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ABSTRACT

Virgin Sprague-Dawley rats exhibiting regular estrous cycles were

used as a model system to determine whether the level of circulating
estrogen modifies the alkylation pattern of mammary gland DNA by a
direct-acting carcinogen, /V-methyl-iV-nitrosourea (NMU). The concen
tration of 7-methylguanine and O'-methylguanine were similar in mam

mary epithelial DNA 0.2S, 0.50, and 1.0 h after i.v. injection of 50 mg/
kg body weight NMU on different days of the rat estrous cycle. However,
0Â°-methylguanine was significantly higher in mammary gland DNA 8

and 24 h after a single i.v. dose of carcinogen on proestrus or estrus,
compared to rats receiving carcinogen on diestrus. There was no differ
ence in the 7-methylguanine levels at 8 h in any group, but this adduct
was higher in estrous-lreated rats at 24 h. The ratio of O6-methylguanine

to 7-melhylguanine was significantly lower at 8 h in mammary gland
DNA from diestrous-injected rats, and this difference reflected the lower
level of O'-methylguanine adducts in this group. In contrast, 0*-meth-

ylguanine concentrations in DNA extracted from the liver of the same
animals were virtually identical at all time periods examined. 7-Methyl-
guanine levels were higher in the liver at 0.5, 1, 8, and 24 h post-NMU
in proestrus as compared with diestrous-injected rats. The observed

adduct clearance suggests that rat mammary epithelium may contain
repair systems capable of removing O'-methylguanine. These results also
suggest that the initial removal of the O6-methylguanine lesions in

mammary epithelial DNA (rather than the initial rate of alkylation) is
affected by the hormonal environment during carcinogen exposure. This
effect may be tissue specific since removal of 06-methylguanine from

liver DNA is apparently not altered by the stage of the estrous cycle at
which NMU is administered.

scriptum begins within 2 h and reaches a peak within 24 h
following a rise in circulating estrogen (6). The induction of
tumors by alkylating agents such as DMBA or NMU is asso
ciated with the chemical modification of cellular DNA (7).
Unlike DMBA (7), DNA adduct formation following NMU
administration occurs rapidly (8). The short half-life (<10 min)
of NMU (9) and rapid rate of adduct formation suggested that
we could investigate whether the physiological amount of estro-
gen(s) present at the time of carcinogen exposure influenced
mammary tumorigenesis by quantitatively or qualitatively al
tering the initial rate of alkylation or removal of the resulting
lesions in mammary gland DNA.

Although NMU is capable of producing a large number of
lesions in DNA by reacting with all nitrogens and oxygens in
both pyrimidines and purines, a primary lesion implicated in
alkylation carcinogenesis is O6-meGua (10-17) rather than 7

meGua, the predominant adduct (18). For example, induction
of thymic lymphomas in CS7BL mice by a variety of alkylating
agents correlated well with alkylation at the Opposition of
guanine (19). Accumulation and persistence of O6-meGua has

also been implicated in the neurooncogenicity of NMU (8). The
present communication describes the results of studies in which
the formation and persistence of O6-meGua and 7-meGua in

mammary gland and liver DNA were quantitated following
exposure of cycling female rats to a single i.v. 50-mg/kg body
weight dose of NMU.

INTRODUCTION

Virgin rats exhibiting regular estrous cycles which receive the
direct-acting carcinogen NMU" during proestrus or estrus have

a shorter tumor latency, greater tumor incidence, and increased
number of tumors per rat, compared to animals exposed to
NMU on diestrus (1-3). The rat estrous, or reproductive, cycle
is either 4 or 5 days long. Circulating estradiol begins to rise
slowly late in the evening of diestrus (diestrous day 1 in 5-day
rats), peaks early on the morning of proestrus, and returns to
basal levels approximately 16 h later on the day of estrus when
ovulation occurs (4, 5). Prolactin levels begin to increase late
in the afternoon and evening of proestrus, approximately 6-8
h after the peak in estradiol. In estrogen target tissues, Iran-
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MATERIALS AND METHODS

Female Sprague-Dawley rats (HarÃan,Madison, WI) were obtained
at 30-31 days of age, housed in polycarbonate cages under a 12-h light,
12-h dark schedule, and received standard laboratory rat chow and
water ml libitum. The stages of the estrous cycle were determined by
daily vaginal lavage commencing at 35-36 days of age, when estrous
cycles normally begin (20). At age 50-53 days, rats were separated
according to the stage of the estrous cycle and weighed. In three separate
experiments, groups of 4-6 rats with 4- or 5-day cycles each received a
single 50-mg/kg body weight injection of NMU (Sigma Chemical Co.,
St. Louis, MO) via the jugular vein under light ether anesthesia, between
6 and 8 a.m. on diestrus (diestrus-1), proestrus, or estrus, as previously
described (2-4). Groups of 4-6 rats were sacrificed 0.25, 0.5, 1, 4, 8,
and 24 h after administration of NMU, by carbon dioxide (dry ice)
asphyxiation. Vaginal lavage confirmed that all rats sacrificed at 24 h
post-NMU had an appropriate vaginal cytology for the expected day of
the cycle.

The entire mammary chains of each rat were rapidly dissected,
removed, pooled, and placed in ice-cold Plasmalyte (Travenol Labora
tories, Inc., DeerfÃ¬eld,IL). Epithelial cells were immediately isolated
by a modification of the method of Flint (21 ). Whole mammary glands
were incubated with gentle stirring for 2 h at 37*C in MEM (GIBCO,

Grand Island, New York) without fetal calf serum, containing 0.1%
(w/v) collagenase (Type 1A, Sigma) and 0.05% (w/v) hyaluronidase
(from bovine testes, Type IS; Sigma) at 8-10 ml/g tissue. Following
incubation, the cell mixture was chilled on ice and sieved to remove
undissociated clumps of tissue. Cells were collected by low-speed cen-
trifugation (800 x g at 4'C), washed 3 times with ice-cold MEM, and

the pellet was suspended in MEM (final volume 4-5 ml). Aliquots of
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cell suspension (2.0-2.5 ml) were layered on a 30-ml gradient formed
by centrifugaciÃ³n of a 31% solution of Percoli (Pharmacia, Uppsala,
Sweden), in MEM (10,000 x g, l h at 4Â°C).Cells were separated by
centrifugation for 20-30 min (1,800 x g at 4Â°).Clumps and chains of

epithelial cells, which were found at a density of approximately 1.05 g/
ml, and single epithelial cells found at a slightly lower density (21),
were removed from the gradients. The epithelial cell suspensions (which
are essentially devoid of any myoepithelium as judged by EM) were
diluted 1:3 with ice-cold MEM and collected by centrifugation (1,800
x g, 15 min at 4'C). Following a single wash with ice-cold MEM, and
prior to DNA isolation, the cells were kept frozen at â€”70'C. Livers

were also immediately removed, sliced, washed repeatedly with ice-cold
Plasmalyte, and stored at -70'C prior to isolation of nuclei (8) and

analysis.
Mammary epithelial cell and liver DNA was isolated (8) and hydro

lyzed with 0.1 N HC1 at 70Â°C(22). Hydrolyzed DNA was quantitated

by UV absorbance at 260 nm (1 A26ounit = 50 /ig/ml). Methylated and
normal bases were separated and quantitated by an isocratic high-
performance liquid chromatography method (23) using a Nucleosil 5-
SA column (Rainin, Woburn, MA) with 95% 0.9 M (NH^HzPCX, pH
2.5, 5% methanol, high performance liquid chromatography grade,
Fisher Chemical, Pittsburgh, PA, as the mobile phase. The O'-meGua
and 7-meGua adducts were quantitated fluorometrically (280 nm UV
lamp; 280 excitation, 350-470 nm emission band pass tiller; Gilson
Electronics, Middleton, WI). Authentic O'-meGua (gift of Dr. A. E.
Pegg) and 7-meGua (Sigma) were used as standards (22, 23). Under
the above conditions 7-meGua and O6-meGua elute at 6.9-7.1 and
10.6-11.1 min, respectively, at 0.7 mi/min (23). Sensitivity of the assay
was 10-12 pmol of 7-meGua and 2-3 pmol O6-meGua (23).

Statistics. Differences in the concentration of O'-meGua and 7-
meGua were analyzed by using one-way analysis of variance with linear
contrasts (BMDP Statistical Software, Los Angeles, CA).

RESULTS

Fig. 1 illustrates the concentration of O6-meGua and 7-

meGua observed in mammary epithelial DNA with time after
injection of NMU. The initial level of O6-meGua formed was

similar over the first hour in all groups. However, the amount
of O6-meGua remaining 8 and 24 h postexposure was signifi

cantly greater in rats treated on proestrus or estrus compared
with those treated on diestrus, suggesting only a limited loss of
adduct in mammary epithelial DNA isolated from rats given
injections on proestrus and estrus, at least over the first 8 h

2468 24

Hours

Fig. 1. Initial alkylation and repair of O'-methylguanine and 7-methylguanine

from rat mammary epithelium DNA following NMU administration. â€¢,diestrous
rats; â€¢.proestrous rats; A, estrous rats. Each value represents the mean Â±SE
obtained from 2-3 determinations at each time point from 2-3 individual exper
iments (0.25 and 4.0 h, I experiment). A repair of O'-meGua. Diestrus, 8 h

versus proestrus or estrus, 8 h, P < 0.05; diestrus, l h versus diestrus, 8 h, P <
0.05; 8 h versus 24 h proestrus or estrus, P < 0.05; diestrus, 24 h versus proestrus,
P < 0.05, versus estrus, P < 0.01, (analysis of variance). B, repair of 7-meGua. 8
h versus 24 h diestrus, proestrus, or estrus, P < 0.05 (analysis of variance).

following injection of NMU. Between 8 and 24 h postinjection,
the level of O6-meGua adduct declined slightly in proestrous-
and estrous-injected rats while O6-meGua levels were relatively
constant in diestrus-injected animals. Nevertheless, adduct lev
els did remain significantly elevated at 24 h in proestrous- and
estrous-treated rats compared with diestrous-injected animals.
This observation suggests that the loss of O6-meGua in mam

mary epithelial cell DNA exposed to NMU on diestrus may be
faster than in cells exposed on proestrus or estrus during a
crucial interval between 1 and 24 h after exposure.

The concentration of 7-meGua in mammary gland DNA was
also essentially the same in all treatment groups with 7-meGua
levels remaining relatively constant for the first 8 h following
injection. 7-MeGua in mammary gland epithelial DNA in each
experimental group decreased slowly and to a similar extent
from peak 1-h levels. A small, but significant, difference in 7-
meGua DNA content was present between proestrous- and
diestrous-injected rats at 24 h. Unlike O6-meGua, removal of
7-meGua DNA adducts is apparently independent of the stage
of the estrous cycle when mammary epithelial cells are exposed
to NMU.

As a result of the lower concentration of O6-meGua in
diestrous rats, the ratio of O6-meGua to 7-meGua (Table 1) was

significantly lower 8 h postcarcinogen in rats treated during
diestrus, as compared with rats treated during proestrus or
estrus. This delay in the removal of O6-meGua in mammary

gland DNA may be tissue specific.
The concentration of O6-meGua observed in liver DNA over

the first 8 h after exposure to NMU (Fig. 2) suggests that the
rate of adduct formation and removal of O6-meGua are inde

pendent of the stage of the estrous cycle when the liver is
exposed to NMU. This is supported by the significant loss of
the bulk of the O6-meGua DNA adducts by 24 h postexposure

in all three treatment groups.
In liver, there is apparently an estrous cycle-dependent dif

ference in the formation and final peak concentration of 7-
meGua. This adduct reaches a higher concentration at 1 h in
proestrous rats, and to a lesser extent in estrous rats, compared
to diestrous rats. Since the removal of 7-meGua is relatively
constant and independent of estrous cycle stage, these initial
concentration differences persist 24 h postcarcinogen with min
imal loss of 7-meGua in all treatment groups. This preferential
removal of O6-meGua relative to 7-meGua in mammary gland

DNA by 8 h, and liver DNA after 8 h, were reflected by the
significant decrease in O6-meGua/7-meGua (Table 1). Overall,
the liver has a much greater capacity to remove O6-meGua

DNA adducts than mammary epithelium.

DISCUSSION

Ovariectomy prior to or shortly after NMU exposure effec
tively inhibits tumorigenesis, suggesting that ovarian hormones
are essential for the induction of mammary carcinomas by
NMU in the rat (24, 25). In the present study, the removal of
O6-meGua DNA adduct during the initial 24 h after exposure

to NMU was significantly greater in the mammary glands of
rats given injections of NMU on diestrus, compared to proes
trus or estrus. Since removal of 7-meGua in mammary gland
was relatively unaffected by events within the estrous cycle, the
O6-meGua/7-meGua ratio at 8 h decreased significantly in the

mammary epithelium DNA of diestrus rats. Later, the decline
of 7-meGua in mammary gland DNA in all treatment groups
between 8 and 24 h reduced any differences in O6-meGua/7-
meGua ratio. The delay in O6-meGua removal correlates well
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Table 1 O'-MeGua/7-meGua ratio in mammary epithelium and liver DNAfollowing a single dose of NMU on different days of the rat estrous cycle

TissueMammary
epithelialcell"Liver*Duration

of
exposure(h)0.25

0.5
1.0*4.0

8.0e-"24.00.250.51.04.0Mf24.0Diestrus0.156

Â±0.019
0.1 50Â±0.0060.1

23Â±0.0070.168
+0.0080.112

+0.0050.1
11Â±0.0070.1

22Â±0.0090.061
Â±0.008O6-meGua/7-meGuaProestrus0.1

56 Â±0.011
0.150Â±0.0130.150

Â±0.0150.1
86Â±0.0090.103

Â±0.0060.077
Â±0.0040.097

Â±0.0160.047
Â±0.005Estais0.1

36 Â±0.005
0.157 Â±0.011
0.160Â±0.0070.1

53 Â±0.004
0.162Â±0.0030.171
Â±0.0040.086

Â±0.0050.095
Â±0.0030.088
Â±0.0030.121
Â±0.001

0.102 +0.0040.055
Â±0.003

" Each value represents the mean Â±SE obtained from 2-3 determinations at each time point from 2-3 individual experiments (5 rats/experiment) except for the
values at 0.25 and 4.0 h on estrus which were obtained from a single experiment (2-3 determinations).

* P< 0.01, l h versus 8 h diestrus [analysis of variance (ANOVA)].
' P< 0.05, 8 h versus 24 h diestrus and proestnis (ANOVA).
* P < 0.01, diestrus 8 h versus estrus 8 h (ANOVA).
' Each value represents the mean Â±SE obtained from 2-4 determinations at each time point from 4-6 individual rats.
fP < 0.05, 8 h versus 24 h diestrus, proestnis, and estrus (ANOVA).

68 24
Hours

Fig. 2. Initial alkylation and repair of O'-methylguanine and 7-methylguanine
from rat liver DNA following NMU administration. â€¢,diestrous rats; â€¢.proes-
trous rats; A, estrous rats. Each value represents the mean Â±SE obtained from
2-4 determinations at each time point from 4-6 individual rats. A. repair of O'-

meGua. Diestrus versus proestrus or estrus, 0.5 h, P < 0.05; 8 h versus 24 h
diestrus, proestnis, or estrus, P < 0.05 (analysis of variance). B, repair of 7-
meGua. Diestrus versiÂ«proestrus, 0.5 h, P < 0.05; diestrus versus proestnis or
estrus, 1.0 h, P < 0.05; diestrus versus proestnis or estrus, 8.0 h, P < 0.05;
proestrus versus estrus, 24 h, P < 0.05; l h versus 8 h diestrus, P < 0.05; 8 h
versus 24 h estrus, P < 0.05 (analysis of variance).

with the significant increase in mammary tumor incidence,
shorter latency, and increased tumor number observed in the
mammary glands of rats exposed to NMU on proestrus and
estrus compared to diestrus (1-3).

Overall levels of O'-meGua formed in the liver were similar

in all three treatment groups, and were comparable to those
previously reported, using the same dose of NMU (8, 13, 22).
The removal of O6-meGua was greater than in the mammary

gland and independent of the stage of the estrous cycle on which
NMU was administered. 7-MeGua adducts reached a higher
concentration in the liver of rats given injections on proestrus
compared to diestrus and estrus. The similar loss of 7-meGua
in all groups maintained this difference until 24 h postexposure.

When considering the present results in the context of the
critical events of alkylation and their subsequent effects on
tumor induction, it is reasonable to assume that the exposed
cell population will undergo DNA synthesis on a damaged
template before repair of the putative mutagenic lesion, O6-

nicGua, is completed. DNA synthesis on a damaged template
has been previously correlated with tumorigenesis (10, 13, 15,
16, 26-28).

Our data suggest that the circulating level of estradici at the
time of carcinogen presentation may have a role in the removal
of ()'' meGua adducts in mammary gland DNA. Although it is

impossible to eliminate a role for prolactin in the process, in
view of its mitogenic effect on mammary epithelium (30), the
similar levels of alkylation and virtually identical loss of adduci
we observed in the proestrous- and estrous-injected groups
suggests that the rapid rise in circulating prolactin during the
late afternoon of proestrus does not produce an additive or
synergistic effect with estradiol.

The repair of O6-meGua following alkylation of DNA in a
variety of human and animal tissues is mediated by a methyl-
transferase enzyme which regenerates guanine in DNA by re
moval of the O6-methyl group (31-37). The mammalian meth-

yltransferase, like that in Escherichia coli, is inducible by a
variety of mitogenic stimuli including hormones (22, 38-42).
Although there is not as yet any direct evidence that the same
enzymatic system exists in rodent mammary gland, the rat
mammary gland accumulates O6-meGua (43). Our data suggest
that there is a time-dependent loss of O6-meGua from the

mammary gland.
It will be important for future studies to identify whether a

O6-meGua repair enzyme is associated with rat mammary

gland, and quantitatively analyze its activity to see if differences
exist between day of the estrous cycle, tissue specificity, and
dose of NMU.

However, since diestrous groups demonstrate a lower inci
dence and number of NMU-induced mammary tumors (3, 24,
25), our observations imply that a more rapid loss of O'-meGua

adduct from mammary epithelium is important in early stages
of carcinogen exposure, potentially reducing the incidence of
mammary cancer. Thus, elucidation of the effect of estrogen in
the control of DNA alkylation, synthesis, and repair may pro
vide insight regarding the biochemical mechanism of NMU-
induced mammary gland carcinogenesis.
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