considerable extent. These findings suggest that an
attenuation of oxidative stress in the kidney might be
one of the potential protective mechanisms of Ipre.

Although previous studies reported that Ipost pro-
vides a renoprotective effect on I/R-induced renal injury
in rat and mice [13], we failed to detect any protective
effect of Ipost on I/R injury in this rat model, at the least
at the level of renal function, which showed no signifi-
cant improvement in the Ipost group when compared
to the controls. Nevertheless, the Ipost group showed
a significant improvement in renal tubular damage
score. Consistent with the present study, the ineffective-
ness of Ipost was also reported by Zhuang et al. [22], but
they did not report improvement at the level of renal
function and morphology, and the present study failed
to detect any improvement in renal function only. In
a normal appearance of glomeruli and tubules (score 0), and the

bules, score 4. H&E ·400).



Figure 3 Sections from kidneys of the Ipre group at 24 h (A), showing tubular necrosis at OSOM in �35% of tubules, score 3

(H&E ·400); and the Ipre group at 48 h (B) showing tubular necrosis at OSOM in >10% of tubules, score 2 (H&E ·400).

Figure 4 Sections from kidneys of the Ipost group at 24 h (A), showing tubular necrosis at OSOM in �70% of tubules, score 4 (H&E

·400), and in the Ipost group at 48 h (B) showing tubular necrosis at OSOM in �60% of tubules, score 4 (H&E ·400).
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cardiac muscle, Schwartz et al. [24] showed that 30-s
cycles of repetitive ischaemia during reperfusion has
no protective effect on pig hearts subjected to lethal
ischaemia. Also, Dow et al. [25] showed that Ipost does
not reduce myocardial infarct size in an in vivo regional-
ischaemia rodent model.

The discrepancy in the effectiveness of Ipost on renal
I/R injury between the present and previous studies re-
mains unknown, but it might be due to differences in
the duration of ischaemia and of Ipost in these studies.
In the present model the ischaemia time was 45 min
and cycles of Ipost were three of 5 min of ischaemia sep-
arated by 3, 6 and 12 min of reperfusion, so the total
ischaemia time was 60 min. However, in the study of
Szwarc et al. [13] it was 30 min followed by three cycles
of 30 s of ischaemia separated by 30 s of reperfusion.
Also, Zhuang et al. [22] showed in mice that left renal
ischaemia for 26 min followed by 30 s of ischaemia sep-
arated by 30 s of reperfusion did not improve the renal
injury induced by I/R. Also, in the present study, the
Ipost showed a significant decrease in oxidative stress,
as indicated by a significant decrease in MDA, and sig-
nificant increases in SOD and GSH in the Ipost group
when compared to controls. However, the effect of Ipost
was less significant than for Ipre. Hence the protective
effect of Ipost might be due to a reduction in oxidative
stress.

The present study, to the best of our knowledge, is
the first to compare the effect of Ipre and Ipost on
renal I/R injury. However, the study has some limita-
tions, e.g., the mechanisms to explain the renoprotec-
tive effects of Ipost and Ipre are insufficient. Further
studies are needed to resolve the controversy in Ipost
results in the present and previous studies. We recom-
mend studying the effect of Ipre and Ipost on the acti-
vation and expression of antioxidant genes, such as
Nrf2, and on inflammatory cytokines and the apoptotic
process.
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In conclusion, Ipre ameliorated the renal injury in-
duced by renal I/R, while Ipost was associated with no
significant improvements in renal function. However,
both treatments attenuated the tubular damage score
and oxidative stress in kidney tissues, but the effect of
Ipre was more potent than Ipost. Further studies are
needed to understand the underlying mechanisms of
these effects.
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