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ABSTRACT

Diaziquone (AZQ) (NSC 182986), a lipid-soluble benzoquinone deriv

ative currently being tested as an experimental chemotherapeutic agent,
was used to treat mouse and human peripheral blood lymphocytes (PBLs)
to determine its genotoxic potential by examination of sister chromatid
exchange (SCE) induction. In vitro exposure to AZQ caused a linear
increase in SCE in both mouse and human PBLs, with mouse PBLs
being about twice as sensitive as the human cells. The lowest in vitro
concentration found to induce a significant effect on SCE frequency was
03 Mg/ml in mice and 1.0 Mg/ml in human PBLs. Mice exposed by either
i.p. or i.v. injection showed similar dose-related linear increases in SCE

frequencies in their PBLs. After i.v. administration of AZQ, splenocytes
from treated mice showed approximately the same SCE frequency as
found in the PBLs. In general, AZQ caused a slowing of cell cycling in
vivo while giving inconsistent responses in vitro. AZQ did cause a dose-

related decrease in the number of recoverable mononuclear lymphocytes
in mice treated in vivo. Contrary to the in vitro studies, comparison of
SCE responses in mice with those previously observed in brain tumor
patients undergoing chemotherapy with AZQ (Kligerman et al.. Cancer
Res., 47: 631-635, 1987) revealed AZQ was a much more potent SCE

inducer in humans than in mice.

INTRODUCTION

One means to assess the genotoxic potential of chemicals to
humans is to develop model systems in which modes of expo
sure, tissue and cell type analyzed, and genetic endpoint ex
amined are matched as closely as possible to those examined in
exposed human populations. Over the past 6 yr, we have been
developing rodent lymphocyte culture systems for analyzing
cytogenetic damage following in vitro or in vivo exposures to
known or suspected genotoxicants (1-6), with the ultimate aim
of using such systems for predicting effects in human popula
tions exposed to genotoxicants.

A major problem in evaluating the usefulness of short-term
genotoxicity tests for human risk assessment is the lack of data
from humans exposed to known genotoxicants under precisely
defined exposure regimens. Recently, we have had access to
one such human group, 6 glioma patients undergoing chemo
therapy with AZQ3 (7). These patients had an elevated SCE

frequency in their PBLs sampled within 10 h posttreatment (8).
AZQ is a symmetrical molecule having three distinct types

of functional groups, each with the capability to react with
DNA under appropriate conditions. It is most likely that the
SCE-inducing potential of AZQ is due to the aziridine rings,
which open under physiological conditions to yield aziridinium
ions (9). These have the potential to alkylate DNA and form
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DNA-DNA crosslinks (10-12), which appear to be highly effi
cient inducers of SCEs.

In this paper we examine the SCE-inducing potential of AZQ
in mouse and human PBLs treated in vitro and compare these
results with SCE responses observed in PBLs from mice and
humans treated in vivo.

MATERIALS AND METHODS

Animals. Male CS7BL/6 mice were purchased from Jackson Labo
ratory (Bar Harbor, ME) and housed in the animal facility in laminar-
flow rooms with 15 cycles/h of biocleaned air (60-68% relative humid
ity, 20-21 Â°C).Animals were fed lab chow (Purina) and water ad libitum.

The animals used in the study were between 12 and IS wk of age and
weighed between 26 and 33 g.

Culture Medium. Complete culture medium consisted of RPMI 1640
(Catalog No. 380-2400; Gibco, Grand Island, NY) supplemented with
1% penicillin-streptomycin and an additional 2 HIML-glutamine. For
mouse cultures 20% heat-inactivated fetal bovine serum and 5 to 10
Â¿ig/mlhighly purified PHA (HA-16; Burroughs-Wellcome, Greenville,
NC) were added to the medium. For human cultures 10% heat-inacti
vated fetal bovine serum and 8 //n/ml of highly purified PHA were
added.

Chemicals. AZQ was obtained from the Division of Cancer Treat
ment of the National Cancer Institute, Bethesda, MD. Stock concen
trations were made by dissolving AZQ in DMSO. This was then diluted
with RPMI 1640 to obtain the desired concentrations.

In Vitro Studies. Blood was removed from 10 mice anesthetized with
methoxyflurane (Pitman-Moore Inc., Washington Crossing, NJ) by-

cardiac puncture using heparinized syringes. The blood was pooled,
and the MNLs were isolated on a Lymphocyte Separation Medium
(Organon Teknika, Durham, NC) density gradient and washed twice
as described previously (6, 13). Approximately 25 ml of blood were
removed from a healthy 36-yr-old male by venipuncture and processed
as described above for the mouse blood. Triplicate I nil or 2-ml cultures
were established for mouse or human MNLs, respectively, each con
taining 500,000 MNLs/ml suspended in RPMI 1640 without supple
ments. The cultures were treated with AZQ, which was dissolved in
DMSO and diluted to the appropriate concentrations in RPMI 1640
for l h at 37'C in an atmosphere of 5% COj. Control cultures received

the highest concentration of solvent (0.5% DMSO) that was added to
the AZQ-treated cultures. After treatment the cells were washed twice
in RPMI 1640 with 2% heat-inactivated fetal bovine serum and cultured
in complete medium (Time 0). All in vitro experiments were performed
3 times.

Cell Culture. Cultures containing 500,000 MNLs/ml were incubated
at 37'C, 5% CO2. At 21 h, 10 ^M BrdUrd (Sigma Chemical Co., St.

Louis, MO) were added to the human MNL cultures in the first 2
experiments, and 20 Â¿iMBrdUrd were used in the third experiment
because of inconsistencies in sister chromatid differentiation. For the
mouse MNL cultures, 5 n\i BrdUrd were added at 21 h during the
medium change. Four h prior to harvest, colcemid (0.5 Mg/ml; Sigma)
was added to all cultures. Mouse cultures were harvested between 50
and 51 h and human cultures after a total of 72 h of incubation. Culture
harvest, slide preparation, and staining were as described previously (6,
13).

In Vivo Studies. In the first study mice were injected i.p. with either
2.5, 5.0, 7.5, or 10.0 mg/kg AZQ on a 0.1 ml/10 g basis. Controls
received 0. l ml/10 g of a 10% DMSO solution in RPMI 1640. Twenty-
four h later the mice were anesthetized with methoxyflurane, and blood
was removed by cardiac puncture. The MNLs were isolated on a density
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gradient, and 1 to 3 cultures were established for each individual animal
and processed as described above. In the second study mice were
injected i.v. with either 1.25, 2.5, or 5.0 mg/kg AZQ on a 0.1 ml/10 g
basis. Controls received a 10% DMSO solution in RPMI 1640 at a
dose of 0.1 ml/10 g. Blood was removed by cardiac puncture, and the
MNLs were prepared and cultured as described above. In addition, the
spleens of each animal were removed, minced with forceps to isolate
splenocytes, and washed 3 times in RPMI 1640. Triplicate cultures
were established for each animal as with peripheral MNLs, except that
2 pg/ml PHA were added for mitogenesis in the splenocyte cultures.

Data Collection and Analysis. Twenty-five second-division meta-
phases containing 40 Â±2 chromosomes for the mouse or 46 Â±2
chromosomes for the human samples were scored for SCE. In addition,
100 consecutive metap huses were scored as either being first-, second-,
or third-division metaphases for analysis of cell cycle kinetics as defined
by the RI (14). A Statgraphics (STSC, Rockville, MD) statistical
package was used to analyze the data using a one-way analysis of
variance and linear regression. A one-tailed Dunnett's test (15) for

comparing treatments with control means was used to determine the
lowest concentration or dose that gave a statistically significant increase
in SCE frequency or reduction in recoverable MNLs; a two-tailed
Dunnett's test was used to determine if treatments had a significant

effect on cell cycle kinetics compared to controls. The level of signifi
cance chosen was 0.05.

RESULTS

In Vitro Experiments. AZQ was found to be a potent inducer
of SCE in vitro in both mouse and human PBLs (Fig. 1).
Statistical analyses of the data reveal that there was a highly
significant linear correlation between the concentration of AZQ
and the induction of SCE in the mouse PBLs with correlation
coefficients of 0.94, 0.95, and 0.92 for the 3 independent
experiments, respectively. However, as measured by the slope
of the regression line, there was a significantly higher response
observed in the first experiment compared to the second or
third experiment. Therefore, the data from the 3 experiments
could not be pooled. In the first 2 experiments, the lowest
concentration that caused a significant increase in the SCE
frequency was 1 ng/ml while in the third experiment it was 0.3
Mg/ml.

Similar to what was found with the mouse PBLs, human
PBLs showed a significant linear increase in SCE frequency
with AZQ concentration (Fig. 1). The correlation coefficients
for the 3 experiments were 0.95, 0.91, and 0.82, respectively.
Since there were no significant differences among the 3 exper
iments, the data were pooled yielding a linear correlation coef
ficient of 0.89. The lowest concentration that gave a signifi
cantly elevated SCE frequency in the human cells was 1 ng/m\.
A comparison of the slopes for the in vitro concentration-
response for humans and mice reveals that the increase in SCE
per ng/ml of AZQ is approximately twice as great for mouse
as for human (4.1 versus 2.2, respectively).

Analysis of the RIs from the in vitro experiments showed
that there were no consistent effects on cell cycle kinetics of
either mouse or human PBLs (Table 1). In the second mouse
PBL experiment there was a significant slowing of cell cycling
at concentrations equal to or greater than 1 iig/m\. AZQ
produced no statistically significant slowing of the cell cycle in
the other 2 mouse PBL experiments although there was an
indication of slower cell cycling at the higher concentrations.
For human PBLs in the third experiment (with 20 Â¿iMBrdUrd),
a significant slowing of cell cycling was observed at 3 pg/ml,
the highest concentration examined. In the second experiment
(with 10 fiM BrdUrd), there was no significant effect on cell
cycle kinetics although again there was a trend toward longer
cell cycles at higher concentrations. The RI for the first exper

AZQ CONCENTRATION two/ml]

Fig. 1. Representative (Experiment C) concentration-response curves for the
induction of SCE by AZQ in mouse (II) and human (â€¢)PBLs following a 1-h in
vitro exposure during ( .â€ž.Each point, mean SCE frequency from 1 treated culture.
Equations of the regression lines for the three independent experiments with the
mouse PBLs were (A) y = 5.2x + 15.5, (A) y = 3.4x + 13.3, and (O y = 3.5x +
13.9; and for the human PBLs were (A) y = 2.4x + 8.6, (A) y = 2.4x + 8.1, and
(Q y = 1.8x + 9.4.

Table 1 In vitro cell cycle kinetics
Mouse and human PBLs were exposed to various concentrations of AZQ for

l h at the Go stage of the cell cycle. Cells were washed twice and cultured for 50
h (mouse) or 72 h (human). The metaphases were classified by staining pattern
and the RI was calculated.

CelltypeMouse

PBLsHuman

PBLsAZQ(Mg/ml)

E00.10.31.02.03.000.10.31.02.03.0RI**xperiment1 Experiment 2 Experiment3.29

Â±0.13.42
Â±0.06.37
Â±0.09.24
Â±0.12.31

Â±0.09.16
Â±0.02.39

Â±0.08.37
Â±0.03.31
+0.01.23
Â±0.07C.17
+0.05C.20

Â±o.or.77
Â±0.29.72
Â±0.19.84
Â±0.03.70
Â±0.06''.55
Â±OMd.44

Â±0.03.73

Â±0.33.76
Â±0.13.89

Â±0.10.76
Â±0.19.56
+0.19.58
Â±0.02.81

Â±0.14.70
Â±0.13.75
Â±0.10.70

+0.06.63
Â±0.06.44
Â±0.1Ie

" Except where noted, each experiment consists of the mean Â±SD from 3
replicates/concentration. One-hundred metaphases were scored for each concen
tration. Due to poor staining in human Experiment 1, the RIs were not calculated.

* RI, frequency of first-division metaphases + 2x (frequency of second-division
metaphases) + 3x (frequency of third-division metaphases).â€¢"Significantly different from the control by Dunnett's test (P < 0.05).

* Only 2 replicates scored.

iment was not calculated due to inconsistencies in chromosome
staining patterns.

In Vivo Experiments. Injection of AZQ i.p. caused a steep
and highly significant increase in SCE frequency in the PBLs
of mice at a dose of 2.5 mg/kg, the lowest dose examined using
this route of exposure. At the highest dose examined (10 nig/
kg), there was a 7-fold increase over base-line SCE levels. The
increase in SCE frequency was linear with dose yielding a
correlation coefficient of 0.97 (Fig. 2). The slope of the linear
regression line indicates that with every increase in dose of 1
mg/kg there was a corresponding increase of 7 SCEs/meta-
phase. The RI indicated that there was a significant dose-related
slowing of cell cycling at all doses examined (Table 2). Because
of poor culture growth due to AZQ-induced low MNL recovery
(Table 3), SCEs could not be scored from the PBLs of 2 mice
treated with 10 mg AZQ/kg.

AZQ was also administered i.v. to mimic more closely the
human therapeutic route of exposure. To reduce toxicity, the
doses used in this experiment were lower than those adminis-
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Fig. 2. Dose-response curve for induction of SCEs in PBLs from mice exposed
in vivo to AZQ by i.p. injection. Each point (D), mean from 1 animal; and the
regression line for the data is y = 7.0x + 15.0.

Table 2 In vivo cell cycle kinetics
PBLs were removed from mice 24 h following either i.p. or i.v. administration

of AZQ and cultured for 50 h. Metaphases were classified by staining pattern and
the RI was calculated.

CelltypePBLsPBLsSplenocytesAZQRoute(mg/kg)i.p.

02.55.07.510.0i.v.

01.252.55.0i.V.

01.252.55.0N*5555333333333RI.86

Â±0.25.56
Â±0.12*.37
Â±0.08*.29
Â±0.06*.27
Â±0.02*.72

Â±0.03.90
Â±0.08.72

Â±0.13.65
Â±0.12.86

Â±0.06.86
Â±0.09.54
Â±0.01*.49
Â±0.09*

Â°No. of mice used/dose of AZQ.
* Statistically different from control by Dunnett's test (P < 0.05).

Table 3 in vivo mononuclear lymphocyte recovery
PBLs were removed from mice 24 h following either i.p. or i.v. administration

of AZQ, isolated, and counted as described in "Materials and Methods." Counts

are the number of mononuclear leucocytes recovered/ml of suspension after
separation on a Lymphocyte Separation Medium density gradient. Data are
comparable among groups within one experiment but are not comparable between
experiments.

Route of AZQ
exposure(mg/kg)i.p.

02.55.07.510.0i.v.

01.252.55.0N"555553333MNLs/ml

(mean Â±SD)4.3

Â±0.81.6
+0.3*1.9
Â±1.0*1.3
Â±0.3*1.2
+0.8*7.2

Â±1.27.2
Â±1.07.4

Â±2.14.1
Â±1.5*

" No. of mice used/dose of AZQ.
* Statistically different from control by Dunnett's test (P < 0.05).

tered i.p. Both the PBLs and splenic lymphocytes from treated
mice showed significant linear increases in SCE frequency with
each dose having a correlation coefficient of 0.98 (Fig. 3). The
increase was significant at 1.25 mg/kg in both the splenocytes
and the PBLs. At the highest dose examined (5.0 mg/kg), there
was an approximate 5-fold increase over base-line SCE fre
quency in both tissues. A within-animal comparison using a
paired t test on the SCE response in the PBLs and spleen

AZQ DOSE [|jg/ml]

Fig. 3. Dose-response curve for induction of SCEs in PBLs from mice exposed
to AZQ by i.v. injection. Each point, mean SCE frequency from the spleen (*) or
PBLs (D) from 1 animal. The regression line ( ) for the PBLs is y = 8.4x +
9.2 and for the spleen ( ) is y = 8.3x + 10.2.

demonstrated that there was no significant difference between
the responses seen in these two tissues. The slope of the
regression lines indicates that for each increase in dose of 1
mg/kg, a concomitant increase of approximately 8 SCEs/met-
aphase occurred. An analysis of the RI shows that there was a
significant slowing of the cell cycle at doses equal to or greater
than 2.5 mg/kg in the spleen, but no significant reduction was
seen in the cell cycle kinetics of the PBLs (Table 2).

An examination of the number of MNLs/ml of suspension
(Table 3) obtained from the peripheral blood of mice injected
with AZQ shows a statistically significant reduction in the
MNL counts. Although these data are not directly comparable
with white blood cell counts obtained from whole blood, they
do parallel the leukopenia observed in humans treated with
AZQ (7, 16-19).

DISCUSSION

AZQ was found to be a potent SCE inducer both in vivo and
in vitro in the mouse and in vitro in human PBLs. This expands
upon our earlier findings that AZQ is a potent SCE inducer in
human PBLs following in vivo exposure (8) and induces high
numbers of micronuclei in cytochalasin B-blocked PBLs from
treated mice (20). The fact that AZQ induces high levels of
SCE, in vitro in cells that have little mixed function oxidase
activity supports the hypothesis that its SCE-inducing potential
is due to the aziridinium ion formed under physiological con
ditions during the opening of the aziridine ring (9).

The in vitro studies show that mouse PBLs are approximately
twice as sensitive as human PBLs to the SCE-inducing effects
of AZQ. Whether this is due to differences in the ability of
AZQ to reach the genetic material or differences in repair
capacity of the cells once the DNA is alkylated is unknown.
The variability in SCE frequency noted among some in vitro
mouse experiments is most likely due to carryover of small
amounts of AZQ into the culture period even though the cells
were washed twice after treatment. For both human and mouse
PBLs exposed in vitro, there was a negligible effect on cell cycle
kinetics over the concentration range examined although in
most experiments there was a tendency for cultures treated with
the higher concentrations to have slower cell cycles.

The in vivo studies indicate that there was little difference in
SCE response whether AZQ was administered i.p. or i.v. In
addition, the responses seen in the spleen and PBLs were almost
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identical (correlation coefficient, 0.99). This is similar to results
we have obtained in mice exposed to cyclophosphamide by i.p.
injection. However, this contrasts with the work of Tucker et
al. (21), who initially found a higher response in concanavalin
A-stimulated splenocytes than in PBLs from mice treated with
ethylnitrosourea.

The ability of AZQ to induce SCEs in both mouse and human
PBLs under in vivo or in vitro conditions presents an opportu
nity to compare responses between species as well as judge the
ability of in vitro exposures to estimate in vivo responses. From
our previous study (8) we found that glioma patients treated
with 15 mg/m2 (0.41 mg/kg) AZQ by i.v. infusion over a 260-

min period had an average increase of 15.5 SCEs per metaphase
in blood removed within 10 h after treatment. Using the regres
sion curve obtained for the mouse following i.v. administration
of AZQ, one can calculate that it would take approximately 2.1
mg/kg AZQ to increase the base-line SCE frequency of the
mouse PBLs 15.5 SCEs. For a 30-g mouse this dose is approx
imately 2.4 mg/m2 (22) or over 6-fold higher than the dose

needed to produce the same effect in humans.
The results in vivo are obviously quite different from those

obtained in vitro, which showed that mouse PBLs were more
sensitive than human PBLs under identical exposure condi
tions. The most likely reasons for the discrepancy between in
vitro and in vivo results, aside from the fact that the in vivo
exposure conditions for the mouse and human were not iden
tical, are that the pharmacokinetics of AZQ are different be
tween the 2 species. Allen et al. (23) found that the elimination
half-life of AZQ in 4 human patients was approximately 8 min
compared to 5 min in Swiss Webster mice. However, most
other investigators have found the elimination half-life in hu
mans to be between 17 and 45 min (16-19, 23-26). Schold et
al. (25) reported that the pharmacokinetic parameters of AZQ
in human tumor patients were similar to those observed in
athymic mice, but the mice had a more rapid total clearance
than human patients, resulting in a shorter half-life of 11.5
min.

The concentrations used in the in vitro studies encompass the
peak serum or plasma levels observed in vivo. Clinical studies
have found that peak levels of AZQ in patients treated with
doses of AZQ from 7 to 24 mg/m2 ranged from 0.3 to 3 /ig/

ml, depending upon the dose, rate of infusion, and time of
sampling (16-19, 23-26). In studies done with mice, peak
serum levels were 2 (23) and 5.5 fig/m\ (25) in mice receiving
30 and 26 mg/m2, respectively. One would thus expect mice to

show higher SCE frequencies than similarly exposed humans.
However, our results with mouse PBLs exposed to phosphor-
amide mustard in vitro, a direct-acting alkylating agent, show
that both concentration and duration of exposure are of prime
importance in determining the ultimate SCE response produced
(27). If the mouse eliminates AZQ significantly faster than
humans, as the limited data seem to indicate, this could be a
major factor in explaining the observed differences in SCE
frequencies following in vivo exposure to AZQ.

The data presented in this paper also illustrate the difficulties
that could be encountered in trying to extrapolate responses to
chemicals between species as well as from in vitro to in vivo
situations using the "parallelogram approach" (28). Although

qualitatively, the responses in vitro and in vivo in both humans
and mice were positive, the quantitative responses were not
consistent when in vivo and in vitro SCE frequencies were
compared. One way to alleviate some of the problems in this
type of risk estimation is to determine dose at the DNA level
by using DNA adduct measurements to quantitate accurately
the actual dose to the target molecule for different species or

exposure conditions (29, 30). Presently, we are involved in
studies to try to identify the adducts produced when AZQ reacts
with DNA.
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