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LRNFLABORATORY STUDY

Melatonin Reduces Nitric Oxide via Increasing Arginase in 
Rhabdomyolysis-Induced Acute Renal Failure in Rats

Effects of Melatonin on Arginase ActivityNurettin Aydogdu, Ph.D., Hakan Erbas, Ph.D., Gulizar Atmaca, M.D., Oya Erten, M.D., and 
Kadir Kaymak, Ph.D.
Trakya University, Faculty of Medicine, Departments of Physiology and Biochemistry, Edirne, Turkey

Melatonin, the chief secretory product of the pineal gland, is
a direct free radical scavenger. In addition to a direct scavenging
effect on nitric oxide (NO), its inhibitory effect on nitric oxide
synthase (NOS) activity has been also reported. L-arginine is the
substrate for both NOS and arginase. It has been suggested that
there is a competition between arginase and NOS and that they
control each other’s level. NO plays a crucial role in the patho-
genesis of myoglobinuric acute renal failure (ARF). In this study,
the authors aimed to investigate the effect of melatonin on argin-
ase activity, ornithine, and NO levels on the myoglobinuric ARF
formed by intramuscular (im) injection of hypertonic glycerol.
Forty rats were randomly divided into four groups. Rats in
SHAM were given saline, and those in groups ARF, ARF-M5,
and ARF-M10 were injected with glycerol (10 mL/kg) im. Con-
comitant and 24 hours after glycerol injection for the ARF-M5
and ARF-M10 groups, melatonin—5 mg/kg and 10 mg/kg,
respectively—was administrated intraperitoneally. Forty-eight
hours after the glycerol injection, kidneys of the rats were taken
under anesthesia. Arginase activity, ornithine, and NO levels in
the kidney tissue were determined. Melatonin had an increasing
effect on kidney tissue arginase activities and ornithine levels
while decreasing NO concentration. It is possible that besides the
direct scavenging effect, the stimulatory effect of melatonin on
arginase activity may result in an inhibition of NOS activity and,
finally, a decrease in the kidney NO level.

Keywords melatonin, arginase, ornithine, nitric oxide,
myoglobinuric acute renal failure

INTRODUCTION

The term rhabdomyolysis refers to the disintegration
of skeletal muscle, which results in the release of muscular
cell constituents into the extracellular fluids and the circu-
lation. In general, about 10–40% of patients undergoing
significant rhabdomyolysis develop some degree of acute
renal failure (ARF).[1] Rhabdomyolysis is associated with
both traumatic (natural disasters, such as earthquakes, auto
accidents, and mine collapse) and non-traumatic (e.g.,
hyperthermia, muscle ischemia, exposure to toxins such as
alcohol or drug overdose) cases. [2,3] The most commonly
used in vivo model of myoglobinuric ARF is produced by
intramuscular injection of hypertonic glycerol, which
causes myolysis, hemolysis, and intravascular volume
depletion and exposes the kidney to a large burden of
heme proteins, myoglobin, and hemoglobin. It has been
suggested that heme proteins or their degradation products
(including hematin and iron) display tubular nephrotoxic
properties, partially mediated by the generation of free
oxygen radicals, and induce vasoconstriction.[2,3] NO
scavenging induced by heme proteins could directly con-
tribute to renal hypoperfusion and tissue injury in the set-
ting of rhabdomyolysis. Myoglobinuric renal injury is
largely secondary to the ischemic as well as toxic renal
insults induced by heme proteins.[2]

Melatonin, the main secretory product of pineal
gland, is a direct free radical scavenger and indirect
antioxidant. Melatonin has been reported to scavenge
hydrogen peroxide, hydroxyl radical, NO, peroxynitrite
anion, hypochlorous acid, singlet oxygen, superoxide
anion, and peroxyl radical, although the validity of its
ability to scavenge superoxide anion and peroxyl radical
is debatable.[4,5] Additionally, antioxidant actions of
melatonin probably derive from its stimulatory effect on
superoxide dismutase (SOD), glutathione peroxidase
(GPx), glutathione reductase, glucose-6-phosphate
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dehydrogenase, and its inhibitory action on nitric oxide
synthase (NOS).[4,5]

Arginine is classified as a semiessential or condi-
tionally essential amino acid because the ability of the
body to synthesize sufficient quantities to meet its needs
varies according to development age and incidence of
disease or injury. L-arginine can be catabolized by four
sets of enzymes in mammalian cells: NOSs, arginases,
arginine: glycine amidino transferase, and arginine
decarboxylase.[6] NOS are the enzymes responsible for
NO generation and catalyze the oxidation of L-arginine
to NO and L-citrulline.[7] It has been reported that the
three NOS isoforms have been found to be expressed in
the kidney. The endothelial NOS (eNOS) is important in
the maintenance of glomerular filtration rate regional
vascular tone and renal blood flow. The neuronal NOS
(nNOS) is expressed primarily in the macula densa and
participates in the control of glomerular hemodynamics
via tubulo-glomerular feedback and renin release. The
inducible NOS is expressed in the kidney under patho-
logical conditions in the glomerular mesangium, infiltrat-
ing macrophages and tubules.[8] Moreover, NO may also
produce mitochondria via the activity of mitochondrial
NOS (mt NOS).[9] The arginines catalyze the divalent
cation-dependent hydrolysis of L-arginine to form the
nonprotein amino acid L-ornithine and urea. In the liver,
this reaction constitutes the final step in urea biogenesis.
The urea cycle arginase (arginase I or liver arginase) is
cytosolic and the best characterized of the mammalian
arginases. A second isozyme, arginase II or kidney argin-
ase, is mitochondrial in location.[10] Arginase II is
located primarily in the production of L-ornithine as a
precursor to proline, glutamate, or polyamines such as
spermine, spermidine, and putrescine, which are essen-
tial for cell growth.[11]

In view of the above findings, the present study exam-
ined the effects of exogenous melatonin supplementation
in different doses on arginase activity, ornithine, and NO
levels in glycerol-induced ARF.

MATERIALS AND METHODS

Induction of ARF and Melatonin Treatment

Forty male Wistar-Albino rats weighing between
230 and 280 g were included in this study. All animal
experiments were approved by the Trakya University
School of Medicine Animal Care and Use Committee.
The rats were maintained on standard rat chow and were
dehydrated for 16 h. The rats were randomly divided into
four groups in an equal number (n = 10): SHAM, serving
as the control, was intramuscularly (im) applied 10 mL/

kg of saline, and the ARF, ARF-M5, and ARF-M10
groups were administered 10 mL/kg of glycerol (50% v/v
in sterile saline) im. Concomitantly, the SHAM, ARF,
ARF-M5, and ARF-M10 groups were intraperitoneally
applied saline, alcoholic saline (vehicle), 5 mg/kg mela-
tonin, and 10 mg/kg melatonin, respectively. The intrap-
eritoneal injections were repeated 24 hours later. The
SHAM group received saline intraperitoneally in an
equivalent volume, like the other groups. The dose of
glycerol was divided into each hind limb equally. Mela-
tonin was dissolved in absolute ethanol, and further dilu-
tions were made in saline (7.5% ethanol).

The rats were followed up for 48 h without any diet or
water restriction. The animals were sacrificed after 48 h;,
at the time of sacrifice, the rats were anesthetized with
10 mg/kg xylazine and 50 mg/kg ketamine. Bilateral
nephrectomy was performed. The renal tissue samples
were stored at –70°C.

Determination of Tissue Arginase Activity and 
Ornithine Levels

Arginase activities and ornithine levels were determined
in the all four groups of rats. The frozen tissues were sepa-
rately weighted and homogenized in 10 volumes of cold
0.05 M Tris/HCl buffer (pH 8.05) using an automatic
homogenizator. Samples then were centrifuged at 11,000 g
for 20 minutes at 4°C. For the determination of tissue argi-
nase activity and ornithine level, the methods of Geyer and
Dabich[12] and Chinard[13] were used, respectively.

For the measurement of arginase activity, 10 mM
MnCl2 in 100 mM carbonate buffer (pH 9.7) was added to
each tissue sample, and the enzyme was activated by heating
at 55°C for 20 minutes. The substrate 50 mM L-arginine
was then added and incubated at 37°C for 15 minutes. The
reaction was terminated by the addition of an acid mix,
(FeCl3+H3PO4+H2SO4). The urea formed was then
assessed spectrophotometrically at 520 nm after the
addition of color reagent (thiosemicarbazide and diacetyl-
monoxime) and heating at 100°C for ten minutes. One unit
of arginase was defined as the amount of enzyme that
released 1 μmol of urea for one minute at 37°C.

The measurement of ornithine levels was carried out
by adding 10% TCA (1:1) to the tissue samples. The mix-
ture then was centrifuged and glacial acetic acid added.
Ninhidrine reagent was also added, and ornithine levels
were determined spectrophotometrically at 515 nm after
the incubation at 100°C for 30 minutes. Tissue ornithine
levels were expressed as μmol/mg protein.

The tissue protein concentrations were determined
according to Lowry et al.[14]
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Nitrite and Nitrate Assay

Nitrite and nitrate are the primary oxidation products
of NO subsequent to reaction with oxygen, and therefore
the nitrite/nitrate concentrations in kidney were used as an
indicator of NO synthesis. The quantitation of nitrate and
nitrite was based on the Griess reaction, in which a
chromophore with a strong absorbance at 545 nm is
formed by the reaction of nitrite with a mixture of naph-
thyl ethylenediamine and sulphanilamide.[15] Samples
were deproteinized with Somogyi reagent. The nitrate was
reduced to nitrite by copper-coated cadmium in glycine
buffer (pH 9.7). Total nitrite/nitrate concentrations were
calculated by using standard of sodium nitrate. Results
were expressed as μmol/mg protein.

Statistical Analysis

The results are expressed as mean ± standard devia-
tion. The Mann-Whitney U tests were used for statistical
analysis and p < 0.05 was considered statistically significant.

RESULTS

Ten rats—one, three, and six rats from ARF, ARF-
M5, and ARF-M10 groups, respectively—died during the
follow-up period and were substituted with new ones.

Kidney Tissue Arginase Activity 
and Ornithine Levels

Kidney tissue arginase activities and ornithine levels
were measured for the four experimental groups (SHAM,
ARF, ARF-M5, and ARF-M10, n = 10). The mean values
of arginase activities were 18.4 ± 5.2, 7.4 ± 1.2, 12.3 ± 1.8,
and 9.6 ± 1.8 U/mg protein, respectively (see Figure 1).
There was a significant difference between SHAM and
ARF groups (p < 0.001) and kidney tissue arginase
activities were significantly increased with two different
doses of melatonin treatment (p < 0.01 and p < 0.05)
when they were compared to ARF group. There was also a
significant difference between ARF-M5 and ARF-M10
groups arginase activities (p < 0.05).

Kidney tissue ornithine levels were significantly
decreased in the ARF group when compared to the SHAM
group (p < 0.001), and ornithine levels were significantly
increased in ARF-M5 group when compared to ARF
group (p < 0.01). There was no other statistically signifi-
cant difference between the other groups. The mean
values of SHAM, ARF, ARF-M5, and ARF-M10 group

ornithine levels were 0.07 ± 0.007, 0.018 ± 0.002, 0.024 ±
0.003 and 0.020 ± 0.005 μmol/mg protein, respectively (see
Figure 2).

Kidney Tissue NO Levels

Kidney tissue NO levels were measured for the four
experimental groups (n = 10). The mean values of SHAM,
ARF, ARF-M5, and ARF-M10 group NO levels were 41.0
± 7.3, 19.6 ± 6.4,11.3 ± 1.4, and 11.4 ± 2.5 μmol/mg pro-
tein, respectively (see Figure 3). Kidney tissue NO levels
were significantly decreased in ARF groups when com-
pared to the SHAM group (p < 0.001). NO levels were
significantly decreased in both of ARF-M5 and ARF-M10
groups when they were compared to the ARF group (p <
0.001). There was no statistically significant difference
between ARF-M5 and ARF-M10 groups (p > 0.05).

DISCUSSION

The pathophysiology of myoglobinuric acute ARF
has been studied extensively in the animal model of glycerol-
induced ARF.[2,3] At the kidney level, the main pathophys-
iologic mechanisms in the genesis of myoglobinuric ARF

Figure 1. Kidney tissue arginase activities in SHAM, ARF,
ARF-M5, and ARF-M10 groups: (a) the comparison between
SHAM and ARF, (b) the comparison between ARF and ARF-
M5, (c) the comparison between ARF and ARF-M10, (d) the
comparison between groups (*p < 0.05, **p < 0.01, and ***p <
0.001). SHAM: Sham control; ARF: Acute renal failure treated
with saline; ARF-M5: Acute renal failure treated with
melatonin (5 mg/kg); ARF-M10: Acute renal failure treated
with melatonin (10 mg/kg).
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have been identified as intense renal vasoconstriction,
tubular obstruction by intraluminal cast formation, and
direct heme protein-induced cytotoxicity.[2] Several
potential mechanisms may contribute to renal vasocon-
striction/hypoperfusion in the setting of rhabdomyoly-
sis. First, muscle necrosis causes dramatic fluid third
spacing, leading to intravascular volume depletion.
That third spacing effect causes hypovolemia and
hypotension, which impair renal perfusion. Second,
severe muscle injury can activate the endotoxin cytok-
ine cascade, which may lead to renal vasoconstriction.
Third, heme proteins scavenge NO, a potent renal
vasodilator, causing renal vasoconstriction and, as a
result, reducing renal blood flow.[2]

In this study, the present authors have reported—
perhaps for the first time—the relationship between
melatonin and arginase activity and ornithine levels.

Arginase I is a cytosolic isoform that is highly
expressed in the liver and constitutes >98% of the total
body arginase activity. Arginase II is a mitochondrial
isoform that contributes to the remaining 2% of the total
body arginase activity. It is present in many nonhepatic
tissues, such as the kidney, mammary gland, brain, intes-
tine, and lung. Extrahepatic arginase may be involved in
the regulation of cell growth and tissue repair. L-ornithine,
the amino acid metabolite of arginase, may be converted
to glutamate and proline by a mitochondrial enzyme
ornithine aminotransferase.[16] Ornithine is the common
substrate for the synthesis of proline, glutamate, and
polyamines in mammalian cells.[17] Glutamate can be
converted either to amino acids for protein synthesis or to
α-ketoglutarate, and proline is an amino acid that is
essential for the synthesis of many structural proteins,
including collagen. Polyamines (putrescine, spermine, and
spermidine) have also been shown to play an important
role in cell proliferation and growth.[16,17] An increase in
the kidney tissue ornithine levels might suggest that mela-
tonin could show protective effects, which as shown in
several studies might be via this pathway.

NOSs and arginases can compete for their common
substrate, L-arginine, and the interaction between these
two enzymes represents a potentially important factor in
the regulation of NO production. Increased arginase
activity could limit NO synthesis by reducing L-arginine
availability for NOS.[18] It has been reported that arginase
activity is five-fold greater than NOS activity, and argin-
ase was found to be the major pathway of L-arginine
metabolism in nephritic glomeruli.[19] Likewise, it was
found that while arginase activity increases, NOS activity
decreases in the erythrocytes of the patients with chronic
renal failure.[20] In a previous study, the present authors
have shown that there was a negative relation between
arginase enzyme activities and NO levels in renal

Figure 2. Kidney tissue ornithine levels in SHAM, ARF,
ARF-M5, and ARF-M10 groups: (a) the comparison between
SHAM and ARF, (b) the comparison between ARF and ARF-
M5 groups (**p < 0.01 and ***p < 0.001). SHAM: Sham
control; ARF: Acute renal failure treated with saline; ARF-M5:
Acute renal failure treated with melatonin (5 mg/kg); ARF-
M10: Acute renal failure treated with melatonin (10 mg/kg).

Figure 3. Kidney tissue NO levels in SHAM, ARF, ARF-M5,
and ARF-M10 groups: (a) the comparison between SHAM and
ARF; (b) the comparison between ARF and ARF-M5 groups;
(c) the comparison between ARF and ARF-M10 (***p <
0.001). SHAM: Sham control; ARF: Acute renal failure treated
with saline; ARF-M5: Acute renal failure treated with
melatonin (5 mg/kg); ARF-M10: Acute renal failure treated
with melatonin (10 mg/kg).
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ischemia-reperfusion injury.[21] Changes in the relative
activities of these enzymes have been suggested to alter
NO production in experimental glomerulonephritis.[22]

Zhang et al.[23] previously showed in activated macroph-
ages that arginase can compete with NOS for its common
substrate L-arginine and thus inhibit NO production and
NO-mediated vasodilatatory function. In addition, in
microvascular endothelial cells, arginase has been shown to
counteract nitric oxide-mediated vasodilatation, and
inflammatory molecules turned on the arginase pathway
while, at the same time, turned down the eNOS pathway.[23]

In many studies, it has been reported that melatonin
has a scavenging effect on NO and has an inhibiting NOS
enzyme activity.[4,5,9,24–26] Melatonin can regulate the pro-
duction of NO through its interaction with the enzymes
that synthesize it. It has been shown that melatonin inhib-
its nNOS, iNOS, and mtNOS activity in various models.[9]

In addition, in the study of Aerseth et al.,[27] it has been
reported that melatonin has increased the vasoconstrictive
effect of noradrenaline on the kidney arteries of seals and
pigs, and that the selective melatonin receptor antagonist
luzindole has reduced this potentiation 80%. Sokkary
et al.[28] have shown that melatonin significantly
decreased kidney NO levels in mice infected with Schisto-
soma mansoni. These decreasing effects of melatonin on
NO that were shown in the previous studies were parallel
to the current findings. The finding of the inhibitory effect
of melatonin on kidney NO level in this study may be due
to inhibiting NOS activity, which has been shown previ-
ously.[25,26] Moreover, the stimulatory effect of melatonin
on the arginase enzyme activity may be seen as a result of
NOS inhibition. In other words, the inhibitory effect of
melatonin on the NOS activity may lead to an increased
arginine concentration, which is the common substance
for both the arginase and NOS enzymes. Therefore, an
increased arginine concentration may result in an incre-
ment of the arginase enzyme activity. The present finding
of low-dose melatonin has a higher increase on the argin-
ase enzyme activity than the higher dose, and this effect
may be a result of further ischemic conditions formed by a
higher dose of melatonin in this model.

Previously, the current authors demonstrated that
there was an increase in plasma urea and creatinine levels,
which is an indicator of impaired glomerular function; an
increase in MDA levels, which reflects lipid peroxidation;
a significant decrease in SOD, CAT, and GPx enzyme
activities; and severe renal morphological impairment in
the glycerol treatment group. In addition, NO, which is an
important mediator in the pathophysiology of this model,
was also shown to be decreased in the same study. In this
model, no beneficial effects of melatonin in different
doses was shown. Moreover, melatonin significantly
reduced plasma NO levels in both of the doses.[29] The

depletion effect of melatonin on NO may be responsible
for worsening the effects of melatonin in the glycerol-
induced ARF model. The decreasing effect of melatonin
on NO may lead to intensify the renal ischemia and also
increase the tubular damage. As a result of this mecha-
nism, no protective effects of melatonin were found. The
nitric oxide system has been studied in renal impairment
associated with heme protein. One of these studies showed
that the administration of arginine protected against renal
dysfunction, whereas the administration of an inhibitor of
nitric oxide synthase worsened the renal function in the
glycerol model of ARF.[30] In the present authors’ previ-
ous study, no beneficial effects of melatonin in different
doses was found.[29] The decreasing effect of melatonin on
NO may lead to an intensification of the renal ischemia,
and therefore, no protective role of melatonin in glycerol-
induced ARF was found. On the other hand, the protective
role of melatonin in the myoglobinuric ARF was reported
by Ferraz et al.[31] The contradictory results between Fer-
raz et al.[31] and this study may be due to different doses of
given glycerol to obtain ARF, different times for the sec-
ond injection of melatonin, or the investigated parameters
taken from the glycerol-induced ARF model in the differ-
ent times.

In conclusion, in this study, the authors have shown
that while melatonin increased arginase activity and orni-
thine levels, it decreased NO levels. It is suggested that
besides the direct scavenging of NO, the stimulatory effect
of melatonin on arginase activity may result in an inhibi-
tion of NOS activity and decrease the kidney NO level.
Moreover, it is possible that one of the protective mecha-
nisms of melatonin might be through the stimulation on
ornithine levels. Possible relation(s) and mechanism(s)
between arginase enzyme and melatonin need to be further
investigation.
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