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Abstract

The carcinogen-induced rat mammary carcinoma model, de

veloped a quarter of a century ago by Dr. Charles Brenton
Muggins, is today the standard laboratory animal model in the
study of human breast cancer. This model has a number of
features that make it particularly attractive to the experimental
oncologist, e.g., tumor induction ease and reliability, organ site
specificity, tumors of ductal origin, tumors of predominantly
carcinomatous histopathological characteristics, tumors of vary
ing growth factor and/or hormone responsiveness, and the po
tential to examine tumor initiation and promotion processes.
Since the development of this model, an extensive literature
describing the biological behavior and responsiveness of these
tumors has been provided. The purpose of this communication
is to condense, summarize, and integrate this vast literature into
a single review with the intent on facilitating information acquisi
tion and conceptualism by both the new and the established
experimental oncologist. In addition, and equally important, this
communication is a tribute to Dr. Muggins, whose pioneering
efforts in the development of this model and whose scientific
contributions and dedication to the oncological sciences in gen
eral have made an important and lasting impact on us all.

Introduction

Charles Brenton Muggins (Fig. 1) was born in 1901 in Halifax,
Nova Scotia, Canada. He was educated at Acadia University in
Nova Scotia, received his M.D. from Harvard Medical School,
and trained in surgery at the University of Michigan. In 1927, he
began his career as a urologist at the University of Chicago,
where later he headed the Ben May Laboratory for Cancer
Research. In 1941, Muggins ef al. (289) showed that patients
with disseminated prostatic carcinoma were markedly improved
by castration. Subsequent observations showed that the syn
thetic estrogen, diethylstilbestrol, caused effects similar to those
of castration (286). The use of estrogens in prostatic cancer
initiated the modern era of cancer chemotherapy. Subsequently,
in 1952, Huggins and colleagues (280) pioneered and reported
the beneficial effects of adrenalectomy for the treatment of
advanced breast cancer in women. These important advances
in cancer treatment coupled with his research in the development
of an animal model for human breast cancer, i.e., the carcinogen-
induced rat mammary carcinoma model ("Huggins tumor") (282),

led to the Nobel Prize in physiology or medicine for 1966, which
he shared with Peyton Rous. Today, in his laboratory at the
University of Chicago, Charles Huggins is still active in his study
of neoplaslic diseases. His interest in the development of animal
models for these diseases continues as exemplified by his recent

1To whom requests for reprints should be addressed.
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report on the induction by chemical carcinogens of leukemoge-

nesis in laboratory animals (285).
The purpose of this communication is 2-fold. First, it is a

dedication to Charles Brenton Huggins on behalf of all cancer
researchers, colleagues, students, and friends. His devotion for
over a half-century to the study of neoplastic diseases and his

accomplishments in this important area of work have been and
are an inspiration to all. Secondly, this communication provides
a comprehensive review of the host factors influencing the
growth of carcinogen-induced rat mammary carcinomas. It has

been nearly a quarter of a century since the development of the
"Huggins tumor," during which time an impressive array of

information concerning the biological behavior of this neoplasm
has been reported. This review will focus on critical host factors
involved in growth promotion of chemical carcinogen-induced rat

mammary carcinoma; in general, factors affecting initiating
events in this carcinogenic process will not be the subject of this
communication because this facet of this carcinogenic process
was recently examined and discussed in an excellent review by
Russo ef al. (576). It is hoped that this review will serve to
condense and integrate the vast literature on this immensely
popular experimental animal model facilitating information acqui
sition and conceptualism by both the new and the established
experimental and clinical scientist whose scientific interests are
directed toward an understanding of mammary tumor cell growth
processes.

Historical

Dunning ef al. (161) in 1936 and Geschickter (188) in 1939
reported the induction of sarcomas in various strains of rats by
s.c. administration, at the site of the mammary gland, of 1,2,5,6-
dibenzanthracene, BP,2 or MCA. Carcinomas of the mammary

gland were only occasionally observed. In 1949, Shay ef al. (598)
instilled MCA, dissolved in olive oil, into the stomach of Wistar
rats 6 times weekly beginning when the rats were 5 to 7 weeks
old and continuing until death. The original intent of the study
was to induce gastric tumors, which was unsuccessful; mam
mary carcinomas were observed in 100% of the rats thus treated.
They also observed the profound influence of the endocrine
system in the genesis of these tumors; i.e., the highest incidence
of mammary tumors was in intact females (100%), and the lowest
was in males and ovariectomized females. In a subsequent study
(603), they observed intermediate frequencies of MCA-induced

mammary tumor development in castrated or intact male rats

2The abbreviations used are: BP, 3,4-benzopyrene; MCA, 3-methylcholan-
threne;2-AAF,2-acetylaminofluorene;DMBA, 7,12-dimethylbenzanthracene;MNU,
methylnitrosourea; BNU, butylnitrosourea: ENU, ethylnitrosourea; BCG, Bacillus
Calmette-GuÃ©rin;MER, methanol-extractedresidue of Bacillus Calmette-Guerin;4-
HPR, W-(4-hydroxyphenyl)retinamide;cAMP, cyclic adenosine 3':5'-monophos-
phate; cGMP, cyclic guanosine 3':5'-monophosphate; BHT, butylated hydroxytol-

uene; BHA, butylated hydroxyanisol;PGF, prostaglandinF; PGE, prostaglandin E.
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MUGGINS TUMOR: A REVIEW

Fig. 1. Charles Brenton Muggins, M.D. This picture was taken in 1984, at the
Ben May Laboratory of Cancer Research, University of Chicago, a quarter of a
century after the initial publication by Muggins ef al. (281) on the development of
the "Muggins tumor."

bearing s.c. pellets of estradici and in intact females bearing
pellets of progesterone or testosterone.

In 1941, Wilson ef al. (730) provided the first documented
evidence of mammary tumor induction in laboratory animals by
aminofluorene compounds. The carcinogen, 2-AAF, when fed to

albino rats, induced tumors in a variety of organ sites, including
the mammary gland. The mammary tumors were almost always
adenocarcinomas and were hormone responsive (34, 35, 58,
626); /.e., intact female rats were far more susceptible to the
carcinogen than were male rats or ovariectomized rats. Preg
nancy increased the growth of these tumors; lactation caused
tumor regression (36). Aminofluorene compounds are also potent
hepatocarcinogens in a wide variety of rat strains, including those
strains which are susceptible to the mammary tumorigenic activ
ities of these compounds. The lack of organ specificity for the
aminofluorene compounds has, in effect, limited their usefulness
as experimental models for the study of mammary tumors. Thus,
interest in the aminofluorene-induced rat mammary tumor model

reached its peak during the late 1940s and early 1950s, giving
way to the presently popular polycyclic aromatic hydrocarbon
rat mammary tumor experimental models.

In 1951, Geyer ef al. (189) were the first to demonstrate that
repeated i.v. injections of a polycyclic hydrocarbon to female rats
would result in a high yield of mammary carcinomas. They
administered the carcinogen, DMBA, to intact female Wistar and
Sprague-Dawley rats in 12 weekly injections and observed a
32% mammary carcinoma incidence. When estradici was admin
istered concurrently, more mammary carcinomas developed and
in a shorter period of time (190).

In 1959, Huggins et al. (281 ) reported on the optimal conditions
for the production of mammary carcinomas in Sprague-Dawley

rats by gastric intubations of MCA. Under conditions which were

readily reproducible, multiple mammary carcinomas were in
duced in every rat in 60 days or less. The rapid induction of
mammary carcinomas proved to be a function of MCA dosage,
timing of MCA, and a favorable hormonal status in the recipient
animal. Palpable mammary carcinomas regressed after hypoph-
ysectomy, ovariectomy, or treatment of rats with dihydrotestos-
terone. In 1961, Huggins (282) markedly improved upon this
model by showing that a single feeding of DMBA to 50- to 65-
day-old intact female Sprague-Dawley rats resulted in a mam

mary carcinoma yield of 100% just 2 months after carcinogen
treatment. Like the MCA-induced rat mammary tumor model,
the DMBA-induced rat mammary tumors were hormone respon

sive; i.e., the tumors regressed after hypophysectomy, ovariec
tomy, or testosterone treatments, whereas moderate doses of
estrogen or progesterone stimulated growth of these tumors
(279, 282). Furthermore, the capability of inducing mammary
carcinomas in rats by a single injection of the carcinogen permit
ted, for the first time, separate examination of the initiating and
promoting phases of this carcinogenic process. Thus, the DMBA-

induced rat mammary tumor model, as described by Huggins ef
al. (279, 282), soon began to be referred to as the "Huggins
tumor" and today represents the most intensely investigated
laboratory animal model of human breast cancer. The "Huggins
tumor" is characterized histologically as a carcinoma, although

low dose levels of the carcinogen elicit mostly fibroadenoma
formation rather than carcinomas (587). The carcinoma appears
to arise from the ductal elements of the mammary gland, initially
described by Rigden ef al. (547) in 1964, by Middleton (455) in
1965, and more recently by other laboratories (238-240, 615,

675). The histogenesis of these carcinomas has been examined
extensively by the Russos (570-577, 655-657). Histological and

ultrastructural features and carcinogen dose schedules have
been described by many laboratories (11, 126, 129, 132, 179,
202, 217, 386, 479, 480, 590, 608, 632, 738, 739). Cytotoxic
drug chemotherapy (147, 148, 171, 210, 211, 350, 477, 478,
513, 541, 543, 585, 586, 600, 662, 702), enzyme activities and
profiles (12, 48, 140, 150, 154, 257, 259, 260, 262, 371, 373,
412, 456-461, 503, 504, 542, 582, 620), and stroma modulation

(29, 30,107,159, 409, 637, 728, 731, 741 ) of these carcinomas
will not be addressed in this review.

Endocrine System

Anterior Pituitary-Ovarian Hormones

DMBA- and MCA-induced Rat Mammary Carcinomas. Moon

ef al. (470) in 1952 and Noble and Walters (509) in 1954 reported
that hypophysectomy inhibits the development and growth of
MCA- and DMBA-induced rat mammary carcinomas, respec

tively. Since these original reports, a number of laboratories have
confirmed and extended these observations utilizing either the
MCA (142, 283)- or DMBA (9, 130, 209, 411, 629, 715, 736)-

induced rat mammary carcinoma models. Pituitary stalk section,
a surgical procedure that causes extensive anterior pituitary
gland infarction in the rat, also induces regression of polycyclic
aromatic hydrocarbon (MCA)-induced rat mammary carcinomas
(127). In accord, the administration of neuroendocrine-influencing

drugs which suppress the secretion of anterior pituitary hor
mones (715) or anti-anterior pituitary hormone serum (519) inhib
its the development and/or growth of carcinogen-induced rat

mammary carcinomas.
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The pituitary hormone which appears to be most important for
development and growth of MCA- or DMBA-induced rat mam

mary carcinomas is prolactin (354, 719). The importance of this
pituitary peptide for growth of these neoplasms is demonstrated
by studies showing that the suppression of the secretion of this
hormone by certain ergot alkaloids (46, 67, 73, 104, 177, 201,
255, 256, 484, 492, 534, 535, 625, 640, 643, 661, 705, 714-

716) or ergoline derivatives (177,424,643,661 ) or administration
of antiprolactin serum (55) caused a marked inhibition of mam
mary carcinoma development and/or growth. Furthermore, the
administration of this hormone stimulates tumor growth not only
in intact male (716) and female (105, 707, 718) rats but also in
ovariectomized (16, 181, 424, 488, 651, 707), ovariectomized-
adrenalectomized (485, 490), and ovariectomized-adrenalecto-
mized-hypophysectomized (517) rats as well. Thus, it appears

that prolactin can stimulate growth of these tumors even in
animals deficient in ovarian steroids, at least for an initial period
of time. Ovarian steroids may be essential, however, for pro
longed growth of these neoplasms even in animals with in
creased blood levels of prolactin (404, 405, 614, 707). Enhanced
prolactin secretion not only excites growth of carcinogen-induced
rat mammary carcinomas but, in addition, can increase Â«-lactal-

bumin synthesis of the tumor cells (533) and casein synthesis in
a small subpopulation of cells (561,641, 642). A direct mitogenic
effect of prolactin on DMBA-induced rat mammary carcinomas

has been demonstrated in vitro in both organ (226, 516, 706,
720) and cell (225,567) cultures. Prolactin has also been reported
to stimulate [3H]leucine incorporation into protein (399) and

ornithine decarboxylase activity (178) of primary cultures of
DMBA-induced rat mammary carcinomas. Although definitive in
vivo stimulatory effects of administered prolactin on DMBA-

induced rat mammary carcinoma growth are consistently ob
served, serum prolactin levels appear to be in the "normal" range

in untreated, intact female rats bearing static, rapidly growing,
or regressing DMBA-induced rat mammary carcinomas (180,
482). Thus, in untreated intact mammary carcinoma-bearing rats,

a wide range of tumor growth patterns is observed in association
with normal levels of serum prolactin. In contrast, it has been
reported that, in strains of rats relatively refractory to DMBA-
induced mammary gland carcinogenesis (e.g., inbred Sprague-
Dawley, Long-Evans) compared to strains which are highly sen
sitive to the carcinogen (i.e., most Sprague-Dawley strains), a

positive correlation is observed between serum prolactin levels
and carcinogen susceptibility (45, 54, 241). Clearly, DMBA-

induced rat mammary carcinomas have specific prolactin mem
brane receptors, first reported by Kelly ef al. (347) in 1974. Since
this report, a number of groups, in particular those of Costlow
ef al. (117-122), Meites ef al. (153, 377), Asselin ef al. (16),

Holdaway and Friesen (267), Nagasawa ef al. (491), and Smith
ef al. (621 ), have examined the effects of a number of physiolog
ical and biochemical parameters on prolactin membrane receptor
localization, induction, and maintenance. In general, no strong
correlation between the level of prolactin binding to cell mem
branes of DMBA-induced rat mammary carcinomas and prolac-
tin-induced tumor growth has been observed (267). Indeed,
prolactin membrane binding varies markedly among DMBA-in

duced rat mammary carcinomas, and the quantity of binding
does not appear to correlate with the magnitude of tumor growth
and/or blood hormone levels (153, 267, 621).

Whether or not growth hormone can stimulate growth of

DMBA-induced rat mammary carcinomas is not totally clear at
this time. For example, median-eminence hypothalamic lesions

in rats suppress the secretion of growth hormone and increase
prolactin secretion; such lesions markedly stimulate growth of
these neoplasms (614, 707). The administration of growth hor
mone to DMBA-induced mammary tumor-bearing rats has been

reported to have no effect (485, 517) or a slight but significant
stimulatory effect (albeit less than prolactin) on growth of these
tumors (411 ). The in vitro addition of growth hormone to culture
media containing DMBA-induced rat mammary carcinoma has

been reported to slightly stimulate (56, 567) or to have no effect
(225) on DNA synthesis of the tumor cells. Other anterior pituitary
hormones(;'.e., gonadotrophins, thyroid-stimulating hormone, ad-

renocorticotrophin) can indirectly affect the in vivo growth and
progression of rat mammary carcinomas via modulation of the
secretion of their respective target organs. There is no evidence
that these pituitary peptides can directly affect the growth proc
esses of these tumor cells (567).

Ovariectomy of rats either prior to or shortly after the admin
istration of MCA or DMBA sharply suppresses the development
of rat mammary carcinomas; the ovariectomy of rats bearing
these neoplasms causes a growth stasis or regression of these
tumors. Clearly, ovarian steroids are important hormonal factors
for growth promotion of polycyclic aromatic hydrocarbon-in

duced rat mammary carcinomas, a phenomenon that has been
cited by many laboratories (128, 133, 134, 142, 272, 283, 397,
581, 613, 708). A series of interesting reports by Cullino and
colleagues (98, 99, 220-223, 394, 563, 564, 569) and by other

laboratories (5, 200, 246, 248, 258, 495, 545, 595, 631) have
examined a number of the physiological, biochemical, and en
zymatic characteristics of the carcinogen-induced rat mammary
carcinoma induced to regress by a variety of endocrine-manipu

lative procedures.
Reactivation of growth of ovariectomy-induced regressing

MCA- or DMBA-induced rat mammary carcinomas can be ac

complished by administration of moderate dose levels of estro
gen (170-estradiol, diethylstilbestrol), to the tumor-bearing host

(46,605, 617, 681). In intact rats, the administration of moderate
dose levels of estrogen also enhances DMBA-induced rat mam
mary carcinoma growth (350, 621). The growth-promoting ef
fects of estrogen on DMBA-induced rat mammary carcinomas

are dependent upon a functional pituitary gland, first described
by Pearson and colleagues (629) in 1963; estrogens are ineffec
tive in enhancing growth of these tumors in hypophysectomized
rats.

In contrast to the in vivo stimulatory effects of moderate dose
levels of estrogens on the growth of MCA- or DMBA-induced rat

mammary carcinomas, high dose levels of estrogen inhibit de
velopment and/or growth of these neoplasms. Thus, larger doses
of naturally occurring estrogens, e.g., 17/i-estradiol (287, 403,
445, 454, 486, 535), estriol (1, 403), and estrone (403), and
certain synthetic estrogens, e.g., diethylstilbestrol (172, 174),
significantly impede the developmental and/or growth of these
tumor cells. The administration of high dose levels of certain
natural estrogens with A-ring modification by hydroxylation (e.g.,
2-hydroxyestradiol) (1) or methylation (e.g., 4-nitroestrone, 3-

methyl ether) (565) has also been reported to inhibit growth of
DMBA-induced rat mammary carcinomas. The inhibitory effect

of high doses of estrogen, however, can be overcome, at least
in part, by the administration of prolactin (454, 486).
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Although moderate dose levels of estrogens enhance the
growth of MCA- or DMBA-induced rat mammary carcinomas in

vivo, such a stimulatory effect of estrogens is rarely observed in
vitro. Thus, the addition of moderate dose levels of 17/3-estradiol

to organ cultures (14, 407, 516, 720) or cell cultures (13, 79,
225, 567) of DMBA-induced rat mammary carcinomas does not

significantly affect proliferation and/or DNA synthesis of the
tumor cells. Protein synthesis ([3H]leucine incorporation into pro

tein) has been reported, however, to be slightly increased in
organ cultures of DMBA-induced rat mammary carcinomas upon
the addition of moderate levels of 17/3-estradiol to the culture
media (398, 399). The addition of 17/3-estradiol to cell homoge-
nates of hormone-responsive DMBA-induced rat mammary car

cinoma has been reported to result in increased nuclear RNA
polymerase activity; cell homogenates of hormone-independent

rat mammary carcinomas did not respond to the steroid (10).
When high dose levels of 17/3-estradiol are added to culture
media containing DMBA-induced rat mammary carcinomas, an

inhibitory effect of the steroid on cell proliferation and/or DNA
synthesis or toxicity is consistently observed (13, 14, 79, 407,
567, 720). The inhibitory effect of large doses of 17/3-estradiol
on the proliferation of cell cultures of DMBA-induced rat mam

mary carcinomas has been reported to be reversed by the
addition of prolactin to the culture media (79).

DMBA- or MCA-induced rat mammary carcinomas have ap

preciable quantities of estrogen receptors, a phenomenon origi
nally described by King ef al. (370), Jensen ef a/. (320, 321), and
Mobbs (465) in 1965 and 1966. Since these initial reports, a
number of groups, in particular those of King ef al. (369, 372,
374), Mobbs and Johnson (466-469), McGuire ef al. (119, 446-

448), Sasaki and Leung (583, 584), Rochefort ef al. (186, 684,
685), Terenius (663, 666), Griffiths ef al. (4, 146, 506), Boyland
ef al. (43, 44), Tsai ef al. (676, 677), DeSombre ef al. (153),
Gibson and Hilf (194), Teclercq and Heuson (395), and others
(16, 17, 213, 242, 337, 338, 510, 579, 580, 593, 606), have
examined an array of physiological and pharmacological factors
involved in the induction, maintenance, and biochemical action
of these receptors and the receptor-steroid complex. In general,

there appears to be a good correlation between estrogen recep
tor levels of carcinogen-induced rat mammary carcinomas and

tumor growth processes. For example, in mammary carcinomas
which are hormone independent or in mammary carcinomas
which are regressing as a result of, e.g., ovariectomy, estrogen
receptor levels are often reduced (16, 119, 194, 447, 448, 467,
469, 676, 677, 685); few exceptions, however, have been noted
(43, 44,153). Reactivation of tumor growth after ovariectomy by
hormone replacement therapy (i.e., estrogen and/or prolactin)
restores the estrogen-binding capacities of these tumors (16,

17,685).
During the past decade, one of the most important achieve

ments in the growth control of estrogen-responsive neoplasms

has been the development of a class of compounds called
antiestrogens. To date, the most widely used antiestrogen,
experimentally and clinically, is tamoxifen (ICI-46, 474), a potent

estrogen antagonist which may act by competing for receptor
complex, by altering the association of the receptor complex and
nuclear binding sites, and/or by interfering with the regeneration
of the receptor (334). The administration of tamoxifen to DMBA-

treated rats significantly suppresses the development and/or
growth of mammary carcinomas, quantitatively, nearly compa

rable to or equal to that of ovariectomy. This was initially de
scribed by Nicholson and Golder (507) and by Jordan (323) in
1975 and 1976. Since these reports, the laboratories of Jordan
ef al. (324-328), Nicholson ef al. (505, 508), and others (103,

518, 713) have further evaluated the effects of tamoxifen on
developmental and growth processes of the DMBA-induced rat
mammary carcinoma. It has also been reported that tamoxifen
inhibits proliferation of DMBA-induced rat mammary carcinoma

cells maintained in cell culture (28). Other antiestrogens have
been examined for effectiveness in inhibiting growth progression
of the polycyclic aromatic hydrocarbon-induced rat mammary
carcinoma. These include nafoxidine (U-11, 100A) (182, 256,
664, 677), CI-628 (151, 507, 677), ICI-85, 966 (527, 528), U-23,
469 (676, 677), RU-16117 (344, 345), ICI-79, 792 (527, 528),
MER-25 (665), EMD-16, 795 (589), analog II (518), keoxifene

(LY156758) (103), clomid (588), monohydroxytamoxifen (324),
and various diethylstilbene derivatives (234-237, 387). In gen

eral, these compounds suppress the development and/or growth
of DMBA-induced rat mammary carcinoma, comparable to or

less than (but not exceeding) that of tamoxifen. Currently, im
portant efforts are being directed toward the development of
antiestrogens possessing little or no intrinsic estrogenic activity
(103).

Another approach to controlling estrogen-elicited growth proc
esses of the carcinogen-induced rat mammary carcinoma is by

blocking, via drugs, estrogen biosynthesis. Levin ef al. (406)
administered cyanoketone, a specific inhibitor of steroidogenesis
at the level of 30-hydroxysteroid oxidoreductase-A5 4-3-ketoste-

roid isomerase, to rats bearing DMBA-induced rat mammary

carcinomas. Significant inhibition of tumor growth, comparable
to ovariectomy, was observed. More recently, Brodie ef al. (49-

52), utilizing compounds which inhibit the enzyme systems me
diating aromatization of the A-ring of the steroid molecule (aro-

matase inhibitors), reported that the administration of certain
aromatase inhibitors to rats bearing DMBA-induced mammary

carcinomas caused pronounced tumor regression. Aromatase
inhibitors which effectively suppressed tumor growth were 4-
hydroxyandrostene-3,17-dione, 4-acetoxyandrostene-3,17-
dione, and 1,4,6-androstatriene. Other aromatase inhibitors, e.g.,

aminoglutethimide and testololactone, did not significantly affect
the growth of these tumors.

Relatively less attention has been directed toward the role of
progesterone in development and growth of MCA- or DMBA-

induced rat mammary carcinomas. Temporal relationships be
tween carcinogen treatment and progesterone administration
have been examined primarily by Jabara ef al. (311-318). In
general, when moderate dose levels of progesterone are admin
istered commencing at the time of or after carcinogen (MCA or
DMBA) treatment, an enhancement of mammary tumorigenesis
is observed either in intact (287, 290, 311, 318, 346) or in
ovariectomized (313, 444, 644) rats; such a phenomenon does
not appear to occur, however, in ovariectomized-adrenalecto-

mized rats (314). On the other hand, maintenance of growth of
palpable DMBA-induced mammary carcinomas in ovariecto

mized rats by chronic administration of progesterone is most
often not successful; the combination of progesterone and estro
gen is effective, however, in maintaining the growth of these
tumors (16, 274). Medroxyprogesterone acetate, at moderate
dose levels, has been reported to stimulate the growth of DMBA-
induced mammary carcinomas in intact rats; at high dose levels,
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this semisynthetic progestational agent inhibits the growth of
these tumors (124). The addition of progesterone to cell or organ
cultures of DMBA-induced rat mammary carcinoma has been

reported to enhance DMA synthesis of the cultured cells (225,
516, 567). Although it appears that progesterone is a growth
stimulant of MCA- or DMBA-induced rat mammary carcinomas,

the precise role of this hormone in this tumorigenic process has
always remained uncertain because this hormone can be meta-

bolically converted to estrogen. A recent study by Yoshida ef al.
(735) provides evidence that progesterone per se may be impor
tant for growth of carcinogen-induced rat mammary carcinomas.

It was demonstrated that chronic administration of progesterone,
for varying time periods after DMBA treatment, to neonatally
androgenized rats resulted in a marked increase in mammary
carcinoma development and growth. Neonatally androgenized
rats have moderately elevated secretory rates of estrogen and
prolactin and minimal progesterone secretion. It is doubtful that
the estrogenic metabolic by-products of progesterone metabo
lism could quantitatively contribute to the existing hyperestro-

genemia in the androgenized animals.
When progesterone is administered prior to carcinogen treat

ment, inhibition of mammary tumorigenesis is observed (318,
708), although such an inhibitory effect is not consistently seen
when the carcinogen (DMBA) is applied directly to the mammary
gland (312, 316). Moderate or high dose levels of progesterone
in combination with high dose levels of estrogen have been
reported to inhibit the growth of DMBA-induced rat mammary

carcinomas (287, 290, 445). Such a hormonal milieu causes
intense development (hyperplasia) of the normal rat mammae
and ovarian atrophy. It is interesting that a moderate dose level
of progesterone, which alone is mammary tumorigenic, coupled
with a high dose level of estrogen provides a therapeutic hor
monal milieu considerably more efficacious than treatment with
the high dose of estrogen alone (287). Specific receptors for
progesterone have been demonstrated in DMBA-induced rat

mammary carcinomas. An analysis of these receptors has been
provided in the reports of Terenius (666), Goral and Wittliff (198),
Asselin ef al. (16-18), Horwitz and McGuire (274), Seshadri ef

al. (593), and Mobbs (464). In general, polycyclic aromatic hydro
carbon-induced rat mammary carcinomas which are actively

growing have higher levels of progesterone receptors than do
tumors that are induced to regress by ovariectomy or ovariec-
tomy-adrenalectomy (16, 274). The administration of hormones
(i.e., prolactin and/or estrogen) to rats bearing regressing mam
mary tumors restores tumor growth and progesterone receptor
levels (16, 17, 274). It has been proposed that progesterone
receptor levels in DMBA-induced rat mammary carcinomas may

be a better indicator of tumor response to ovariectomy and
hormonal restimulation than is the level of estrogen receptors in
these tumors (464).

Results of administration of synthetic progestational antifertil-
ity steroids to carcinogen-treated rats have not been consistent

perhaps because the experimental protocols differed in the reg
imen of steroid and carcinogen administration. In 1964 and in
1966, Gruenstein ef al. (218, 219) reported no effect of Enovid
(norethynodrel plus mestranol) on the incidence of mammary
carcinomas in rats treated with MCA. In 1965, McCarthy (430)
reported an increase in DMBA-induced rat mammary gland tu

morigenesis when low doses of Enovid were administered prior
to carcinogen treatment; high dose levels of the antifertility

steroids did not influence tumor incidence. These studies are in
contrast to those of other groups showing that treatment of rats
with Enovid prior to DMBA treatment suppresses mammary
tumor development (630, 696, 717). When Enovid is adminis
tered commencing after DMBA treatment, an acceleration of
tumorigenesis is observed when moderate dose levels of the
steroids are administered; high dose levels inhibit tumor devel
opment and growth (173, 717). The administration of Enovid to
ovariectomized rats bearing DMBA-induced mammary tumors

maintains the growth progression of these tumors (717).
In summary, it is clear that moderate dose levels of estrogen

and/or progesterone (natural or synthetic) can enhance the
growth of polycyclic aromatic hydrocarbon-induced rat mammary

carcinomas in vivo. In contrast, in vitro, utilizing cell or organ
culture techniques, a proliferative effect of estrogen on DMBA-
or MCA-induced rat mammary carcinoma cells has yet to be

clearly demonstrated despite extensive efforts by a number of
laboratories. Progesterone, on the other hand, appears to be
able to stimulate the growth of polycyclic aromatic hydrocarbon-

induced rat mammary carcinoma cells in vitro, in either cell or
organ cultures. These are interesting observations which raise
the possibility that the in vivo growth-stimulatory effects of

estrogens upon these cells may require additional growth and/
or permissive factors of stromal and/or nonmammary origin. This
interesting and important concept has been proposed by Sir-

basku (618) and is currently being examined by a number of
laboratories.

The inhibitory action of androgens on development and growth
of polycyclic aromatic hydrocarbon-induced rat mammary carci

nomas was clearly demonstrated in 1961 by Dao and Greiner
showing 100 and 0% incidence of mammary carcinomas in MCA-

treated intact female and male rats, respectively. Castration of
male rats increased mammary carcinoma incidence to 14%;
grafting of ovaries to the castrated male rats increased tumor
incidence to 66% (138). Androgen administration in moderately
high doses to rats bearing MCA- or DMBA-induced mammary

carcinomas causes a significant tumor growth inhibition, often
resembling that induced by ovariectomy. The androgenic ste
roids most often used to inhibit the growth of these tumors are
testosterone (164, 208, 245, 599, 659, 660, 737), dihydrotestos-
terone (164, 245, 281), 2Â«-methyldihydrotestosterone propio-
nate (208, 658-660), various enol derivatives of dihydrotestos-
terone (164), dromostanolone propionate (536, 607), and 2Â«-
methyl-17/3-hydroxy-5Â«-androstan-3-one (228). The addition of
testosterone to cell cultures of DMBA-induced rat mammary

carcinomas has been reported to inhibit DNA synthesis of the
cultured cells (225, 567). When moderate or very high doses of
androgenic steroids are administered to rats bearing these tu
mors, the growth of an occasional tumor is often enhanced (245,
281 ), perhaps due to partial conversion of the androgenic ste
roids to estrogenic agonists. In accord, combination treatment
of rats bearing DMBA-induced mammary carcinomas with andro

gens and ovariectomy is therapeutically less effective than is
ovariectomy alone (208). Androgen-induced inhibition of DMBA-

induced rat mammary carcinoma growth can be overcome by
treatment with high doses of prolactin (536). The characteristics
of the androgen receptor in DMBA-induced rat mammary carci

noma have been described by Ip ef al. (307). A correlation
between androgen receptor content and androgen-altered poly
cyclic aromatic hydrocarbon-induced rat mammary carcinoma
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growth has not been reported; thus, the function of this receptor
in these tumors is unknown.

In a sequence of prominent reports from 1959 to 1962, Dao
et al. (133,134,136,138,142) described a number of important
observations depicting endocrine control of polycyclic aromatic
hydrocarbon-induced rat mammary gland tumorigenesis. Among

these meaningful observations was the profound influence which
the reproductive state has on the development and/or growth of
these tumors. It was shown in these studies that the reproductive
states of pseudopregnancy or pregnancy commencing after
MCA treatment sharply increased mammary tumor development
and growth; upon parturition and lactation, the exuberant growth
of the tumors ceased; many of the tumors regressed to the point
in which they were no longer palpable (136, 142). In contrast,
when MCA was administered to either pregnant or lactating rats,
marked inhibition of mammary tumorigenesis was observed (136,
142). Clearly, the hormonal milieu of pseudopregnancy or preg
nancy accelerated the growth of incipient or palpable MCA-

induced rat mammary carcinomas, whereas the hormonal milieu
of lactation inhibited this growth process. On the other hand, the
endocrine milieu of both pregnancy and lactation is not conducive
to the induction of mammary carcinomas by MCA. Of interest as
well are the reports by Howell (275), Moon (471), and Moore ef
al. (476) showing that a reproductive history of pregnancy also
results in refractoriness to DMBA-induced rat mammary gland

tumorigenesis. The above cited observations have now been
supported and confirmed by a number of laboratories (275, 442,
476,578,616).

The enhanced growth of MCA- or DMBA-induced rat mam

mary carcinoma by pseudopregnancy or pregnancy appears to
be caused by increased secretory rates of estrogen, progester
one, and/or prolactin. Increased secretory rates of placental
lactogen (487) or relaxin (525) may also be important contributing
factors. The reduction in mammary carcinoma growth during
lactation, despite high blood levels of prolactin, may be a defi
ciency of estrogen (578) and/or progesterone (444). Alternatively,
reduced mammary tumor growth during lactation may be attrib
uted to increased adrenocortical activity (21). In a series of
papers reported by McCormick and Moon (441-444), it was
proposed that continued growth of DMBA-induced rat mammary

carcinomas during lactation is dependent upon the continued
presence of the nursing stimulus; i.e., cessation of nursing
causes greater tumor regression. Moore ef al. (476) report that
unilateral mammary teat removal (thelectomy) of rats subse
quently treated with DMBA does not significantly affect tumor
incidence; /.e., mammary carcinomas developed in thelectomized
mammae at a frequency comparable to that observed in the
contralateral intact mammae. This observation further supports
the concept that the tumor growth-promoting effects of the

nursing stimulus described by McCormick and Moon (441, 443)
are primarily via alterations in endocrine system activity.

MNU-induced Rat Mammary Carcinomas. In 1975, Bots and
Willighagen (42) reported that monthly i.v. injections of MNU into
female Lewis rats resulted in a high yield (65%) of multiple
mammary carcinomas by 6 months after the onset of carcinogen
administration. Only 5% of male rats treated similarly developed
mammary carcinomas. The same year, Gullino ef al. (224) re
ported that monthly i.v. injections of MNU to female Sprague-

Dawley, BUF/N, or Fischer 344 rats caused multiple mammary
carcinomas in 73 to 89% of the treated rats; ovariectomy either

before or after MNU treatment significantly suppressed this
tumorigenic process. Gullino ef al. (224), in addition, provided
evidence that the MNU-induced rat mammary carcinoma readily

metastasized (to spleen and bone marrow), an observation that
has not been confirmed by other laboratories (729). The histo-

logical, ultrastructural, and angiogenic features of these tumors
have been described by Williams ef a/. (729), Tseng (678), and
Maiorana and Gullino (421), respectively. MNU dose-tumor re

sponse relationships have also been reported (353, 415, 433,
560,669, 682,683). Very recently, Sukumar et al. (638) provided
evidence in a very interesting report that the H-ras-1 locus
becomes activated in MNU-induced rat mammary carcinomas.

The endocrine responsiveness of the MNU-induced rat mam
mary carcinoma is similar, in many respects, to the MCA- or
DMBA-induced rat mammary tumor. Hypophysectomy of rats
bearing MNU-induced mammary carcinomas causes rapid tumor

regression, originally described by Rose and Noonan (559) in
1981 and subsequently confirmed in other reports (6, 558). The
administration of prolactin (6, 558, 559) or estrogen (6, 559) to
hypophysectomized rats bearing these neoplasms has been
reported to stabilize tumor growth. Furthermore, the administra
tion of prolactin plus growth hormone (558) or prolactin plus
estrogen (6) to hypophysectomized rats bearing regressing
MNU-induced mammary tumors results in tumor growth reacti
vation. These results suggest that the MNU-induced rat mam

mary carcinoma may be more responsive to estrogen and growth
hormone and somewhat less responsive to prolactin than are
the DMBA- or MCA-induced mammary tumors. Clearly, prolactin
is important in the early developmental stages of MNU-induced
rat mammary gland tumorigenesis (704, 711). Drug-induced
stimulation of prolactin secretion (423) or suppression of the
secretion of this pituitary peptide (558), on the other hand,
caused only a slight increase or decrease, respectively, in the
growth of the palpable MNU-induced mammary tumor. Thus, the

limited data to date currently suggest that prolactin may be
quantitatively less important for growth of the palpable MNU-
induced rat mammary carcinoma in comparison to the effect of
this hormone on growth of the palpable MCA- or DMBA-induced

rat mammary tumor.
Ovariectomy, either at the time of or after MNU treatment,

also inhibits development and/or growth of these tumors (8, 215,
422, 556, 679, 680, 729), confirming the original observation of
Gullino ef al. (224). In accord, the administration of certain
antiestrogens, i.e., tamoxifen (556, 679), trioxifene (556), or RU-
16117 (679), inhibits development and/or growth of MNU-in
duced rat mammary carcinomas. High dose levels of 170-estra-
diol alone or in combination with progesterone inhibit the early
development of these tumors (215); large dose levels of 17/3-
estradiol administered to rats bearing palpable tumors result in
tumor growth inhibition (423). Progesterone, at moderate dose
levels, administered commencing 10 days after (215) or com
mencing 7 days before and continuing after (199) MNU treatment
has been reported to inhibit tumor development; when the steroid
is administered during the time of MNU administration, mammary
tumor development has been reported to be increased (199).

To date, only one report has appeared in the literature assess
ing reproductive status and MNU-induced rat mammary gland

tumorigenesis (212). Pregnancy with lactation, commencing after
MNU treatment, suppressed the development of mammary car
cinomas. The incidence of mammary carcinomas was also re-
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duced when pregnancy without lactation followed MNU treat
ment, although mean latency period of mammary tumor appear
ance was significantly reduced in the pregnant animals. The
reduced latency period of mammary tumor appearance suggests
that the hormonal milieu of pregnancy accelerates the growth of
certain MNU-induced mammary carcinomas; the reduced inci

dence of mammary tumors in the pregnant animals is puzzling
and is not consistent with what is observed when pregnancy
follows the administration of polycyclic aromatic carcinogenic
hydrocarbons (142).

The growth in vitro (soft agar) of MNU-induced rat mammary

carcinoma cells has been shown to be inhibited by the addition
of tamoxifen to the culture media (7, 425). Estrogen alone does
not appear to stimulate the growth of these cells but can coun
teract the growth-inhibitory effects of tamoxifen (7, 425). Recep

tors for estrogen, progesterone, androgens, and prolactin have
been detected and examined in the MNU-induced rat mammary

carcinoma, as described in the reports of Pearson ef al. (6, 8,
422, 423), Turcot-Lemay and Kelly (679, 680), Lewko era/. (408,

410), and Gottardis ef al. (199).
BNU- and ENU-induced rat mammary carcinomas have re

ceived relatively little attention. Like the MNU-induced rat mam
mary carcinoma, the BNU-induced tumors are pituitary and ovar

ian hormone responsive (639, 646, 648, 649, 732, 733). The
report by Yokoro ef al. (733) showing that BNU-induced rat

mammary carcinoma cells may remain dormant for periods of 7
months or more and still respond to the growth-promoting influ
ence of a prolactin-secreting pituitary tumor is particularly rele

vant to those interested in the concept of tumor cell dormancy.
Stoica ef al. (634-636) have examined the pathogenesis of ENU-

induced rat mammary carcinomas. The tumors appear to be
ovarian hormone dependent, and an occasional metastasis is
observed.

Transplantable Mammary Carcinomas Derived from Car
cinogen-treated Rats. In the early 1960s, in a series of important
reports by Kim, Clifton and Furth (359-363), evidence was

provided that hormones secreted by a grafted rat pituitary tumor
would markedly stimulate growth of a variety of carcinogen-

induced primary and transplantable rat mammary carcinomas.
The primary and transplantable mammary carcinomas used in
these studies were induced by MCA (or irradiation) in Wistar-

Furth rats. It was clear from these studies that the secretory
products of the grafted rat pituitary tumors were efficacious
growth stimulators of both the primary and transplantable MCA-

induced mammary carcinomas, not only in intact female rats but
also in male rats, ovariectomized rats, or hypophysectomized
rats. These studies were in effect the first to direct attention
actively toward pituitary hormones (in particular, prolactin and
growth hormone), as opposed to ovarian steroids, as potentially
key hormones in this carcinogenic process.

Beginning in the mid-1960s, further studies on the hormonal

control of the growth of these transplantable mammary carci
nomas (now referred to as MTW9) were reported by MacLeod,
Hollander and colleagues (419, 420). It was found that estrogen
and progesterone, as well as secretions from a transplantable
rat pituitary tumor, were important for the growth of these
carcinomas. More recent studies by Diamond ef al. (155-158),

Murota and Hollander (481), Powell et al. (526), and Takizawa ef
al. (647) supported and extended these original observations. It
appears that the growth of the MTW9 transplantable rat mam

mary carcinoma is stimulated to a greater extent by progesterone
than by estrogen. Furthermore, the growth of MTW9 in ovari
ectomized rats can be maintained in rats bearing a transplantable
pituitary tumor but not in ovariectomized rats with a drug-induced
hyperprolactinemia. The administration of growth hormone, ad-
renocorticotrophic hormone, and/or a progestin to the hyperpro-

lactinemic rats did not reactivate MTW9 growth, suggesting that
an additional pituitary growth factor other than those adminis
tered was important for MTW9 growth. More recently, Sirbasku
(617) reports that an established tissue culture cell line of MTW9
(MTW9/PL), when inoculated into Wistar-Furth rats, still retains

pituitary and ovarian hormone responsiveness.
To date, a number of variants of MTW9, as described by Kim

and Depowski (358), are available for study. Among these var
iants are the ovarian and pituitary hormone-responsive MTW9A,
the hormone-autonomous MTW9B, and the androgen-respon-

sive MTW9C. In the report of Kim and Depowski (358), progres
sion from hormone responsiveness (MTW9A) to androgen re
sponsiveness (MTW9C) or to hormone autonomy (MTW9B) has
been examined and discussed. The biological characteristics of
the MTW9 hormone receptor for prolactin, progesterone, estro
gen, and androgen have been described in the reports of Hol
lander and colleagues (123, 155, 168, 169, 348, 526), Ip ef al.
(307-310), and Brown ef al. (53).

The 13762 transplantable rat mammary carcinoma was de
rived from a mammary tumor excised from a DMBA-treated

Fischer 344 rat as described by Segaloff (591). Like the primary
DMBA-induced mammary carcinomas, the 13762 mammary tu

mors are hormone responsive (41, 591). Small doses of estro
gens or large doses of androgens stimulate the growth of this
tumor; progesterone appears to have no effect on tumor growth,
whereas glucocorticoids suppress tumor growth. Treatment of
rats bearing these tumors with perphenazine, a drug which
enhances pituitary prolactin secretion, enhances tumor growth.
Transplantation of a prolactin-, growth hormone-, and adreno-
corticotrophic-secreting pituitary tumor into rats bearing the

13762 mammary carcinoma causes tumor regression. This par
ticular hormonal milieu induced secretion (lactation) in the re
gressing tumors.

The MRMT-1 transplantable rat mammary carcinoma was
derived from a MCA-treated Sprague-Dawley rat as described

by Harada (229). The tumor cells readily metastasize to regional
lymph nodes and lungs after s.c. transplantation. Hypophysec-
tomy causes MRMT-1 regression and disappearance of lung
metastasis. Treatment of tumor-bearing hypophysectomized

rats with prolactin reactivates growth of the tumor and causes
reappearance of lung metastasis (230).

During the past 2 decades, a number of laboratories have
attempted to transplant primary polycyclic aromatic hydrocar
bon-induced rat mammary carcinomas. These tumors are difficult

to transplant in outbred strains of rats and are often difficult to
transplant in syngeneic or autologous systems. A number of the
biological characteristics of these transplanted tumors have been
described (181, 243, 272, 400, 550-552, 645).

Adrenal Steroids

In early studies, adrenalectomy of rats had been reported to
either enhance (130,131, 354, 362) or have no effect (219, 283,
314, 602, 644) on development and growth of carcinogen-
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induced rat mammary tumors. More recently, it has been re
ported that adrenalectomy enhances the development and
growth of DMBA-induced rat mammary carcinomas, a surgical

procedure that appears to cause increased secretory rates of
prolactin (21, 84). The enhanced growth of rat mammary carci
nomas as a consequence of adrenalectomy could be due to a
direct stimulatory effect of prolactin on the mammary tumor cells
and/or due to the luteotropic effects of this pituitary peptide as
described by Kim (354) in an earlier report. The administration of
relatively large amounts of glucocorticoids (e.g., deoxycorticos-

terone, dexamethasone) to rats results in an inhibition of devel
opment and growth of DMBA-induced rat mammary tumors (24,

330), whereas the administration of moderate dose levels of
these steroids (i.e., hydrocortisone, cortisone) does not appear
to have any appreciable effect on the development and growth
of these neoplasms (84, 562, 644, 740). In contrast, a recent
report by Nakamura ef al. (494) suggests that the adrenal steroid
17-deoxycorticosteroid may be important in growth promotion
of DMBA-induced rat mammary tumors. The urinary concentra

tion of this steroid was low in rats who failed to develop tumors
within 200 days after DMBA treatment. More direct evidence
that adrenal steroids may participate in mammary carcinoma
growth processes is provided by Lewis and Hallowes (407) and
Rudland ef al. (567), who reported that the addition of certain
adrenal steroids (e.g., hydrocortisone, corticosterone) to organ
cultures or cell cultures of DMBA-induced rat mammary tumors

resulted in increased DNA synthesis of the tumor cells. On the
other hand, the addition of relatively large amounts of adrenal
steroids to culture media containing DMBA-induced rat mam

mary carcinoma cells has been reported to inhibit tumor cell DNA
synthesis (15). Glucocorticoid-hormone receptor complexes in
carcinogen-induced rat mammary carcinomas have been de

scribed by Wittliff ef al. (187, 197). Although adrenal steroids
may have regulatory and/or permissive roles in stimulating pro
liferation of carcinogen-induced rat mammary carcinoma cells in

vitro, it appears that these steroids are not prerequisite for
progressive growth of these tumors in vivo.

Insulin

In 1970, Heuson and Legros (253) reported that the adminis
tration of insulin or a glucose solution to rats bearing DMBA-

induced mammary carcinomas resulted in a significant increase
in tumor growth; when the treatments were combined, an even
greater tumor growth response was observed. In addition, al-
loxan-induced diabetes in rats bearing DMBA-induced mammary

carcinomas resulted in significant tumor regression. In subse
quent studies, it was noted that approximately 90% of DMBA-

induced rat mammary carcinomas were dependent upon insulin
for growth processes; alloxan-induced diabetes caused regres

sion of mammary carcinomas which quantitatively resembled
that induced by ovariectomy or hypophysectomy (251, 254).
Interestingly, insulin administration not only was able to activate
mammary carcinoma growth in intact rats but also reactivated
growth of regressing mammary tumors in hypophysectomized
rats (254). Estrogen administration failed to prevent mammary
carcinoma regression produced by alloxan diabetes (251 ).

In 1974, it was reported by Cohen and Hilf (115) that strepto-
zotocin-induced diabetes in rats bearing DMBA-induced mam

mary carcinomas caused a regression of approximately 60% of

the tumors. The administration of insulin to rats with a strepto-
zotocin-lnduced insulinemia reactivated tumor growth. It was not

reported whether or not the administration of insulin could acti
vate mammary carcinoma growth in rats with a normal function
ing pancreas. In a subsequent series of papers by Hilf ef a/. (116,
194, 195, 232, 261, 594), it was shown that inhibition of mam
mary carcinoma growth by induction of diabetes resulted in a
concurrent reduction in tumor estrogen receptor levels, whereas
treatment of diabetic rats with insulin that resulted in enhanced
tumor growth (insulin dependent or independent) was accom
panied by increased tumor estrogen receptor levels. In this series
of interesting reports, it was concluded that insulin may play an
important role in the regulation of tumor estrogen receptor
status.

It appears that insulin has a direct growth-promoting effect on

the rat mammary carcinoma cells. Evidence for this was first
reported by Heuson ef al. (249), who showed that the addition
of insulin to organ cultures of DMBA-induced rat mammary
carcinomas resulted in an increase incorporation of [14C]thymi-

dine into DNA. This report has now been confirmed by a number
of laboratories using either organ cultures (250, 252, 407, 516,
706) or cell cultures (225, 567) of DMBA-induced rat mammary

carcinomas.

Thyroid Hormones

The influence of thyroid status on the progression of carcino
gen-induced rat mammary carcinomas is not clear; numerous

conflicting studies have been reported. Thus, it has been re
ported that development and/or growth of carcinogen (DMBA,
MCA, MNU)-induced rat mammary carcinomas can be enhanced

(69, 562, 633), inhibited (331, 502), or unaltered (204, 216) in
rats rendered hyperthyroid by the administration of thyroxine or
triiodothyronine. Induced hypothyroidism by the administration
of an array of goitrogens or 131Ior by thyroidectomy also has

been reported to enhance (165,166, 204, 205, 462, 604), inhibit
(57, 196, 247, 315, 331, 339, 462, 502, 604), or have no effect
(68, 69, 144, 165, 166, 196, 216, 557) on development and/or
growth of these neoplasms. The interpretation of a number of
these reports is difficult, for the effect of altered thyroid function
on caloric intake and/or body weight gains often was not taken
into consideration. A recent study by Goodman ef al. (196)
provides evidence supporting the concept that hypothyroidism
suppresses the growth of DMBA-induced rat mammary tumors.
Rats treated with DMBA and subsequently rendered mildly hy-

pothyroid by chronic propylthiouracil treatment had fewer mam
mary carcinomas than euthyroid controls; no significant effect of
treatment on body weight gains was observed. In contrast,
Milmore ef al. (462) have reported that mild propylthiouracil
treatment of rats previously treated with MNU results in enhance
ment of mammary tumor development. In other studies, hypo
thyroidism (propylthiouracil, thyroidectomy) failed to influence
mammary tumor development in rats previously treated with
MNU (69, 557). Thus, despite the relatively large number of
studies, the role of thyroid hormones in development, growth,
and progression of carcinogen-induced rat mammary carcinomas

is still an enigma.
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Neuroendocrine System

Physiological and pharmacological states that alter the activity
of most hypothalamic neurotransmitters and neurohormones can
influence the growth and progression of carcinogen-induced rat

mammary carcinomas. Many of these effects are mediated indi
rectly through an alteration of anterior pituitary secretion of
prolactin and/or gonadotropins, which in turn control gonadal
steroid hormone secretion. The foundation of our understanding
of the neuroendocrine control of chemical carcinogenesis of the
rat mammary gland has been provided primarily by the studies
of Meites and colleagues (105,707), studies which were initiated
during the late 1960s.

Placement of median-eminence hypothalamic lesions (105,

376, 614, 707, 722) or hypothalamic estrogen implants (483) or
administration of drugs such as reserpine (718), perphenazine
(424,517), sulpiride (515), fluphenazine (609), methyldopa (537),
pimozide (264), Â«-methylparatyrosine (264), or haloperidol (46,

378, 534, 711) (these drugs, in general, decrease hypothalamic
dopaminergic activity) after carcinogen administration enhances
the development and growth of mammary carcinomas. Con
versely, increasing hypothalamic dopaminergic activity by admin
istration of dopamine agonists, such as L-dopa (378, 537), ipro-

niazid (484), pargyline (534), piribedil (264), various ergot alka
loids, e.g., 2-bromo-a-ergocryptine, ergocornine, and lysergic

acid diethylamide (46, 67, 73, 104, 177, 201, 255, 256, 484,
492, 534, 535, 625, 640, 643, 661, 705, 714-716), and certain

ergoline derivatives (177,424,643,661 ) inhibits the development
and growth of carcinogen-induced mammary carcinomas. Since

treatments that increase hypothalamic dopaminergic activity de
crease serum prolactin levels and treatments that decrease
hypothalamic dopaminergic activity increase serum prolactin, it
is most probable that the major effects of these drugs on
carcinogen-induced mammary tumor growth progression are via

concurrent change in serum prolactin concentration (719).
Other hypothalamic neurotransmitters and neurohormones

have also been shown to influence the growth of carcinogen-

induced mammary tumors in rats, again most probably via their
effect on pituitary prolactin secretion. Increasing hypothalamic
norepinephrine activity by administration of clonidine, an a-ad-
renergic agonist, inhibits the growth of DMBA-induced mammary

carcinomas and decreases serum prolactin levels (264). Decreas
ing hypothalamic serotonin activity by administration of p-chlo-
rophenylalanine also inhibits DMBA-induced mammary tumor

growth and decreases serum prolactin levels (265). Administra
tion of opiate antagonists, such as naloxone and naltrexone to
decrease endogenous opiate peptide activity, inhibits DMBA-

induced mammary carcinoma growth and decreases serum pro
lactin levels (22). Thyrotropin-releasing hormone enhances
DMBA-induced mammary carcinoma growth and increases

serum prolactin levels (85). Administration of high doses of
gonadotropin-releasing hormone analogues inhibits mammary

carcinoma growth and causes regression of established mam
mary tumors, apparently by decreasing the secretion of gonadal
steroids and prolactin (125, 152, 322). Melatonin has been
reported to inhibit DMBA-induced rat mammary gland tumori-

genesis and to decrease serum prolactin levels (19, 227, 652),
whereas pinealectomy has been reported to either enhance (652)
or have no effect (19) upon this carcinogenic process. Pineal
gland activity and/or melatonin secretion is clearly modified by

environmental light conditions. Constant light has been shown
to reduce (227) or to have no effect (19,330) on the development
and progression of DMBA-induced rat mammary carcinomas;
mammary fibroadenoma development in carcinogen-treated rats

on the other hand appears to be increased during such light
conditions (227, 330).

Stressful stimuli can also alter neuroendocrine activity resulting
in increased (or decreased) secretory rates of crucial endocrine-
stimulatory or -inhibitory growth factors (e.g., prolactin, estrogen,

progesterone, corticosterone) which could directly affect tumor
cell development. Alternatively, stress-induced modification of

neuroendocrine activity may act via other important regulatory
systems, e.g., the immune system (neuroendocrine-immuno-
modulation). Clearly, a variety of stressful stimuli affect the
development and growth of mammary tumors in experimental
animals, although few laboratories have examined the role of
stress in chemical carcinogenesis of the rat mammary gland.
LoSin-Mao (426) and Kavetsky ef al. (335) reported that pro
longed "neurotization" (the meaning of the term neurotization

was not specified in these reports but probably constitutes long-
term defense conditioning) promoted the development of DMBA-
induced rat mammary carcinomas. In contrast, Matthes (428)
reported that fear-provoking stimuli inhibited the growth of these
neoplasms. Newberry et al. (499-501) reported that restraint
stress reduced the growth of DMBA-induced rat mammary car
cinomas. Growth inhibition of DMBA-induced rat mammary car

cinomas by a variety of stresses, e.g., immobilization, overcrowd
ing, sound, electric foot shock, electroconvulsive shocks, was
also reported by Pradham and coworkers (33, 529, 539). In
contrast, Otis and Scholler (512) did not observe any effect of
electric shock on the development of DMBA-induced rat mam

mary carcinomas. In general, the most consistent endocrine
disturbance in the stressed rats in which an inhibition of mam
mary tumorigenesis was observed was an increase in blood
corticosterone levels (33). It is well known that certain types of
stress, depending on the severity, can increase prolactin secre
tion in experimental animals (3, 612).

Immune System

Many mammary gland neoplasms contain on their cell mem
branes tumor-specific (or -associated) transplantation antigens.

The immunological reactivity to these antigens vary over a wide
range, quantitatively and qualitatively. Carcinogen-induced rat

mammary carcinomas appear to have antigenic determinants
not observed in normal rat mammae (27, 340-343, 610). The

precise mechanisms by which these neoplasms escape an im
munological response have not been established.

The administration of carcinogenic polycyclic aromatic hydro
carbons to female or male rats has been reported to temporally
suppress immune cell activity (71,160, 282, 288, 336, 364). The
effect of carcinogen-induced immune suppression on the early

development of mammary carcinomas has, however, not been
clearly established. Successful in vitro transformation of the rat
mammary gland by chemical carcinogens, first reported by Bren-

nan ef al. (47) in 1966 and subsequently by others (135, 141,
203, 546), and the observation that the carcinogen-treated cells
gave rise to progressively growing mammary carcinomas in non-
carcinogen-treated recipient host rats (135, 141, 203, 546) pro
vides evidence that a systemic carcinogen-induced immune sup-
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pression Â¡snot prerequisite for mammary tumor growth progres
sion. In accord, transplantation of grafts of rat mammae just 10
min after in vivo administration of DMBA also resulted in pro
gressively growing mammary carcinomas within the transplanted
grafts of the host animals (139). Although Kearney and Hughes
(336) reported a prolonged diminished antibody response in
female rats treated with DMBA, such an effect was not observed
in male rats treated with a comparable dose of the carcinogen.
The absence of mammary carcinomas in the carcinogen-treated

male rats led to the conclusion that the incipient mammary
carcinomas (rather than the carcinogen) in the female rats were
primarily responsible for diminshed antibody responsiveness.

Suppression of the emergence or progression of carcinogen-

induced rat mammary carcinomas by immunological modulation
has been attempted by a number of laboratories. In a series of
papers in the early 1970s, Piessens ef al. (522-524) reported

that the administration of BCG to female rats on the day of
DMBA administration significantly reduced the incidence of mam
mary carcinomas (522). Treatment with BCG commencing at
varying time periods after DMBA treatment either had no effect
on mammary carcinoma development or, surprisingly, actually
enhanced the development and growth of these neoplasms
(520-522, 524). In female rats whose mammary carcinomas

were regressing due to ovariectomy, a single dose of BCG
significantly delayed resumption of tumor growth; multiple BCG
injections, however, completely prevented the further growth of
these tumors (523). In 1979, Kollmorgen ef al. (383) reported
that MER-BCG protected against the emergence of DMBA-
induced rat mammary carcinomas; MER-BCG treatment either

before or after carcinogen treatment was effective in reducing
the incidence of these neoplasms. In rats treated with DMBA
and subsequently immunized with MER-BCG, mammary carci

noma incidence was only 20% in contrast to a 40% mammary
tumor incidence in the control group. A lack of effect of MER-

BCG when administered alone or in combination with other
biological response modifiers (i.e., retinyl acetate feeding and/or
hormone antagonism) on DMBA-induced rat mammary gland

tumorigenesis has been reported recently (710). Cell wall skele
ton of Nocardia rubra, a bacteria preparation capable of enhanc
ing immune system activity, has been reported to inhibit (489) or
to have no effect (710) on the development of DMBA-induced
rat mammary carcinomas. Cell paniculate fractions of DMBA- or
MNU-induced rat mammary carcinomas, in combination with
Freund's complete adjuvant (contains killed Mycobacterium bu-

tyricum), when administered to rats after carcinogen treatment
did not affect the development of mammary carcinomas. This
immune stimulant, in combination with high dietary levels of
retinyl acetate, however, was effective in reducing progressive
growth of these tumors (710, 711). From the foregoing, it can
be concluded that modification of immune system responsive
ness by bacteria preparations can either inhibit, have no effect
on, or even enhance chemical carcinogenesis of the rat mammary
gland, an effect which appears to be a function of a number of
yet to be defined experimental factors.

Thymectomy has been reported to reduce DMBA-induced

mammary carcinoma development in rats fed low or normal fat
diets; when the fat content of the diet was markedly increased,
no effect of thymectomy was observed (688). The administration
of thymosine has been reported to inhibit (207) or to have no
effect (688) on DMBA-induced rat mammary gland carcinogen

esis. The administration of antithymocyte globulin at the time of
DMBA treatment has been reported to have no effect on the
genesis of carcinogen-induced rat mammary carcinomas (291).
Maleic anhydride-divinyl ether copolymer, an immunostimulatory
compound, has been reported to inhibit the development of MNU-
induced rat mammary carcinomas (434). Significant protection
against DMBA-induced rat mammary carcinomas by infecting

the rats prior to carcinogen treatment with a mouse xenotropic
type C virus has also been reported (697). The mechanism by
which protection by the xenotropic type C virus was effected is
not certain, although it was proposed that both a humoral and a
cell-mediated immune response was induced against virion con
stituents. In a recent study, plasma from DMBA-induced mam
mary carcinoma-bearing rats was absorbed ex vivo with nonvi-
able protein A-containing Staphylococcus aureus Cowan I and

then injected into rats bearing these tumors. Tumors in the
treated rats showed significantly reduced growth. The authors
concluded that the observed tumor regression is at least partly
attributable to the augmentation of antitumor immunoreactivity
in the treated animals (540). Collectively, these studies provide
evidence that immune system activity may be influencing the
development of carcinogen-induced rat mammary carcinomas.

Definitive evidence in support of this conclusion, however, still
remains to be provided. The well-known antigenic diversity
among and within autochthonous carcinogen (high-dose)-in-
duced tumors (530-532) may be the basis, at least in part, for
the inconsistent and often negative results obtained in the above-
cited studies.

Transplantable rat mammary carcinomas, derived from carcin
ogen-treated rats, have also been examined for their ability to

attract immune system responsiveness. One such transplantable
mammary carcinoma, the 13762 mammary adenocarcinoma,
was derived from a DMBA-treated female Fischer 344 rat (591).

This tumor is readily transplantable to Fischer rats, often retains
hormone responsiveness and, unlike the autochthonous tumors
of origin, readily metastasizes to regional lymph nodes, lung, and
other organs. Animals treated by means of tumor excision reg
ularly die with residual metastatic tumors. Excision of the trans
plantable tumor therefore permits the evaluation of immunother-
apeutic effects on residual, disseminated tumor cells. In 1974,
Bogden ef al. (40) reported that a single i.p. injection of M.
butyricum into rats with surgically excised 13762 mammary
carcinoma resulted in a 10 to 20% cure rate. That same year,
Likhite (413) reported that intratumor administration of killed
Corynebacterium parvum resulted in a decrease in 13762 mam
mary carcinoma growth and a prevention of progression of
pulmonary and visceral metastasis; Sparks ef al. (623) reported
similar results with BCG administered either by an intratumor
route or s.c. These results have been confirmed and extended
in subsequent studies utilizing the 13762 rat mammary carci
noma and BCG or Corynebacterium parvum as immunostimu-
lants (402, 414, 622). In a series of interesting papers, Kreider
ef al. (388-392) have examined a number of the variables in
immuno-responsiveness to the 13762 rat mammary carcinoma

and have attempted to define optimal treatment protocols. The
described antigenicity of the 13762 rat mammary carcinoma and
its growth suppression by immuno-stimulation provides evidence

that the development and growth of the autochthonous carcin
ogen-induced rat mammary carcinoma may be influenced by

immune system activities.
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One of the primary features of the autochthonous carcinogen-

induced rat mammary tumor, whether induced by MCA, DMBA,
or MNU, is a lack of metastatic behavior. The mammary carci
noma cells readily and consistently invade the systemic blood
vasculature but rarely form progressively growing foci in organs
distant from the mammary gland (355, 356). Carcinogen-induced

rat mammary carcinoma cells, however, can be induced to leave
the blood vasculature and grow as metastatic foci in the lung by
X-irradiation of that organ (143) or, on occasion, by splenectomy
and/or thymectomy (229, 356). The mechanism of metastatic
spread of these cells has been extensively examined by Kim ef
al. (162,193,514,734). Using a series of nonmetastasizing (e.g.,
MTW9A, MTW9B, MT-66, MT-99, MT-100) and metastasizing
(e.g., SMT-2A, SMT-077, STMT-058, TMT-50, TMT-081, DMBA-

4) transplantable rat mammary carcinomas derived from carcin
ogen (MCA or DMBA)-treated female Wistar-Furth rats, Kim ef

a/. (357) reported that the metastasizing rat mammary carcino
mas possessed little or no membrane glycocalyx while all non
metastasizing tumors had a thick glycocalyx. They postulated
that a lack of an immunogenic glycocalyx coat and/or the pres
ence of a sloughed solubllized tumor cell surface antigen in the
blood may provide an immune escape mechanism for the tumor
cells. Further studies demonstrated that the metastasizing rat
mammary carcinoma cells had significantly increased glycopro-
tein metabolism and an apparent increased shedding of glyco-

protein membrane components compared with nonmetastasiz
ing cells (32, 82, 83,192). Such glycoproteins (tumor-associated

antigens) were observed only in small quantities in normal rat
mammae and were absent in nonmammary rat tissues (191).
Skipski ef al. (619) examined the relationship between membrane
ganglioside levels (and profiles) in metastasizing SMT-2A rat

mammary carcinomas and the nonmetastasizing carcinoma
MTW9A. In general, the metastasizing tumors were character
ized by larger quantities of higher-molecular-weight gangliosides

containing more sialic acid per ganglioside molecule than in the
nonmetastasizing tumors.

In recent years, Nicolson and colleagues also have initiated
studies to examine the biological and biochemical features of rat
mammary carcinoma mÃ©tastases.They have developed an array
of clones of the 13762 transplantable rat mammary carcinoma,
clones which differ in their metastatic potential (167, 498, 699),
and have observed phenotypic drift in their in vivo metastatic
potential during culture in vitro (496, 699). Furthermore, these
clones were shown to be heterogeneous in their sensitivities to
ionizing radiation (698), hyperthermia (674), and chemotherapeu-

tic agents (700) and in their expression of cell surface glycopro
teins (497, 627, 628). Although the above characteristics do not
appear to correlate with metastatic potential, a correlation be
tween 13762 clone metastatic potential and the quantitative
expression of a high-molecular-weight (M, 580,000) mucin-like

glycoprotein (sialogalactoprotein) (627, 628) and sensitivity to
macrophage-mediated cytolysis (511) has been reported re

cently.

Diet

Far, Protein, and Carbohydrate

In 1951, Engel and Copeland (163) reported that female rats
of the AES strain, when fed a diet enriched with fat (lard) and a

carcinogen (2-AAF), had a significantly increased incidence of
mammary carcinomas when compared to rats fed a 2-AAF-

containing diet but low in fat. This study was the first evidence
that high levels of dietary fat can enhance chemical carcinogen-
esis of the rat mammary gland. Gammal ef a/. (183), in 1967,
were the first to report that high levels of dietary fat enhanced
DMBA-induced rat mammary gland tumorigenesis. The latter

study has, in essence, provided the foundation for our current
understanding of the role of this dietary constituent in this
neoplastic process.

It is readily apparent that dietary fat influences the promotional
phase of rat mammary gland chemical carcinogenesis (23, 59-
61,111,137, 269,271, 553, 724). Rats treated with DMBA have
a higher yield of mammary carcinomas when the high-fat diets

are fed after carcinogen treatment than when diets are fed before
treatment (63). Indeed, when the high-fat diets were fed to rats

as late as 2 or 20 weeks after carcinogen treatment, an enhance
ment of mammary tumorigenesis was still observed (65, 292). Ip
and Sinha (302) incubated expiants of normal mammary gland
excised from rats fed either high-fat or low-fat diets with DMBA.
Subsequently, the carcinogen-exposed expiants were grafted to

host rats of the same strain fed either a high or a low level of
dietary fat. Mammary carcinoma incidence was high only in the
host rats fed a high-fat diet, irrespective of the diet of the donor
rats. A reversal of the promoting effects of the high-fat diet can
be accomplished by subsequently lowering the fat content of the
diet (23, 298, 332). In accord, rats treated with DMBA and
subsequently fed a diet lacking fat develop considerably less
mammary carcinomas than did control rats fed a diet with normal
fat levels (145). Thus, these results, coupled with the observa
tions that high levels of dietary fat can enhance the growth of a
variety of transplantable rodent mammary tumors (263), clearly
implicate dietary fat as a promoter of mammary tumorigenesis
in rats treated with chemical carcinogens. That high levels of
dietary fat may also influence the initiating phase of this carcin
ogenic process, however, cannot be ruled out (74, 75,137,184,
368, 393, 553-555, 724).

The type of fat which is important for enhancement of mam
mary tumorigenesis in carcinogen-treated rats has been exam

ined by a number of laboratories. In rats treated with DMBA or
MNU, an analysis of different dietary fats fed at 20% of the diet
indicates that diets with a greater proportion of saturated fats
(e.g., butter, beef tallow, coconut oil) were inferior to diets rich
in unsaturated fats (e.g., cottonseed oil, olive oil, sunflower seed
oil, soybean, oil, corn oil) in promoting the yield of mammary
carcinomas (59-62, 64, 65, 77, 183, 269, 271, 304, 365, 401,
553, 724). The observations that DMBA-treated rats fed a diet

of 3% sunflower seed oil (polyunsaturated) and 17% beef tallow
(saturated) developed mammary carcinomas quantitatively com
parable to those in rats fed a diet containing 20% sunflower seed
oil and that they had twice the tumor yield as did rats fed a diet
containing 3% sunflower seed oil or 20% beef tallow have led to
the conclusion by Carroll and Hopkins (62, 268) that a certain
amount of polyunsaturated fat and high total dietary fat is crucial
for enhanced development of DMBA-induced rat mammary tu

mors. In contrast, King ef al. (365) and Rogers and Wetsel (555)
reported that diets containing high coconut oil (saturated) or beef
tallow (saturated), supplemented with 2% linoleic acid and veg
etable oil, respectively, were not as efficient as diets containing
high levels of corn oil or vegetable oil in enhancing chemical
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carcinogenesis of the rat mammary gland. These latter studies
provide evidence that high-fat-diet-enhanced rat mammary gland
carcinogenesis is a function of the quantity of ingested polyun-

saturated fatty acids. Evidence is accumulating indicating that
the polyunsaturated fatty acids that are most important in en
hancing chemical carcinogenesis of the rat mammary gland are
linoleic acid (18:2) and perhaps oleic acid (18:1 ) and linolenic acid
(18:3) (60, 77, 149, 269). c/s-lsomerization of the fatty acids

appears to be a prerequisite for promoting activities; diets rich
in polyunsaturated fatty acids with a large proportion of trans-
isomerization behaves much like saturated-fat diets in the pro
motion of DMBA-induced rat mammary gland carcinogenesis

(592).
The effect of high- and low-fat diets with and without choles

terol supplementation on the development of carcinogen (MNU)-

induced rat mammary carcinomas was recently reported by
Cohen and Chan (110). Animals fed high-fat diets exhibited
significantly greater tumor development than did rats fed low-fat

diets, regardless of whether cholesterol was present in the diet.
In another study, using DMBA as the carcinogen, hypercholes-

terolemia of dietary origin only slightly enhanced the development
of mammary carcinomas (380). Visek ef al. (106, 686, 687)
examined the interaction between dietary fat and protein on
mammary tumor development in rats treated with DMBA. An
increase in mammary carcinoma development with each increase
of fat was observed; protein levels did not affect tumor devel
opment. In contrast, high dietary levels of protein have been
reported by other laboratories to enhance polycyclic aromatic
hydrocarbon-induced rat mammary gland tumorigenesis (244,
601 ). Analbuminemic rats are deficient in serum albumin and are
hyperlipidemic; interestingly, such rats develop fewer DMBA-

induced mammary carcinomas than do rats which have normal
serum protein and lipid concentrations (493).

The mechanism by which high levels of dietary fat enhance
the growth of carcinogen-induced rat mammary carcinomas has

been the subject of recent reviews (61, 65, 108, 270, 703). It
has been proposed that high levels of dietary fat enhance mam-

motrophic hormone secretion (e.g., prolactin, estrogens) (72, 73,
76, 78); such a contention, however, has been disputed by
others (25, 26, 66, 68, 269, 300, 305, 553-555, 725). Other

mechanisms which have been examined include: alteration of
hormone responsiveness (70, 300, 306); suppression of immune
system activity (383-385, 688); stimulating mammary tumor cell

proliferation by acting directly on the tumor cell (351, 352, 727);
altering tumor cell membrane fluidity (31, 653); influencing pros-

taglandin production (382); inhibiting intercellular communication
(23); generation of lipid peroxy radicals and/or oxygen radicals
(20, 149, 273, 293, 295, 303, 304, 365-368, 431, 432); and

altering protein kinase C activity (375, 701).
In contrast to their interest in dietary fat, few laboratories have

examined the influence of dietary carbohydrates in chemical
carcinogenesis of the rat mammary gland. Hoehn and Carroll
(266) compared dextrose, sucrose, wheat starch, rice, and po
tato starch for their effects on promotion of DMBA-induced rat

mammary tumors. They found that starch feeding resulted in
decreased tumor incidence and yield when compared with the
simple sugars. Klurfeld eÃal. (381) compared the effect of 3
carbohydrates (sucrose, lactose, corn starch) on DMBA-induced

rat mammary gland carcinogenesis. Mammary tumor incidence

was similar in rats fed sucrose and corn starch but lower in rats
fed lactose.

Retinoids

The first direct evidence of a significant inhibitory effect of high
levels of dietary retinoids on the development of mammary
tumors in experimental animals was reported by Moon ef al. in
1976 (472). Female Sprague-Dawley rats were intubated with a

single dose of DMBA and 7 days later were fed a standard
laboratory chow containing retinyl acetate. Daily consumption of
retinyl acetate was adjusted to either 1.0 or 2.5 mg/rat. The
incidence of carcinomatous and benign mammary tumors 7
months after carcinogen treatment was significantly reduced in
animals fed the natural retinoid. This study has been repeatedly
confirmed in many laboratories using a variety of mammary gland
carcinogens, i.e., DMBA, MNU, and BP, and dietary retinoids,
i.e., retinyl acetate, retinyl methyl ether, and 4-HPR (214, 299,

438, 440, 473, 474, 673, 704, 710, 711).
McCormick ef al. (435) initiated a series of studies to determine

whether mammary tumorigenesis could be suppressed in DMBA-

treated female rats when retinyl acetate feeding was limited to
specific time periods during this neoplastic process. Feeding
retinyl acetate at -2 to +1 weeks, +1 to +30 weeks, +1 to +12
weeks, +12 to +30 weeks, and -2 to +3 weeks, where time 0

was the day of DMBA administration, resulted in a striking
difference in tumorigenesis between these groups. Thirty weeks
after DMBA treatment, mammary carcinoma incidence was sig
nificantly reduced in all groups but one (+1 to +12 weeks) when
compared with placebo-fed controls. The greatest decrease in

mammary tumor incidence was seen in the longest treatment
group (-2 to +30 weeks), but a nearly equal reduction was seen
in the group receiving a short retinyl acetate exposure (-2 to +1
weeks). In the +1 to +12-week group, the inhibition of tumor

development was temporary; tumor incidence returned to that
observed in placebo-fed control rats by 30 weeks postcarcinogen

treatment. Nearly identical results were obtained in a subsequent
study using a different carcinogen (BP) (436). However, as
reported by another laboratory (185), when retinyl acetate feed
ing is delayed until 6 months after carcinogen treatment, the
effectiveness of the retinoid may be reduced or absent.

In all of these studies, large amounts of dietary retinoids (0.6
to 2.0 ITIM) were used for successful chemoprevention of rat
mammary gland carcinogenesis. Dietary retinyl acetate levels as
low as 0.2 ITIMdo not appear to be effective in the chemoprev
ention of rat mammary gland carcinogenesis (710). This level of
retinyl acetate (0.2 ITIM)still provides ^20 times the daily require
ment (IU) of vitamin A. Thus, a narrow and continuous high level
of the retinoid is prerequisite for successful chemoprevention of
this neoplastic process. Retinyl acetate accumulates excessively
in the liver, causing mild hepatic toxicity (475). Whether or not
retinyl acetate-induced hepatic toxicity affects this neoplastic

process remains to be determined. Despite the mild hepatic
toxicity, rats fed dietary levels of retinyl acetate up to 1.0 ITIM
have normal body weight gains, have normal estrous cycles, and
in general appear as healthy as do placebo-fed control animals.
Certain synthetic retinoids (e.g., 4-HPR) do not accumulate ex

cessively in the liver; therefore, little or no hepatic toxicity is
observed in these animals (475). Thus, retinoid-induced prophy

laxis of rat mammary gland carcinogenesis can be observed in
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animals without concurrent hepatic toxicity.
Recent studies have demonstrated that the chemopreventive

activities of retinoids in rat mammary gland carcinogenesis can
be significantly enhanced by other biological response modifiers,
i.e., hormone antagonism, immunostimulation, and the adminis
tration of pharmacological levels of selenium (299, 438, 440,
670, 673, 704, 710, 711). In comparing the effectiveness of
retinoid feeding, selenium treatment, and hormone antagonism
in the prophylaxis of rat mammary gland carcinogenesis, it is
clear that hormone antagonism is superior to retinoid feeding
(710, 711). Retinoid feeding, on the other hand, appears to be
slightly superior to selenium treatment (299, 670). Clearly, the
effectiveness of retinoid feeding can be enhanced by either
selenium treatment or hormone antagonism. Immunostimulation
(cell paniculate of mammary carcinoma plus Freund's complete

adjuvant), although not effective in suppressing rat mammary
gland carcinogenesis when given alone, did significantly reduce
mammary carcinoma incidence in rats fed retinyl acetate (710).
A lack of synergism between other immunostimulants (i.e., MER-
BCG, cell wall skeleton of N. rubra, and maleic anhydride-
divinylether copolymer) and retinoid feeding in the chemopre-

vention of rat mammary gland carcinogenesis has been reported
(432, 710). The comparative efficacies of retinoid feeding, hor
mone antagonism, and immunostimulation, administered alone
or in combination, in the chemoprevention of rat mammary gland
carcinogenesis was recently reported (710, 711). At termination
of study (20 weeks after DMBA treatment), no mammary carci
nomas were observed in 40 rats treated with the combination of
retinoid feeding, hormone antagonism, and immunostimulation
(710). In a subsequent study, by 1 year after MNU treatment,
only 2 mammary carcinomas were observed in a group of 40
rats treated similarly (711).

Few laboratories have examined the effects of retinoids on
growth of rat mammary carcinomas in vitro. Retinoic acid or
retinyl acetate inhibited growth of mammary tumor cells obtained
from Fischer 344 rats (cell lines 13762NF, DMBA#8, and R-

3230AC) by 39 to 88% (418). Retinoic acid was consistently
superior to retinyl acetate in inhibiting cellular proliferation of the
mammary carcinoma cell lines. Growth inhibition by the retinoids
was most pronounced in lines 13762NF and DMBA#8, both
derived from female rats treated with DMBA. In another report,
retinol, retinal, retinole acid, and retinyl acetate were effective in
reducing proliferation of a rat mammary carcinoma cell line (Rama
25) isolated from a Sprague-Dawley rat bearing a DMBA-induced
rat mammary carcinoma (568). Thus, it appears that the antitu-

morigenic effects of retinoids are, at least in part, via a direct
action on the mammary tumor cells. Retinoic acid-binding pro
teins have been demonstrated in carcinogen-induced rat mam
mary carcinomas (450-452).

Temporal studies have revealed a common feature in the
mechanism of action of retinoids in the prophylaxis of chemical
carcinogenesis of the rat mammary gland. Retinoids (retinyl
acetate, retinyl methyl ether, 4-HPR) can effectively suppress
the genesis of carcinogen (DMBA, MNU, BP)-induced rat mam

mary carcinomas when the retinoid is administered to animals
commencing at various time periods after carcinogen treatment
(214, 436, 475, 710, 711). However, its continued presence is
necessary for effective chemoprevention; upon retinoid with
drawal, a surge in mammary tumor incidence is observed (668,
704). Thus, it is clear that dietary retinoids can act as potent

antipromoters in chemical carcinogenesis of the rat mammary
gland. Also of considerable significance are the observations that
dietary retinyl acetate can effectively suppress rat mammary
gland chemical carcinogenesis when the retinoid is administered
before and during carcinogen (DMBA, BP) treatment (435, 436).
Whether or not retinyl acetate-induced hepatic toxicity is a factor

(475), via alteration of carcinogen metabolism (349), is not
known. Nevertheless, it is clear that retinyl acetate is an effective
inhibitor of initiation of rat mammary gland carcinogenesis. In
contrast, when 4-HPR is fed to rats before and during carcinogen
(DMBA, MNU) treatment, little or no effect on mammary tumori-

genesis has been reported (611). The inhibitory effect of phar
macological levels of dietary retinoids (retinyl acetate and 4-HPR)

on normal rat mammary gland development (453, 538) would
suggest that retinoid-treated animals would be comparatively

less responsive to a mammary gland carcinogenic stimulus.
The mechanism by which retinoids suppress neoplastic proc

esses in general (417, 624) and mammary tumorigenesis in
particular (723) has been the subject of recent reviews. Retinoids
have been reported to alter a number of physiological-biochem

ical processes, among which are carcinogen metabolism, cell
division, cell differentiation, oncogene expression, membrane
composition, mitogenic peptide hormone action, cAMP and
cGMP levels, cAMP-dependent protein kinase activity, calcium-
and phospholipid-dependent protein kinase activity, immune sys

tem responsiveness, interferon action, polyamine biosynthesis,
prostaglandin biosynthesis, cell adhesiveness, fibronectin pro
duction, and gap junction dynamics (417, 624, 723).

Vitamins C and E, and Organic Antioxidants

High doses of vitamin C (ascorbic acid, 540 mg/day) adminis
tered p.o. (drinking water) and daily commencing on the day of
DMBA intubation had no effect on development and growth of
mammary carcinomas in female rats (2). A lack of effect of the
same dose level of vitamin C on the growth of a MCA-derived

transplantable rat mammary carcinoma (MTW9aB) was addition
ally reported in this study.

In general, vitamin E (a-tocopherol) supplementation alone has

also been ineffective in influencing the development of mammary
carcinomas in rats treated with chemical carcinogens. Watten-

berg (691) could observe no effect of vitamin E when the vitamin
was given to female rats 1 h prior to DMBA treatment. Dayton
er al. (149) observed no effect of daily supplemented dietary
vitamin E commencing 2 days after DMBA treatment in female
rats fed high dietary levels of polyunsaturated (safflower oil) or
saturated (coconut oil) oils. A lack of effect of supplemented
vitamin E, when the vitamin was added to the diet on consecutive
days before and after DMBA treatment, was also reported by
McCay, King, and coworkers (366, 431). Ip (295) reported that
vitamin E excess did not influence mammary tumorigenesis in
DMBA-treated rats fed a normal level of dietary fat, although low

levels of dietary vitamin E enhanced this tumorigenic process in
rats fed a high-fat diet. Furthermore, vitamin E excess failed to

overcome the augmented tumor yield in rats treated with DMBA
and maintained on a selenium-deficient diet. In a subsequent

study, Horvath and Ip (273) presented evidence that vitamin E,
although ineffective by itself, was able to potentiate the ability of
selenium to inhibit the development of mammary carcinomas
induced by DMBA in female rats fed a high-fat diet. Thus,
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supplemented vitamin E alone does not appear to influence
chemical carcinogenesis of the rat mammary gland, observations
which do not support the earlier report (abstract) by Harman
(231 ) who provided evidence that vitamin E excess can suppress
DMBA-induced rat mammary gland carcinogenesis.

In 1979, King ef al. (365) reported that, when the phenolic
antioxidant BHT was added to the diet on consecutive days
before and after DMBA treatment, a significant reduction in
mammary tumorigenesis was observed in rats maintained on
either a low- or high-polyunsaturated-fat diet or a high-saturated-

fat diet. In subsequent studies (366, 431, 432), the inhibitory
effect of BHT in DMBA-induced rat mammary carcinogenesis
was confirmed; dietary BHA, however, did not affect this neo-

plastic process. The antioxidant propyl gallate has been reported
to be as effective as an inhibitor of DMBA-induced rat mammary

gland carcinogenesis as is BHT (366, 431). In the preceding
studies, the antioxidants were added to the diets continuously
during the initiating and promotional phases of this neoplastic
process. In an effort to determine which stage of neoplastic
development was primarily affected by the antioxidants, King ef
a/. (368) fed BHT at varying time periods before and/or after
DMBA treatment. They concluded that the most crucial time
period for BHT to be present in the diet was between 1 and 2
weeks prior to DMBA treatment, suggesting that BHT may be
influencing metabolic activation of DMBA or perhaps the very
early promotional stages of this carcinogenic process. The ob
servation that BHT inhibits DMBA-induced rat mammary carci
nogenesis but not MNU-induced rat mammary carcinogenesis

(367) further suggested that the action of BHT may be directed
toward carcinogen activation (MNU does not require metabolic
activation). It has been clearly demonstrated by the earlier work
of Wattenberg (691 ) and more recently by Cohen et al. (113) that
BHT can effectively inhibit the initiating stage of DMBA-induced

rat mammary gland carcinogenesis. A number of chemicals,
some of which alter carcinogen metabolism, scavenge active
molecular species, and/or act by competitive inhibition, have
been reported to inhibit this stage of mammary carcinogenesis.
Such antiinitiators are BHA (691), ethoxyquin (691), coumarin
(170), disulfiram (692), benzylisothiocyanate (693), phenethyl
isothiocyanate (693), phenylisothiocyanate (693), benzylthio-
cyanate (693), cysteamine (427), 0-naphthoflavone (695), and
certain polycyclic aromatic hydrocarbons (284, 726). This facet
of rat mammary gland carcinogenesis has been discussed in an
informative review by Wattenberg (694). Of these chemicals,
benzylisothiocyanate has also been reported to inhibit DMBA-

induced rat mammary gland carcinogenesis when administered
commencing 1 week after carcinogen administration (689). So
dium cyanate and ferf-butyl isocyanate also appear to suppress

this carcinogenic process when administered commencing after
carcinogen administration (689). Wattenberg (690) has also re
ported that the addition of green coffee beans to the diet of
female rats prior to DMBA treatment inhibits the development of
mammary carcinomas. Feeding of green coffee beans, cabbage,
or cauliflower commencing after DMBA treatment has also been
reported to suppress mammary tumorigenesis (690). In a recent
study, McCormick ef al. (437) reported that the antioxidants BHT
and BHA can inhibit both the initiating and promoting phases of
DMBA-induced rat mammary gland carcinogenesis. At 50 days

of age, female rats were treated with DMBA. BHT or BHA was
fed at -2 to +1 weeks or +1 to +30 weeks, time period 0 being

designated the time of DMBA administration. BHT or BHA treat
ments, at both time periods, significantly reduced the incidence
of mammary carcinomas. Thus, the antitumorigenic activity of
these antioxidants does not appear to be limited to the initiating
phase of mammary carcinogenesis but may suppress the pro
motional phase as well.

Selenium

In 1972, Harr ef al. (233) reported that the trace element
selenium, added to the diet of 2-AAF-treated rats, significantly

reduced the incidence of mammary carcinomas. In 1980, Thomp
son and Becci (667) reported that the feeding of selenium (so
dium selenite, 5 mg selenium/kg diet) to female rats previously
treated with MNU resulted in a significant reduction in mammary
tumor incidence. The report by Thompson and Becci (667)
provided the basis for the concept that feeding of relatively large
amounts of selenium can effectively suppress the promotional
phase of rat mammary gland chemical carcinogenesis. In 1981,
Ip (294) reported the results of a study designed to determine
whether mammary tumorigenesis could be inhibited in DMBA-
treated female rats when selenium (sodium selenite, 5 mg sele
nium/kg diet) was fed at specific time periods during this neo
plastic process. Selenium feeding at -2 to -(-24, -2 to +2, +2
to +24, +2 to +12, +12 to +24, and -2 to +12 weeks, where

time 0 was the day of DMBA administration, resulted in a
profound difference in tumor incidence among these groups.
Twenty-four weeks after DMBA treatment, mammary carcinoma

incidence was significantly reduced in all but 2 groups, i.e., the
+2 to +12 and the +12 to +24 groups. The -2 to +24 group

had the greatest reduction in mammary tumor incidence followed
closely by the +2 to +24 and -2 to +12 groups. This study

provides convincing evidence that high levels of dietary selenium
can suppress both the initiation and promotion stages of DMBA-

induced rat mammary gland carcinogenesis, confirming an earlier
report (712) and in accord with subsequent studies (301, 671,
672). Furthermore, it is also apparent that the effectiveness of
selenium as an anti-mammary tumor promoter is dependent on

continuous administration; upon selenium withdrawal, a prompt
resumption of tumorigenesis is observed (294). The growth rate
of the larger mammary tumors, however, does not appear to be
influenced by dietary selenium supplementation (293).

Selenium appears to be effective in reducing the development
of mammary carcinomas in DMBA-treated rats regardless of the
fat content of the diet, i.e., in rats fed low- or high-fat diets and
in rats fed polyunsaturated- or saturated-fat diets (293, 296,

304). A synergistic effect of selenium and vitamin E supplemen
tation (273) and vitamin A supplementation (299, 670) on inhibi
tion of DMBA- and MNU-induced rat mammary gland tumorigen

esis has been reported. In accord, selenium deficiency appears
to enhance mammary tumorigenesis in rats treated with DMBA
(303).

The mechanistic action of selenium in the chemoprevention of
neoplastic diseases in general and mammary tumorigenesis in
particular was recently discussed in 2 excellent reviews by Griffin
(206) and Medina (449), respectively. Selenium supplementation
does not appear to significantly influence endocrine activity (293).
Other mechanisms which have been examined are: antioxidation
via glutathione peroxidase; alteration of fibrillar cytoskeletal sys
tem; modification of carcinogen metabolism; inhibition of tumor
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cell proliferation; and enhancement of immune responsiveness
(206, 273, 304, 449).

Prostaglandins

The influence of prostaglandins on the development and
growth of carcinogen-induced rat mammary carcinomas has

been examined by only a few laboratories. To date, no clear
relationship between prostaglandin synthesis, qualitatively or
quantitatively, and the growth of carcinogen-induced rat mam

mary carcinomas has been provided. The administration of PGF2a
to rats bearing DMBA-induced mammary carcinoma or the trans-
plantable MTW9A hormone-responsive mammary carcinoma has

been reported to cause a regression or slowing of growth of
these tumors (319,329). PGF2â€ž,PGE,, and PGE2 synthesis and/
or concentrations in regressing MNU- or DMBA-induced rat

mammary carcinomas appear to be higher when compared with
progressively growing tumors (176, 416). PGE2 and PGF2olevels
and prostaglandin synthetase activities have been reported to
be higher in DMBA- or MNU-induced rat mammary carcinomas

than in nonneoplastic rat mammae (333, 654). The increased
levels of prostaglandins in rat mammary carcinomas when com
pared with the normal rat mammae may be causally related to
increased phospholipase A2 activity (549), elevated levels of
arachidonic acid (654), and/or higher levels of neutral lipid free
fatty acids (544) in the tumor tissue. Indomethacin, an inhibitor
of the cyclooxygenase component of prostaglandin synthetase,
when administered to rats fed a high-fat diet and treated with

DMBA suppressed the development of mammary carcinomas
(66). Flurbiprofen, also an inhibitor of prostaglandin synthesis,
has been reported to inhibit MNU-induced rat mammary gland

carcinogenesis (439). In addition, the growth of a transplantable
rat mammary carcinoma (DMBA-4) was suppressed by indo-
methacin in rats fed either high- or low-fat diets (382).

In vitro studies provide evidence that MNU-induced rat mam

mary carcinomas can effectively synthesize PGE2, PGE,, and
PGF2<I,a metabolic process that can be effectively inhibited by
adding cyclooxygenase inhibitors (i.e., ibuprofen) to the culture
media (112). Prostaglandins may suppress cell proliferation by
stimulating differentiation. Rama 25 is a clonal epithelial stem cell
line derived from a DMBA-induced rat mammary carcinoma.

PGE, and, to a lesser extent, PGE2 and PGF2a, when added to
the culture media in the presence of mammotrophic hormones,
enhanced the differentiation of these cells as indicated by in
creased dome and casein production. When the prostaglandin-

treated cells are inoculated into athymic nude mice, these cells
developed into tumors at a considerably slower rate than did
cells which were not treated with prostaglandins (566). Very
recently, a relationship between prostaglandins and cAMP levels
in growing and regressing DMBA-induced rat mammary carci

nomas was reported. Mammary carcinomas that were induced
to regress by ovariectomy were found to have a marked increase
in the production of PGE2 and an increase in cAMP content when
compared with progressively growing tumors. PGE2 synthesis
and cAMP content appeared to be coupled, for it was shown
that PGE2 stimulated adenylate cyclase activity in the tumor cells
(175). Much of the confusion concerning the relationship between
prostaglandin activity and mammary carcinoma development and
growth will not be resolved until greater attention is directed

toward the analysis of prostaglandin levels in tumor cells; in most
of the studies cited above, prostaglandins were measured in
whole tumor extracts. It is well known that prostaglandin levels
are high in a variety of cells, including those which surround and/
or infiltrate tumor tissue.

Cyclic Nucleotides (cAMP, cGMP)

In recent years, there has been increased interest in the role
of cAMP and the enzymes important in regulation of this bioactive
molecule (e.g., adenylate cyclase, phosphodiesterase) on the
progression of carcinogen-induced rat mammary carcinomas. In
general, it appears that, in the actively growing carcinogen-

induced rat mammary carcinomas, there are decreased levels of
cAMP when compared to mammary carcinomas which are static
in growth or regressing (39, 175, 297, 396, 429). In accord,
adenylate cyclase activities appear to be lower and phosphodi
esterase activities higher in growing rat mammary carcinomas
than in regressing carcinomas (297). It also appears that cAMP
levels and phosphodiesterase activities may be elevated in cul
tured nonneoplastic rat mammary gland cells compared to cul
tured carcinoma cells (109,114), although this may vary depend
ing upon the experimental design and the parameters used in
data computation (109, 548). cAMP levels have been reported
to be elevated and phosphodiesterase activities reduced in me-
tastasizing rat mammary carcinomas when compared with non-

metastasizing neoplasms (80, 81). Consistent alterations in the
level of cGMP in growing or regressing carcinogen-induced rat

mammary carcinomas or in neoplastic or nonneoplastic rat mam
mae have not yet been demonstrated (429, 548).

During the past 10 years, Cho-Chung ef al. have attempted to

regulate the in situ development of rat mammary carcinomas by
altering intracellular cAMP activities. Experimental procedures
which markedly elevate intracellular cAMP levels (e.g., adminis
tration of A/6,02 -dibutyryl-cAMP, L-arginine, cholera toxin, etc.)

have been reported by Cho-Chung ef al. (86, 92, 95, 100) to
induce regression of DMBA-induced rat mammary carcinomas
as well as a number of other hormone-responsive rat mammary
tumors. Interestingly, the growth of certain hormone-independ
ent rat mammary carcinomas and the MNU-induced rat mam

mary carcinoma has been reported to be unaffected or even to
be enhanced by treatments which increase intracellular concen
trations of cAMP (86, 379, 709). Furthermore, the addition of
1,3,7-trimethylxanthine (caffeine) to the drinking water of female

rats treated with DMBA has been reported to be a mild stimulator
of the promoting phase of this carcinogenic process (463, 721).
Caffeine has the potential of influencing intracellular cAMP levels.

Evidence is also accumulating indicating that the regression
of DMBA-induced rat mammary carcinoma (regression induced

by endocrine manipulation and/or by increasing intracellular
cAMP levels) is associated with the intracellular synthesis of non-
histone phosphoprotein (39, 101, 276, 277). The regression of
these neoplasms has also been associated with a concurrent
increase in the activity of intracellular levels of cAMP and the
type II isozyme of cAMP-dependent protein kinase (94). In the

mammae of rats treated with DMBA, there appears to be a
decrease in the level of type II isozyme of cAMP-dependent

protein kinase and an increase in the type I isozyme of this
enzyme system. Clearly, the best-documented initial action of
cAMP in mammalian cells is the activation of cAMP-dependent
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protein kinases. The very interesting data from the laboratory of
Cho-Chung ef al. support the emerging view that the type I
isozyme of cAMP-dependent protein kinase has a positive role
in cell proliferation, whereas the type II isozyme is concerned
primarily with growth inhibition and perhaps differentiation. Ad
ditional studies by Cho-Chung ef al. (37, 38, 86-102, 278) in

support of this scenario have been reported. In contrast, Sharoni
ef al. (596, 597) could not detect a relationship between cAMP-
dependent protein kinase activity and growth of DMBA-induced
rat mammary carcinomas; cAMP-independent protein kinase

activity, on the other hand, was greater in growing mammary
carcinomas when compared to regressing tumors.
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