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ABSTRACF

Transplacental exposureof fetusesto carcinogensis kno@i to induce
tumors in the offspring, often with a high incidenceand short latency.
While covalent adduction of DNA appears to be essential for tumor
initiation, little is known about the binding of carcinogens to the DNA of
fetal tissues. A sensitive32P-postlabelingmethod enabled us to study the
binding of the environmental carcinogens safrole (600 Mmol/kg p.o.), 4-
aminobiphenyl (800 @imol/kg), and benzo(a)pyrene (200 ,anol/kg) to the
DNA of various maternal and fetal tissues after administration of test
carcinogens to pregnant ICR mice on day 18 of gestation. The results
show that these carcinogens bound to the DNA of maternal and fetal
liver, lung, kidney, heart, brain, intestine, skin, maternal uterus, and
placenta, with organ-specificquantitative and qualitative differences. It
waspossiblefor the first timeto analyzeDNA adductpatternsin minute
amounts of tissue, for example those available from fetal heart. The
covalent binding index (imol adducted nucleotides per mol of DNA
nucleotides/@imolcarcinogenadministered per g body weight) 24 h after
safrole treatment was estimated for the different organs and ranged from
0.1 to 247 and 0.1 to 5.8 for maternaland fetal DNA, respectively.
Covalent binding index values of 0.2 to 13 and 0.1 to 0.3 for maternal
and fetal DNA, respectively, were found for 4-aminobiphenyl.
Benzo(a)pyrene treatment yielded covalent binding index values ofO.6 to
6.5 and 0.3 to 0.7 for maternal and fetal DNA, respectively. In both
maternal and fetal tissues, safrole exhibited preferential binding to liver
DNA. 4-Aminobiphenylbound preferentially to DNA of maternal liver
and kidney but showed no preference among fetal tissues. Benzo(a)pyrene
exhibited weak tissue preference in both maternal and fetal organs. For
all of thecompoundsstudied,thefetaladductlevelsweregenerallylower
than the corresponding maternal adduct levels, especially when the level
of maternaladductionwas high. The major finding was that several
carcinogensof diverse structure or their metabolites readily crossed the
placenta and gave rise to DNA adducts in fetal organs. The resulting
DNA damage in rapidly proliferating tissues may play a critical role in
transplacental carcinogenesis.

INTRODUCTION

More than 50 chemicals havebeenfound to be transplacental
carcinogens in eight animal species(2â€”7)and in humans (8, 9),
following the pioneering observation of transplacental pulmo
nary tumor induction by urethan (10). This suggests a possible
origin of tumor initiation during the prenatal period (11). Fetal
tissues are highly sensitive to some carcinogens (2, 3, 12â€”17).
Because of increased DNA synthesis and cell proliferation rates
during perinatal development, the threshold dose required for
tumor initiation during this period may be lower than in adults,
as shown by a 50-fold increase in neuro-oncogenesis by the
direct-acting ethylnitrosourea in fetal compared with adult rat
brains (18). However, an extrapolation of this observation to
other classesof carcinogens requiring metabolic activation has
not been possible (3, 7, 19â€”21)because of the differential
maturation of drug-metabolizing enzymes during perinatal de
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velopment (22, 23). Therefore, a given dose of a carcinogen
may yield different amounts of reactive ultimate carcinogen
and, consequently, different levels of covalent binding to DNA
in an organ, depending on developmental stage. Since DNA
adduction is believed to be a prerequisite for tumor initiation,
it may be possible to evaluate susceptibility to tumor formation
during the perinatal period by measuring promutagenic DNA
lesions.

A paucity of information exists on the covalent DNA binding
of carcinogens in fetal tissues, since most conventional fluoro
metric, radiometric, and spectrophotometric methods are in
adequate to measure the levels of adducts found in vivo. Fur
thermore, someof thesemethods require mg quantities of DNA
for analysis. Therefore, to assessthe susceptibility to carcino
genesis during the perinatal period, an in vitro fetal microsome
mediated mutagenesis assay (24â€”26)and a sister chromatid
exchange assay using cultured embryo cells (27) were used.
These experiments have provided information on fetal compe
tence in drug metabolism. However, in vitro assaysfail to take
into account the importance of maternal and placental factors
in transplacental carcinogenesis. Using radioactive test carcin
ogens, the binding of ethylnitrosourea (28), methylnitrosourea
(29â€”31),BP3 (32, 33), and DMBA (34) to DNA in some fetal
tissues has been shown. However, comparison between the
corresponding maternal and fetal tissues was limited to those
organs (liver, brain, and kidney) from which sufficient quantities
of fetal DNA could be obtained (28, 30, 31, 34).

In the present paper, a recently developed 32P-postlabeling
test for the analysis of DNA adducts formed with non-radio
active carcinogens (35â€”39)which requires only microgram
quantities of DNA was used to study DNA adduction in eight
maternal and seven fetal tissues and in placenta, elicited by
exposure to the known environmental carcinogens safrole, 4-
ABP, and BP (40). Safrole (41) and BP (42, 43) have been
shown to be transplacental carcinogens in mice. While this has
not been determined for 4-ABP, another aromatic amine deny
ative, 2-acetylaminofluorene, is a known transplacental carcin
ogen (44). In view of the possible in utero exposure of human
fetusesto the three chemicals studied here and the very limited
knowledge concerning their interactions with fetal DNA, a
systematic study of their binding to the DNA of maternal and
fetal organs was conducted.

MATERIALS AND METHODS

Chemicals. BP, 4-ABP, and trioctanoin were obtained from Sigma
ChemicalCo., St. Louis, MO. Safrolewaspurchasedfrom Aldrich
ChemicalCo., Milwaukee,WI. (Â±)BPDE I and (Â±)BPDE II were

3 The abbreviations used are: BP, benzo(a)pyrene; 4-ABP, 4-aminobiphenyl;
BPDE I, (Â±)
BPDE II, (Â±)
DMBA, 7,12-dimethylbenz(a)anthracene;dpGp-C8-(N4-ABP),
phate of N-(deoxyguanosin-8-yl)-4-aminobiphenyl; dpGp-N2-(C3-ABP), 3',S'-
bisphosphateof3-(deoxyguanosin-N2-yl@4-aminobiphenyl;dpGp-N2-(C10-BPT),
3',S'-bisphosphate of l0@-(deoxyguanosin-N2-yl)-7fi,8a,9a-thhydroxy-7,8,9,1O-
tetrahydrobenzo(a)pyrene;PEI-cellulose,polyethylenimine-cellulose;TLC, thin
layer chromatography; D, direction or directional; C18, octadecylsilane; RAL,
relative adduct labeling; CBI, covalent binding index (pmol adducts per mol
DNA-P/@tmolcarcinogenper g bodyweight);IF, intensificationfactor.
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Table I Intensijlcationfactorsfor safrole-, 4-ABP-, andBP-DNAadducts(RAL)

wasobtained by labelingunder intensificationconditionsat 1.7MMI-y
32PJATP(4000 Ci/mmol), 400 @MDNA-P. RAL was derived by labelingunderstandard

conditions at 120 zM ATP (110 Ci/mmol), 100 @iMDNA-P(39).Carcinogen

AdductÂ° (RAL) x l0@ RAL x 10@IFbSafrole

1 9947Â±1206c 1102Â±1679.02
3499Â±262 348Â±6210.13

310Â±121 30.4Â±2.610.24-ABP

1 204 Â±22 95 Â±5.52.12
130Â±26 7.9Â±0.816.53

25.5 Â±13.3 1.6 Â±0.215.94
13.3Â±5.2 1.2Â±0.511.1BP

1 21.7Â± 1.6 3.0Â±0.77.22
45.3Â±4.1 7.0Â±0.96.53
18.3Â±3.0 1.0Â±0.518.34
3.3Â±0.6 1.5Â±0.62.25
7.5Â±1.5 0.4Â±0.1 18.7

32P POSTLABELING ASSAY OF FETAL DNA DAMAGE

purchased from Midwest Research Institute, Kansas City, MO. All
other materials used were as described previously (38, 45).

Animals and Treatment. Male and female ICR mice (25â€”30g) were
obtained from Harlan Co., Houston, TX. They were housed in steel
cages in rooms with temperature control (20â€”22'C) and a 12-h dark!
light cycle.The micewerefedFormulablaboratorychowandprovided
with tap water ad libitum. Mating was performed once between 4:30
p.m. and 8:00 a.m. Only female mice with positive vaginal plugs were
usedfor experiments. The day a positive plug wasfound wasdesignated
as day 0 of pregnancy.The gestationalperiod for ICR mice was
approximately 19 days. Pregnant mice (2â€”4per group, â€”50 g) were
treated p.o. with safrole (600 @imol/kg),4-ABP (800 @mol/kg),or BP
(200 @mol/kg)dissolved in trioctanoin (4 mI/kg) between 9:00 and
11:00 a.m. on day 18 of gestation. The mice were killed by cervical
dislocation 24 h after carcinogen treatment. Fetuses (male and female)
were removed by cesarean section, euthanized with CO2, and kept at
â€”80Cuntil tissue isolation.

In Vivo Modificationof DNA with BPDEI or BPDEII. Dorsalskin
of non-pregnantfemaleICR micewasshavedwith electricclippersand
painted with 150 @gof(Â±)BPDE I or (Â±)BPDE II dissolved in 0.2 ml
ofacetone containing 10%tetrahydrofuran. Mice were killed 24 h later
by cervical dislocation, and DNA was isolated from treated whole skin.

32P-Postlabeling Analysis of DNA Adducts. DNA was isolated by a
procedureinvolvingproteinandRNA digestionandsolventextraction
(39). DNA adducts were analyzed by 32P-postlabeling assay (35â€”38)
with some modification (39). Labeling was done under carrier-free
intensification conditions (using a limiting amount of ATP) (39) or
under standard conditions (using excess ATP) (35, 36). The labeling
mix contained 400 @M(deoxyribonucleoside 3'-monophosphate + ad
ducted deoxyribonucleoside 3'-monophosphate), 1.7 @M[-y-32PJATP
(4000 Ci/mmol) for the former and 100 @M(deoxyribonucleoside 3'-
monophosphate + adducted deoxyribonucleoside 3 â€˜-monophosphate),
120 MMATP (1 10 Ci/mmol) for the latter conditions. The intensifica
tion conditionswereusedhereprimarily, becausea greatersensitivity
(â€”10-fold,see Table 1) was achieved by omitting non-radioactive ATP
from the 32P-labeling mixture and performing the labeling reaction with
limiting amounts of high specific activity [â€˜y-32PJATP,as detailed else
where(39). The adductlevel valuesobtainedunder theseconditions
((RAL)) were then divided by an IF to yield adduct levels (RAL)
equivalent to those determined under standard labeling conditions (39).
To obtain the IFs, a highly adducted DNA preparation from each
carcinogen treatment was labeled under intensification as well as stand
ard conditions (39). The IF was then defmedas (RAL)/RAL (39).
Table 1 shows the IFs used for deriving the adduct levels for the 3

carcinogens studied here. The IFs for individual adducts did not vary
overa l0@-foldrangeof adductlevels(39).

Mapping of32P-labeled Adducts. Because the three carcinogens stud
iedherehavedifferentdegreesof aromaticcharacter,whichdetermines
their binding affinity for PEI-cellulose, the chromatographic conditions
for both adductpurification and separationwereadjusted.Adducts
formed from safrole, the least aromatic compound, were found to have
the least affinity for PEI-cellulose TLC; it was therefore necessary to
purify the adducts by reversed-phase TLC (C18)(45). In the case of 4-
ABP and BP adducts, purification by PEI-cellulose TLC was adequate
(38). A modification of this procedure, which was found convenient
and which also resulted in reduced radioactive background levels, was
used in the present work, as shown in Fig. 1. A fraction (71%) of the
32P-labeled digest was applied at 2 cm from the bottom ofa 14-cm PEI
cellulose sheet. Several labeled digests were applied on one sheet, 1.5â€”
2 cm apart from each other. To remove normal nucleotides, develop
mentwasperformedovernightwith 2.4 M sodiumphosphate,pH 6.0,
onto a 20-cm Whatman 1 wick attached to the top. The sheet was then
cut @-10cm from the bottom, and its upper portion and the wick were
discarded.The lower portion wassoakedin 500 ml deionized water for
5â€”7mm and dried with cool, then warm air. The sheet was autoradi
ographedfor 10â€”15mm at room temperatureusingDu Pont Cronex
4 film to visualize the origin areas. The shaded areas (0.8 cm wide and
1.5â€”2.5cm long; see Fig. 1) were cut out and placed in contact, layer
againstlayer,with a PEI-celluloseacceptorsheet(12x 12cm;seeFig.
2). During subsequent development for adduct resolution (D3; see Ref.
37), this assembly was held together between button type magnets,
enablingquantitativetransferof nucleotidesfrom thedonorcut-outto
the acceptor layer. The previously described development in D2 (37)
was omitted.

Because of the different adduct aromaticities, the solvent strengths
used for adduct separation in D3 and D4 were adjusted. Chromato
graphic conditions for safrole and BP adducts were essentially as
described (38, 45). For 4-ABP adduct separation, 3.0 M lithium for
mate:7.1 M urea, pH 3.5, was used in D3, followed by 0.6 M LiCl:0.4
M Tris-HCI:6.4 M urea, pH 8.0, in D4, i.e., at a right angle to the
previous development. An additional development in 1.0 M sodium
phosphate, pH 6.8, was performed in D4 to 7 cm onto a Whatman 1
wick for removalof radioactivebackgroundmaterialfrom chromato
gramsof4-ABP- or BP-adducts.The 32P-labeledadductswere detected
by autoradiography ofthe chromatogram and then assayed by excising
and counting the areascontaining adduct spots for radioactivity in a
scintillation counter, as described (37).

For identification of BP adducts,32P-labeleddigestsof selected
DNAs of mice treated with BP and of skin DNAs of mice treated
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Fig. 1. Scheme ofadduct purification by one-dimensional PEI-cellulose TLC.
32P-Labeled DNA digests were applied at least 1.5 cm apart to the origins (Aâ€”C)
of a 14-cm PEI-cellulose sheet. Normal nucleotides were removed by chromatog
raphy in 2.4 Msodium phosphate, pH 6.0, overnight onto a Whatman 1 wick, as
indicated(Dl). Origin areas containingpurified adducts (shadedareas) werecut
out and used for subsequentadduct separation (seeFig. 2).

Safrole adductsl,2, and 3 from maternal liver DNA were identifiedas
(trans-isosafrol-3'-yl)dpGp, M-(safrol-l'-yl)dpGp, and M-(trans-isosafrol-3'-
yl)dpAp,respectively.4-ABPadductsI and 2 from maternalliver DNA were
identifiedas dpGp-C8-(N4-ABP)and dpGp-N2-(C3-ABP),respectively. The ident
ities of the remaining spots were not known, but they may be ring-opened
derivatives of adduct 1. BP adduct 1 from maternal intestine DNA was identified
as dpGp-N2-(Cl0-BPT). The remaining spots were not derived from either BPDE
I or BPDE II.

b IF, intensification factor = (RAL)/RAL.
C Mean Â± SD.
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was found to bind to all DNAs analyzed without any significant
differences in the relative proportions of adducts, spot 1 being
the major adduct (>70%). Among maternal and fetal tissues,
safrole binding varied up to 2500-fold and 50-fold, respectively,
with liver DNA being affected most strongly and brain DNA
least strongly. In several tissues, safrole bound more highly to
maternal DNA than to the corresponding fetal DNA, exhibiting
the greatest difference (42-fold) in liver but little difference in
lung, brain, and intestine. Very low binding (CBI @.-0.2)to DNA
of placenta and maternal uterus was also detectable. Adducts
were not determined in fetal uterus.

4-ABP Adducts in Maternal and Fetal DNAs. Typical finger
prints derived from the DNA of maternal and fetal organs after
4-ABP treatment are shown in Fig. 4. Maternal liver and kidney
(Fig. 4, A and B) gave darker spots than did the corresponding
fetal tissues (Fig. 4, C and D). Spots 1 and 2 were identified
previously as dpGp-C8-(N4-ABP) and dpGp-N2-(C3-ABP), re
spectively (38, 47). Spots 3 and 4 might be the imidazole ring
opened derivatives of adduct 1 (data not shown).

As shown in Table 3, 4-ABP bound to DNA from all maternal
and fetal tissues analyzed, with spot 1 being the major adduct
(80â€”90%of total) at the time point examined. In maternal
tissues, 4-ABP bound most strongly to DNA ofliver and kidney
and least strongly to brain DNA (range of binding, â€˜-.â€˜70-fold).
On the other hand, little preferencewas observedfor individual
fetal tissues (range of binding, <4-fold). 4-ABP bound more
strongly to some maternal tissues than to the corresponding
fetal tissues, especially in kidney (70-fold) and liver (48-fold),
while maternal and fetal DNA-binding values were similar for
brain and lung. Placental DNA showed low levels of 4-ABP
adducts.

(B) BP Adducts in Maternal and Fetal DNAs. 32P fingerprints of

DNA adducts from maternal and fetal organs ofmice 24 h after
administration of BP are shown in Fig. 5. In contrast to the
other two compounds investigated, adduct patterns varied
greatly among the maternal organs studied, as illustrated by
examples shown in Fig. 5, A to D. Little variation was noted,
on the other hand, among the fetal DNAs (Fig. 5, E to H). Spot
1 was identified as dpGp-N2-(C10-BPT) (see below). Identities
of the remaining spots were unknown.

Quantitative data ofthe covalent binding of BP to DNA from
various maternal and fetal tissues are listed in Table 4. Among
maternal tissues, total BP-DNA binding varied up to 10-fold,
while the major adduct (No. 1) varied <2.4-fold. The number
and relative proportions ofthe BP adducts obtained were tissue
dependent, with the most complex pattern noted for intestinal
DNA (Fig. SC). Spot 1 was the major spot, except for intestinal
DNA, where spot 2 predominated. Among the various fetal
tissues,BP adduct levelsvaried <1.8-fold in terms ofboth total
and adduct 1 binding. Spot 1 was the major adduct in all fetal
DNAs and, in most cases, it was the only spot detected. Total
fetal adduct levels were 1.6â€”15-foldlower than were the come
sponding maternal levels. However, the amount of adduct 1 in
all fetal tissues investigated was -â€˜-3-foldlessas compared with
the corresponding maternal DNA, except for a 1.6-fold differ
ence observed between maternal and fetal brain DNA. BP
bound to placental DNA at a slightly higher level than it did to
the other fetal DNAs.

In an attempt to identify the spots obtained from BP-DNA
(Fig. 5), 32P-labeleddigests of intestinal DNA of BP-treated
pregnant mice were co-chromatographed with 32P-labeledBP
DNA adduct markers, which were prepared from the skin of
mice treated topically for 24 h with BPDE I or BPDE II. The
results ofco-chromatography are shown in Fig. 6. Fig. 6, A and

32P POSTLABELING ASSAY OF FETAL DNA DAMAGE
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Fig. 2. Scheme for adduct separation by two-dimensional PEI-cellulose TLC.

A cut-outcontainingthe origin area(Fig. I) wasattachedto an acceptorPEI
cellulose sheet (12 x 12 cm) with the aid of 2 button-type magnets for contact
transfer of adducts. Adduct separation was performed by development in Li
formate/urea, pH 3.5 (D3), followed by LiC1/Tris-HCI/urea, pH 8.0 (D4).

topically with (Â±)BPDE I or (Â±)BPDE II were mixed and co
chromatographed. Chromatographic conditions were as described
above for BP adduct analysis, except that the solvent for D4 develop
ment was a mixture of 2-propanol and 4 N NH.OH (1:1, vol/vol).

Estimation of Extent of DNA Adduction. The count rate (cpm) of
eachdetectableadductspot wasevaluatedas described(37, 38, 45).
RAL was calculated according to the formula (39):

RAL â€”cpm in adducted nucleotides mol of adducts (A)
â€” cpm in total nucleotides x IF mol of DNA-P

TheCBI wascalculatedby:

CBI â€”@imoladducted nucleotides/mol DNA-P PAL x 10'
â€” Dose (pmol carcinogen/g body weight) Dose

RESULTS

The three environmental carcinogens, safrole, 4-ABP, and
BP, were found by 32P-postlabeling assay to bind covalently to
DNA of maternal and fetal liver, lung, kidney, heart, brain,
intestine, and skin, as well as to maternal uterine and placental
DNA. Fetal adduct levels were generally lower than were ma
ternal adduct levels. The assayenabled us to detect and quan
titate DNA adducts in minute amounts of tissue available such
as fetal heart, with six fetal hearts (wet weight, <10 mg) yielding
-@-70@tgDNA. This was more than sufficient for replicate adduct
analysis, which required a total of <15 @tgDNA.

$afrole Adducts in Maternal and Fetal DNAs. Fig. 3 shows
typical fingerprints of safrole-DNA adducts, derived from ma
ternal and fetal organs. Fingerprints of safrole adducts were
qualitatively similar in all examples shown (Fig. 3, Aâ€”F), as
well as in the other maternal and fetal organs investigated (not
shown). Spots 1, 2, and 3 were identified previously as N2-
(trans-isosafrol-3'-yl)dpGp, N2-(safrol-1 â€˜-yl)dpGp,and N6-
frrans-isosafrol-3'-yl)dpAp (45, 46). Spot 4 was a small amount
of a 3'-dephosphorylated derivative of spot 1 (data not shown);
thus, for calculations, count rates of this spot were added to
those of spot 1. The extent of dephosphorylation varied with
batches of C18reversed-phase TLC plates. Fig. 3, A and D,
represents autoradiograms exposed for -@-45mm, while auto
radiography for the other samples was for 32 h at â€”80Â°C.
Inspection of the autoradiograms suggeststhat adduct levels in
maternal and fetal liver exceededthose in the other tissues.

Quantitative data of adduct levels and CBI values for various
maternal and fetal organs analyzed are given in Table 2. Safrole
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TissuesOrigin4PAL

xl0@'RAL,@,JRAL,CBrSpot

ISpot 2Spot3TotalLiverM

F1
102 Â±167'

26.4 Â±3.6348
Â±61.5

7.5 Â±1.130.4
Â±2.6

1.0 Â±0.241480
Â±154

35.0 Â±3.142.32475.8LungM

F2.1
Â±0.23

1.9 Â±0.320.79
Â±0.13

0.41 Â±0.250.13
Â±0.12

0.14 Â±0.153.0
Â±0.44

2.5 Â±0.581.20.500.42KidneyM

F4.1
Â±0.34

1.3Â±0.181.4Â±0.16 0.37Â±0.140.21
Â±0.11

0.12Â±0.065.7Â±0.59 1.8Â±0.353.20.950.30HeartM

F2.6
Â±0.40

1.2Â±0.371.1
Â±0.52

0.37Â±0.100.07
Â±0.01

0.18Â±0.073.7
Â±0.84

1.7Â±0.462.20.620.28BrainM

F0.49
Â±0.05

0.56Â±0.190.07
Â±0.04

0.09Â±0.080.04
Â±0.01

0.03Â±0.030.60
Â±0.08

0.69Â±0.270.80.100.12IntestineM

F1.5
Â±0.21

1.1 Â±0.420.36
Â±0.13

0.32Â±0.110.08
Â±0.02

0.04Â±0.012.0
Â±0.35

1.5Â±0.521.30.330.25SkinM

F5.1
Â±0.64

0.71 Â±0.141.6
Â±0.53

0.16Â±0.080.26
Â±0.08

0.04Â±0.026.9
Â±1.1

0.92Â±0.227.51.20.15UterusM'1.0

Â±0.070.34 Â±0.050.05 Â±0.01.4 Â±0.020.23Placenta1.2

Â±0.250.17 Â±0.060.02 Â±0.021.4 Â±0.010.23
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Fig. 3. Fingerprints of â€œP-labeledsafrole
DNA adducts from variousmaternal and fetal
mouse organs treated on day 18 of gestation
with safrole (600 gimol/kgp.o.) for 24 h. Ad
ducts were purified by C13reversed-phase TLC
and separatedby 1.8 M Li formate/4.25 M
urea, pH 3.5 (D3) and 0.36 M LiCI/0.22 M
Tris-HCI/3.8 M urea, pH 8.0 (D4) (45). Spots
1.2, and 3 representN2-(trans-isosafrol-3'-yl)-
dpGp, N2-(safrol-l â€˜-yl)dpGp,and N'-(trans
isosafrol-3'-yl)dpAp.Spot 4 is a dephospho
rylated derivative of spot 1. Weak spots are
circled. Autoradiography at â€”80Â°Cwas for 45
mm (A and D) or 32 h (B, C, E, and F).
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Table 2 Safrole-DNAadduct levelsin variousmaternal andfetoJ tissues
Eachpregnantmousewasgivensafrole(600 @mol/kgp.o.)onday18ofgestation,andDNA wasisOlated24h later.

aM,maternaltissue;F,fetaltissue.
aFordefinitionseeTable1.
CCBI = @smoladducts per mol DNA.P/pmol carcinogen per g mouse.
d Mean Â± SD.

V Adduct level in fetal uterus was not determined.

B, shows that BPDE I and BPDE II treatment each resulted in

one major adduct (>98%), spots a and c, respectively. The
solvent used for D4 of the chromatograms shown in Fig. 6 was
a 1:1 (vol/vol) mixture of 2-propanol and 4 N NI{.OH, replac
ing the previously published LiCI/Tris/urea solvent (38) be
causeof better resolution of the major BPDE I adduct (spot a)
from the major BPDE II adduct (spot c) (Fig. 6C). Fig. 6D
shows a 32P-labeled adduct pattern of BP-DNA from mouse
intestine in this system. Since development in D3 for the maps
shown in Fig. 6D and Fig. SC was performed in the same

solvent, spots shown in the two figures were cross-referenced
via their mobilities in D3 and by scintillation counting (data
not shown). It can be seen (Fig. 6D) that spot I migrated faster
in the 2-propanol/NHOH solvent than did spots 2 and 3. Fig.
6, E and F, exemplifies co-chromatography of BP adducts
obtained from intestinal DNA of pregnant mice (Fig. 6D) with
BPDE I (Fig. 6A) or BPDE II adducts (Fig. 6B) derived from
mouse skin. Adduct a (Fig. 6A) was found to co-chromatograph
with adduct I (Fig. 6D), as shown in Fig. 6E. Adduct c (Fig.
6B) did not co-chromatograph with any of the spots seen on

3049

MATERNAL KIDNEY MATERNAL BRAIN

E â€¢. F
Q..4

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2426340/cr0460063046.pdf by guest on 19 M

ay 2023



TissuesOrigin'RAL

x107bRALMJRALFCBICSpot

1Spot 2Spot 3Spot4TotalLiverM

F95.4
Â±55'

1.9Â±0.647.9
Â±0.84

0.16Â±0.041.6
Â±0.18

0.07Â±0.031.2
Â±0.45

NCC106
Â±3.1

2.2Â±0.6648.213.30.28LungM

F3.5Â±0.18 1.3Â±0.210.19Â±0.030.11 Â±0.010.10Â±0.050.03Â±0.010.13Â±0.09 NC3.8Â±0.31 1.4Â±0.202.70.480.18KidneyM

F72.9
Â±5.6

0.85 Â±0.143.9
Â±0.94

0.13 Â±0.051.5
Â±0.34

0.08 Â±0.020.85
Â±0.23

NC78.9
Â±6.4

1.1Â±0.1671.79.90.14HeartM

F7.7Â±0.83 0.46Â±0.140.46Â±0.020.06Â±0.010.16Â±0.010.06Â±0.010.14Â±0.02 NC8.4Â±0.81 0.57Â±0.1215.01.10.07BrainM

F1.3Â±0.20 0.72 Â±0.140.07Â±0.030.03 Â±0.010.04Â±0.020.05 Â±0.01NC NC1.5Â±0.20 0.80 Â±0.141.90.190.10IntestineM

F12.1
Â±0.51

0.85Â±0.110.78
Â±0.05

0.14Â±0.050.25
Â±0.04

NC0.27
Â±0.06

NC13.4
Â±0.51

0.99Â±0.1413.51.70.12SkinM

F12.7Â±
1.2

1.1 Â±0.220.52Â±0.110.08 Â±0.010.30Â±0.150.01 Â±0.00.34Â±0.180.02 Â±0.013.9Â±
1.4

1.2 Â±0.2311.61.70.15UterusM'5.4Â±0.170.22Â±0.050.17Â±0.050.07Â±0.015.8Â±0.170.73Placenta1.7

Â±0.420.15 Â±0.060.03 Â±0.01NC1.9 Â±0.360.24C

NC, not countable.

32P POSTLABELING ASSAY OF FETAL DNA DAMAGE

Similar observations were made for adduct I from all other
maternal and fetal organs of mice treated with BP (data not
shown). Chromatographic evidence thus indicated that adduct
1 was dpGp-N2-(C10-BPT) (48, 49). This was confirmed by co
chromatography in two additional solvent systems (data not
shown).

In order to facilitate a comparison of DNA binding of the
three carcinogensstudiedhere, the CBI valuesobtainedwere
arranged as shown in Fig. 7. A wider range of CBI values was
found for safrole or 4-ABP than for BP, but in general, in both
maternal and fetal DNA, liver was at or close to the top, and
brain was at or close to the bottom of the CBI scale. The CBI
values were usually higher for maternal DNA than for the
corresponding fetal DNA, but after safrole treatment, a consid
erable number of fetal tissuesexhibited higher CBI values than
did some maternal tissues (Fig. 7).

DISCUSSION

The 32P-postlabeling assay has been used in this study to
show that the carcinogens safrole, 4-ABP, and BP crossed the
placenta readily, giving rise to measurable DNA adducts in
every fetal tissue examined. DNA binding was also detected in
every maternal tissue analyzed. These observations may help
explain the reported transplacental carcinogenicity of safrole
(41) and BP (42, 43) in mice. The transplacental carcinogenicity
of 4-ABP was not known; however, unpublished experiments
showed that 4-ABP bound to fetal tissue DNA to a similar
extent as did a related transplacental hepatocarcinogenic aro
matic amine derivative, 2-acetylaminofluorene (44). The strong
preferenceof safrolefor bindingto fetal liver overkidneyDNA,
when administered as a single dose in late gestation, was not in
line with the reported transplacental renal carcinogenicity after
chronic administration throughout gestation (41). Safrole, how
ever,is a hepatocarcinogenwhengiven to newbornmice (50,
5 1). BP, administered as multiple doses during mid-gestation,
preferentially induced lung adenomas and, if promoted post
natally with croton oil, elicited skin papillomas in the offspring
(42, 43). We observed that BP bound to all fetal tissues to
similar extents. Taken together, our data suggestedthat initial

A B
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FETAL LIVER FETAL KIDNEY
Fig. 4. Fingerprintsof32P-labeled4-ABP-DNA adductsfrom various maternal

and fetal mouseorgans treated on day 18 ofgestation with 4-ABP(800 gimol/kg
p.o.) for 24 h. Adducts were purified by PEI-cellulose TLC(Fig. I) and separated
by 3.0 M Li formate/7.l M urea, pH 3.5 (D3) and by 0.6 M LiCl/0.4 M Tris.HCI/
6.4 Murea, pH 8.0 (D4). Spots I and 2 representdpGp-C8-(N'-ABP)and dpGp
N2-(C3-ABP), respectively. Spots 3 and 4 appeared to be the ring-opened deriva
tivesofadduct 1.Weakspotsarecircled.Autoradiographyat â€”SOTwasfor 3 h
(A and B) or 17 h (Cand D). Spots in upperright-handcornerofCand D were
notderivedfromadducts.

Fig. 6D (Fig. 6F). These results suggestedthat adduct 1 was a
derivative of BPDE I. As shown in Fig. 6, G and H, the major
BP-DNA adduct (spot 1) from maternal liver and fetal lung also
co-chromatographed with the BPDE I-derived adduct (spot a).

Table 3 4-ABP-DNA adduct levels (ML x 1O@)in various maternal andfetal tissues
Each pregnant mousewas given4-ABP(800 @mol/kgp.o.) on day 18 ofgestation, and DNA was isolated24 h later. For Footnotes a to e, see Table 2.
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TissuesOrigin'RALxI0@'RAL,@JRAL,CBrSpotISpot 2Spot 3Spot 4Spot5TotalLiverM

F2.6
Â±0.27d@

0.84 Â±0.401.2
Â±0.26

NC0.28
Â±0.09

NC0.68
Â±0.25

NCNC' NC4.9
Â±0.74

0.84 Â±0.405.82.50.42LungM

F2.8
Â±0.35

0.98 Â±0.250.28
Â±0.08

NC0.35
Â±0.08

0.12 Â±0.010.72
Â±0.08

NCNC NC4.2
Â±0.39

1.1 Â±0.253.82.10.55KidneyM

F1.6
Â±0.20

0.68 Â±0.020.23
Â±0.15

NC0.10
Â±0.04

NC0.41
Â±0.22

NCNC NC2.4
Â±0.33

0.68 Â±0.023.51.20.34HeartM

F2.8
Â±0.30

0.97Â±0.16NC NC0.22
Â±0.05

NC0.18
Â±0.13

NCNC NC3.3
Â±0.24

0.97Â±0.163.41.70.49BrainM

F1.2Â±0.210.76 Â±0.08NC NCNC NCNC NCNC NC1.2Â±0.210.76 Â±0.081.60.600.38IntestineM

F3.0Â±0.680.73Â±0.157.0Â±0.910.10Â±0.071.0Â±0.49 NC1.5Â±0.56 NC0.37Â±0.11 NC13.0Â±
1.9

0.84Â±0.1115.56.50.42SkinM

F1.8
Â±0.29

0.63 Â±0.15NC NC0.05
Â±0.02

NCNC NCNC NC1.9
Â±0.30

0.63 Â±0.153.00.950.32UterusM'1.5Â±0.56NC0.13Â±0.120.23Â±0.13NC1.9Â±0.430.95Placenta1.2Â±0.120.10Â±0.010.08Â±0.01NCNC1.3Â±0.110.65e

NC, not countable.
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, -.3
Fig. 5. Fingerprints of 32P-labeled BP

DNA adducts from variousmaternal and fetal
mouse organs treated on day 18 of gestation
with BP(200 @mol/kgp.o.)for 24h. Adducts
were purified by PEI.cellulose TLC (Fig. 1)
and separated by 3.6 M Li formate/8.5 M urea,
pH 3.5 (D3) and 0.8 M LiC1/0.5 M Tris-HCI/
8.5 M urea, pH 8.0 (D4). Spot 1 was identified
as dpGp-N2-(Cl0-BPT). Identities of the re
maining spots were unknown. The unmarked
spots were not derived from adducts. Autora
diographyat â€”80Cwas for 24 h (Aâ€”E)or 2
days (Fâ€”H).

MATERNAL INTESTINE MATERNAL HEARTMATERNAL LUNG MATERNAL LIVER

E 1'-

@..

FETAL LUNG FETAL LIVER

03

H

S.-'

e@.

Table 4 BP-DNA adduct levels in various maternalandfetoJ tissues
Each pregnant mouse was given BP (200 @mol/kgp.o.) on day 18 ofgestation, and DNA was isolated 24 h later. For Footnotes a to e, see Table 2.

A B C

Fig. 6. Co-chromatography of 32P-labeled
BP-DNA adducts from maternal and fetal tis
sues (Fig. 5) with 32P-labeledBPDE I- or
BPDE lI-DNA adducts from mouse skin.
SourcesofDNA wereas indicated.32P-labeled
digests from various preparations were mixed
and applied to PEI-celluloseTLC for purifi
cation (Fig. 1). Adduct separation was as in
Fig. 5, except that the D4 solvent was replaced
with a 1:1 mixture of 2-propanol and 4 N
NH4OH. Spots 1-4 designate DNA adducts
derived from mice treated with BP. Spots a
and b are DNA adducts derived from skin of
mice treated topically with (Â±)BPDE I, and
spots c and d are from (Â±)BPDE Il-treated
mice. Spots a-d are deoxyguanosine adducts
(data not shown). Autoradiography at â€”80Â°C
was for 60 h (A, B, D-F, and H), 15 h (C), or
40h(G).
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values have beenreported for 4-ABP in adult mouse tissues for
comparison with the present data. BP bound most strongly to
maternal intestinal DNA, in line with data reported for the rat
(57). CBI values of BP in maternal tissues determined here
were comparable with literature data (58).

As to the possible relationship between the level offetal DNA
binding and transplacental carcinogenic potency, few data are
available in the literature for comparison. From published data,
we estimated CBI values of @-i0for ethylnitrosourea (28) and
DMBA (34) each, and @@-300for methylnitrosourea (31), of
which >90% was due to the non-mutagenic 7-methylguanine

@.-IflTEarINE adduct, in the major target organ, fetal rat brain. The fact that

ethylnitrosourea is a potent transplacental neuro-carcinogen in
spite of its low CBI value suggestedthat a low CBI value for
fetal DNAs may be highly significant in terms of the postnatal
expression of prenatal DNA damage. The CBI values for fetal
mouse DNAs observed here after safrole, 4-ABP, and BP
treatment implied that these compounds may be weaker trans
placental carcinogens overall than are ethylnitrosourea, meth
ylnitrosourea, and DMBA, but this comparison may be com
promised because of animal species and treatment schedule
differences.

The three carcinogens studied here require different modes
of metabolic activation (5 1, 59). While BP is activated via
oxidation by mixed-function oxidases, the activation of safrole
and 4-ABP involves additional conjugation reactions (Si, 60).
The differential enzyme requirements for biotransformation of
the three carcinogens were reflected by the complex tissue- and
developmental age-specific adduct profiles shown here for each
of the carcinogens studied (Fig. 7).

The exceptionally strong preference of safrole for fetal liver
DNA suggested that safrole readily crossed the placenta and
that fetal liver actively participated in its bioactivation, in line
with the reported high sulfotransferase activity for i â€˜-hydrox
ysafrole right after parturition in mice (6i). 4-ABP exhibited a
strong preference for binding to maternal liver and kidney
DNA, but unlike safrole, the maternal pattern of omganotropism
was not apparent among fetal tissues, indicating immaturity of
activation enzymes or efficient DNA repair in the fetal tissues.
The uniform fingerprints of safrole and 4-ABP adducts sug
gesteda single major ultimate carcinogen for thesecompounds
in fetal and maternal tissues, in accord with published obser
vations for adult tissues (51). The strong organotropism of
safrole and 4-ABP binding may be related to quantitative van
ations of activation and detoxification in different tissues. Be
cause the two carcinogens showed a strong preference for
maternal tissues, a first-pass effect may have reduced the
amounts ofthe carcinogens and/or their active metabolites that
were available for transport across the placenta to the fetuses.
This, coupled with the immaturity of fetal activation enzymes
(22, 23), may havebeenresponsiblefor the relatively low CBI
values for safrole and 4-ABP in fetal tissues.

The great variation of BP-DNA adduct patterns among the
various maternal tissues and the demonstration that only one
BP-DNA adduct was from the bay-region diol-epoxide pathway
were consistent with the existence of more than one pathway
of metabolic activation of BP (62). Since adduct 1 co-chromat
ographed with the major BPDE I-DNA adduct from mouse
skin and also with the 32P-labeledderivative of the reaction
product of BPDE I with dGp,4 spot 1 was the BPDE I deriva
tive, dpGp-N2-(CiO-BPT) (48, 49). Since the remaining BP
DNA adducts(2â€”5)did not co-chromatographwith any marker
adducts prepared in vitro or in vivo from BPDE I or BPDE II,
their identities were unknown. However, the reduced chromat
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DNA bindingper se may not be a completely accurate predictor
of the target organ for tumor formation in the offspring. This
may be related to differences in the strains of mice used, in
dosing schedules,or in DNA repair among various fetal tissues.
As shown especially for ethylnitrosourea in rats (52â€”54;for
review, seeRef. 55), persistenceof the initially formed adducts
after transplacental carcinogen dosing may determine organ
specific tumor formation in the offspring.

In terms of maternal DNA binding, safrole and 4-ABP
showed the strongest preference for liver DNA, while BP
showed little preference for any tissue. This is in line with
safrole and 4-ABP being liver carcinogens and BP being a
systemic carcinogen in adult mice (40, 51). The maternal and
fetal results taken together suggested that DNA binding data
may serve to indicate carcinogenic potential of a compound
(56) at different developmental stages but fail to predict accu
rately the organ site(s) of tumor formation in either mother or
progeny. It appears that additional variables not studied here
need to be taken into account, such as individual or total adduct
persistence and promotional influences.

In order to facilitate comparisons of hepatocarcinogenic po
tency among various chemicals, Lutz (56) defmed a CBI, with
a CBI value between 10 and 100, suggesting a weak hepatocar
cinogen and a CBI value in the hundreds, suggestinga moderate
hepatocarcinogen. According to this hypothesis, safrole would
be a moderate, 4-ABP a weak or borderline, and BP a non
hepatocarcinogen in the pregnant ICR mice. The relationship
of CBI values to organ-specific carcinogenic potency has not
been established for tissues other than liver. The CBI value for
liver DNA of the pregnant ICR mice was 3â€”8-foldhigher than
that reported for non-pregnant CD-i (45) or ICR mice,4which
suggested that safrole may be a more potent hepatocarcinogen
in pregnant ICR mice than in non-pregnant mice. No CBI

41.-i. W. Lu and K. Randerath, unpublished observation.
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ographic mobilities of adducts 2 and 3 in the 2-propanol/
NH4OH solvent would appear to be consistent with phenolic
derivatives (62). The surprisingly high level of adduct 2 in
maternal intestinal DNA may have been due to the formation
of an active metabolite by intestinal flora.

The formation of BPDE I from BP is dependent on cyto
chrome P-450 linked monooxygenase (for review, seeRef. 59).
While this enzyme has been reported to be deficient in extra
hepatic tissues of rodents (22, 23, 63), in our experiments,
adduct I levels showed little difference among the maternal and
among the fetal DNAs. The similarity in BP adduct I levels in
different tissues was also observed in â€¢non-pregnant mice and
male rabbits (58). These data suggestedsimilar concentrations
of BPDE I in different maternal and fetal tissues, respectively.
These results may be explained by possible tissue-specific dif
ferences in DNA repair, deficiency of detoxifying enzymes,
and/or BPDE I synthesis in maternal liver with transport to
other tissues.

In vitro assays of mixed-function oxidases (22, 63) and of
microsome-mediated mutagenesis (24â€”26)with rodent adult
and fetal tissues have shown the latter to be 1 to 2 orders of
magnitude lessactive than the former. The fact that our binding
data for the BPDE I-derived adduct 1 did not reflect this
difference was not surprising, since the in vivo assayevaluated
the net result of metabolic activation, detoxification, and DNA
repair, and, in addition, considered the roles played by placenta
and maternal tissues in carcinogen activation and delivery.

In conclusion, we have presented comprehensive covalent
DNA-binding data for three structurally diverse chemicals, i.e.,
safrole, 4-ABP, and BP, in maternal and fetal organs. The
results showed that (a) fetal DNA was damaged quite exten
sively in utero by these carcinogens; (b) DNA damage was
detected in every tissue examined; (c) maternal DNA adduct
levels were generally higher than were fetal adduct levels; (d)
fetal tissues probably participated in the biotransformation of
the chemicals to reactive metabolites; (e) the resulting DNA
adducts were tissue- and developmental age-specific, indicating
that DNA-binding data from adults cannot be extrapolated to
prenatal DNA; and ( f) carcinogens requiring conjugation for
metabolic activation (safrole and 4-ABP) showed stronger or
ganotropism of DNA binding than a carcinogen not requiring
conjugation (BP). Binding to fetal DNA appeared to be the
result ofa combination ofmaternal, fetal, and possibly placental
factors. It may be hoped that the DNA-binding data presented
here will provide a basis for the future quantitative assessment
of relationships between prenatal DNA adduction and carci
nogenesis in the offspring.
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