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Biologically based dose-response (BBDR) models represent an
emerging approach to improving the current practice of human
health-risk assessment. The concept of BBDR modeling is to
incorporate mechanistic information about a chemical that is
relevant to the expression of its toxicity into descriptive mathe-
matical terms, thereby providing a quantitative model that will
enhance the ability for low-dose and cross-species extrapolation.
Construction of a BBDR model for developmental toxicity is
particularly complicated by the multitude of possible mechanisms.
Thus, a few model assumptions were made. The current study
illustrates the processes involved in selecting the relevant infor-
mation for BBDR modeling, using an established developmental
toxicant, 5-fluorouracil (5-FU), as a prototypic example. The pri-
mary BBDR model for 5-FU is based on inhibition of thymidylate
synthetase (TS) and resultant changes in nucleotide pools, DNA
synthesis, cell-cycle progression, and somatic growth. A single
subcutaneous injection of 5-FU at doses ranging from 1 to 40
mg/kg was given to pregnant Sprague-Dawley rats at gestational
day 14; controls received saline. 5-FU was absorbed rapidly into
the maternal circulation, and AUC estimates were linear with
administered doses. We found metabolites of 5-FU directly incor-
porated into embryonic nucleic acids, although the levels of incor-
poration were low and lacked correlation with administered doses.
On the other hand, 5-FU produced dose-dependent inhibition of
thymidylate synthetase in the whole embryo, and recovery from
enzyme inhibition was also related to the administered dose. As a
consequence of TS inhibition, embryonic dTTP and dGTP were
markedly reduced, while dCTP was profoundly elevated, perhaps
due to feedback regulation of intracellular nucleotide pools. The
total contents of embryonic macromolecules (DNA and protein)
were also reduced, most notably at the high doses. Correspond-
ingly, dose-related reductions of fetal weight were seen as early as
GD 15, and these deficits persisted for the remainder of gestation.

These detailed dose-response parameters involved in the expres-
sion of 5-FU developmental toxicity were incorporated into math-
ematical terms for BBDR modeling. Such quantitative models
should be instrumental to the improvement of high-to-low dose
and cross-species extrapolation in health-risk assessment.

Key Words: mammalian developmental toxicity; BBDR model-
ing; 5-fluorouracil; thymidylate synthetase inhibition; dNTP im-
balance; limb dysmorphogenesis.

Mammalian development is a complex process that involves
intricate genetic programs directing cell replication, migration,
differentiation, and death through a myriad of biochemical
signals that control inter- and intracellular communication, and
a variety of regulatory and compensatory mechanisms that
serve to maintain homeostasis within the embryo and fetus.
Adverse developmental outcomes, such as anatomical malfor-
mations and physiological dysfunction, reflect breakdown of a
number of these critical processes. On the other hand, current
practice of human health risk assessment regarding the poten-
tial developmental toxicity of a chemical entails estimation of
a no-observable-adverse-effect level (NOAEL) or a benchmark
dose (BMD). These are based on alterations of reproductive
outcomes and incidence of malformations derived from an
animal model, and adjustment by a set of uncertainty factors
that account for interspecies and human variability (Crump,
1984; U.S. Environmental Protection Agency, 1991). Although
advances have been made to improve the description of the
dose-response relationship and estimation of the toxicity
threshold, risk assessment is still hampered by the need to
extrapolate experimental values derived from studies using
high doses, (for observable toxic responses) to realistic human
exposures that are typically at low levels, and to extrapolate the
same values across species from laboratory animal models to
humans.

Biologically based dose-response modeling is an emerging
approach to reducing the uncertainties inherent in the risk-
assessment process. The concept, depicted in Figure 1, is to
incorporate the necessary biological information into a model
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that captures the sequence of key events involved in disruption
of homeostasis, with mathematical terms that describe the
linkage of these biological processes, thereby improving the
ability for low-dose and cross-species extrapolation. Ideally,
physiologically based pharmacokinetic (PBPK) data (pharma-
cokinetic linkage) should be applied for the dose component of
the model, to facilitate direct comparisons of exposure levels
between tissues and across species. Pertinent biomarkers based
on mechanisms of toxicity (pharmacodynamic linkage) should
be evaluated for the response component to enhance the sen-
sitivity of detection for adverse biological outcomes
(O’Flaherty, 1997). Although this concept is appealing, the
actual practice of model construction proves to be daunting.
For developmental toxicity, at least a dozen or so general
categories of mechanisms have been identified to elicit various
untoward cellular responses, leading to tissue damage and
adverse pregnancy outcomes (Wilson, 1973). This list of toxic
mechanisms will undoubtedly be expanded as our understand-
ing of developmental biology is advanced. It would also be
naive to assume that a chemical would act through only a
single mechanism. From a toxicologist’s standpoint, one must
ask which and how many mechanism(s) should be embraced
for modeling?

In order to make the exercise of BBDR model construction
tenable, a fewa priori assumptions must be made (and tested):

● A major or critical mechanistic pathway directly respon-
sible for the adverse developmental outcomes exists. While
this assumption is admittedly simplistic, it is made out of

necessity. A BBDR model should be parsimonious. Inclusion
of every nuance of a chemical’s actions and its attendant
cellular responses may render the model so complicated that it
becomes a logistical and mathematical nightmare.

● Perturbation of this mechanistic pathway can be evaluated
quantitatively, relative to dose and duration of exposure. Need-
less to say, the biomarkers for the intervening cellular events
associated with the toxic outcomes have to be identified, and
their changes should bear a relationship to the increasing doses
or the concentration3 duration (c3 t) of exposures.

● Homologous mechanisms of toxicity or pathophysiologi-
cal pathways must exist between tested animal species and
humans. This assumption is a cornerstone for the use of labo-
ratory animal models for human health risk assessment. Thus,
although it is difficult to extrapolate the human risks at high
doses (where overt toxicity is detected in animals), it can be
feasible to compare perturbations of sensitive cellular events
(seen at lower doses) between animal and human cells or
tissues.

Applying these principles, we have previously described a
BBDR model comprising the biochemical and cellular se-
quelae of 5-fluorouracil (5-FU) exposure during embryonic
development, with specific reference to the drug-induced dig-
ital defects (Shueyet al., 1994b). 5-FU is a chemotherapeutic
agent and a teratogen in a number of laboratory animal species,
including rat, mouse, chick, hamster, and monkey (Dagg,
1960; Karnofskyet al., 1958; Shah and MacKay, 1978; Shuey
et al., 1994b; Wilson, 1971; Wilsonet al., 1969). Clinically, a
single case of multiple congenital anomalies in a fetus exposed
to 5-FU during the first trimester of pregnancy was reported by
Stephenset al. (1980), and the lesions described were generally
consistent with those seen in the animal models. 5-FU acts by
at least 3 known mechanisms (reviews: Parker and Cheng,
1990; Pinedo and Peters, 1988; Valeriote and Santelli, 1984):
first, inhibition of thymidylate synthetase, the enzyme that
catalyzes the conversion of uridylate to thymidylate (Danen-
berg and Lockshin, 1981); second, incorporation of FUTP (as
substitute for UTP) into RNA, producing miscoding in tran-
scription and leading to translation of nonfunctional proteins
(Dolnick and Pink, 1985; Glazer and Lloyd, 1982; Lenzet al.,
1994), and third, incorporation of FdUTP into DNA, requiring
excessive repairs and resulting in damage due to fragmentation
(Kufe et al., 1983; Parkeret al., 1987; Schuetzet al., 1984). In
addition to these 3 mechanisms, drug-induced fetal anemia
could also contribute to 5-FU developmental toxicity (Shueyet
al., 1994c; Zuckeret al., 1995). A composite scheme of puta-
tive mechanisms for 5-FU developmental toxicity is depicted
in Figure 2. In a previous paper, Shueyet al. (1994b) con-
structed a BBDR model primarily for the 5-FU-induced hind-
limb dysmorphogenesis. However, 5-FU produces a gamut of
anatomical abnormalities and defects, each possessing a
slightly different dose-response profile. Thus, instead of pro-
viding a model for each of the malformations, the question

FIG. 1. Schematic representation of a biologically based dose-response
model. Boxes indicate parameters to be measured for construction of the
model.
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remains as to whether a BBDR model can be extended to the
whole-embryo level in order to capture the embryotoxicity of
5-FU at large, rather than specific insults of one anatomical
structure.

The current study therefore attempts to demonstrate the
processes involved in building a BBDR model to assess the
developmental toxicity of a chemical, using 5-fluorouracil as a
prototype. While this paper focuses on the acquisition of an
experimental database for the model, an accompanying paper
(Setzeret al., 2001) will address the mathematical and statis-
tical issues related to model construction.

MATERIALS AND METHODS

Animal treatment. Timed-pregnant Sprague-Dawley rats were obtained
from Charles River Laboratory (Raleigh, NC), shipped to our laboratory one
week after mating, and housed individually in breeding cages with food and
water availablead libitum. For the initial studies, male and female pairs were
left in the same cage overnight for breeding. Subsequently, other pairs were
allowed to mate during a 4-h period in the evening, in order to narrow the range
of gestational stages among the dams. Presence of a copulatory plug was
designated as gestational day (GD) 0. On GD 13, rats were ranked by body
weight and distributed randomly to various treatment groups within the weight
strata. On GD 14, these animals were given 5-fluorouracil (5-FU; Sigma, St.
Louis, MO) subcutaneously with doses ranging from 1 to 40 mg/kg. Controls
received injections of saline equal in volume to the 5-FU injections (2 ml/kg).
Experiments were divided into several blocks, each consisting of a control
group and several treatment groups of various 5-FU doses. For each 5-FU
dose, measurements were pooled from at least 2 separate blocks of animals to
provide a total of 8–12 litters. At intervals ranging from 1 to 72 h after drug
administration, rats were sacrificed by CO2 asphyxiation. In a separate study
with the 4-h breeding scheme, rats were given 5-FU (20, 30, or 40 mg/kg) on
GD 14 and sacrificed on GD 15, 16, 17, or 21; weights of the fetuses were
compared to those of saline-treated controls.

Biochemical assays. Four embryos were removed randomly from each
dam, placed individually in 1 ml of ice-cold 125-mM Tris buffer containing
150 mM KCl (pH 7.5) and homogenized immediately by polytron. In addition,

maternal spleens were dissected, weighed, and homogenized in 20 volumes of
Tris buffer. A 0.2-ml aliquot of the tissue homogenate was removed for DNA
and protein determination; total protein was determined in duplicate 25ml
aliquots of tissue homogenate by the dye-binding method of Bradford (1976),
and DNA content was measured in duplicate 5ml samples using a modified
method of LaBarca and Paigen (1980) as described previously by Abbott and
Pratt (1988). The remainder of the homogenate was sedimented for 30 min at
32,0003 g, and duplicate 50ml aliquots of the supernatant solution were
withdrawn for the thymidylate-synthetase assay, using a modified method of
Roberts (1966) that measured the release of tritiated water from enzyme
reaction substrate deoxyuridine 59-monophosphate, after a methylation step to
produce thymidylate. The incubation mixture contained 50ml of reagent
containing 0.86 mM tetrahydrofolate, 75 mM mercatpoethanol, 235 mM tris,
0.43% formaldehyde (pH 7.5), 25ml of 1 M NaF, 10ml of 2.8 mM deoxyuri-
dine 59-monophosphate (dUMP), 65ml of 1 M Tris (pH 7.5) and 0.4mCi of
deoxy[3H]uridine 59-monophosphate (specific activity 16–19 Ci/mmol., Am-
ersham). Samples were incubated at 37°C for 1 h and pooled supernatant
samples, incubated at 0°C for 1 h, served as assay blanks. Reaction was
terminated on ice and by addition of 100ml of 40% trichloroacetic acid. 50ml
of dUMP (5 mg/ml) was then added to each sample, followed by 1.8 ml of
activated charcoal (100 mg/ml). The mixture was sedimented at 5003 g for
15 min, and 0.5 ml of the supernatant was withdrawn and counted by liquid
scintillation spectrometry. Enzyme activity is expressed as nmols3H2O re-
leased/mg DNA/h.

For pharmacokinetic studies, 2 blocks of 3 to 4 pregnant rats from the 4-h
breeding scheme were given 10, 20, or 40 mg/kg of 5-FU on GD 14. For one
block of rats, blood samples were collected from the tail vein at 5, 15, 25, and
30 min after injection; for another block, samples were collected at 10, 20, 45,
and 60 min. The serum fraction was separated from whole blood and stored
frozen at –80°C until analysis. Samples were thawed and extracted by the
method of Barberi-Heyobet al. (1992). In brief, 500ml of serum was added to
a Chem-Elut column (Analytichem International, Harbor City, CA) for 5 min,
followed by elution with 3 aliquots of ethyl-acetate-methanol (95:5, v/v). The
eluent was concentrated by evaporation under nitrogen and reconstituted with
200ml of water. The extracted samples were analyzed for 5-FU by a modified
method of Schwartzet al. (1992). 5-FU was separated from its metabolites
with an adsorbosphere 5mm C18 column (250 mm3 4.6 mm, Alltech,
Deerfield, IL) isocratically using a mobile phase of 5 mM tetrabutylammonium
hydrogen sulfate and 5 mM potassium phosphate (pH 7), and detected by UV
spectrophotometry at 268 nm. Recovery of 5-FU under these conditions was

FIG. 2. A composite scheme de-
picting the putative mechanisms re-
sponsible for developmental toxicity
of 5-FU. Shaded boxes denote the
primary pathway chosen for model-
ing.
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typically greater than 95%. Results were expressed asmg of 5-FU/ml serum.
In an attempt to measure the 5-FU content in whole embryos, 2 embyros were
pooled and deproteinized in 0.5 ml of 0.3 M perchloric acid, and the super-
natant was analyzed for 5-FU by HPLC, as described above. However, an
interfering peak co-eluted with 5-FU that was also detected in saline-treated
controls, thereby precluding accurate assessment of 5-FU content in the em-
bryonic tissue.

Deoxyribonucleotide (dNTP) determination in whole embryos was also
performed with pregnant rats from the 4-h breeding scheme. On GD 14, 6 to
8 rats were given either 10, 20, or 40 mg/kg 5-FU, and animals were sacrificed
at 0.5, 1, 2, 4, 8, or 12 h after injection. Four embryos were removed randomly
from each dam, weighed, homogenized (sonication) individually, and depro-
teinized in 300ml of 0.3 M perchloric acid and stored frozen at –80°C until
analysis by an HPLC method described previously (Moleet al., 1998). Du-
plicate samples were measured from each dam to ensure reproducibility, and
data were expressed as pmol of dNTP/mg embryonic tissue.

To evaluate the extent of 5-FU incorporation into nucleic acid, 0.5–1 mCi/kg
of 5-FU-6–3H (specific activity 20 Ci/mmol, Sigma) was isotopically diluted
to 20 or 40 mg/kg and given to pregnant rats on GD 14. Rats were sacrificed
by asphyxiation 8 h later, and embryos were removed. Two embryos were
pooled for each sample, and duplicate samples from each dam were assayed.
Embryos were homogenized (polytron) in 3.5 ml of 4 M guanidine isothio-
cyanate buffer. A 0.75-ml aliquot of homogenate was removed and counted by
liquid scintillation spectrometry. Homogenate (2.4 ml) was then loaded onto
1.7 ml of CsCl2 buffer (0.96 g/ml) for overnight centrifugation at 100,0003
g. The DNA fraction from the gradient was collected, precipitated, and washed
with 6 ml of 70% ethanol, and the resultant pellet was dissolved in 1 ml of
water. The remaining CsCl2 buffer was removed and the RNA pellet was
dissolved in 0.5 ml of water. Aliquots of DNA and RNA extract were removed,
and the nucleic acid concentrations of each sample was determined by spec-
trophotometry at 260 nm. The remaining fractions were counted by liquid
scintillation spectrometry, and incorporation of 5-FU into nucleic acid was
calculated as follows:

%Incorporation5
dpmnucleic acid

dpmhomogenate
3 100

To determine whether developmental toxicity of 5-FU was associated with
alterations of specific embryonic proteins, pregnant rats were given either
saline (control) or 5-FU (20 or 40 mg/kg) on GD 14, embryos were removed
either 12 or 24 h afterward, and the embryonic protein profiles were analyzed
by 2-D electrophoresis. Duplicate samples of 2 embryos from each dam were
homogenized in 8 volumes of buffer containing 9 M urea, 2% NP-40 detergent,
0.5% dithiothreitol, and 2% ampholytes (pH 9–11). The homogenates were
stored frozen at –80°C, thawed, centrifuged at 485,0003 g for 15 min,
refrozen, and shipped to Large Scale Biology Co (Rockville, MD) for analysis
according to the method described by Anderson and Anderson (1978a,b). In
brief, solubilized proteins were separated by a first-dimension isoelectric
focusing gel using ampholytes (BDH-4–8A) and a second-dimension SDS-
gradient slab gel, and stained by Coomassie Blue G-250. The staining intensity
was captured by computer imaging software and processed for quantitative
analysis. The protein maps from the 5-FU-treated embryos were compared to
those of corresponding controls, and we discerned differences in protein
expression by migration pattern and intensity of the spots.

Statistical analysis. Data were computed with a linear model, treating
each experimental day as a random effect (PROC MIXED, SAS, 1990), and
expressed as means and 95% confidence intervals. Litter means were used for
analysis to eliminate the variability among embryos within each dam. The cell
size of each time and dose point were not balanced due to experimental
limitations; typical intra- and inter-block variabilities of each measurement
were reflected by the 95% confidence interval estimation in the control groups.
Because of the heterogeneity of variance and to facilitate the expression of
contrasts as ratios to the corresponding control means, values were subject to
log-transformation before statistical evaluation, and the resulting contrasts

were back-transformed for graphing. Pharmacokinetic data were analyzed as
mixed-effect linear models using “lme” in S1 version 3.4 (Mathsoft, Seattle,
WA), treating results from the same dam as repeated measures. Curves were
fitted using the method of nonlinear mixed-effect models of Lindstrom and
Bates (1990).

RESULTS

5-FU was absorbed readily into the maternal circulation,
reaching peak levels between 10 and 20 min after subcutaneous
injection (Fig. 3) and declined rapidly, becoming undetectable
by 90 min (data not shown). Half-lives of 5-FU did not vary
appreciably between different dose groups, ranging from 12.2
to 14.7 min; and AUC increased proportionally with adminis-
tered dose.

Thymidylate synthetase (TS) activity in whole embryos of
control rats, expressed as nmol/mg DNA, did not vary signif-
icantly from GD 14 to GD 17 (Table 1). Inhibition of TS by
5-FU was detected even in the lowest-dose group (1 mg/kg),
although the effect was small (;14%) and transient. With
increasing doses, the magnitude and duration of enzyme inhi-
bition amplified, reaching a maximal effect (ca. 70–80% in-
hibition) at 40 mg/kg. This pattern of dose-dependent enzyme
inhibition is best-illustrated in Figure 4, where samples were
obtained from the breeding regimen of the 4-h evening cohab-
itation of male and female rats. Recovery of TS inhibition was
generally seen 24 h after 5-FU treatment; while a small over-
shoot of enzyme activity was in fact noted in the high-dose
groups (Table 1).

FIG. 3. Serum concentrations of 5-FU in pregnant rats at GD 14 after a
single subcutaneous injection at t5 0. Each point and bar represent means and
95% lower and upper confidence intervals of 6–8 rats. Pharmacokinetic
parameters are summarized in the box.
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Concentrations of the 4 deoxyribonucleotides (dNTP) in a
GD 14 embryo were not uniform; however, the levels of
individual dNTP remained fairly stable over the period of
observation (12 h) (Table 2). Diverse patterns of change among
dNTPs were obtained with 5-FU treatment (Fig. 5). dTTP and
dGTP were depleted rapidly in a dose-dependent manner;
reaching a nadir between 2 and 4 h, respectively, after drug
administration, in a time course that corresponded to TS inhi-
bition. However, whereas a substantial enzyme inhibition was
noted in the 10 mg/kg dose group, little to no alterations of
these 2 dNTPs were seen; in contrast, marked depletions
(;50%) were seen in the 40 mg/kg dose group. Duration of the
deficit also varied somewhat between the 2 dNTPs, with de-
pletion of dGTP being longer-lasting; although both dNTPs
appeared to recover to control levels by 12 h. In stark contrast,
embryonic concentrations of dCTP were elevated sharply (;5-
fold) by 5-FU, in a dose-dependent fashion. This effect could
be seen even with the lower-dose group (10 mg/kg) and ap-
peared to have reached the maximal level at 20 mg/kg. The
elevations of dCTP were also longer lasting than the depletions
of dTTP and dGTP; no discernable changes in dATP were
observed among the 5-FU dose groups.

Total DNA in the whole embryo rose from 1.7 mg on GD 14
to 4.8 mg on GD 17 (Table 3), and total protein from 6 to 31
mg (Table 4). Although a trend toward lower DNA and protein
contents was apparent in the 5-FU-exposed embryos, signifi-
cant changes were noted only in the high-dose groups (30 and
40 mg/kg). Correspondingly, a dose-dependent reduction of
fetus weight was noted as early as GD 15 (24 h after drug

treatment), although the effect reached statistical significance
only in the 40-mg/kg dose group (p , 0.05, Table 5). However,
these weight deficits (even those in the lower-dose groups)
were not recoverable during ensuing fetal growth, leading to
more notable changes at term (GD 20).

FIG. 4. Effects of 5-FU on thymidylate synthetase activity in the whole-
rat embryos. Rats were bred during a 4-h period. Data are expressed as
percentages of controls. TS activities in control embryos were similar to those
summarized in Table 1. Each point represents the mean value of 6–8 dams.
The bar indicates a typical 95% lower and upper confidence intervals.

TABLE 1
Effects of 5-FU on Thymidylate Synthetase in the Whole-Rat Embryo

Time (h) Control

5-FU treatment

1 mg/kg 5 mg/kg 10 mg/kg 20 mg/kg 30 mg/kg 40 mg/kg

1 14.4 0.95 0.93 0.76* 0.64* 0.59* 0.37*
(11.7, 17.7) (0.83, 1.1) (0.80, 1.08) (0.65, 0.89) (0.55, 0.74) (0.50, 0.71) (0.33, 0.42)

2 18.5 0.85 0.82* 0.61* 0.52* 0.41* 0.45*
(14.8, 23.1) (0.72, 1.01) (0.68, 0.99) (0.52, 0.72) (0.43, 0.63) (0.34, 0.50) (0.38, 0.54)

4 16.4 0.97 0.59* 0.56* 0.50* 0.49* 0.52*
(13.0, 20.7) (0.78, 1.21) (0.49, 0.73) (0.47, 0.67) (0.42, 0.60) (0.40, 0.61) (0.44, 0.62)

8 18.5 0.97 0.82* 0.64* 0.53* 0.64* 0.53*
(14.0, 24.6) (0.81, 1.15) (0.68, 0.99) (0.55, 0.75) (0.44, 0.63) (0.53, 0.77) (0.45, 0.62)

12 19.0 0.90 0.89 0.66* 0.63* 0.80* 0.62*
(14.2, 25.4) (0.75, 1.08) (0.73, 1.09) (0.56, 0.78) (0.53, 0.75) (0.67, 0.97) (0.52, 0.75)

24 13.0 1.02 0.88 0.85* 0.81* 0.76* 0.92
(10.5, 16.1) (0.87, 1.20) (0.76, 1.01) (0.73, 0.99) (0.69, 0.95) (0.65, 0.89) (0.79, 1.06)

48 16.1 — — — 0.96 — 1.52*
(7.68, 33.5) — — — (0.68, 1.36) — (1.11, 2.08)

72 19.5 — — 0.97 1.18* — 1.15
(12.8, 29.8) — — (0.8, 1.17) (1.00, 1.39) — (0.98, 1.36)

Note.Rats were bred during an overnight period. 5-FU was given on GD 14 and enzyme activity was determined at the time intervals after treatment, as
indicated. Enzyme activity is expressed as nmol/mg DNA/h. Data for controls represent means of enzyme activity and 95% lower and upper confidence intervals
of 6–8 dams (in parentheses). Data for 5-FU-treated groups were expressed as mean ratios to controls and 95% confidence intervals of 6–10 dams (in
parentheses). *Asterisks denote significant differences (p , 0.05) from controls.
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Direct incorporation of 5-FU into embryonic nucleic acids
on GD 14 was determined 8 h after administration of the
radioactive tracer. The extent of incorporation into RNA and
DNA was corrected for the amount of total uptake (in the
embryo homogenate) for each sample and expressed as percent
incorporated. As shown in Table 6, less than 2% of 5-FU was
incorporated into embryonic RNA. Incorporation into embry-
onic DNA was even lower, about 6 times less than that into
RNA, and the amounts were not influenced by varying the
administered dose. To determine the extent of 5-FU-induced
erroneous nucleotide substitution (UTP by FUTP and dTTP by
FdUTP) into embryonic nucleic acids, the RNA and DNA

contents for each sample were determined, and the 4 species of
NTP and dNTP were assumed to be distributed equally among
RNA and DNA respectively. Under these assumptions, approx-
imately 1 in 5–650 UTP was substituted by FUTP into RNA
and 1 in 800–1600 dTTP by FdUTP into DNA of the embryo
(Table 6).

To determine if 5-FU might alter a specific set of embry-
onic proteins, 2-D electrophoresis was performed with rats
treated with 20 or 40 mg/kg of the drug for 12 or 24 h, and
results were compared to corresponding controls. From the
6 groups of rats, 199 protein spots were matched in all but
one pattern of all but one group (data not shown). Overall,

TABLE 2
Deoxyribonucleotide Levels in Whole Embryos of Control Rats at GD 14

Time (h)

Deoxyribonucleotide in whole embryo (pmol/mg)

dTTP DGTP dCTP dATP

1 6.35 1.63 4.17 2.77
(5.09, 7.61) (1.26, 2.01) (3.07, 5.28) (2.07, 3.48)

2 6.80 2.00 4.77 3.66
(5.57, 8.03) (1.54, 2.46) (3.06, 6.47) (2.77, 4.56)

4 5.34 2.18 4.81 3.71
(4.11, 6.58) (1.73, 2.62) (3.24, 6.37) (2.88, 4.57)

8 6.91 1.88 4.23 3.00
(5.70, 8.12) (1.38, 2.37) (2.34, 6.12) (2.05, 3.95)

12 7.10 2.12 4.38 3.20
(5.85, 8.34) (1.68, 2.56) (2.81, 5.96) (2.34, 4.05)

Note. Data represent means and 95% lower and upper confidence intervals of 6–8 dams (in parentheses). Levels were determined at the time intervals
corresponding to data shown in Figure 5.

FIG. 5. Individual profiles of
dNTP in GD 14 whole rat embryos
after a single exposure to 5-FU at t5
0. Data are expressed as a percentage
of controls. dNTP values in control
embryos at individual time points are
summarized in Table 2. Each point
represents mean value of 6–8 dams.
Bars indicate typical 95% confidence
intervals for the specific dNTP. Note
the different scale of percent change
for dCTP.
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analysis of data generated in this study revealed relatively
small drug-induced effects that were overshadowed by the
extent of genetic heterogeneity. For the 12-h time point,

only 2 spots from the 20-mg/kg group and 4 spots from the
40-mg/kg groups were different from the controls (p ,
0.001); these two sets had no spots in common. For the 24-h

TABLE 3
Effects of 5-FU on Whole Embryo DNA

Time (h)
Control

(mg)

5-FU Treatment

1 mg/kg 5 mg/kg 10 mg/kg 20 mg/kg 30 mg/kg 40 mg/kg

1 1.68 1.03 0.93 0.93 0.96 0.93 1.02
(1.41, 2.01) (0.88, 1.21) (0.78, 1.10) (0.78, 1.11) (0.82, 1.14) (0.77, 1.13) (0.88, 1.19)

2 1.31 1.04 1.08 0.97 1.15 0.94 0.92
(1.08, 1.60) (0.86, 1.25) (0.87, 1.33) (0.80, 1.17) (0.94, 1.42) (0.76, 1.15) (0.76, 1.11)

4 1.62 0.97 1.02 0.97 0.87 0.89 0.77*
(1.31, 2.00) (0.76, 1.24) (0.81, 1.28) (0.79, 1.19) (0.70, 1.06) (0.71, 1.12) (0.63, 0.94)

8 2.07 0.87 0.87 1.06 0.98 0.89 0.93
(1.63, 2.62) (0.72, 1.06) (0.71, 1.07) (0.89, 1.26) (0.81, 1.2) (0.72, 1.1) (0.78, 1.1)

12 2.25 0.80 0.85 0.80* 0.73* 0.80* 0.77*
(1.75, 2.88) (0.65, 0.98) (0.68, 1.07) (0.66, 0.97) (0.60, 0.89) (0.65, 0.99) (0.63, 0.95)

24 3.12 0.88 1.03 1.04 0.96 0.88 0.64*
(2.59, 3.76) (0.74, 1.05) (0.88, 1.21) (0.87, 1.24) (0.80, 1.14) (0.73, 1.05) (0.54, 0.75)

48 3.11 — — — 0.94 — 0.38*
(1.69, 5.73) — — — (0.64, 1.39) — (0.27, 0.54)

72 4.81 — — 1.08 0.92 — 0.63*
(3.39, 6.82) — — (0.88, 1.34) (0.76, 1.11) — (0.52, 0.76)

Note.Rats were bred during an overnight period. 5-FU was given on GD 14 and DNA content was determined at the time intervals after treatment, as indicated.
Data for controls represent means of DNA content and 95% lower and upper confidence intervals of 6–8 dams (in parentheses). Data for 5-FU-treated groups
were expressed as mean ratios to controls and 95% confidence intervals of 6–10 dams (in parentheses). Asterisks denote significant differences (p , 0.05) from
controls.

TABLE 4
Effects of 5-FU on Whole Embryo Protein

Time (h) Control (mg)

5-FU Treatment

1 mg/kg 5 mg/kg 10 mg/kg 20 mg/kg 30 mg/kg 40 mg/kg

1 6.12 1.02 1.09 1.03 0.90 0.95 0.98
(5.63, 6.65) (0.90, 1.15) (0.96, 1.24) (0.90, 1.18) (0.79, 1.03) (0.82,1.09) (0.87, 1.10)

2 5.80 1.03 1.01 0.98 0.97 0.98 0.88
(5.23, 6.42) (0.89, 1.20) (0.87, 1.18) (0.85, 1.13) (0.83, 1.13) (0.93,1.15) (0.76, 1.01)

4 6.63 0.96 0.94 0.99 0.78* 0.86 0.79*
(5.90, 7.46) (0.80, 1.15) (0.79, 1.11) (0.85, 1.16) (0.66, 0.91) (0.73,1.01) (0.68, 0.93)

8 6.93 0.90 0.96 0.96 0.98 0.95 0.95
(6.22, 7.72) (0.77, 1.05) (0.81, 1.13) (0.83, 1.10) (0.84, 1.14) (0.81,1.12) (0.83, 1.09)

12 6.99 0.88 0.85 0.85* 0.85* 0.93 0.85*
(6.20, 7.88) (0.75, 1.04) (0.72, 1. 01) (0.73, 0.99) (0.73, 1.00) (0.79,1.1) (0.72, 1.00)

24 10.8 0.97 0.98 0.96 0.98 0.91 0.78*
(9.95, 11.7) (0.85, 1.09) (0.86, 1.11) (0.84, 1.09) (0.88, 1.10) (0.79,1.04) (0.70, 0.87)

48 13.8 — — — 1.03 — 0.70*
(10.7, 17.9) — — — (0.74, 1.43) — (0.52, 0.93)

72 30.8 — — 1.04 1.06 — 0.69*
(26.6, 35.6) — — (0.87, 1.24) (0.90, 1.24) — (0.59, 0.80)

Note.Rats were bred during an overnight period. 5-FU was given on GD 14 and protein content was determined at the time intervals after treatment as
indicated. Data for controls represent means of protein content and 95% lower and upper confidence intervals of 6–8 dams (in parentheses). Data for 5-FU-treated
groups were expressed as mean ratios to controls and 95% confidence intervals of 6–10 dams (in parentheses). Asterisks denote significant differences(p , 0.05)
from controls.
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time point, only 1 spot from the 20-mg/kg group and 5 spots
from the 40-mg/kg group were different from the controls;
these two sets of spots also did not overlap.

To compare the effects of 5-FU between embryonic and
maternal tissues, TS activity in the spleen of the pregnant rats
were evaluated. TS activity in maternal spleens ranging from
1.6 to 3.9 nmol/mg DNA/h (Table 7), was substantially lower
than that in the embryo. As seen in the embryonic tissues, 5-FU
produced dose-dependent enzyme inhibition at doses as low as
1 mg/kg, although prominent effects were generally observed
at and above 20 mg/kg.

DISCUSSION

The serum half-life estimates for 5-FU in this study are
consistent with previous reports with either pregnant (Boikeet
al., 1989) or nonpregnant rats (Auet al., 1983), whereas the
lower AUC estimates seen in the current study (compared to
the previous 2 reports) perhaps reflect the different routes of
drug administration (subcutaneousvs. intravenous) and, there-
fore, different rates of drug absorption. Nonlinear kinetics has
been suggested for the elimination of 5-FU from the circula-
tion; thus, drug metabolism (hepatic and renal) can be saturated
at either high doses or rapid rate of administration. In a dose-
response study with pregnant rats at GD 20, Boike and co-
workers (1989) showed that at lower doses (10 or 25 mg/kg)
kinetic parameters in the dams were fairly linear, but at a

higher dose (100 mg/kg) the half-life of 5-FU almost doubled,
and the AUC exceeded the predicted value by over 50%.
However, kinetic parameters from our study (using subcutane-
ous administration) indicated that even at 40 mg/kg, elimina-
tion of 5-FU remained linear and that AUC increased propor-
tionally with the administered doses. Thus, for practical
purposes, linear pharmacokinetics can be assumed in the ma-
ternal compartment of our model. In their study, Boikeet al.
(1989) made the interesting discovery that nonlinear kinetics
for 5-FU elimination occurred at a lower dose in the GD 20
fetus than in the dam. Unfortunately, because of technical
limitations in our study, 5-FU could not be measured accu-
rately in the GD 14 embryos, preventing a direct comparison of
results from these investigators. Should the embryo be also
susceptible to nonlinear kinetics, as noted in the fetus, the
actual 5-FU exposure levels in the embryonic compartment
would have to be adjusted accordingly.

While ample evidence has indicated that all 4 putative mech-
anisms depicted in Figure 2 are likely to contribute to the
expression of 5-FU developmental toxicity, we chose only one
of these for the construction of a BBDR model in accordance
with the model assumptions. Although direct incorporation of
the 5-FU metabolite (FUTP) into RNA has been shown in a
variety of cell culture systems, concentrations of 5-FU found to
be associated with cytotoxicity were typically high, in the mM
range, resulting in approximately 1–2% substitution for the

TABLE 5
Effects of 5-FU on Fetus Weight

Dose (mg/kg) GD 14 GD 15 GD 16 GD 17 GD 20

0 172 320 491 807 4037
(163, 180) (304, 336) (454, 528) (727, 886) (3788, 4286)

20 — 287 478 775 3632
— (269, 305) (459, 498) (744, 805) (3379, 3885)

30 — 293 459 757 3317
— (266, 320) (380, 537) (723, 792) (3064, 3571)

40 — 261 405 692 2388
— (235, 288) (379, 431) (658, 726) (2129, 2647)

Note.5-FU was given on GD 14, and fetuses were weighed at subsequent time intervals. Fetus weights are given in mg. Data represent means and 95% lower
and upper confidence intervals of 6–8 litters (in parentheses).

TABLE 6
Incorporation of 5-FU Metabolites into Embryonic DNA and RNA

Dose (mg/kg)

% Incorporation Amount incorporated (fmols/mg) % Substitution

DNA RNA DNA RNA DNA RNA

20 0.2716 0.069 1.756 0.16 3506 29 8456 76 0.0636 0.002 0.1536 0.014
40 0.2606 0.053 1.346 0.24 6946 160 11396 211 0.1266 0.029 0.2066 0.038

Note.Percent of base substitution (dTTP by FdUTP for DNA and UTP by FUTP for RNA) was estimated by assuming equal distribution among the four
species of dNTP in DNA and NTP in RNA. Data represent means and standard errors of duplicate determinations from 6–7 dams.
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natural substrate UTP (Dolnick and Pink, 1985; Glazer and
Lloyd, 1982). Doses employed in ourin vivo study were
comparatively lower, embryonic exposure being estimated at
the mmol/kg range. Indeed, the extent of 5-FU tracer incorpo-
ration into embryonic RNA in our study was considerably
lower, with substitution for UTP being estimated at only 0.2%.
Although transcriptional miscoding leading to production of
nonfunctional proteins was hypothesized with direct incorpo-
ration of FUTP into RNA, recent findings have brought this
hypothesis into doubt. Takimoto and co-workers (1993) tran-
scribed mRNA with 100% substitution with 5-FU but did not
note any abnormality with the translation product. Schuetzet
al. (1984) also could not correlate incorporation of 5-FU into
RNA with toxicity. Furthermore, although the 2-D electro-
phoresis experiment in our study provided only a relatively
crude screen for protein abnormalities, the paucity of changes
noted between controls and 5-FU-exposed embryos also did
not support any significant aberrant production of proteins by
the drug treatment. Thus, while the mechanisms and impact of
RNA-directed actions of 5-FU involved in the overall expres-
sion of cytotoxicity remains to be addressed, the contribution
of this pathway to embryotoxicity in the current study was
likely nominal. On the other hand, the extent of erroneous
incorporation of FdUTP into embryonic DNA noted in the
present study (300–700 fmol/mg) was comparable to that ob-
served in CF-1 mouse bone-marrow cells where cytotoxicity
was associated (Scheutzet al., 1984). However, the net effect
of erroneous DNA incorporation in the whole embryo is dif-
ficult to ascertain because it is dependent on the capacity and

effectiveness of the DNA repair machinery. Excessive DNA
damage due to saturation of these repair mechanisms has been
linked to fragmentation of newly synthesized DNA and cell
death (apoptosis) (Curtinet al., 1991; Golos and Malec, 1989;
Holliday, 1985; Snyder, 1988). Although 5-FU-induced apop-
tosis has been reported recently in several tumor cells (Guche-
laar et al., 1998; Inadaet al., 1997; Koshiji et al., 1997;
Okamotoet al., 1996) and rat tissues (Sakaguchiet al., 1994),
the extent of excessive cell death in embryonic tissues caused
by DNA damage remains to be evaluated carefully. 5-FU-
induced fetal anemia observed in previous studies (Shueyet
al., 1994c; Zuckeret al., 1995) was likely a secondary effect
arising from fetal hepatotoxicity because the fetal liver serves
as a primary source of newly synthesized erythrocytes at this
stage of development. Indeed, Shuey and co-workers (1994a)
demonstrated that early biochemical events that occurred rap-
idly within 3 h of 5-FU administration were sufficient to
produce growth retardation and dysmorphogenesis. Thus, al-
though physiological deficiency such as fetal anemia is of
significant note to the overall picture of 5-FU developmental
toxicity, it should probably be modeled as an adjuvant to the
primary pathway of TS inhibition and nucleotide pool imbal-
ance.

Inhibition of TS and the attendant dNTP imbalance in the
whole embryos provided sensitive endpoints to monitor the
dose-response effects of 5-FU, and the temporal profiles of
changes afforded a concentration3 time (c3 t) estimation for
mathematical modeling. Indeed, while 5-FU inhibited embry-
onic TS in a dose-dependent fashion, the manner in which

TABLE 7
Effects of 5-FU on Maternal Spleen Thymidylate Synthetase Activity

Time (h) Control

5-FU Treatment

1 mg/kg 5 mg/kg 10 mg/kg 20 mg/kg 30 mg/kg 40 mg/kg

1 2.99 1.11 0.76 0.82 0.62* 0.54* 0.61*
(2.24, 3.99) (0.69, 1.78) (0.50, 1.15) (0.58, 1.15) (0.42, 0.90) (0.35, 0.82) (0.43, 0.88)

2 3.12 1.45 0.85 0.88 0.67 0.68 0.89
(2.12, 4.60) (0.78, 2.71) (0.52, 1.41) (0.48, 1.61) (0.42, 1.09) (0.36, 1.32) (0.55, 1.42)

4 3.31 0.73 0.78 0.67* 0.83 0.94 0.70
(2.36, 4.63) (0.45, 1.17) (0.49, 1.25) (0.45, 0.99) (0.57, 1.23) (0.59, 1.49) (0.47, 1.03)

8 3.21 0.85 0.85 0.72* 0.67* 0.83 0.72*
(2.33, 4.43) (0.54, 1.35) (0.55, 1.31) (0.52, 1.00) (0.47, 0.96) (0.54, 1.30) (0.52, 0.99)

12 3.93 0.95 0.98 0.81 0.67 0.61* 0.59*
(2.68, 5.77) (0.59, 1.54) (0.61, 1.57) (0.53, 1.24) (0.41, 1.08) (0.38, 0.99) (0.38, 0.91)

24 2.55 — 1.43 0.91 0.77 0.31* 0.45*
(1.82, 3.57) — (0.95, 2.16) (0.62, 1.38) (0.53, 1.10) (0.18, 0.53) (0.32, 0.64)

48 1.59 — — — 0.58 — 0.21*
(0.82, 3.10) — — — (0.33, 1.01) — (0.12, 0.38)

72 3.56 — — 1.61 1.65 — 0.64
(2.03, 6.25) — — (0.92, 2.80) (0.96, 2.82) — (0.37, 1.12)

Note.5-FU was given on GD 14, and TS activities were evaluated at different time intervals as indicated. Enzyme activity is expressed as nmol/mg DNA/h.
Data for controls represent means of enzyme activity and 95% lower and upper confidence intervals of 6–8 dams (in parentheses). Data for 5-FU-treated groups
were expressed as mean ratios to controls and 95% confidence intervals if 6–10 dams (in parentheses). Asterisks denote significant differences (p , 0.05) from
controls.
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enzyme activities recovered perhaps provided a more signifi-
cant clue to the drug’s toxic potentials. Thus, the combination
of duration as well as magnitude of enzyme inhibition might
confer the overall toxicity. Mathematical modeling of these
data (in the accompanying paper) may shed light on this issue.
It is also heartening to note that the dose-response profile of TS
inhibition in the maternal spleen (a tissue undergoing rapid cell
replication) resembled that in the embryos, suggesting that the
enzyme was equally sensitive to 5-FU regardless of tissue or
cell type, thus lending credence to extrapolation based on this
mechanistic step.

While the effect of 5-FU onde novosynthesis of dNTP
mediated by TS inhibition is well established, the influences of
the drug on the nucleotide salvage pathways have received less
attention. For instance, thymidine kinase, an enzyme involved
in maintaining the level of dTTP, was reported to be inhibited
by 5-FU as well (Nord and Martin, 1991; Tsukamoto and Kojo,
1991). Thus, the profiles of individual dNTPs in the whole
embryo would provide a clearer and more definite picture of
the 5-FU effects. Results from our present study are consistent
with a previous report where embryonic dNTP was determined
at a single time point after 5-fluoro-deoxyuridine treatment
(Ritter et al., 1980). Corresponding to TS inhibition, there was
an abrupt fall in the concentration of dTTP, reaching a nadir of
over 50% deficit at 2 h after drug administration. Two points
are noteworthy from these data. Little change in dTTP was
seen with the 10 mg/kg group despite effective TS inhibition
(although the extent was less than the higher-dose groups), and
the time course of recovery was faster than that of TS, sug-
gesting a significant participation of nucleotide salvage and
feedback control mechanisms (review: Lau, 1997). Corre-
sponding to the intracellular nucleotide feedback regulation,
dGTP levels fell along with dTTP, while the negative feedback
control of dCTP by dTTP was repressed, leading to a dramatic
rise of dCTP. It is interesting to note that while dTTP is most
proximal to the 5-FU action (TS inhibition), the magnitude and
duration of changes in dGTP and dCTP were greater than those
in dTTP. Embryonic dATP, on the other hand, was not affected
significantly by 5-FU. Because little information is available to
discern the relative importance of specific dNTPs in DNA
synthesis and cell replication, a direct biochemical correlation
of changes in an individual dNTP to embryotoxicity is not
readily attainable. Nonetheless, Yoshioka and co-workers
(1985, 1987) reported that cytotoxicity of fluorodeoxyuridine
in mouse mammary tumor cells correlated with dNTP pool
imbalance and fragmentation of parental DNA (double-strand
breaks). These researchers noted that inhibition of protein
synthesis prevented DNA fragmentation and attenuated the
cytotoxicity, and therefore hypothesized that dNTP imbalance
induced an endonuclease that destroyed the DNA and resulted
in cell death. Indeed, they were able to isolate a DNA endo-
nuclease in extracts from the cells exposed to fluorodeoxyuri-
dine but not in the untreated cells. Interestingly, Hirotaet al.
(1989) also reported DNA double-strand breaks and cell death

associated with dNTP imbalance caused by another agent,
2-chlorodeoxyadenosine. Thus, activation of an endonuclease
by dNTP pool imbalance may be a general mechanism for a
number of agents to induce apoptosis.

Total DNA and protein contents in the whole embryo ap-
peared to be less sensitive indicators of 5-FU toxicity. Notable
changes were obtained only with the high doses. However, it is
worth noting that reductions of these parameters were persis-
tent and correlated well with the deficits of fetus weights in
these dose groups. Because 5-FU should affect only the divid-
ing cells within the embryo and for a relatively short duration,
the lack of dramatic changes in total macromolecule contents
may not be too surprising. A more accurate measurement to
indicate the 5-FU effect was, perhaps, biosynthesis of DNA
and protein. However, because thymidine kinase is known to
be altered by 5-FU (Bagrijet al., 1993; Tsukamoto and Kojo,
1991), results from the conventional method of labeled thymi-
dine uptake and incorporation into DNA would be confounded.
Indeed, preliminary studies in our laboratory indicated a small
increase of labeled thymidine incorporated into DNA shortly
after 5-FU administration (data not shown), perhaps reflecting
an acute response of the salvage pathway rather than the rate of
de novoDNA synthesis. Another method of assessing DNA
synthesis using BrdU was limited because of the 5-FU-induced
TS inhibition.

In summary, pharmacokinetic and pharmacodynamic infor-
mation of a chemical, as well as the biochemical alterations
leading to the breakdown of homeostasis (toxicodynamics)
within a developing organism (embryo), can be evaluated and
used for the construction of a BBDR model of developmental
toxicity. Indeed, data derived from the maternal serum concen-
trations of 5-FU, the TS activities, and the dNTP levels in the
embryos, as well as the fetus weights reported in this study,
were selected for the construction of a mathematical model in
the accompanying paper by Setzeret al. (2001) that would
describe the developmental toxicity of this chemotherapeutic
agent. Although 5-FU was used as a prototypic agent in this
study, the correlation of molecular and cellular changes with
toxicity should reflect an inherent property of the developing
organism (embryo) that can be verified and extended to other
potential developmental toxicants.
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