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Abstract. Our objective was to determine whether melatonin influenced mammary growth
in response to mammogenic hormones. Prepubertal female BALB/c mice were injected
for 9 days with 1 ug of 173-estradiol and 1 mg of progesterone or 178-estradiol/
progesterone plus 50, 100, or 200 ug of melatonin. Area of the parenchyma and total
DNA content of the second thoracic gland were similar between controls and melatonin-
injected mice. However, ug of DNA/100 mg of mammary tissue were lower in animals
treated with 173-estradiol/progesterone plus 200 ug of melatonin than in controls.
Triglyceride content of mammary glands from animals treated with 100 or 200 ug of
melatonin/day increased relative to controls. In an in vitro experiment, thoracic mammary
glands of 21-day-old mice were cultured for 6 days in a mammogenic milieu of hormones
(173-estradiol/progesterone, aldosterone, bovine prolactin, growth hormone, and insu-
lin) with 0 (contro!), 107, 10~°, or 10~'2 M melatonin. Relative to controls, 1072 M
melatonin increased and 10~° M melatonin decreased mammary DNA and uptake of
[methyi-°H]thymidine. We conclude that high doses of melatonin reduce mammary
development in normal mice and that some of this effect may be mediated directly at

the mammary tissue.

[P.S.E.B.M. 1990, Vot 194]

affect normal mammary development through

100 days of age or estradiol-induced mammary
gland growth (1). However, normal rats exposed to
constant light from birth have increased mammary
development, and exogenous melatonin reverses this
effect (2). Furthermore, melatonin is inhibitory and
pinealectomy is stimulatory to growth of hormone-
dependent mammary tumors (3-7).

We hypothesized that the pineal gland affects
mammary gland growth either through direct actions
of pineal secretions (primarily melatonin) on mammary
tissue, or indirectly through pineal-dependent changes
in the circulating concentrations of some of the pitui-
tary and gonadal hormones that control mammogenesis
(8, 9). Since gonadal and pituitary hormones that affect
mammary tumor growth (10) are similar to those that

Pinealectomy of rats at 21 days of age does not
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cause development of normal tissue (11), we speculated
that melatonin may negatively modulate normal mam-
mary gland growth. Our objective was to study the
influence of melatonin on normal mammary growth in
response to mammogenic hormones and to determine
whether direct actions of melatonin on mammary tissue
may explain this effect.

Materials and Methods

Chemicals. Unless otherwise indicated, all re-
agents and hormones were purchased from Sigma
Chemical Co. (St. Louis, MO).

Animals. In all experiments, female BALB/c mice
(Charles River Laboratories Inc., Wilmington, MA) 21
days of age were housed in our vivarium at 25 + 0.5°C
and exposed daily to 12-hr light/12-hr dark. Animals
had free access to food (Wayne Rodent Blox 8604-00;
Continental Grain Co., Chicago, IL) and tap water.
BALB/c mice have a genetic deficiency of enzymes
essential for melatonin synthesis (12, 13). Thus, effects
of exogenous melatonin can be distinguished without
complications associated with endogenous melatonin.

In Vivo Studies. Sixty 23- to 25-day-old mice were
divided into four groups and received daily: 1 ug of 178-
estradiol plus 1 mg of progesterone (178-estradiol/pro-
gesteronge; control), 178-estradiol/progesterone plus 50
ug of melatonin (178-estradiol/progesterone + Mel-50),
173-estradiol/progesterone plus 100 ug of melatonin
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(178-estradiol/progesterone + Mel-100), or 178-estra-
diol/progesterone plus 200 ug of melatonin (173-estra-
diol/progesterone + Mel-200). Steroids were prepared
by mixing | mg of 178-estradiol and 1 g of progesterone
with 100 mg of gum arabic dissolved in 0.9% NaCl
(100 ml). Melatonin was dissolved in 95% ethanol and
then diluted (1/9) in 0.9% NaCl. Steroids and mela-
tonin were administered in two separate injections of
0.1 ml, given at 1600 hr (4 hr before onset of darkness)
for 9 consecutive days. The day after the last injection,
animals were sacrificed by cervical dislocation and the
number four (inguinal) mammary glands were excised
after removal of the intramammary lymph node. From
each pair of glands, one was fixed in glacial acetic
acid:ethanol (1:3, v/v), stained with alum-carmine, and
examined in a whole-mount preparation. The contra-
lateral mammary gland was weighed fresh and then
frozen at —20°C until processed for determination of
DNA and triglyceride content.

In Vitro Studies. The technique of organ culture
used was that of Banerjee et al. (14). Sixty 23- to 25-
day-old female mice were primed with daily injections
(9 days) of estradiol (1 ug) plus progesterone (1 mg) to
stimulate lobulo-alveolar development of the mam-
mary gland (15). Twenty-four hours after the last injec-
tion, mice were sacrificed by cervical dislocation,
dipped in 70% ethanol; and pinned to a corkboard.
The second pair of mammary glands (thoracic) were
excised in a laminar air flow hood and placed on sterile
Dacron rafts in 35-mm culture dishes (Corning Glass
Works, Corning, NY) with 2 ml of Waymouth’s MB
752/1 medium (GIBCO, Grand Island, NY) containing
mammotrophic hormones and various doses of mela-
tonin or ethanol. Penicillin (3.5 ug/ml) and L-glutamine
(35 ug/ml) were also added to all culture dishes.

Mammotrophic hormones added to the basal me-
dium were: 178-estradiol (0.001 wg/ml), progesterone
(1 pg/ml), aldosterone (1 ug/ml), bovine prolactin (5
ug/ml NIH-b3), bovine growth hormone (5 ug/ml NIH-
b18), and bovine insulin (5 ug/ml). All mammotrophic
hormones were prepared as concentrated stock solu-
tions in either 95% ethanol (steroids), 0.001 Af NaOH
plus basal medium (1:4) (prolactin and growth hor-
mone), or 0.005 M HCI plus basal medium (1:4) (in-
sulin). The hormones were then filtered through sterile
0.22-um filters (Millipore, Bedford, MA), stored at 5°C,
and added to basal medium just prior to use. Medium
containing the mammotrophic hormones was defined
as growth-promoting medium.

In each mouse, one of the thoracic mammary
glands was incubated in growth-promoting medium, to
which melatonin in ethanol was added. The final con-
centration of melatonin in medium was 107%, 107°, or
107" M. The contralateral control gland was incubated
in growth-promoting medium plus 0.02 ul of 95%
ethanol/ml (equals the alcohol concentration in mela-
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tonin-containing media). Each mouse served as its own
control. Results in the melatonin-treated glands were
expressed as a percentage of control glands.

Tissue was incubated for 6 days in a humidified
chamber at 37°C in an atmosphere of O, (95%) and
CO» (5%). Medium was changed at Days 1, 3, and 5 of
culture.

Four hours before the end of incubation [methyl-
*H]thymidine (80 Ci/mmol; New England Nuclear,
Boston, MA) was added to the medium (1 pCi/ml).
After incubation with [methyl->H]thymidine, medium
was aspirated and tissues were rinsed twice with cold
distilled water, weighed, and stored at —20°C until DNA
content, triglyceride concentration, and [methyl->H]
thymidine uptake were quantified.

Evaluation of Mammary Gland Growth. Mam-
mary gland growth was evaluated from weight and area
measurements in in vivo studies. Mammary area was
measured with a planimeter traced around the periph-
ery of the ducts.

DNA was measured as an index of cell number
(16). Uptake of [merhyl-*H]thymidine (cpm/gland) in
vitro was used as a mitotic index (17). Triglyceride
content was used as a measure of the fat content of
each mammary gland.

DNA, triglyceride, and thymidine uptake were
measured by procedures adapted from various authors
(16, 18-20). Each mammary gland was diluted with 20
volumes of ice-cold 2% perchloric acid (PCA) and then
sonicated for 30 sec (Heat Systems/Ultrasonics, Inc.,
Plainview, NY). The homogenate was centrifuged for
5 min at 1500g. Pellets obtained after elimination of
acid-soluble compounds were successively extracted for
45 min each with ethanol-2% sodium acetate,
ethanol:chloroform (1:1), and ether. Between each ex-
traction, contents were centrifuged for 5§ min at 1500g¢.
Extracts were subsequently dried under vacuum. After
drying, activated alumina (800 mg) and isopropanol (5
ml) were added to each tube, contents were mixed, and
then centrifuged for 5 min at 1500g. Duplicate 2-ml
aliquots of the supernatant were assayed for triglyceride
content (20). Triolein (glycerol trioleate) dissolved in
isopropanol was used as the standard. Sensitivity of the
method was 5 ug/ml.

Pellets obtained from each mammary gland after
elimination of acid-soluble compounds and fat were
incubated for 1 hr at 37°C in 0.5 ml of 1 N KOH. The
digest was acidified with 6 N HCI1 (0.3 ml) and 10% ice-
cold PCA (2 ml) to precipitate DNA. After centrifuging
for 5 min at 1500g, the pellet was washed with 5%
PCA. The remaining residue was extracted for 15 min
with 1 ml of 5% PCA at 70°C, centrifuged, and the
supernatant was saved. This supernatant, combined
with those obtained by washing the pellet twice with 1
ml of 5% PCA, was analyzed in a spectrophotometer



at 268 um. Highly polymerized calf thymus DNA was
used as standard.

Two 0.4-ml aliquots from each tube containing the
extracted DNA were transferred to scintillation vials
containing 5 ml of Safety Solve (Research Products
International, Mount Prospect, IL) and radioactivity
was measured in an Isocap 300 liquid scintillation
counter (Searle Analytic, Inc., Elk Grove Village, IL)
and results were expressed as cpm (total [methyl-*H]
thymidine uptake) and cpm/ug of DNA.

Statistical Analysis. For in vivo studies, one-way
analysis of variance and Dunnett’s ¢ test for differences
between each group and control were performed (21).
For in vitro studies, analysis of variance and the Stu-
dent-Newman-Keuls test were used to analyze the dif-
ferences among means of the three experimental groups
(21). Within each group, differences between glands
incubated with and without melatonin were analyzed
by Student’s ¢ test for paired samples (22).

Results

Melatonin Effects on 173-Estradiol/Progester-
one-Induced Mammary Growth In Vivo. Weights of
mammary glands from animals treated 9 days with
178-estradiol/progesterone plus Mel-100 were greater
than those from animals receiving only 178-estradiol/
progesterone (Table I). However, when mammary
weight was corrected for differences in body weight, no
differences were found among the four treatments.
Similarly, there was no difference in mammary area
between control and melatonin-treated animals.

Numbers of mammary cells, measured as total
DNA/gland, were not different between 178-estradiol/
progesterone controls and melatonin-injected mice.
However, DNA expressed as ug/100 mg of mammary
tissue was lower in glands from animals treated with

178-estradiol/progesterone + Mel-200 than in controls
(P<0.01).

The total triglyceride content and triglyceride con-
centration per mammary gland significantly increased
in mice receiving either 178-estradiol/progesterone plus
Mel-100 or 178-estradiol/progesterone plus Mel-200,
as compared with control animals (Table I).

Melatonin Effects on Mammary Gland Growth In
vitro. Mammary DNA (expressed as either ug/gland or
ug/100 mg of tissue) in glands cultured in 107'* M
melatonin was greater (P < 0.05) than in glands cul-
tured in the absence of melatonin (Fig. 1). However,
when the concentration of melatonin was increased to
107° M, mammary DNA decreased (P < 0.05) in rela-
tion to controls. A concentration of 107° M melatonin
in medium did not change mammary DNA relative to
glands cultured without melatonin. Both total DNA
and DNA concentration in mammary tissue were lower
at 107® and 107® M melatonin than at 107> M (P <
0.02 and P < 0.005, respectively).

Analogous to changes in mammary DNA, uptake
of [*H]thymidine per mammary gland increased at
107'* M melatonin and decreased at 107° M melatonin
as compared with uptake in the contralateral control
glands (P < 0.05, Fig. 2). However, increasing the dose
of melatonin to 107° and 107® M decreased the uptake
of [*H]thymidine per gland relative to uptake in glands
incubated with 1072 M melatonin (P < 0.05 and P <
0.01, respectively, Fig. 2). Uptake of [*’H]thymidine per
100 ug of DNA was similar in cultures of control and
melatonin-treated glands.

Triglycerides (mg/gland or ug/100 mg of tissue) in
melatonin-treated glands were not different from that
in control glands, ranging from 93 to 105% of the value
in controls.

Discussion
Previous reports suggest that melatonin reduces
growth of hormone-dependent mammary tumors (3-

Table I. Wet Weight, Area, DNA, and Triglycerides of Inguinal Mammary Gland from Immature Mice after 9 Days
of Treatment with 1 ug of Estradiol + 1 mg of Progesterone or 173-Estradiol + Progesterone and 50, 100, or
200 ug of Mel®

173-estradiol/

173-estradiol/ 17 -estradiol/

Mammary 17p-estradiol/ progesterone progesterone progesterone
characteristic progesterone + Mel-50 + Mel-100 + Mel-200
Weight (mg) 58.1 + 2.4 591+ 3.6 69.6 + 3.8° 66.9 + 2.6
Weight (mg/g body wt) 3.1+0.1 34+02 3702 36=+01
Area (mm?)
DNA (uQ) 82+03 99+06 9307 83+04
DNA (1g/100 mg tissue) 602+ 19 60.8 + 0.9 65.8 = 3.2 569 +17
Triglyceride (mg) 1086 £ 55 107.9+71 97958 85.5 + 3.3¢
Triglyceride (mg/100 mg tissue) 40.0+16 39.1+28 51.4+27° 48.7 £ 1.9¢

# Values are mean = SE.
® Different from 17 8-estradiol/progesterone control (P < 0.05).

° Different from 17 3-estradiol/progesterone control (P < 0.01). Number of animals = 10-15/group.
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Figure 1. DNA in mammary glands incubated with and without
melatonin. Differences between means: a, P < 0.05 versus controls;
b, P < 0.02; and ¢, P < 0.005 versus glands incubated in 10-2 M
melatonin. Number of pairs per group were 10-14.
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Figure 2. [methyl-H*|Thymidine uptake in mammary glands incu-
bated with and without melatonin. Differences between means: a, P
< 0.05 versus controls; b, P < 0.05; and ¢, P < 0.01 versus glands
incubated in 1072 M melatonin. Number of pairs per group were 10-
14.

7). In the present study, melatonin in vivo (injections
of 200 ug/mouse/day) as well as in vitro (incubation
with 107° M melatonin) suppressed the growth of nor-
mal mammary tissue induced by exogenous mammo-
genic hormones. It should be noted that the 107" M
dose of melatonin added to mammary tissue in vitro
stimulated mammary cell numbers above that of con-
trols. The mechanisms whereby 107'? A melatonin was
stimulatory to mammary development, but higher
doses were inhibitory are unknown.

Our observation of increased fat content of the
mammary tissue of mice in response to increasing doses
of melatonin agrees with whole body fattening re-
sponses observed in hamsters (23) and cattle (24) given
exogenous melatonin. Increased extraparenchymal fat
in the mammary fat pad has becn implicated as a
potential inhibitor of mammary parenchymal growth
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in dairy cattle (25, 26). Therefore, in addition to reduc-
ing endogenous mammogenic hormones, we speculate
that melatonin-induced increases in extraparenchymal
fat of the mammary gland may also play a role in
mediating the negative effects of melatonin on mam-
mary parenchymal growth. In any case, changes in
extraparenchymal fat pads should be investigated fur-
ther since the stromal component of the mammary
gland affects the mammary growth response to mam-
motrophic hormones in vivo (27) as well as in vitro (28).

Results of the in vitro study suggest that at least a
part of the action of melatonin is mediated directly at
the level of the mammary gland. However, results from
the in vitro study do not support our speculation that
increased lipid plays a role in reducing mammary
growth since triglyceride content was unaffected by
melatonin. Direct action of melatonin on gonads, ac-
cessory sexual organs, and human mammary adeno-
carcinomas have been demonstrated previously (5, 29,
30). In most cases melatonin counteracts the effects of
steroids (30). The possibility that melatonin actions
may be mediated by changes in mammary gland steroid
receptors within the mammary parenchymal cells is
supported by results published for human breast cancer
cells {(31). We conclude that high doses of melatonin
suppress mammary development in normal BALB/c
mice and that some of this effect may be mediated
directly at the mammary gland.

This research was supported in part by USDA Grants 83-34122-
3443 and 87-CRCR-1-2302.

1. Mishkinsky J, Nir I, Lajtos ZK, Sulman FG. Mammary devel-
opment in pinealectomized rats. J Endocrinol 36: 215-216, 1966.

. Mhatre MC, Shah PN, Juneja HS. Effects of varying photoperiods
on mammary morphology, DNA synthesis, and hormone profile
in female rats. J Natl Cancer Inst 72:1411-1416, 1984,

3. Tamarkin L, Cohen M, Roselle D, Reichert C, Lippman M,
Chabner B. Melatonin inhibition and pinealectomy enhance-
ment of 7,12-dimethylbenz{a)anthracene-induced mammary tu-
mors in the rat. Cancer Res 41:4432-4436, 1981.

4. Shah PN, Mhatre MC, Kothari LS. Effects of melatonin on
mammary carcinogenesis in intact and pinealectomized rats in
varying photoperiod. Cancer Res 44:3404-3407, 1984.

5. Blask DE, Hill SM. Effects of melatonin on cancer: studies on
MCF-7 human breast cancer cells in culture. J Neural Transm
21(suppl):433-449, 1986.

6. Sanchez-Barcelo EJ, Cos S, Mediavilla MD. Influence of pineal
gland function on the initiation and growth of hormone-depend-
ent breast tumors. Possible mechanisms. In: Gupta D, Attanasto
A, Reiter RJ, Eds. The Pineal Gland and Cancer, Tibingen, W,
Germany: Tubingen Vereinigung, p221, 1988.

7. Kothari L. Effects of melatonin on the mammary gland mor-
phology, DNA synthesis, hormone profiles and incidence of
mammary cancer in rats. In: Gupta D, Attanasio A, Reiter RJ,
Eds. The Pineal Gland and Cancer. Tiubingen, W. Germany:
Tibingen Vereinigung, p207, 1988,

8. Reiter RJ. The pineal and its hormones in the control of repro-
duction in mammals. Endocr Rev 1:109-131, 1980.

[Se]



10.

11.

12.

13.

14.

15.

16.

20.

. Topper YJ, Freeman CS. Multiple hormone interactions in the

developmental biology of the mammary gland. Physiol Rev
60:1049-1106, 1980.

Meites J. Relation of the neuroendocrine system to the develop-
ment and growth of experimental mammary tumors. J Neural
Transm 48:25-42, 1980.

Knight CH, Peaker M. Development of the mammary gland. J
Reprod Fertil 65:521-536, 1982.

Ebihara S, Marks T, Hudson DJ, Menaker M. Genetic control
of melatonin synthesis in the pineal gland of mice. Science
231:491-493, 1986.

Ebihara S, Hudson DJ, Marks T, Menaker M. Pineal indole
metabolism in the mouse. Brain Res 416:136-140, 1987.
Banerjee MR, Wood BG, Lin FK, Crump LR. Organ culture of
whole mammary gland of the mouse. Tissue Culture Assoc
Manual 2:457-462, 1976.

Ichinose RR, Nandi S. Influence of hormones on lobuloalveolar
differentiation of mouse mammary glands in vitro. J Endocrinol
35:331-340, 1966.

Tucker HA. Influence of number of suckling young on nucleic
acid content of lactating rat mammary gland. Proc Soc Exp Biol
Med 116:218-220, 1964.

. Knight CH. Mammary growth and development: strategies of

animals and investigators. Symp Zool Soc Lond 51:147-170,
1984.

. Munro HN, Fleck A. Recent developments in the measurement

of nucleic acids in biological materials. Analyst 91:78-88, 1966.

. Knight CH, Peaker M. Mammary cell proliferation in mice

during pregnancy and lactation in relation to milk yield. Quart J
Exp Physiol 67:165-177, 1982.

Fletcher MJ. A colorimetric method for estimating serum tri-
glycerides. Clin Chim Acta 22:393-397, 1968.

2.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31

Gill JL. Design and Analysis of Experiments in the Animal and
Medical Sciences. Ames, IA: The Iowa State University Press,
1978.

Zar JH. Biostatistical Analysis. Englewood Cliffs, NJ: Prentice-
Hall, Inc., 1984.

Bartness TJ, Wade GN. Photoperiodic control of body weight
and energy metabolism in Syrian hamsters (Mesocricetus aura-
tus): Role of pineal gland, melatonin, gonads, and diet. Endocri-
nology 114:492-498, 1984.

Zinn SA, Chapin LT, Enright WJ, Schroeder AL, Stanisiewski
EP, Tucker HA. Growth, carcass composition and plasma mel-
atonin in postpubertal beef heifers fed melatonin. J Anim Sci
66:21-27, 1988.

Swanson EW. Effect of rapid growth with fattening of dairy
heifers on their lactational ability. J Dairy Sci 43:377-387, 1960.
Sejrsen K, Huber JT, Tucker HA, Akers RM. Influence of
nutrition on mammary development in pre- and postpubertal
heifers. J Dairy Sci 65:793-800, 1982.

Shyamala G, Ferenczy A. Mammary fat pad may be a potential
site for inhibition of estrogen action in normal mouse mammary
gland. Endocrinology 115:1078-1081, 1984.

Beck JC, Hosick HL. Growth of mouse mammary epithelium in
response to serum-free media conditioned by mammary adipose
tissue. Cell Biol Intl Rep 12:85-97, 1988.

Debeljuk L, Vilchez MA, Schnitman MA, Paulucci DA, Feder
VM. Further evidence for a peripheral action of melatonin.
Endocrinology 89:1117-1119, 1971.

Alonso R, Prieto L, Hernandez C, Mas M. Antiandrogenic effects
of pineal gland and melatonin in castrated and intact prepubertal
male rats. J Endocrinol 79:77-83, 1978.

Danforth DN, Tamarkin L, Lippman ME. Melatonin increases
estrogen receptor binding activity of human breast cancer cells.
Nature 305:323-325, 1983.

MELATONIN EFFECTS ON MAMMARY GROWTH 107





