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ABSTRACT The radiomimetic drug bleomycin induced chromosomal aberrations (CA) and micronuclei (MN) were
studied in peripheral blood lymphocytes (PBL), as reference to normal cells and Glioma (BMG -1) as reference to
tumor cells, with and without exposure to 2-deoxy D- glucose (2-DG, an analogue of glucose). Treatment with
bleomycin increased both CA and MN frequency in a dose dependent manner in both cell types. The frequencies of CA
are 2 fold higher than MN for a given concentration of bleomycin.  Exposure to bleomycin predominantly induced
exchange type chromosome aberrations. While in the presence of 2-DG the aberrations induced by bleomycin reduced
significantly in PBL, the same was increased significantly in BMG cells (P<0.001) showing a protective effect and
sensitizing effect on normal and tumor cells respectively. The dose modulatory factor (protection) for different
concentration of bleomycin exposure varied between 0.38 and 0.72 for CA and 0.1 and 0.84 for MN in PBL.  In the
case of BMG-1 cells, the modulatory factor (sensitization) varied between 1.42 and 2.59 for CA, 1.25 and 1.66 for
MN at different concentration of bleomycin exposure. The modulatory effect of 2-DG was also evidenced from the
coefficients obtained for the dose-response curves of the aberrations studied. The paper discusses the types of
aberrations induced by bleomycin and the mechanism involved for differential modifications of cytogenetic damage
by 2-DG in normal (PBL) and tumor (Glioma) cells.

INTRODUCTION

Chemotherapy given with curative or palliative
intent, usually requires multiple cycles of treatment
(Salpak and Kufe 1986), and is given mostly with
the intention of destroying cancer cells wherever
they may exist in the body. Treatment of tumors
with chemotherapeutic drugs is thus not devoid
of risk to the normal cells (Hall 2000). In fact there
are reports on an increase in both spontaneous
chromosome breakage and sister chromatid
exchanges after chemotherapy (Obe et al. 1981;
de Mesa et al. 2002).

In addition to radiotherapy, chemotherapy
alone or in combination with radiation plays a
pivotal role in the management of malignant
diseases. An enhanced cytotoxic effect of
combined bleomycin and radiotherapy was
reported in animal models and in normal and
tumor cells in vitro (Bleehen et al. 1974). The
combined use of chemotherapy and radiotherapy
may cause a degree of injury to the patients.
Administration of same dose of a given drug to a

population of patients results in a range of toxicity,
from unaffected to lethal events. While many
clinical variables have been associated with drug
response, genetic differences in drug disposition
and drug target can have great impact on
treatment outcome (Watters et al. 2003).
Furthermore, the types of lesions induced by the
therapeutic agents, their repair, are varied within
tissues, which determine the response of patients
to therapy (Cloos et al. 1999; Vral et al. 2004).

The therapeutic potential of radiation is
extensively studied and reviewed (Hall 2000). To
maximize the therapeutic effect of radiation, studies
were reported on the modulatory effect of
compounds like Hoechst (Denison et al. 1992)
cysteine (Pattet et al. 1949), caffeine (Franchitto et
al. 1998) calcium channel blockers (Rajeeve et al.
1995) and 2-DG in animal models (Jain et al. 1979),
glioma cells (Dwarakanath et al. 1989), breast tumor
cells (Aft et al. 2002) followed by radiation and in
tumor cells exposed to radionuclides (Shrivastava
et al. 2006).  Scrutiny of literature did not show
any evidence for the modulatory effect of
chemotherapeutic drugs though their use is
inevitable in combined modality treatment. We
have recently demonstrated a protective effect of
2-DG on bleomycin and mitomycn-C induced
chromosomal aberrations and cell cycle
proliferation in PBL (Venkatachalam et al. 2006).
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The present study was therefore extended to
investigate the effects of 2-DG on bleomycin
induced cytogenetic damages in normal and
tumor (BMG-1) cells.

MATERIALS  AND  METHODS

Normal and BMG-1 Cells: The peripheral
blood lymphocytes collected from healthy
volunteers are used as normal cells and human
cerebral glioma cells (BMG-1) constituted tumor
cells. The BMG-1 cells were obtained from
INMAS, Delhi, and maintained as a monolayer
culture in our laboratory. Cells were grown in
plastic tissue culture flasks using Dulbecco’s
modified essential medium supplemented with
5% fetal calf serum and antibiotics (Penicillin
50IU/ml, Streptomycin 35µg/ml and Gentamycin
2.5µg/ml).

Exposures to BMG-1 Cells to Bleomycin:
BMG-1 cells grown for 24 hours after subculture
were treated with bleomycin at different
concentrations (10 to 80 µg/ml) in the presence
and absence of 2-DG (5 mM, 30-min pretreatment
to bleomycin) for 3 hours at 37oC. At the end of 3
hours bleomycin and 2-DG were removed from
the cells by washing with HBSS (Hanks Balanced
Salt Solution) for 3 times. Cells were re-suspended
in the medium, grown further for another 20 to 28
hours. Colchicine (0.1µg/ml) was added at 20
hours to block the cells at metaphase. At the end
of 28 hours, the cells were exposed to hypotonic
solution (0.45% KCl), washed with Carnoy’s
fixative (methanol and acetic acid 3:1) and were
cast on pre-cooled slides. The slides were then
stained with Giemsa and mounted with DPX.
They were observed under microscope to record
various types of aberrations like dicentric
chromosome, ring chromosome, minutes, gaps,
acentric fragments and chromatid gaps (IAEA
Technical report 1986). From the aberration
recorded, they are grouped into exchnage type
(dicentrics and ring chromosomes) and total
aberrations (chromatid type and chromosome
type). For micronucleus assay cytochalasin-B at
a final concentration of 2 µg/ ml culture was added
at 24 hours of culture.  The cells are further
incubated for 24 hours at 37o C. The cells were
harvested with brief hypotonic treatment and slides
were prepared by fixing the cells with Carnoy’s
fixative.  The cell suspensions were dropped on
to a clear cooled slide and stained with Giemsa.
Cells with two daughter nuclei surrounded by

cytoplasm were scored for the presence of MN
according to criteria of Paul et al. (1997).

Exposure to Peripheral Blood Lymphocytes
to Bleomycin: The blood samples obtained from
the volunteers were suspended in RPMI-1640
medium and treated with bleomycin at
concentrations employed for BMG-1 cells with
and without 2-DG. The cells were then washed
with HBSS and were processed to obtain of meta-
phases as described elsewhere (Venkatachalam
et al. 1999).   Briefly, cultures were initiated with
1.0 ml of the blood sample, 10 ml culture medium
(RPMI-1640) supplemented with 7.5 % NaHCO3,
20% fetal calf serum, 200 mM L-Glutamine,
penicillin 100 units/ml and streptomycin 100 µg/
ml and 200 ml of PHA-P. At 46 hours, the cells
were blocked at metaphase by adding colcemid
at a final concentration of 0.1 µg/ml. The cultures
were further incubated until 48 hours. The sample
was harvested after hypotonic treatment (20
minutes with 0.45 % KCl at 37oC), washed three
times with Carnoy’s fixative and cast on clean
pre-cooled slides. To analyse the chromosomal
aberrations the slides were stained with 10%
Giemsa, air-dried and mounted with coverslip
using DPX. Different types of aberrations were
recoded as described earlier.

Micronucleus Assay: The blood samples
were cultured in RPMI-1640 medium,
supplemented with 20% fetal calf serum and 0.2 ml
PHA-M (Paul et al. 1997).  Cytochalasin - B at a
final concentration of 3 µg/ ml culture was added
at 44 hours of culture.  The cells are further
incubated for 28 hours at 37o C. The cells were
harvested with brief hypotonic treatment and slides
were prepared by fixing the cells with Carnoy’s
fixative. The cell suspensions were dropped on to
a clean cooled slide and stained with Giemsa.  Cells
with two daughter nuclei surrounded by cytoplasm
were scored for the presence of MN.

Statistical Analysis: From the various types
of aberrations recorded the aberration frequency
was calculated as follows:

The standard error for the aberration
frequency was calculated as follows:

Number of aberrations observed per sample

Number of metaphases scored per sample

Aberration frequency =

Number of aberrations observed per sample

Number of metaphases scored per sample

Standard error =
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RESULTS

The PBL were exposed to bleomycin in the
presence of 2-DG at G

0 
phase of the cells, which

is the normal stage of majority of the cells in the
body at any given time, which enables to some

Dose modulatory factor (ρ) =

Drug induced aberration frequency with 2-DG

Drug induced aberration frequency
without 2-DG

If ρ > 1 = sensitising effect
 ρ < 1 = protecting effect.

Fig. 1. Dose-response curve for total aberrations
obtained from peripheral blood lymphocytes
exposed to bleomycin with and without 2-deoxy-
D-glucose

Fig. 2. Dose-response curve for dicentric
chromosomes obtained from peripheral blood
lymphocytes exposed to bleomycin with and
without 2-deoxy-D-glucose

Fig. 3. Dose-response curve for total aberrations
obtained from BMG-1 cells exposed to bleomycin
with and without 2-deoxy-D-glucose

Modulatory Factor: The modulatory effect
of 2 DG was calculated as given by Dwarakanath
et al. (1987).

Fig. 4. Dose-response curve for dicentric
chromosomes obtained from BMG-1 cells exposed
to bleomycin with and without 2-deoxy-D-glucose

extent that the overall response of tumors
surrounding cell to therapeutic drugs. Similarly,
the BMG-1 cells were exposed to bleomycin and
2-DG, which contain mixed population of dividing
and non-dividing cells represent an approximate
tumor condition. The 5 mM concentration of 2-
DG was selected to get an equi-molar concen-
tration of glucose in the normal blood samples
and as that of tumor cells for comparison. The
reason for the selection of the drug is due its
similarity to ionizing radiation on the mechanism
of induction of DNA damage (Povirk 1996).

Dose-response of Chromosomal Aberrations
Induced by Bleomycin: The dose-response
curve for the frequencies of total aberrations (TA)
and dicentric chromosomes (DC) obtained from
both PBL and BMG-1 cells treated with bleomycin
in the presence and absence of 2-DG fitted using
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Treatment End point C ± SE α ± SE

Peripheral blood lymphocytes

Bleomycin DC 0.0011 ± 0.0009 0.0055 ± 0.0007
TA 0.0106 ± 0.0114 0.0098 ± 0.0019

2-DG + Bleomycin DC 0.0009 ± 0.0005 0.0014 ± 0.0003
TA 0.0051 ± 0.0004 0.0042 ± 0.0002

BMG-1 Cells

Bleomycin DC 0.0048 ± 0.0017 0.0057 ± 0.0003
TA 0.0214 ± 0.0183 0.0105 ± 0.0016

2-DG + Bleomycin DC 0.0198 ± 0.0112 0.0064 ±  00011
TA 0.0186 ± 0.0399 0.0180 ± 0.0031

DC = Dicentric chromosome
TA = Total aberrations
C ± SE = Control with standard error
α ± SE = Alpha with standard error

Table 1: Coefficients of dose-response curves obtained from peripheral blood lymphocytes and BMG-
1 cells treated to bleomycin with and without 2-deoxy-D-glucose

Concentration Metaphases Dicentric Total Dicentrics / Total Aberration /
(µg/ml) scored chromosomes  aberrations  Cell ± SE  Cell ± SE

0 1983 2 16 0.001 ± 0.007 0.008 ± 0.002
10 452 42 98 0.093 ± 0.014 0.217 ± 0.022
20 436 48 107 0.110 ± 0.016 0.245 ± 0.024
40 362 71 112 0.196 ± 0.023 0.309 ± 0.029
80 305 118 228 0.368 ± 0.036 0.748 ± 0.050

Table 2: Frequency of chromosome aberrations in peripheral blood lymphocytes exposed to bleomycin

Concentration Number of MN frequency /
(µg/ml)  micronuclei   Cell ± SE

Table 3: Frequency of micronuclei in peripheral
blood lymphocytes exposed to bleomycin*

0 5 0.005 ± 0.002
10 24 0.024 ± 0.005
20 75 0.075 ± 0.009
40 100 0.100 ± 0.010
80 247 0.247 ± 0.015

*1000 binucleated scored from each sample

a linear function are presented in Figures 1-4
respectively and the co-efficient are given in
Table 1. The linear co-efficient (α) was reduced
from 0.0055 to 0.0014 for DC and 0.0098 to 0.0042
for TA, in PBL treated with bleomycin in the
presence of 2-DG. Linear co-efficient (α) was
increased from 0.0057 to 0.0064 for DC and 0.0105
to 0.0180 for TA in the BMG-1 cells.

Chromosomal Aberrations and Micronuclei
Induced by Bleomycin with and without 2-DG:

Chromosome aberrations have long been
recognized to be an important biomarker of
exposure to ionizing radiation and genotoxic
chemicals. Frequencies of chromosomal
aberrations (CA) and micronucleus (MN) obtained
from peripheral blood lymphocytes (PBL) and
BMG-1 cells treated with bleomycin are given in
Tables 2-5 respectively. The base line frequencies
of CA and MN obtained from PBL in the present

study is comparable with that of our earlier results
(Venkatachalam et al. 1999). In untreated BMG-1
cells, both CA and MN were higher when
compared to that obtained in PBL (P = 0.001).  CA
induced by bleomycin is two fold higher in both
PBL and BMG-1 cells.  However the exchange
type chromosome aberrations (DC) did not show
any difference compared to that of MN.  Tables 6-
9 show, the frequencies of CA and MN obtained
from PBL and BMG-1 cells treated with bleomycin
in the presence of 2-DG. When compared to
bleomycin induced CA frequency, presence of 2-
DG reduced the aberration frequencies in PBL (p
< 0.0001) and increased in BMG-1 (p < 0.0001)
cells with extremely significant. However in BMG-
1 cells treated with bleomycin in the presence of
2DG increases the MN frequency significantly,
the reduction was not significant in the PBL in all
the concentrations of the bleomycin.

Modulatory Effect 2-DG on Bleomycin
Induced Aberrations: The modulatory factor
(ρ) calculated for TA and DC and MN is given in
Tables 10 and 11 for PBL and BMG-1 cells. In
PBL, ρ value varies between 0.24 and 0.42 for
TA, 0.07 and 0.25 for DC and 0.1 to 0.83 for MN
to different concentrations of bleomycin, showed
the protective effect of 2-DG on bleomycin
induced aberrations in normal cells. Whereas, in
BMG-1 cells, ρ value varies between 1.45 and
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Concentration Metaphases Dicentric Total Dicentrics / Total Aberration /
(µg/ml) scored chromosomes  aberrations  Cell ± SE  Cell ±SE

0 431 2 8 0.005 ± 0.003 0.018 ± 0.007
10 613 38 67 0.062 ± 0.010 0.109 ± 0.013
20 426 58 133 0.136 ± 0.018 0.312 ± 0.027
40 274 66 122 0.240 ± 0.029 0.445 ± 0.040
80 102 40 65 0.392 ± 0.062 0.637 ± 0.079

Table 4: Frequency of chromosome aberrations in BMG-1 cells exposed to bleomycin

Concentration Number of MN frequency /
(µg/ml)  micronuclei   Cell ± SE

Table 5: Frequency of MN in BMG-1 cells (log
phase) exposed to bleomycin *

0 20 0.020 ± 0.004
10 47 0.047 ± 0.007
20 109 0.109 ± 0.010
40 156 0.156 ± 0.012
80 299 0.299 ± 0.017

*1000 binucleated scored from each sample

Concentration Metaphases Dicentric Total Dicentrics / Total Aberration /
(µg/ml) scored chromosomes  aberrations  Cell ± SE  Cell ±SE

0 1983 2 8 0.001 ± 0.007 0.005 ± 0.001
10 468 3 21 0.006 ± 0.004 0.051 ± 0.010
20 268 9 16 0.033 ± 0.011 0.093 ± 0.019
40 204 13 20 0.064 ± 0.018 0.161 ± 0.028
80 161 26 32 0.161 ± 0.032 0.360 ± 0.047

Table 6: Frequency of chromosome aberrations in peripheral blood lymphocytes exposed to bleomycin
in the presence of 2-deoxy-D-glucose

Concentration Number of MN frequency /
(µg/ml)  micronuclei   Cell ± SE

Table 7: Frequency of micronuclei in peripheral
blood lymphocytes exposed to bleomycin in the
presence of 2-deoxy-D-glucose *

0 5 0.005 ± 0.002
10 20 0.020 ± 0.005
20 49 0.049 ± 0.007
40 76 0.076 ± 0.009
80 181 0.181 ± 0.013

* 1000 binucleated scored from each sample

Concentration Metaphases Dicentric Total Dicentrics / Total Aberration /
(µg/ml) scored chromosomes  aberrations  Cell ± SE  Cell ±SE

0 268 4 16 0.015 ± 0.007 0.059 ± 0.014
10 226 29 64 0.128 ± 0.023 0.283 ± 0.035
20 249 48 126 0.193 ± 0.029 0.506 ± 0.045
40 110 37 96 0.309 ± 0.042 0.872 ± 0.080
80 102 60 92 0.431 ± 0.055 0.902 ± 0.090

Table 8: Frequency of chromosome aberrations in BMG-1 cells (log phase) exposed to bleomycin in
the presence of 2-deoxy-D-glucose

2.59 for TA, 1.10 and 2.06 for DC and 1.16 to 1.66
for MN respectively, showed the sensitizing
effect of 2-DG. The modulatory effect of 2-DG
was seen at all concentrations of bleomycin
studied.

DISCUSSION

Wide varieties of anti-neoplastic agents are
used routinely in clinical oncology. Unfortunately
majority of the drugs are toxic to normal tissues
resulting from multi-drug protocol used to induce
remissions and achieve tumor care.  Radiomimetic
agent bleomycin is a free radical-based DNA
damaging agent, which induces double-strand

breaks by highly specific, concerted free radical
attack on deoxyribose moieties in both DNA
strands. The lesions induced by this
‘radiomimetic’ drug is thus actually only a small
subset of the myriad lesions induced by ionizing
radiation, yet effects of such radiomimetic agent
on cells are remarkably similar to those of
radiation (Sarto et al. 1990; Povirk 1996).

Exposure of cells to therapeutic agents
induces variety of DNA lesions (Hall 2000). A
double strand break is believed to be a most
important lesion produced in chromosomes
because, the cell killing is associated with double
strand breaks, as double strand breaks can lead
to chromosomal aberrations, which are lethal to
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Concentration Number of MN frequency /
(µg/ml)  micronuclei   Cell ± SE

Table 9: Frequency of chromosome aberrations
in BMG-1 cells (log phase) exposed to bleomycin
in the presence of 2-deoxy-D-glucose

0 18 0.018 ± 0.004
10 78 0.078 ± 0.008
20 139 0.139 ± 0.012
40 181 0.181 ± 0.013
80 373 0.373 ± 0.019

*1000 binucleated scored from each sample

Table 10: Modulatory factor of 2-deoxy-D-glucose
on the frequency of chromosome aberrations in
peripheral blood lymphocytes exposed to bleomycin

Concentration Dicentric Total MN
(µg/ml) chromosomes aberrations

10 0.07 0.72 0.55
20 0.30 0.38 0.84
40 0.33 0.52 0.10
80 0.44 0.48 0.83

Table 11: Modulatory factor of 2-deoxy-D-glucose
on the frequency of chromosome aberrations in
BMG-1 cells (log phase) exposed to bleomycin

Concentration Dicentric Total MN
(µg/ml) chromosomes aberrations

10 2.06 2.60 1.66
20 1.42 1.62 1.27
40 1.29 1.96 1.16
80 1.10 1.42 1.25

the cells.  Results obtained in the present study
showed that though bleomycin induces variety
of chromosomal aberrations in both PBL and
BMG-1 cells, of which 60 to 70% of them are
dicnetric chromosomes, would have resulted due
to restitution of double strand breaks from two
different chromosomes; remaining includes
simple chromosome and chromatid type lesions
without any exchanges.  The results are in
agreement with earlier reports obtained from CHO
cells (Kurten et al. 1990) and PBL obtained from
patients treated with bleomycin (Schnizel et al.
1976; Obe et al. 1981), in which the dicentric
chromosomes account for 90% of aberrations.
The MN frequencies induced by bleomycin is
less (~ 50%) when compared to CA, for the same
concentration of the drug. This is probably due
to the mechanism of formation of MN and its
elimination.  It has been demonstrated that MN
are produced during mitosis from broken
chromosomes or whole chromosome, which fails
to incorporate into daughter nucleus, damaged
kinetochores or spindle fiber defects (Muller et

al. 1996). MN can get included into the daughter
nucleus (Savage 1988) or masking of MN by the
daughter nucleus (Paul et al. 1997) and fusion of
more than one damage in the formation of MN
(Littlefield et al. 1989) or eliminated from cells
(e.g. expulsion, inclusion in nucleus in mitosis,
cell death) (Ford et al. 1988), are the suggested
reasons for the less yield of MN when compared
to CA induced by ionizing radiation. Furthermore,
it was also shown that the content and amount
of MN will differ depending upon the agent
induces the DNA damages (Norppa et al. 2003).
However, the reason is unclear for the lower
frequency of MN than CA induced by bleomycin
obtained in the present study.

It has been demonstrated that 2-DG sensitized
the radiation induced DNA damages in tumor
cells (Jain et al.1977) while providing protection
to such damages in normal cells (Kalia et al. 1982).
The bleomycin induced CA and MN frequencies
in PBL and BMG-1 cells, showing a linear relation
(Figure 1 and 2 and Table -2 and 5). While the
presence of 2-DG, showed an extremely significant
reduction in the frequencies of CA in the PBL (r<
1) at all the bleomycin concentrations studied,
the MN shows a significant reduction.  On the
other hand, 2-DG showed a very significant
enhance in both CA and MN frequencies induced
by bleomycin in BMG-1 cells (r >1). These results
suggest that 2DG protect the chemotherapeutic
drug induced cytogenetic damages especially
exchange type chromosome aberrations in normal
cells while sensitizing the tumor cells.

Mechanisms proposed for the reduction of
damages on normal cells during radiation
treatment are (I) Protecting the DNA against the
induction of damage, (II) interference with the
progression of cells in cell cycle and (III)
modifications of repair of damages.  Earlier we
had shown evidence that exposure of cells to 2-
DG increases the average generation time in
normal cells (Venkatachalam et al. 2006). The drug
induced transient block in cell cycle progression,
presumably permit the error free repair of DNA
damages before the cell initiate the synthesis or
mitosis in normal cells.  In tumor cells, the rate of
fixation is higher and therefore increased number
of DNA lesions caused by decrease in DNA repair
in the presence of 2-DG, would immediately
transformed in to irreparable lesions, which are
expressed as chromosomal aberrations. Jain et
al. (1985) had demonstrated the energy
dependency to repair the radiation induced MN
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frequencies in BMG-1 cells.  It was shown that
ATP synthesis and oxidative metabolism were
essential for the repair of damages induced by
radiation (Dwarakanath et al. 1989). Since gliomas
are heterogeneous in nature and more efficient
in there repair system, they are more resistant to
therapy (Timperly 1980). Therefore it has been
suggested that 2-DG in combination with
radiotherapy/chemotherapy could lead to an
improvement in tumor therapy by inhibiting the
repair process and enhance the damage by fixing
the lesions in tumor cells while protecting the
normal cells.
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