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Abstract

The base analogue 2-chlorodeoxyadenosine (2-CdA) used for therapy in chronic resistant and advanced
lymphoproliferative disorders, is cytotoxic for both dividing and non-dividing lymphocytes. The present work
evaluated the clastogenic potential of this drug in vitro in human lymphocytes in culture and in vivo in BALB/c mice
bone marrow cells. In human lymphocytes, the clastogenic effect of 2-CdA was studied in G1, S and G2 phases of
the cell cycle, using three different concentrations (10, 20 and 40 µg/mL). The endpoints analyzed included mitotic
index (MI), proliferation index (PI), sister chromatid exchange (SCE), and chromosomal aberration (CA). Statistical
analysis by a variance (ANOVA) test showed a significant increase (p < 0.05) in CA frequencies for cells treated
during the S phase, but the MI did not vary. The concentrations tested did not produce a significant increase in the
mean frequency of SCEs, nor did they change the cell PI in the G1 and S phases. The concentrations in vivo tested
were 0.25, 0.375 and 0.5 mg/kg body weight. In this assay, alterations in CA frequencies and MI were not observed
at the dose levels tested. Therefore, the results indicate a clastogenic effect of 2-CdA in human lymphocyte cultures.
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Introduction

Purine analogues are highly active in the treatment of

lymphoproliferative disorders (Pott-Hoeck and

Hiddemann, 1995). Cladribine, 2-chlorodeoxyadenosine

(2-CdA), is a nucleoside analogue with a halogen atom re-

placed at position 2 in its purine ring, which confers resis-

tance to deamination by adenosine deaminase (ADA).

2-CdA is a drug of choice in the treatment of hairy cell leu-

kemia, but it is also highly efficient in other low-grade lym-

phoid malignancies, including chronic lymphocytic

leukemia (CLL). The reports in the literature have shown

that 2-CdA gives similar complete response (CR) rate and

overall response (OR) rate to fludarabine, but the influence

of both agents on the survival rates for patients with CLL is

still uncertain. The CR rate induced by 2-CdA is signifi-

cantly higher than in patients treated with conventional

chemotherapy (Robak, 2001). 2-CdA is another new

chemotherapeutic purine analogue, with specific toxicity to

lymphocytes (Schrimer et al., 1997). The cytotoxicity oc-

curs in proliferating and quiescent cells, resulting in events

such as inhibition of DNA and protein synthesis, as well as

induction of apoptosis (Robertsson et al., 1993). Despite

the toxicity, good results in therapeutic response have been

obtained, and this drug is the main option in tricoleukemia

treatment where patients show hairy cell leukemia (HCL)

(Tallman et al., 1992; Tallman et al., 1993).

Adenine deoxynucleosides induce apoptosis in quies-

cent lymphocytes and are useful drugs for the treatment of

indolent lymphoproliferative diseases. Several mecha-

nisms have been proposed to explain the toxicity of deo-

xyadenosine and its analogues in quiescent cells, including

the direct binding of dATP to the pro-apoptotic factor

Apaf-1 and the activation of the caspase-9 and -3 pathways

(Genini et al., 2000).

A patient with acute myeloid leukemia treated with

2-CdA and Ara-C presented delayed marrow recovery, si-

nusitis, and Candida tropicalis sepsis. She developed

multisystem organ failure and died 1 month after initiating

AML therapy. Post-mortem examination, limited to the

chest and abdomen, revealed disseminated candidiasis in-

volving the lungs, heart, liver, kidneys, and spleen

(Mathew et al., 2000).

Zwaan et al. (2002) observed that patients with

t(9:11) appeared to be significantly more sensitive than
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other AML patients to the following drugs: cytarabine (me-

dian: 2.9-fold), doxorubicin (4.5-fold), mitoxantrone (8.0-

fold), 2-chlorodeoxyadenosine (10.0-fold).

Nucleoside analogues (NA) such as cytosine

arabinoside, fludarabine, cladribine and gemcitabine are

essential components of AML (Acute Myeloid Leukemia)

induction therapy; they are also efficient to treat lympho-

proliferative disorders and have been used in the treatment

of some solid tumors. These important compounds share

some common characteristics, namely in terms of requiring

transport by specific membrane transporters, and metabo-

lism and interaction with intracellular targets. However,

they differ with regard to the types of transporters, and their

preferential interaction with certain targets that may ex-

plain the effectiveness against rapid proliferating tumors

(Galmarini et al., 2001).

Considering this information, it is important to assess

the clastogenic potential of 2-CdA, on the basis of reports

that this drug induces cytotoxicity (Tallman et al., 1992;

Tallman et al., 1993) and DNA single-strand breaks

(Liliemark and Juliusson, 1994). The purpose of this study

was to evaluate the capacity of this chemotherapeutic agent

in inducing chromosome damage in human lymphocytes

and bone marrow cells of BALB/c mice.

Materials and Methods

Chemical agent

The antitumoral 2-chlorodeoxyadenosine [Ortho

Biotech Inc., USA, CAS Registry No. (RN): 4291-63-8]

was kindly provided by the Chemotherapy Center of Hos-

pital de Clínicas of the Ribeirão Preto School of Medicine

(Faculdade de Medicina de Ribeirão Preto - USP) for the in

vitro and in vivo experiments.

Human peripheral blood lymphocytes

Blood samples were obtained from six non-smoking

healthy volunteers (three females and three males), aged 25

to 35 years and submitted to treatment during G1, S and G2

phases of the cell cycle, for analysis of chromosome abnor-

mality (CA) and mitotic index (MI). In addition, lympho-

cytes from three individuals (two females and two males)

were used for sister chromatid exchange (SCE) and prolif-

eration index (PI) analysis. Lymphocytes were grown in

78% RPMI-1640 medium (Sigma Chemical Co., St. Louis,

USA) supplemented with 20% fetal calf serum (Cultilab,

Brazil) and added with penicillin (5 µg/mL) and streptomy-

cin (10 µg/mL). Cells were stimulated with 2% phyto-

hemagglutinin (Life Technologies, Grand Island, NY). For

each 5 mL of culture medium 1 mL of plasma was added,

and the cultures were incubated at 37 °C for 52 h for CA

analysis. 2-CdA solutions were diluted in deionized water

at the following concentrations: 10, 20 and 40 µg/mL cul-

ture medium, according to Preston et al. (1987). A negative

control was included in all experiments. Slide preparation

and staining were performed by standard techniques

(Moorhead et al., 1960). Slides for analysis of sister

chromatid exchange (SCE) and proliferation index (PI)

were obtained from parallel cultures to which 5-Bromo-

2’-deoxyuridine (Sigma Chemical Co., St. Louis, USA;

10 µg/mL) was added in addition to 2-CdA. Differential

sister-chromatid staining was obtained by the fluorescence

plus Giemsa technique, using Hoechst 33258 (Calbiochem

- Behring Corp.; 0.05 µg/mL Hank’s solution) and 5%

Giemsa (Merck). This method is a modification of those

published by Korenberg and Freedlender (1974) and Perry

and Wolff (1974). Slides were exposed to white light over-

night. Metaphase preparations with 46 ± 1 chromosomes

were analyzed in a blind test. The chromosomes were

drawn schematically for SCE scoring, as well as for CA

analysis.

Treatment protocols

2-CdA treatment of lymphocyte cultures at different

phases of the cell cycle

Chromosomal aberrations (CAs)

After seven hours the initiation of culture (G1 phase),

the lymphocyte cultures were treated with 2-CdA for 1 h at

37 °C in culture medium without serum. The cells were

fixed 52 h after the initiation of culture. After treatment

with 2-CdA, the cells were washed twice in serum-free me-

dium and reincubated in complete medium. For treatment

at S phase, 24 h-cultures were treated with 2-CdA for 6 h.

The cells were washed twice in serum-free medium,

reincubated in complete medium and fixed after 52 h of in-

cubation. For G2phase treatment, 69 h-cultures were

treated with 2-CdA for 3 h, and the cells were fixed after

72 h of incubation. Colchicine (Merck 0.016%) was added

1.5 h before fixation. To determine the MI, 1000 cells were

scored per culture, and 100 metaphases from each culture

were analyzed for CA, totaling 6000 cells and 600

metaphases, respectively, for each treatment.

Sister chromatid exchanges (SCEs)

Lymphocyte cultures from 4 healthy donors (two fe-

males and two males) were treated with 5-BrdU

(10 µg/mL) in the beginning of incubation, and when cells

reached the G1 phase (7 h after the initiation of culture),

2-CdA plus 5-BrdU was added for 1 h at 37 °C in culture

medium without serum. After treatment, the cells were

washed twice in serum-free medium, 5-BrdU was added

again and then the cells were reincubated in complete me-

dium. For treatment in the S phase, 24 h-cultures were

treated with 2-CdA plus 5-BrdU in serum-free medium for

6 h. After the treatment, cells were washed twice in se-

rum-free medium and reincubated in complete medium

with 5-BrdU. For SCE and PI analysis, the cells (G1 and S

phases) were fixed 72 h after the initiation of culture. Fifty

second-division metaphases per culture were scored for
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SCE, and one hundred metaphases from each culture were

scored for first, second and third cell division, totaling 200

metaphases and 400 cells per treatment, respectively. The

PI was obtained using the following equation:

PI = [(M3 - M1) + 1]

where M1 and M3 are the numbers of the first and third-

division metaphases, respectively (Degrassi et al., 1989).

Animals

The animals used were BALB/c mice (Mus

musculus), obtained from the Animal House of School of

Medicine of Ribeirão Preto.

In vivo test on Balb/c mice bone marrow cells

Mice weighing approximately 30 g (5-6 weeks) were

divided into groups of 8 animals (4 males and 4 females)

and treated by intraperitoneal injection with 0.5 mL/final

volume of 2-CdA solution diluted with distilled water at the

following concentrations: 0.25, 0.375 and 0.5 mg/kg body

weight. Twenty-two hours after treatment (i.e., two hours

before sacrifice), the mice were injected with 0.3 mL/final

volume of a 1% colchicine solution (Sigma) and killed by

ether inhalation 2 h later. The negative control group re-

ceived distilled water 0.5 mL /final volume/animal, and the

positive control group received cyclophosphamide (CP),

25 mg/kg body wt. Bone marrow preparations for

metaphase cells were obtained by the standard technique

(Ford and Hamerton, 1956). Slides were analyzed in a blind

test and 100 metaphases per animal were drawn schemati-

cally. The MI was obtained by counting the number of mi-

totic cells in 1000 cells analyzed per animal, and 100 cells

were scored for CA.

Statistical analysis

One-way analysis of variance (ANOVA) was per-

formed on the number of abnormal metaphases and total

numbers of CA, MI, SCEs, and PI, with calculations of the

P values for each phase of the cell cycle. Whenever p < 0.05

was found, the mean values of each treatment were com-

pared by the Student-Newman Keuls test. The statistical

analysis was carried out by using the Sigma Stat (Jandel

Corporation) software packages.

Results

Human lymphocytes

Peripheral blood lymphocytes were treated with dif-

ferent concentrations (10, 20 and 40 µg/mL) of 2-CdA in

the G1, S and G2 phases of the cell cycle. Chromosomal ab-

errations (CA) and mitotic index (MI) were analyzed in

treated lymphocytes from six healthy individuals (three fe-

males and three males) (Table 1). For the cells treated dur-

ing the S phase, was observed a significant increase in CA

frequencies (p < 0.05) at all concentrations, as compared to

the control frequencies. The most common types of chro-

mosomal aberration observed were chromatid and

isochromatid gaps (data not shown) and breaks, followed

by double minutes, double fragments, and single frag-

ments. For cells treated during the G1 and G2 phases, the

CA frequencies did not show any statistically significant

difference between the treated cultures and the control val-

ues. Although there was a slight variation for the MI, a sta-

tistically significant difference (p < 0.05) was not observed

in either of the treatments in relation to the control indexes.
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Table 1 - Chromosomal aberrations and mitotic index in human lymphocytes in culture treated with 2-CdA during G1, S and G2 of cell cycle. A total of

100 cells were analyzed per culture and 600 cells per treatment.

Cell cycle 2-CdA µg/mL

culture

MI X ± SD Type of chromosome aberration CA/100 cells CA/cell

B’ B’’ Others

G1 Control 3.47 ± 1.25 8 1 2df; 1min; 1su 4.85 0.02

10 2.67 ± 1.41 3 1 2df; 2fs; 1dm; 1min; 1su 4.10 0.01

20 2.62 ± 0.93 9 0 1dm 3.73 0.01

40 2.25 ± 0.54 9 2 3su; 1dm; 1df 5.97 0.02

S Control 2.87 ± 0.50 5 2 1su 2.99 0.01

10 2.03 ± 1.45 15 10 1min; 4df; 8sf; 1dm; 2su 15.30*** 0.06

20 2.07 ± 0.99 14 11 7df; 1dm; 3sf; 3min; 1tr. 14.93*** 0.06

40 1.7 ± 1.14 23 18 1min; 3dm; 7df; 2dic.; 1qr.; 2sf; 1radial; 1ex 22.01*** 0.09

G2 Control 4.32 ± 2.07 4 1 1dm; 2su 2.99 0.01

10 2.08 ± 0.51 14 1 2sf; 1min; 1df 7.09 0.03

20 2.83 ± 1.05 14 0 4df; 3min 7.84 0.03

40 2.42 ± 0.62 15 2 2min; 1df; 1dm,1dic. 8.21 0.04

MI = mitotic index; B’=chromatidic break; B’’= chromosomal break; CA=chromosomal aberration; df=double fragment; min.=minute; su=sister union;

dm=double minute; sf=simple fragment; tr.=triradial; dic.=dicentric, qr.=quadriradial; ex.= exchange.
***p < 0.05.



The mean frequencies of sister chromatid exchange

(SCE) and proliferation index (PI) were determined in four

controls and in lymphocyte cultures treated with 2-CdA

during the G1 and S phases in cultures harvested after 72 h

(Table 2). The concentrations tested (10, 20 and 40 µg/mL)

did not cause any significant increase in the mean fre-

quency of SCEs, nor did they change the cell PI during the

G1 and S phases (Table 2).

Balb/c mouse bone marrow system

CA and MI frequencies were analyzed in bone mar-

row cells from 8 Balb/c mice (4 females and 4 males) after

intraperitoneal treatment with 0.25, 0.37 and 0.50 mg/kg

b.w. of 2-CdA (Table 3). In the in vivo assay, 2-CdA did not

show cytotoxic effects for any of the tested doses concern-

ing CA frequencies as well as MI values, when all treatment

groups were compared. Most aberrations were chromatid-

type breaks. No significant difference (p < 0.05) was found

either among the animals or between males and females for

the parameters analyzed.

Discussion

Over the last few years, several studies have shown the

antiproliferative effect of the drugs used in the treatment of

lymphoid malignancies. 2-CdA is a base analogue employed

in chemotherapy for a particular kind of leukemia, the hairy

cell leukemia. There is also some data demonstrating that

2-CdA can be used in combination with other drugs, in the

treatment of refractory and recurrent low-grade non-

Hodgkin’s lymphoma (NHL) (Laurencet et al., 1999; Robak

et al., 1999). In the present work, a cytogenetic study in vitro

was performed to evaluate the clastogenic potential of

2-CdA in human lymphocytes regarding the induction of CA

and SCE. According to Moore and Bender (1993), structural

CAs may result in loss of chromosomal material. The kind of

CA formed depends on the nature of the lesion induced in the

DNA and the cell cycle phase during which the cells were

exposed (Natarajan et al., 1996).

Lymphocyte cultures were treated with three concen-

trations of 2-CdA (10, 20 and 40 µg/mL) during different

phases of the cell cycle. The clastogenic effect of the drug

was demonstrated by the significant increase (p < 0.05) in

the CA frequencies for all the concentrations tested during

the S phase of the cell cycle. For treatment during this

phase, 2-CdA was left for 6 hours in the cultures. For agents

acting during a specific phase of the cell cycle, the sequence

of administration may determine the efficacy and toxicity

of a combination therapy (Smorenburg et al., 2001).

These results are consistent with those reported by

other authors (Carson et al., 1983), suggesting that 2-CdA

is incorporated into DNA producing single-strand breaks

(SSBs). SSBs can arise both directly, from the disintegra-

tion of damaged sugars, or indirectly, via enzymatic cleav-

age of the phosphodiester backbone. Direct SSBs arise

primarily from an attack by free radicals such as reactive

oxygen species, whereas indirect SSBs are mainly normal

intermediates of DNA base excision repair (BER). SSBs

are also the most common lesions induced by exogenous

genotoxins such as ionizing radiation, alkylating agents,

and the topo1 poison camptothecin and its anticancer deriv-

atives (Caldecott, 2004).

Some reports show that the base analog needs a lon-

ger period of time for phosphorylation to occur (Gandhi et

al., 1997). This mechanism may explain the increased fre-

quency of total chromosomal aberrations during the S

phase of the cell cycle. The same mechanism occurs in cells

treated with mitomycin C, an S-dependent compound,

which requires DNA replication to convert DNA damages

into chromosomal aberrations (Evans and Scott, 1964;

Traganos et al., 1980). Other antitumoral agents represent

the same mechanism and action of 2-CdA, such as

fludarabine and 1-β-D-arabinosylcitosine (ara-C).

Cytotoxic nucleoside analogs have a broad clinical

use. They were among the first chemotherapeutic agents

used in the treatment of malignant diseases. The anticancer

nucleosides include analogs of physiologic pyrimidine and

purine nucleosides. These agents act as antimetabolites,
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Table 2 - Frequency of SCE and PI in human cultured lymphocytes treated with 2-CdA in the G1 and S cell cycle phase and harvested at 72 h. A total of

200 and 400 cells were analyzed per treatment for SCE and PI, respectively.

Phase of

cell cycle

2-CdA /

(µg/mL)

Mean ± S.D N. of metaphases P.I

Cycle 1 Cycle 2 Cycle 3

Control 0.60 ± 0.31 79 134 187 1.27

G1 10 0.77 ± 0.40 100 142 158 1.15

20 0.97 ± 0.49 110 168 122 1.03

40 1.07 ± 0.43 108 169 123 1.04

S Control 0.65 ± 0.37 78 140 182 1.26

10 0.82 ± 0.32 95 147 158 1.16

20 0.85 ± 0.22 113 148 139 1.07

40 1.09 ± 0.37 96 201 103 1.02

SCE = sister chromatid exchange; PI = proliferation index; SD = standard deviation; 2-CdA = 2-chlorodeoxyadenosine.



competing with natural nucleosides during DNA or RNA

synthesis and as inhibitors of key cell enzymes (Szafraniec

et al., 2004), are S-specific, and must be phosphorylated to

activate triphosphates (Plunkett et al., 1980). During the S

phase of the cell cycle, when the genetic material is dupli-

cated by the DNA replication machinery, cells are espe-

cially vulnerable to genotoxic insult. While G1 and G2/M

checkpoints arrest cell cycle progression at well-defined

points through the inhibition of cyclin-dependent kinases,

intra-S-phase checkpoints are known to occur at any time

within the S phase and involve multiple signaling pathways

(Sidorova and Breeden, 2003; Andreassen et al., 2003)

It is very important to analyze the mechanism of drug

response during different phases of the cell cycle. The high

level of chromosomal lesion may be due to the cytotoxicity

of 2-CdA caused by its conversion to 2-CdATP, which in-

duces inhibition of DNA synthesis and DNA repair, involv-

ing the enzymes ribonucleotide reductase and DNA poly-

merases. This compound shows resistance to adenosine

deaminase (ADA) activity, which is conferred by a chlorine

atom and the replacement of hydrogen at position 2 of the

purine ring adenosine (Baltz and Montello, 1993).

SCEs are often considered a parameter for assessing

genotoxicity, because their frequency clearly is increased

by exposure to many mutagenic and carcinogenic chemi-

cals. In the present experiment, the frequencies of SCEs in

cultures treated with 2-CdA presented a slight increase in

relation to control cultures. The increase observed during

both phases did not vary significantly.

Since many drugs are activated after they are metabo-

lized, in vivo mutagenicity tests are recommended for as-

sessing the clastogenic activity of those compounds

requiring metabolic activation. Such an approach also pro-

vides similar conditions to those found in humans (Legator

and Ward Jr., 1991). Although there are differences be-

tween rodents and humans, it is recommended that any as-

sessment should be based on both in vitro and in vivo

studies, and not simply on either of them (Huggett et al.,

1996).

In the present study, the clastogenic effect of 2-CdA

was also analyzed in BALB/c mice bone marrow cells at

concentrations of 0.25, 0.375 and 0.5 mg/kg body weight.

The results showed that 2-CdA was not efficient for induc-

ing chromosome aberrations. The lack of effect in vivo can

be due to the limited amount of 2-CdA available, because it

was donated in diluted conditions. Genotoxic effects of the

base analog gemcitabine have been reported in mouse bone

marrow cells using the micronucleus and chromosome ab-

erration test systems. Aydemir and Bilaloglu (2003)

showed that gemcitabine did not induce any significant

CAs and neither cause reduction in MI by a 6-h treatment

period at doses of the 2.0, 4.0 and 8.0 mg/kg b.w., as com-

pared to the negative control; in contrast, the frequency of

total CAs was significantly increased by gemcitabine

(p < 0.0001) by a 24-h treatment period with the same

doses.

In conclusion, 2-CdA showed a clastogenic effect in

human lymphocyte cultures treated in vitro during the S

phase of the cell cycle, but not significant clastogenic effect

was observed in cells treated during the G1 and G2 phases.

In the in vivo assay in mice, 2-CdA did not show any

clastogenic effect at the dose levels tested.
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