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ABSTRACT

The present studies were designed to examine the influence of dietary
selenite supplementation on the initiation phase of 7,12-dimethyl-
benz(a)anthracene (DMBA)-induced mammary carcinogenesis and to
correlate selenite-induced changes in the binding of DMBA metabolites
to rat mammary cell DNA with the ultimate tumor incidence. Diets
formulated to contain selenium, as sodium selenite at 0.1, 0.5, 1, 2, or 4
ug/g were fed for 2 weeks prior to and 2 weeks following treatment with
DMBA (5 mg/kg body weight). Food intake and weight gain did not
differ among treatments. Tumor incidence correlated inversely to the
quantity of selenium consumed (r = —0.99). Final tumor incidences were
52, 32, 24, 14, and 10% for rats fed 0.1, 0.5, 1, 2, and 4 ug selenium/g,
respectively. In a separate group of rats fed a diet containing 4 ug
selenium/g during both the initiation and promotion stages the final tumor
incidence was 4.8%. Selenite supplementation for 2 weeks markedly
depressed the occurrence of individual and total DMBA-DNA adducts.
The final mammary tumor incidence correlated positively with total
DMBA-DNA adducts (r = 0.99). These studies clearly demonstrate that
selenite can inhibit the initiation stage of mammary carcinogenesis. This
reduction in tumor incidence is likely due to a reduction in carcinogen
metabolism and ultimately adduct formation.

INTRODUCTION

Epidemiological studies reveal an increased incidence of
breast, colon, rectum, and other cancers in individuals residing
in geographic regions where the selenium content of the soil is
low (1-3). Likewise, apparent selenium intake and plasma
concentrations have been reported to correlate inversely with
mortality from cancer (4, 5). Such data suggest that selenium
may be a naturally occurring anticarcinogen. Laboratory inves-
tigations also reveal that selenium addition to the diet or
drinking water can substantially reduce cancer risk in animals
treated with various chemical carcinogens (6-14). Based upon
published reports, the anticarcinogenic effects of selenium are
not limited to a single form of this trace element, to a specific
carcinogen, or to a specific tissue, suggesting a general meta-
bolic phenomenon. Several studies also show that selenium, at
intakes above that required to optimize glutathione peroxidase
activity, can inhibit the incidence of virally induced tumors (14—
17). Furthermore, selenium supplementation, both in vivo and
in vitro, has been shown to suppress the growth of some
neoplastic cells (18-20).

The greatest cancer protection offered by selenium generally
occurs with chemical carcinogens requiring metabolic activation
(6, 12, 21). Several studies indicate that dietary selenium can
alter the ability of cells to metabolize carcinogenic compounds

Received 4/3/91; accepted 6/14/91.

The costs of publication of this article were defrayed in part by the payment
of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

! Supported in part by NIH Grant CA44567. Presented in part at the 14th
International Congress of Nutrition, Seoul, Korea, 1989, and in part at the
Annual Meeting of the Federation of the American Society of Experimental
Biology, Washington, D.C., 1990 (FASEB J., 4: A1042, 1990).

2To whom requests for reprints should be addressed, at Department of
Nutrition, 126 Henderson Building South, The Pennsylvania State University,
University Park, PA 16802.

(22-24). In cultures of mouse embryo cells, selenite and selen-
odiglutathione markedly reduced DMBA-DNA? binding to a
greater extent than either selenide or selenomethionine (25).
Likewise, dietary selenium supplementation significantly re-
duced the ability of isolated rat mammary cells to metabolize
DMBA, as indicated by a significant decrease in DMBA-DNA
binding (26).

Previous investigations aimed at examining the influence of
selenium supplementation on DMBA metabolism have been
limited principally to in vitro studies. Whether selenium modi-
fies the metabolic activation of DMBA in vivo as reflected by
altered DNA adduct patterns remains unknown. In the present
study, the major goals were to determine the ability of dietary
selenium to alter the in vivo formation of DMBA-DNA adducts
and correlate any changes in adducts with the occurrence of
mammary tumors.

MATERIALS AND METHODS

Materials. Spleen phosphodiesterase, 7,12-dimethylbenz(a)anthra-
cene, micrococcal nuclease, nuclease Py, and apyrase were obtained
from Sigma Chemical Co. (St. Louis, MO). T4 polynucleotide kinase
was from Amersham Co. (Arlington Heights, IL). [v-?P]JATP was
purchased from ICN Biochemicals, Inc. (Irvine, CA). Thin-layer chro-
matography was performed on precoated polyethyleneimine-cellulose
plastic plates (Machery Nagel, Neumann, Germany). Kodak XAR-
OMAT film (Sigma Chemical Co.) was used for autoradiography.

Animals and Diets. Female Sprague-Dawley rats were purchased from
Harlan Sprague-Dawley, Inc. (Indianapolis, IN). All rats were housed
individually in screen-bottomed stainless steel cages in a room with
controlled temperature and lighting (22°C; 12-h light-dark cycle). Dis-
tilled water and a basal semipurified diet were provided during a 5-day
acclimation period. The quantity of selenium in the drinking water had
been determined to be negligible. The basal diet contained (percentage
by weight): casein, 17.2%; sucrose, 20.3%; cornstarch, 29.5%; cellulose
fiber, 5%; corn oil, 20%; AIN-76 mineral mixture, 3.5% (Teklad Mills,
Madison, WI); AIN-76 vitamin mixture, 1% (Teklad Mills); agar, 3%;
choline dihydrogen citrate, 0.2%; and L-methionine, 0.3%. The quantity
of selenium in the basal diet was adjusted to 0.1 ug/g by supplementa-
tion with selenite. Gel diets were prepared by mixing the dry ingredients
in hot distilled water (50:50). Diets were stored at 4°C until fed. Fresh
food was offered daily. The content of selenium in all experimental
diets was verified by the method of McCarthy ef al. (27), using a gas
chromatograph equipped with an electron capture detector (5710 A w/
ECD; Hewlett-Packard, Avondale, PA).

Carcinogen. The carcinogen used in these studies was nonradioactive
DMBA. DMBA was purified on silicic acid as described by Dipple et
al. (28). DMBA was administered p.o. by intubation at 5 mg/kg body
weight.

The P, nuclease-enriched **P-postlabeling method described by
Reddy and Randerath (29) was used to quantitate individual DMBA-
DNA adducts. Adducts were separated and identified as previously
described (30, 31). Briefly, mammary DNA (5 ug) reconstituted in
buffer (20 mm sodium succinate-10 mm CaCl,, pH 6.0) was digested

3 The abbreviations used are: DMBA, 7,12-dimethylbenz(a)anthracene; anti-
G, anti-3,4-dihydrodiol-1,2-epoxide-deoxyguanosine; anti-A, anti-3,4-dihydro-
diol-1,2-epoxide-deoxyadenosine; syn-G, syn-3,4-dihydrodiol-1,2-epoxide-deox-
yguanosine; syn-A, syn-3,4-dihydrodiol-1,2-epoxide-deoxyadenosine.
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with spleen phosphodiesterase (0.01 unit/sample) and micrococcal
nuclease (0.06 unit/sample). Dephosphorylation of nucleotides was
accomplished by adding nuclease P, (6 ug/sample) in a 0.25 M sodium
acetate buffer (pH 5.0) containing 0.3 mMm ZnCl,. After neutralization
of the sample with 0.5 M Tris base, the DMBA-deoxyribonucleoside
monophosphates were labeled with *2P by adding T4 kinase (4.3 units/
sample) and [y-**P]JATP (110 xCi/sample) in buffer (0.2 M biocin-0.1
M MgCl>-0.1 M dithiothreitol-10 mM spermidine, pH 9.5). The DMBA-
DNA adducts were separated on the polyethyleneimine-cellulose thin-
layer chromatographic plates and localized by autoradiography. For
quantitation, individual adduct spots were removed and the radioactiv-
ity was determined. Quantities of individual adducts are expressed as
nmol adduct/mol DNA assuming 1 ug of DNA equals 3240 pmol of
deoxynucleoside 3’-monophosphates.

Experiment 1. This experiment was designed to determine whether
there was a dose-dependent relationship between dietary selenium
intake during the initiation phase of DMBA carcinogenesis and the
occurrence of mammary tumors. Rats were weighed and randomly
assigned to one of the following dietary selenium treatments: 0.1, 0.5,
1.0, 2.0, or 4.0 ug selenium/g (21-25 rats/treatment). After 2 weeks of
experimental feeding each rat (55 days old) was intubated with DMBA.
Rats continued to receive their assigned experimental diet for an
additional 2 weeks following DMBA treatment (initiation phase). All
rats were then offered the basal diet (0.1 ug selenium/g) for the
remainder of the 43-week study. A separate group of rats was fed the
4.0 ug selenium/g diet throughout the entire study (initiation and
promotion phase). Throughout the experiment food intake was moni-
tored daily and body weights were measured weekly. Tumor number,
location, and size were recorded weekly. At the end of the study, rats
were sacrificed under CO,, and their liver, lungs, and kidneys were
removed for examination of tumor metastasis and/or selenium toxicity.
Samples of mammary gland and all gross lesions were fixed in 10%
neutral buffered formalin, processed routinely, embedded in paraffin,
sectioned at 5 um, and stained with hematoxylin and eosin for histo-
pathological examination. The World Health Organization nomencla-
ture and criteria were used for the classification of mammary tumors
31).

Experiment 2. This experiment examined the effect of dietary sele-
nium on the in vivo formation of DMBA-DNA adducts. Rats were fed
diets identical to those used in experiment 1 for 2 weeks prior to
DMBA treatment. Mammary tissue from rats (n = 4) fed the basal diet
but not intubated with DMBA was used to determine the frequency of
nonspecific adducts. Twenty-four h after DMBA treatment, mammary
tissue was removed and mammary cell DNA was isolated and purified
as previously described (32).

Statistical Analysis. Food intake, body weight, and individual adducts
were evaluated statistically using analysis of variance and applying the
Fisher’s least significant difference test for mean comparisons (Stat-
View 512+; 1986 Abacus Concepts, Inc., Calabasas, CA). Correlation
analysis was used to test the significance between the selenium quan-
tities in diets and tumor incidence, and between selenium quantities
and quantities of DMBA-DNA adducts (StatView 512+). The x? test
was applied to evaluate the significance of rat tumor incidence and total
tumor numbers among dietary selenium treatments (33).

RESULTS

Food Intake and Weight Gain. Food intakes of rats did not
differ among dietary selenium treatments (P > 0.05) in either
experiment 1 or 2. Mean daily dry matter intake for rats across
all treatments during the first 2 weeks of feeding was 11.7 g.
During experiment 1 food intake reached a maximum at ap-
proximately 10 weeks post-DMBA treatment and remained
relatively constant throughout the remainder of the 43-week
study. Body weight gain of rats was also not significantly
influenced by the dietary selenium intake in either study (P >
0.05). Weight gains for rats fed 4.0 ug selenium/g during both
initiation and promotion were similar to those for rats fed 0.1
ug selenium/g (Fig. 1).

Tumor Incidence. In experiment 1, palpable mammary tumors
first appeared on the 24th week after DMBA treatment (Fig.
2). Higher selenium intakes resulted in a delay in the time of
first tumor appearance (Fig. 2). The first mammary tumors in
rats fed either 2.0 or 4.0 ug selenium/g were not detected until
week 34. The final tumor incidence correlated inversely with
the log of the selenium content of the diet (r = —0.99; P <
0.01) (Fig. 3). Histopathological examination revealed that
adenomas and fibroadenomas accounted for 80.5% of all tu-
mors (Table 1). The remaining tumors consisted of mammary
adenocarcinomas (7.3%), fibrosarcomas (7.3%), and undiffer-
entiated sarcomas (4.9%). Malignant tumors appeared only in
rats fed diets containing 0.1 or 0.5 ug selenium/g. There was
no evidence of tumor metastasis in any of the experimental
animals. An inverse relationship between the log of the dietary
selenium content and the total tumor number (r = —0.99; P <
0.01) was observed.

DMBA-DNA Adducts. The predominant DMBA-DNA ad-
duct formed in vivo was an anti-dihydrodiolepoxide bound to
guanine (anti-G) (Fig. 4). The presence of anti-G adduct was
dramatically reduced in rats fed supplemental selenite (Fig. 4).
The greatest effect of dietary selenite occurred between 0.1 and
1.0 ug selenium/g. Overall, a highly significant inverse relation-
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Fig. 1. Weight gain of rats fed diets with varying quantities of selenite (0.1,
0.5, 1.0, 2.0, 4.0, and 4.0 ug selenium/g). Diets were fed during the initiation
phase of DMBA carcinogenesis. On the 4th week of feeding all rats were
transferred to the basal diet (0.1 xg selenium/g).
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Fig. 2. Influence of dietary selenite intake on the onset of DMBA-induced
mammary tumors. Rats were fed increasing quantities of selenite during the
initiation phase of carcinogenesis. All rats were intubated with DMBA (5 mg/kg
body weight) at 55 days of age.
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Fig. 3. Relationship of dietary selenite intake to the incidence of DMBA-
induced mammary tumors. The correlation coefficient between the log of dietary
selenium and the tumor incidence was r = —0.996, P < 0.01.

Table 1 Influence of dietary selenite on DMBA-induced mammary tumors
Dietary selenium (ug/g)

Totalno. Total no.of No. of malignant
Initiation Promotion  ©f Fats tumors* tumors
0.1 0.1 23 15 (a) 3
0.5 0.1 25 10(a, b) 3
1.0 0.1 25 6 (b, c) 1
20 0.1 21 4(b,c) 0
4.0 0.1 21 2(b,c) 0
4.0 4.0 21 () 0
“ Values not sharing a common letter differ (P < 0.05).
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Fig. 4. Relationship of dietary selenium content to the occurrence of DMBA-
DNA adducts.

ship between the log of the selenium content of the diet and the
presence of anti-G adduct was found. Likewise selenite supple-
mentation resulted in a marked depression in all identified
adducts. Binding due to anti-A, syn-A, and syn-G adducts was
maximally reduced when rats were fed diets containing 2 ug
selenium/g or more. The occurrence of anti-A, syn-G, and syn-
A adducts also correlated inversely with the log of the dietary
selenium intake (P < 0.05) (Fig. 4).

Correlation of DMBA-DNA Adducts and Tumor Incidence. A
highly positive relationship of the quantity of anti-G and total
DNA-DMBA adducts with final tumor number was observed
(r = 0.99; P < 0.01). Rat mammary tumor incidence was
positively correlated with the amounts of anti-G (»r = 0.98),

anti-A (r = 0.98), syn-A (r = 0.99), syn-G (r = 0.95), and total
DMBA-DNA (r = 0.99) adducts (Fig. 5).

DISCUSSION

DMBA is recognized as an initiator of both mammary and
skin cancer (7, 34-37). The covalent binding of DMBA metab-
olites to DNA has been implicated as a critical step in the
initiation phase of these cancers (38—43). Binding to DNA is
known to involve primarily the bay region dihydrodiol epoxide
route, with both syn- and anti-dihydrodiol epoxides contribut-
ing to binding. Our previous studies have demonstrated that in
vitro selenium supplementation is effective in inhibiting the
formation of DMBA-DNA adducts (25, 26) with a principal
reduction in the occurrence of anti-dihydrodiol epoxide ad-
ducts. The present study demonstrated that dietary selenium is
likewise effective in reducing the in vivo formation of total and
individual DMBA-DNA adducts. As the quantity of sodium
selenite in the diet increased, the quantity of individual and
total DMBA-DNA adducts decreased markedly (P < 0.05).
Unlike the in vitro studies, the present in vivo studies reveal
that selenite supplementation is equally effective in reducing
the occurrence of both syn- and anti-dihydrodiol epoxide ad-
ducts from DMBA. Quantitative differences in the in vivo and
in vitro formation of individual adducts may reflect the quantity
of DMBA that ultimately comes in contact with the mammary
cell. Nevertheless, selenite supplementation is clearly effective
in inhibiting the occurrence of DMBA-DNA adducts in mam-
mary tissue both in vivo and in vitro.

In the present study supplemental dietary selenite provided
during the initiation phase of mammary carcinogenesis signif-
icantly inhibited the incidence and total number of tumors
resulting from DMBA treatment. This observation is consistent
with other investigations (9, 10) and shows that diets containing
1.0 ug selenium/g or more are effective in inhibiting this phase
of mammary carcinogenesis. Ip (9) suggested that approxi-
mately one-half of the anticarcinogenic effect of selenite could
be explained by a suppression of initiation. In the present study
mammary carcinogenesis was inhibited by 50, 75, or 83% in
rats fed diets containing 1.0, 2.0, or 4.0 ug selenium/g, respec-
tively, during initiation phase compared to rats fed a diet
containing 0.1 ug selenium/g. While the degree of inhibition of
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Fig. 5. Relationship between total and individual DMBA-DNA adducts and
the incidence of DMBA-induced mammary tumors. The correlation coefficients
between tumor incidence and DMBA-DNA adducts were: total binding, r =
0.971; anti-G, r = 0.961; anti-A, r = 0.982; syn-A, r = 0.973; and syn-G, r =
0.965.
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the initiation phase of mammary carcinogenesis is dependent
upon the quantity of selenite consumed, the greatest percentage
depression occurred when the diet was increased from 0.1 to
1.0 ug selenium/g. While it is difficult to extrapolate these
observations to recommendations for humans, a moderate in-
crease in dietary selenium for human beings may have the
greatest impact on reducing cancer risk while minimizing sele-
nosis. Consistent with other reports (8, 9, 11), selenite supple-
mentation resulted in a lengthening of time before the first
appearance of tumors. The present study revealed that this
delay progressively increased as the quantity of dietary selenite
was increased.

In this study, benign tumors accounted for more than 80%
of all tumors. The ability of DMBA to induce benign or malig-
nant tumor appears to depend on the dosage administered. Dao
(42) reported that the ratio of malignant tumors to hyperplastic
alveolar nodules varied from 1:16 to 8:17 over a range of 5 to
15 mg of DMBA administered intragastrically to the rat. The
lower dosage of DMBA administered in this experiment (5 mg/
kg) likely accounts for the high percentage of benign tumors.
Selenite supplementation was effective in reducing the inci-
dence of both benign and malignant tumors. Selenite supple-
mentation at 1.0 ug selenium/g was effective in eliminating the
occurrence of malignant mammary tumors.

In the present studies, individual DNA adducts (anti-G, anti-
A, syn-A, syn-G) and the total DMBA-DNA adducts correlated
positively with the incidence of rat mammary tumors. Di-
Giovanni et al. (43) reported the occurrence of anti-A adducts
correlated with the skin tumor-initiating activity of DMBA in
mice. A similar relationship between the occurrence of anti-A
adducts and mammary tumors was observed in the present
study using the rat model. Unlike the studies of DiGiovanni
(43) a significant relationship between each of the major syn-
and anti-dihydrodiol epoxide adducts and ultimate tumor for-
mation was observed. From the present data it is impossible to
determine which adduct is most important in tumor induction
since all were equally influenced by dietary selenite. The amount
of DMBA exposure is known to influence the quantity of
individual adducts (25). It is unknown whether dosage of
DMBA or species differences account for our inability to relate
a single alteration in DMBA-DNA adducts to tumor incidence.

The mechanism by which selenium alters the in vivo forma-
tion of adducts is unknown. Support for altered metabolism
within the mammary cell per se comes from the ability of
selenite to dramatically inhibit binding in cells in culture. It is
generally believed that glutathione serves an important role in
the protection against chemically induced cancer (44, 45).
LeBoeuf et al. (46) reported that high selenium intake signifi-
cantly increased the concentrations of hepatic nonprotein
sulfhydryls. Chung and Maines (47) demonstrated that sele-
nium increased the activities of y-glutamylcysteine synthetase
and glutathione disulfide reductase, hence increasing the con-
centration of glutathione. While glutathione was not deter-
mined in the present studies it is conceivable that increased
liver or nonhepatic tissue glutathione concentrations in rats fed
supplemental selenite reduced the effective concentration of
DMBA within the mammary cell. The greater reduction in
binding as the diet was increased from 0.1 to 1.0 ug selenium/
g may reflect the development of a new steady-state concentra-
tion in tissue selenium concentrations. Additional studies are
needed to clarify the effect that alterations in DMBA detoxifi-
cation of nonmammary tissue have on mammary tissue DMBA-
DNA binding.

In conclusion, dietary selenium is effective in inhibiting the
in vivo metabolism of DMBA to metabolites capable of binding
to DNA. This reduction in binding was found to correlate
significantly with ultimate tumor formation.
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