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delay in cell cycle kinetics and cell cycle regulator proteins
in irradiated mouse bone marrow cells
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Abstract

Purpose: Reduced glutathione (GSH) is an endogenous thiol and has long been thought to affect the sensitivity of cells to
radiation. The aim was to see the influence of GSH on: (i) the production of all types of radiation-induced chromosome
aberrations (CA), and (ii) the radiation-induced delay in cell cycle and the levels of cell cycle regulator proteins.
Materials and Methods: Cell cycle kinetics were determined by scoring the mitotic index (MI). CA and MI were scored in
y-irradiated buthionine sulfoximine (BSO) (10 h) or GSH (1 h) pretreated and untreated mouse bone marrow cells (BMC).
The expression of p53 and p21 proteins after 2 and 6 h of irradiation and for the B-cell lymphoma 2 (Bcl-2) associated
X-protein (Bax) after 24 h of irradiation with or without BSO or GSH treatment was analyzed by immunoblotting.
Results:  Radiation delays mouse BMC in their passage through the cell cycle and induces CA. Exogenous addition of GSH
protected CA uniformly at lower doses of radiation but differentially at higher doses, whereas GSH-depletion by BSO
increased the frequency of radiation-induced CA. Both GSH and BSO-pretreated cells reduced the delay in cell kinetics after
irradiation. Levels of both p53 and p21 were enhanced after irradiation to BSO-pretreated cells. However, in GSH-

pretreated cells the level of these proteins was reduced.

Conclusion: Data indicate that the induction of CA and delay in cell kinetics by radiation may not always be interlinked and
that the level of endogenous GSH exerts its influence on these parameters. Both GSH and BSO pretreatment reduce delays
in cell kinetics of irradiated cells which may die apoptotically, since they have either a higher frequency of exchange

aberrations or CA, respectively.

Keywords: Glutathione, cell cycle, p53, mouse bone marrow

Introduction

Aminothiols represent the most important group of
radioprotective compounds. Reduced glutathione
(GSH) is an endogenous thiol and has long been
thought to affect the sensitivity of cells to radiation
(Meister 1983). The working mechanism can partly
be explained as a scavenging process of radicals
induced in water and partly as a chemical participa-
tion in biochemical repair processes of injured DNA
(Clark et al. 1984, Revesz et al. 1984, Chattopadhyay
et al. 1999, Dutta et al. 2005). It has been shown that
exogenous addition of GSH can effectively reduce
radiation-induced micronuclei (Mazur 2000) and
chromosome aberrations (CA) in different systems
(Chatterjee & Jacob-Raman 1986). Reduction of

short-term radiation lethality by chemical protectors
alone or in a combined treatment was studied in
adult male mice and it was observed that cysteine,
GSH and mercaptoproprionylglycine (MPG) were
less efficient radioprotectors than 2-(3-aminopropy-
lamino)ethylsulfanyl phosphoric acid (WR-2721)
(Maisin et al. 1993). However, cellular radiosensi-
tivity is increased under the influence of buthionine
sulfoximine (BSO), which specifically depletes the
endogenous GSH level by inhibiting the enzyme
y-glutamylcysteine synthetase (Meister 1983, Yi et al.
1994). It has already been shown that depletion of
endogenous GSH by BSO increases the frequency of
CA that are induced by arecoline (Deb & Chatterjee
1998) and mitomycinC (Dev Giri & Chatterjee 1998)
in mouse bone marrow cells (BMC).
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Earlier studies indicated that certain thiol com-
pounds could remove radiation-induced cell-cycle
delays measured by changes in the mitotic index in
CHO cultures (Yu & Sinclair 1970, Kawasaki 1977).
It was demonstrated previously that by employing
fluorescence plus Giemsa staining techniques that
GSH pretreatment reduced the 2 Gy-induced cell
cycle delay and CA significantly but was unable to do
so consistently at higher doses of radiation in
muntjac lymphocytes (Chatterjee & Jacob-Raman
1986). The primary subcellular target responsible for
radiation-induced delay in cell proliferation still
remains undetermined. Earlier reports indicate that
damage to the cellular and nuclear envelope (Myers
1970, King et al. 2004), cell division related proteins
(Warenius et al. 2000), cAMP and cGMP metabo-
lism (Fukumoto et al. 1999) and DNA (Lucke-
Huhle et al. 1979, Lebedeva and Akhmamef’era
1996) contribute to the induction of radiation-
induced cell cycle delays. Recently, it was shown in
human lymphocytes that exogenous GSH removed
the radiation-induced delay more convincingly for
early first-division cells than late first-division cells
and the delay-reducing effect of GSH did not
correspond to a reduction in the frequency of CA
(Ray & Chatterjee 2006). Therefore, the present
study was carried out to investigate the role of GSH,
either added exogenously or depleted by BSO, in the
induction of cell cycle delays and CA by radiation in
mouse BMC. In addition, the role of the cell cycle
regulator proteins and the B-cell lymphoma 2 (Bcl-2)
associated X protein (Bax) on the induction of cell
cycle delays after irradiation was investigated and the
influence of GSH on these proteins.

Materials and methods
Chemicals

DL-Buthionine-S,R-sulphoximine  (BSO), Glu-
tathione (GSH; L-y-glutamyl-L-cysteinyl-glycine),
Nonidet P-40, sodium dodecylsulphate, aprotinin,
5,5'-dithiobis (2-nitrobenzoic acid) (DTNB), GSH-
reductase and NADPH were obtained from Sigma
Chemical Company (St Louis, MO, USA). Giemsa
stain was obtained from BDH chemicals Ltd.
(Dorset, UK), Primary Antibodies p53-Abs
(DO7 + Bp53-12), p21 Ab-11, Bax Ab-5 and f-actin
(anti-actin ACTNO5) were obtained from Neomarker
(Fremont, CA, USA). Secondary antibody
rabbit antimouse IgG-Alkaline phosphatase con-
jugate and substrate for alkaline phosphatase,
Bromo-4-chloro-3-indolyl Phosphate/Nitro Blue
Tetrazolium (BCIP/NBT) were obtained from
Bangalore Genie (Bangalore, India). Other chemi-
cals used in the study were of analytical grade from
reputable manufacturers.

Determination of GSH level in mouse BMC

Male Swiss-albino mice, aged 2—3 months and
weighing 25-30 gm, were maintained in the labora-
tory in community cages in controlled-temperature
room (20 + 2°C), with controlled lighting (12 h
light:12 h dark). Standard mouse diet (NMC Oil
Mills Ltd, Pune, India) and water ad Lbitum were
used in all experiments. The rules of the Institutional
Animal Care and Use Committee were strictly
followed during the whole experiment and steps
were taken to protect the welfare of the experimental
animals.

The level of GSH, with or without BSO or GSH
treatment, was estimated by the method of
Akerboom and Sies (1981). BSO 4, 200 and
600 mg kg~ ' were prepared in phosphate buffer
solution (PBS, pH 7.4) and injected intraperito-
neally. Total GSH was measured after 10 h of
BSO treatment and in one case after 20 h of BSO
treatment. In treatments with GSH, the dose of
400 mg kg~ ! body weight for 10 h was used. An
equal volume of PBS was injected into the control
(BSO and GSH untreated) mice.

Freshly collected mouse BMC were flashed into
ice-cold 0.1 M PBS and the volume was made up to
1 ml. Cells were counted in a haemocytometer and
processed for determination of total GSH level as
described earlier (Chattopadhyay et al. 1999).
In brief, after deproteinization by 10% ice-cold
5-sulfosalicylic acid a 50 ul sample suspension was
taken and added to 1 ml buffer (0.1 M ethylenedia-
minetetraacetic acid (EDTA) phosphate buffer, pH
7.0). Then 50 pl nicotinamide adenine dinucleotide
phosphate reduced form (NADPH) (4 mg/ml), 20 ul
DTNB (1.5 mg ml™ ') and 20 ul GSH reductase
(6 units ml~ ') were added and the optical density of
the samples was measured at 412 nm using a UV-
visible spectrophotometer (Beckman model DU-640;
Miami, Florida, USA). A standard curve was
prepared from a stock solution of 10 mM GSH in
5% 5-sulfosalicylic acid (SSA) diluted to 1-50 nmol.

Treatment of mice and preparation of metaphases

For all experimental conditions either BSO or GSH
was given prior to radiation exposure. BSO and GSH
were dissolved in PBS just before treatment. BSO
(200 mg kg~ ') was injected intraperitoneally 10 h
prior to irradiation, whereas GSH alone, was
administered 1 h prior to irradiation at the dose of
400 mg kg~ ' body weight of mouse except in one set
of mice where the dose of GSH was 700 mg kg~ .
An equal volume of PBS was injected into the
control (BSO and GSH untreated) mice. At each
data point 6 mice were used except in one case 4
mice were used.
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Mice were kept in well ventilated two-tier acrylic
cylinders and placed in a ®°°Co Gamma chamber
for whole-body exposure. The radiation doses used
were 2, 4 and 5 Gy (dose-rate 7.06 Gy min~ ! as
determined by Fricke dosimetry). Cells were fixed
at 13 h after radiation exposure, each preceded
by 3h colchicine (15 mgkg ' body weight)
treatment.

Animals were killed by cervical dislocation. The
femur bones were dissected out and the bone
marrow cells were obtained by injecting 2 ml
0.075 M KCl1 (pre-warmed at 37°C, hypotonic
solution). Cells were treated in hypotonic solution
for 15 min and fixed in acetic acid and methanol
(1:3). Slides were prepared by flame-drying method,
stained in 5% Giemsa for 5 min and mounted in
synthetic medium.

Western blot analysis

The expression of p53 and p21 proteins was analyzed
by immunoblotting 2 and 6 h after irradiation (5 Gy)
and for Bax 24 h after irradiation with or without
BSO or GSH. Mouse BMC were isolated by flushing
and washed with PBS. After centrifugation the pellet
was processed for protein extraction. Cells were
lysed 2, 6 and 24 h after irradiation in radioimmuno-
precipitation buffer (0.1% sodium dodecyl sulphate
(SDS), 2mM EDTA, 1% NP-40, 1% sodium
deoxycholate, 50 mM sodium fluoride and
100 U/ml aprotinin). After 30 min of incubation on
ice, the cell lysates were centrifuged for 15 min at
4°C and the amount of protein was determined using
the bicinchonic acid protein assay (Smith et al.
1985). Equal amount of protein (40 ug) from each
sample were loaded in each well, and equal loading
was verified by immunoblotting with actin antibodies
(anti-actin  ACTNO5; Neo-Markers). Electro-
phoresis was performed in 12% polyacrylamide
separating gel and 5% stacking gel. Proteins
were transferred to a 0.45 um nitrocellulose
membrane (Sigma) following the standard protocols.
The membranes were probed with a 1:1000 dilution
of a mouse monoclonal antibody against p53 Ab-8,
anti-p21 Ab-6 and anti-Bax Ab-5 (Neo-Markers).
Blots were washed 3 times for 10 min each in TBST
buffer pH 7.6 (1 M Tris Cl, 5 M NaCl and 0.05%
Tween 20) and incubated with secondary antibody
(alkaline-phosphatase conjugated anti-mouse IgG,
1:2000; Bangalore Genei) for 1 h at room tempera-
ture. After extensive washing, the blot was immersed
in 4 ml substrate solution of BCIP/NBT (Bangalore
Genei). Sufficient staining was obtained within
15 min. The whole experiment was repeated twice.
The intensity of the protein bands were scanned for
densitometry by Kodak Molecular Imaging Software
(Rochester, NY, USA).

Scoring and statistical analysis

Slides were randomly coded. Cell cycle kinetics
were determined by scoring of the mitotic index
(MI), MI% = Number of metaphases/Total number
of cells x 100. CA were scored in four categories in
mouse BMC: (i) Exchanges (all interchanges invol-
ving two or more different chromosomes); (ii) sister
chromatid unions (SCU, intra-arm interchanges
between lesions within a chromosome); (iii) iso-
chromatid breaks, and (iv) simple chromatid breaks.
The statistical significance of the difference between
the control and treated groups for the frequency of
aberrant metaphases was evaluated using a 2x2
contingency y’-test and for different types of
aberrations a simple y*-test was used. The differ-
ence of GSH level between BSO treated and
untreated group was evaluated using Student’s
t-test.

Results
Level of reduced glutathione in mouse BMC

The level of reduced GSH in mouse BMC with or
without BSO is shown in Table I. GSH concentra-
tion in BMC ranged from 14—22 nmol per 10 °
cells with an average of 17 + 0.7 nmol per 10 °
cells. This GSH concentration was depleted by 18%,
35% and 77% after 10 h treatment with 4, 200 and
600 mg kg~ ! BSO, respectively in comparison to
control. When BSO (200 mg kg~ ') was given for
20 h the GSH concentration was depleted by 24% of
the control. The statistical difference between the
mean GSH concentration of 200 and 600 mg kg™ !
of BSO with respect to untreated control was
significant. The concentration of reduced GSH was
increased to 18% of the control after 10 h treatment
with 400 mg kg~ ' GSH.

Table I. Levels of glutathione in mouse BMC after a single
treatment of BSO or GSH alone.

Range of
total GSH
Hours of No. of (nmol/10° Mean + SEM

Treatment incubation mice cells) (reduction%)
0 9 14-22 17+ 0.7
BSO
4 mg 10 4 11-17 14+13 (—18)
200 mg 10 5 9-13 11 4+ 1.0* (—35)
200 mg 20 5 8-16 13 + 2.0* (—24)
600 mg 10 6 2-5 4+ 1.0% (—77)
GSH
400 mg 10 4 13-25 20+ 2.2 (+18)

*p < 0.05 a Student’s r-test compared to the control value.
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Effect of BSO and GSH on delay in cell cycle
after irradiation

The y-ray induced cell cycle delays in BSO and
GSH-treated and untreated mouse BMC are shown
in Figure 1. A dose-dependent reduction of MI after
irradiation was observed (2 with 2 Gy and 0.5 with
5 Gy). Presence of GSH before irradiation increased
the MI significantly. However, the addition of GSH
alone in unirradiated samples reduced the frequency
of MI. A higher concentration of GSH (700 mg
kg~ !) pretreatment increased the MI more than what
it was in the case of 400 mg kg~ ! pretreatment (star
symbol in the Figure 1). Irradiation of BSO-treated
cells improved the MI compared to cells exposed to
higher radiation doses.

Effect of BSO and GSH on CA induced by radiation

Radiation-induced CA were studied as positive
control to GSH + y-ray and BSO + y-ray treated
samples, and the data are presented in Figures 2a—
2d. Aberrant metaphases and all the aberrations were
observed to be increased after irradiation in a dose-
dependent manner. Pretreatment with GSH before
radiation significantly reduced the frequency of CA,
however, the frequency of aberrant metaphases was
not reduced at higher doses of radiation. GSH
(400 mg kg~ ') pretreatment protected all types of
CA induced by 2 Gy; however, it failed to protect
exchanges at higher radiation doses. Interestingly,

6.0
— GSH (700 mg/kg)*
Q
—
% 4.5
o
o
£
O 3.0
©
g —
= 1.5 °
) —Mirradiated
—@—BSO+Radiation
—A—GSH+Radiation
0.0 ] ] | T

0o 1 2 3 4 5
Dose (Gy)

Figure 1. The effect of y-radiation with or without BSO (200 mg
kg™ ') or GSH (400 mg kg~ ') pretreatment on the percentage of
mitotic index in mouse BMCs. BSO was given 10 h or GSH was
given 1 h prior to irradiation. The star symbol shows data point
from the results obtained with higher doses of GSH. Data are the
means + standard errors of the mean.

pretreatment with higher concentration of GSH
(700 mg kg~ ') failed to protect aberrations induced
by 4 Gy and the frequency of exchanges was found to
increase significantly. The frequency of CA increased
significantly when radiation was given to BSO-
treated cells, however the frequency of exchange
aberrations was reduced in the presence of BSO.

Western blot analysis

Representative results of the Western blot analysis
are illustrated in Figures 3a and 3b and the
densitometric intensity of bands were presented as
histograms showing the relative induction of p53
(Figure 3c), p21 (Figure 3d) and Bax (Figure 3e)
proteins. f-actin was included as an internal in-
dicator in all analyses to control for potential
discrepancy in sample loading. The levels of p53
and p21 proteins were increased in samples after 2
and 6 h post-irradiation compared to the unirra-
diated control. However, irradiation to BSO-treated
cells caused a 28-fold induction in the level of p53 as
compared to radiation alone after 6 h of irradiation,
whereas for p21 the level was a 9-fold higher in BSO-
treated cells after 2 h of radiation. Interestingly, both
p53 and p2l proteins after radiation of GSH-
pretreated cells showed reduced levels in comparison
to the cells exposed to radiation alone.

The expression of Bax increased 24 h after
radiation when compared to the unirradiated sample
and its level increased further when radiation was
given either to BSO-treated or GSH-treated cells
(Figures 3b and 3e).

Discussion

BSO and GSH have been used to evaluate the effect
of endogenous GSH levels on radiosensitization of
mouse BMC i wvivo. Data shown here indicate
radiation causes delay in cell passage through the cell
cycle and induces CA. GSH pretreatment reduced
both the radiation-induced delay in cell cycle and the
frequency of CA. However, in BSO-treated samples
the frequency of radiation-induced CA was found to
increase though the extent of delay of cells in the cell
cycle was reduced.

In the present study, an incubation period with
BSO (200 mg kg~ ") for 10 h showed 35% reduction
in the level of endogenous GSH with respect to
untreated control cells. The 10 h incubation period
was chosen in this study since the intermediate rate
of depletion of GSH by BSO in the mouse BMC has
a nadir at 8—12 h as was demonstrated by Lee et al.
(1987). However, it was observed that the level of
GSH was slightly more when BSO was given for
20 h. Such a small decrease in the level of GSH
could be due to recovery of endogenous GSH, which
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Figure 2. The effect of y-radiation with or without BSO (200 mg kg~ !) or GSH (400 mg kg~ !) pretreatment on the frequency of (a)
aberrant metaphases (b) iso-chromatid break (c) chromatid break and (d) exchanges in mouse BMCs. The star symbol shows data point
from the results obtained with higher doses of GSH. The values shown are the means + standard errors of the mean.

normally starts after 14 h of BSO-treatment, and
reached pretreatment values at 72 h in mouse BMC
(Lee et al. 1987). A small increase in endogenous
GSH level was observed at 10 h after adding GSH
exogenously. A marked increase in intracellular
cysteine concentration after GSH-treatment and
increase of GSH by ~20% was achieved 6—8 h
after GSH-treatment in Chinese hamster V79 cells
by Wardman et al. (1992).

Exogenous addition of GSH has been shown to
reduce the frequency of radiation-induced micro-
nuclei (Mazur 2000) and CA in mammalian cells
(Chattopadhyay et al. 1999). However, reports on
the influence of GSH on radiation-induced delay in
cell kinetics are scanty. There are several reports
supporting the notion that cells whose division is
delayed are more apt to have aberrant chromosomes
than those that enter mitosis early (Boei et al.
1996, Hoffmann et al. 2002). It has also been

demonstrated that the cells propagating a dicentric
chromosome divide slowly (Hill & Bloom 1987,
Khosland et al. 1987). It has been shown earlier that
at equal levels of CA induction by bleomycin (Blem)
and X-rays, the cell cycle delay is greater with X-rays
than with Blem (Chatterjee & Jacob-Raman 1988). A
similar observation was made by Scott and Zampetti-
Bosseler (1985). They reported that the induction of
G2-delay is greater with X-rays than Blem. Such
comparative data between X-rays and Blem suggest
that the significant cell-cycle delay caused by
X-irradiation and its absence in Blem treatment,
despite equivalent numbers of CA, may be due to
factors additional to DNA damage in the case of
X-irradiation. It is important to note that cell-
membrane and cytoplasmic proteins play a role in
the regulation of lymphocyte proliferation (Noelle &
Lawrence 1981). Therefore, we would like to know
whether the induction of CA and delay in cell cycle
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Figure 3. Immunoblotting analysis of (a) p53 and p21 proteins after 2 and 6 h of irradiation and (b) Bax protein after 24 h of irradiation with
or without BSO (200 mg kg™ ') or GSH (400 mg kg~ ') in mouse BMC. The whole mouse was exposed to 5 Gy y-rays. Histogram showing
the relative induction of p53 (c), p21 (d) and Bax (e) in mouse BMC after irradiated with or without BSO or GSH.

are interlinked and whether or not the exchange
aberrations play any role in the induction of cell cycle
delay. Recently, it was shown that in human
lymphocytes, addition of exogenous GSH removed
the radiation-induced delay more convincingly in
early 1st division cells than in the late 1st division
cells. It was proposed that this delay-reducing effect
of GSH did not corresponding to a reduction in the
frequency of CA, since GSH pretreatment reduced
the radiation-induced CA significantly in late-arising
metaphases irradiated at Go stage but failed to
reduce the delay in cell cycle (Ray & Chatterjee
2006). From the present data, it seems that CA and
the delay in cell proliferation may not always be
linked, since irradiation of BSO-treated cells causes
more aberrations but lesser delay in the cell cycle
than in BSO-untreated cells. Moreover, GSH-
pretreatment reduced the radiation-induced delay in
the cell cycle but increased the frequency of exchange
aberrations particularly at higher radiation doses.
It was also observed that the radiation-induced delay
in the cell cycle is reduced more significantly by a
higher concentration of GSH (700 mg kg~ ') whereas
the frequency of exchanges increased. It is worth
mentioning that at the higher concentration of GSH-
pretreatment the frequency of CA induced by 4 Gy
was not reduced. The explanation of this observation
is not clear; however, it has been demonstrated that
the induction of high GSH levels (100 -200% above

the normal level) provides only a small protection
(Vos 1992). Therefore, it seems that the free radicals
and reactive oxygen species (ROS) generated after
radiation might have altered the cell membrane and
cytoplasmic protein thiol groups besides damaging
DNA. The presence of GSH might lead to a
reduction of the damages to these targets by scaven-
ging the free radicals and thus reducing in turn the
cell cycle delays.

It has been demonstrated that cells can remain
arrested in the G1 phase of the cell cycle following
DNA damage caused by ionizing radiation in order
to repair or recover from the induction of DNA
lesions (Rudoltz et al. 1996). It is well known that
nuclear phosphoprotein encoded by the tumour
suppressor gene p53 is a crucial component of the
cellular pathways that are invoked in response to
DNA damage. Several studies demonstrated that
p53 regulates the G1 checkpoint through the
transcriptional upregulation of the cyclin-dependent
kinase inhibitor p21/Wafl/Cipl (Harper et al. 1993).
In the present study, the level of p53 protein was
raised marginally after 2 h and significantly after 6 h
of irradiation. However, the level of p21 was
enhanced significantly after 2 h of irradiation. The
present data indicate that a significant rise in p21 in
mouse BMC could be a factor responsible for
radiation-induced cell cycle arrest. The presence of
GSH before radiation reduced the level of both p53
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and p21 proteins with respect to radiation alone and
minimized the delay in cell cycle. Such reduced
levels of p53 and p21 could be the additional factor
causing the GSH-mediated reduction in the
radiation-induced cell cycle delay besides protection
of DNA damage, cell membrane and cytoplasmic
proteins by scavenging radicals. On the other hand,
irradiation to BSO-treated cells increased the fre-
quency of CA and showed higher level of p53 and
p21, nonetheless the cell cycle delay induced by
radiation was reduced. Such a reduction in cell cycle
delay could be a causative factor for increasing the
frequency of radiation-induced CA in BSO-treated
cells since cells would not get enough time to repair.
However, there are reports that BSO can scavenge
radiation-derived free radicals and affords protection
against irradiation to dry barley seeds (Singh &
Kesavan 1993) and in athymic mice carrying a tumor
xenograft (Halperin et al. 1992). Therefore, a few
molecules of BSO, either in the cytoplasm or close to
cell membrane during radiation, might possibly
protect the cell membrane, but not DNA, from
radiation. Such BSO-mediated protection could be
the reason for not increasing the delay in cell cycle in
spite of having an increased frequency of CA.

The present data support our earlier observation
regarding the involvement of GSH in exchange
aberration formation. Exchange aberration forma-
tion is thought to arise as a consequence of
illegitimate reunion (misrejoining) of free ends
involving different DNA double strand breaks (dsb)
(Cornforth & Bedford 1993). It was found that the
repair system involved in the rejoining of DNA single
strand breaks (ssb) induced oxically was different
from that involved in the rejoining of hyoxically
induced ssb and was clearly dependent upon GSH
(Edgren et al. 1981, Revesz et al. 1984). The
involvement of GSH in exchange aberration forma-
tion is supported by the observation of an increased
frequency of exchange aberrations and decreased
frequency of deletions in GSH/GSH-ester post-
treated human lymphocytes irradiated at 4°C
(Chattopadhyay et al. 1999). Recently, it was shown
that combined treatment of Blem and radiation
induced a high frequency of CA, particularly,
exchange aberrations and interstitial deletions.
This frequency was reduced when the cells were
pretreated with BSO (Dutta et al. 2005). In the
present study, the frequency of exchange aberrations
(mostly chromatid-type) was increased, whereas that
of chromatid breaks reduced in GSH-pretreated
irradiated cells. This could be due to an enhance-
ment in rejoining (both restitution and illegitimate
reunion) of radiation-induced DNA dsb under the
influence of increased endogenous GSH.

It seems that GSH or BSO pretreatment improves
the cell kinetics of irradiated cells in spite of having

higher frequency of exchanges and CA, respec-
tively. Such aberration-loaded cells may die apop-
totically since the cells with exchange aberrations or
unstable aberrations die apoptotically (Bassi et al.
2003). The present observed higher expression of
Bax in irradiated GSH or BSO-pretreated cells
are consistent with such a phenomenon since Bax
has a proapoptotic function (Bedner et al. 2000,
Kobayashi et al. 2002).

In conclusion, our results indicate that the induc-
tion of CA and delays in cell kinetics may not always
be interlinked and the level of endogenous GSH can
exert its influence on these parameters. Exogenous
addition of GSH protects against CA uniformly at
lower doses of radiation but not at higher doses.
Both GSH and BSO-pretreated cells showed a
reduced delay in cell kinetics after irradiation and
may die apoptotically, since they have either more
exchanges or CA.
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