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Objective(s): Studying the effect of melatonin pretreatment and ischemic preconditioning on renal 
ischemia-reperfusion injury (IRI). 
Materials and Methods: Forty-eight Wistar rats were randomized into six groups: control, sham 
operation, IRI (IRI in left kidney + right nephrectomy), IRI+ischemic preconditioning, IRI+Melatonin, 
and IRI+ischemic preconditioning+Melatonin groups. Melatonin (10 mg/kg) was intraperitoneally 
injected for 4 weeks before renal IRI. Ischemic preconditioning was performed by three cycles of 2 
min-ischemia followed by 5 min-reperfusion period. A right nephrectomy was initially done and the 
left renal artery was clamped for 45 min. After 24 hr of ischemia-reperfusion, rats were decapitated. 
Kidney tissue samples were taken for histopathological assessment and the determination of kidney 
proinflammatory and anti-inflammatory cytokines, apoptotic protein caspase-3, oxidative stress 
markers, and activities of antioxidant enzymes. Serum creatinine and blood urea nitrogen (BUN) 
concentrations were measured for evaluation of renal function. 
Results: Renal IRI animals showed increased levels of creatinine, BUN, tumor necrosis factor-α (TNF-α), 
caspase-3, total nitrite/nitrate, and malondialdehyde (MDA), and decreased levels of interleukin-13 
(IL-13), and activities of glutathione peroxidase (GPx) and superoxide dismutase (SOD). Melatonin 
pretreatment or ischemic preconditioning resulted in decreased creatinine, BUN, TNF-α, caspase-3, 
nitrite/nitrate, and MDA, and increased IL-13, GPx, and SOD, with improved histopathological 
changes. Combined melatonin and ischemic preconditioning showed more effective improvement 
in renal IRI changes rather than melatonin or ischemic preconditioning alone. 
Conclusion: Combined melatonin and ischemic preconditioning have better beneficial effects on 
renal IRI than applying each one alone. 
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Introduction
Renal ischemia-reperfusion injury (IRI) is a common 

cause of acute renal failure, renal graft rejection, and renal cell 
death (1). It is commonly encountered in clinical situations, 
such as trauma, aortic bypass surgery, hemorrhagic shock, 
and renal transplantation (2). In fact, renal IRI includes 
complex inflammatory processes that involve the release 
of reactive oxygen species (ROS) and proinflammatory 
cytokines, such as TNF-α. ROS oxidize the amino acids in 
the nephron, resulting in the loss of important functional 
properties (3-5), while lipid peroxidation of cell membrane 
decreases membrane viability, and cleavage and crosslinking 
of renal DNA occurs leading to harmful mutations (6).

In a trial of tissue adaptation to IRI, the body takes 
advantage of intrinsic defense mechanisms by ischemic 
preconditioning (Ipc) that was first described in the heart (7). 
Although the protective effect of preconditioning against IRI 
has also been thoroughly described in the liver (8) and kidney 
(9), the mechanisms of its renoprotective action are poorly 
understood and not well defined. 

Melatonin is an endogenous hormone mainly synthesized 
and secreted by the pineal gland which functions as a 
regulator of sleep, circadian rhythm, and immune function 

(10). Melatonin and its derivatives have potent antioxidant 
and anti-inflammatory properties by inhibiting inflammatory 
cytokines and decreasing prostaglandin E2 (11).

The present study aimed to investigate the possible 
beneficial effects of melatonin pretreatment for four weeks 
and ischemic preconditioning on a rat model of renal IRI, 
as well as the underlying mechanisms behind their effects.

Materials and Methods
The present study was carried out at the Medical Physiology 

and Medical Biochemistry & Molecular Biology departments, 
Faculty of Medicine, Menoufia University, Egypt. The 
experimental procedures, animal handling, sampling, and 
sacrification were performed according to The International 
Ethical guidelines for Investigations of Laboratory Animals 
and the Guide for The Care and Use of Laboratory Animals 
(12) and were approved by The Ethical Committee of The 
Faculty of Medicine, Menoufia University.

Animals and experimental groups
Forty-eight male Wistar albino rats (aged 2–3 months, 

weighing 160–200 g, each) were used. Rats were caged, four 
per cage, in fully ventilated cages (80 x40 x30 cm), at normal 
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room temperature, under normal light/dark cycle, with free 
access to water and standard laboratory rat chow. After two 
weeks of acclimatization, rats were divided randomly into six 
equal groups (n=8 each): 1) Control (C) group: normal rats in 
this group were fed with rat chow for 4 weeks. All rats in the 
other five groups had a right nephrectomy, with a dorsal flank 
incision after 4 weeks. 2) Sham (S) group: left renal pedicle was 
surgically exposed for 45 min without induction of ischemia. 
3) Renal ischemia-reperfusion injury (IRI) group: induction 
of definitive ischemia by clamping of the left renal pedicle for 
45 min. 4) Renal ischemia-reperfusion injury with ischemic 
preconditioning (IRI+Ipc) group: ischemic preconditioning 
(Ipc) was done by three cycles of 2 min ischemia followed 
by 5 min reperfusion period, and then left renal pedicle was 
clamped for 45 min. 5) Melatonin-pretreated renal ischemia-
reperfusion injury (IRI+M) group: Rats were injected IP with 
10 mg/kg BW of melatonin, daily at 8 a.m. for 4 weeks, then 
the left renal pedicle was clamped for 45 min. 6) Melatonin-
pretreated renal ischemia-reperfusion injury with ischemic 
preconditioning (IRI+Ipc+M) group: Rats were injected 
with melatonin as in the IRI+M group, and then, they were 
exposed to Ipre as described in IRI+Ipc group before the 
definitive 45 min ischemia.

Blood sampling and assay
After 12 hr of fasting, blood samples were collected from 

the retro-orbital venous plexus of rats (13).  Each sample 
was left for clotting for 10 min and centrifuged at 4000 rpm 
for another 10 min to isolate the serum, which was stored 
at -20 °C for analysis of serum creatinine and blood urea 
nitrogen (BUN).

Thereafter, rats were anesthetized with IP injection of 
a high dose of thiopental sodium (12 mg/100 g BW). A 
midline laparotomy was made and the left kidney was 
removed and bisected longitudinally into two halves. One 
half of the kidney was exposed to tissue homogenization 
for measurement of the kidney proinflammatory cytokine, 
tumor necrosis factor-alpha (TNF-α), the anti-inflammatory 
cytokine, interleukin-13 (IL-13), the apoptotic protein 
caspase-3, total nitrite/nitrate, and malondialdehyde 
(MDA) levels, as well as the activities of the antioxidant 
enzymes, glutathione peroxidase (GPx) and superoxide 
dismutase (SOD). The other half was placed and fixed in 
10% formalin solution and was stained with Haematoxylin 
& Eosin (H&E) for histopathological examination.

Biochemical analysis
Serum creatinine and BUN levels (mg/dl) were 

determined by the enzymatic colorimetric method using 
test reagent kits (Bio-diagnostic Company, Egypt) according 
to the manufacturer’s instructions. Renal tissue homogenate 
TNF-α level (pg/mg.protein) was determined using an 
ELISA kit purchased from Abnova Company (R&D systems, 

USA). IL-13 level (pg/mg.protein) was determined using its 
specific ELISA kit (Abcam, USA). The apoptotic protein 
caspase-3 activity in renal tissue (U/g.tissue) was determined 
by ELISA (Abcam, USA). Homogenate nitrite/nitrate and 
MDA levels (nmol/g.tissue) were measured by colorimetric 
methods, using specific kits from Bio Diagnostics Company 
(Egypt). The activities of GPx and SOD in kidney tissue 
(U/g.tissue) were determined by colorimetric methods (Bio 
Diagnostics Company, Egypt).

Melatonin preparation
Hundred mg of melatonin powder (Bio Basic, Canada) 

was dissolved in 1 ml of absolute ethanol and mixed up with 
one liter of tap water to give a concentration of 0.1 mg/ml. 
The solution of melatonin was freshly prepared three times 
a week. The bottles with melatonin solution were covered 
with a dark foil. The melatonin dosage used provided 
approximately 10 mg/kg/day (14). 

Statistical analysis
The data were presented as the mean ± standard deviation 

(SD) in each experimental group. Data were analyzed by 
one-way analysis of variance (ANOVA) and post hoc least 
significant difference was calculated using SPSS (Statistical 
Package for the Social Science; SPSS Inc., Chicago, IL, USA) 
version 22. The significant level was set on probability P≤ 
0.05 (15). 

Histopathological data were analyzed by Chi-square test.

Results
The sham group showed an insignificant difference 

(P>0.05) in all the measured parameters when compared 
with that in the Control group in all parameters.

Renal function tests (creatinine and BUN)
Creatinine levels (mg/dl) in IRI, IRI+Ipc, IRI+M, and 

IRI+Ipc+M groups were significantly increased (P<0.001) 
when compared with that of the C group. The creatinine level 
of the IRI+Ipc+M group was significantly lower (P<0.001) 
than those of the IRI, IRI+Ipc, and IRI+M groups. There 
was an insignificant difference (P=0.53) in creatinine levels 
between IRI and IRI+Ipc groups (Table 1).

BUN levels (mg/dl) in IRI, IRI+Ipc, IRI+M, and 
IRI+Ipc+M groups were significantly increased (P<0.001) 
when compared with that of the C group. The BUN level 
of the IRI+Ipc+M group was significantly lower (P<0.001) 
than those of the IRI, IRI+Ipc, and IRI+M groups (Table 1). 

Pro-inflammatory and anti-inflammatory cytokines
TNF-α levels (pg/mg.protein) in IRI, IRI+Ipc, IRI+M, and 

IRI+Ipc+M groups were significantly increased (P<0.001) 
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Table 1. Serum creatinine and blood urea nitrogen (BUN) levels in control group (C), sham operation group (S), and renal ischemia-reperfusion groups 
with no pretreatment (IRI), ischemic preconditioning (IRI+Ipc), melatonin-pretreatment (IRI+M), or both preconditioning and melatonin pretreatment 
(IRI+Ipc+M)

Results are represented as mean ± SD. Number of rats in each group was eight (n=8). Statistical analysis was done by one-way ANOVA. The significance of 
the P-value was set at P≤0.05. The marks *, †, ‡, §, and ¦ indicate significant differences, when values are compared with the corresponding values of C, S, 
IRI, IRI+Ipc, and IRI+M groups, respectively
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when compared with that of the C group. TNF-α level of the 
IRI+Ipc+M group was significantly lower (P<0.001) than 
those of the IRI, IRI+Ipc, and IRI+M groups (Table 2).

IL-13 levels (pg/mg.protein) in IRI, IRI+Ipc, IRI+M, and 
IRI+Ipc+M groups were significantly decreased (P<0.001) 
when compared with that of the C group. IL-13 level of 
the IRI+Ipc+M group was insignificant changed (P=0.15) 
when compared with that of the IRI+M group but was 
significantly higher (P<0.001) than those of IRI and IRI+Ipc 
groups (Table 2).

The apoptotic protein
Caspase-3 activities (U/g.tissue) in IRI, IRI+Ipc, IRI+M, 

and IRI+Ipc+M groups were significantly elevated (P<0.001) 
when compared with that of the C group. Caspase-3 activity 
of the IRI+Ipc+M group was significantly lower (P<0.001) 
than those of the IRI, IRI+Ipc, and IRI+M groups (Table 2).

Changes in oxidative stress markers
Total nitrite/nitrate levels (nmol/g.tissue) in IRI, 

IRI+Ipc, IRI+M, and IRI+Ipc+M groups were significantly 
increased (P<0.001) when compared with that of the C 
group. The nitrite/nitrate level of the IRI+Ipc+M group was 
significantly lower (P<0.001) than those of the IRI, IRI+Ipc, 
and IRI+M groups. There was an insignificant difference 
(P=0.5) in nitrite/nitrate levels between IRI+Ipc and IRI+M 
groups (Table 3).

MDA levels (nmol/g.tissue) in IRI, IRI+Ipc, IRI+M, and 
IRI+Ipc+M groups were significantly increased (P<0.001) 
when compared with that of the C group. The MDA level 
of the IRI+Ipc+M group was significantly lower (P<0.001) 

than those of the IRI, IRI+Ipc, and IRI+M groups. There 
was insignificant difference (P=0.99) in MDA levels between 
IRI+Ipc and IRI+M groups (Table 3).

GPx activity (U/g.tissue) in IRI and IRI+Ipc groups was 
significantly decreased (P<0.001), when compared with that 
of the C group. There was insignificant variation (P>0.05) 
between other comparisons (Table 3).

SOD activity (U/g.tissue) in IRI, IRI+Ipc, IRI+M, and 
IRI+Ipc+M groups was significantly decreased (P<0.001) 
when compared with that of the C group. SOD activity 
of the IRI+Ipc+M group was insignificantly changed 
(P=0.27), when compared with that of the IRI+M group 
but was significantly higher (P<0.001) than those of the IRI 
and IRI+Ipc groups. There was an insignificant difference 
(P=0.87) in SOD activity between IRI+Ipc and IRI+M 
groups (Table 3).

Histopathological examination
The six studied groups were performed, according to the 

grading scale (9); score (0): no change, score (1): unicellular 
patchy isolated necrosis, score (2): tubular necrosis less than 
25%, score (3): tubular necrosis between 25 and 50%, score 
(4): tubular necrosis more than 50%. In the C group, 100% 
of rats scored 0. In the S group, 87.5% scored 0 while 12.5% 
scored 1. 37.5% of rats in the G3 IRI group were scored 3, 
and 62.5% were scored 4. In the IRI+Ipc group, 37.5% of 
rats scored 2 and 62.5% were scored 3. Half of the rats in 
the IRI+M group were of score 3 and the other half were of 
score 4. In the IRI+Ipc+M group, half of the rats scored 1 
while the other half scored 2 (Table 4 and Figure 1).
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Table 2. Kidney homogenate tumor necrosis factor-α (TNF-α), interleukin-13 (IL-13) levels and caspase-3 activity in control group (C), sham operation 
group (S), and renal ischemia-reperfusion groups with no pretreatment (IRI), ischemic preconditioning (IRI+Ipc), melatonin-pretreatment (IRI+M), or 
both preconditioning and melatonin pretreatment (IRI+Ipc+M)

Results are represented as mean ± SD. Number of rats in each group was eight (n=8). Statistical analysis was done by one-way ANOVA. The significance of 
the P-value was set at P≤0.05. The marks *, †, ‡, §, and ¦ indicate significant differences, when values are compared with the corresponding values of C, S, 
IRI, IRI+Ipc, and IRI+M groups, respectively
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Table 3. Kidney homogenate total nitrite/nitrate and malondialdehyde levels, and glutathione peroxidase and superoxide dismutase activities in control 
group (C), sham operation group (S), and renal ischemia-reperfusion groups with no pretreatment (IRI), ischemic preconditioning (IRI+Ipc), melatonin-
pretreatment (IRI+M), or both preconditioning and melatonin pretreatment (IRI+Ipc+M)

Results are represented as mean ± SD. Number of rats in each group was eight (n=8). Statistical analysis was done by one-way ANOVA. The P-value 
significant level was set at P≤0.05. The marks *, †, ‡, §, and ¦ indicate significant differences, when values are compared with the corresponding values of C, 
S, IRI, IRI+Ipc, and IRI+M groups, respectively
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Discussion
The reduction in renal function after renal IRI, observed 

in our study by elevation of serum creatinine and BUN levels 
and histological damage, are supported with the findings of 
Bussmann et al. (16): serum values of creatinine are directly 
proportional to the increase in the severity of the renal 
injury. Also, Souza et al. (17) found that IRI significantly 
increased creatinine and urea concentrations, showing that 
IRI had deleterious effects on renal function.

It is well known that organ ischemic injury and the 
resulting necrosis have the potential to activate a prompt 
immune response, which further induces an inflammatory 
reaction, and release of free radicals that ultimately lead to 
subsequent notable organ damage (18).

Renal IRI triggers an inflammatory cascade that 
is involved in more renal damage, so inhibition of 
inflammatory responses is a therapeutic approach to protect 
renal tissue (19). Chemokines are major mediators of the 
inflammation that regulate pro-inflammatory cytokines, 
adhesion molecule expression, and leukocyte infiltration 
and activation (20). Pro-inflammatory cytokines, such as 
IL6 and TNF-α, play a major role in renal dysfunction of 
IRI (21). 

The present work shows that renal IRI increased pro-
inflammatory cytokines and decreased anti-inflammatory 
cytokines. The increase of TNF-α after IRI was also 
reported by Tuğtepe et al. (22), who found that increased 
TNF-α accompanies the elevation of urea and creatinine 

concentrations. In agreement, Yang et al. (23) observed an 
increase in TNF-α in IRI animals versus sham-operated 
ones. 

Our data show that the activity of the apoptotic protein 
caspase-3 in rats exposed to IRI was significantly higher 
than that in normal rats; a finding that proves the results of 
another study (24).

In the present study, high kidney tissue total nitrite/
nitrate level in IRI indicates increased expression of iNOS. 
In consistency, Ferdinandy and Schulz (25) stated that IRI 
could increase significantly the expression of iNOS. Other 
studies have suggested that the increased NO, via iNOS 
activity during renal ischemia, is deleterious to the kidney, 
and inhibition of iNOS before IRI has dramatic functional 
protection of kidneys against ischemic renal injury (26). 
Melatonin prevented iNOS activation and reduced the 
concentration of NO; this is related to its antioxidant activity. 
Our results were consistent with another study (27), where 
they found that melatonin prevented iNOS activation.

Our observation of increased kidney MDA after IRI is 
in agreement with the previous study of Sener et al. (28), 
in which elevated levels of lipid peroxidation products were 
increased from 40 to 100% above basal values. 

The reduction of GPx and SOD activities after renal IRI 
was also noticed by other researchers (29) who think that 
the activities of the antioxidant enzymes during IRI are 
determined by several factors, including the magnitude 
of IRI, the duration of IR periods, and the specific organ 
subjected to IRI. 

Our finding was also in harmony with those of two other 
studies (30, 31) where they found decreased GPx activity in 
rats subjected to 45 min ischemia and 24 hr reperfusion. In 
fact, IR causes accumulation of free radicals and reduction of 
antioxidant enzymes, which have deleterious effects on the 
cell membrane, DNA, and protein. SOD and catalase activities 
decrease markedly during renal ischemia, with the main factor 
being the time of exposure to ischemic insult (32). 

The IRI-impaired renal functions were improved after 
melatonin pretreatment, as characterized by reduced renal 
function tests, decreased oxidative stress markers, and less 
histological damage. Our histopathological findings were 
in agreement with Souza et al. (17), who revealed that 
pre-treatment with melatonin alone slightly attenuated 
the histopathological damages after IR, with no kidney 
experiencing grade 4 injury, but the damage did not differ 
markedly from that in the control group. Melatonin has been 
shown to act as a cytoprotective agent in IR-induced lesions, 
reversing the damage caused by IR nephrotoxicity (17). 
Also, Sener et al. (28) reported that melatonin has protective 
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Table 4. Histopathological assessment of control group (C), sham operation group (S), and renal ischemia-reperfusion groups with no pretreatment (IRI), 
ischemic preconditioning (IRI+Ipc), melatonin-pretreatment (IRI+M), or both preconditioning and melatonin pretreatment (IRI+Ipc+M)

Number of rats in each group was eight (n=8). The Chi-square test (x^2) is used to compare between groups regarding the histopathological score

 
Figure 1. Histopathological assessment of rat left kidney showing the 
degrees of renal tubular damage (9). (A) showing no change with neither 
necrosis of tubular epithelium nor cast formation in tubular lumina, score 
0; (B) showing individual cell necrosis  ( ) with pyknotic nuclei and 
cytoplasmic vacuolization,  score 1; (C) showing complete tubular necrosis 
with total loss of nuclei and tubular brush border ( ) less than 25%, 
score 2; (D) showing tubular necrosis ( ) between 25% and 50%, score 
3; (E) showing tubular necrosis ( ) more than 50%, score 4 (examined 
under a light microscope; Olympus bx41, H&E x200 for all)
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effects on IR-induced renal injury and the histopathological 
changes are reversed by melatonin treatment. They (28) 
proposed that melatonin appears to play a cytoprotective 
role in the kidney insulted by IR. Supporting this proposal, 
it was realized that melatonin has protective effects on 
glomerular and tubular function. Melatonin severely 
attenuated the histopathological changes; the nearly 
normal renal tissue structure was preserved by melatonin 
pretreatment. This cytoprotective effect of melatonin may 
be due to its powerful antioxidant properties (28).

Studies have shown the beneficial effects of free radical 
scavengers and antioxidants on IRI (33). Oxygen-free 
radical-mediated renal damage during the reperfusion 
period following ischemia was prevented by free radical 
scavengers and antioxidant activities of melatonin (34). So 
supplementations with antioxidant agents have protective 
effects in IRI-induced oxidative stress. 

The present study was in agreement with findings 
showing that melatonin activates SOD and GPx after IRI 
(35). The present results were in agreement with Alzahrani 
(18) who found that melatonin pretreatment improved 
kidney damage with decreased MDA levels and increased 
SOD activity.

Research (36) showed that administration of melatonin 
preserved renal function, and the protective effect was 
associated with ameliorated oxidative stress, limited 
pro-inflammatory cytokine production, and neutrophil 
and macrophage infiltration. Moreover, autophagic flux 
was increased after melatonin administration, while the 
apoptosis levels were decreased in the melatonin-pretreated 
mice. Using TAK-242 and CRX-527, they (36) confirmed 
that MyD88-dependent TLR4 and MEK/ERK/mTORC1 
signaling participated in melatonin-induced autophagy in 
IR mice. Collectively, the results provide novel evidence that 
antecedent melatonin treatment provides protection for the 
kidney against IRI by enhancing autophagy, as regulated by 
the TLR4/MyD88/MEK/ERK/mTORC1 signaling pathway. 
Therefore, melatonin preconditioning offers a potential 
therapeutic approach to prevent renal IRI related to high-
risk renal diseases (36).

The kidney can be preconditioned by a non-lethal period 
of ischemia, which makes it tolerant to subsequent ischemia-
induced injury (37). In a study, renal Ipc reduced cell lysis, 
apoptosis, and lipid peroxidation with the improvement of 
renal function in the ischemic 

kidney (38). Reduction of adhesion molecules and 
inflammatory responses may be the mechanism of Ipc-
preventing effects (39). However, in other studies, Ipc appears 
to be mediated via pre-ischemic activation of adenosine 
receptors, specifically A1 adenosine receptors (40).

A study (41) demonstrated that the protective effects of 
Ipc include two distinct phases: the early phase, lasting 2 
to 3 hr, is not dependent on protein synthesis, but rather 
requires activation of adenosine receptors and ATP-sensitive 
potassium channels, while the late phase, beginning 12 to 
24 hr after the initial insult, persists for several days and 
is associated with endothelial progenitor cell mobilization 
and recruitment. The late phase was extended up to 7 days 
with significantly lower creatinine and BUN values in Ipc 
compared with the non-preconditioned ischemic controls 
(41).

Tossy et al. (42) reported that an Ipc regimen, applied 5 
min before a sustained ischemic insult to the kidney, confers 
clear functional, and probably structural, protection to the 

organ, as determined 2 days after the procedures (42).
In the present study, combined melatonin pretreatment 

and Ipc have a better beneficial effect than those of using each 
alone, as proved by more decrease in creatinine and BUN 
levels, increase in the anti-inflammatory cytokine IL-13 and 
the anti-oxidant enzyme activities of GPx and SOD, with 
better improvement of the kidney’s histopathological picture.

Conclusion
Isolated melatonin pretreatment or Ipc improves IRI-

induced renal injury by protecting kidney tissue against 
oxidative damage and inflammation. Combined melatonin 
pretreatment and Ipc has a better beneficial impact than 
when each is used alone, possibly achieved by an additive 
effect. Our findings provide novel insights into the potential 
therapeutic benefits of melatonin in renal IRI. Further studies 
are needed to investigate how melatonin influence causes IRI, 
and to clarify the exact mechanisms mediating the effect of 
Ipc and melatonin combination therapy in renal IRI.

Acknowledgment
The results presented in this paper were part of a Masterُ

s thesis. The authors would like to thank the Pathology and 
Biochemistry departments, Faculty of Medicine, Menoufia 
University, Shebein El-Koum, Egypt, where all the work was 
done.

Authors’ Contributions
HAAR, MSR, GSA, MAK, AMA, and SSD Designed the 

experiments; AMA Performed experiments and collected 
data; HAAR, MSR, GSA, MAK, and SSD Discussed the 
results and strategy; HAAR Supervised, directed and 
managed the study; HAAR, MSR, GSA, MAK, AMA, and 
SSD Final approved of the version to be published.

References
1. Grinyo JM. Role of ischemia-reperfusion injury in the 
development of chronic renal allograft damage. Transplant Proc 
2001; 33: 3741-42.
2. Thadhani R, Pascual M, Bonventre JV. Acute renal failure. N 
Engl J Med 1996; 334: 1448-1460.
3. Berlett BS, Stadtman ER. Protein oxidation in aging, disease, 
and oxidative stress. J Biol Chem 1997; 33: 20313-20316. 
4. Kao MPC, Ang DSC, Pall A, Struthers AD. Oxidative stress in 
renal dysfunction: Mechanisms, clinical sequelae and therapeutic 
options. J Hum Hypertens 2010; 24: 1-8.
5. Avery SV. Molecular targets of oxidative stress. Biochem J 
2011; 434: 201-210. 
6. Evans MD, Dizdaroglu M, Cooke MS. Oxidative DNA damage 
and disease: Induction, repair and significance. Mutat Res 2004; 
567: 1-61.
7. Murry CE, Jennings RB, Reimer KA. Preconditioning with 
ischemia: A delay of lethal cell injury in ischemic myocardium. 
Circulation1986; 74: 1124-1136.
8. Teoh N, Dela Pena A, Farrell G. Hepatic ischemic 
preconditioning in mice is associated with activation of NF-kappa 
B, p38 kinase, and cell cycle entry. Hepatology 2002; 36: 94-102.
9. Shokeir AA, Hussein AM, Awadalla A, Samy A, Abdelaziz 
A, Khater S, et al. Protection against renal ischemia/reperfusion 
injury: a comparative experimental study of the impact of ischemic 
preconditioning versus postconditioning. Arab J Urol 2012; 10: 
418-424. 
10. Macchi MM, Bruce JN. Human pineal physiology and 



Iran J Basic Med Sci, Vol. 26, No. 2, Feb 2023

Abdel-Razek et al. Ischemic preconditioning & melatonin on renal IRI

240

functional significance of melatonin. Front Neuroendocrinol 2004; 
25:177-195. 
11. Trivedi PP, Jena GB. Melatonin reduces ulcerative colitis- 
associated local and systemic damage in mice: Investigation on 
possible mechanisms. Dig Dis Sci 2013; 58: 3460-3474.
12. Academies NRCoN. Guide for the Care and Use of Laboratory 
Animals, Eight Editioin. Washington: The national Academies 
Press 2011; 148: 881-883.
13. Schermer S. Rats haemopoietic system in: Blood Morphology 
of Laboratory Animals. Chap. 10. Pbl. Davis. FA Co, Philadelphia 
1968: 112.
14. Shen YX, Xu SY, Wei W, Sun XX, Yang J, Liu LH, et al. 
Melatonin reduces memory changes and neural oxidative damage 
in mice treated with D-galactose. J Pineal Res 2002; 32: 173-178.
15. Petrie A, Sabin C, Sugden M, Moore K. Medical statistics at a 
glance. 2nd ed: Blackwell Publishing Ltd, USA 2005; 55–56.
16. Bussmann AR, Marton MA, Módolo MP, Módolo RP, Amado 
P, Domingues MA, et al. Effect of allopurinol on the kidney 
function, histology and injury biomarker (NGAL, IL 18) levels in 
uninephrectomised rats subjected to ischaemia-reperfusion injury. 
Acta Cir Bras 2014; 29: 515-521.
17. Souza PC, Santos EB, Motta GL, Bona SR, Schaefer PG, 
Campagnol D, et al. Combined effects of melatonin and topical 
hypothermia on renal ischemia-reperfusion injury in rats. Acta 
Cir Bras 2018; 33: 197-206.
18. Alzahrani FA. Melatonin improves therapeutic potential of 
mesenchymal stem cells-derived exosomes against renal ischemia-
reperfusion injury in rats. Am J Transl Res 2019; 11: 2887-2907.
19. Stroo I, Stokman G, Teske GJ, Raven A, Butter LM, Florquin 
S, et al. Chemokine expression in renal ischemia/reperfusion 
injury is most profound during the reparative phase. Int Immunol 
2010; 22: 433-442.
20. Furuichi K, Wada T, Yokoyama H, Kobayashi K. Role of 
cytokines and chemokines in renal ischemia-reperfusion injury. 
Drug News Perspect 2002; 15: 477–482.
21. Voss A, Bode G, Kerkhoff C. Double-Stranded RNA 
Induces IL-8 and MCP-1 Gene Expression via TLR3 in HaCaT-
Keratinocytes. Inflammation & Allergy- Drug Targets (Formerly 
Current Drug Targets- Inflammation & Allergy). 2012; 11:397-405.
22. Tuğtepe H, Şener G, Bıyıklı NK, Yüksel M, Çetinel Ş, Gedik 
N, et al. The protective effect of oxytocin on renal ischemia/
reperfusion injury in rats, Regul Pept 2007; 140: 101-108.
23. Yang S, Chou WP, Pei L. Effects of propofol on renal ischemia/
reperfusion injury in rats. Exp Ther Med 2013; 6: 1177-1183.
24. Ren M, Wang X, Du G, Tian J, Liu Y. Calycosin-7-O-β-D-glucoside 
attenuates ischemia-reperfusion injury in vivo via activation of the 
PI3K/Akt pathway. Mol Med Rep 2016; 13: 633-640. 
25. Ferdinandy P, Schulz R. Nitric oxide, superoxide, and 
peroxynitrite in myocardial ischaemia-reperfusion injury and 
preconditioning. Br J Pharmacol 2003; 138: 532-543.
26. Gosling P. The metabolic and circulatory response to trauma. 
In: Alpar, E.K., Gosling, P. (eds). Trauma: A scientific basis for care. 
London: Arnold 1999; 9:57-66.
27. Juan C. Mayo, Rosa M. Sainz, Dun-Xian Tan, Rüdiger 
Hardeland, Josefa Leon, Carmen Rodriguez, et al. Anti-

inflammatory actions of melatonin and its metabolites, N1-acetyl-
N2-formyl-5-methoxykynuramine(AFMK) and N1-acetyl-5 
methoxykynuramine (AMK) in macrophages. J Neuroimmunol 
2005; 165: 139-149.
28. Sener G, Sehirli AÖ, Keyer‐Uysal M, Arbak S, Ersoy Y, 
Yeğen BÇ. The protective effect of melatonin on renal ischemia-
reperfusion injury in the rat. J Pineal Res 2002; 32:120–126.
29. Gulmen S, Kiris I, Narin C, Ceylan BG, Mermi B, Sutcu R, 
et al. Tezosentan reduces the renal injury induced by abdominal 
aortic ischemia-reperfusion in rats. J Surg Res 2009; 157:e7–13.
30. Aboutaleb N, Jamali H, Abolhasani M, Toroudi HP. Lavender 
oil (Lavandula angustifolia) attenuates renal ischemia/reperfusion 
injury in rats through suppression of inflammation, oxidative 
stress and apoptosis, . Biomed Pharmacother 2019; 110:9-19.
31. Li Y, Hou D, Chen X, Zhu J, Zhang R, Sun W, et al. Hydralazine 
protects against renal ischemia-reperfusion injury in rats, Eur J 
Pharmacol 2019; 843: 199-209.
32. Li Z, Nickkholgh A, Yi X, Bruns H, Gross ML, Hoffmann 
K, et al. Melatonin protects kidney grafts from ischemia/
reperfusion injury through inhibition of NF-kB and apoptosis 
after experimental kidney transplantation. J Pineal Res. 2009; 46: 
365-372.
33. Giovannini L, Migliori M, Longoni BM, Das DK, Bertelli 
AA, Panichi V, et al. Resveratrol, a polyphenol found in wine, 
reduces ischemia reperfusion injury in rat kidneys. J Cardiovasc 
Pharmacol 2001; 37:262-270.
34. Sahna E, Parlakpinar H, Ozturk F, Cigremis Y, Acet A. 
The protective effects of physiological and pharmacological 
concentrations of melatonin on renal ischemia-reperfusion injury 
in rats. Urol Res 2003; 31:188-193.
35. Reiter RJ, Tan DX, Osuna C, EloisaGitto RR. Actions of 
melatonin in the reduction of oxidative stress. A review. J Biomed 
Sci 2000; 7: 444- 458.
36. Reiter RJ, Calvo JR, Karbownik M, Qi W, Tan DX. Melatonin 
and its relation to the immune system and inflammation. Ann N Y 
Acad Sci 2000; 917: 376-86.
37. Kinsey GR, Huang L, Vergis AL, Li L, Okusa MD. Regulatory T 
cells contribute to the protective effect of ischemic preconditioning 
in the kidney. Kidney Int 2010; 77: 771-780.
38. Chen H, Xing B, Liu X, Zhan B, Zhou J, Zhu H, et al. 
Ischemic postconditioning inhibits apoptosis after renal ischemia/
reperfusion injury in rat. Transpl Int 2008; 21:364-371.
39. Fan LH, He L, Cao ZQ, Xiang J, Liu L. Effect of ischemia 
preconditioning on renal ischemia/reperfusion injury in rats. Int 
Braz J Urol 2012; 38: 842-854.
40. Lee HT, Emala CW. Protective effects of renal ischemic 
preconditioning and adenosine pretreatment: role of A1 and 
A3receptors. Am J Physiol Renal Physiol 2000; 278:380-387.
41. Bo CJ, Chen B, Jia RP, Zhu JG, Cao P, Liu H, et al. Effects 
of ischemic preconditioning in the late phase on homing of 
endothelial progenitor cells in renal ischemia/reperfusion injury. 
Transplant Proc 2013; 45: 511-516. 
42. Tossy NM, McMorris EL, Grase PA, Mathie RT. Ischemic 
preconditioning protects the rat kidney from reperfusion injury. 
BJU International 1999; 84: 489–494.


