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The protective effects of physiological and pharmacological
concentrations of melatonin on renal ischemia-reperfusion
injury in rats
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Abstract Reactive oxygen species have been implicated
in the pathophysiology of renal ischemia reperfusion
(I/R) injury. The pineal secretory product melatonin is
known to be a potent free radical scavenger and anti-
oxidant. This study was designed to investigate the
effects of physiological and pharmacological concen-
trations of melatonin on I/R injury. Rats were pinea-
lectomized (Px) or sham-operated (control) 2 months
before the I/R studies. There were eight groups of eight
rats each. After a right nephrectomy to produce damage,
left renal vessels were occluded for 60 min, followed by
24 h reperfusion, in rats. Malondialdehyde (MDA) lev-
els resulting from I/R were significantly higher in the
pinealectomized rats than in the control group. Mela-
tonin administration (4 mg kg-1 i.p. either before ische-
mia or reperfusion) to Px and sham-operated rats
significantly reduced the MDA values and returned
them to the control values. Morphological changes in
the groups were similar to the MDA levels. Serum levels
of blood urea nitrogen and creatine were unchanged.
These results suggest that physiological and pharmaco-
logical melatonin concentrations are important for the
reduction of I/R-induced damage. We also demon-
strated that melatonin, even when administrated just
before reperfusion, had a protective effect on I/R injury.

It would seem valuable to test melatonin in clinical trials
for the prevention of possible I/R injury.
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Introduction

Acute renal failure resulting from renal ischemia reper-
fusion (I/R) injury is of great clinical importance be-
cause of its frequent occurrence and high mortality [15].
The temporary discontinuation of renal blood supply is
a consequence of diverse clinical conditions such as renal
transplantation, aortic aneurysm surgery or hypotension
due to resuscitation. Clinical and experimental studies
have provided evidence that I/R-injury is mediated by
reactive oxygen species (ROS) [16]. These free radicals
can attack a wide variety of cellular components,
including DNA, proteins, and membrane lipids [17].
Lipid peroxidation yields conjugated dienes and sec-
ondary products. Malondialdehyde (MDA), a stable
metabolite of the free radical-mediated lipid peroxida-
tion cascade, is widely used as a marker of oxidative
stress. Research efforts designed to prevent or amelio-
rate I/R injury have focused on the pharmacological
inhibition of free radical injury. Antioxidants have been
found to protect renal cells from cellular injury induced
by ischemia and reperfusion [6, 22, 25].

Melatonin is the chief indoleamine produced by the
pineal gland and a well-known antioxidant and free
radical scavenger [17, 21, 26]. Both in vivo and in vitro,
melatonin limits the peroxidative breakdown of lipids
and reduces oxidative damage [2, 17]. Melatonin re-
duced I/R damage to other organs like the heart [11] and
brain [8] in rats. In previous studies with pinealectom-
ized rats, we demonstrated that the physiological con-
centrations of melatonin, which are known to decrease
with age, were important in preventing the mortality
resulting from irreversible ventricular fibrillation on
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reperfusion [23] and cardiac infarct size [24] resulting
from I/R. However, the role of physiological or phar-
macological levels of melatonin in the prevention of
I/R-induced renal injury remains unknown.

This study was designed to investigate the effects of
physiological and pharmacological concentrations of
melatonin on I/R-induced renal damage in an in vivo rat
model. To examine this, we evaluated histopathological
changes, MDA levels, serum creatine (Cr) and blood
urea nitrogen (BUN) levels, and the effect of exogenous
melatonin administration.

Materials and methods

Experimental groups

Male Wistar rats weighing 150–200 g were placed in a quiet room
at 21±2�C and60±5% RH with a 12/12 h light/dark cycle. Rats
were pinealectomized (Px) or non-Px 2 months before the begin-
ning of the I/R studies. All experiments were performed between
9.00 and 17.00 h.

There were eight groups of eight rats each. Four groups without
Px: non-Px+ vehicle (Non-Px+veh), non-Px+I/R, non-Px+I/R
with melatonin administration before ischemia [Non-Px+
I/R+M(bi)] and non-Px+I/R with melatonin administration be-
fore reperfusion [Non-Px+I/R+M(br)]. Four groups with Px:
Px+veh, Px+I/R, Px+I/R with melatonin administration before
ischemia [Px+I/R+M(bi)], and Px+I/R with melatonin admin-
istration before reperfusion [Px+I/R+M(br)]. In both Px and
non-Px rats, the vehicle or melatonin (4 mg kg-1) were administered
by intraperitoneal injection 10 min before ischemia or just prior to
reperfusion. Melatonin (Sigma, St. Louis, Mo., USA) was dis-
solved in ethanol and further diluted in saline (0.09% NaCl w/v) to
give a final concentration of 1%.

Pinealectomy

Pinealectomy was performed as described by Kuszak and Rodin
[9]. Rats were anesthetized with ketamine hydrochloride (75 mg
kg-1) and xylazine (8 mg kg-1) before the operation. The entire
procedure was completed within 15 min. Px was confirmed by the
histological evaluation of the gland for each animal.

Ischemia-reperfusion procedure

Rats were anesthetized with ketamine hydrochloride and xylazine
administered i.p. before the operation. Right nephrectomy was
performed through dorso-lateral incisions on all rats and the left
renal vessels were occluded for 60 min, followed by 24 h reperfu-
sion.

Evaluation of tissue damage

At the end of each in vivo study, the rats were killed and the
kidneys were quickly removed, decapsulated and divided longi-
tudinally into two equal sections. One was placed in formaldehyde
solution for routine histopathological examination by light
microscopy. The other section was placed into liquid nitrogen and
stored at –70�C until assayed for MDA levels. Trunk blood was
extracted to determine the serum levels of BUN and Cr.

Biochemical determination

A total of 200 mg of the kidney tissue was homogenized with ice-
cold 150 mM KCI for determination of MDA. The MDA content
of the homogenates was determined spectrophotometrically by
measuring the presence of thiobarbituric acid reactive substances
[28]. The results were expressed as nmol/g tissue. The serum levels
of BUN and Cr were determined using an Olympus Autoanalyser
(Olympus Instruments, Tokyo, Japan).

Histological analysis

For light microscopic evaluation, kidneys were fixed in 10%
phosphate buffered formalin. Paraffin embedded specimens were
cut into 6 lm thick sections and stained with hematoxylin-eosin
(H-E) before investigation under a light microscope (Olympus
BH-2). The kidneys were examined for tubular dilatation, inflam-
matory cell infiltration, cast formation in the tubular lumen and
tubular epithelial cell detachment by an observer blinded to the
animal treatment group.

Statistics

Data are expressed as arithmetic means±SEM of the number (n)
of experiments. Multiple comparisons between the experimental
groups were performed by one-way ANOVA with a Tukey post
hoc test. When P<0.05, the difference was considered to be sta-
tistically significant.

Results

Although there was no difference between the body
weights of Px (172±7 g) and non-Px (176±6 g) groups
before the Px or non-Px, Px rats had significantly higher
body weights (291±6 g) than non-Px rats (258±8 g)
2 months after the operation (i.e. before the I/R exper-
iments). The kidney weights of Px rats (1.48±0.2 g)
were also significantly higher than those in the non-Px
group (1.07±0.1 g).

Kidney MDA levels

MDA levels were significantly higher in Px rats (25±0.1)
than in the sham-operated control group (10±0.1). I/R
injury increased MDA levels in both Px and Non-Px rats
(52±0.3 and 30±0.1, respectivelly). In both Px and
Non-Px rats, melatonin administration (4 mg kg-1 i.p.
either before ischemia or reperfusion) significantly re-
duced the MDA values, returning them to control levels.
Results are shown in Table 1.

Cr and BUN levels

Serum levels of BUN and creatine were higher in the I/R
administration groups but the results were not signifi-
cant (P<0.05). In melatonin treated groups, these
values did not change in Px or non-Px groups (data not
shown).
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Histological results

Morphological damage ranged from nil (Non-Px group
control Fig. 1) to mild (melatonin administrated Non-
Px+I/R group Fig. 2), moderate (Px group Fig. 3,
melatonin administrated Px+I/R group Fig. 4) and se-
vere (Non-Px+I/R group Fig. 5 and Px+I/R group
Fig. 6). Morphological changes including tubular dila-

tation, inflammatory cell infiltration, cast formation in
the tubular lumen and tubular epithelial cell detachment
were clearly observed in the kidneys of the I/R group
(Fig. 5) and Px+I/R group (Fig. 6). In the pinealectomy
group diffuse inflammatory cell infiltration was detected
but tubular alterations were rare (Fig. 3). The glomeruli
appeared normal in all groups. Cell detachment and
intratubular casts were rare in the I/R+melatonin (br)

Fig. 1 Light micrograph showing the renal cortex in the control
group. Glomeruli and tubules appear normal. H-E, ·66

Fig. 2 Light micrograph of the renal cortex after I/R following
pretreatment with melatonin before ischemia. The tubules are
almost normal. Inflammatory cell infiltration is seen around the
glomeruli (arrow). H-E, ·66

Fig. 3 Light micrograph showing the renal cortex from a Px rat.
Notice the diffuse inflammatory cell infiltration. H-E, ·66

Fig. 4 Light micrograph showing the renal cortex from a Px rat
after an I/R period following pretreatment with melatonin before
reperfusion. Tubular (D), intratubular cast (asterisk) and cell
detachment (thick arrows) are present. Some of the tubular
epithelial cells show fine intracytoplasmic vacuoles (thin arrows).
H-E, ·66

Table 1 The effects of pinealectomy (Px) or melatonin (M) administrations on the MDA levels in rats, with or without ischemia-
reperfusion (I/R), sham-operated (Non-Px), vehicle (veh), before ischemia (bi), before reperfusion(br).n=8 in each group

Groups Non-Px+veh Non-Px+I/R Non-Px+I/R
+M(bi)

Non-Px+I/R
+M(br)

Px+veh Px+I/R Px+I/R
+M(bi)

Px+I/R
+M(br)

MDA levels
(nmol/g tissue)

10±0.1 30±0.1a 12±0.1b 19±0.1b 25±0.1a 52±0.3a 16±0.1b 21±0.1b

a: significantly different from sham-operated group (P<0.05), b: significant difference resulted from melatonin administration (P<0.05)
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group and absent in the I/R+melatonin (bi) group
(Fig. 2). In the Px+I/R+melatonin (br) group, tubular
cells showed intracytoplasmic vacuoles (Fig. 4). Mela-
tonin apparently reduced kidney tissue damage in the Px
or non-Px groups. Especially when administrated before
ischemia. Px alone also altered kidney morphology.

Discussion

In this study, we demonstrated that the renal injury
resulting from I/R was significantly increased after
pinealectomy. The I/R mediated renal damage in both
Px and non-Px rats was prevented by melatonin
administration. These findings strongly suggest that
physiological or pharmacological concentrations of
melatonin, a pineal secretory product, are important in
protecting the kidney from I/R-induced damage in rats
in vivo.

The protective effect of melatonin on I/R injury (such
as, arrhythmias and cell death) has been shown for other
organs in the rat, such as the heart [11, 23, 24]. Kilic et al.
[8] suggest that pinealectomy aggravates and melatonin
administration attenuates brain damage in focal I/R.

To investigate the role of melatonin in I/R-induced
renal damage, either Px (confirmed by histologically) or
non-Px rats were used. Although the retina also has a
high capacity to synthesize melatonin, it does not seem
to contribute significantly to the plasma melatonin
concentrations, probably because of rapid catabolism
in the retina itself [7]. The amplitude of the melatonin
rhythm is reduced by 60–100% after pinealectomy [29].
Pinealectomy may cause hypertension after 60 days
[23, 30], therefore we used rats that were pinealectom-
ized 2 months before I/R experiments to eliminate pos-
sible tissue damage due to pinealectomy-induced
hypertension.

The antioxidant action of melatonin is probably
responsible for its protective activity during reperfusion.
In addition to the damage caused by the lack of blood
flow and oxygen delivery, the restoration of blood flow
has also been reported to contribute to cell damage due
to the generation of free radicals [16]. The production of
oxygen free radicals during ischemia and reperfusion of
the kidney has been implicated as a major pathophysi-
ological component of acute renal failure [6, 16].
Therefore, experimental approaches to the amelioration
of renal I/R injury have mainly focused on the preven-
tion of free radical induced cellular damage. The bene-
ficial effects of many free radical scavengers and
antioxidants on I/R-induced damage have been dem-
onstrated [6, 22, 25].

In the renal vascular bed, I/R rapidly results in cel-
lular injury associated with lipid peroxidation. As lipid
peroxidation is the main pathway for tissue radical
damage, irrespective of the source of free radicals,
blocking this pathway appears to be an attractive
strategy to protect the kidney from ROS-mediated
damage. We found that I/R caused renal damage asso-
ciated with increased MDA levels, a marker for lipid
peroxidation. Decrease of the endogenous melatonin
plasma levels by pinealectomy significantly further in-
creased both the apparent histological renal damage and
the MDA level. This indicates a protective role for
melatonin against oxidative-stress related damage, but
leaves open the possibility that other factors were
changed after pinealectomy which were relevant in this
respect. That melatonin plays a role was finally con-
firmed when the plasma melatonin level was increased
by i.p. administration of melatonin. This selective in-
crease of melatonin decreased the histologically visible
damage and returned the MDA levels to control levels.
This opens the clinical application of melatonin admin-
istration for the prevention of oxidative stress related
damage. The finding that even late administration of
melatonin, just before reperfusion, acted protectively,
suggests that it may act very rapid.

Fig. 5 Light micrograph of renal cortex after I/R period. Tubular
dilatation (D) and tubular epithelial cell detachment (arrows) are
visible. H-E, ·66

Fig. 6 Light micrograph showing the renal cortex from a Px rat
after I/R. Tubular dilatation (D) intratubular cast (asterisk) and
tubular epithelial cell detachment (arrows) are visible. H-E, ·66
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By what exact mechanism does melatonin exert this
protective function? Melatonin is known to scavenge the
ROS such as hydroxyl radicals, superoxide anion radi-
cals, singlet oxygen and the nitrogen-based reactant
peroxynitrite anions, as well as to stimulate antioxidant
enzymes such as superoxide dismutase, glutathione
peroxidase, glutathione reductase, and glucose-6-phos-
phate dehydrogenase [17, 21, 26]. Many studies have
shown that, in vivo and in vitro, melatonin limits the
peroxidative breakdown of lipids and reduces oxidative
damage [2, 4, 17, 20]. Nava et al. [13] showed that
melatonin attenuates acute renal failure and oxidative
stress induced by mercuric chloride in rats. Previous
studies have demonstrated that melatonin protects the
kidney against gentamicin [14], adriamycin [12], dau-
norubicin [4] and doxorubicin [4] toxicity.

In addition to being an effective free radical scaven-
ger, melatonin may also decrease intracellular calcium
concentrations [29] and inhibit human platelet aggrega-
tion and tromboxane-B2 production [3]. Furthermore, it
has been shown that melatonin can suppress sympa-
thetic nerve function and decrease catecholamine release
[10]. These factors may also contribute to the protective
effects of melatonin on I/R injury. Eckert et al. [5] sug-
gest that a1-adrenoceptor and Ca2+ overload in renal
artery myocytes during renal surgery plays a major role
in post-surgical organ dysfunction.

Melatonin is an amphiphilic molecule [18], allowing it
to pass all biological barriers easily, thus quickly pene-
trating into cells of the ischemic region and all subcel-
lular compartments where it scavenges damaging
reactants [20]. This is a clear advantage of melatonin
over other antioxidants which penetrate cells more
slowly. The property of melatonin to rapidly enter cells
may explain why melatonin administration just before
reperfusion in rats still had a protective effect on rep-
erfusion-induced cellular damage in the present study.

In this study, we demonstrated that Px alone altered
kidney morphology and lipid peroxidation and the renal
injury resulting from I/R was significantly increased
after pinealectomy. These findings strongly suggest that
physiological concentrations of melatonin are important
in protecting the kidney from I/R-induced damage in
rats. Px or melatonin administration also generally
tended to increase and decrease renal injury, respec-
tively. The results of this study are consistent with pre-
vious results which demonstrated that the physiological
levels of melatonin are important in protecting against
I/R-induced injury [8, 20, 23, 24]. Akcetin et al. [1]
demonstrated a diminished cytosolic antioxidative
capacity in the kidneys of aged rats. The use of antiox-
idative treatment was therefore suggested, especially
after renal transplantation from aged donors. Free
radical damage has frequently been implicated in aging,
and the total antioxidative capacity of serum is related
to melatonin levels [17, 19], thus the reduction in mela-
tonin with age may be a factor in increased oxidative
damage in the elderly. These findings, together with our
current results, indicate that melatonin replacement

therapy or melatonin supplementation may attenuate I/
R injury.

In addition, we demonstrated that melatonin
administration immediately before reperfusion still had
a protective effect on I/R-induced tissue damage in Px
rats. Since most of the drugs used to prevent I/R injury
are only known to be effective when they are given be-
fore ischemia, it would seem valuable to test melatonin
in clinical trials for the prevention of possible I/R-
induced damage associated with transplantation, partial
nephrectomy and enucleation of renal cell carcinoma.
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