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ABSTRACT

Estrogens have previously been shown to induce covalent DNA modi
fications specifically in the hamster kidney, the target organ of estrogen-
inducible and -dependent renal carcinoma. The DNA adducts, formed by

yet unknown mechanisms, have been postulated to mediate hormonal
carcinogenesis in this animal model. In an attempt to study a possible
involvement of estrogen receptor mechanisms in the formation of DNA
adducts, 170-estradiol and the antihormone tamoxifen were concomi
tant ly administered as s.c. implants to male Syrian hamsters. 170-
Estradiol-treated and tamoxifen-treated animals served as positive and

negative controls, respectively. The tumor incidence decreased from 1007,
in 170-estradiol-treated controls to 25% in the group receiving tamoxifen
in addition to hormone. Tamoxifen-treated animals did not develop kidney

tumors and did not show any detectable DNA damage. DNA adduct
levels were comparable in hamsters treated with 17/3-estradiol and 17/f-

estradiol plus tamoxifen for 5 or 7 months. In hamsters inoculated with
11-301 cells, which are derived from the estrogen-induced hamster renal

carcinoma and are estrogen dependent for growth, tamoxifen decreased
estrogen-dependent 11-301 tumor growth. However, in cell culture, nei
ther 170-estradiol nor tamoxifen influenced 11-3111 cell division. It was
concluded that tamoxifen inhibited the growth of estrogen-induced renal

carcinoma but did not interfere with tumor initiation since it did not
inhibit the formation of DNA adducts. Moreover, receptor mechanisms
were most probably not involved in the induction of DNA modifications
by estrogens.

INTRODUCTION
The discovery of estradici-1 binding to intracellular receptors

(1) has stimulated extensive investigations into the mechanism
of action of this hormone in the regulation of cellular events
(reviewed in Refs. 2 and 3). Receptor-mediated processes also
play a crucial role in hormone-associated cancer and are thus
studied with the aim of influencing progression and growth of
breast and genital tract tumors (reviewed in Refs. 4 and 5). In
an accepted animal model for hormonal carcinogenesis, the
estrogen-inducible and -dependent renal carcinoma in Syrian
hamster (6), the presence and function of estrogen receptors
has also been demonstrated (7). Furthermore, coadministration
of antiestrogens to estrogen-treated male Syrian hamsters pre
vented estrogen-induced tumor formation in this species (8, 9).
Both clomiphene and nafoxidine lowered the incidence of es
trogen-induced renal carcinoma in hamsters. The more com
monly used TAM, which is applied in the treatment of breast
cancer (10, 11), has not been tested as yet in this in vivo model.
The tumor-suppressing action of antiestrogens in hormonal
cancer has been attributed (12) to competitive binding to cel
lular receptors and subsequent arrest of receptor-mediated
growth stimulation.
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â€¢In Syrian hamster kidney carcinogenesis, estrogen-induced

covalent DNA modification has been observed previously to
precede malignancy specifically in the kidney, the target organ
of hormonal cancer (13, 14). These DNA adducts have been
postulated to have been generated by an endogenous electro-
phile(s) induced by exposure of the animal to estrogen (14).
Administration of testosterone or deoxycorticosterone acetate
to estradiol-treated hamsters decreased estrogen-induced DNA
adduct levels (15) and prevented renal carcinoma (6,15). There
fore, estrogen-induced DNA adducts were postulated to play a
decisive role in tumorigenesis by estrogens, at least in this
tumor model (14, 15). The mechanism of in vivo adduct for
mation is not yet known and is currently under investigation.
It remains also unclear whether hormone receptor mechanisms
mediate covalent DNA damage accumulating as a result of
chronic exposure of hamster kidneys to estrogen (16). The
present study has therefore been carried out to investigate the
mechanism of induction of DNA damage and the role estrogen
receptors play in this process.

MATERIALS AND METHODS

Materials and Chemicals. Estradici, cholesterol, and all reagents used
in the cell culture medium were purchased from Sigma Chemical Co.,
St. Louis, MO. TAM, as a citrate salt, was a gift from Stuart Pharma
ceuticals, Wilmington, DE. Materials and chemicals needed for the ' :P

postlabeling assays were obtained from sources described previously
(13-15, 17). To avoid technical problems during hydrolysis of the
DNA, microfuge tubes were soaked before use in ethanol for 2 min and
then soaked in water overnight to remove all ethanol. Tubes were then
dried and used. Good results were obtained with tubes from Sarstedt,
Inc., Princeton, NJ (Catalogue No. 72.690) and Denville Scientific,
Inc., Denville, NJ (Catalogue No. C 1900IB).

Tissue culture medium was purchased from Grand Island Biological
Company, Grand Island, NY. Serum used was obtained from a 2-year-
old horse gelded at the age of 1 year and maintained at the Animal
Resource Facility, the University of Texas M. D. Anderson Hospital
and Tumor Institute, Bastrop, TX. Blood (approximately 1 liter) was
drawn from the animal every 3 months and allowed to coagulate in
glass containers overnight at 4Â°C.After centrifugation to remove clotted

material and blood cells and after charcoal extraction to remove residual
hormone, serum was stored at â€”70Â°Cuntil used.

Animals. In vivo experiments were carried out with male Syrian
hamsters (approximately 50 g each at 4-6 weeks of age) obtained from
Harlan/Sprague Dawley, Houston, TX. Purina rodent chow and water
was freely available throughout the experiments. Animals received s.c.
implants after 1 week of acclimation. All implants (25 mg each) were
prepared using a hand press (Parr Instrument Co., Moline, IL) and
contained 10% cholesterol and 90% estradiol or TAM.

In Vivo Tumor Induction. Tumor incidence was measured as de
scribed previously (18, 19) using the method of Kirkman (6). At time 0
and after 3.5 months, hamsters each received 1 estradiol pellet (positive
controls), 1 TAM pellet (negative controls), or 1 estradiol pellet plus 1
TAM pellet. After 5 months, 2 hamsters/group were killed by decapi
tation. The kidneys were immediately excised, examined for macro
scopic tumor nodules, and frozen on dry ice. After 7 months, all
remaining animals were killed. The kidneys were excised, and for each
visibly minorons kidney, the number of macroscopic tumor nodules
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was counted. One half of each kidney was placed in 10% formalin
solution for histolÃ³gica! examination and the other half was immedi
ately frozen on dry ice. Four sections were made from the kidney tissue
in formalin and stained using hematoxylin-eosin or periodic acid-Schiff
stain. The weights of both testes were also recorded from animals killed
after 5 and 7 months.

Estrogen-induced DNA Adducts. Kidney DNA was isolated by a
solvent extraction procedure (20). Adduct analysis was carried out as
described previously (13, 14) using the adduct intensification version
(21) of the "P-postlabeling procedure (17, 22). DNA was digested to
deoxyribonucleoside 3'-monophosphates, which were converted to 32P-
labeled 3',5'-bisphosphates by incubating with [-j-32P]ATP and T4

polynucleotide kinase. Adducts were mapped by polyethyleneimine
cellulose thin-layer chromatography and visualized by screen-enhanced
autoradiography for 4 days. The solvents for two-dimensional adduct
separation were 3.8 M lithium formate-6.8 M urea, pH 3.4 (first dimen
sion), and 0.7 M sodium phosphatc-V M urea, pH 6.4 (second dimen
sion). Analyses were done in triplicate with each DNA sample. 32P-
Labeled adducts were located by autoradiography for 3-4 days at -80Â°C

with DuPont Lightning Plus intensifying screens. To determine adduct
concentrations, spots were cut from the chromatograms and counted
by Cerenkov assay (21). Count rates of appropriate blank areas were
subtracted.

Inhibition of 11-3(11Tumor Growth in Vivo. Male Syrian hamsters (8
animals/group) received s.c. implants of estradiol, TAM or estradici
plus TAM. Another group of 8 hamsters remained untreated. After 4
days, each animal was inoculated with 4.6 x IO'1I-1-301 tumor cells
(23) in 0.5 ml of Dulbecco's modified Eagle's medium. On the days

indicated, tumor sizes were measured by determining length and width
of the growing tumors and expressed as products of length and width
(mm2). Immediately after the last size measurement, the hamsters were

killed, and the tumors were cleanly excised and weighed.
Cell Cultures. Stock cultures of H-301 cells were grown at 37Â°Cin a

humid atmosphere of 5% carbon dioxide and 95% air ina mixture (1:1,
v/v) of Dulbecco's modified Eagle's medium and Ham's F-10 medium
supplemented with 2 HIML-glutamine, 2.2 g/liter sodium bicarbonate,
SOMg/ml gentamicin, and 10% (v/v) gelding serum (used without heat
inactivation). Cultures were passaged by trypsinization twice weekly
(23) at a density of 3.0 x IO5 cells per 100-mm-diameter Corning or

Falcon plastic tissue culture dish. Tests for Mycoplasma were done
every 2 months and were negative.

Cell Growth Assays. Cells were seeded (24) at 2.0 x 10"/35-mm-

diameter tissue culture dish containing a final volume of 3.0 ml of
Dulbecco's modified Eagle's:F-10 medium supplemented with 2% geld
ing serum. After 24 h of incubation at 37Â°Cto allow maximum cell

attachment, the medium was removed from all plates and replaced with
test medium prepared in Dulbecco's modified Eagle's:F-10 medium as

described in individual experiments. Using a Coulter model ZBI coun
ter, averages of cell numbers in triplicate plates were determined at this
time (time 0 control) and S days later (by trypsinization in calcium-
magnesium ion-free phosphate-buffered saline and harvesting in Dul
becco's modified Eagle's:F-10 with 10% serum). Both estradiol and

TAM were added to the culture medium from 70% ethanol stocks (1.0
mg/ml) diluted in 70% ethanol. The final dilution into tissue culture
medium gave a residual 0.05% ethanol concentration, which had no
effect on growth.

RESULTS

Inhibition of Estrogen-induced Renal Carcinogenesis. The in
hibition of estrogen-induced renal carcinogen es is in male Syrian
hamsters by the antiestrogens nafoxidine and clomiphene (8,9)
has been attributed to competitive binding of the antiestrogens
to estrogen receptors in the hamster kidney. This tumor model
(6) was therefore chosen to study the involvement of estrogen
receptors in estrogen-induced DNA damage and tumorigenesis.
Estradiol alone, administered as a s.c. implant, induced renal
carcinoma in all animals after 7 months (Table 1). The number
of visible tumor nodules in estradiol-treated hamsters ranged

Table 1 Inhibition of estrogen-induced renal carcinogenesis in male Syrian
hamsters

Hamsters were treated chronically for 7 months with estradiol, estradiol plus
TAM, or TAM. Tumor incidence was determined by counting visible tumor
nodules on the surface of each kidney and by histological examination. Details
are given in "Materials and Methods."

Treatment
(no. ofanimals)"Estradiol

(7)
Estradiol + TAM (12)
TAM (10)Tumor-free

animals
(no. of animals ex

amined)0(3)

6(8)
8(8)No.

of tumor
nodules/tu-
morous kid

ney*Right

Left7

6
1 1

"Two hamsters/group were killed after 5 months and their kidneys were
analyzed for estrogen-induced DNA damage (see below). None of these kidneys
showed visible tumor nodules. Two estradiol-treated and 2 estradiol plus I AM
treated animals died of unknown causes. Their kidneys could not be recovered
for analysis.

* Average number of visible nodules (estradiol-treated animals). Only 1 hamster
of the estradiol plus TAM-treated group showed 1 visible nodule/kidney (see
"Results").

from 2 to >10/kidney. Only a small number of hamsters were
used in this control group, since 80-100% tumor incidence has
routinely been elicited under these conditions (18, 19, 25, 26).
None of the hamsters treated with TAM for 7 months showed
any tumors. Only 1 of 8 animals treated with estradiol plus
TAM had tumor nodules visible on the surface of the kidneys
(1 small nodule per kidney).

The inhibition of hormonal carcinogenesis by coadministra-
tion of TAM was confirmed by histological analysis. Renal
carcinoma could not be detected in 6 of 8 animals treated with
estradiol plus TAM. Microscopic tumor nodules were detected
by hematoxylin-eosin staining in the one animal with visible
tumor nodules and in a second hamster of this group (Fig. 1).
These nodules, exhibiting a rather rounded outline inside the
renal cortex, measured up to 1.1 mm in diameter. Tumor cells
were arranged in anastomosing cords and nests forming a solid
tumor. They were also seen to infiltrate interstitial tissue be
tween the tubules without actual destruction and with no or
minimal compression of the renal parenchyma. Thus, the his
tological characteristics (Fig. 1) were similar to those observed
in positive controls and reported previously for estrogen-in
duced renal carcinoma (27). The mitotic figures (up to 6 per
high power field) were lower than in estradiol-treated controls
(up to 12 per high power field).

The antiestrogenic effect of TAM on estrogen-treated male
Syrian hamsters was illustrated by the weights of both testes
measured after 5 and 7 months in the three treatment groups.
While TAM alone did not alter testes weights [3.9 Â±0.2 (SD)
g] and estradiol, in agreement with published data (26), lowered
weights to less than 10% of those of untreated animals [0.3 Â±
0.1 g], testes weights for concomitant estradiol plus TAM
treatment were 1.9 Â±1.7 g. These values demonstrated that
TAM was capable of counteracting hormonal effects of estra
diol in Syrian hamsters. The large standard deviation possibly
indicated that at the dose of TAM administered, maximal
antihormonal response had not yet been achieved, although this
dose was effective in partially inhibiting tumor incidence.

â€¢'â€¢'I'-l'ostlabeling Analysis. Kidneys of male hamsters receiving

chronic treatment of estradiol and/or antiestrogen were exam
ined for any differences in levels of estrogen-induced DNA
modification. Target organ-specific DNA adduct concentra
tions had been shown previously to increase gradually up to 5
months of estrogen treatment at which time tumors began to
appear in the kidneys (13, 14). In the present study, the effect
of antiestrogen treatment on estrogen-induced DNA adduct

780

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2434082/cr0480040779.pdf by guest on 19 M

ay 2023



ntf-ESTRADIOL-INDUCED DNA ADDUCTS AND TAMOXIFEN

T ^

- . , , ,\>.^***'

:^'$^r .
'-â€¢â€žâ€¢ â€¢- i-;>v,: er-';./ â€¢

Fig. \. Section of a renal tumor observed in a male Syrian hamster treated
with estradici plus JAM for 7 months. By histological characteristics, the tumor
was an estrogen-induced renal carcinoma.
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Fig. 2. 32P-Postlabeling analysis of DNA adducts induced in kidneys of male
Syrian hamster by treatment with estradiol (B), or estradici plus I VM (C) for S
months. .1, background radioactivity in kidney DNA of age-matched untreated
hamsters. DNA was digested to deoxyribonucleoside 3'-monophosphates, which
were converted to >!P-labeled 3',5'-bisphosphate derivatives by incubating with
(r-33P]ATP and T4 polynucleotide kinase (14, 17, 21). Adducts were mapped by
polyethyleneimine cellulose thin-layer chromatography (13, 14) and visualized by
autoradiography for 4 days. The solvents for two-dimensional chromatography
were 3.8 M lithium formate-6.8 M urea, pH 3.4 (from bottom to top) and 0.7 M
sodium phosphate-7 M urea, pH 6.4 (from left to right). The major adducts have
been marked a, b, and d. Weaker adducts c and e (14) required longer exposure
times to become detectable. The dark spot between adducts b and d, as well as a
number of fainter spots (B and C), represent background material that became
labeled also, when kidney DNA from untreated male hamster was analyzed ill.

levels was estimated by 32P-postlabeling assay to assess the role

of estrogen receptors in DNA adduction. DNA from kidneys
of hamsters treated with hormone or hormone plus TAM for 5
and 7 months was analyzed, because adduct concentrations
were highest at these time points (13, 14). Background radio
activity present in DNA of untreated hamsters (Fig. 2/1), was
identical with that observed in kidney DNA samples of treated
animals (Fig. 2, B and C). In addition, estrogen-induced DNA

adducts a, b, and d (14) were observed in the latter nucleic
acids. No differences in the intensities of estradiol-induced
modified nucleotides were observed in these samples (Fig. 2).
Similar amounts of DNA adducts were noted in DNA samples
obtained after 5 months (Fig. 2; Table 2) or after 7 months
(Table 2) of estradiol or estradiol plus TAM treatment. It was
therefore concluded that concomitant exposure of estrogenized
hamsters to TAM decreases the incidence of renal carcinoma
but does not influence estrogen-induced DNA adduction.

DNA fingerprints obtained from kidney and liver of hamsters
treated only with TAM (data not shown) were indistinguishable
from corresponding maps of untreated animals (Fig. l.i). It was
therefore concluded that chronic treatment with TAM for 7
months did not induce covalent DNA damage in these organs.

Influence of TAM on Tumor Growth. Because TAM did not
influence the induction of covalent DNA damage by estrogen
in Syrian hamster kidney, it was suspected that the decrease in
renal carcinoma incidence elicited by coadministration of this
antiestrogen was due to an inhibition of estrogen-dependent
tumor growth. This possibility was tested using H-301 cells, a
cell line established in culture (23) from the primary estrogen-
induced Syrian hamster renal carcinoma. This cell line forms
tumors in estrogen-treated hamsters of both sexes (23, 25). H-
301 tumors are estrogen-dependent and regress after estrogen
withdrawal (28). When 4.6 x 10" H-301 cells/animal were

injected into male Syrian hamsters treated with estradiol or
estradiol + TAM, H-301 tumors developed in all hamsters of
both treatment groups (Fig. 3). After 20 days, however, H-301
tumors in estradiol plus TAM-treated animals (446 Â±78 mm2)
were significantly smaller than those in estradiol-treated con
trols (693 Â±74 mm2). When the tumors were excised on that

day and weighed, the weight differences were also significant
and corresponded to the size differences: 3.6 Â±1. l g in estradiol
plus TAM-treated animals versus 7.5 Â±2.2 g in estradiol-treated
controls. H-301 tumor growth in untreated and TAM-treated
hamsters was negligible in that time period. After 33 days,
tumors in untreated animals were 82 Â±36 mm2 and weighed
0.3 Â±0.2 g. The TAM-treated animals had still smaller tumors
(49 Â±12 mm2), which weighed 0.1 Â±0.1 g.

In a second experiment, the influence of TAM plus estradiol
Â«Â»treatmenton H-301 cells in culture was examined to inves
tigate mechanistic aspects of estrogen-dependent growth. In
contrast to the marked growth stimulation in vivo (Fig. 3), a
wide range of estradiol concentrations in the medium did not
increase H-301 population doublings over those observed in
10% serum (Fig. 4). Furthermore, coadministration of TAM
plus estradiol in the culture medium did not significantly alter
the number of population doublings in 5 days.

DISCUSSION

TAM is used widely in over 80 countries for the treatment of
breast cancer (10, 11). Moreover, the drug is currently studied

Table 2 Intensities of estradiol-induced DNA adducts in kidneys of hamsters
treated with estradiol and/or TAM

Adduct spots a, b, and d (Fig. 2) were cut out and adduct intensities were
determined by Cerenkov counting (14). Relative standard deviations for 3 replicate
DNA analyses ranged from 16 to 44%.

TreatmentEstradiol

Estradiol + TAM
Estradiol
Estradiol + TAMLength

of
treatment

(mo)5

57

7Adduct

intensities(cpm)a17

29
14
10b13

18
910d23

18
128Total53

6535

28
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Fig. 3. Estrogen-dependent H-301 tumor growth in male Syrian hamster given

an injection of 4.6 x 10' H-301 cells/animal (/V= 8). Tumor sizes were measured

with a caliper on the days indicated. The tumor area is the product of tumor
length and width (mm2). Hamsters were killed after 20 days (estradiol-treated
and estradiol plus TAM-treated hamsters) or after 31 days (untreated and I AM
treated animals). Points, means; bars, SD. I ...estradiol.
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Fig. 4. H-301 tumor cell growth in culture. Cell population doublings after 5
days were measured in the presence of serum, various concentrations of estradiol,
and/or in the presence of TAM (N = 3). E2, estradiol.

(29) as a breast cancer preventing agent in women at high risk
for this disease. The present study in male Syrian hamsters
demonstrates that chronic treatment with TAM for 7 months
does not result in covalent DNA damage under the conditions
described. The lack of genotoxic activity of this substance tested
alone or in combination with estrogen in Syrian hamsters is
noteworthy in view of its therapeutic use.

Chronic treatment of male Syrian hamsters with estradiol
plus TAM resulted in a significant decrease in renal carcinoma
incidence versus estradiol-exposed controls (Table 1). This in
hibition of hormonal tumorigenesis by TAM confirms previ
ously published (8, 9) observations with the antiestrogens na-
foxidine and clomiphene. With the latter two substances, com
plete suppression of estrogen-induced renal carcinogenesis was
achieved, while in the kidneys of 2 of 8 estradiol plus TAM-
exposed animals small tumor foci were present (Table 1). Since
the dose of TAM was only slightly lower [25-mg pellet] in this

experiment than that used in the previous tests [30-mg pellets
(9)] with the two other antiestrogens, the incomplete inhibition
of tumor incidence observed here is more likely to be due to
partial agonist activity of TAM or to a higher effective dose
requirement rather than to differences in dosage. The incom
plete suppression of estradiol-dependent H-301 tumor growth
in vivo at the dosage tested (25-mg pellet) provides additional
evidence that elevated amounts of TAM may be required for a
maximum effect.

TAM treatment of male Syrian hamsters did not influence
the formation and concentrations of estradiol-induced covalent
DNA adducts (Fig. 2; Table 2). It is therefore concluded that
estrogen-induced covalent DNA modification is not mediated
by hormone receptor mechanisms. Rather, the DNA damage
in the hamster kidney may be indirectly generated by an as yet
unknown free radical mechanism. Formation of free radicals4

by redox cycling of estrogens (30) has been demonstrated. Two
possibilities exist to explain the lower tumor incidence in the
coadministration experiment: (a) inhibition of conversion of
cells containing covalently modified DNA to tumor cells; (/>)
decreased growth of estrogen-dependent tumors. The first pos
sibility needs further exploration. Decreased tumor growth has
been demonstrated here (Fig. 3). In contrast, the induction of
DNA modification and the presence of small tumor foci in
estradiol plus TAM-treated kidneys indicate that tumor induc
tion by administered estrogen was not inhibited by TAM.

The results shown in Fig. 4 support earlier data (23) that
estrogen-stimulated H-301 cell growth in vivo is not initiated
by direct hormonal action on these cells but is mediated by
estrogen-induced growth factors (24). These growth factors
appear to be activated in organs of the host animal, which
would also be the site(s) of growth-inhibitive action of TAM.
The H-301 cell growth inhibition of TAM observed in vivo (Fig.
3) but not in cell culture (Fig. 4) provides additional evidence
for an indirect mechanism of growth stimulation (24).
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