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The mutagenicity and clastogenicity of the immu-
nosuppressive drug azathioprine (AZA), a multitis-
sue rodent carcinogen and IARC-classified human
carcinogen, was investigated using transgenic
lacZ mice (Muta™Mouse). Male animals (n 5 5
per group) were dosed with AZA (10, 50, 100
mg/kg p.o. daily for 5 days), vehicle (n 5 10), or
the positive control, chlorambucil (15 mg/kg i.p.,
n 5 3), and killed 24 hr or 25 days after the last
treatment. Micronucleus assays were performed
with bone marrow (24-hr samples) or peripheral
blood (24-hr and 25-day samples) and DNA was
extracted from bone marrow and liver for gene
mutation analysis at the transgenic lacZ locus. AZA
induced 5.3–111.3-fold increases in %MNPCE
(P , 0.01) in bone marrow compared with vehicle
control, accompanied by 4.4–5.6-fold increases
in %MNRETs (P , 0.01) in peripheral blood.
Chlorambucil caused a 14.5-fold increase in
%MNRET and there was evidence of significant
stem cell toxicity in both positive control and AZA
treatment groups. By day 25, however, there was

evidence of substantial recovery of the bone mar-
row as determined by the frequency of RET, and
the %MNRET in all treatment groups was the same
as the vehicle control. Analysis of lacZ MF showed
1.4–1.6-fold increases in AZA 24-hr bone marrow
samples, increasing to ;2.0-fold above concurrent
controls by day 25 (medium dose P , 0.05, high
dose P , 0.01). For liver, there was a 2-fold
increase in MF (P , 0.05) in the 24-hr sample at
the highest dose only, and increases of 1.3–1.5-
fold by day 25 in the medium (P , 0.05) and high
(P 5 0.055) dose groups, respectively. The posi-
tive control, chlorambucil, induced 2–3-fold in-
creases (P , 0.01) in mean MF in both bone
marrow (25-day sample) and liver (24-hr and 25-
day samples). These data confirm the clastogenic-
ity of AZA in the mouse, and show that this com-
pound induces gene mutations in bone marrow
and liver, in vivo, at the highest dose and supports
the view that AZA is a genotoxic carcinogen.
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INTRODUCTION

Azathioprine (AZA) is anN-methyl-nitroimidazole thio-
purine designed as a slow-release prodrug of 6-mercapto-
purine (6-MP). It has been widely used over the past three
decades as an antimetabolite immunosuppressive agent, pri-
marily in combination therapy with other drugs to prevent
rejection following renal, cardiac, or hepatic organ trans-
plantation. The drug is also used as an additional option in
the therapeutic management of patients with various auto-
immune diseases such as rheumatoid arthritis, systemic
lupus erythmatosus, and Crohn’s disease [Dollery, 1999].

In vitro, AZA is genotoxic in the Ames test [Speck et al.,
1976; Bruce and Heddle, 1979], and induces chromosome
aberrations and sister-chromatid exchanges (SCEs) in mam-
malian cytogenetic assays including human lymphocytes
[Obe, 1971; Kucerova´ et al., 1978; Vian et al., 1993]. Clark
[1975] reported that AZA was mutagenic inNeurospora
crassaand increased the frequency of dominant lethals and
nondisjunctions inDrosophila melanogaster. In mammals,
it is positive in the bone marrow micronucleus assay in the
mouse and the rat [Heddle et al., 1983; Wakata et al., 1998],

but equivocal for SCEs. AZA has been shown to induce
micronuclei or chromosome aberrations in clinical studies
[Jensen, 1970; Jensen and Huttel, 1976], and is therefore an
in vivo clastogen in humans. IARC monographs report there
is limited evidence for the carcinogenicity of AZA in ro-
dents (mostly hemopoietic cancers), mainly because of
flaws in the design and reporting of published studies. There
is, however, sufficient epidemiological evidence to show
that AZA is a human carcinogen and long-term use in
patients is associated with the development of squamous
cell carcinoma, cervical cancer, and tumors of the kidney
and liver [IARC 1981, 1987]. The mechanism, i.e., immu-
nosuppressive and/or genotoxic, nevertheless remains un-
known, as does the potential for AZA to induce gene
mutations in vivo.

AZA undergoes rapid hepatic conversion to its major
active metabolite 6-mercaptopurine (6-MP) by glutathione
thiolysis, resulting in the formation of 1-methyl-4-nitro-5-
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(S-glutathinyl)-imidazole [Hrelia et al., 1988]. 6-MP may
be further metabolized to other active derivatives such as
6-thioinosinic acid (6-TIMP), 6-thioguanine nucleotides (6-
TG), and 6-methylmercaptopurine ribonucleotide (the for-
mation of the latter being more conspicuous in humans than
mice). Oxidation of 6-MP or 6-TIMP by xanthine oxidase
leads to the formation of the major urinary metabolite,
6-thiouric acid, which is inactive. The active thiopurine
metabolites produce a variety of biological effects, includ-
ing inhibition of purine metabolism, disruption of nucleic
acid biosynthesis, and cytotoxicity [reviewed by Hughes
and Gruber, 1997]. The main toxic effect in humans is bone
marrow depression, which is observed in mice at equivalent
doses also [Bach and Storm, 1985]. Incorporation of thio-
purines into nucleic acids may cause DNA strand breaks
leading to the formation of chromosome aberrations [Elion,
1967; Tidd and Paterson, 1974]. In addition, 6-MP is itself
mutagenic in bacteria [Benedict et al., 1977] and induces
micronuclei, chromosome aberrations, and SCE in vivo
[Mossesso and Palitti, 1993]; however, carcinogenicity has
not been shown in limited rodent bioassays [Dollery, 1999].
Lastly, the nitroimidazole moiety of AZA contains a struc-
tural alert (the NO2 electrophile) which may account for the
mutagenicity of this drug in bacterial assays [Nagafuchi and
Miyazaki, 1991; Ashby, 1992; Gombar et al., 1993]. Nev-
ertheless, mammals contain various enzymes with nitrore-
ductase activity and are capable of activating AZA to reac-
tive intermediates. Therefore, it is still not clear whether the
carcinogenicity of AZA is associated with a direct geno-
toxic effect of the parent drug (via the aromatic nitro group),
the genotoxicity of its thiopurine metabolites, or because of
reduced immunological surveillance.

Several transgenic rodent (mouse and rat) models have
been developed during the past decade to study mutagenesis
in vivo, and testament to the interest in their use is reflected
by the rise in the number of articles published annually on
transgenic gene mutation assays. These assays provide a
significant advance in our ability to assess spontaneous and
xenobiotic-induced mutations in vivo in virtually any tissue
or organ, and they allow comparative studies between them.
Furthermore, they provide a relatively simple means to
analyze mutations at the molecular level [reviewed by
Heddle, 1998]. The mouse micronucleus assay, in contrast,
detects structural damage to chromosomes and aneuploidy
in proliferating somatic cells in vivo. Micronuclei can be
assayed in polychromatic erythrocytes (PCE) of bone mar-
row and reticulocytes (RET) of peripheral blood microscop-
ically or by flow cytometry. In the present study, the mu-
tagenicity of AZA to the bone marrow and liver was
determined in Muta™Mouse, a mouse model transgenic for
a lgt10 shuttle vector harboring ab-galactosidase (lacZ)
reporter gene [Gossen and Vijg, 1990]. In addition, bone
marrow micronucleus frequencies were measured in PCE
by fluorescence microscopy and peripheral blood micronu-
cleus frequencies were measured in RET by flow cytometry

[Tometsko et al., 1993,a–c, 1995; Dertinger et al., 1996], to
determine the relative sensitivity of these three assays.

MATERIALS AND METHODS

Transgenic Mice and Animal Husbandry

Male Muta™Mouse (CD2-LacZ80/HazfBR) mice (age 4–6 weeks, n5
56) were obtained from Covance Research Products (Denver, PA, USA).
Animals were housed up to five per cage in solid bottomed plastic cages
(North Kent Plastic Cages Ltd, Eryth, UK) containing sawdust (Lignocel,
RS Biotech, Finedon, UK) and provided with SQC Rat and Mouse Main-
tenance Diet No. 1 (Special Diet Services, Witham, UK) and filtered tap
water ad libitum. Environmental controls were set to maintain conditions of
21 6 2°C and 556 10% relative humidity with a 12-hr light/dark cycle.
Animals were allowed to acclimatize to local housing conditions and gain
weight for 16 days, after which they were given a health check, weighed
again, and randomly assigned to study groups. Animals (mean weight
22.8 g, range 18.2–26.6 g) were identified with a tail tattoo leaving a
unique animal number before treatment commenced. Animal treatment and
husbandry were in accordance with approved procedures of the Animals
(Scientific Procedures) Act, UK, 1986.

Treatment of Animals

Azathioprine (CAS No. 446-86-6) and chlorambucil (CAS No. 305-
03-3) were purchased from Sigma Chemical Co. (Poole, UK). Elion and
Hitchings [1975] reported the maximum tolerated dose for AZA in the
mouse as 1003 5 i.p. and 2003 5 p.o. (mg/kg3 days). Bruce and Heddle
[1979] have shown that 5-day treatment with AZA was clastogenic
$30mg/kg in the mouse, and therefore to safeguard from premature
fatalities during the study in the highest treatment group, the highest dose
selected was 50% of the reported oral MTD. Chlorambucil was used as
positive control because it is clastogenic and was previously shown to
increase MF in liver (10-fold), bone marrow (3-fold), and testis (22-fold)
of Muta™Mouse by Myhr [1991] and Hoorn et al. [1993]. Paired duplicate
groups of mice were treated daily for 5 days with AZA (10, 50, and 100
mg/kg p.o. using a dose volume of 20 ml/kg in 1% methylcellulose and 1%
sodium chloride, n5 5 per group) or chlorambucil (15 mg/kg i.p., admin-
istered in 7% ethanol in PBS; n5 3 per group) or vehicle (1% methyl-
cellulose and 1% sodium chloride; n5 10 per group) as negative control.
Prior to necropsy, peripheral blood (;60–120ml) was collected from the
tail vein of each mouse. Animals were killed by CO2 asphyxiation 24 hr or
25 days after the final dose. Various tissues were collected, flash-frozen in
liquid nitrogen, and stored at280°C for subsequent analysis.

Micronucleus Assays

Bone Marrow

Bone marrow samples were collected from each mouse 24 hr after the
final dose and smears prepared according to the method of Tinwell and
Ashby [1989]. Briefly, cells were fixed with absolute methanol and air-
dried for 10 min before staining with 0.1 mg/ml acridine orange. For each
animal, genotoxicity was assessed by scoring slides for percent micro-
nucleated polychromatic erythrocytes (%MNPCE) among 2,000 polychro-
matic erythrocytes (PCE) when possible, using fluorescence microscopy.
Bone marrow toxicity was assessed by recording the numbers of normo-
chromatic erythrocytes (NCE) scored concurrently with 2,000 PCE and the
results expressed as %PCE.
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Peripheral Blood
Blood samples were processed according to themicroFlow™ mouse

micronucleus protocol (Stratagene, La Jolla, CA, USA). Fixed samples
were shipped (on dry ice) to Litron Laboratories (Rochester, NY, USA)
and analyzed by flow cytometry (FacStarPLUS, Becton Dickinson, San Jose,
CA) according to published methods [Dertinger et al., 1996]. Cells were
stained with propidium iodide to label micronucleus DNA and anti-CD71-
FITC to label the transferrin receptors of the RET population. The number
of MNRET was determined and expressed as a percentage of the total
number of RET analyzed per animal (;20,000 in vehicle control). The
mean percentage MNRET (and standard deviation) were calculated for
each treatment group. The frequency of RETs relative to total erythrocytes
(1,000,000) were determined to provide an indication of stem cell toxicity.

DNA Isolation

High molecular weight DNA was prepared from 24-hr and 25-day
posttreatment bone marrow and liver samples for analysis of gene muta-
tions at thelacZ locus. DNA was obtained from the 24-hr posttreatment
bone marrow samples following centrifugation of the surplus bone marrow
preparations used for the micronucleus assay. The method described in the
Stratagene Big Blue Manual was used with the following modifications:
following phenol-chloroform-isoamyl alcohol extraction (25:24:1 v/v),
samples were centrifuged at 300 rpm for 15 min due to the formation of a
white precipitate in the aqueous layer. Following precipitation of DNA,
samples were centrifuged for 15 min at 3,000 rpm because only small
amounts of DNA were recovered. DNA pellets were allowed to air dry for
15–20 min before being dissolved in 20ml TE buffer. For the 24-hr liver
samples and 25-day bone marrow and liver samples, DNA was recovered
using the Recoverease™ DNA isolation kit (Stratagene) using the manu-
facturer’s protocols.

Mutation Assay

Single copies of recombinantlgt10 shuttle vector were recovered from
mouse genomic DNA by in vitro packaging (Transpack, Stratagene). The
resulting phage particles were used to transfectEscherichia coliC (DlacZ,
galE-, recA-, Kanr, (galE-, Ampr)) which were plated in the presence of
phenyl-b,D-galactoside (P-gal) to select for plaques comprising single
clones of phage with mutantlacZ. In parallel, a small fraction of phage-
absorbed bacteria was grown under nonselective conditions (titer plates) to
allow phage-transfected bacteria with either intact or mutantlacZ to grow
and form plaques. The mutation frequency for each animal was determined
from the ratio of the number of plaque forming units (pfu) produced under
positive selection to the total number of pfu plated (derived from the titer
plates).

Analysis of Data

Statistical analysis of micronucleus data was performed using a one-
sided Dunnett’s test [Dunnett, 1955; Bechhofer and Dunnett, 1998] on
rank-transformed data [Iman, 1974; Conover and Iman, 1981]. The gene
mutation data were analyzed using a generalized linear mixed effects
model [Breslow et al., 1993]. This supposes that the logistic function of the
observed mutant frequencies can be expressed as a linear function of dose
group. Between-animal and within-animal variability is also explicitly
modeled. The model permits a significance test of difference between dose
groups, as well as estimation of the sources of variability. The data were
fitted using SA procedureGLIMMIX [Wolfinger, 1993].

RESULTS

Bone Marrow Micronucleus Assay

The micronucleus assay data are shown in Table I. Re-
sults show there were dose-related increases in %MNPCEs
in bone marrow following treatment with AZA, from
0.076 0.03 (mean6 SD) in the negative control group to
0.376 0.25 , 6.266 2.62, and 7.796 3.85 after 10, 50, 100
mg/kg p.o. AZA, daily for 5 days, respectively, i.e., there
was a 5.3–111.3-fold increase over baseline, which is sta-
tistically significant (P , 0.01). One of the positive control
animals (in the 24 hr off-dose) died after receiving the final
dose of chlorambucil. Bone marrow smears were prepared
from the remaining two animals in the group, but could not
be scored because of toxicity.

Peripheral Blood Micronucleus Assays

A summary of the flow cytometry results is given in
Table II. Treatment with AZA induced significant increases
in %MNRETs in all treatment groups in 24-hr posttreatment
blood samples compared with concurrent vehicle controls
(4.4–5.6-fold,P , 0.01), and there was further evidence of
stem cell toxicity (Table IIa). Chlorambucil also induced a
significant 14.5-fold increase in %MNRET 24 hr after the
last treatment. In contrast, analysis of the 25-day posttreat-
ment blood samples (Table IIb) showed that the frequency
of %MNRET had returned to baseline for both compounds

TABLE I. Summary of Mouse Bone Marrow Micronucleus Assay for AZA (3 5 day)

Treatment (mg/kg) No. mice

Endpoint data Accessory data

% MNPCE (mean6 sd) t-statistic % MNNCE (mean6 sd) % PCE (mean6 sd)

Vehicle control 10 0.076 0.03 — 0.026 0.01 30.166 3.46
Azathioprine

10 5 0.376 0.25 4.66* 0.046 0.01 18.876 4.53
50 3 6.266 2.62 6.84* 0.226 0.13 2.956 1.87

100 3 7.796 3.85 7.80* 0.286 0.12 8.056 5.52
Chlorambucila

15 2b

* P , 0.01.
a Slides could not be scored because of bone marrow toxicity.
b One animal died before end of study.
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(AZA and chlorambucil), as did the frequency of RET
relative to total erythrocytes scored.

Mutation Frequency Analysis

Bone Marrow

There was poor recovery of DNA from 24-hr posttreat-
ment tissue samples, probably as a result of prior processing
in the bone marrow micronucleus assay. Therefore, DNA

from treatment groups were pooled for analysis (see Table
III for summary). AZA induced 1.4, 1.6, and 1.4-fold in-
creases in MF, respectively, over the concurrent control
(individual data not shown). The positive control samples
could not be analyzed due to high levels of stem cell
toxicity. Analysis of the 25-day posttreatment bone marrow
samples showed no increase at the lowest dose of AZA
(based on data from two animals), although there was a 2.1-
and 2.0-fold increase in the mean MF of the medium and

TABLE II. Summary of Mouse Peripheral Blood Micronucleus Assay for AZA (3 5 day)

Treatment (mg/kg) No. mice

Endpoint data

No. RETa (mean6 sd) % MNRET (mean6 sd) t-statistic

(a) 24-hr sample
Vehicle control 10 17,0306 2720 0.316 0.06 —
Azathioprine

10b 5 67006 4013 1.376 0.40 4.87*
50c 5 34006 1575 1.976 0.50 6.95*

100d 5 23006 752 1.746 0.70 5.91*
Chlorambucil

15c 2e 54506 3041 4.506 2.30 —
(b) 25-day sample
Vehicle control 10 18,6636 2691 0.306 0.05 —
Azathioprine

10 5 23,8006 2865 0.336 0.06 1.16
50 5 22,1406 3237 0.306 0.04 0.20

100 5 22,0406 4028 0.276 0.08 20.20
Chlorambucil

15 3 34,2676 5831 0.376 0.00 —

a; 1,000,000 total erythrocytes/blood sample.
b; 10,000 total CD71 positive cells per blood sample due to stem cell toxicity.
c; 5,000 total CD71 positive cells blood sample due to stem cell toxicity.
d; 3,000 total CD71 positive cells blood sample due to stem cell toxicity.
eOne animal died before end of study.
*P , 0.01.

TABLE III. Summary of MF in Muta ™Mouse for AZA (3 5 day)

Tissue Treatment (mg/kg) 24 hr MF (31026) 6 sd 25 days MF (31026) 6 sd

Bone marrow Vehicle control 65.0a 73.26 14.8
Azathioprine

10 93.8a 80.1b

50 101.0a 151.86 64.9*
100 92.5a 147.76 91.7**

Chlorambucil
15 ND 155.06 56.0**

Liver Vehicle control 46.86 23.6 74.66 12.9
Azathioprine

10 59.16 13.5 99.16 35.7
50 38.26 16.2 113.76 27.9

100 94.66 25.1** 104.86 36.0
Chlorambucil

15 99.96 30.3** 239.16 70.4**

aPooled sample.
bn 5 2; ND: not determined.
*P , 0.05.
** P , 0.01.
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high dose groups, respectively (P , 0.05). Inspection of
individual animal MF data (Table IV), however, shows
there was considerable interanimal variation within the me-
dium and high AZA dose groups, ranging from background
mean MF (;73.2 3 10-6 for animals A602 and A603) to
3.1-fold increase (for animals A404 and A601) and 3.6-fold
increase (for animal A605). The positive control, chloram-
bucil, induced a.2-fold increase in mean MF over vehicle
control (P , 0.01).

Liver

In the 24-hr posttreatment samples there was no increase
in mean MF in the two lower AZA treatment groups com-
pared with concurrent vehicle control (Table III). Following
treatment with the highest dose of AZA (i.e., 53 100
mg/kg), however, there was a 2.0-fold increase in mean MF
(P , 0.01) compared with vehicle control (see Table V for
individual animal data). The positive control, chlorambucil,
also induced a 2.1-fold increase in the mean MF (P , 0.01,
data from two animals). In the 25-day posttreatment sam-
ples, two of the animals (A806, A809) in the vehicle control
group showed jackpot mutations (MF: 1,3233 10-6 and
603 3 10-6, respectively) and these were not included in

subsequent calculations. The mean vehicle control MF
(74.6 6 12.9 3 10-6) was much higher than that observed
for the 24-hr posttreatment sample (46.86 23.6 3 10-6);
nevertheless, both values fall within the range reported in
the literature. There was a 1.3-, 1.5-, and 1.4-fold increase in
mean MF of the AZA treatment groups compared with
concurrent vehicle control, which was statistically signifi-
cant in the middle dose group (P , 0.05), but only margin-
ally significant in the high dose group (P 5 0.55). Once
more, some individual animals in both of these dose groups
showed.2-fold increases in MF compared with the mean
MF in the control group (see Table V). The positive control
induced a.3-fold increase in mean MF compared with the
vehicle control (P , 0.001).

DISCUSSION

This study is the first to report on the use of the Strat-
agene/LitronmicroFlow™ flow cytometry method for the
peripheral blood micronucleus assay in Muta™Mouse, al-
though several groups have used conventional microscopic
methods to determine micronucleus frequencies in periph-
eral blood [Suzuki et al., 1993, 1994, 1997, 1998; Itoh and

TABLE IV. Bone Marrow MF (day 25) in lacZ Locus of Muta™Mouse

Treatment (mg/kg) Animal no. No. pkg. No. mutants No. pfu MF (31026)

Vehicle control A801 3 32 720720 44.4
A802 3 35 591760 59.1
A803 3 44 456560 96.4
A804 4 49 708240 69.2
A805 3 33 419120 78.7
A806 3 48 749840 64.0
A807 3 70 832000 84.1
A808 3 45 565760 79.5
A809 3 61 845520 72.1
A810 3 49 581360 84.3

Azathioprine A201 5 92 1100617 83.6
10 A202 1 ND 5770 ND

A203 1 ND 383 ND
A204 6 150 1958635 76.6
A205 1 ND 1204 ND

50 A401 3 ND 312 ND
A402 3 16 1411440 113.1
A403 3 87 752960 115.5
A404 3 540 2381600 226.7
A405 3 ND 8320 ND

100 A601 3 40 176800 226.2
A602 6 42 675480 62.2
A603 5 128 1684800 76.0
A604 3 91 827840 109.9
A605 3 328 1240720 264.4

Chlorambucil A1001 3 132 604686 218.3
15 A1002 3 120 1072685 111.9

A1003 3 224 1661029 134.9

Pkg: packagings; pfu: plaque forming units.
*Animal died before end of study.
ND: not determined.
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TABLE V. Liver MF in lacZ Locus of Muta™Mouse

Treatment (mg/kg) Animal no. No. pkg No. mutants No. pfu MF (31026)

24 hr
Vehicle control A701 5 69 1993829 34.6

A702 3 43 1245029 34.5
A703 3 76 1254240 6.06
A704 6 82 3588594 22.9
A705 2 12 188552 63.6
A706 3 105 1225120 85.7
A707 3 60 971360 61.8
A708 6 111 2687063 41.3
A709 6 122 2469554 49.4
A710 6 125 1873188 67.7

Azathioprine A101 2 80 1759680 45.5
10 A102 3 87 1408213 61.8

A103 3 234 3203200 73.1
A104 3 89 1996800 44.6
A105 3 243 3456960 70.3

50 A301 3 98 1607840 61.0
A302 3 69 2350400 29.4
A303 3 57 3105440 18.4
A304 3 67 1824240 36.7
A305 3 105 2308800 45.5

100 A501 4 185 1397760 132.4
A502 4 142 1503840 94.4
A503 3 188 2947360 63.8
A504 3 211 2134080 98.8
A505 3 126 1509486 83.5

Chlorambucil A901 6 289 2219657 130.2
15 A902 3 142 2040480 69.6

A903* — — — —
25 days
Vehicle control A801 3 69 1258400 54.8

A802 5 163 2293942 71.1
A803 6 190 2394972 79.3
A804 3 75 941943 79.6
A805 3 49 502172 97.6
A806 3 1596 1206400 jackpot
A807 6 104 1666000 62.4
A808 6 207 2864457 72.3
A809 3 599 993943 jackpot
A810 6 140 1763543 79.4

Azathioprine A201 3 357 2238971 159.4
10 A202 3 158 1809600 87.3

A203 3 186 2898629 64.2
A204 3 145 1556280 93.2
A205 2 141 1540712 91.5

50 A401 3 50 320915 155.8
A402 3 66 692343 95.3
A403 3 30 298480 100.5
A404 3 61 476320 128.1
A405 3 95 1070160 88.8

100 A601 6 102 1184560 86.1
A602 3 32 349145 91.7
A603 6 120 1530880 78.4
A604 3 60 358057 167.6
A605 4 82 820262 100.0

Chlorambucil A1001 3 202 929760 217.3
15 A1002 6 493 1551086 317.8

A1003 3 210 1152914 182.1

Pkg: packagings; pfu: plaque forming units.
*Animal died on day 5 before sampling.
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Shimada, 1997] or bone marrow [Tinwell et al., 1998;
Williams et al., 1998] inlacZ transgenic mice. In the present
study, the spontaneous incidence of %MNRET in
Muta™Mouse was 0.316 0.03 (mean6 SD; range 0.14–
0.40, n 5 36), which is very similar to the incidence
observed by Suzuki and co-workers using fluorescence mi-
croscopy. Treatment with AZA caused statistically signifi-
cant (P , 0.01) increases in the frequency of %MNRET in
peripheral blood sampled 24 hr after the final dose, and in
%MNPCE in bone marrow, and therefore confirms the
clastogenicity of this drug in the mouse. In addition, exten-
sive stem cell toxicity, particularly in the middle and high
dose groups, was evident in both peripheral blood and bone
marrow. The AZA-induced hemopoietic toxicity, however,
was reversible as determined by the recovery of the periph-
eral blood RET cell population to vehicle control levels by
day 25, and the decreases in %MNRET values to baseline,
and this is consistent with previous reports [Dollery, 1999].
Treatment with the positive control, chlorambucil, caused
stem cell toxicity precluding the scoring of bone marrow
smears; however, flow cytometric analysis of peripheral
blood showed a.10-fold increase in %MNRET compared
with concurrent vehicle controls. Once more, the toxicity
was reversible, and by day 25 the frequency of RET and
%MNRET were the same as the concurrent negative con-
trols.

This is also the first report of a transgenic gene mutation
assay with AZA. In bioassays, AZA induces mostly hemo-
poietic tumors in the mouse, particularly thymic lymphomas
[IARC, 1987] and therefore the bone marrow is the princi-
pal target organ for carcinogenicity. In Muta™Mouse, AZA
induced increases in the mean MF at thelacZ locus of both
bone marrow and liver, but these were only consistently
apparent in the highest treatment group, and the differences
were more pronounced in the 25-day sample compared with
the 24-hr sample in both tissues (Table III). Despite the lack
of a dose response, AZA caused statistically significant
increases in MF at the highest dose in liver and bone
marrow, although these were more apparent in the latter,
i.e., the target tissue for carcinogenicity. Therefore, it is
clear that AZA is mutagenic, although the positive results in
the micronucleus assays were more evident than the out-
come of thelacZgene mutation assay. These data show that
AZA is a relatively potent clastogen in the bone marrow of
Muta™Mouse, which confirms observations made previ-
ously in other strains of mice. The clastogenic activity was
associated with extensive stem cell toxicity and the degree
to which AZA induced non-DNA reactive mechanisms con-
tributed to the formation of micronuclei, as a result of
cytotoxicity, remains unknown. Nevertheless, it is likely
that the clastogenic and mutagenic activities of AZA, com-
bined with immunosuppression as a result of stem cell
suppression in the bone marrow, all contribute to the carci-
nogenic potential of this compound.

Considerable interanimal variation in MF of AZA treat-

ment groups was observed in the gene mutation studies,
particularly within the middle and high doses (Tables IV,
V). Indeed, individual MF were elevated.3-fold compared
with the mean for concurrent controls in the 25-day bone
marrow of several animals (e.g., A404, A601, A605), and
this was also observed in liver, but to a lesser extent. In
contrast, for some animals there was no change in MF (e.g.,
A602, A603). Furthermore, there was considerable varia-
tion in the MF of individual control animals, too, with the
mean control MF for the 25-day liver 1.6-fold higher than
the 24-hr sample. Although both values are within the range
reported in the literature, we were concerned by this dis-
crepancy and therefore analyzed the MF at the cII locus of
thelgt10 vector [Jakubczak et al., 1996]. These studies will
be reported elsewhere, but the results show that there was no
significant difference between 24-hr and 25-day control MF
at this locus (46.56 19.8 vs. 57.86 19.03 10-6, respec-
tively). Analysis of cII mutations in bone marrow and liver
(25-day sample) of the high dose AZA group showed no
increase in liver or bone marrow compared with the con-
current negative control group (data not shown). Clearly,
AZA was not mutagenic at the cII locus.

From individual animal MF (data not shown) it was
apparent there was considerable interanimal variation at the
cII locus also, which may be consistent with the presence of
a responder and nonresponder phenotype. Muta™Mouse is
an outbred (BALB/c3 DBA/2) strain of lacZ transgenic
mice, and obviously the prospect of responders and nonre-
sponders within AZA treatment groups raises concerns re-
garding the genotype of individual animals in terms of the
stability of the transgene and/or segregation of various
wild-type alleles involved in purine metabolism. The pres-
ence of responders and nonresponders within the same
treatment group has also been observed by Ashby and
co-workers, in studies using Muta™Mouse treated with
MMS and etoposide [Williams et al., 1998]. They also
reported variability in bone marrow MF in younger animals
[Tinwell et al., 1998]. Genetic polymorphisms which con-
trol levels of the thiopurine methyltransferase (TPMT) gene
have been identified as a cause of hemopoietic toxicity in
patients receiving AZA [Krynetski et al., 1996]. TPMT
polymorphisms are also present in inbred mice, for exam-
ple, AKR/J (AK) and C57BL/6J (B6) mice have genetically
low levels of TPMT activity, whereas DBA/2J (D2) mice
have high levels [Hernandez et al., 1990]. Studies are under
way to determine whether TPMT enzyme activity is
correlated with gene mutations in the present study or
whether there is “transgenic instability” as witnessed
with the Tg.AC mouse [Weaver et al., 1998]. These
observations highlight the importance of genetic back-
ground during the evaluation and interpretation of in vivo
data for hazard identification and risk assessment in
toxicological studies.
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