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Abstract

The role of selenium, a trace element in the human diet, has been extensively studied against cancer, immunity and
infectious/inflammatory diseases. The purpose of the present study was to investigate the beneficial effect of ebselen, an
organo-selenium compound, against cyclophosphamide-induced oxidative stress and DNA damage in mice. Malondialde-
hyde and total glutathione were estimated in the liver to detect the oxidative stress induced by cyclophosphamide. Standard
and modified comet assays (the latter incorporated lesion-specific enzymes, formamidopyrimidine-DNA glycosylase and
endonuclease-IIT) were used to detect the normal and oxidative stress-induced DNA damage by cyclophosphamide in the
mouse bone marrow and the peripheral blood lymphocytes. In addition, a micronucleus assay capable of detecting DNA
damage was also carried out in the mouse bone marrow and the peripheral blood reticulocytes induced by cyclopho-
sphamide. The results confirm that pre-treatment with ebselen (2.5, 5 and 10 mg/kg) for 5 consecutive days decreased the
oxidative stress induced by cyclophosphamide (100 mg/kg) based on the restoration in concentration of malondialdehyde
and glutathione in the liver and decreased DNA damage and micronuclei count in the bone marrow and the peripheral
blood. It is concluded that pre-treatment with ebselen attenuates cyclophosphamide-induced oxidative stress and the
resultant DNA damage in mice.

Keywords: Cyclophosphamide, ebselen, endonuclease-11I, FPG, comet assay, micronucleus assay

Abbreviations: CB cyclophosphamide; MDA, malondialdehyde; GSH, glutathione; ROS, reactive oxygen species; End-I11,
endonuclease-11I, FPG, formamidopyrimidine-DNA glycosylase; ADB  apurinic/apyrimidinic; PCEs, polychromatic
erythrocytes; NCEs, normochromatic erythrocytes; MNPCEs, micronucleated polychromatic erythrocytes; MNRETs,
micronucleated reticulocytes

Introduction pound possessing anti-inflammatory, antioxidant,

Selenium is an essential trace element involved in
several key metabolic activities via selenoproteins,
enzymes that are essential for protection against
oxidative damage and the regulation of immune
function. Ebselen, [2-phenyl-1,2-benzisoselenazol-
3(2H)-one] is a heterocyclic seleno-organic com-

anti-atherosclerotic, cytoprotective and glutathione
peroxidase-mimetic properties [1]. The antioxidant
activity of ebselen is attributed to its direct free radical
scavenging and glutathione peroxidase-mimetic prop-
erties [2—4]. The beneficial effects of ebselen in stroke
have been demonstrated in experimental animal
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models [5,6] and clinical trials [7,8]. A survey of the
literature reveals the protective effects of ebselen
against gentamicin- and cisplatin-induced renal da-
mage [9,10], aflatoxin Bl-induced cytotoxicity in
hepatotcytes [11], oxidative stress-induced damage in
platelets and erythrocytes [12,13], oxyesterol-induced
damage on rat arterial wall [14], daunorubicin-in-
duced cardiomyopathy in rats [15], cadmium-induced
testicular damage in mice [1], 4-hydroxynonenal-
induced neuronal death [16], haloperidol-induced
orofacial dyskinesia in rats [17] and chronic alcohol-
induced damage in hippocampus and functional im-
pairment in rats [18].

Cyclophosphamide (CP) is an alkylating agent
used extensively in the treatment of various forms of
cancers and in rheumatoid arthritis. CP is metabo-
lized in the liver mainly by CYP-3A4 and CYP-2B6
and generates active metabolites phosphoramide
mustard and acrolein [19,20]. Phosphoramide mus-
tard is primarily responsible for the anti-cancer
activity, while acrolein produces unwanted toxic
effects. Urotoxicity is one of the major adverse effects
of CP due to its glutathione (GSH) depletion activity
and various thiols were used as a means of chemo-
protective agent for its amelioration [21]. Acrolein
produces oxidative stress resulting in the production
of intracellular reactive oxygen species and nitric
oxide [22,23]. These reactive oxygen and nitrogen
species damage cellular lipid, proteins and DNA,
leading to cell death [24,25]. Given that ebselen is an
antioxidant, cytoprotective and glutathione perox-
idase-mimetic, we examined its possible beneficial
effects on the CP-induced oxidative stress and the
resultant DNA damage.

Materials and methods
Animals

All animal experiment protocols were approved by
the Institutional Animal Ethics Committee (IAEC).
Experiments were performed on male Swiss mice
(weight range 20-25 g) procured from the central
animal facility of the institute. The animals were kept
at room temperature (22+2°C), with 50+ 10%
humidity and an automatically controlled cycle of
12 h light and 12 h dark. Standard laboratory animal
feed (purchased from Tetragone Chemi Pvt. Ltd.
Bengaluru, India) and water (aquapure) were pro-
vided ad lLibitum. Animals were acclimatized to the
experimental conditions for a period of 1 week before
the start of the experiment.

Chemuicals

Cyclophosphamide (CAS no. 6055-19-2), 1,1,3,3-
tetramethoxypropane (CAS no. 102-52-3), 2-thio-
barbituric acid (CAS no. 504-17-6), Trizma (CAS
no. 77-86-1), 5,5’-dithiobis(2-nitro-benzoic acid)

(CAS no. 69-78-3), acridine orange (CAS
no 10127-02-3), ebselen (CAS no. 60940-34-3),
endonuclease-IIT (End-III), formamidopyrimidine
DNA glycosylase (FPG) and SYBR Green I (CAS
no. 163795-75-3) were purchased from Sigma-
Aldrich Chemicals (Saint Louis, MO). GSH re-
duced, DMSO, normal melting agarose (NMA),
low melting agarose (LMA), triton-X 100, EDTA,
foetal bovine serum (FBS) and Hanks balanced salt
solution (HBSS) buffer were obtained from Hi-media
Laboratories Ltd. (Mumbai, India).

Dose selection, time schedule, chemical preparation and
amimal treatment

The doses of ebselen (2.5, 5 and 10 mg/kg ip) were
selected on the basis of two studies in which ebselen
protected against: (a) nitrogen mustard-induced
apoptosis in normal and transformed lymphocytes
in BALB/c mice [26] and (b) gentamicin-induced
renal damage in rats [9]. Ebselen was dissolved in a
mixture of DMSO and PBS (1:4). The mice were
given either vehicle (DMSO-PBS mixture) or ebselen
in doses of 2.5, 5 and 10 mg/kg body weight (bw) by
intraperitoneal (ip) route for 5 consecutive days prior
to the administration of CP. CP (100 mg/kg bw) was
dissolved in distilled water and administered through
ip on the 5™ day, 1 hour after ebselen treatment. It
has already been reported that pre-conditioning with
ebselen increases the GSH metabolism and stress
protein expression, which are crucial in reducing
oxidative injury [27]. Pre-treatment with ebselen
prepares the cell better to fight against oxidative
stress because ebselen inside the body reacts with
thioredoxin reductase system and forms ebselen
diselenide, which acts as a reservoir of ebselen [28].
The animals were killed 24 h after the treatment with
CP.

Estimation of lipid peroxidation

Lipid peroxide in the liver was measured according to
the method described by Okhawa et al. [29] with
some modifications. The liver was rinsed in ice-cold
physiological saline, minced and a 10% homogenate
was prepared in phosphate buffer (pH 7.4) contain-
ing EDTA (1 mm). The sample was centrifuged at
700 g for 10 min and the supernatant was used for
the determination of lipid peroxidation. The super-
natant (100 pl) was added to SDS (100 pl of 8.1%),
followed by acetic acid (20%, 750 ul, pH 3.4) and
thiobarbituric acid (0.8%, 750 pl). The volume was
made up to 2 ml with distilled water and heated on a
water bath at 95°C for 60 min. The mixture was then
cooled under the tap water and was centrifuged at 10
000 rpm for 10 min. The supernatant was removed
and the absorbance was measured at 532 nm. The
protein content in the tissue homogenate supernatant
was determined as described by Lowry et al. [30].
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Lipid peroxidation was calculated from a standard
curve using the 1,1,3,3-tetracthoxypropane (97%)
and was expressed as nMm MDA/mg of protein.

Estimation of glutathione in the liver homogenate

Reduced GSH in the liver homogenate was estimated
as described by Moron et al. [31] with some
modifications. The liver was rinsed with ice-cold
physiological saline, minced and a 10% homogenate
was prepared in phosphate buffer (pH 7.4), contain-
ing EDTA (1 mm). It was then centrifuged at 700 g
for 10 min and the supernatant was used for the
determination of GSH. The supernatant (0.5 ml) was
mixed with sulphosalicylic acid (0.5 ml, 10%) and
kept in ice for 20 min for the precipitation of the
protein. The resulting mixture was then centrifuged
(10 000 g for 5 min) at 4°C and the supernatant (50
ul) was mixed with phosphate buffer (450 pl) and
5,5’-dithiobis(2-nitro benzoic acid) (1.5 ml, 0.1 mm).
It was then incubated at 37°C (10 min) followed by
measurement of the optical density at 412 nm using
reduced GSH as the external standard. The protein
content in the tissue homogenate supernatant was
determined as described by Lowry et al. [30].

Single cell gel electrophoresis (SCGE:comet) assay

Standard alkaline comet assay. The comet assay was
performed as described by Singh et al. [32] with some
modifications. All the procedures were conducted in
the dark to avoid possible photo-induced DNA
damage. The blood was collected from the retro-
orbital plexus under light ether anaesthesia and the
lymphocytes were isolated by using Ficoll histopaque
solution. A final cell-agarose suspension (100 pl) was
prepared containing ~ 1 x 10* lymphocytes/ml in
0.5% LMA. The bone marrow cells were isolated as
described by Tice et al. [33] with some modifications.
The femur was perfused with 1 ml cold HBSS
containing EDTA (20 mm) and DMSO (10%).
From the bone marrow suspension (2-5 x 10* cells/
ml), 5 ul was removed and mixed with 95 pl of 0.5%
LMA to prepare the final cell-agarose suspension.
From the final cell-agarose suspension 80 pl were
spread over a microscope slide (75 x 25 mm glass
slides with 19 mm frosted ends, Axiva Sichem Pvt.
Ltd, Delhi, India), pre-coated with 1% NMA. The
cells were then lysed in a buffer containing 2.5 M
NaCl, 100 mm EDTA, 10 mm Tris (pH 10.0) with
freshly prepared 1% Triton X-100 and 10% DMSO
for 24 h at 4°C. After lysis the slides were rinsed three
times in de-ionized water to remove the salt and
detergent. The slides were then coded and were
placed in a specifically designed horizontal electro-
phoresis tank (Model, CSLCOM20, Cleaver Scien-
tific Ltd., UK) and the DNA was allowed to unwind

for 20 min in an alkaline solution containing 300 mMm
NaOH and 1 mm EDTA (pH > 13) and was then
electrophoresed for 30 min at 300 mA and 20 V (0.70
V/cm). The slides were then neutralized with 0.4 M
Tris (pH 7.5), stained with SYBR Green I (1:10 000)
for 1 h and covered with cover slips.

Modified alkaline comer assay. The alkaline comet
assay using lesion-specific enzymes was used to detect
oxidized purines and pyrimidines (that are generated
as a result of oxidative stress-induced DNA damage
by CP) as described by Collins et al. [34] with some
modifications. The cell-agarose suspension slides
were prepared as described above for the standard
comet assay. After lysing, the slides were washed
three times with the enzyme buffer (40 mm HEPES,
100 mm KCl, 0.5 mm EDTA and 0.2 mg/ml BSA) at
room temperature and were incubated at 37°C for 30
min with: (i) End-IIT (1:1000, 30 min), (ii) FPG
(1:1000, 45 min) and (iii) enzyme buffer (control).
End-III recognizes oxidized pyrimidines, while FPG
recognizes oxidized purines, specifically 8-oxo-gua-
nine. Slides were coded and placed in a specifically
designed horizontal electrophoresis tank and the
DNA was allowed to unwind for 20 min in alkaline
solution containing 300 mm NaOH and 1 mm
EDTA, pH > 13. The DNA was electrophoresed for
30 min at 300 mA and 20 V (0.70 V/cm). The slides
were then neutralized with 0.4 m Tris (pH 7.5),
stained with SYBR Green I (1:10 000) for 1 h and
covered with cover slips.

Data scoring and photomicrographs of comer assay. The
fluorescence-labelled DNA was visualized (magnifi-
cation 200 x ) using an automated AXIO Imager M1
fluorescence microscope (Carl Zeiss, Germany) and
the images were captured with image analysis soft-
ware (Comet Imager V.2.0.0). Duplicate slides were
prepared for each treatment and were independently
coded and scored without knowledge of the code.
The parameters for the DNA damage analysis
include:% tail DNA (TDNA), tail length (TL, in
pm) and tail moment (TM) [33]. The TDNA is the
best parameter since it covers the widest range of
damage and is linearly related to the break frequency.
On the other hand TL is an informative parameter at
low level of DNA damage and loses its linearity at
high level. TM has been promoted as a way of
expressing both the TL and the tail intensity in a
single value, but causes deviation from linearity in the
dose-response curve at low doses and is also devoid of
any standard units [35]. The edges of the slides, any
other damaged part of the gel, any debris, super-
imposed comets and comets without distinct head
(‘hedgehogs’ or ‘ghost’ or ‘clouds’) were not con-
sidered for the analysis.
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Bone marrow micronucleus assay

The bone marrow slides were prepared as described
by Jena et al. [36] with some modifications. The bone
marrow was isolated from the femur bone with the
help of a 22 gauge needle fitted to a syringe and was
homogenized with FBS. The suspension was centri-
fuged and the pellet was suspended in the residual
FBS and a drop of it was smeared on to a clean
grease-free slide and fixed in absolute methanol for 5
mins [37]. The slides were stained with acridine
orange (AO) and were washed twice with phosphate
buffer (pH 6.8) as described before [38]. Cytotoxicity
of CP was determined from PCEs-to-NCEs ratio. In
total, 200 cells per animal were counted [39]. The
slides were examined by fluorescence microscopy
(Olympus Fluorescent microscope, Model BX 51)
connected to digital photomicrograph software
(OLYSIA Imaging System, 2001).

Peripheral blood micronucleus assay

The peripheral blood smears were prepared as
described by Holden et al. [40] with some modifica-
tions. The blood was collected from tail tip and the
smears were prepared on pre-cleaned slides. The
smear was allowed to dry at room temperature and
fixed in absolute methanol for 5 min. After fixation,
the slides were stained with acridine orange (AO) and
were washed twice with phosphate buffer (pH 6.8) as
described in Hayashi et al. [38]. The slides were read
as described above.

Statistical analysis

Results were shown as mean+ SEM for each group.
Statistical analysis was performed using Jandel Sigma
Stat (Version 2.03) statistical software. Significance
of difference between two groups was evaluated using
Student’s z-test. For multiple comparisons, one-way
analysis of variance (ANOVA) was used. In cases
where ANOVA showed significant differences, post-
hoc analysis was performed with Tukey’s test. A value
of p <0.05 was considered statistically significant.

Results
Effects on oxidative stress

CP (100 mg/kg) produced a significant reduction in
GSH (5.84 + 0.25) in the liver relative to the control
(7.12+ 0.32). Groups receiving ebselen (5 or 10 mg/
kg/day) showed a significant and dose-dependent
restoration in GSH concentration in the liver (see
Figure 1). CP (100 mg/kg) also significantly in-
creased malondialdehyde (MDA) relative to the
control, which was significantly restored in animals
pre-treated with ebselen (5 or 10 mg/kg/day) as
opposed to those receiving only CP (see Figure 2).
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Figure 1. Effect of ebselen (5 day pre-treatment) on GSH level in
liver. All the values are expressed as Mean+SEM (n =5), *** p <
0.001 and * p <0.05, (A) vs Control, (B) vs CP 100.

Effects on DNA damage observed from standard and
modified comet assays

DNA damage, including strand breaks, apurinic/
apyrimidinic (AP) sites and oxidized purines and
pyrimidines were detected by the alkaline comet assay
modified with lesion-specific enzymes FPG and End-
III. The standard alkaline comet assay only measures
strand breaks and AP sites, represented as SB,
whereas the comet assay modified with the lesion-
specific enzymes End-III/FPG measures strand
breaks (SB) and oxidized pyrimidines/purines, repre-
sented as SB+ End-III and SB+ FPG, respectively.
The CP-treatment led to a significant increase in the
SB, SB+ End-III and SB+ FPG values as compared
to the negative control (p<0.001). Ebselen pre-
treatment followed by CP significantly and dose-
dependently reduces the SB, SB+ End-III and SB+
FPG values as opposed to the group receiving CP only
(see Figures 3 and 4). Within the modified comet
assay, lesion-specific enzyme-FPG cleaves the various
oxidized purines, specifically 8-oxo guanine, while
treatment with End-III, another lesion-specific en-
zyme, cleaves the various oxidized pyrimidines and
results in an increase in DNA damage (see Figure 5).
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Figure 2. Effect of ebselen (5 day pre-treatment) on MDA level
in liver. All the values are expressed as Mean+SEM (n=5),
***p <0.001 and * p <0.05, (A) vs Control, (B) vs CP 100.
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Figure 3.

Effect of ebselen (5 day pre-treatment) against CP-induced oxidative DNA damage in bone marrow cells of mice by standard

and modified comet assay using lesion specific enzyme End-III and FPG.% Tail DNA was considered as main index of DNA damage while
other comet parameters such as tail length and tail moment also show a similar pattern. Standard comet is represented as strand breaks (SB)
while modified comet assay is represented as SB+End-III and SB +FPG for the enzyme End-III and FPG, respectively. In (A), (C) and (E)
the comparisons were made between the control vs CP-100 and CP-100 vs Ebselen+CP-100. In (B), (D) and (F) the comparisons were
made between the SB vs SB +End-III and SB vs SB+End-III. All the values are expressed as Mean + SEM (n =5), *** p <0.001, * p <0.05,
H#Hi# p <0.001, ## p <0.01 and # p <0.05, (A) vs Control, (B) vs CP 100, (C) vs CP 100+End-III and (D) vs CP 100+FPG.
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Figure 4. Effect of ebselen (5 day pre-treatment) against CP-induced oxidative DNA damage in lymphocytes by standard and modified
comet assay using lesion-specific enzyme End-III and FPG.% Tail DNA was considered as main index of DNA damage while other comet
parameters such as tail length and tail moment also show a similar pattern. Standard comet is represented as strand breaks (SB) while
modified comet assay is represented as SB+End-III and SB +FPG for the enzyme End-III and FPG, respectively. In (A), (C) and (E) the
comparisons were made between the control vs CP-100 and CP-100 vs Ebselen +CP-100. In (B), (D) and (F) the comparisons were made
between the SB vs SB+End-III and SB vs SB+End-III. All the values are expressed as Mean + SEM (n =5), *** p <0.001, * p <0.05, ###
$<0.001, ## p <0.01 and # p <0.05, (A) vs Control, (B) vs CP 100, (C) vs CP 100+End-III and (D) vs CP 100+FPG.

The percentage tail DNA was plotted against the dose
of ebselen and the area under curve (AUC) was
calculated between the CP (100 mg/kg) and ebselen
(2.5, 5 and 10 mg/kg) + CP (E+ CP) treated groups in

both the bone marrow and the peripheral blood
lymphocytes from standard and modified comet assays.
Ebselen pre-treatment significantly reduced the AUC
as opposed to CP only in both standard and modified
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Figure 5. Photomicrograph showing the DNA migration pattern in mice, (A) lymphocytes isolated from mice received normal saline, (B)
lymphocytes isolated from mice received CP 100 mg/kg, (C) lymphocytes isolated from mice received CP 100 mg/kg and incubated with
End-III and (D) lymphocytes isolated from mice received CP 100 mg/kg and incubated with FPG. The symbols ‘4’ and ¢ —’ represent the
anode and cathode, respectively, during electrophoresis. Bar length 200 pm represents the magnification 200 x.

comet assay carried out in the bone marrow and
peripheral blood lymphocytes (see Figures 6 and 7).

Effects on micronuclei formation and mitotic index

The potential for inducing micronuclei in the bone
marrow and peripheral blood is widely used in the
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Figure 6. Effect of ebselen (5 day pre-treatment) against CP-
induced oxidative DNA damage in bone marrow cells of mice by
standard and modified comet assay using lesion-specific enzyme
FPG and End-III. The decrease in the DNA damage was observed
with increase in the dose of ebselen. The area under curve was
calculated between the CP (100 mg/kg) treated group and ebselen
(2.5, 5 and 10 mg/kg) and CP (E+CP) treated group in standard
and modified comet assay. The Bar diagram shows the AUC
between only CP treatment group and E+CP treated group in
standard and modified alkaline comet assay using lesion specific
enzyme END-III and FPG. All the values are expressed as Mean +
SEM (n=5), # p <0.001.

assessment of clastogenic or aneugenic potential of
chemicals. CP at a dose of 100 mg/kg induced
statistically significant increase in the number of
micronuclei in both bone marrow and peripheral
blood (see Figure 8). Five days of ebselen pre-
treatment significantly and dose-dependently re-
duced the CP-induced increase in the number of
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Figure 7. Effect of ebselen (5 day pre-treatment) against CP-
induced oxidative DNA damage observed in peripheral blood
lymphocytes of mice by standard and modified comet assay using
lesion-specific enzyme FPG and End-III. The decrease in the DNA
damage was observed with increase in the dose of ebselen. The area
under curve was calculated between the CP (100 mg/kg) treated
group and ebselen (2.5, 5 and 10 mg/kg) and CP (E+CP) treated
group in standard and modified comet assay. The Bar diagram
shows the AUC between only CP treatment group and E+CP-100
treated group in standard and modified alkaline comet assay using
lesion-specific enzyme END-III and FPG. All the values are
expressed as Mean+SEM (n =5), # p <0.001.

RIGHTS

1r



Free Radic Res Downloaded from informahealthcare.com by University of Saskatchewan on 12/03/11
For personal use only

Ebselen attenuates cyclophosphamide-induced oxidative stress 973

Figure 8. Representative photomicrograph of micronuclei (stained with acridine orange) of Bone marrow PCEs and peripheral blood
RETSs of mice. Arrow indicates the MNPCE in bone marrow (A) and MNRET in peripheral blood (B) of CP treated mice. Bar length 20 pm

represent the magnification 1000 x.

micronuclei in peripheral blood and bone marrow
(see Table I). Furthermore, the cytotoxicity induced
by CP as assessed by the ratio of PCEs-to-NCEs in
the bone marrow was restored with ebselen pre-
treatment and the ratio returned to the control level
at the highest dose (see Table I). Linear regression
analysis showed a strong and positive correlation
(>0.91) between the comet assay (standard and
modified) and the micronucleus assay (see Figure 9).

Discussion

Treatment with CP results in various adverse effects
including genotoxicity and apoptosis in the normal
cells [41]. The anti-neoplastic effect of CP is due to
its ability to inhibit cell division by damaging the
DNA of proliferating cancerous cells. However, at the
same time it also damages the DNA of the healthy
tissues with high cellular turnover such as the bone
marrow, the gastro-intestinal tract (GIT) and the
germ cells. During the course of metabolism, CP
generates active metabolites, like 4-hydroxycyclopho-
sphamide (4-OHCP), phosphoramide mustard and
acrolein. These metabolites preferably alkylate N’
position of the guanine residue of DNA and this leads
to inter- and intra-strand cross-links, DNA strand

breaks, cessation of DNA synthesis, DNA-protein
cross-links and DNA adduct formation [42,43].
Recently it has been reported that 4-hydroperoxy-
cyclophosphamide mediates caspase-independent T-
cell apoptosis, which involves oxidative stress-in-
duced nuclear relocation of mitochondrial apopto-
genic factors, such as apoptotic inducing factor (AIF)
and endonuclease-G (Endo-G) [44].

The present result indicates that in the liver CP
manifested oxidative stress as observed from a
significant increase in the MDA and decrease in the
GSH concentration. The CP treatment led to a
significant increase in the number of micronuclei in
both the bone marrow as well as in the peripheral
blood. The oxidative stress induced by CP signifi-
cantly increased the DNA damage in both the bone
marrow and the peripheral blood lymphocytes, as
evident from the modified alkaline comet assay using
lesion-specific restriction enzymes, FPG and End-III.
FPG and End-III recognize and remove the oxidized
purines (8-hydroxy guanine) and pyrimidines (thy-
mine glycol, 5-hydroxycytosine), creating AP sites.
The AP-sites are cleaved by AP lyase activity, creating
a gap in the DNA strand (measured as additional
strand breaks) that can be detected by the modified
comet assay [45-47].

Table I.  Effect of ebselen (5 days pre-treatment) on CP (100 mg/kg) induced MN frequency in bone marrow PCEs and peripheral blood

RETs.

Bone marrow Peripheral blood
Treatments (MN PCEs/1000PCEs) (MN RETs/1000RETS) P/N ratio
Control 1.20+0.37 1.40+0.24 1.09+0.04
Vehicle control 1.404+0.40 1.004+0.32 1.134+0.14
E-2.5 1.60+0.24 1.20+0.20 1.10+0.04
E-5 1.60+0.40 1.00+0.44 1.07+0.05
E-10 1.40+0.24 1.30+0.32 1.11+0.03
CP-100 55.20 +2.44***4 45.4042.24%**¢ 0.8740.04**¢
E-2.5+CP-100 43.40+2.24* 34.80+1.85% 0.95+0.02
E-5+CP-100 36.00 12.86***1’ 28.20 i2.15***b 0.98+0.04
E-10+CP-100 31.80+2.52%**" 23.0042.35%** 1.0440.05%°
All the values are expressed as Mean +SEM (n =5), *p <0.05, **p <0.01 and *** p <0.001.
“s Control, b vs CP 100.
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#Normal comet MModified comet (Enddll) AModified comet (FPG)
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Peripheral Blood Micronucleus

o 10 2 0 4 s e 7
Lymphocyte Comet assay (% DNA in Tail)
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Figure 9. Linear regression analysis showing the correlation between the micronucleus count vs% DNA in tail obtained by standard and
modified comet assay (End-III and FPG). (A) peripheral blood lymphocyte comet vs peripheral blood micronuclei and (B) bone marrow

comet vs bone marrow micronuclei.

Acrolein, another metabolite of CP, is responsible
for the unwanted toxic effects in the normal cells. It
causes bladder damage and haemorrhagic cystitis,
which are serious problems associated with CP
therapy [48]. Korkmaz et al. [25] reported that nitric
oxide and peroxynitrite are involved in the pathogen-
esis of CP-induced cystitis. Acrolein rapidly enters
into the uroepithelial cells and activates intracellular
ROS and produces nitric oxide (either directly or
through NF-xB and AP-1) and peroxynitrite. The
increased levels of peroxynitrite damages lipids (lipid
peroxidation), proteins (protein oxidation) and DNA
(strand breaks) leading to activation of PARP, a DNA
repair enzyme. Over-activation of PARP leads to
depletion of oxidized nicotinamide-adenine dinucleo-
tide and adenosine triphosphate and consequently
necrotic cell death [24]. CP also inactivates the
enzyme thioredoxin reductase (TrxR) activity in vitro
[49] and 2 vivo [50]. The Thioredoxin (Trx) system
is responsible for the redox balance of the organism
and regulates several vital functions (proliferation,
growth, DNA synthesis, transcription, detoxification
and apoptosis) that are required in the maintenance
of cellular integrity [51]. Thus, a reduction in TrxR
activity by CP in a non-specific manner results in the
induction of cytotoxicity to normal cells. Acrolein and
peroxynitrite have been reported to bind directly to
the selenocysteine [52] residue located at the C-
terminus of TrxR and as a result it deeply suppresses
TrxR activity [53]. Acrolein also reacts directly with
GSH, causing its depletion from the intracellular
storage sites [54]. Furthermore, it produces inflam-
mation by promoting accumulation of neutrophils,
which ultimately leads to the generation of ROS [55].
Acrolein interacts with amino acids of proteins,
causing structural and functional changes in the
enzyme system (e.g. SOD), rendering them incapable
to scavenge free radicals [56]. In summary, acrolein
depletes GSH, inhibits Trx-R activity and promotes
the formation of reactive oxygen species inside the
cells, impairing the redox balance of the system.

Ebselen pre-treatment decreased the oxidative
stress, as evident from a significant decrease in
MDA and increase in GSH concentration in the
liver. Pre-treatment with ebselen significantly attenu-
ated the CP-induced DNA damage in a dose-
dependent manner, as evident from the results of
standard and modified comet assays. Ebselen at the
highest dosage (10 mg/kg) significantly reduced the
DNA damage (x54% DNA strand breaks; ~58%
DNA having oxidized pyrimidines and ~ 62% DNA
having oxidized purines). These findings were con-
firmed from the micronucleus assay. MN are well
characterized biomarkers of structural and numerical
chromosomal damage; they arise from acentric chro-
mosome fragments or lagging whole chromosome(s)
that fail to incorporate into daughter nuclei after the
nuclear division [57]. Pre-treatment with ebselen at
the highest dose (10 mg/kg) significantly reduced the
CP-induced MNPCEs (~42.39%) and MNRET
(~49.34%) in the mouse bone marrow and in the
peripheral blood, respectively. Studies have been
performed to elucidate the mechanism of DNA
damage and to correlate the extent of DNA damage
by employing both the comet and the micronucleus
assay as the end points of evaluation [58-61]. In our
study, a strong positive correlation of DNA damage
was noted between the micronucleus assay and comet
assay (standard and modified).

Selenium supplementation inhibits carcinogen-
induced covalent DNA adduct formation and re-
duces the oxidative damage to DNA, lipids and
proteins [62]. Mechanistic studies have shown that
ebselen inhibits pro-oxidant enzyme NADPH oxidase
[63] and decreases the free radical production by
activated macrophages [64]. The glutathione perox-
idase mimetic activity of ebselen reduces oxidative
stress and augments peroxidase activity by inducing
nrf-2-dependent transcription pathway [65]. Ebselen
acts as a substrate for the mammalian thioredoxin
system (e.g. thioredoxin, thioredoxin reductase and
NADPH + H ), resulting in the formation of ebselen
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selenol. The latter-reacts with ebselen to form ebselen
diselenide, which acts as a storage site for ebselen and
reactivated by the thioredoxin system [28]. The
ebselen selenol is more potent than thioredoxin itself
for the reduction of various substrates, e.g. H,O,,
smaller organic hydroperoxides as well as membrane-
bound phospholipid and cholesterylester hydroper-
oxide. Since ebselen is effective against membrane
hydroperoxides, it inhibits both enzymatic and non-
enzymatic lipid peroxidation in the cells. Thus, in
part, the above discussed mechanisms may be re-
sponsible for the attenuation of CP-induced oxidative
stress and the subsequent DNA damage.

The present study provides for the first time
evidence that ebselen attenuates CP-induced oxida-
tive stress and the subsequent DNA damage in both
the peripheral blood and the bone marrow cells of
mice. The anti-genotoxic effect of ebselen might be
due to its antioxidant and cytoprotective activity.
However, additional studies using other end points
with possible mechanistic evidence are required to
elucidate the precise mechanism of protection offered
by ebselen.

Acknowledgements

We wish to acknowledge the financial assistance
received from the National Institute of Pharmaceu-
tical Education and Research (NIPER) in the form of
a Senior Research Fellowship (SRF) to D. N.
Tripathi. The authors are grateful to Dr G. Jagadeesh
(Division of Cardio-Renal Drug Products, US FDA,
Rockville, MD, USA) and Professor K. P. R. Kartha
(NIPER, SAS Nagar, Mohali, Punjab India) for their
expert language editing.

Declaration of interest: The authors report no
conflicts of interest. The authors alone are respon-
sible for the content and writing of the paper.

References

[1] Ardais AP, Santos FW, Nogueira CW. Ebselen attenuates
cadmium-induced testicular damage in mice. J] Appl Toxicol
2008;28:322-328.

[2] Fujisawa S, Kadoma Y. Kinetic studies of the radical-
scavenging activity of ebselen, a seleno-organic compound.
Anticancer Res 2005;25:3989-3994.

[3] Muller A, Cadenas E, Graf P, Sies H. A novel biologically
active seleno-organic compound-I. Glutathione peroxidase-
like activity in vitro and antioxidant capacity of PZ 51
(Ebselen). Biochem Pharmacol 1984;33:3235-3239.

[4] Sies H, Masumoto H. Ebselen as a glutathione peroxidase
mimic and as a scavenger of peroxynitrite. Adv Pharmacol
1997;38:229-246.

[5] Takasago T, Peters EE, Graham DI, Masayasu H, Macrae
IM. Neuroprotective efficacy of ebselen, an anti-oxidant with
anti-inflammatory actions, in a rodent model of permanent

middle cerebral artery occlusion. Br J Pharmacol 1997;
122:1251-1256.

[6] Porciuncula LO, Rocha JB, Boeck CR, Vendite D, Souza DO.
Ebselen prevents excitotoxicity provoked by glutamate in rat
cerebellar granule neurons. Neurosci Lett 2001;299:217-220.

[7] Yamaguchi T, Sano K, Takakura K, Saito I, Shinohara Y,
Asano T, Yasuhara H. Ebselen in acute ischemic stroke: a
placebo-controlled, double-blind clinical trial. Ebselen Study
Group. Stroke 1998;29:12-17.

[8] Parnham M, Sies H. Ebselen: prospective therapy for cerebral
ischaemia. Expert Opin Investig Drugs 2000;9:607-619.

[9] Dhanarajan R, Abraham P, Isaac B. Protective effect of
ebselen, a selenoorganic drug, against gentamicin-induced
renal damage in rats. Basic Clin Pharmacol Toxicol 2006;99:
267-272.

[10] Husain K, Morris C, Whitworth C, Trammell GL, Rybak LP,
Somani SM. Protection by ebselen against cisplatin-induced
nephrotoxicity: antioxidant system. Mol Cell Biochem
1998;178:127-133.

[11] Yang CF, Liu J, Shen HM, Ong CN. Protective effect of
ebselen on aflatoxin Bl-induced cytotoxicity in primary rat
hepatocytes. Pharmacol Toxicol 2000;86:156-161.

[12] Saluk-Juszczak J, Wachowicz B, Wojtowicz H, Kloc K, Bald
E, Glowacki R. Novel selenoorganic compounds as modula-
tors of oxidative stress in blood platelets. Cell Biol Toxicol
2006;22:323-329.

[13] Tiano L, Fedeli D, Santoni G, Davies I, Wakabayashi T,
Falcioni G. Ebselen prevents mitochondrial ageing due to
oxidative stress: in vitro study of fish erythrocytes. Mitochon-
drion 2003;2:428-436.

[14] Wu Q, Huang K. Effect of selenium compounds on the
damage induced by oxysterol on rat arterial walls. Biol Trace
Elem Res 2006;112:273-282.

[15] Saad SY, Najjar TA, Arafah MM. Cardioprotective effects of
subcutaneous ebselen against daunorubicin-induced cardio-
myopathy in rats. Basic Clin Pharmacol Toxicol 2006;99:
412-417.

[16] Arakawa M, Ishimura A, Arai Y, Kawabe K, Suzuki S, Ishige
K, Ito Y. N-Acetylcysteine and ebselen but not nifedipine
protected cerebellar granule neurons against 4-hydroxynone-
nal-induced neuronal death. Neurosci Res 2007;57:220-229.

[17] Burger ME, Fachinetto R, Zeni G, Rocha JB. Ebselen
attenuates haloperidol-induced orofacial dyskinesia and oxi-
dative stress in rat brain. Pharmacol Biochem Behav
2005;81:608-615.

[18] Johnsen-Soriano S, Bosch-Morell F, Miranda M, Asensio S,
Barcia JM, Roma J, Monfort P, Felipo V, Romero FJ. Ebselen
prevents chronic alcohol-induced rat hippocampal stress and
functional impairment. Alcohol Clin Exp Res 2007;31:486—
492.

[19] Mirkes PE. Cyclophosphamide teratogenesis: a review. Ter-
atog Carcinog Mutagen 1985;5:75-88.

[20] Roy P, Yu LJ, Crespi CL, Waxman DJ. Development of a
substrate-activity based approach to identify the major human
liver P-450 catalysts of cyclophosphamide and ifosfamide
activation based on cDNA-expressed activities and liver
microsomal P-450 profiles. Drug Metab Dispos 1999;27:
655—666.

[21] Roberts JC, Francetic D], Zera RT. Chemoprotection against
cyclophosphamide-induced urotoxicity: comparison of nine
thiol protective agents. Anticancer Res 1994;14:389-395.

[22] Adams ]JD Jr, Klaidman LK. Acrolein-induced oxygen radical
formation. Free Radic Biol Med 1993;15:187-193.

[23] Misonou Y, Asahi M, Yokoe S, Miyoshi E, Taniguchi N.
Acrolein produces nitric oxide through the elevation of
intracellular calcium levels to induce apoptosis in human
umbilical vein endothelial cells: implications for smoke
angiopathy. Nitric Oxide 2006;14:180-187.

RIGHTS

1r



Free Radic Res Downloaded from informahealthcare.com by University of Saskatchewan on 12/03/11
For personal use only

976 D. N. Tripathi & G. B. Jena

[24]

(25]

[26]

[27]

[28]

[29]

(30]

(31]

[32]

(33]

[34]

[35]

[36]

[37]
(38]

(39]

(40]

(41]

[42]

(43]

[44]

Korkmaz A, Topal T, Oter S. Pathophysiological aspects of
cyclophosphamide and ifosfamide induced hemorrhagic cy-
stitis; implication of reactive oxygen and nitrogen species as
well as PARP activation. Cell Biol Toxicol 2007;23:303-312.
Korkmaz A, Oter S, Sadir S, Coskun O, Topal T, Ozler M,
Bilgic H. Peroxynitrite may be involved in bladder damage
caused by cyclophosphamide in rats. J Urol 2005;173:1793—
1796.

Holl V, Coelho D, Silbernagel L, Keyser JF, Waltzinger C,
Dufour P, Bischoff PL. Prevention of nitrogen mustard-
induced apoptosis in normal and transformed lymphocytes
by ebselen. Biochem Pharmacol 2000;60:1565-1577.
Hoshida S, Aoki K, Nishida M, Yamashita N, Igarashi J, Hori
M, Kuzuya T, Tada M. Effects of preconditioning with
ebselen on glutathione metabolism and stress protein expres-
sion. J Pharmacol Exp Ther 1997;281:1471-1475.

Zhao R, Holmgren A. A novel antioxidant mechanism of
ebselen involving ebselen diselenide, a substrate of mamma-
lian thioredoxin and thioredoxin reductase. ] Biol Chem
2002;277:39456-39462.

Ohkawa H, Ohishi N, Yagi K. Assay for lipid peroxides in
animal tissues by thiobarbituric acid reaction. Anal Biochem
1979;95:351-358.

Lowry OH, Rosebrough NJ, Farr AL, Randall R]. Protein
measurement with the Folin phenol reagent. J Biol Chem
1951;193:265-275.

Moron MS, Depierre JW, Mannervik B. Levels of glutathione,
glutathione reductase and glutathione S-transferase activities
in rat lung and liver. Biochim Biophys Acta 1979;582:67-78.
Singh NP, McCoy MT, Tice RR, Schneider EL. A simple
technique for quantitation of low levels of DNA damage in
individual cells. Exp Cell Res 1988;175:184-191.

Tice RR, Agurell E, Anderson D, Burlinson B, Hartmann A,
Kobayashi H, Miyamae Y, Rojas E, Ryu JC, Sasaki YF. Single
cell gel/comet assay: guidelines for i vitro and in vivo genetic
toxicology testing. Environ Mol Mutagen 2000;35:206-221.
Collins AR, Raslova K, Somorovska M, Petrovska H,
Ondrusova A, Vohnout B, Fabry R, Dusinska M. DNA
damage in diabetes: correlation with a clinical marker. Free
Radic Biol Med 1998;25:373-377.

Collins AR, Oscoz AA, Brunborg G, Gaivao I, Giovannelli L,
Kruszewski M, Smith CC, Stetina R. The comet assay:
topical issues. Mutagenesis 2008;23:143-151.

Jena GB, Nemmani KV, Kaul CL, Ramarao P. Protective
effect of a polyherbal formulation (Immu-21) against cyclo-
phosphamide-induced mutagenicity in mice. Phytother Res
2003;17:306-310.

Schmid W. The micronucleus test. Mutat Res 1975;31:9-15.
Hayashi M, Sofuni T, Ishidate M Jr. An application of
Acridine Orange fluorescent staining to the micronucleus
test. Mutat Res 1983;120:241-247.

Gollapudi BB, McFadden LG. Sample size for the estimation
of polychromatic to normochromatic erythrocyte ratio in the
bone marrow micronucleus test. Mutat Res 1995;347:97-99.
Holden HE, Majeska JB, Studwell D. A direct comparison of
mouse and rat bone marrow and blood as target tissues in the
micronucleus assay. Mutat Res 1997;391:87-89.

Tripathi DN, Jena GB. Astaxanthin inhibits cytotoxic and
genotoxic effects of cyclophosphamide in mice germ cells.
Toxicology 2008;248:96-103.

Maccubbin AE, Caballes L, Riordan JM, Huang DH, Gurtoo
HL. A cyclophosphamide/DNA phosphoester adduct formed
in vitro and in vivo. Cancer Res 1991;51:886-892.
Selvakumar E, Prahalathan C, Sudharsan PT, Varalakshmi P.
Chemoprotective effect of lipoic acid against cyclophospha-
mide-induced changes in the rat sperm. Toxicology 2006;
217:71-78.

Strauss G, Westhoff MA, Fischer-Posovszky P, Fulda S,
Schanbacher M, Eckhoff SM, Stahnke K, Vahsen N,

[45]

[46]

[47]

[48]

[49]

[50]

(51]

[52]

(53]

(54]

[55]

[56]

[57]

(58]

[59]

[60]

[61]

Kroemer G, Debatin KM. 4-hydroperoxy-cyclophosphamide
mediates caspase-independent T-cell apoptosis involving oxi-
dative stress-induced nuclear relocation of mitochondrial
apoptogenic factors AIF and EndoG. Cell Death Differ
2008;15:332-343.

Collins AR, Dusinska M, Gedik CM, Stetina R. Oxidative
damage to DNA: do we have a reliable biomarker? Environ
Health Perspect 1996;104(Suppl 3):465-469.

Collins AR, Duthie SJ, Dobson VL. Direct enzymic detection
of endogenous oxidative base damage in human lymphocyte
DNA. Carcinogenesis 1993;14:1733-1735.

Kumaravel TS, Vilhar B, Faux SP, Jha AN. Comet Assay
measurements: a perspective. Cell Biol Toxicol 2007; (Article
in press).

Hu RQ, Mehter H, Nadasdy T, Satoskar A, Spetie DN, Rovin
BH, Hebert L. Severe hemorrhagic cystitis associated with
prolonged oral cyclophosphamide therapy: case report and
literature review. Rheumatol Int 2008;28:1161-1164.

Park YS, Misonou Y, Fujiwara N, Takahashi M, Miyamoto Y,
Koh YH, Suzuki K, Taniguchi N. Induction of thioredoxin
reductase as an adaptive response to acrolein in human
umbilical vein endothelial cells. Biochem Biophys Res Com-
mun 2005;327:1058-1065.

Wang X, Zhang J, Xu T. Cyclophosphamide as a potent
inhibitor of tumor thioredoxin reductase i vivo. Toxicol Appl
Pharmacol 2007;218:88-95.

Watson WH, Yang X, Choi YE, Jones DP, Kehrer JP.
Thioredoxin and its role in toxicology. Toxicol Sci 2004;78:
3-14.

Inglot AD, Zielinska-Jenczylik J, Piasecki E, Syper L, Mlo-
chowski J. Organoselenides as potential immunostimulants
and inducers of interferon gamma and other cytokines in
human peripheral blood leukocytes. Experientia 1990;46:
308-311.

Zhang J, Ma K, Wang H. Cyclophosphamide suppresses
thioredoxin reductase in bladder tissue and its adaptive
response via inductions of thioredoxin reductase and glu-
tathione peroxidase. Chem Biol Interact 2006;162:24-30.
Crook TR, Souhami RL, McLean AE. Cytotoxicity, DNA
cross-linking, and single strand breaks induced by activated
cyclophosphamide and acrolein in human leukemia cells.
Cancer Res 1986;46:5029-5034.

Stankiewicz A, Skrzydlewska E, Sulkowska M, Sulkowski S.
Effect of amifostine on lung oxidative stress after cyclopho-
sphamide therapy. Bull Vet Inst Pulawy 2002;49:87-94.
Haenen GR, Vermeulen NP, Tail Tin Tsoi JN, Ragetli HM,
Timmerman H, Blast A. Activation of the microsomal
glutathione-s-transferase and reduction of the glutathione
dependent protection against lipid peroxidation by acrolein.
Biochem Pharmacol 1988;37:1933-1938.

Tripathi DN, Pawar AA, Vikram A, Ramarao P, Jena GB. Use
of the alkaline comet assay for the detection of transplacental
genotoxins in newborn mice. Mutat Res 2008;653:134-139.
Van Goethem F, Lison D, Kirsch-Volders M. Comparative
evaluation of the in vizro micronucleus test and the alkaline
single cell gel electrophoresis assay for the detection of DNA
damaging agents: genotoxic effects of cobalt powder, tungsten
carbide and cobalt-tungsten carbide. Mutat Res 1997;392:
31-43.

Vrzoc M, Petras ML. Comparison of alkaline single cell gel
(Comet) and peripheral blood micronucleus assays in detect-
ing DNA damage caused by direct and indirect acting
mutagens. Mutat Res 1997;381:31-40.

He JL, Chen WL, Jin LF, Jin HY. Comparative evaluation of
the in virro micronucleus test and the comet assay for the
detection of genotoxic effects of X-ray radiation. Mutat Res
2000;469:223-231.

Raisuddin S, Jha AN. Relative sensitivity of fish and mam-
malian cells to sodium arsenate and arsenite as determined by

RIGHTS

Ay



Free Radic Res Downloaded from informahealthcare.com by University of Saskatchewan on 12/03/11
For personal use only

[62]

[63]

Ebselen attenuates cyclophosphamide-induced oxidative stress 977

alkaline single-cell gel electrophoresis and cytokinesis-block
micronucleus assay. Environ Mol Mutagen 2004;44:83-89.
El-Bayoumy K. The protective role of selenium on genetic
damage and on cancer. Mutat Res 2001;475:123-139.
Cotgreave IA, Duddy SK, Kass GE, Thompson D, Moldeus
P. Studies on the anti-inflammatory activity of ebselen.
Ebselen interferes with granulocyte oxidative burst by dual
inhibition of NADPH oxidase and protein kinase C. Biochem
Pharmacol 1989;38:649-656.

This paper was first published online on iFirst on 28 November
2008.

[64]

[65]

Wang JF, Komarov P, Sies H, de Groot H. Inhibition of
superoxide and nitric oxide release and protection from
reoxygenation injury by Ebselen in rat Kupffer cells. Hepa-
tology 1992;15:1112-1116.

Tamasi V, Jeffries JM, Arteel GE, Falkner KC. Ebselen
augments its peroxidase activity by inducing nrf-2-dependent
transcription. Arch Biochem Biophys 2004;431:161-168.

RIGHTS

Ay



