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Abstract

Purpose This study analyzed the kinetics of in vivo
micronucleus induction in normoblasts by determining the
kinetics of difluorodeoxycytidine (dFdC)-induced micro-
nucleated polychromatic erythrocytes (MN-PCEs) in the
peripheral blood of mice. The kinetic indexes of MN-PCE
induction of dFdC were correlated with the previously
reported mechanisms DNA damage induction by this com-
pound. In general, this study aimed to establish an in vivo
approach for discerning the processes underlying micro-
nucleus induction by antineoplastic agents or mutagens in
general.

Methods The frequencies of PCEs and MN-PCEs in
the peripheral blood of mice were determined prior to
treatment and after treatment using dFdC at doses of 95,
190, or 380 umol/kg at 8 h intervals throughout a 72 h
post-treatment.

Results The area beneath the curve (ABC) for MN-PCE
induction as a function of time, which is an index of the
total effect, indicated that the dose response was directly
proportional and that the effect of dFdC on micronucleus
induction was reduced compared with that of aneuploi-
dogens and monofunctional and bifunctional alkylating
agents but increased compared with that of promutagens,
which is consistent with our previous results. The ABC
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showed a single peak with a small broadness index, which
indicates that dFdC has a single mechanism or concomitant
mechanisms for inducing DNA breaks. The time of the rel-
ative maximal induction (7,,,;) indicated that dFdC requires
more time to achieve MN-PCE induction compared with
aneugens and monofunctional and bifunctional alkylating
agents, although it requires a similar time to achieve MN-
PCE induction as azacytidine, which is consistent with evi-
dence showing that both agents must be incorporated into
DNA for their action to be realized. The timing of maxi-
mal cytotoxicity observed with the lowest dFdC dose was
correlated with the timing of the main genotoxic effect.
However, early and late cytotoxic effects were detected, and
these effects were independent of the genotoxic response.
Conclusions A correlation analysis indicated that dFdC
appears to induce MN-PCEs through only one mecha-
nism or mechanisms that occur concomitantly, which
could be explained by the previously reported concurrent
inhibitory effects of dFAC on DNA polymerase alpha,
polymerase epsilon, and/or topoisomerase. The timing of
maximal cytotoxicity was correlated with the timing of
maximal genotoxicity; however, an early cytotoxic effect
that appeared to occur prior to the incorporation of dFdC
into DNA was likely related to a previously reported inhibi-
tory effect of dFdC on thymidylate synthase and/or ribonu-
cleotide reductase.

Keywords Micronuclei - Cytotoxicity - Erythrocytes -
DNA breaks - In vivo
Introduction

Antineoplastic agents act by altering processes related to
cell proliferation, thereby causing cell death. Specifically,
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these agents alter nucleotide metabolism [1], DNA struc-
ture [2], and DNA function after incorporation [3], repair
[4], methylation [5], or mitotic cell division [6].

In particular, base analog antimetabolites alter various
processes in a complex manner as observed in previous
in vitro studies. To confirm these observations, the effects
of therapeutic importance must be determined under con-
ditions similar to the in vivo treatment conditions. The
in vitro effects of these agents might vary from the in vivo
effects, particularly when differences in the effective con-
centration and time of exposure and the complexity of
the in vivo systems are observed. These findings provide
evidence that the effectiveness of difluorodeoxycytidine
(dFdC) in vivo is markedly lower than its effectiveness
in vitro because of several factors [7].

Based on the hypothesis that the timing of DNA break
induction in normoblasts depends on the operative mecha-
nisms and should be reflected in the kinetics of the micro-
nucleated polychromatic erythrocyte (MN-PCE) frequency
in peripheral blood [8], we developed an alternative method
to correlate the kinetics of the induction of micronuclei in
murine peripheral blood in vivo with the in vitro mecha-
nisms of action previously reported in cells. In addition, a
cytotoxic-kinetic analysis was conducted by measuring the
reduction in young erythrocytes caused by cell death or a
delay in cell division during erythropoiesis [9].

Based on our previous studies, the time of relative maxi-
mal induction (7,,;) index was developed, and it repre-
sents the difference between the timing of maximal MN-
PCE induction caused by chemical agents and the timing
of maximal induction caused by gamma rays [9]. Using
this index, we were able to correlate the timing of DNA
break induction with the kinetics of micronuclei induction.
Gamma rays were used as a reference, because they directly
induce lesions, thus allowing us to discard the duration of
the general erythroblast enucleation process, which takes
several hours. T, ; was used to discriminate between the
following three categories: aneuploidogens, which exhib-
ited a low T,,; of 3.5+ 1.4 h; monofunctional and bifunc-
tional alkylating agents, which showed a 7,,,; of 6.5+0.6 h;
and alkylating agents, which require metabolic activation in
the liver and presented a 7,,; of 14.3+0.8 h. Two agents
did not fit into these groups: the alkylating agent methylni-
trosourea (MNU) (T,,,; of 11.5 h), because lesions caused
by this agent were falsely interpreted as mismatches that
subsequently induced DNA breaks [10] and azacytidine
(azaC) (T, of 9.5 h), likely because this agent has a com-
plex mechanism of action which depends on its incorpo-
ration to DNA [9]. These results obtained with doses that
cause a cytotoxic response that was 23-57% of the maxi-
mal PCE reduction, suggests a good correlation between
the 7., index and certain aspects of antineoplastic agent

rmi

action. The study of the kinetics of MN-PCE induction
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by other antineoplastic base analogs that are dependent on
prior incorporation into DNA would confirm whether the
action of these antimetabolite agents occurs at a different
time. This correlation would allow us to establish a predic-
tive kinetic analysis to determine that effects involved in
the therapeutic action of an antineoplastic agent to select
agents with antineoplastic potential and infer the possible
mechanisms of action of genotoxic agents in general.

In addition, kinetic analyses allow for the establishment
of a strong index of the mutagenic effect by measuring
the area beneath the curve (ABC) of MN-PCE induction
vs time and an index of genotoxic capacity (GC) that cor-
relates the ABC with the dose in umoles per kg of body
weight. Similarly, the cytotoxic capacity (CC), which
relates the maximal cytotoxicity (percentage) with the dose
in umol/kg, is determined. A previous report indicated that
dFdC increases the frequency of MN-PCEs and reduces
the frequency of PCEs in murine bone-marrow cells and
showed that these effects are not proportional to the dose
[11].

The aims of this study were to (i) determine the kinet-
ics of in vivo micronuclei induction by dFdC via the kinet-
ics of MN-PCE induction in the peripheral blood of mice,
(i) correlate these kinetics with the reported genotoxic and
cytotoxic actions of this agent, and (iii) determine the geno-
toxic and cytotoxic efficiencies of dFdC.

Materials and methods
Protocol

Groups of five mice were treated with single dFdC doses of
95, 190, or 380 umoles per kg of body weight (correspond-
ing to 25, 50, and 100 mg/kg, respectively). The dose range
was selected based on previously obtained data for mice
[12, 13]. The doses used in the present study represent 7.5,
15, and 30% of the lethal dose of 333 mg/kg [14].

Blood samples were obtained from the tail of each ani-
mal prior to the treatment and every 8 h after treatment up
to 72 h. The kinetics of the genotoxic action were estab-
lished by scoring the frequency of MN-PCEs per 2000
PCEs in each animal prior to exposure and every 8 h until
72 h post-treatment. The area under the curve of the MN-
PCEs vs time, which was used as an index of total MN-
PCE induction, and the timing of maximal induction after
administering the different doses of dFdC was also deter-
mined and compared with those obtained for previously
studied agents. The cytotoxicity was determined by scoring
the number of PCEs per 2000 erythrocytes at various times,
and the degree of cytotoxicity was determined based on
the lowest frequency of PCEs observed at different times
after exposure. The basal MN-PCE and PCE frequencies
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obtained prior to exposure (0 h) were used as control
values.

Animals

Two-to-three-month-old male BALB/c mice weighing
approximately 30 g were used in this study. The animals
were maintained and bred in our laboratory under con-
trolled temperature (22+2°C) and 12 h dark/12 h light
cycle conditions. The mice were provided Purina chow for
small rodents and water ad libitum.

Treatments

After dilution, dFdC (Gemzar, Eli Lilly Co., Indianapo-
lis, IN, USA) was intraperitoneally administered in 0.1 ml
of water at doses of 95, 190, or 380 umol per kg of body
weight.

Slides

Four samples were obtained from each mouse at each time-
point. Smears were prepared by adding a drop of blood
obtained by either cutting a small segment of the tail or
transferring a blood clot to a drop of fetal calf serum on a
slide. The dried smears were stained using the May—Grun-
wald—Giemsa technique [15] and then mounted in resin.

MN-PCE and PCE scoring

The frequency of MN-PCEs per 2000 PCE erythrocytes
was determined for each mouse belonging to each group
(n=5). The cells were scored according to the following
criteria: (i) round morphology; (ii) diameter equal to 1/20th
to 1/5th of the erythrocyte diameter; and (iii) deep purple
color after staining. As mentioned in “Results”, fewer than
2000 PCEs were used to determine the MN-PCE frequency
at certain timepoints because of the level of dFdC cytotox-
icity. For the same samples, the frequencies of PCEs per
2000 erythrocytes were determined.

Kinetics of MN-PCE induction

The kinetics of MN-PCE induction were established
based on the MN-PCE frequency over time [16]. The data
obtained from each animal were plotted as the cumulative
frequency (%) of MN-PCEs per 2000 PCE:s as a function of
time. These graphs were adjusted to a Boltzmann sigmoid
curve on a PC using the following equation:

y =A+ (A —A)/{1 + expl(x —x,)/dx

where A, is the initial frequency of MN-PCEs; A, is
the total cumulative frequency of MN-PCEs; exp is the

exponential function; x is the time of the process; x, is
the middle of the curve; and dx is the width of the curve.

The initial time (7;) and final time (7}) corresponding
to the time required for the MN-PCEs to achieve an accu-
mulation of 4% and the time at which the slope of the
kinetic curve becomes essentially constant, respectively,
were determined from the adjusted curves. The maximal
rate (V,,,,) of micronucleated cell production was also
calculated. These calculations were performed using a
program that was developed using the C programming
language in our laboratory.

The time of maximal induction (7,,,) was determined
by adjusting the curve of MN-PCE induction as a func-
tion of time using the spline tool of the Microcal Origin
PC program version 6 (Microsoft). The time of relative
maximal induction (7,,,;) for the chemical mutagens was
determined by subtracting 7,,,, of 0.25-Gy gamma radia-
tion [16] from the Tmax of the chemical agent. Radia-
tion was used as a reference, because it does not have to
be absorbed, metabolized, or distributed to cause DNA
breaks.

Genotoxicity

The genotoxicity of the different treatments was calcu-
lated as using the area beneath the curve (ABC) of MN-
PCE induction vs time, and the genotoxic capacity (GC)
was established as the ABC with respect to the dose in
pmoles per kg of body weight.

Cytotoxicity

The cytotoxicity of the different treatments was calcu-
lated as the maximum reduction in the PCE frequency
(percentage) from the curve of PCE frequency vs time
with respect to the frequency prior to treatment (0 h). The
cytotoxic capacity (CC) was defined as the maximal cyto-
toxicity with respect to the dose in pmol per kg of body
weight.

Statistics

Samples collected prior to dFdC administration from each
mouse could be used as the corresponding controls, thereby
allowing for statistical comparisons with the control
through paired ¢ tests, with significance set at p <0.05. The
use of these samples as controls increased the statistical
power by reducing the random variation between animals.
The statistical comparisons were performed using Micro-
soft Excel (Office).
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Fig.1 Time-course curve of
the frequency of MN-PCEs

in murine peripheral blood in
response to different doses of
dFdC. The individual curves
for five mice from each group
as well as the average curves
were plotted. The timings of the
maximum induction obtained
with the doses of 95, 190, and
380 umol/kg were 34.2, 32.7,
and 40 h, respectively. The rext
indicates that the points were
significantly different from the
control (paired ¢ test)
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Results

The individual and average time-course curves of MN-
PCE induction following exposure to different doses of
dFdC are shown in Fig. 1. The average curves were sym-
metric, and the doses of 95 and 190 pumol per kg of body
weight resulted in a maximum induction of MN-PCEs at
34.2 and 32.7 h post-treatment, respectively. The dose of
380 umol/kg delayed MN-PCE induction by 5.8 and 7.3 h
with respect to the lower doses, and maximal induction
occurred approximately 40 h post-treatment. All doses pre-
sented responses with high variability. Because the dose
of 380 umol/kg resulted in high levels of cell death, the
frequency of MN-PCEs was determined using fewer than
2000 PCEs per animal in certain cases: 701 +73 PCEs at
40 h, 316 +73 PCEs at 48 h, and 1409 +742 PCEs at 56 h.
In addition, two mice died 64 h post-treatment, and another
mouse died 72 h after receiving the dose of 380 umol/kg.
The paired ¢ test (p <0.05) was used to compare the data
from each animal at different times to the data obtained at
0 h, which was used as a control. Statistical analyses indi-
cated that the lowest dose caused significant differences at
24 and at 32 h, the dose of 190 umol/kg of body weight
caused significant differences from 24 to 56 h and the high-
est dose caused significant differences from 16 to 48 h. The
average basal frequency obtained from the control (0 h)
data was 2.2 +0.67 MN-PCEs per 2000 PCE:s.

Figure 2 shows graphs depicting the dFdC dose as a
function of the area under beneath the curve (ABC) of the
time course of MN-PCE induction and as a function of the
maximum MN-PCE induction. The correlation coefficients

for these graphs were 0.994 and 0.995, respectively. Both
parameters of MN-PCE induction were directly propor-
tional to the dose, although the ABC appears to be a more
suitable index, because it represents an index of total MN-
PCE induction.

The genotoxic capacity (GC) of dFdC, which is defined
as the ABC of MN-PCE induction as a function of time per
dose (umol/kg), was 5.26. The ranges of this parameter for
12 previously studied agents varied by in terms of the order
of magnitude from 2.3 to approximately 15,000 [9], which
implied that dFdC is not particularly active as a inducer of
DNA breaks and micronuclei.

Additional parameters were established by comparing
the results of the present study with previously reported
findings on treatments with different agents in the same
system. One such parameter is the difference in 7, of a
chemical agent with respect to T,,, of gamma ray kinet-
ics. This parameter, which is defined as the time of rela-
tive maximal induction (7,,;), allows us to infer the time
required for the agent of interest to induce the maximum
number of MNs resulting from either DNA breaks or
chromosomes. Agents that require metabolic activation or
induce DNA breaks through complex processes require
more time than those that simply cause DNA damage and
breaks during repair [17]. Figure 3 shows the 7, values
for agents with different mechanisms of action compared
with the T,,; for dFdC. The data for different agents repre-
sent our previously published data for the lowest dose of an
agent administered under the same conditions. The lowest
doses were used to minimize the cytotoxic effects of cer-
tain agents, which caused a delay in MN-PCE induction,

Fig. 2 Cgrves of the dFdC dose 2200, 140
as a function of the area beneath
the curve (ABC) of the time
course for MN-PCE induc- c 1201
tion and as a function of the 0
maximal induction. Both curves 16501 -
indicate a direct correlation g 1004
between the MN-PCE levels T
and dFdC dose c
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compared with T,; of dFdC (point). The data from different agents
represent our previously published data, which were obtained using
the lowest dose tested under the same conditions and showed a reduc-
tion in maximal PCE between 23 and 57% [8]. The data used for the
comparison were obtained at the lowest dFdC dose (95 pmol/kg)

thus increasing 7T,.; [9]. We also compared only the data
obtained from the lowest dose of dFdC (95 umol/kg),
and the results indicated that micronuclei induction by
dFdC has T,,; of 8.5 h. This time is longer than the val-
ues obtained for aneugens (1.9—4.5 h), which induce MN-
PCEs by disrupting the mitotic spindle, and alkylating
agents (5.7-7.3 h), which cause DNA breaks but have T,
values that are shorter than those caused by agents that
induce DNA breaks via complex processes, such as azaC
and methylnitrosourea, which have T, values of 9.5 and
11.5 h, respectively [9].

The cytotoxicity curves measured based on the PCE
frequencies, which are shown in Fig. 4, indicate that dFdC
is highly toxic. The dose of 95 pumoles/kg of body weight
(Fig. 4a) reduced the average PCE levels by approximately
80% at 39.2 h post-treatment. However, this effect was
reversible at 65 h post-treatment, at which point the PCE
level returned to that observed before treatment. Treat-
ment with 190 pmol/kg of body weight (Fig. 4b) caused
a very heterogeneous response. Therefore, individual data
were plotted; two animals showed marked PCE induction
after 40 h and exhibited values that were four and eightfold
higher than the original PCE frequency. One animal showed
a response similar to that obtained using 95 pumol/kg of
body weight, and two other animals showed a response
similar to that obtained using 380 umol/kg of body weight
(Fig. 4c). The highest dose caused a reduction in the PCE
frequency of approximately 95%, and this frequency reduc-
tion was not recovered by the end of the experiment. These
results suggest that a dose of 190 umol/kg of body weight
falls within a transitional region of the dose-response rela-
tionship in terms of cytotoxicity. Paired ¢ tests were used
to compare the data at different timepoints with respect to
the control (time 0). The results are as follows: 95 pmol per
kg of body weight caused significant differences (p <0.05)

'mi
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Fig. 4 Time course of cytotoxicity as measured by the PCE levels
with different dFdC doses. The effect of the 95 pmol/kg dose on the
PCE frequency is plotted in a. The points represent individual values,
and the curve represents the average curve. The curve indicates that
the maximal toxic effect observed at 40 h was reversible by the end
of the experiment (72 h). For the 190 umol/kg dose, the individual
responses were plotted (b), because the responses were variable, with
a reversible effect and erythropoiesis induction observed in certain
mice and an irreversible effect observed in other mice. The 380 umol/
kg dose (c) caused an irreversible decrease in the PCE levels, with
the points representing individual values and the curve representing
average curves

from 8 to 56 h, the dFdC dose of 190 umol per kg causes
significant difference at any time as a result of dispersion,
and 380 umol per kg of body weight caused significant dif-
ferences from 8 to 56 h.

The maximal cytotoxicity and genotoxicity were
observed at approximately the same times for the dFdC
dose of 95 umol/kg, suggesting that these two events are
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related. Because the cytotoxic responses were completely
reversed within the study period, the genotoxicity kinetics
could be compared with the cytotoxicity kinetics by plot-
ting the cumulative frequencies and adjusting the curves
to the Boltzmann equation as described in ‘“Methods”.
The curves of the cumulative frequencies for genotoxicity
and cytotoxicity induced by the dFdC dose of 95 umoles/
kg are shown in Fig. 5. These curves indicate that the two
parameters have different kinetics. The curves of genotox-
icity and cytotoxicity fit the Boltzmann curve with an r
value of 0.99. The kinetic parameters of the curves of geno-
toxicity and cytotoxicity for the group of five mice treated
with 95 umol/kg dFdC are compared in Table 1. Cytotox-
icity occurred earlier and persisted longer than genotox-
icity. This observation can also be analyzed numerically
by comparing the data from this figure with those shown
in Table 1. The Ti value for cytotoxicity obtained for the

100

80-

60-

404

20-

Cumulative frequency (%)

® (Genotoxicity 95
O Cytotoxicity 95

Time (h)

Fig. 5 Cumulative frequency curves for the genotoxicity and cyto-
toxicity induced by the dFdC dose of 95 umol/kg. The kinetics of
genotoxicity were compared with the kinetics of cytotoxicity by plot-
ting the cumulative frequencies and adjusting the curves to the Boltz-
mann equation (r=0.99), as described in “Methods”. These curves
indicate that the two events have different kinetics

dose of 95 umol/kg was 9.8 h, whereas the corresponding
T; value for genotoxicity was 19.6 h. The T; value for gen-
otoxicity obtained for the dose of 95 umol/kg was 51.9 h,
whereas the T; value for cytotoxicity was 75.4 h. These
results demonstrate that cytotoxicity was initiated earlier
and persisted longer than genotoxicity.

Discussion

Gemcitabine, or dFdC, is a nucleotide analog that exhib-
its antineoplastic properties in different types of cancer
[18-20]. The activity of dFdC operates through two routes
of action: its effects on nucleotide metabolism prior to its
incorporation and its effects on enzymes involved in DNA
synthesis and repair after its incorporation. As a result, after
the transporter-dependent internalization of dFdC [21], this
nucleotide analog inhibits ribonucleotide reductase, thereby
decreasing the deoxynucleotide pools and increasing the
probability of its incorporation [22]. A recent study showed
that dFAC and 2’,2'-difluoro-2’-deoxyuridine (dFdU), a
deamination product of dFdC, inhibit thymidylate synthase
[23], an enzyme that catalyzes the synthesis of dTMP and
whose inhibition causes dTMP deficiency and cell death.
The other route implies that dFdC is phosphorylated to
form its triphosphate derivative and incorporated into DNA
[24]. An in vitro assay showed that (i) dFdC 5'-triphos-
phate and deoxycytidine triphosphate competed for incor-
poration into the C sites of the growing DNA strand; (ii)
dFdC triphosphate is incorporated into DNA, although at
one deoxynucleotide after dFACMP incorporation, the
polymerization process was interrupted; and (iii) polymer-
ase epsilon did not excise dFACMP from the 3'-terminus of
DNA primers [25]. In addition, evidence was obtained that
dFdC inhibited topoisomerase I [26].

Our results indicate that all dFdC doses caused a sin-
gle-peak curve of MN-PCE induction plotted as a func-
tion of time. The number of peaks is the first indication of
the involvement of one or more mechanisms. As shown in
Fig. 6, bis-chloroethylnitrosourea (BCNU) had one peak
and a shoulder, suggesting two mechanisms. If two peaks
are not clearly observed, the broadness of the curve indi-
cates superposed curves as well as the possibility of micro-
nuclei induction by more than one mechanism as shown

Table 1 Kinetic parameters

; . Dose Ti (h) Tmax (h) Tt (h) Vmax Fit Boltzman (r) n
of the curves induction (umol/kg)
and PCE reduction caused bw
diflurodeoxycytidine
MN-PCE (genotoxicity) 95 19.6 342 51.9 7.6 0.99834 5
PCE (cytotoxicity) 95 9.8 34 75.4 3.1 0.99935 5

Ti initial time, T,

, T,,q time maximum induction, 7f final time, Vmax maximal velocity, n number animals
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Fig. 6 Comparison of the frequency of MN-PCEs as a function of
time after a single exposure to different agents, including gamma
rays. The curves represent the average curves from five mice as a
function of the indicated dose (in pmol/kg of body weight). The data
were obtained from our previous studies under the same conditions
used in the present study [8, 27, 40]. cisPt platinum (II) diaminochlo-
ride, BCNU bis-chloroethyl nitrosourea, azaC 5-azacytidine, dFdC
2',2'-difluoro-2'-deoxycytidine, radiation gamma rays

by the average curve (Fig. 6) obtained from the individual
curves of the five mice treated with azaC. The individual
curves (not shown) clearly displayed two peaks [27]. In this
case, the following index of curve broadness (BI) could be
used: ABC/maximal induction, i.e., the area beneath the
curve of MN-PCE induction as a function of time divided
by the maximal induction. These Bls for BCNU and azaC
were 27.1 and 34.3, respectively [9]. The BI index for dFdC
was found to equal 14.3, and this value is unique among
the 12 previously assayed agents, which exhibited a slightly
higher index than cis-Pt (BI 13) [9]. The presence of a sin-
gle peak in the curve of MN-PCE induction as a function
of time and its low BI indicates that dFdC induces DNA
breaks either by a single mechanism or by mechanisms
that occur concomitantly. By comparing the responses of
the two previously studied analogs of cytidine, i.e., azaC
and dFdC, we observed that the complexity of the kinetics
of MN-PCE induction appears to be related to differences
in the complexity of the reported mechanisms of action
involved in DNA break formation. dFdC appears to cause
DNA breaks as a result of blocking DNA synthesis by the
concomitant inhibition of polymerases and topoisomerase,
whereas azaC causes (i) DNA mega-adduct, by a covalent
link between DNA and DNA-cytosine methyltransferase
[28], (ii) the subsequent intent of the cell to repair this
lesion by different mechanisms, (iii) the inhibition of the
methylation process, and (iv) finally, the consequences of
demethylation on DNA fragility [29].

The time required for different agents to induce MN-
PCEs could be related to the mechanisms of micronuclei
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induction. The difference in T, of an agent with respect
to T, of ionizing radiation (7},;) is a good index for the
action of several groups of agents [9]. Aneuploidogens
presented low average T,,; of 3.5+1.4 h, which is likely
because these agents act during the last step of MN-PCE
induction, whereas mono- and bifunctional alkylating
agents showed a difference of 6.5+0.6 h, the micronu-
clei resulting from DNA breaks during repair. Alkylat-
ing agents which require metabolic activation in the liver
showed T, of 14.3+0.8 h. Methylnitrosourea, with which
has T,,; of 11.5 h, did not fit within these two groups of
alkylating agents, which may be related to the generation
of DNA breaks during mismatch repair during the second
division after exposure as previously reported [10]. Moreo-
ver, the average curve for azaC showed T,; of 9.5 h; how-
ever, the individual curves clearly showed two peaks at 8.4
and 21.8 h [25]. Two previously reported factors appear to
determine T, ; for this agent: the requirement of incorpo-
ration into DNA and the repair of the mega-adduct gener-
ated during the methylation of DNA substituted with azaC
by a covalent bond formed between the substituted DNA
and DNA methyltransferase [28]. The results of the pre-
sent study indicated that 7, of dFdC was 8.5 h, and this
value is similar to the value of 8.4 h corresponding to the
first peak of azaC, which has been reported to require DNA
incorporation and inhibit the initiation of DNA synthesis
[30] despite representing a good substrate for DNA poly-
merase alpha [31]. Studies with more well-known antime-
tabolites are required to better understand the correlation
between the kinetics of micronuclei induction and the
confirmed mechanisms of action. As a result, DNA breaks
and micronuclei induction by dFdC appears to be depend-
ent on its prior incorporation into DNA [24], a finding that
could be explained by the previously reported inhibition of
DNA polymerase alpha, polymerase epsilon [25], and/or
topoisomerase I [26] by dFdC. Thus, the ability of dFdC
to inhibit ribonucleotide reductase [22] and thymidylate
synthase [23] prior to its incorporation into DNA is not
involved in the genotoxic effect but is probably involved in
the cytotoxic effect.

The cytotoxicity of dFdC was previously reported to be
related to the induction of apoptosis [32]. We observed that
the lowest dose used in the present study caused a revers-
ible cytotoxic effect. The maximal reduction of PCEs
occurred at 40 h, although the PCE frequency had almost
returned to the basal frequency by the end of the experi-
ment (72 h). This observation could be explained by the
homeostatic response of bone marrow to erythrocyte reduc-
tion, an erythropoietic response that is characterized by the
involvement of complex molecular processes [33]. This
effect appears to be enhanced with the dose of 190 umol/
kg, which resulted in a higher recovery compared with the
basal values in some mice. This effect is likely the result of
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a combination of erythrocyte reduction caused by the toxic-
ity of dFdC toward bone marrow and the subsequent stimu-
lation of erythropoiesis. The results indicate that dFdC is
cytotoxic, although this effect could be reverted by cell pro-
liferation of non- or low-damaged cells depending on the
dose.

The time of maximal cytotoxicity was 34 h, which is
correlated with the time of maximal genotoxicity, thus sug-
gesting a correlation between cytotoxicity and micronuclei
induction. This observation is consistent with previous
in vitro studies that suggested a causal relationship between
the induction of DNA breaks and cytotoxicity [34]. How-
ever, the comparison of cytotoxicity and genotoxicity kinet-
ics induced by the lowest dose indicated that cytotoxicity is
initiated earlier at 9.8 h and ends later at 75.4 h relative to
genotoxicity, which is initiated at 19.6 h and ends at 54.9 h.
These results suggest that although cell toxicity appears
to be mainly related to DNA break induction, at least one
additional mechanism is responsible for early and late cell
toxicity. The mechanisms that cause early cytotoxicity
could occur prior to dFdC incorporation into DNA, such as
the previously reported inhibition of thymidylate synthase
[23] and/or ribonucleotide reductase [22].

In addition, evidence indicates that certain -effects
induced by dFdC are dependent on an increase in the lev-
els of reactive oxygen species (ROS), suggesting that dFdC
induces ROS production [35, 36]. These data suggest that
dFdC induces early cell damage, including DNA dam-
age, via cytotoxic effects instead of long-lasting genotoxic
effects, i.e., lethal non-repairable DNA lesions.

In vivo analyses of MN-PCE induction over time permit
the establishment of strong indexes of the genotoxic and
cytotoxic capacities of an agent [37]. The results indicated
that the MN-PCE frequency was proportional to the dose
as measured by both the maximal frequency and the ABC
of MN-PCE induction as a function of time. The latter
parameter is a strong index of genotoxic activity, because it
reflects the total MN-PCE induction. We proposed a robust
index of GC that correlates with the ABC per umol to con-
sider the mass of the molecule that is being studied. In a
previous study, we found that the GC varies by orders of
magnitude [9]. In addition, this large variation is consist-
ent with the results of previous in vitro genotoxic studies
[38]. The agents with higher GC values were aneugens,
which had a GC of 365 +33, followed by alkylating agents,
which showed high variability and a GC of 155+195,
and promutagens, which had a GC of 4.2+2.2; these
groups of agents had T,,; values of 3.5+1.4, 6.5+0.6,
and 14.3+0.8 h, respectively. These findings suggest that
an inverse relationship occurred between the GC and the
time required for inducing MN-PCE [9]. The GC for dFdC
was 5.26, suggesting that this agent was not particularly
efficient in molar terms and its mechanism for inducing

micronuclei requires a long amount of time as indicated
by its T, of 8.5 h. These findings are consistent with the
possibility that the action of dFdC is dependent on its prior
incorporation into DNA [24], where it inhibits DNA poly-
merases and topoisomerase [25, 26].

With respect to cytotoxic capacity (CC), the lowest
dFdC dose exhibited a CC of 0.8 (in umol/g), which was
measured as the maximal reduction of PCEs with respect
to the dose. This CC was lower than the results obtained
for other agents, which exhibited CCs varying from 0.1 to
almost 900 [8]. Aneuploidogens showed an average CC of
368 +458, and alkylating agents showed an average CC of
6.5+ 11.2. These results indicate that the GC of dFdC is
low in molar terms.

The present study forms part of an inductive process that
aims to correlate previous observations reported in the lit-
erature at the cellular and molecular levels with the kinetic
induction of genotoxic and cytotoxic effects of different
agents. Although the establishment of generalities in the
future will require many more studies, the results obtained
in the present investigation appear to support this possi-
bility. This strategy could contribute to the establishment
of an in vivo approach that allows for the use of MN-PCE
induction kinetics to infer the probable genotoxic action
of antineoplastic agents. In addition, this approach could
be used as a screening method during the development of
potential antineoplastic agents and could even contribute
to the establishment of novel therapeutic protocols based
on the time of action after treatment with antineoplastic
agents. Assessing the kinetics of MN-PCE induction could
be simplified via flow cytometry [39].

The results obtained allow us to draw the following
conclusions:

1. dFdC induces MN-PCE induction in proportion to the
dose.

2. dFdC induces DNA breaks via a single mechanism or
concomitant mechanisms.

3. T, of dFdC was higher than that of aneuploidogens
and alkylating agents, suggesting that micronuclei
induction by dFdC is dependent on its prior incorpo-
ration into DNA; this finding is likely related to the
previously reported inhibitory effect of dFdC on DNA
polymerase alpha, polymerase epsilon [25], and/or
topoisomerase I [26].

4. The timing of maximal cytotoxicity is correlated with
the timing of maximal genotoxicity, suggesting a corre-
lation between cytotoxicity and micronuclei induction.

5. The results revealed the occurrence of early cytotoxic
effects that were unrelated to the genotoxic effect and
independent of dFdC incorporation into DNA, which
according to the literature, could be caused by the inhi-
bition of thymidylate synthase [23] and/or ribonucleo-
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tide reductase [22] or by the reported induction of ROS
by dFdC [35, 36].

The genotoxic and cytotoxic capacities of dFdC are low
compared with those of aneugens and direct alkylating
agents, which were previously studied in the same sys-
tem [9].
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