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Abstract

Methotrexate (MTX) is used as a chemotherapeutic agent used to treat many cancer types. Methotrexate was
known for its toxic effects involving most of the body organs including liver, kidney, intestines and blood components.
The aim of the present study was to investigate the antioxidant status during oxidative stress via biological,
biochemical and haematological parameters in rats subjected to oral high-doses of methotrexate. Forty male albino
rats were equally divided at random into four groups; the first group was the control and the other three groups
were treated per os for 7 days with three different doses (1/10, 2/10 and 3/10 of an LD50) of MTX respectively. The
methotrexate-treatment of rats caused critical changes in the biological, biochemical and haematological markers.
Mainly, an increase in the organo-somatic indexes (organo-megaly), a decrease in urine output value (nephotoxicity)
and also a perturbation in most blood components (haematoxicity) were appeared. In addition, MTX has a pro-
oxidant effect, which was indicated by a decrease of the antioxidant parameters in different studied tissues. In view of
these results, a close relationship was shown between the increasing MTX-doses and the oxidative stress intensity,
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characterized by perturbations in biochemical and haematological markers.
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Introduction

Methotrexate (MTX, 4-amino-N10-methyl folic acid) was first
developed in the 1940s as a specific antagonist of folic acid [1,2]. This
drug inhibits the proliferation of malignant cells primarily by inhibiting
the de novo synthesis of purines and pyrimidines. Because the
administration of high doses of reduced folic acid or even folic acid itself
can reverse the antiproliferative effects of methotrexate, it is clear that
methotrexate does act as an antifolate agent [3]. Interestingly although
not originally designed as such methotrexate appears to be a pro-drug,
i.e., a compound that is converted to the active agent after uptake. It is
taken up by cells via the reduced folate carrier and then it is converted
within the cells to polyglutamates [4].

Methotrexate is a folic acid antagonist, widely used as a
chemotherapeutic agent in the treatment of various cancerous stages
(leukaemia, lymphoma, osteosarcoma, head and neck tumours, lung
cancer, breast cancer, etc.) and in the treatment of various inflammatory
diseases [5,6]. It is also used for the treatment of multiple sclerosis,
dermatomyositis, sarcoidosis, psoriasis, and rheumatoid arthritis,
disorders causing inflammation. Its side effects include hypersensitivity
pneumonia, central and peripheral nervous system toxicity, liver and
gastrointestinal system dysfunctions and hematologic failure [7].

After absorption, 10 % of methotrexate is converted to 7-hydroxy
methotrexate in the liver. Both methotrexate and its metabolite
(7-hydroxy methotrexate) are primarily excreted by the kidneys
although a small portion is also excreted in the bile. Methotrexate is a
drug with low-to-medium protein binding and high tissue distribution.
It accumulates in the extra-vascular pool, and dialysis only results in a
transient decrease in drug concentration. The half-life of methotrexate
in the serum is in the range of 6-8 h after administration of the drug,
and methotrexate is undetectable in the serum by 24 h. Once taken-
up by cells, a portion of methotrexate and 7-hydroxy methotrexate is
metabolized to polyglutamate derivatives. Methotrexate polyglutamates
(MTX-Glu) are stored in the tissues, including liver and erythrocytes,

for long periods. The concentration of MTX-Glu in erythrocytes roughly
correlates with the therapeutic efficacy of the drug [8].

MTX exerts its primary toxic effects against the rapidly replicating
cells of the bone marrow and gastrointestinal epithelium producing
leucopoenia and thrombocytopenia. Both low and high-dose therapy
can cause hepatotoxicity. Methotrexate at very low dosage affects the
liver and causes changes in histology of liver. Other frequently reported
adverse toxic effects are malaise, nausea, vomiting, diarrhoea, headache,
mild alopecia and fever. Low dose therapy produces a different type of
hepatotoxicity which includes cirrhosis. Long term administration of
the same causes anaemia. Kidney damage is a frequent complication
of high-dose therapy. However, the use of high-dose methotrexate (as
in leukaemia) or prolonged use may result in hepatotoxicity that may
lead to progressive fibrosis and cirrhosis. Methotrexate seems to be
hepatotoxic, nephrotoxic and toxic to respiratory and reproductive
system at very low doses for continuous therapy [9].

On the other hand, substantial evidence supports the concept that
MTX was mutagenic and carcinogenic in animals, and the efficacy
of this compound is often limited by its severe hepatotoxicity [10].
Toxic side effects of methotrexate have been demonstrated in various
animals including rat, mice, rabbit and dog. Clinically, hepatotoxicity,
which occurs in long-term use of methotrexate, remains one of the
significant restrictions on its use in the doses desired. The inhibition
of tetrahydrofolate formation is responsible for both the therapeutic
and toxic effects of methotrexate. Although these deleterious toxic
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effects of methotrexate can theoretically be reduced or prevented with
the addition of folic acid to the treatment. On the contrary, there are
studies showing that with the addition of folic acid, the therapeutic
effectiveness of methotrexate decreases [5].

Methotrexate is a folic acid dihydrofolate reductase inhibitor, affects
primarily the tissues that are growing most rapidly. Toxicity studies with
methotrexate highlight the role of oxidative stress in causing toxicity on
the liver, kidney, heart and other organs [2]. The most serious side effect
of MTX therapy is the hepatic toxicity [11], illustrated by elevated liver
enzymes [9]. It is reported that mild hepatitis, cholestasis, fatty changes,
fibrosis and cirrhosis, in patients receiving MTX for malignant disorders
[2]. The underlying mechanism of hepatotoxicity caused by MTX-
treatment remains unclear. However, it has been reported that MTX
causes oxidative stress in liver tissue. Although 7-hydroxy metabolite
is the major pathway of MTX metabolism, the latter is metabolized
and stored in hepatocytes in the polyglutamated form. The presence of
higher levels of polyglutamates causes a longer intracellular presence of
the drug and this has been suggested as a mechanism for hepatotoxicity.
Moreover, MTX inhibits dihydrofolate reductase; it indirectly affects
the synthesis of thymidylate, thereby suppressing DNA synthesis [12].

MTX has been shown to lead to a reduction in methionine
synthesis, antioxidant enzymes such as catalase, Glutathione
Peroxidase (GPx), Superoxide Dismutase (SOD) and a decrease of
S-Adenosyl Methionine (SAM) in cerebrospinal fluid of patients on
MTX treatment. Due to its antioxidant effects, a deficiency of SAM
caused by MTX may be a reason for increased Reactive Oxygen
Species (ROS). Effects of MTX are partly due to its direct toxicity by
increasing ROS production. Altered balance between ROS production
and antioxidant defences leads to the oxidative stress and could lead
to various pathological states. The mechanisms of MTX hepatotoxicity
could be related to the cellular pathway of the drug [6]. Additionally, it
was demonstrated that the cytosolic NADP-dependent dehydrogenases
and NADP malic enzyme are inhibited by MTX, suggesting that
the drug could decrease the availability of NADPH in cells [12].
Mechanism of methotrexate induced hepatotoxicity includes oxidative
stress which increase the generation of reactive oxygen (ROS) and
nitrogen species, inhibits cytosolic NADP-dependent dehydrogenase
and NADP malic enzyme, which reduce the levels of glutathione,
superoxide dismutase, catalase and ultimately reducing the effectivity
of the antioxidant defence system protecting the cell against ROS [6].
Under normal conditions, NADPH is used by Glutathione Reductase
(GR) to maintain the reduced state of cellular Glutathione (GSH), an
important cytosolic antioxidant, which protects against ROS. Thus,
the significant reduction in glutathione levels induced by MTX leads
to reduction in the level of the antioxidant enzyme defence system,
sensitizing the cells to ROS [12]. Effects of MTX are partly due to its
direct toxicity by increasing ROS production. Altered balance between
ROS production and antioxidant defences leads to the oxidative stress
and could provoke various pathological conditions [6]. Moreover,
Abd-Allah and Sharaf El-Din [13] confirmed that the MTX induced
serious damage is characterized by marked inflammation and increased
production of reactive oxygen species and therefore increased oxidative
stress. Toxicity studies with methotrexate highlight the role of oxidative
stress in causing toxicity on the liver and other organs. Levels of both
enzymatic and non-enzymatic anti-oxidants are inhibited and the levels
of oxidants increase in the liver, kidney, and gut tissues of laboratory
animals given methotrexate. It is therefore thought that antioxidant
therapy may be useful in preventing or reducing hepatotoxicity due to
methotrexate. Although these deleterious toxic effects of methotrexate
can theoretically be reduced or prevented with the addition of folic acid

to the treatment, there is yet no consensus on the subject [5]. On the
contrary, there are studies showing that with the addition of folic acid,
the therapeutic effectiveness of methotrexate decreases. This indicates
that the mechanism of action of methotrexate hepatotoxicity has not
yet been fully explained [14]. In addition, oxidative stress is known to
induce apoptosis by damaging DNA, oxidizing membrane lipids, and/
or directly activating the expression of the genes/proteins responsible
for apoptosis [13].

The aim of this study is to investigate the possible estimation of
potential hepatic, renal and intestinal toxicity in methotrexate treated
rats via the dosage of glutathione metabolizing system.

Materials and Methods
Experimental animals

Forty male rats (Albino Wistar) were provided from Algiers Pasteur
Institute, at the age of 10 weeks, with an average live weight of 200 + 10
g. They were housed in group cages for 2 weeks to acclimatize under
ambient temperature (21 + 2°C) and standard daily light. They were
given a nutritionally adequate specified rat’s diet and water ad libitum
throughout the experimental period. The animals were then randomly
divided at random into 4 groups of 10 animals each and housed
individually in metabolism cages. The experimental procedures were
carried out according to the National Institute of Health Guidelines for
Animal Care and approved by the Ethics Committee of our Institution.

Preparation of methotrexate solution

Methotrexate tablet (Pfizer AG, Switzerland) is dissolved in mineral
water, and induced by oral gavage. The volume of each dose was adjusted
to deliver 3.17, 6.34 and 9.51 mg/kg of body weight corresponding to
1/10, 2/10 and 3/10 of an LD50 of MTX solution. Knowing that, the
orally LD50 is 317 mg/kg in rats [15].

Animal treatment

Animals in each experimental group were treated for seven days
with oral gavage (per os) using a gastric tube of three different doses
1/10, 2/10 and 3/10 of an LD50 of MTX solution. Control animals
were treated per os with mineral water only. Following seven days,
treatment period, animals were maintained in individual cages. Water
consumption, food intake and urine output were measured daily
throughout the experimental period. At the end of treatment period,
i.e., on the eighth day animals were sacrificed by decapitation and blood
samples were collected in EDTA tubes for the Complete Blood Count
(CBC) [16]. Many organs were rapidly removed, washed with 0.1 M
phosphate buffered saline (pH 7.4), weighed and stored at -20°C for the
determination of organo-somatic indexes and glutathione metabolising
parameters. The organo-somatic indexes show the weight of each organ
as a percentage of body weight [17]. The reduced glutathione was
determined spectrophotometrically, according to the Weckbecker and
Cory method [18], the glutathione S-transferase activity was estimated
by Asaoka and Takahashi method [19] and the content of total protein
by the method of Bradford [20]. Data are expressed as the means +
SD. The significant differences in mean values among the control and
treated groups were evaluated following Students T-test using Minitab
software (version 13.31).

Results
Physiological study

Exposure of rats to methotrexate did not produce any overt sign
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of toxicity/mortality. No significant differences were reported in water
consumption or feed intake during the whole experimental period.
However, the urine output decreased in all methotrexate-treated rats
(Table 1). Concerning the organo-somatic indexes, Table 2 showed a
significant increase in all studied organs mostly in high-doses of MTX-
induced rats compared with the control.

Hematological study

Haematological study revealed that there was a highly significant
decrease in erythrocyte (red blood cell) and leukocyte (white blood
cell) count. While, the differential leukocyte cell counts results showed
a diminution in the neutrophils and an elevation in lymphocytes’
percentage, especially in high-doses of MTX-induced rats. No observed
significant changes in others differential leukocyte cells (monocytes,
eosinophils, basophils, myloblatocytes, mylocytes and metamyelocytes)
were reported compared to control rats (Table 3).

Toxicological study

High-doses MTX intake caused an impressive oxidative stress which
occurs mainly through a significant reduction in the both biomarkers
of antioxidant enzyme defence system, especially GSH levels (Figure 1)
and GST activities (Figure 2) in all studied organs compared to their
control values.

Parameters Control Methotrexate
110 LD, 2/10 LD,, 3/10 LD,
Food intake 15.3+0.6 156.7+0.3 15.8+0.6 142104
Water consumption 27905 31.3+£0.9 30.3+0.5 28.7+0.7
Urine output 6.2+1.4 47+14 45+1.6" 3.2+13"

'p<0.05; "p<0.01; "p<0.001. Significantly different from control

Table 1: Food intake (g/day), water consumption (ml/day) and urine output (ml/day)
of control and methotrexate-treated rats (1/10, 2/10 and 3/10 of an LD,; of MTX).
Values are given as mean + standard error of 10 animals.

Methotrexate
110 LD, 2/10 LD,, 3M10LD,,
Hepato-somatic | 2.720 + 0.198 | 2.682 + 0.223 | 2.934 + 0.231" | 3.630 + 0.332"
Reno-somatic | 0.558 + 0.102 | 0.554 + 0.222 | 0.614 + 0.215 | 0.855 + 0.276"
Spleeno-somatic| 0.259 + 0.054 0.256 + 0.082 | 0.305 + 0.128 0.451 + 0.113"
Thymo-somatic | 0.056 + 0.025  0.052 + 0.027 0.063 + 0.028" 0.063 + 0.027"

Parameters (%) Control

‘p<0.05; "p<0.01. Significantly different from control

Table 2: Organ-somatic indexes in control and methotrexate-treated rats (1/10,
2/10 and 3/10 of an LD, of MTX). Values are given as mean + standard error of
10 animals.

Discussion

Cellular response to oxidative stress is usually related to two
processes damage to cellular constituents and up-regulation of
antioxidant defences. Actually, it is difficult to separate these two
scenarios and the final results depend on many circumstances because
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Figure 1: Glutathione level (nM/mg prt) in control and methotrexate-treated
rats (1/10, 2/10 and 3/10 of an LD, of MTX). Values are given as mean +
standard error of 10 animals.
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Figure 2: Glutathione S-transferase activity (uM/mg prt) in control and
methotrexate-treated rats (1/10, 2/10 and 3/10 of an LD, of MTX). Values are
given as mean = standard error of 10 animals.

Parameters Control Methotrexate
110 LD, 2110 LD,, 3/10 LD,

Erythrocytes (x10 /uL) 7.32+265 7.28+2.77 6.75+ 3.14° 6.32 £ 2.07"

Leukocytes (x10 /uL) 7.52+224 6.08 +2.83 5.28 + 1.93" 4.80+0.88"

e Neutrophils (%) 22.50 + 4.64 20.4045.14 19.93 +2.32 17.34 £ 2.08™

§‘ S Lymphocytes (%) 71.10 £ 9.58 72.90 +8.33 73.04 +8.39 75.57 +7.317
= 'E Monocytes (%) 3.29+£0.53 3.40 £ 0.62 3.16 £ 0.93 3.27 £1.03
é g Eosinophils (%) 1.48 £ 0.74 1.60 £ 0.58 2.19+0.78 210+ 0.72
= Basophils (%) 0.65 + 0.06 0.70 £ 0.04 0.46 £ 0.05 0.47 £ 0.05
g % Myloblatocytes (%) 0.41+0.03 0.45 £ 0.03 0.57 £+ 0.04 0.55 + 0.04
E ° Mylocytes (%) 0.28 £+ 0.02 0.43 £ 0.04 0.42+0.03 0.49 + 0.06
Metamyelocytes (%) 0.29 £ 0.02 0.12 £0.03 0.23 £ 0.05 0.21 £0.02

'p<0.05; "p<0.01. Significantly different from control

Table 3: Complete blood count (CBC) in control and methotrexate-treated rats (1/10, 2/10 and 3/10 of an LD, of MTX). Values are given as mean * standard error of 10

animals.
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these processes take place simultaneously [21]. Methotrexate drug-
induced oxidative stress is implicated as a mechanism of toxicity in
numerous tissues and organ systems, including liver, kidney, intestine,
cardiovascular and nervous systems. Metabolism of a drug may
generate ROS, perturbations in oxidant homeostasis and mitochondrial
dysfunction which contribute to clinically relevant drug side effects.
The drug could decrease the availability of NADPH in cells. This was
the main reason for significant reduction in GSH level promoted by
MTX and could lead to the reduction of antioxidant enzyme defence
system effectiveness [22].

The animals under practice appeared healthy and did not show
clinical signs of any disease and no mortality was recorded in all
groups during the experiment. On the other hand, various side effects
were observed in animals treated with methotrexate such as loosing
of activity, weakness and fall of body hair. The MTX-treatment with
different doses has not affected any significant change either in the
total food intake or in the water consumption. It is suggested that the
MTX do not change the taste property of food, and the animals might
maintain their normal corporal weights. It means that, the diet did not
change and the rats kept a normal appetite which preserved their body
weight. This result is in agreement with the study of Aouacheri et al.
[23]. On the contrary [9], were obtained a weight loss in MTX-treated
rats, which might be a reflection of direct toxicity, reduced feed and
water intake and stressogenic activity.

However, the results of urine output showed a decrease in volume
excreted by all MTX-induced rats, reflecting a renal toxicity effect of
this drug. This toxicity is probably due to the precipitation of MTX or
its metabolites (7-hydroxy methotrexate) in the renal tubules causing
obstruction and diminution of renal clearance with consequently
prolongation of MTX high levels. MTX may also acts as a direct toxin
on the tubular epithelium and causes vasoconstriction of the afferent
arteriole [24].

Oxidative stress generated by external toxic agents may have a
negative impact on many organs, including liver, kidney, spleen etc.
This study shows that the higher-MTX doses can cause an increase in
the organo-somatic indexes. Probably, this organo-megaly is due to the
precipitation of MTX-metabolites in different studied tissues. This is
consistent with Hagag et al. [25] who found the same results.

Significant decreases in erythrocyte and leukocyte counts were
observed in the high-doses of MTX-treated groups. Probably, the
change in erythrocyte count can be attributed to ulcers in the digestive
tract resulting in gradual blood loss which supports the findings of Patel
et al. [9], and eventually, leading to anaemia [26]. In the other hand, a
perturbation in percentage of differential leukocyte cells was appeared
in high-doses MTX-induced rats, as evidenced by the decrease in the
neutrophils count was observed with an increase in lymphocytes count.
Similarly, Patel et al. [9] reported the systemic effect of methotrexate at
the dose rate of 0.062 mg or 0.250 mg/kg by oral gavage in male rats.
Many studies also support the view that oxidative stress plays a role in
MTX-induced small intestinal damage. Reactive oxygen species trigger
the accumulation of leukocytes in the tissues, and thus aggravate tissue
injury indirectly through activated neutrophils [13].

Methotrexate enters the cell via active transport across the reduced
folate carrier, where it is effluxed from the cell by several of the ATP-
Binding Cassette (ABC) transporters, especially ABCC1-5, ABCG2 and
ABCBI [2]. Levels of both enzymatic and non-enzymatic anti-oxidants
are inhibited and the levels of oxidants increase in the testes, heart, liver,
kidney, and gut tissues of laboratory animals given methotrexate [5]. It

has further been reported that MTX-administration induces oxidative
stress and significantly reduces antioxidant enzymes such as superoxide
dismutase, catalase and glutathione peroxidase in liver, intestinal mucosa
and spinal cord tissues of rats [27]. In liver, the conversion of MTX to
its major extracellular metabolite, 7-hydroxy methotrexate, takes place
where it is oxidized by a soluble enzymatic system [10]. GSH is one
of the most common biologic non-enzymatic antioxidant. Its function
includes removal of free radicals such as H202 and superoxide anions,
maintenance of membrane protein thiols and acting as a substrate for
GPx and GR [28]. Thus, significant decrease in GSH level promoted by
MTX, leads to a reduction of effectiveness of the antioxidant enzyme
defence system, thereby sensitizing the cells to Reactive Oxygen Species
(ROS). GSH serves as a sensitive marker of oxidative stress and it plays
an important role in maintaining the integrity of the cell. Because, it
involved in several detoxification reactions in the organism and it is
one of the most prominent non-enzymatic antioxidants [29,30]. Many
studies have shown a decrease in the GSH level in the small intestine
[5] and in liver [2,30] following MTX administration. The present
study showed a highly significant reduction in cellular GSH level after
MTX-treatment. Recent study reported that GSH forms the first line of
defence against oxidative stress, by direct interaction of its thiol group
with ROS and/or it can be involved in the enzymatic detoxification
reaction of ROS as a cofactor or as a coenzyme [31,32].

In liver, the conversion of MTX to its major extracellular
metabolite, 7-hydroxy methotrexate, takes place where it is oxidized by
a soluble enzymatic system. While inside hepatic cells, MTX is stored
in a polyglutamated form [10]. Our data confirmed the concept that
oxidative stress plays a role in MTX-induced tissue damage, whereas
GSH reduction was accompanied by diminution in the antioxidant
enzyme defence system represented as depletion in the GST activity
in liver, kidney and intestine. This is in agreement with several studies
demonstrated that MTX induces oxidative stress in tissues accompanied
with decreased antioxidants levels. It is well documented that GST
is known to detoxify carcinogenic metabolites by thiol conjugation,
while GPx catalyses the reduction of H,O, and hydroxyl peroxides
into nontoxic products. Their decreased level was remarkable after
MTX challenge and this may be one reason for high lipid peroxidation
[33]. Herein, the decrease in the activities of antioxidant enzymes
can be explained either with their induction during the conversion of
free radicals into inactive metabolites, or secondarily with the direct
inhibitory effect of MTX on enzymes activities [10]. The decrease in
the activity of the free radical detoxifying enzymes, GST in studied
organs of MTX-treated rats observed in the present study may be an
adaptive mechanism by the cells to detoxify the MTX-metabolites
in order to minimize tissue damage. The increased utilization of the
reduced glutathione by this enzyme might account for the decrease in
the reduced glutathione content in the small intestine.

Conclusion

It can be concluded from this study that acute exposure to
methotrexate produced no appreciable changes at recommended
dosage (3.17, 6.34 and 9.51 mg/kg body weight corresponding to 1/10,
2/10 and 3/10 of an LD50 of MTX solution). Despite that, critical
changes were appeared in the organo-somatic indexes, haematological
parameters and in the level of the glutathione metabolising system.
For this reason, it can be proposed the using of routine consultation
of oxidative stress parameters including the glutathione metabolizing
system in patients using long term MTX cure.
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