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Azidothymidine induces dose dependent increase in micronuclei formation
in cultured HelLa cells

R. ARuNA and G. C. JAGETIA

Exposure of HeLa cells to azidothymidine (AZT) resulted in a concentration dependent decline in growth Kinetics.
100 uM of AZT completely inhibited the cell growth. The frequency of binucleate and multinucleate cells declined with
increasing concentration of AZT and the formation of multinucleate cells was completely inhibited at 20 and 30 h at
higher concentrations indicating inhibition of cell division. Similarly, the clonogenicity of cells declined in a concentra-
tion dependent manner and 10 uM AZT killed 50% of the cells. Conversely, the frequency of MNBNC (micronucleated
binucleate cell) increased in a concentration dependent manner and was significantly higher in the AZT treated group
than the non-drug treated control group. The relationship between concentrations of AZT and micronuclei-induction was
linear for all the post-treatment time periods studied. The biological response was also determined by plotting the surviv-
ing fraction of cells on the X-axis and the number of micronuclei on the Y-axis. A close and inverse correlation between
the surviving fraction and micronuclei formation was observed and the data could be fitted on to a linear quadratic

model.

1. Introduction

Azidothymidine (Zidovudine, 3'-azido-3’-deoxythymidine,
AZT) is a thymidine analogue first synthesized in the mid
1960s [1], in which the 3’ hydroxyl of the deoxyribose
moiety has been replaced by an azido group. Azidothymi-
dine was evaluated as a potential anticancer agent [2, 3].
However, it was found to be more effective as an antiviral
agent and has been reported to inhibit replication of
Friend leukemia virus [4]. Azidothymidine has been re-
ported to inhibit the infectivity in vitro and the cytopathic
effects of human immunodeficiency virus type I (HIV-1),
and all retroviruses, whether human, avian, murine, feline
[5] or simian, [6, 7]. It has also been found to inhibit the
replication of human hepatitis B virus [8, 9] and human
lymphotrophic virus type 1 (HTLV-1), however, it has
been reported to be less effective against HIV-2 virus. Azi-
dothymidine has been reported to induce clinical and im-
munological improvements in acquired immunodeficiency
syndrome (AIDS) patients [10].

Azidothymidine has also been tested for activity against
non-retroviruses. The drug inhibited Epstein-Barr virus in
concentrations of 1.4 to 2.7 pg/ml, but not herpes simplex
or varicella-zoster virus. Many Enterobacteriaceae and
Giardia lamblia were also inhibited [11]. Azidothymidine
has been reported to be effective against Rauschar murine
leukemia virus and feline leukemia virus in vivo [12].
Azidothymidine is well known in clinical practice for its
application in the treatment of AIDS and AIDS-related
complex [13, 14], where usually 500-1500 mg/day [15]
of the drug is orally administered. Recently, it has been
discovered to improve the effect of chemotherapeutic
drugs. However, reports regarding its use in non-infected
systems are scanty. Therefore, the effect of different con-
centrations of azidothymidine on cell survival, micronuclei
formation and correlation between micronuclei and cell
survival in cultured HeLa cells was studied.

2. Investigations and results

The results are expressed as mean = SEM (standard error
of the mean) in Tables 1 and 2.
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2.1. Evaluation of optimum duration of drug exposure;
Pratt Willis assay

The highest number of viable cells was observed in the
non-drug treated control group. The treatment of HeLa
cells with various concentrations of azidothymidine re-
sulted in a concentration and drug exposure duration de-
pendent decline in the number of viable cells. A maxi-
mum cell killing effect of AZT was observed when the
drug was available to HeLa cells up to 8 h (Fig. 1) and
therefore, 8 h duration of drug exposure was selected for
further studies.

2.2. Growth kinetics

The number of viable cells increased with the scoring
time in the non-drug treated group, and a peak number
of viable cells was observed on day 5 post-treatment
(Fig. 2). Exposure of HeLa cells to various concentra-
tions of AZT resulted in a concentration dependent de-
cline in the number of viable cells. However, with each
scoring time the number of viable cells also increased
for each AZT concentration and a peak number of vi-
able cells was scored on day 5 post-treatment, except
for 100 uM AZT, where no appreciable change in the
number of viable cells could be observed with scoring
time (Fig.2). The number of cells scored in the AZT
treated group was significantly lower than of the non-
drug treated control.

2.3. Clonogenic assay

Treatment of Hela cells with various concentrations of
AZT resulted in a concentration dependent decline in cell
survival (Fig. 3). The surviving fraction of cells declined
by 0.26 at a concentration of 0.01 uM, the lowest concen-
tration of AZT used. However, increasing concentration of
AZT resulted in a further decline in the surviving fraction
and a two fold decline in cell survival was observed at
10 uM AZT, where the surviving fraction was reduced to
50% of the control.
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Fig. 1: Effect of different treatment times on the viability of HeLa cells
treated with various concentrations of azidothymidine

2.4. Micronuclei

Exposure of HeLa cells to various concentrations of AZT
resulted in a concentration dependent elevation in the fre-
quency of micronucleated binucleate cells (MNBNC) at
all the post-treatment time periods (Fig.4). The fre-
quency of MNBNC was significantly higher at 20, 30
and 40h post-treatment for all the concentrations of
AZT. The frequency of MNBNC increased 2.7 fold after
exposure to 1 uM AZT when compared to the non-drug
treated controls, while this elevation in MNBNC fre-
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Fig. 2: Alteration in growth kinetics of HeLa cells treated with various
concentrations of azidothymidine
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Fig. 3: Effect of various concentrations of azidothymidine on the survival
of HeLa cells

quency was approximately 4 fold for 10 and 100 uM
AZT, respectively. The distribution of binucleate cells
bearing one, two and multiple micronuclei (> two micro-
nuclei in one binucleate cell) is shown in Table 1. The
frequency of one MNBNC increased in a concentration
dependent manner (Fig.4b). This increase was signifi-
cantly higher in those groups treated with 0.01 to
100 uM AZT at 30 and 40 h post-treatment. At 20 h, a
non-significant elevation in one MNBNC was observed at
0.01 uM AZT. The frequency of two MNBNC also ele-
vated in a concentration related manner (Fig. 4c) and was
significantly higher after treatment with 0.01 to 100 uM
AZT at 20, 30 and 40 h post-treatment (Table 1). Treat-
ment of HeLa cells with different concentrations of AZT
induced multiple MNBNC in a concentration dependent
manner (Fig. 4d). The frequency of multiple MNBNC was
significantly elevated at 20 and 30 h after exposure to 0.1 to
100 uM AZT, except that there was a non-significant eleva-
tion in the multiple-MNBNC frequency after exposure to
0.01to 1 uM AZT at40 h (Table 1).

The frequency of MNBNC increased up to 30 h post-treat-
ment and declined thereafter. However, the frequency of
MNBNC was higher at 40 h when compared with 20 h
post-treatment. This increase in MNBNC frequency was lin-
ear at all the post-treatment time periods studied (Table 1).

2.5. Cell proliferation index

Treatment of HeLa cells with various concentrations of
AZT resulted in a dose dependent decline in the frequency
of binucleate cells at all the post-treatment time periods
(Fig. 5b). This decline in the binucleate cells was signifi-
cantly higher for all the AZT concentrations at 20, 30 and
40 h post-treatment. In contrast, the frequency of mononu-
cleated cells showed a concentration dependent elevation
(Fig. 5a). The frequency of mononucleate cells was signif-
icantly higher at all the concentrations of AZT at all the
post-treatment time periods when compared with the non-
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Fig. 4: Effect of various doses of azidothymidine on the micronucleus formation in HeLa cells at different post-treatment time periods. a) total MNBNC; b) one

MNBNC; ¢) two MNBNC; d) multiple MNBNC

drug treated controls. The treatment of HeLa cells with
AZT resulted in a concentration dependent decline in the
multinucleate cells at all the post-treatment scoring time
periods when compared with non-drug treated control
(Fig. 5c, d). The multinucleate cells were absent after ex-
posure to 1 to 100 uM at 20 h and 100 uM at 30 h, indi-
cating a block in the cell division. A highest elevation in
multinucleate cells was observed at 40 h post-treatment
when compared to 20 and 30 h (Fig. 5d).
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2.6. Correlation between cell survival and micronuclei
induction

The correlation between cell survival and micronuclei in-
duction was determined by plotting the surviving fraction
of cells on the X-axis and MNBNC frequency on the Y-
axis. The data were fitted to the linear quadratic model
(Y = C + aD + BD?). The surviving fraction of cells de-
clined with the increase in micronuclei frequency (Fig. 6)

Pharmazie 56 (2001) 6



ORIGINAL ARTICLES

1000

1000
vy
=i

Mononucl;c‘ate cells/
()
=}

25077

00 001 01 1 10 100
Azidothymidine concentration [uM]

C
30,
(@)
S
S 201
~~
W
=
o
&)
[P}
N
Jav]
2 1
5
S
£ 109
=
s
0- x :
00 001 01 | 10 100

Azidothymidine concentration [uM]

Binucleate cells/1000

Multinucleate cells/1000

b
8007
* 20h
L]
6007
4007
2007
0— T T T T T
0.0 001 0. 1 10 100
Azidothymidine concentration [uM]
d
650-

W
(3]
<

3907

0.0 0.01 0.1 1 10 100
Azidothymidine concentration [uM]

Fig. 5: Alteration in cell proliferation indices of HeLa cells exposed to different concentrations of azidothymidine. a) mononucleate cells; b) binucleate

cells; ¢) and d) multi-nucleate cells

and this relationship between MNBNC and surviving frac-
tion was linear quadratic (r = 0.999, 0.98, 0.98 for 20, 30
and 40 h, respectively).

3. Discussion

Azidothymidine is used for the treatment of AIDS and
AIDS related disorders in humans. Azidothymidine is a
thymidine analogue and apart from killing the virus it may
also adversely affect the normal cellular genome of the
host. Exposure of HeLa cells to various concentrations of

Pharmazie 56 (2001) 6

AZT caused a concentration dependent decline in the
growth kinetics of HeLa cells and 100 uM AZT inhibited
the cell division, as there was no appreciable change, in
the number of viable cells at 5 day post-treatment. AZT
has been reported to inhibit the proliferation of human
bone marrow progenitor cells in vitro [16]. Somewhat si-
milar results have been reported in four breast cancer cell
lines, T4 cell leukemia cells and a normal breast cell line
in vitro [17]. The evaluation of cell proliferation indices
indicates that binucleate and multinucleate cells declined
in a dose dependent manner and the highest decline in
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Fig. 6: Correlation between cell survival and micronuclei-induction in
HeLa cells treated with various concentrations of azidothymidine

multinucleate cells was observed at 20 and 30 h post-treat-
ment. This shows that AZT has inhibited the progression
of cells towards mitosis. A concentration dependent pro-
longation in the cell doubling time has been reported in
HL60 cells [18]. A delay in lymphocyte kinetics has also
been observed, where mitotic index and second metaphase
declined with increasing dose of AZT [19].

The growth kinetics and cell proliferation studies have
been confirmed by the clonogenic assay, where the surviv-
ing fraction of the cells declined with the increasing con-
centration of AZT and 50% of the cells were killed at a
concentration of 10 uM. A dose dependent decline in the
cell proliferation and cell viability have been observed for
human keratinocytes treated with various concentration of
AZT in vitro [20]. AZT has been found to inhibit the
growth of Sp2/0 cells in vitro [21]. A 50% cell killing by
10 uM and 25 puM AZT has been observed for human
CEM-T cells and several other human and animal cells
[22]. AZT has been shown to inhibit 3H thymidine uptake
in CEM and cultured human peripheral blood lympho-
cytes and also to reduce the number of cell generations
[23]. AZT has been reported to inhibit the growth of
HCT-8 cells with an ICsy of 21.5 uM [24]. Similarly, IDs
of 70 uM has been reported for human fibroblasts [25].
This variation in LDsy dose may be due to the differential
metabolism of AZT in different cell lines.

The AZT treatment resulted in a concentration dependent
elevation in the frequency of MNBNC in HeLa cells and
at all the post-treatment time periods it was significantly
higher than that of the non-drug treated controls. A
concentration dependent increase in the micronuclei has
been reported in human lymphocytes treated with 10 to
500 ug/ml of AZT [26]. AZT treatment has been reported
to increase chromosomal aberrations in human T-lympho-
cytic H9 cells [27]. The elevation in MNBNC frequency
was significant even with the lowest dose of 0.01 uM in
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the present study and the highest dose was far lower than
500 ug/ml used in the above study. A concentration de-
pendent increase in the micronucleated erythrocytes has
been reported in the bone marrow of mice administered
with 100—1000 mg/kg/day of AZT orally for four weeks.
A similar increase in micronuclei has also been reported
after 4 or 7 days of 500 mg/kg/day of AZT in rats and
mice [28]. Similarly, AZT has been found to increase the
frequency of micronuclei in mouse erythrocytes [29, 30].
In the present study a significant increase in MNBNC
frequency was observed for all concentrations of AZT at
all the time periods. AZT has been reported to induce
chromosome breakage in a concentration dependent man-
ner with linear relationship in human lymphocytes and
CHO cells [19]. It has also been found to elevate the
micronuclei frequency in CD4 cells [31]. AZT has been
reported to induce sister chromatid exchanges in human
lymphocytes and CHO cells [26]. We have also reported a
linear increase in MNBNC frequency in the present study.
AZT has been shown to induce chromosomal aberrations
at 3 ug/ml in human lymphocytes and higher doses caused
cell transformation [32]. AZT has been able to induce
BNC with > MN in a dose dependent manner indicating
its efficacy in causing multiple damage to the cellular gen-
ome and induction of complex chromosome aberrations
that might have been responsible for cell death.

The biological response was determined by plotting the
MNBNC frequency on Y- and surviving fraction on X-
axes, respectively. It was observed that by increasing
MNBNC frequency the surviving fraction declined, indi-
cating a close correlation between the induction of
MNBNC and cell survival. This decline in cell survival
may be due to the loss of a significant amount of gen-
ome in the form of micronuclei that may be lost with
the subsequent cell division causing cell death. The cor-
relation between surviving fraction and micronuclei-in-
duction was linear quadratic. This is in conformation
with our earlier studies, where a similar correlation has
been reported in V79 and HeLa cells with different
drugs [33-38]. The other authors have also reported a
close correlation between cell survival and micronuclei
formation [39-42], however, they reported a linear rela-
tionship. This may be due to variation in cell prolifera-
tion kinetics and the use of cells in various phases of
cell cycle. In the present study plateau phase cells in
Gy/G; have been used and the cell survival and micro-
nucleus assays were carried out concurrently from the
same stock of cells.

The mechanism of action of AZT is not fully understood.
However, AZT is phosphorylated into mono-di- and tri-
phosphates by the enzyme thymidine kinase, thymidylate
kinase and cell nucleoside diphosphate kinase, respectively
[24]. The generation of intracellular pools of AZTMP may
be responsible for the cytotoxic effects of AZT [43]. AZT
has been found to be incorporated into the cellular DNA
[16] and has been reported to induce damage to the DNA
[44]. AZT has recently been reported to induce DNA dou-
ble-strand cleavage in Sp2/0 cells [21]. The DNA double
strand breaks caused by AZT may subsequently be con-
verted into chromosome breaks and finally to micronuclei.
The failure of repair of DNA damage induced by AZT may
be responsible for the increased micronuclei frequency and
the reduction in the cell survival in AZT-treated group,
when compared with non-drug treated control.

Our study demonstrates that AZT causes changes in the
fidelity of cell genome as evidenced by the induction of
MNBNC. The drug not only-induced cells bearing one

Pharmazie 56 (2001) 6
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MNBNC but also cells with multiple MNBNC, indicating
that the drug is able to induce multiple lesions in the
DNA of the cell.

4. Experimental
4.1. Drugs and chemicals

An appropriate amount of azidothymidine (AZT, Cipla Ltd., Bangalore,
India) was dissolved in sterile double distilled water (DDW) and the drug
was diluted to the required concentrations. A constant volume of 50 ul per
5 ml medium was added to individual cell cultures irrespective of the drug
concentration. Cytochalasin-B (Sigma cat. No. C-6762) was dissolved in
dimethyl sulfoxide (DMSO) at a concentration of 10 mg/ml, stored at
—80 °C and diluted with sterile PBS immediately before use. Cytochala-
sin-B, MEM, L-glutamine, gentamicin sulfate, fetal calf serum and DMSO
were obtained from Sigma Chemical Co., St. Louis, USA.

4.2. Cell line and culture

HeLa cells procured from National Centre for Cell Science, Pune, India,
were used throughout this study. Cells were grown in Eagle’s minimum
essential medium (MEM) supplemented with 10% fetal calf serum, 1%
L-glutamine and 50 pg/ml gentamicin sulfate. Cells were routinely grown
in 75 cm? flasks with loosened caps, and incubated at 37 °C in a humidi-
fied atmosphere of 5% CO, in air.

4.3. Evaluation of optimum drug treatment time

The optimum duration for drug exposure was evaluated by the Pratt and
Willis test [45]. Usually 3 x10* cells were seeded in 25 cm? petridishes in
triplicate for each drug dose. The cells were allowed to grow for 24 h and
were treated with 0, 0.01, 0.1, 1, 10 and 100 uM AZT for 1, 2, 4 and 8 h.
The drug containing media was replaced with the fresh medium after 1, 2,
4 and 8 h of AZT treatment and the cells were left undisturbed. The cells
were dislodged by trypsin EDTA treatment 72 h after the initiation of the
cell cultures and the viability of cells was determined using trypan blue
dye exclusion.

The optimum period of time for drug exposure was determined depending
on the loss of cell viability. A maximum cell kill by various concentrations
of AZT was observed for 8 h drug treatment and the further experiments
were carried out using this duration for drug treatment.

4.4. Experimental protocol

A fixed number of exponentially growing cells were inoculated into
25 cm? culture flasks (Nunc, Rosklide, Denmark) and allowed to attain
plateau phase. The plateau phase cells were exposed continuously for 8 h
to different concentrations viz. 0, 0.01, 0.1, 1, 10 and 100 uM of azidothy-
midine. Eight hours after AZT treatment, the drug containing medium was
removed and the cells were dislodged from the culture flasks by trypsin
EDTA treatment, they were divided into three parts and the following
studies were carried out concurrently for each drug concentration.

4.5. Growth kinetics

One part of the cells was used to evaluate growth kinetics, where 10* cells
were inoculated into 25 cm? petridishes in triplicate for each drug concen-
tration. The cells were allowed to grow for 1, 2, 3, 4 and 5 days. The cells
from each culture dish were detached at the time periods specified above.
The cells were stained with trypan blue and scored under an inverted mi-
croscope (Leitz, Germany) using a hemocytometer (American optical Co.,
USA). The growth kinetics was determined by scoring viable cell numbers
for each concentrations of individual dishes. The results of azidothymidine
treatments were compared with the non-drug treated controls.

4.6. Clonogenic assay

The second part of the cells was used for clonogenic assay. Clonogenicity
of cells was measured using the colony forming assay of Puck and Marcus
[46]. 200-300 cells were inoculated in triplicate for each drug concentra-
tion in 5 ml medium and allowed to grow for 11 days. The resultant colo-
nies were stained with 1% crystal violet in methanol and clusters contain-
ing 50 or more cells were scored as a colony. The plating efficiency for all
drug doses was determined and the data are expressed as surviving fraction.
The data were fitted on a linear quadratic model SF = exp —(aD + fD?).

4.7. Micronucleus assay

The third part of the cells was used for micronucleus assay, where 3 x 10°
cells were inoculated in triplicate for each drug dose. Briefly, the micronu-
clei were prepared according to the modified method of Fenech and Mor-
ley [47]. The cells were allowed to attach for six hours, after that the cells
were treated with 3 ug/ml of cytochalasin-B to inhibit cytokinesis. The
cells were left undisturbed and were allowed to grow for another 14, 24
and 34 h depending on the assay time. The cell cultures were terminated at
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20, 30 and 40 h post-drug-treatment. The media containing cytochalasin-B
were removed and the cells were washed with PBS. Finally, the cells were
dislodged by trypsin EDTA treatment, centrifuged, subjected to mild hypo-
tonic treatment (0.7% ammonium oxalate) for 5 min at 37 °C, centrifuged
again and the resultant cell pellet was fixed in Carnoy’s fixative
(3: 1 methanol, acetic acid). After centrifugation, the cells were resus-
pended in a small volume of fixative and dropped on to precleaned coded
slides to avoid observer’s bias.

The slides containing cells were stained with 0.125% acridine orange
(BDH, England, Gurr Cat. No. 34001 9704640E) in Sorensen’s buffer (pH
6.8), washed twice in the buffer. The slides mounted in Sorensen’s buffer
were observed under a fluorescent microscope equipped with 450—490 nm
BP filter set with excitation at 453 nm (Carl Zeiss Photomicroscope III,
Germany) using a 40 X neofluar objective.

A minimum of thousand binucleate cells with well preserved cytoplasm
were scored from each culture and the frequency of micronucleated bi-
nucleate cells (MNBNC) was determined and the micronuclei identification
was done according to the criteria of Countryman and Heddle [48]. The
data regarding cell proliferation indices were also collected, where the fre-
quencies of mono, bi and multi-nucleate (cell with more than two nuclei)
cells were determined. All the experiments were repeated for confirmation
of the results and the results of both experiments are combined and pre-
sented in the Tables and Figures.

The statistical analysis was carried out using one way ANOVA test. The
data were fitted on apparent linear model (o + BX (scale of X axis) or
linear quadratic (Y = C + aD + D?) model.
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