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INTRODUCTION

The overwhelming majority of studies on the estima�
tion of mutagenic and mutagen�modifying activity of
natural and synthetic compounds are conducted in in
vitro tests or in vivo tests on somatic cells [1, 2]. Studies in
germ cells are rare, which is mainly caused by the limita�
tion of existing widely used techniques. The methods that
have been verified to date are complicated and laborious
and are not enough reliable due to the high probability of
false results [2]. This determined the need for a search for
and development of new techniques of registering
mutagenic and mutagen�modifying effects in germ cells.
In particular, a new cytogenetic technique of registering
aneuploidy and structural chromosome violations in
mouse oocytes was recently suggested [3]; approbation
and verification in experiments with known mutagens
and antimutagens is a necessary stage of its implementa�
tion.

In the present work, N�acetylcysteine (ACC) was
selected as an antimutagen; it is widely used in clinical
practice as a mucolytic agent with cytoprotective
activity associated with antioxidant properties of the
preparation [4, 5]. Antimutagenic and anticarcino�
genic ACC properties were demonstrated in multiple
in vivo experiments on somatic cells relative to geno�
toxicants with different mechanisms of action [6].

Etoposide (an antitumor drug belonging to the
class of topoisomerase II inhibitors that is widely used
in clinics) was selected as a mutagen. Etoposide use is
associated with a high risk of mutagenesis and the
development of secondary tumors [7].

The ability of ACC to decrease lethal mutations
induced by etoposide in male mice was demonstrated

in previous studies [8]; no estimation effects in oocytes
was previously conducted.

The goal of the present work was to study the influ�
ence of ACC on the cytogenetic effects of etoposide in
mouse oocytes.

MATERIALS AND METHODS

The study was conducted on 6�, 9�, and 12�week�
old females of F1 СBA × C57BL/6 mice (Stolbovaya
nursery). The animals were kept in a vivarium in the
Zakusov Research Institute of Pharmacology accord�
ing to the sanitary standards provided by the Labora�
tory Practice Rules (Order of the Ministry of Health
and Social Development of Russian Federation from
August 23, 2004, no. 708n) with free access to water
and a balanced, briquetted, granular mixed feed from
the MEST company (Russia).

Superovulation in the mice of all experimental
groups was caused by means of an intraperitoneal
injection of 5 ME of gonadotropin of pregnant mare
serum (Folligon, Holland) and 5 ME of human chori�
onic gonadotropin (hCG) (Moscow Endocrine
Plant), with a 48�h interval between injections.

Etoposide at doses of 10, 20, 40, and 60 mg/kg
(Etoposide�Lens, Verofarm) was introduced to
females of 6�week�old mice once, intraperitoneally,
simultaneously with the hCG injection. An equivalent
amount of physiological solution was introduced to
mice in the negative control group simultaneously
with the CG injection.

The experiments with modification of etoposide
effects were conducted on 6�, 9�, and 12�week�old
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female mice. ACC at a dose 200 mg/kg was introduced
orally three times, simultaneously with the injection of
gonadotropin of pregnant mare serum, 24 h after and
together with the etoposide injection. The selection of
the ACC dose was based on literature data [8].

Each experimental group included 10–15 animals.
Altogether, four series of experiments were carried out.

The obtaining of the micropreparations and the
cytogenetic analysis of oocytes were conducted
according to a previously developed technique [3].
Animals were killed 17 h after CG injection by dislo�
cation of the cervical vertebrae. Oviducts were
extracted and placed in a drop of EKO1 Ooklin
medium (PanEko, Russia) (preliminarily heated to
37°C) in a Petri dish. The oviduct ampoule was broken
under a stereomicroscope (Stemi DV4, Carl Zeiss) by
means of a preparation needle. Oocytes released in the
oocyte–cumulus complex were transferred to a
medium containing 150 ME/mL hyaluronidase (type II,
Sigma). Oocytes released from cumulus cells were
selected 20 min later by EZ�Grip® micropipette (RI,
England) and transferred through 6–8 drops of fresh
medium for washing from the enzyme and follicular
cells. Removal of the zona pellucida was carried out by
oocyte treatment with 0.005% collagenase solution
(Type I, Sigma) for 20 min at room temperature.
Oocytes were then placed in a fresh portion of medium
to be washed free of collagenase (as described above).

Hypotonic treatment was conducted in buffered
0.4% KCl solution (10 mM HEPES, 1 mM MgCl2,
pH 7.2) for 15 min at room temperature. At the end,
20–25 oocytes were transferred to wells in a slide with
30 µL of fixative (1% paraformaldehyde, 0.2% Triton�
X, 1.5 mM dithiothreitol, pH 9.2). Three�well slides
for immunofluorescence with hydrophobic teflon sur�
face were used (Immuno�cell, Belgium). Microprepa�
rations were placed in a moist chamber for 2 h, after
which they were dried at 37°C.

Micropreparations were dyed by fluorescent Hoechst
33258 dye (0.5 µg/mL in phosphate–saline buffer) for
10 min. The microscopy was carried out on an epiflu�
orescent AxioImager M2 microscope (Carl Zeiss,
Germany) under oil immersion at a magnification of

×1000. Digital images of metaphase plates were
obtained with an AxioCam MRm digital camera.

At least 200 metaphases were analyzed for each
experimental group. Numerical (aneu� and polyp�
loidy) and structural violations (chromatid and chro�
mosome fragments, exchanges of different types), as
well as the premature separation of sister chromatids
(PSSC), were estimated. Metaphases with multiple
aberrations(more than five per cell) were isolated into
a separate group. The statistical treatment of the data
was conducted with the χ2 criterion.

RESULTS

The cytogenetic effects of etoposide were studied in
the first series of experiments in mouse oocytes in
order to determine the optimal mutagen dose to esti�
mate the modifying effect of ACC.

Data from the experiments on the estimation of the
aneugenic effects of etoposide are presented in Table 1.

No oocytes with numerical chromosome violations
were detected in the control animals, which is in
agreement with previously obtained data on the spon�
taneous aneuploidy level in this mouse strain [3].

After the introduction of etoposide at a dose 10 mg/kg,
3.6 and 1.5% of hypohaploid (n < 20) and hyperhap�
loid (n > 20) oocytes, respectively, were detected; how�
ever, differences with the control indices were statisti�
cally insignificant.

Etoposide induced an oocyte yield with a hypohap�
loid set of chromosomes at doses 20 and 40 mg/kg of
up to 6.6 and 11.7%, respectively. The percentage of
oocytes with a hyperhaploid set of chromosomes was
also significantly higher; an index of 2% was registered
for both doses. PSSC was observed in 5.1 and 24.9%
oocytes for etoposide doses of 20 and 40 mg/kg,
respectively.

A significant increase in the percentage of oocytes
with meiotic arrest (up to 3.5%), as well as oocytes
with a polyploidy set of chromosomes (2n, 3n), was
detected after the introduction of etoposide at a dose
of 60 mg/kg. The numerical analysis of the chromo�
somes and PSSC was complicated due to the high level
of chromosomal structural violations (Table 2).

Table 1. Induction of numerical chromosome violations in mouse oocyte by etoposide

Experimental conditions
Oocytes at 
meiosis MI 

stage, %

Metaphases (%) with chromosome number Polyhaploid 
metaphases, %

Metaphases 
with PSSC, %n < 20 n = 20 n > 20

Negative control 0.5 0 100 0 0 0

Etoposide 10 mg/kg 2.0 3.6 94.4 1.5 0.5 0

Etoposide 20 mg/kg 1.0 6.6** 91.4 2.0* 0 5.1*

Etoposide 40 mg/kg 1.5 11.7** 80.2 2.0* 1.0 24.9**

Etoposide 60 mg/kg 3.5* n/e n/e n/e 2.0* n/e

*,  p < 0.05; **, p < 0.01 as compared with negative control; n/e, not estimated.
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The data on the analysis of chromosome aberra�
tions in oocytes are presented in Table 2. No oocytes
with chromosome structural violations were detected
in animals from the negative control group. Etoposide
induced chromosome aberrations in oocytes depend�
ing on the dose (up to 4.7 ± 1.5, 19.2 ± 2.8, 59.4 ± 3.5,
82.4 ± 2.7% of damaged metaphases at doses of 10, 20,
40, and 60 mg/kg. Chromatid centric and acentric
fragments and exchange�type aberrations represented
by acentric and centric rings and chromatid exchanges
prevailed in the spectrum of aberrations (figure). Eto�
poside at doses of 40 and 60 mg/kg induced multiple
chromosome violations in 9.6 and 47.2% of oocytes,
respectively.

Based on the obtained data, etoposide was used at
a dose of 20 mg/kg in further experiments, since the
pronounced clastogenic mutagen effect at higher
doses complicated the adequate estimation of aneu�
genic effects.

Data on the influence of ACC on aneugenic effects
of etoposide are presented in Table 3.

ACC completely prevented the yield of oocytes
with hypohaploid and hyperhaploid chromosome sets
(induced by etoposide) in 6�week�old female mice
(with decreasing indices to the control values). At the
same time, the PSSC level did not differ significantly.

ACC completely suppressed PSSC in oocytes
(induced by etoposide) in 9�week�old mice. A
decrease in the percentage of hypohaploid oocytes was
observed; however, the differences were statistically
insignificant. In addition, an increase in the yield of
oocytes arrested at the MI meiosis stage was detected.

ACC statistically significantly (by 2 times)
decreased the yield of hypohaploid oocytes in 12�
week�old female mice but did not influence the level of
polyploid oocytes. A significant decrease in the per�
centage of oocytes with delayed meiotic maturation
(from 2.7 to 1.1%) was also observed. No significant
differences were detected for the PSSC index.

Data on the estimation of the ACC effect on chro�
mosome aberrations in oocytes (induced by etopo�
side) are presented in Table 4. Etoposide induced vio�
lations in 15.6, 22.4, and 35.2% of oocytes in 6�, 9�,
and 12�week�old mice, respectively. Only chromatid
fragments were observed in the spectrum of chromo�
some aberrations. ACC statistically significantly
decreased the clastogenic effect of etoposide in all age
groups. At the same time, the most pronounced pro�
tective effect (an 80% decrease) was detected in
9�week�old females as compared to 32 and 52% for 6�
and 12�week�old animals, respectively.

Table 2. Induction of structural chromosome aberrations in mouse oocytes by etoposide

Experimental conditions

Per 100 cells Total damaged 
metaphases
(M ± m), %

chromatid
fragments

chromosome
fragments  exchanges cells with MD

Negative control 0 0 0 0 0

Etoposide 10 mg/kg 5.4 0 0 0 4.7* ± 1.5

Etoposide 20 mg/kg 25.3 0 3.0 0 19.2** ± 2.8

Etoposide 40 mg/kg 89.3 0.5 5.6 9.6 59.4** ± 3.5

Etoposide 60 mg/kg 76.7 0.5 7.3 47.2 82.4**  ± 2.7

MD, multiple (>5) damages of chromosomes (for Tables 2, 4).
*, p < 0.05; **, p < 0.001 as compared with negative control.

(a) (b) (c) (d)

Numerical and structural chromosome aberrations in mouse MII oocytes induced by etoposide (magnification ×1000; Hoechst
dyeing 33258). (a) metaphase without chromosome violations; (b) metaphase with hypohaploid (n = 19) chromosome set; (c)
centric (continuous arrows) and acentric (contour arrows) chromatid fragments; (d) centric (continuous arrows) and acentric
(contour arrows) ring chromatids.
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DISCUSSION

The clastogenic effects of etoposide in mouse
oocytes were demonstrated for the first time in the
work by Mailhes et al. [9]. The mutagen at doses of 20,
40, and 60 mg/kg caused a dose�dependent increase in
the yield of cells with chromosome aberrations in 21,
42, and 86% of cells against the background of an
absence of oocytes with aberrations in the control ani�
mals. Similar results were obtained in the experiments
carried out in the present work. Chromatid breaks in
the pericentromeric regions and multiple chromo�

some damage prevailed in the spectrum of aberrations
(which is in agreement with data on the localization of
topoisomerase II molecules) mainly in the pericentro�
meric region and along the axis of both arms of the
chromosomes [10]. At the same time, the authors
failed to provide an objective estimation of aneugenic
violations induced by etoposide in the cited work.
They registered 21.5% of hypohaploid oocytes in
intact mice, which was explained by methodical arti�
facts. Based on this, the aneugenic effect of etoposide
was indirectly estimated according to the ratio of
hyperhaploid oocytes in the control and experimental

Table 3. Influence of ACC on numerical chromosome violations in mouse oocytes induced by etoposide

Experimental conditions
Oocytes

at meiosis MI 
stage, %

Metaphases (%) with chromosome number Polyhaploid 
metaphases, %

Metaphases 
with PSSC, %n < 20 n = 20 n > 20

Negative control 0.5 0 100 0 0 0

6�week�old female mice

Etoposide 20 mg/kg 0 3.9 96.1 0 2.6 1.3

+ ACC 200 mg/kg 0 0** 100 0 0* 1.5

9�week�old female mice

Etoposide 20 mg/kg 0 6.1 93.9 0 0 5.0

+ ACC 200 mg/kg 2.2 4.4 95.6 0 0 0**

12�week�old female mice

Etoposide 20 mg/kg 2.7 5.6 94.4 0 2.8 1.4

+ ACC 200 mg/kg 1.1* 2.3** 97.7 0 3.4 0

*, p < 0.05; **, p < 0.01 as compared with the effect of etoposide.

Table 4. Influence of ACC on structural chromosome aberrations in mouse oocytes induced by etoposide

Experiment conditions

Per 100 cells
Total damaged 

metaphases
(M ± m), %chromatid

fragments
chromosome

fragments exchanges cells with MD

Negative control 0 0 0 0 0

6�week�old female mice

Etoposide 20 mg/kg 23.4 0 0 0 15.6 ± 2.2

+ ACC 200 mg/kg 10.6 0 0 0 10.6* ± 1.5

 9�week�old female mice

Etoposide 20 mg/kg 28.5 0 0 0 22.4 ± 3.1

+ ACC 200 mg/kg 8.9 0 0 0 4.4** ± 0.6

12�week�old female mice

Etoposide 20 mg/kg 53.5 0 0 0 35.2 ± 5.0

+ ACC 200 mg/kg 25.0 0 0 0 17.0** ± 2.4

*, p < 0.05; **, p < 0.001 as compared with the effect of etoposide.
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groups. In the present study, it was reliably established
by the applied technique that etoposide has a dose�
dependent aneugenic effect in mouse oocytes with
induction of the yield of mainly hypohaploid oocytes.

The generation of triple complex DNA�topoi�
somerase II�etoposide (leading to the inhibition of
DNA�ligase activity of topoisomerase II and the origin
of double DNA breaks) underlies the mechanism of
the clastogenic effect of etoposide [11]. The aneugenic
effect of the mutagen is associated with the damage
from the process of DNA decatenation (mediated by
topoisomerase II) before meiosis anaphase I, which
results in nondisjunction of sister chromatids [12]. It
was demonstrated by electronic microscopy that vio�
lation of the structural organization of the synaptone�
mic complex at the late stage of pachytene and diplo�
tene occurs under the effect of etoposide (resulting in
the generation of univalents of autosomal and sex
chromosomes) [13]. It is obvious that the antimu�
tagenic effects of ACC (detected in the present study)
cannot be explained by the known mechanisms of its
protective effect (antioxidant and/or dismutagenic
activity) [5]. Prooxidant activity was demonstrated for
etoposide; however, its contribution to the genotoxic
effect is insignificant [8]. The detected spectrum of
aberrations with a predominance of the chromosome
breaks exactly in the region of topoisomerase II local�
ization is in favor of this. In turn, experimental data on
the absence of an ACC influence on the antitumor
activity of etoposide do not explain the protective
effect of ACC due to its dismutagenic activity [6]. In a
study by Liu et al. [14], it was established that ACC
prevents an age�dependent decrease in telomerase
activity and telomere shortening in mouse oocytes.
ACC suppressed the inhibiting effect of curcumin on
telomerase expression in vitro [15]. At the same time,
it was demonstrated that an increase in telomerase
expression in tumor cells promotes the origin of a
resistance to the cytostatic effect of etoposide in them
[16]. Thus, the influence on telomerase activity can be
considered one of the possible mechanisms of the pro�
tective effect of ACC against the effects of etoposide.
Analysis of the literature data also allows the assump�
tion of the indirectness of the modifying effect of ACC
by a direct influence on topoisomerase II activity, cell
cycle or DNA�repair [5, 6, 17].

It is important to note the depending of the mani�
festation of etoposide and ACC effects on the age of
the experimental animals. The manifestation of cyto�
genetic effects of etoposide directly depended on the
age of mice. An increase in the sensitivity to the effects
of mutagens with age was repeatedly demonstrated [1].
At the same time, the anticlastogenic activity of ACC
was most pronounced in 9�week�old females (an 80%
decrease), while aneugenesis modification (100%
decrease) was most pronounced in 6�week�old
females. It is difficult to explain the mechanisms of the
observed phenomenon within the present study.

Thus, it was demonstrated that ACC has a pro�
nounced antimutagenic activity against cytogenetic
effects of etoposide in mouse oocytes. Together with
data on antimutagenic effects in male germ cells [8],
the data obtained in the present study determine the
prospects of further development of ACC as an anti�
mutagenic agent for decreasing the negative effects of
etoposide in germ cells. The results of the study are
also essential to validate the used technique on the
accounting of genotoxic effects in oocytes for the
assessment of mutagenic and mutagen�modifying
activity.
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