EFFECTS OF AMIFOSTINE ON LIVER OXIDATIVE
STRESS CAUSED BY CYCLOPHOSPHAMIDE
ADMINISTRATION TO RATS

Anna Stankiewicz*, Elzbieta Skrzydlewska and Marek Makieta

Department of Analytical Chemistry, Medical Academy,
Biatystok, Poland

SUMMARY

Cyclophosphamide is an inactive cytostatic, which is metabolised
into active metabolites mainly in the liver. During bioactivation,
reactive oxygen species (ROS) are also formed, which can modify the
components of both healthy and neoplastic cells leading to decreased
antioxidative capacity. Amifostine is a drug that can inactivate ROS.
The aim of the present study was to evaluate the influence of ami-
fostine on the antioxidative system of the liver of rats exposed to
cyclophosphamide. Intraperitoneal administration of cyclophospham-
ide was found to decrease the activity of liver antioxidative enzymes,
i.e. superoxide dismutase, glutathione peroxidase and glutathione
reductase, and to increase catalase activity. Amifostine slightly
influenced antioxidative enzyme activity, causing a significant
increase only in superoxide dismutase activity. Co-administration of
cyclophosphamide and amifostine nearly prevented changes in
activities of superoxide dismutase, glutathione reductase and catalase,
as well as to a high degree of glutathione peroxidase. Cyclophos-
phamide also evoked a decrease in the level of non-enzymatic
antioxidants, such as reduced glutathione and vitamins C, E and A, as
well as total antioxidant status. Administration of amifostine alone
caused a significant increase in non-enzymatic antioxidant level that
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resulted in an increase in total antioxidant status. Administration of
amifostine together with cyclophosphamide to a large extent prevented
changes in the evaluated non-enzymatic antioxidative parameters,
decreasing values of their concentration to the values of control group.
Changes of liver antioxidative abilities during detoxification of
cyclophosphamide were accompanied by intensified lipid peroxida-
tion, manifested by an increase in concentration of products such as
malondialdehyde and 4-hydroxynonenal. Amifostine caused the
inhibition of lipid peroxidation in the liver of both control and
cyclophosphamide-treated rats. In conclusion, our results suggest that
amifostine significantly protects liver antioxidant properties from
changes caused by cyclophosphamide treatment and in consequence
prevents oxidative stress and phospholipid peroxidative damage.
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INTRODUCTION

An oxidative-reductive balance, determined by reactive oxygen
species (ROS) generation and cell antioxidative properties, exists in
living organisms in physiological conditions. Nevertheless, many
xenobiotics, including drugs, intensify the production of ROS and
decrease the antioxidative abilities of the organism, leading to
disturbances in redox properties. Such drugs include alkylating
anticancer agents, e.g. cyclophosphamide, which is used in the treat
ment of many tumours, such as breast carcinoma /1/, lymphoma /2/,
multiple myeloma /3/, carcinoma of lung /4/ and some sarcomas /5/.
Cyclophosphamide is a prodrug requiring bioactivation before
exerting its cytotoxicity. This activation by microsomal mixed-
function oxidase takes place predominantly in the liver /6/. Cyclo-
phosphamide is metabolised (Fig. 1) into phosphoramide mustard, a
potent alkylating agent, and acrolein, which is the most reactive and
toxic product /7/. The main target molecules involved in the anti-
tumour effect of alkylating agents are DNA molecules; however, other
compounds including membrane lipids and proteins may also interact
with phosphoramide mustard and acrolein, resulting in the production
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Fig. 1:  Metabolism of cyclophosphamide.

of ROS /8/. One of the major alterations in cell components after
cyclophopshamide administration is lipid peroxidation, which causes
an increase in generation of hydroxyl radicals, highly reactive oxygen
species /9/.

All cyclophosphamide metabolites, ROS in particular, are very
reactive compounds which can modify components of malignant as
well as normal cells /10/. Therefore, drugs which protect healthy cells
should be applied during cyclophosphamide therapy. One such drug
could be amifostine - an organic thiophosphate compound that has
been shown to protect normal tissues from the cytotoxic damage
induced by chemotherapy and radiation therapy /11/. It has been
demonstrated that pretreating animals with amifostine provides
protection against the cytotoxic effects of alkylating drugs, such as
organoplatinums or anthracyclines /11,12,13/. Amifostine is dephos-
phorylated by cell membrane-bound alkaline phosphatase and trans-
ported into normal tissues where its metabolite (WR-1065) exerts its
cytoprotective property (Fig. 2) /11/. Cytoprotective levels of ami-
fostine or its metabolites have been found in many organs, including
the liver /14/. Amifostine as a thiol compound possesses antioxidant
properties and protects cells against damage, mainly by scavenging
free radicals, competing with oxygen to prevent oxygen radicals
interactions with DNA, and promoting cell repair through hydrogen
donation to free radicals /15/.
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Fig. 2: Metabolic conversion of amifostine to WR-1065 and WR-33278.

The aim of this study was to evaluate the influence of amifostine
on antioxidative properties and lipid peroxidation processes in the
liver of rats exposed to cyclophosphamide.

MATERIALS AND METHODS

Male Wistar rats (approximately 230 g body wt.) fed on a standard
diet were used for the experiment. The experimental protocol was
approved by the Ethics Committee on Human and Animal Experi-
mentation of our Medical Academy.

The rats were divided into four groups:

A. Control group (n = 18).

B. Cyclophosphamide group. The rats were treated intraperitoneally
with cyclophosphamide at a dose of 150 mg/kg body wt. (n = 18).

C. Amifostine group. The rats received amifostine intraperitoneally at
a dose of 200 mg/kg body wt. (n = 18).

D. Cyclophosphamide and amifostine group. The rats were treated
intraperitoneally with amifostine at a dose of 200 mg/kg body wt.
and subsequently with cyclophosphamide at a dose of 150 mg/kg
body wt. (n = 18).

The rats were sacrificed 1, 5, and 14 days after drug treatments
following ether anaesthesia (six animals in each group). The liver was
removed, perfused with 0.15 M NaCl solution to remove blood cells,
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weighed and homogenised in 0.25 M sucrose with the addition of 250
uM butylated hydroxytoluene in ethanol, to prevent formation of new
peroxides during the assay. The homogenisation procedure was
performed under standardised conditions. 10% homogenates were
centrifuged at 10,000 g for 15 min at 4°C and the supernatant was kept
on ice until assayed.

Superoxide dismutase (Cu,Zn-SOD; EC.1.15.1.1) activity was
determined by the method of Misra and Fridovich /16/ modified by
Sykes /17/. Catalase (CAT; EC.1.11.1.9) activity was measured
spectrophotometrically by determination of H;O, decomposition /18/.
Glutathione peroxidase (GSH-Px; EC.1.11.1.6) activity was measured
spectrophotometrically using a technique based on Paglia and
Valentine /19/. Glutathione reductase (GSSG-R; EC.1.6.4.2) activity
was measured by monitoring the oxidation of NADPH at 340 nm /20/.
Reduced glutathione (GSH) concentration was measured using the
Bioxytech GSH-400 test (Bioxytech S.A., Bonneuil/Marne Cedex,
France). High-performance liquid chromatography (HPLC) methods
were used to determine the level of vitamins C /21/, E and A /22/.
Total antioxidant status (TAS) was measured with 2,2"-azino-di-[3-
ethylbenzthiazoline] sulphonate (ABTS) using the Randox test.

Lipid peroxidation was assayed by measuring malondialdehyde
(MDA) as an MDA-thiobarbituric acid adduct by HPLC /23/ and
4-hydroxynonenal (4-HNE) as fluorimetric derivatives, also using
HPLC /24/.

Statistical analysis

Data obtained in this study are expressed as means + SD. The data
were analysed by the use of standard statistical analyses, one way
ANOVA with Scheffe’s F test for multiple comparisons to determine
significance between different groups. A values of p <0.05 was
considered significant.

RESULTS

Cyclophosphamide caused a statistically significant decrease in
liver cytosol superoxide dismutase activity during 5 days after its
administration, while at the same time activity of this enzyme was
significantly increased after amifostine treatment (Table 1). After
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cyclophosphamide and amifostine injection, the activity of Cu,Zn-
SOD was similar to the value in the control group, but was
significantly decreased in comparison with the amifostine group. The
activity of GSH-Px was significantly decreased throughout the
experiment, whereas it was similar to controls in the amifostine group.
After injection of the two drugs, the examined enzyme activity was
decreased in comparison with the control and amifostine groups but
enhanced in comparison with the cyclophosphamide group. The
activity of glutathione reductase was significantly decreased during
5 days after cyclophosphamide administration, and after injection of
the two drugs the activity of this enzyme was also decreased in
comparison with controls. Catalase activity increased gradually during
2 weeks after alkylating drug injection, while cyclophosphamide and
amifostine administration caused similar changes but of smaller
intensity.

Administration of cyclophosphamide caused a significant decrease
in GSH level throughout the experiment, while amifostine gradually
enhanced the level of this tripeptide (Table 2). After injection of
cyclophosphamide and amifostine, the level of GSH was similar to
that in the control group. Cyclophosphamide caused a significant
decrease in vitamin C level, while administration of amifostine
significantly increased the level of this vitamin. Cyclophosphamide
given with amifostine did not significantly change the level of this
vitamin compared to the control group. The levels of vitamins E and A
changed similarly: after cyclophosphamide administration the levels of
these parameters were significantly lower than in the controls, whereas
amifostine caused a significant increase. After injection of cyclo-
phosphamide and amifostine, the levels of these vitamins were similar
to those in the control group. Total antioxidant status was significantly
reduced after cyclophosphamide administration, enhanced after ami-
fostine injection, and increased after treatment with the two drugs.

Administration of cyclophosphamide caused a significant increase
in the level of lipid peroxidation products - MDA and 4-hydroxy-
nonenal - throughout the experiment, while amifostine decreased the
level of these compounds (Figs. 3, 4). After injection of cyclo-
phosphamide and amifostine, the levels of MDA and 4-HNE were
significantly lower than in the cyclophosphamide group, and became
gradually enhanced during the experiment in comparison with the
control group.
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Fig. 3: The liver content of malondialdehyde (MDA) in control rats (C) and rats
treated with cyclophosphamide (CP), amifostine (A) and cyclophos-
phamide with amifostine (CP+A), 1 day (1d), 5 days (5d) and 14 days
(14d) after administration of drugs. Data points represent means + SD;
n=6." p <0.05 in comparison with control group; L p <0.05 in comparison
with cyclophosphamide group; ¢ p <0.05 in comparison with amifostine

group.
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Fig. 4: The liver content of 4-hydroxynonenal (4-HNE) in control rats (C) and rats
treated with cyclophosphamide (CP), amifostine (A) and cyclophos-
phamide with amifostine (CP+A), 1 day (1d), 5 days (5d) and 14 days
(14d) after administration ofidrugs. Data points represent means + SD; n =
6; * p <0.05 in comparison with control group; ® p <0.05 in comparison
with cyclophosphamide group; ¢ p <0.05 in comparison with amifostine

group.
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DISCUSSION

Metabolism of many drugs is accompanied by enhancement of
ROS generation and changes in antioxidative status /25/, which may
lead to oxidative stress. ROS may be produced at various steps of
cyclophosphamide metabolism. This drug is metabolised by micro-
somal mixed-function oxidase and partially by peroxidase /6,26/.
Hydroxycyclophosphamide, the bioactivated form of cyclophospham-
ide, induces lipid peroxidation in different tissues, reflecting the
presence of free radicals /27,28/. It is also possible that superoxide
anions are produced during activation of cyclophosphamide by
cytochrome P450 /6,29/. Moreover, it has been suggested that
products of cyclophosphamide metabolism may be degraded with free
radical generation /30/. In such a situation it is difficult to evaluate
which of these mechanisms actually occurs in cells and influences the
increase in free radical concentration.

Whereas previous studies have shown that cyclophosphamide
causes changes in lung antioxidant status /31/, the present paper
indicates that liver antioxidant abilities are also changed after cyclo-
phosphamide administration. First, a decrease in the activity of super-
oxide dismutase, glutathione peroxidase and glutathione reductase, as
well as in the level of reduced glutathione, was observed. The
reduction of antioxidant enzyme activities after cyclophosphamide
administration is probably connected with damage to the structure of
these enzymes caused by free radicals /32/. Modification of the amino
acid residues that constitute the active centres of enzymes results in
inhibition of their activity /33/. Reduced activity of Cu,Zn-SOD may
also be due to inhibited biosynthesis of the enzyme by drug meta-
bolites and/or to the effect of hydrogen peroxide, which may directly
alter its catalytic centre /9/. The superoxide anion is the primary free
radical species involved in various tissue injuries. It leads to the
production of hydrogen peroxide, either spontaneously or catalysed by
Cu,Zn-SOD; in the presence of iron ions, it produces hydroxyl radicals
/34/. During oxidative stress, transition metal ions can be translocated
from ceruloplasmin and iron-containing haem proteins, which can
enhance free radical production. Generated hydroxyl radicals are the
most widely proposed initiators of lipid peroxidation, evaluated by
measurement of the level of malondialdehyde and 4-hydroxynonenal.
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The key enzyme involved in maintaining the liver’s redox state is
GSSG-R, which catalyses the conversion of oxidised glutathione
(GSSG) to reduced glutathione (GSH) using NADPH /35/. GSH, a
powerful reducing agent, plays a major role in cellular defence against
endogenous and exogenous oxidants /36/; it is also co-substrate of
GSH-Px in removing hydrogen and lipid peroxides from cells.
Furthermore, hepatic tissue is the main export organ of GSH, which is
also necessary to ensure proliferation of its cells and their regeneration
/37/. The combined deficiency of both intracellular GSH and GSH-Px
may potentate cyclophosphamide toxicity by simultaneously increasing
oxidative stress and decreasing oxidative defence.

It is well known that an important role in reducing oxidative stress
is played by ascorbic acid (vitamin C), which efficiently scavenges
superoxides, hydrogen peroxide, hypochloride, hydroxyl and peroxyl
radicals, and restores the antioxidant properties of fat-soluble alpha-
tocopherol (vitamin E) /40/. The decrease in ascorbate and alpha-
tocopherol concentrations, observed in our study, can diminish the
cellular resistance of liver cells to oxidative damage. This pheno-
menon was confirmed by the parallel increase in lipid peroxidation
products (MDA and 4-HNE) concentration observed in this paper.
These data are in agreement with the results of other authors, who also
showed the interrelationship between ascorbate and lipid peroxidation
products /41/. It is known that administration of cyclophosphamide
causes an increase in the formation of low molecular weight aldehydes
generated during drug metabolism, e.g. acrolein, as well as during
lipid peroxidation, e.g. malondialdehyde and 4-hydroxynonenal /39/.
These reactive aldehydes show various biological activities, including
cytotoxicity, genotoxicity, reduced chemotactic activity and effects on
cell proliferation /40/. The most cytotoxic aldehydes are 4-hydroxy-
nonenal and acrolein. They can react, for example, with thiol groups
of different cell components, leading to reduction of GSH level and
rapid loss of protein -SH groups /40/.

Administration of amifostine simultaneously with cyclophos-
phamide to rats resulted in restoration of the examined parameters.
Amifostine is a prodrug that requires activation by membrane-bound
alkaline phosphatase /41/. Following the formation of the active thiol
form (WR-1065), the molecules can interact with other thiol com-
pounds to form their symmetric disulphides or mixed disulphides /42/.
A high concentration of symmetric disulphides in the liver has been
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shown /43/. It has been demonstrated that the disulphides formed by
thiol amifostine metabolites and reduced glutathione or sulphydryl
groups of proteins protect GSH and proteins against oxidation /14/. It
was found that about 50% of WR-1065 is bound to proteins in mouse
plasma /14/. Moreover, WR-1065 is thought to exert a cytoprotective
effect by direct scavenging of free radicals or depleting oxygen /44/.
Amifostine and its metabolites can scavenge superoxide anions as well
as hydroxyl radicals /45/, whose levels are increased after cyclo-
phosphamide administration. The ability of amifostine to scavenge
free radicals appears to be the key element in the efficacy of this drug,
since ROS are extremely aggressive against cell components. The
observed decrease in the amount of lipid peroxidation products (MDA
and 4-HNE) after amifostine injection suggests that free radicals react
first of all with the thiol group of the drug, converting it into a
relatively innocuous thiol group, thus protecting lipid and protein
molecules. Moreover, WR-1065, possessing free amino and sulphydryl
groups, is a nucleophilic compound which might bind covalently
directly to the carbonium ion of cyclophosphamide and react with
active terminal cyclophosphamide metabolites such as acrolein and
phosphoramide mustard, thus removing potentially dangerous
compounds.

In addition to the above scavenging properties of amifostine
metabolites, free thiol and disulphide forms can affect the intracellular
redox state that in turn can also alter gene expression, synthesis of
other intracellular thiols /42/ and enzyme activities (i.e. redox control
of sensitive cysteine residues) /46/. Redox-based regulation of signal
transduction and gene expression is recognised as an important
mechanism in cell biology /47/. It has been shown that amifostine can
activate the redox-sensitive transcription factor NFkB enhancing in
this way manganese superoxide dismutase gene expression /48/. This
is a possible mechanism for the enhancement of cytosolic superoxide
dismutase activity observed in this paper.

It might also be suggested that amifostine’s enhancement of the
antioxidant potential of normal tissue, as well as its direct protection
against ROS, could act indirectly to prevent metastasis. Up to now
amifostine’s antimetastatic properties were attributed mainly to its
metal ion chelating abilities and thereby changes in metal-requiring
metalloprotease activities /42/, but they may be also connected with its
antioxidative properties. By shifting the redox balance in the direction
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of reduction processes, amifostine could prevent oxidative modifica-
tion of proteolytic enzyme inhibitors and, as a result, contribute to
decrease in the activity of proteases secreted by tumour cells which
can degrade the extracellular matrix and enhance cell adhesion /49/.
This point of view seems to be very important in clinical practice,
because both these drugs (cyclophosphamide and amifostine) are
administered in anticancer therapy. The cyclophosphamide dose used
in this study is equivalent to high dose therapy used clinically, and the
dose of amifostine is just a little higher than the ideal doses
recommended for different clinical conditions /50-52/. Amifostine’s
cytoprotective potential has been established for various tissues,
including haematopoietic progenitor cells, renal cells, myocardium,
and intestinal, epithelial and neuronal cells /15/. It is demonstrated
here that this drug also protects liver cells against cyclophosphamide-
induced oxidative stress.
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