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ABSTRACT

We have confirmed previous results which suggest that transplacental
exposure of fetal mice to carcinogens does not cause an increase in tumor
incidence as they matureunless treatmentoccurs after midorganogenesis.
In C3HeB/FeJ mice we found a negligible increase in tumor incidence
and multiplicity following transplacental exposure to the direct-acting
carcinogen ethylnitrosourea (ENU) on gestation day 10, but significant
increases in lung and liver tumor incidence following exposure on days
13 or 15 or in adults. To explore the possibility that this observed
difference is due to differences in the biodistributionof the carcinogen or
its interaction with cellular macromolecules, the level of covalent binding
between ENU and fetal and maternal DNA following an i.p. injection of
a dose of 50 mg/kg of tritium-labeled ENU was measured 30 min after
its injection into pregnant females on days 10, 13, and 15 of gestation.
The DNA from fetal and maternal lung, liver, and brain was isolated and
the amount of covalent binding estimated from the dpm/mg DNA re
covered. Samples of DNA were hydrolyzed and chromatographed to
determine that the boundtritiumwas associated with ENU-DNA adducts
and not as a product of DNA synthesis. The level of binding of ENU to
fetal DNA was equivalent at all gestation days studied but was signifi
cantly less than maternal tissues. Binding to the DNA of maternal liver
was 4-fold greater than to fetal DNA while maternal lung and brain DNA
were bound at intermediate levels. We conclude that the lack of carcin
ogenic response to ENU documented here, in fetal mice exposed early in
gestation (day 10), is not due to differences in ENU bindingto fetal DNA
during development.

INTRODUCTION

Previous studies involving transplacental exposure of animals
to chemical carcinogens have shown that it is not possible to
measure a carcinogenic effect prior to the stage of midorgano
genesis (1-6). This interesting observation may be explained by
one of several possibilities such as that the stage of gestation
affects the amount of carcinogen reaching the fetus, that there
are differences in the fetal capacity to activate or inactivate
carcinogens, that there are differences in the fetal capacity to
repair carcinogen-induced damage to DNA or other essential
macromolecules, that there are qualitative or quantitative dif
ferences in the ability of the developing fetal DNA or other
macromolecules to bind the carcinogen, or that there are differ
ences in the responsiveness of fetal cells to carcinogens at
various time of gestation.

To address some of these questions, the distribution of both
direct- and indirect-acting carcinogens has been studied bio
chemically by measuring the amount of intact parent chemical
in maternal and fetal tissues or by detecting radiolabeled car
cinogens after they are administered to the mother (7-15).
Other studies have measured the level of transplacental expo
sure of the fetus to the carcinogen by determining the covalent
binding of the carcinogen to fetal DNA (16-23). Most studies
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of this nature were done late in gestation when there is enough
fetal tissue available to accurately quantitate the level of the
compound in the fetus. Using this approach, there is evidence
that carcinogens cross the placenta late in gestation (when they
are known to be carcinogenic). This has served as the basis for
the assumption that transplacental passage occurs in equal
amounts at all gestational time points.

The objective of this study was to confirm this observation
of differential tumorigenic response in early embryogenesis,
and to test the hypothesis that the transplacental biodistribution
of a chemical carcinogen and its interaction with fetal macro-
molecules can be independent of the stage of gestation, even
early in gestation when transplacental carcinogenesis cannot be
demonstrated.

MATERIALS AND METHODS

Mice. Timed pregnancies were produced in 7-8-week-old C3HeB/
FeJ mice obtained from Jackson Laboratories (Bar Harbor, ME). All
animals were bred and housed in polycarbonate cages with wire mesh
lids and spun-bonded polyester filter bonnets (Lab Products, Inc.,
Maywood, NJ). Corncob bedding (Bed-o'-cobs; The Anderson's, Mau-

mee, OH) was used. Animal rooms were maintained on a 12-h light-
dark cycle at 20-24V and 35-50% humidity. Mating was initiated by

placing one male with five females overnight and day 0 of pregnancy
was determined by the presence of a vaginal sperm plug the following
morning. Following impregnation the mice were housed individually.

Bioassay. Groups of pregnant mice were injected i.p. on one of
gestation days 10, 13, or 15 with ENU2 at a dose of 10, 25, or 50 mg/

kg body weight. Controls received tricaprylin alone, or they were
untreated. After each pregnant female was treated with the carcinogen,
she was caged separately. Birth occurred after 19-20 days of gestation,
and the offspring were maintained with the mother until weaning at 6
weeks of age.

The offspring and their mothers were necropsied 6 months after
birth. At necropsy, the following observations were recorded: general
appearance, body weight, gross evidence of disease or neoplasia, and a
count of grossly visible tumors. At this time brain, liver, ovary, testes,
kidneys, adrenal, and pituitary were collected and fixed in 10% phos
phate buffered formalin. The lung was fixed in Tellyesniczky's fixative

to facilitate gross detection of pulmonary adenomas. Quantitation of
liver tumors was made from serial slices of liver 2-3 mm in thickness.
Lung and liver neoplasms were quantitated using a dissecting micro
scope at low power. Lesions as small as 0.2 mm could be detected by
this method. Representative sections from all collected tissues and all
tumors were processed for routine histology and examined microscop
ically.

Carcinogen. ENU (Fluka Chemical Company, Ronkonkoma, NY)
was found to be at least 93% pure by thin-layer chromatography and
its UV absorption spectrum. ENU tritiated in the ethyl groups ([3HJ-

ENU) was supplied by Moravek Biochemicals (Brea, CA) and had a
specific activity of 1.1 or 500 Ci/mmol. Radiochemical purity was
certified by the manufacturer to be greater than 95% and was subse
quently found to be greater than 90% for both lots following separation
by high-performance liquid chromatography.

Biodistribution of |3H]ENU. Pregnant mice on gestation days 10, 13,
and 15 received an i.p. injection of [3H]ENU (10 Â¡id)dissolved in a

maximum of 0.2 ml tricaprylin (Sigma, St. Louis, MO) at a dose of 50

2The abbreviation used is: ENU, ethylnitrosourea.
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mg/kg body weight. Thirty min later the mice were anesthetized with
sodium phÃ©nobarbital(60 mg/kg) and killed by exsanguination followed
by cervical dislocation. Fetuses and maternal organs were removed,
weighed, and digested overnight at 50Â°Cin NCS tissue solubilizer

(Amersham, Arlington Heights, IL). Digests were neutralized with
glacial acetic acid (30 /il/ml NCS) and radioactivity was quantitated by
standard liquid scintillation techniques.

Binding of [3H]ENU to DNA. On gestation days 10, 13, or 15
pregnant mice received an i.p. injection of [3H]ENU (333.22 fid/

mouse) dissolved in tricaprylin at a dose of 50 mg/kg body weight.
Thirty min after the ENU injection the mice were anesthetized and
exsanguinated and fetuses, maternal brain, lung and liver were removed,
weighed, and then stored at -70"C. To provide an adequate amount of

DNA for the DNA binding studies as many as 20 fetuses from two or
three pregnancies from gestation day 10 were pooled. Purified DNA
was isolated from these tissues using a modification of the hydroxyapa-
tite extraction method described by Behind et al. (24). Tissue homoge
nized in 0.24 M sodium phosphate buffer (pH 6.8) and 0.01 M EDTA
was made 1% with sodium dodecyl sulfate and extracted several times
each with chloroform Â¡isoamylaleohol: phenol (25:1:24), chloro
form: isoamyl alcohol (24:1), and diethyl ether. The extract was incu
bated for 2 h at 37Â°Cwith 200 ng/m\ ribonuclease A (4104 units/mg;

Worthington, Freehold, NJ) followed by incubation with 5 mg/ml
proteinase K bound to cellulose beads (Pharmacia, Uppsala, Sweden).
The proteinase K was removed by centrifugution at 2500 x g for 10
min. DNA was then removed from the supernatant as previously
described (24) except that the hydroxyapatite was handled as a suspen
sion rather than confined to a column. The eluate was dialyzed, made
0.2 M with lithium chloride, and precipitated with two volumes of
ethanol (-20Â°C).

The quantity of DNA isolated was measured by the diphenylamine
technique; RNA and protein contamination were measured by the
orcinol and Lowry techniques, respectively. The level of RNA contam
ination measured by the orcinol method was corrected for cross-reacting
DNA. This method of estimating RNA contamination was validated
by measuring the level of [MC]orotate-labeled RNA remaining after
DNA from the livers of mice given injections of [MC]orotic acid (Amer

sham) was purified by the method described above. RNA contamination
was found to be 1% or less of the DNA isolated and protein contami
nation was undctectable as judged by the Lowry method. Purified DNA
from each tissue was hydrolyzed in 5% perchloric acid at 90Â°Cfor 30

min and the associated radioactivity was quantitated by standard liquid
scintillation methodology.

Adduct Studies. On gestation days 10, 13, or 15 pregnant mice
received an i.p. injection of [3H]ENU (4.2 mCi/mouse) at a dose of 50

mg/kg body weight. They were killed 30 min later and the DNA from
fetuses, maternal brain, lung, and liver was purified as described above.
Fetuses from 2-3 pregnant mice at gestation day 10, or all fetuses from
the same litter on gestation day 13, were pooled to provide an adequate
quantity of DNA for adduct characterization. DNA from these tissues
was hydrolyzed in 0.1 N HC1 at 70'C for 20 min. Acid hydrolysates

were chromatographed by high-performance liquid chromatography
(Beckman Instruments, Irvine, CA) on a Zorbax-ODS column using a
linear gradient from 0.016 M ammonium formate in 12% methanol,
pH 4.0, to 0.18 M ammonium formate in 12% methanol, pH 4.0, over
30 min at 1 ml/min. Fractions were collected over the UV peaks of
synthetic standards of ethylated base adducts and nonethylated bases
which were added to each sample, and the radioactivity of each fraction
was quantitated. The nonradioactive standards consisted of guanine
and adenine (Calbiochem, La .lolla, CA) and the ethylated adducts were
7-ethylguanine, (/-ethylguaninc, 3-ethyladenine, 9-ethyladenine, and
C^-ethylguanine.

Statistical Analysis. The data for tumor multiplicity and carcinogen-
DNA binding were analyzed by one-way analysis of variance on raw
data in conjunction with analysis of variance on ranks of data (25).
Multiple two-way comparisons of the means were done for statistically
significant variables using the Protected Least Significant Difference
Method (26). Log and square root transformations of the data were
also used with good general agreement of results. For the tumor
incidence data, probabilities for the x2 test were used to determine
overall dose group differences while control versus ENU-treated group
differences were evaluated by the two-tailed Fisher's Exact Test (25).

Tests of statistical significance were made at the 0.05 level.

RESULTS

Quantitative Tumor Response. Mice treated with ENU on
one of days 10,13, or 15 or as adults were necropsied 6 months
after exposure to the carcinogen and all tumors were counted.
The number of animals in each treatment group is presented in
Table 1. Pulmonary adenomas and adenomas of the liver were
the predominant tumors induced by ENU in this study. There
were a total of 1405 tumors of which 852 were pulmonary
adenomas and 542 were liver adenomas. In addition there were
11 tumors of diverse histolÃ³gica! classification (Table 2).

Exposure to ENU on gestation day 10 caused little detectable
increase in tumor response in the 6-month-old offspring with
the exception of a small but statistically significant increase in
tumor incidence (number of animals with tumors, Fig. 1) and

Table 1 Number of mice per treatment group in bioassay
Pregnant mice were given ENU injections on one of gestation days 10, 13, or 15. Doses of ENU used were 10, 25, or 50 mg/kg in tricaprylin. Controls consisted

of mice given injections of tricaprylin vehicle alone or untreated mice. The number of offspring or adults necropsied at 6 months after ENU treatment is listed.

Dose of ENU (mg/kg)

50 25 10 Vehicle Untreated

Age treated Male Female Male Female Male Female Male Female Male Female

GestationdayGestation
dayGestation
dayAdults1013153018181716252518191416181317129111314181721129241181214141616171814

Table 2 Tumors other than lung and liver tumors found 6 months after ENU treatment

DiagnosisRenal

cellpapillomaCapillary
hemangiomaCavernous
hemangiomaGranulosa

celltumorGranulosa
celltumorInterstitial
celltumorFibrosarcomaSalivary

glandcarcinomaSquamous
cellcarcinomaLymphosarcomaOrganKidneyUterusUterusOvaryOvaryTestesRear

legSalivary
glandStomachMultiorganTreatment

groupGestation

day 13, 50 mg/kg,maleGestation
day 13, 25 mg/kg,maleGestation
day 13, 25 mg/kg,maleGestation
day 13, 50 mg/kg,femaleGestation
day 10, 50 mg/kg,femaleGestation
day 15, 10 mg/kg,maleAdult,

vehicleAdult,
50mg/kgAdult,
50mg/kgAdult,
10 mg/kgNumber

found"1121111111

" A total of 11 tumors, not of the lung or liver, were found out of the 1405 tumors found after ENU treatment.
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Fig. 1. Total tumors per mouse (multiplicity). The total tumor response
represents predominantly pulmonary adenomas (61% of all tumors) plus hepa-
tocellular adenomas (38% of all tumors). In addition, less than 1% of total tumors
were of other histological classifications. A, total tumor multiplicity of transpla-
centally exposed mice (abscissa) versus stage of gestation when the mother was
injected with ENU (ordinale); B, total tumor multiplicity of transplacentally
exposed mice (abscissa) versus the dose of ENU received by the mother. In each
graph the tumor multiplicity of the pregnant mice exposed as adults is also
included. U, untreated controls; V, vehicle treated controls.
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Fig. 2. Total mice with tumors (incidence). The total number of mice trans
placentally exposed to ENU (abscissa) that had tumors irrvu.v the stage of
gestation when the mother was injected (ordinate). The number of tumors found
in the pregnant mice exposed as adults is also included. Of all tumors identified
in this study, 61% were pulmonary adenomas, 38% were hepatocellular adenomas,
and less than 1% represented various tumors of different histological classifica
lions. U, untreated controls; V, vehicle treated controls.

multiplicity (number of tumors per animal, Fig. 2) above con
trols at the highest dose (50 mg/kg) of ENU. In contrast, ENU
exposure on gestation days 13 and 15 resulted in large and
statistically significant increases in tumor incidence and multi
plicity at all doses with a maximal response found on gestation
day 15. The adult tumor response is much lower than that
observed in mice exposed to ENU on gestation day 15. The
lung and liver tumor incidence and multiplicity data as well as
unique morphological differences in these tumors that are de
pendent on the stage of gestation when ENU exposure occurs
will be reported separately.

Biodistribution of Radiolabeled ENU. The distribution of

radiolabel in maternal tissues and fetuses 30 min after i.p.
injection of ENU, labeled in the ethyl moiety, is presented in
Table 3. From these data it is evident that high but variable
quantities of radiolabel are deposited in the urinary bladder,
cecum, and colon compared to the other tissues examined. The
urinary bladder was removed and homogenized with the content
of urine included. Some bladders contained greater volumes of
urine than others. Likewise, the cecum and colon of these mice
were frequently filled with large but variable quantities of in
gesta, which were weighed along with the organ, and thus
imparted variation. For almost all other tissues, including fe
tuses removed on gestation days 10, 13, or 15 the distribution
of radiolabel is equivalent. The only exception to this is body
fat which had a markedly lower content of radiolabel than all
other organs evaluated.

Total Radioactivity Bound to DNA. The amount of radiola-
beled ENU that covalently binds to DNA was calculated from
the dpm/mg DNA measured. This was done using the assump
tion that the specific activity of the ENU that reacts with the
DNA is the same as the specific activity of the ENU injected
into the mother. Total binding of ENU to DNA was therefore
expressed as pmol ENU/mg DNA (Fig. 3).

Fetuses exposed to radiolabeled ENU transplacentally on

Table 3 Biodistribution of radiolabeled ENU
Total radioactivity expressed as dpm/mg of tissue in maternal organs and

whole fetuses 30 min after the mother was given an injection of radiolabeled
ENU (50 mg/kg, -10 *C\).

OrganUrinary

bladderColonCecumLiverKidneyPancreasFetus

day10Â°Small

intestineSpleenHeartFetus

dayISUterusStomachLungSkeletal

muscleBrainFetus

day13FatN13131313261331313134312121312122611dpm/mg

tissue
(mean Â±SE)1449

Â±1989178
Â±184176

Â±254135
Â±39116
Â±20112

Â±18110Â±8107

Â±18106Â±
121(10

*1297
Â±991

Â±1190
Â±1689
Â±1186
Â±1282
Â±1078

Â±538
Â±10

" All fetuses from each of three pregnant mice were pooled.
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TISSUE

Binding of radiolabeled ENU expressed as pmol ENU/mg DNA
(abscissa) to the DNA of maternal organs and whole fetuses 30 min after the
pregnant mothers were given injections of titrated ENU (50 mg/kg, ~333 pdf
mouse). Statistically significant differences (/' S 0.05) between groups were
determined by analysis of variance. Number of samples: maternal liver, N = 32;
maternal lung, N = 31', maternal brain, N = 32; day-15 fetus, N = 62; day-13
fetus, N = 52; day-10 fetus, N = 10. A total of 95 day-10 fetuses were used. (Each
sample was a pool of 8-20 fetuses from 1-4 litters.)
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gestation days 10,13, or 15 are similar to each other (P < 0.05)
in ENU-DNA covalent binding. The DNA from maternal tis
sues had significantly (P < 0.05) higher binding than fetal DNA
with the exception of the difference between maternal brain and
day-10 fetuses. All maternal tissues were significantly (P <
0.05) different from each other. Maternal liver had a 4-fold
higher binding level than that of fetuses. No differences were
found in the proportion of ENU-DNA binding in maternal
liver, lung, and brain between pregnant mice exposed on days
10,13, or 15 of gestation. This suggests that ENU distribution
in the maternal tissues was not significantly affected by the
stage of gestation on which ENU was injected.

ENU-DNA Adducts. The most specific evidence for the re
action between the ultimate carcinogenic form of ENU and
DNA purified from maternal tissues and fetuses is the isolation
of ethylated bases from hydrolyzed DNA. It was necessary to
determine the proportion of radiolabel present in unmodified
bases relative to the ethylated adducts since the radiolabel could
be incorporated into DNA during Je novo synthesis. The total
radioactivity bound to DNA serves as a measure of ENU bound
to DNA only if the radioactivity is predominantly present as a
carcinogen-DNA adduct.

All samples of DNA from maternal liver (N = 6), lung (N =
7), and brain (N = 7) and fetal DNA (N = 3 each) from days
10, 13, and 15 of gestation had detectable and significant
radioactivity associated with adducted bases and not the intact
base alone. The vast majority of the radiolabel was present as
the adducts Cf- and .V-ethylguanine. Fig. 4 is a chromatogram
of a day-13 fetus and is typical of the results obtained for all
maternal tissues and all fetuses. A substantial amount of radio
activity was also present as unresolved oligonucleotides which
elute early. The only resolved base in this preparation was
adenine which was unlabeled. It was concluded that at least

IODOr

800

eoe

400

zoo

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
FRACTIONNO.

Fig. 4. Representative high-performance liquid chromatogram of an acid
hydrolysate of DNA from a fetus isolated 30 min after transplacental exposure
to titrated ENU (SOmg/kg, 4.2 Â«tCi/mouse).The radioactivity expressed as dpm
above background (abscissa) for fractions (ordinate) of the eluate is superimposed.
The identity of the UV peaks of nonradioactive standards of bases and ethylated
adducts are indicated except for the nonradiolabeled guanine standard which is
incorporated into the oligonucleotide peak. This fetus was exposed on gestation
day 13. Dashed line, dpm; solid line, UV.

during 30 min between injection of radiolabeled ENU and
harvesting of the tissues, the only detectable radioactivity which
bound covalent ly to DNA is in the form of ethyl adducts and is
not incorporated into DNA through Je novo synthesis.

DISCUSSION

We have shown that, compared to controls, transplacental
ENU administered on gestation day 10 induces only a very
small though statistically significant increase in tumor response
(incidence and multiplicity) in C3HeB/FeJ mice, but a very
large and significant increase in tumor response when exposure
occurs on gestation days 13 and 15. This pattern is typical of
that previously reported for direct-acting carcinogens in other
rodent species and mouse strains (2, 3, 27). Transplacental
ENU exposure on gestation day 15 caused an increased multi
plicity of lung and liver tumors in the offspring that was 10
times higher than the maternal tumor response in these organs.

In contrast to the marked differences in tumor numbers
induced by ENU, depending on the stage of gestation (days 10,
13, or 15), we did not find variation in the level of ENU-DNA
binding at these time points. This is true even very early in
gestation (day 10) when only a minimal tumor response is
detected. We can conclude from these results that the distribu
tion of ENU in the mother's body and the level of exposure

that occurs due to passage of the carcinogen across the placenta
are not responsible for the differences in the number of tumors
induced at different stages of gestation or for the apparent
inability to induce tumors when the carcinogen is given prior
to midorganogenesis.

The preponderance of tumors induced in mice exposed to
ENU as fetuses or as adults occurred in the liver and lung,
although in the adults fewer total tumors were induced. The
question of whether selective binding of ENU to fetal lung and
liver is responsible for the high proportion of tumors induced
in these organs is not answered by our data since we measured
ENU-DNA binding to total fetal DNA. The sensitivity of the
lung and liver to tumor induction is probably not due entirely
to selective ENU-DNA binding in these organs, i.e., in the
adults, binding in the lung, liver, and brain did not correlate
well with tumor induction. Binding in the adult brain was
similar to that of the lung, yet no brain tumors were found.

Because ENU causes a high incidence of stage-specific eni-
bryotoxicity and teratogenicity in mice and rats when injected
into the pregnant animal early in gestation (28), it has been
concluded that the carcinogen must reach the fetus early in
gestation. The pathogenesis of embryotoxicity and teratogen
icity does not necessarily require the presence of the carcino
genic form of the chemical, however. We suggest that such a
conclusion, based solely on this indirect evidence, is unwar
ranted.

To quantitate fetal exposure to direct-acting carcinogens
following transplacental administration, several investigators
have measured the amount of carcinogen binding to fetal DNA.
This has usually been done at only one time period, late in
gestation, when transplacentally administered carcinogens are
known to produce tumors at very high levels (16, 18-22, 28).
These experiments showed that between days 15 and 21 of
gestation in the rat the direct-acting carcinogens bind to fetal
DNA at the same or at slightly lower levels than the mother.
Only two reports deal with the level of carcinogen-DNA binding
earlier in gestation, one dealing with methylnitrosourea in the
mouse on gestation day 12 (17) and the other using ENU in
the rat on gestation days 11,13, and 16 (23). In both cases they

351

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2428746/cr0470020348.pdf by guest on 19 M

ay 2023



TRANSPLACENTAL EMU BINDING TO FETAL DNA

also found that even early in gestation these direct-acting car
cinogens are distributed to the fetus at levels similar to those
found later in gestation, although no correlated data on tumor
response to these exposures were included.

A review of the transplacental DNA binding literature for
direct-acting carcinogens reveals that while the general conclu
sion that direct-acting carcinogen distribution does not play a
major role in the size of the transplacental tumor response, the
order of relative binding to fetal and maternal DNA is not
consistent in all experiments. In some studies the binding to
the DNA of whole fetus equals or exceeds that of maternal liver
or other maternal tissues (17, 21, 23), while in other experi
ments carcinogen-DNA binding in maternal liver and often
other maternal tissues exceeds that found in the fetus (16, 18-
20). In almost all experiments the differences in binding do not
exceed 2-3-fold. A careful survey of the type of carcinogen,
route of administration, vehicle, or age of the fetus fails to
explain these differences. In addition it does not appear to
depend on the techniques of DNA isolation or the techniques
used to quantify carcinogen-DNA binding (i.e., radioimmu-
noassay versus radioactive tracer studies).

The equivalent binding of ENU to fetal DNA at develop
mental stages, when transplacental ENU exposure does not
cause a measurable increase in tumors, indicates that factors,
other than the level of ENU reaching the fetus, modulate tumor
response in the fetus.
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