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Melatonin prevents methotrexate-induced hepatorenal oxidative

injury in rats

Abstract: Regarding the mechanisms of methotrexate (MTX) hepatotoxicity
and nephrotoxicity, several hypotheses have been put forward, among which
oxidative stress (including depletion of glutathione) is likely. This
investigation elucidates the role of free radicals in MTX-induced toxicity and
the protection by melatonin. Wistar albino rats were injected with MTX
intraperitoneally. Following a single dose of MTX (20 mg/kg), cither saline
(MTX group) or melatonin (10 mg/kg, MTX + Mel group) was
administered for 5 days. In other rats, physiologic saline (control group) or
melatonin (10 mg/kg, Mel group) was injected for 5 days, following a single
injection of saline. On the sixth day, rats were killed to obtain blood, liver,
and kidney tissue samples. Malondialdehyde (MDA), an end product of lipid
peroxidation, and glutathione (GSH), a key antioxidant, levels were
evaluated in blood and tissue homogenates. Reactive oxygen metabolite-
induced inflammatory changes in kidney and liver tissues were evaluated by
measuring myeloperoxidase (MPO) activity, an index of neutrophil
infiltration. MTX administration resulted in increased MDA levels and MPO
activity and decreased GSH levels in the blood, liver, and kidney whereas
melatonin reversed these effects. When melatonin was administered alone, no
significant changes in biochemical parameters were noted. In conclusion, the
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used with MTX.

Introduction

Methotrexate (MTX), a folic acid antagonist, is widely used
as a cytotoxic chemotherapeutic agent for leukemia and
other malignancies. Over the past five decades, low-dose
MTX has also been used for the treatment of various
inflammatory diseases such as psoriatic and rheumatoid
arthritis. Cyclic high doses of MTX, as used for acute
leukemia [1, 2], or the relatively high doses of MTX used to
treat severe psoriasis have been associated with liver
hepatotoxicity, including progressive hepatic fibrosis and
cirrhosis [3, 4]. Also, MTX can cause increased serum
creatinine levels, uremia and hematuria, while its adminis-
tration in high doses has been reported to cause acute renal
failure [S]. In some cases, MTX-induced renal failure could
be prevented by folinic acid supplementation [6] or leucov-
orin, a biochemical antidote of MTX [7]. Severe MTX
poisoning with acute hepatorenal dysfunction has been
treated with plasma exchange and hemodialysis [8].
MTX-induced toxicity appears to be a consequence of
the interaction of many factors: dosing schedule and length
of treatment, patients’ risk factors, type of disease, and
presence of genetic and molecular apoptotic factors [9]. The
conversion of MTX to its major extracellular metabolite,
7-hydoxymethotrexate, takes place in the liver, where it is
oxidized by a soluble enzymatic system [10]. Inside cells,
MTX is stored in a polyglutamated form [11]. Long-term
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drug administration can cause accumulation of MTX
polyglutamates and decreased folate levels [12]. The pres-
ence of higher levels of polyglutamates causes a longer
intracellular presence of the drug, and this has been
suggested as a mechanism for MTX hepatotoxicity [13].
Moreover, being a high affinity inhibitor of dihydrofolate
reductase, MTX indirectly affects the synthesis of thymidi-
late, thereby suppressing DNA synthesis [14]. Additionally,
it was demonstrated that the cytosolic nicotinamide adeno-
sine diphosphate [NAD(P)]-dependent dehydrogenases [15]
and NADP malic enzyme are inhibited by MTX, suggesting
that the drug could decrease the availability of NADPH in
cells [16]. Under normal conditions, NADPH is used by
glutathione reductase to maintain the reduced state of
cellular glutathione, an important cytosolic antioxidant,
which is protective against reactive oxygen species (ROS).
Thus, the significant reduction in glutathione (GSH) levels
promoted by MTX leads to a reduction of effectiveness of
the antioxidant enzyme defense system, sensitizing the cells
to ROS [17]. Considering the relationship between GSH
and the deleterious effects of MTX, interest has been
focused on compounds that act as antioxidants and are
capable of stimulating GSH synthesis.

Melatonin, the chief indolamine produced by the pineal
gland, has been shown to be an effective antioxidant and
free-radical scavenger [18-20]. Melatonin, because of its
small size and high lipophilicity, crosses biologic membranes



easily, thus reaching all compartments of the cell. There is a
substantial body of evidence for a protective effect of
melatonin against DNA, lipids, and proteins, which are the
result of a number of endogenous and exogenous free-
radical generating processes [21-23].

The purpose of this study was to establish the role of
oxidative stress in MTX-induced hepatotoxicity and neph-
rotoxicity. Presuming that free radical scavengers are
protective against drug-induced nephrotoxicity [24, 25]
and hepatotoxicity [26, 27], the present study was also
undertaken to investigate the putative protective effect of
melatonin against MTX-induced hepatorenal oxidative
injury.

Materials and methods
Experimental design

All experimental protocols were approved by the Marmara
University School of Medicine Animal Care and Use
Committee. Both sexes of Wistar albino rats (200-250 g)
were kept at a constant temperature (22 + 1°C) with 12 h
light and dark cycles.

Methotrexate (David Bull Laboratories, Mulgrave-Vic-
torica, Australia) and melatonin (Sigma, St Louis, MO,
USA) were injected intraperitoneally. Following a single
dose of methotrexate (20 mg/kg), either saline (MTX
group) or melatonin (10 mg/kg, MTX + Mel group) was
administered for 5 days. In other rats, physiologic saline
(control group) or melatonin (10 mg/kg, Mel group) was
injected for 5 days, following a single injection of saline. On
the sixth day, animals were killed by decapitation and trunk
blood was collected, centrifuged (3000 g, 10 min, 4°C) and
serum was stored at 80°C until the time of malondialdehyde
(MDA) and GSH assays. The liver and kidney were excised
and stored for later analysis of MDA and GSH levels, and
myeloperoxidase (MPO) activity.

Malondialdehyde and glutathione assays

Tissue samples of liver and kidney were homogenized in ice
cold 150 mM KCI for determination of MDA and GSH
levels. The MDA levels were assayed for products of lipid
peroxidation [28]. Results are expressed as nmol MDA/g
tissue. GSH was determined by the spectrophotometric
method using the Ellman’s reagent [29]. Results are
expressed pg GSH/g tissue. Serum MDA and GSH levels
were measured by the same methods.

Myeloperoxidase activity

Tissue associated MPO activity was measured using a
procedure similar to that documented by Hillegas et al. [30].
Liver or kidney samples were homogenized in 50 mm
potassium phosphate buffer (PB, pH 6.0), and centrifuged
at 41,400 g (10 min); pellets were suspended in 50 mm PB
containing 0.5% hexadecyltrimethylammonium bromide.
After three freeze and thaw cycles, with sonication between
cycles, the samples were centrifuged at 41,400 g for 10 min.
Aliquots (0.3 mL) were added to 2.3 mL of reaction
mixture containing 50 mM PB, o-dianisidine, and 20 mMm
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H,0, solution. One unit of enzyme activity was defined as
the amount of the MPO present that caused a change in
absorbance measured at 460 nm for 3 min. MPO activity is
expressed as U/g tissue.

Statistics

Statistical analysis was carried out using GraphPad Prism
3.0 (GraphPad Software, San Diego, CA, USA). All data
are expressed as mean = S.E.M. Groups of data were
compared with an analysis of variance (ANOVA) followed
by Tukey’s multiple comparison tests. Values of P < 0.05
were regarded as significant.

Results

Methotrexate treatment decreased the liver GSH levels
significantly (P < 0.01) almost to 65% of the control, while
melatonin treatment following MTX prevented this reduc-
tion in GSH (P < 0.05) (Fig. 1A). Similarly, kidney GSH
levels were also depleted (P < 0.001) in MTX-treated rats.
However, treatment with melatonin abolished the MTX-
induced GSH reduction with the levels of the thiol being of
the control levels (Fig. 1B).

The levels of liver MDA, as products of lipid peroxida-
tion, were increased after treatment with MTX to levels
that are found to be significantly higher than those in the
control animals (P < 0.001). On the other hand, melatonin
treatment following the MTX challenge reversed MDA
levels back to the control values (P < 0.01) (Fig. 2A).
Kidney MDA levels were also increased significantly
(P < 0.01) following the administration of MTX, and this
increase was prevented by melatonin treatment (P < 0.01)
(Fig. 2B).

Tissue MPO activity was measured as an indirect
evidence of neutrophil infiltration. MTX treatment
increased both the liver (P < 0.05) and the kidney
(P < 0.01) MPO activities, which were reversed back to
control levels in MTX + Mel group (P < 0.05 and
P < 0.01, respectively) (Fig. 3A,B).

MTX treatment caused a significant increase in serum
MDA (P < 0.01) and a concomitant decrease in GSH
(P < 0.001) levels. Melatonin treatment for 5 days
reversed the elevation in MDA and maintained GSH at
control levels (Fig. 4).

Discussion

The results of the present study demonstrate that MTX
treatment causes oxidative tissue damage, as assessed by
increased lipid peroxidation and decreased GSH levels in
the liver and kidney, while melatonin treatment protects
against the oxidative injury. In addition, MTX-induced
elevation in MPO activity was inhibited by melatonin
treatment, indicating that the antioxidative effect of mela-
tonin may be neutrophil-dependent.

Antitumor drugs are being increasingly utilized as
adjuvant therapy for patients at high risk for recurrent
disease [31]. Recent advances showed that oxygen radicals
and hydrogen peroxides are linked with the development of
several pathological processes associated with chemotherapy,
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Fig. 1. Glutathione (GSH) levels in (A) liver and (B) kidney of rats
after MTX and/or Mel treatment. (C, control; Mel, melatonin;
MTX, methotrexate; MTX + Mel, methotrexate + melatonin
groups.) P < 0.01, P < 0.001, compared with control group;
*P <005 TtTP < 0.001, MTX + Mel group compared with

MTX group.

including adverse effects of antitumor drugs [31, 32]. MTX,
a widely used drug in antimetabolite cancer therapy or in
various forms of arthritis, is known to have toxic effects due
to oxidative reactions that take place during its metabolism
in the liver [10]. MTX can cause liver hepatotoxicity,
including steatosis, cholestasis, fibrosis, and cirrhosis [33].
Administration of a high-dose of MTX may also results in
acute renal failure possibly due to precipitation of MTX
and/or 7-OH-MTX in the renal tubules. This nephrotox-
icity leads to delayed MTX elimination [34].

By binding to dihydrofolate reductase with greater
affinity than folic acid, MTX limits the conversion of folic
acid to tetrahydrofolate, a molecule necessary for the
synthesis of DNA [35]. MTX’s inhibition on the synthesis
of purine and pyrimidine thymidilate results in improper
DNA synthesis and subsequent apoptosis [36]. Owing to its
ability to cross biological membranes easily and to its high
concentrations in the nuclei of cells [37], melatonin has been
shown to protect nuclear DNA from oxidative destruction
in several experimental situations, all of which involve the
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Fig. 2. Malondialdehyde (MDA) levels in (A) liver and (B) kidney
of rats after MTX and/or Mel treatment. (C, control; Mel, mela-
tonin; MTX, methotrexate; MTX + Mel, methotrexate + mela-
tonin groups.) P < 0.01, compared with control group;
TP < 0.01, MTX + Mel group compared with MTX group.

generation of free-radical species [38—40]. For example,
melatonin reduces hepatic DNA damage of rats exposed to
the carcinogen, safrole, alleviates the free-radical-induced
suppression of the Ca® " -pump in cardiomyocytes, protects
against paraquat-induced oxidative damage, and recently
melatonin was also shown to prevent lipopolysaccharide-
induced oxidative injury in phenobarbital-treated rats, as
well as protect against kainic acid-induced neural damage
[41-43]. In our study, melatonin brought about a reduction
in lipid peroxidation products and increased the GSH levels
in hepatic and renal tissues, as well as in plasma, suggesting
the antioxidant and free-radical scavenging activity of
melatonin may reduce the toxic effects of MTX. Previously,
it was shown that when antioxidants are given as adjuvant
therapy, a significant clinical improvement is demonstrated.
When a high dose of vitamin E [44] or a combination of
antioxidants [45] is given, the activity of glutathione
peroxidase was restored with concomitant reduction in
MDA levels and an increase in depleted of sulthydryl
groups caused by MTX treatment. Neuman ez al. [9] have
studied the role of silymarin, a natural antioxidant, in
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Fig. 3. Myeloperoxidase (MPO) activity in (A) liver and (B) kidney
of rats after MTX and/or Mel treatment. (C, control; Mel, mela-
tonin; MTX: methotrexate; MTX + Mel: methotrexate + mela-
tonin groups.) P < 0.05 “P < 0.01, compared with control
group; " P < 0.05, "7 P < 0.01, MTX + Mel group compared
with MTX group.

preventing MTX cytotoxicity and suggested that the
mechanism of silymarin’s cellular protection is the enhance-
ment of intracellular GSH, a phenomenon which occurs in
the mitochondria.

GSH is one of the most important molecules in the
cellular defense against chemically reactive toxic com-
pounds or oxidative stress. In its reduced form, GSH is
necessary for the detoxification of xenobiotics. Decreased
cellular GSH levels and capacity for GSH synthesis
sensitize cells to radiation and to certain drugs [46]. It
was reported that GSH could have a role in maintaining
activity of the pentose phosphate cycle at a level which is
appropriate for the severity of the oxidative challenge, as
well as for the capacity of the cellular antioxidant defenses
[47]. The significant reduction in GSH levels promoted by
MTX, represents an alteration in the cellular redox state,
suggesting that the cells could be more sensitive to reactive
oxygen metabolites [48], and leads to a reduction of
effectiveness of the antioxidant enzyme defense system
[17]. The experimental data indicate that exaggerated
inhibition of glucose-6-phosphate dehydrogenase by MTX
contributes to a decrease of the availability of NADPH, an
inhibition of glutathione reductase activity and finally an
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Fig. 4. The effects of MTX and/or Mel treatment on (A) serum
malondialdehyde (MDA) and (B) glutathione (GSH) levels. Each
group consists of eight rats. (C, control; Mel, melatonin; MTX,
methotrexate; MTX + Mel, methotrexate + melatonin groups.)
P <001, P <0001, compared with control group;
*TP <001, TP < 0.001, MTX group versus MTX + Mel

group.

inhibition of GSH cycle. On the other hand, Rouse et al.
[49] suggested that intravenous glutamine protects liver cells
from MTX-induced oxidant injury by increasing intracel-
Iular GSH metabolism. In the present study, MTX admin-
istration caused significant decreases in GSH levels in both
kidney and liver, which were restored with the antioxidant
melatonin. It was demonstrated that melatonin, besides its
detoxification of free-radicals, also stimulates the activity of
several antioxidative enzymes, including the MTX-inhibited
glucose-6-phosphate dehydrogenase [38].

There is substantial evidence for a role of reactive oxygen
metabolites in mediating the renal and hepatic toxicity of
some xenobiotics and the pathogenesis of organ failure [50,
51]. As oxidative stress has been implicated a common link
between chronic liver damage and hepatic fibrosis, free-
radicals may play a role in MTX-induced hepatic and renal
toxicity. Lipid peroxidation, mediated by oxygen free-
radicals, is believed to be an important cause of destruction
and damage to cell membranes and has been suggested to
be a contributing factor to the development of MTX-
mediated tissue damage. Attention has been focused on the
role of (ROS) in mediating the microvascular disturbances
that precede tissue damage induced by various chemicals
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[52]. Besides their direct damaging effects on tissues, free-
radicals seem to trigger the accumulation of leukocytes in
the tissues involved, and thus aggravate tissue injury
indirectly through activated neutrophils. It has been shown
that activated neutrophils secrete enzymes (e.g. MPO,
elastase, proteases) and liberate oxygen radicals [53].
Herein, elevated MPO levels in both liver and kidney
tissues indicate that neutrophil accumulation contributes to
MTX-induced oxidative organ injury. Furthermore, the
results also suggest that melatonin has a preventive effect
through the inhibition of neutrophil infiltration.

The severity of MTX-associated liver injury is related to
both the dose and duration of the treatment. In some
experimental studies, liver injury was not observed with
high dose MTX, presumably because the duration of
exposure to the drug was limited by the systemic toxicity
(e.g. bone marrow and gastrointestinal injury) that neces-
sitated killing the animals [2]. In our study, a single dose of
20 mg/kg MTX caused toxic effects on the liver and kidney
that was suitable for studying the oxidative injury without
systemic toxicity, that would otherwise limit the survival of
the animals. High doses of MTX that have been used to
treat malignancies may result in acute renal failure possibly
due to precipitation of MTX and 7-OH-MTX in the renal
tubules, which consequently leads to toxicities including
myelosuppression, gastrointestinal toxicity, hepatitis and
mucositis [54]. Our results suggest that melatonin may be a
choice of rescue therapy in preventing lethal MTX toxicity.
In support of this suggestion, it was reported that plasma
melatonin concentrations, which increase after the initial
chemotherapy, could be an essential contribution to the
success of chemotherapy [44]. As the total antioxidant
capacity of human serum positively correlates with its
melatonin concentration [55], supplementing patients with
adjuvant therapy of melatonin may have some benefit for
successful chemotherapy [56].

In conclusion, the findings of the current study illustrate
that exogenously administered melatonin is capable of
reversing the oxidative toxic effects of MTX. These data
suggest that melatonin, by preventing hepatorenal toxicity,
may enhance the selectivity of antitumor drugs in the
patients who require high doses of MTX.
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