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Melatonin has numerous anti-cancer properties reported to influence cancer

initiation, promotion, and metastasis. With the need for effective hormone

therapies (HT) to treat menopausal symptoms without increasing breast cancer

risk, co-administration of nocturnal melatonin with a natural, low-dose HT was

evaluated in mice that develop primary and metastatic mammary cancer. Individually,

melatonin (MEL) and estradiol-progesterone therapy (EPT) did not significantly affect

mammary cancer development through age 14 months, but, when combined,

the melatonin-estradiol-progesterone therapy (MEPT) significantly repressed tumor

formation. This repression was due to effects on tumor incidence, but not latency. These

results demonstrate that melatonin and the HT cooperate to decrease the mammary

cancer risk. Melatonin and EPT also cooperate to alter the balance of the progesterone

receptor (PR) isoforms by significantly increasing PRA protein expression only in MEPT

mammary glands. Melatonin significantly suppressed amphiregulin transcripts in MEL

and MEPT mammary glands, suggesting that amphiregulin together with the higher

PRA:PRB balance and other factors may contribute to reducing cancer development in

MEPT mice. Melatonin supplementation influenced mammary morphology by increasing

tertiary branching in the mouse mammary glands and differentiation in human mammary

epithelial cell cultures. Uterine weight in the luteal phase was elevated after long-term

exposure to EPT, but not to MEPT, indicating that melatonin supplementation may reduce

estrogen-induced uterine stimulation. Melatonin supplementation significantly decreased

the incidence of grossly-detected lung metastases in MEL mice, suggesting that

melatonin delays the formation of metastatic lesions and/or decreases aggressiveness

in this model of HER2+ breast cancer. Mammary tumor development was similar in EPT
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and MEPT mice until age 8.6 months, but after 8.6 months, only MEPT continued to

suppress cancer development. These data suggest that melatonin supplementation has

a negligible effect in young MEPT mice, but is required in older mice to inhibit tumor

formation. Sincemelatonin binding was significantly decreased in older mammary glands,

irrespective of treatment, melatonin supplementation may overcome reduced melatonin

responsiveness in the agedMEPTmice. Since melatonin levels are known to decline near

menopause, nocturnal melatonin supplementation may also be needed in aging women

to cooperate with HT to decrease breast cancer risk.

Keywords: breast cancer, estradiol, HER2/Neu, melatonin, menopausal hormone therapy, metastasis,

progesterone receptor isoforms, uterus

INTRODUCTION

Melatonin production by the pineal gland is stimulated by
darkness and inhibited by light (1). Many studies have
investigated its antineoplastic properties in a variety of tumor
types, including breast cancer (2, 3). Melatonin is a potent free
radical scavenger but also induces responses via itsMT1 andMT2
receptors. Through these receptor and non-receptor mediated
responses, melatonin is reported to influence all stages of
cancer, including the initiation and promotion phases of cancer
development, tumor growth and progression, and metastasis (3–
5). Melatonin has oncostatic effects on angiogenesis, immune
modulation, tumor metabolism, oxidative stress, and apoptosis
(1, 4–7). Melatonin also influences breast cancer by modulating
estrogen responsiveness through its actions as a selective estrogen
enzyme modulator (SEEM) to affect estrogen synthesis and as a
selective estrogen receptor modulator (SERM) to inhibit estrogen
receptor (ER) transcriptional activity (8).

Exposure to light-at-night (LAN) suppresses melatonin levels,
induces circadian disruption, and has been correlated with
multiple adverse health effects, including cancer (9). Circadian
disruption in mice increases mammary cancer development
(10) and, in women, LAN in night shift workers is correlated
with increased breast cancer risk (11). Melatonin administration
reverses the adverse effects of LAN on mammary tumorigenesis
in preclinical models (12). Moreover, total blindness, which
prevents suppression of melatonin by light, is also associated with
a decreased incidence of breast cancer compared to blind women
with light perception (13).

Nocturnal melatonin levels decline with age and reductions
in the nighttime peaks result in smaller differences between the
night and day levels (14). In women, the decrease in melatonin
levels coincides with menopause (15–17). In addition to age,
menopausal hormone therapy (HT) also diminishes melatonin
secretion (18). Therefore, supplementing nocturnal melatonin

Abbreviations: CEE, conjugated equine estrogens; CON, control; EGFR,

epidermal growth factor receptor; estradiol, 17β-estradiol; EPT, estradiol-

progesterone therapy; ER, estrogen receptor; FMP, final menstrual period; HER,

human epidermal growth factor receptor; hMEC, human mammary epithelial

cell; HRQoL, health-related quality of life; HT, hormone therapy; LAN, light at

night; MEPT, melatonin-estradiol-progesterone therapy; MEL, melatonin; MPA,

medroxyprogesterone acetate; QOL, quality of life; PR, progesterone receptor;

VMS, vasomotor symptoms.

levels may be necessary to reduce breast cancer risk in aging
women taking HT.

In addition to its cancer protective properties, melatonin also
has numerous beneficial actions on issues prevalent in aging
women. The decrease in melatonin levels near menopause and its
cancer-protective and other actions suggest that supplementing
nocturnal melatonin levels could improve quality of life
(QOL) and sleep for menopausal women and reduce aging
and their risks of breast and other cancers, cardiovascular
disease, atherosclerosis, osteoporosis, and diabetes (3, 17–24).
However, melatonin has not been reported to relieve hot
flashes (25–27).

Estrogen is the most effective therapy for reducing
menopausal symptoms (28). For women without a uterus,
estrogen administered alone provides symptom relief and
multiple studies with estrogen-only HT report no increase
in breast cancer risk with 17β-estradiol (estradiol) (29) and
conjugated equine estrogens (CEE) in the Women’s Health
Initiative (WHI) (30, 31). However, women with a uterus need
an HT that includes a progestogen to prevent endometrial cancer
from unopposed estrogen exposure (32). For women with a
uterus in the WHI study, the estrogen-progestin HT containing
CEE and medroxyprogesterone acetate (MPA) increased breast
cancer risk (33). Since these findings with CEE-MPA, HT use
has decreased (34, 35), leaving many women with a uterus with
the choice of no HT or less effective to ineffective options for
menopausal symptom control. Most perimenopausal women
have a uterus, with the CDC reporting only 10.6% of women
between 40 and 44 for years 2011–2015 ever having had a
hysterectomy (36, 37).

Vasomotor symptoms (VMS), which includes hot flashes and
night sweats, are the most prevalent and disruptive symptoms
associated with menopause. Up to 80% of women experience
VMS, with varying degrees of severity and duration, which
includes ∼40–50 million women in the US alone (38, 39). VMS
can begin 10 years prior to the final menstrual period (FMP) and
decline after menopause, or begin closer to FMP with symptoms
extending for many postmenopausal years (39). Moderate to
severe symptoms continue in some women for over 10 years
after menopause, indicating that the issues and symptoms of
menopause largely remain undertreated (39–41).

For women with a uterus not taking an estrogen-based HT,
the ineffective control of the symptoms that accompany
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the menopausal transition has profound impact on a
woman’s life and health. VMS reduces health-related QOL
(HRQoL) and QOL, including sleep, sex, mood, cognition, and
family/relationships (38, 42) and work productivity (42, 43).
VMS and other menopausal symptoms are also associated
with an increased risk of cardiovascular and coronary heart
disease and stroke (44). Poor sleep is associated with VMS and
sleep disruptions reduce QOL and HRQoL (45–47), increase
cardiovascular disease risk (48), and influence mechanistic
pathways in mammary carcinogenesis (49). Persistent and
untreated VMS has also been associated with an increase in
breast cancer incidence compared to women without VMS after
long-term follow-up of women from the WHI study (50).

For women with a uterus and VMS, an estrogen-progestin
HT would control symptoms but has been associated with an
increased risk of breast cancer. The different WHI findings
with estrogen-progestin vs. estrogen-only HT (30, 33) indicate
that exposure to a progestin, like MPA, increases breast
cancer risk. To diminish this risk, the natural progestogen,
progesterone, has replaced synthetic progestins in many HT
formulations. Administration of progesterone and MPA have
differing influences on normal breast cell proliferation (51). In
postmenopausal women, CEE-MPA administration significantly
increased breast epithelial proliferation and mammographic
breast density unlike estradiol-progesterone therapy (52).
Furthermore, a meta-analysis of estradiol-based HT studies
found an increased breast cancer risk with progestins, including
MPA, but no increased risk with progesterone (29).

Supplementing melatonin levels may allow the use of reduced
progesterone doses in HT without increasing uterine cancer
risk. Melatonin has a protective effect in the uterus since
night shift workers, especially obese women, have a higher risk
of endometrial cancer and women with endometrial cancer
have lower melatonin levels (53). Since melatonin down-
regulates uterine estrogen receptors (ER) and increases uterine
progesterone receptor (PR) expression (54), it has the potential
to augment progesterone effects while diminishing estrogen
stimulation of the uterus, despite a lower progesterone dose.

The CEE-MPA arm of the WHI study had more deaths from
breast cancer and more cancers were diagnosed at an advanced
stage (regional and metastatic) compared to the placebo and the
CEE-only arm (55). As metastatic disease is intimately linked to
breast cancer survival, it is important to first assess the safety
of this HT in a preclinical model with a high incidence of
metastasis. In the unactivated/protooncogeneMMTV-Neu (Neu)
mice, the majority of females develop primary mammary tumors
that frequently metastasize to the lung (56). Tumor development
occurs due to spontaneous mutations that activate the wild-type
Neu gene (erbB2, HER2) to an oncogene (56, 57). Like breast
cancer, carcinogenesis in this model is complex, multistep, and
stochastic (56, 58). Although the resulting mammary tumors are
estrogen independent, tumor development in this model requires
the presence of estrogens since both tamoxifen and ovariectomy,
administered prior to tumor onset, are highly effective inhibitors
of oncogenesis (59–61). In women, hormones also influence
HER2+ breast cancer since the use of HT is a risk factor for
this tumor subtype (62) and, in the WHI study, the highest risk

in women taking the CEE-MPA HT was attributed to HER2+

tumors compared to the other subtypes (55).
The cancer protective capabilities of melatonin co-

administered with menopausal HT was investigated in Neu
mice. Estradiol was selected for the HT based on its known
efficacy for controlling menopausal symptoms and its improved
health benefits compared to CEE, including a lower risk of
cardiovascular events, reduced bone fracture risk, and improved
verbal memory performance (63–67). Progesterone was included
in the HT for uterine protection and due to its improved breast
cancer risk profile compared to progestins, like MPA (29). In
addition to using natural hormones, a low progesterone dose
relative to estradiol was analyzed to minimize progestogen
exposure. Nocturnal melatonin was administered to provide
extra protection for the uterus from this reduced progesterone
dose in addition to its potential to suppress mammary cancer.
Therefore, with the goal of identifying an estrogen-based HT for
effective control of VMS for peri- and postmenopausal women
with a uterus that does not increase primary or metastatic breast
cancer risk, the combination melatonin-estradiol-progesterone
therapy was evaluated on mammary tumor development and
metastatic progression in adult Neu female mice.

METHODS

Animal Care
Animal procedures were approved by the Duquesne University
Institutional Animal Care and Use Committee in accordance
with NIH guidelines. Neu hemizygous study mice were bred in-
house from dizygousmales expressing the ratNeu protooncogene
[FVB/N-Tg(MMTV-Neu)202Mul/J] (56) and wild-type FVB/N
females (Jackson Laboratory, Bar Harbor, ME). Breeders and
study mice were maintained on a 12:12 h light/dark cycle and
fed ad libitum an isoflavone-free diet to prevent exposure to
estrogenic soy isoflavones, which affect mammary carcinogenesis
in Neu mice (61, 68). This control diet is a modification of the
AIN-93G diet (69). The control and estradiol-progesterone diets
were prepared byHarlan Teklad,Madison,WI (17β-estradiol and
progesterone, Sigma-Aldrich, St. Louis, MO). Melatonin (Sigma-
Aldrich, St. Louis, MO) was administered in the drinking water.
The females were randomly weaned into four groups as outlined
in Table 1. Treatments began at 2 months, to precede tumor
initiation, and continued until the maximum age of 14 months.
In a subset of mice, mammary tumor onset was assessed by
weekly palpation starting at age 4 months. An additional subset
of mice was euthanized in estrus at age 3 months for analysis
of endpoints prior to tumor development. To adjust doses to
account for the higher metabolic rate as well as the smaller
size of mice, the human dose of 0.5 mg/day estradiol and 50
mg/day progesterone was provided in the diet based on dietary
intake (1,800 kcal/day for women). Melatonin-treated (15 mg/L)
or vehicle-treated water (0.033% ethanol) was provided during
the dark cycle (18:00–06:00) and all groups were given untreated
water during light hours (06:00–18:00). The estimated melatonin
dose was 50 µg/night based on the measured mean nocturnal
consumption of 3.5 mL water.
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TABLE 1 | Treatment groups for MMTV-Neu female mice between ages 2–14

months.

Group Diet Treated drinking water

(6 p.m. to 6 a.m.)a

CON Control diet (isoflavone-free) Vehicle (0.03% ethanol)

MEL Control diet (isoflavone-free) Melatonin (15 mg/L)b

EPT 0.5 mg/1,800 kcal

17β-estradiol +

50 mg/1,800 kcal

progesterone of

control dietc

Vehicle (0.03% ethanol)

MEPT 0.5 mg/1,800 kcal

17β-estradiol +

50 mg/1,800 kcal

progesterone of

control dietc

Melatonin (15 mg/L)b

CON, control; MEL, melatonin; EPT, estradiol-progesterone therapy; MEPT, melatonin-

estradiol-progesterone therapy.
aUntreated drinking water was provided from 6a.m. to 6 p.m. for all four groups.
bNocturnal melatonin dose is estimated as 50 µg/night, which ∼6 mg/night for women.
cHuman doses were adjusted for mice based on caloric intake (1,800 kcal for average

woman’s diet). The estimated dose for mice consuming 4 g/day diet would be ∼4

µg estradiol and 400 µg progesterone. The EPT diet (for the EPT and MEPT groups)

contained 0.04 g/kg of blue food coloring.

Vaginal smears, performed prior to euthanasia, were stained
with Diff-Quick stain (Imeb, San Marcos, CA). Mice were
euthanized by asphyxiation with carbon dioxide at age 14
months or earlier due to tumor burden, ulcerated tumors, or
illness. Blood was collected and analyzed for melatonin levels
as previously reported (70). Lungs were inflated with cold 4%
paraformaldehyde and inspected for visible masses. Part of the
mammary tissues, tumors, and uteri were flash-frozen in liquid
nitrogen and stored at −80◦C; the remaining sections were
fixed overnight in cold 4% paraformaldehyde and stored in 70%
ethanol at room temperature until processed for histopathology
as previously described (69). Paraffin-embedded tissue blocks
were sectioned and stained with hematoxylin and eosin (Mass
Histology Service,Worcester, MA). Lung sections were examined
by a board-certified veterinary pathologist (JMC) blinded to
the treatment groups for determining metastatic incidence, as
previously described (69).

Mammary Gland Whole Mount Analysis
Mammary whole mounts were prepared using fixed left inguinal
mammary glands, stained with carmine alum (71), and stored
at room temperature in methyl salicylate (Sigma-Aldrich, St.
Louis, MO). Imaging of each gland immersed in methyl salicylate
was performed with a Nikon SMZ 800 dissecting microscope
with an attached Olympus DP70 camera and electronic images
were captured using DP control software (Olympus Optical Co.
LTD. 2002). Measurements were calibrated with a metric ruler,
and the parameters were quantified using Image J software in a
blinded manner. Elongation of the ducts into the mammary fat
pad and the length of the mammary fat pad were determined by
measurement from the center of the lymph node to the farthest
terminal duct and to the leading edge of the gland, respectively.

Tertiary branching was determined by quantifying the number of
tertiary branches per mm2 in three separate distal ductal areas of
each gland to determine the mean number of branches per mm2

per mouse.

Human Mammary Epithelial Cultures
Derived From Breast Reduction
Mammoplasty
Normal human mammary epithelial cell (hMEC) explants,
derived from women undergoing breast reduction mammoplasty
and confirmed to be disease-free histopathologically, were
cultured on a thin coat of Matrigel (1:1 Matrigel: DMEM) over
tissue culture plastic in MWRI medium (72). In primary culture,
these cells form a complete ductal system with polarized luminal
epithelial cells surrounded by myoepithelial cells, but do not
form the acellular breast stroma. The JL BRL-14 explant was
derived from a 22 year-old patient and maintains the ability to
form pre-ductal structures in culture up to ∼22 passages. JL
BRL-14 cells were plated on 10 cm dishes coated with Matrigel
and grown according to previously described conditions (72–
75). JL BRL-14 cells were treated with 500 nM melatonin or
vehicle (0.001% ethanol) inMWRImedium. After 5 h, differential
interference contrast images at 200X oil immersionmagnification
were photographed using a Hammamatsu low light CCD camera
and an FCS2 Bioptechs sealed live cell chamber with objective
heater for continuous frame capture. After 28 h, the cells were
harvested with trypsin, washed, and pelleted by centrifugation for
assaying melatonin receptor levels by radioligand binding using
2-[125I]-iodomelatonin, as described below.

Melatonin Binding
Harvested JL BRL-14 cells and tissues from the mouse mammary
glands and tumors and uteri were homogenized in 1mL
ice-cold Tris-buffer with 10µg/mL aprotinin and 1µg/mL
leupeptin (Sigma-Aldrich, St. Louis, MO) and centrifuged at
20,000 g (17,000 rpm) for 30min at 4◦C. The resuspended
pellet was assayed for 2-[125I] iodomelatonin binding as detailed
previously (76).

Serum Collection for Hormone Assays
Whole blood was obtained via cardiac puncture at necropsy from
3-month-old female mice in estrus and transferred to ice-cold
Serum Gel S/1.1 tubes (Sarstedt Inc., Newton, NC). After clot
retraction, tubes were centrifugation at 16,500 g for 5min and
stored at −20◦C. Serum levels of estradiol were assessed using
the Double Antibody Estradiol kit (Diagnostic Products Corp.,
Los Angeles, CA) and levels of progesterone were assessed with
the Coat-A-Count R© Progesterone kit (Diagnostic Products Corp,
Los Angeles, CA) according to manufacturer’s protocol.

Real-Time RT-PCR Analyses
RNA from 3-month-old mammary glands was isolated using
the Absolutely RNA R© Miniprep Kit (Stratagene, La Jolla, CA)
according to the manufacturer’s protocol and stored at −80◦C.
RNA purities were between 1.8 and 2.0 A260/A280 ratio. Each
total RNA sample was processed with reverse transcriptase (RT)
and without (no RT) using the qScriptTM cDNA Synthesis Kit
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(Quanta BioSciences, Inc., Gaithersburg,MD) with an Eppendorf
Mastercycler Epgradient (Eppendorf AG, Hamburg, Germany)
for the real-time RT-PCR analysis.

The primers for the PCR reactions were designed to span
at least one intron/exon boundary, whenever possible, to
ensure that the amplification was not due to potential genomic
DNA contamination. The primers used are as follows: Areg
(amphiregulin) F: 5′-CTT TGT CTG TGC CAT CAT CC-3′ and
R: 5′-TCC CTG AAG TAT CGT TTC CA-3′; Erbb2 (rat erbB2
receptor tyrosine kinase 2) F: 5′-TGG ATG TAC CTG TAT GAG
ACG-3′and R: 5′-GGA TTC AAGCAGCAAGGAAAG-3′; Esr1
(estrogen receptor 1, alpha) F: 5′-TAT GCC TCT GGC TAC
CAT TAT-3′ and R: 5′- CAT CAT GCC CAC TTC GTA AC-3′;
Krt18 (keratin 18) F: 5′-TTG CGA ATT CTG TGG ACA AT-
3′ and R: 5′-TTC CAC AGT CAA TCC AGA GC-3′; Ms4a1
(membrane spanning four domains, subfamily A, member one
or B-lymphocyte antigen CD20) F: 5′-TGC CTT CTT CCAGAA
ACT TG-3′ and R: 5′-TTG GTT GGG AAG ATA CTC CA-3′;
Pgr (progesterone receptor) F: 5′-GGC AAA TCC CAC AGG
AGT TTG-3′ and R: 5′-AGA CAT CAT TTC CGG AAA TTC-
3′; PRA (progesterone receptor A from Pgr gene) F: 5′-AG TGG
TGG ATT TCA TCC ATG-3′ and R: 5′-CTT CCA GAG GGT
AGG TG-3′; Ppia (peptidylprolyl isomerase A or cyclophilin A)
F: 5′-AGG TGA AAG AAG GCA TGA AC-3′ and R: 5′-ACA
GTC GGA AAT GGT GAT CT-3′. Primers were purchased from
Integrated DNA Technologies, Inc. (Coralville, IA).

The PCR reactions contained the primer pair, B-R SYBR R©

Green SuperMix for iQ (Quanta BioSciences, Inc., Gaithersburg,
MD), and either the RT or no RT sample in duplicate. For
each RNA, both an RT and no RT PCR reaction were loaded
into an ABgene R© plate (Thermo Fisher Scientific, Pittsburgh,
PA) and run at 95◦C for 3min followed by 50 cycles of 15 s
at 95◦C plus 45 s at 60◦C in a Bio-Rad iCycler iQTM real-time
system (Bio-Rad, Hercules CA). Melt curves were analyzed for
all reactions. Data was expressed as the change in threshold cycle
value (1Ct) between the test and control gene, cyclophilin A
(Ppia), from the same RT reaction. The mean 1Ct ± SEM was
calculated for each treatment group for statistical analyses. Fold
change of gene expression as compared to the control (CON)
group were determined for each treatment with the 2−11Ct

method (77).
Prior to evaluating gene expression, RNA prepared from

portions of the frozen mammary glands were prescreened with
two genes to ensure the sections were similar within and between

the groups. Total RNA samples were prescreened with theMs4a1

gene (Cd20 or membrane-spanning four-domains, subfamily A,
member 1) for the absence of the lymph node since this cell-
dense tissue can modify the prevalence of mammary-specific
messages. Additionally, to ensure that the RNA is prepared from
regions of the gland with adequate ductal structures, individual
RNA samples were also pretested with Krt18 (keratin 18). RNAs
with high levels of Cd20 (lymph node-positive) or low expression
of keratin 18 were excluded, and a new RNA sample prepared
and pretested from another section from the mammary gland
of the same animal. The treatments did not significantly modify
Cd20 or keratin 18 levels by one-way ANOVA for the RNA

samples used for examining expression of the tested genes (data
not shown).

Western Blot Analyses
Uteri from 14-month-old mice in diestrus were dounced on
ice in 500 µL RIPA buffer with 1% NP-40 and protease
inhibitors (10µg/mL aprotinin and 1µg/mL leupeptin). Protein
concentrations were determined using BCA protein assay
kit (Thermo Fisher Scientific, Pittsburgh, PA). The 7.5%
polyacrylamide precast gels were electrophoresed and transferred
to PVDF membranes (Bio-Rad, Hercules, CA). Membranes
were blocked with 4% non-fat milk and 0.1% Tween-20 and
incubated overnight at 4◦C with 1:6,000 anti-ERα (ab75635;
Abcam, Cambridge, MA) or 10µg/mL anti-PR (progesterone
receptor Ab-13; Thermo Fisher Scientific, Pittsburgh, PA) in
PBS containing 1% ECL advance blocking agent. Membranes
were the exposed to 1:20,000 goat anti-rabbit immunoglobulin
(IgG)-HRP (ab6721; Abcam, Cambridge, MA), developed in
the dark using ECL Plus solution (Bio-Rad, Hercules, CA).
The membranes were washed and reprobed with 1:10,000 anti-
GAPDH (ab9485; Abcam, Cambridge, MA) antibody and 1:5000
goat polyclonal anti-rabbit IgG (ab6721; Abcam, Cambridge,
MA) for protein loading assessment. Protein bands were
quantified using ImageJ software (National Institutes of Health,
Bethesda, MD).

Mammary tissues and tumors were homogenized on ice
with a TissueTearerTM in 2mL of 50mM Tris, pH 7.4, and
centrifugated at low speed to remove cellular debris. Samples
were run in 10% polyacrylamide gels and transferred the
nitrocellulose membranes. The membranes were blocked
using Odyssey blocking buffer (LI-COR Biosciences, Lincoln,
NE) and then treated with rabbit polyclonal progesterone
receptor Ab-13 (1:1,000, Thermo Fisher Scientific, Fremont,
CA) primary antibodies overnight at 4◦C, treated with IRDye
800CW goat anti-rabbit (1: 20,000, LI-COR Biosciences,
Lincoln, NE) secondary antibodies at room temperature
for 1 h. β-actin was analyzed as a loading control with
mouse monoclonal β-actin (1:10,000, LI-COR Biosciences,
Lincoln, NE) and IRDye 680RD goat antimouse (1:20,000,
LI-COR Biosciences, Lincoln, NE) antibodies. The membranes
were analyzed using fluorescent microscopy detection at
700-channel for β-actin, and 800-channel for PR using
Odyssey R© Infrared Imaging System. The bands were analyzed
on Image StudioTM Lite software (LI-COR Biosciences,
Lincoln, NE) for PRB, 116 kDa triplet form, and PRA, 81
kDa singlet form, were detected and normalized against
β-Actin (45 kDa).

Statistics
Analyses were performed using GraphPad Prism 5.0 software
(GraphPad Prism Inc., San Diego, CA) with p < 0.05 considered
significant. For analyzing the Kaplan-Meier (survival) curves,
pairs of the treatment groups were compared with the log-
rank test. Unpaired t-test (outcomes with SEM) or Fisher’s exact
test (incidence) was used for comparing two groups; one-way
and two-way ANOVA was performed for comparisons between
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the four groups with one or two variables (for outcomes with
SEM), respectively.

RESULTS

Mammary Tumor Development and
Metastatic Progression
Mammary cancer development was investigated in female
Neu mice treated with melatonin (MEL) and the estradiol-
progesterone (EPT) and melatonin-estradiol-progesterone
therapies (MEPT) between 2 and 14 months of age vs. the control
(CON) group (see Table 1). Kaplan-Meir curves depicting the
percentage decline of tumor-free mice with age for all four groups
are shown in Figure 1A. In order to analyze significance between
the groups, pairs of treatments are shown in Figures 1B–G.
MEPT resulted in a significantly higher percentage of tumor-free
mice through age 14 months compared to CONmice (p < 0.013,
Figure 1B). In contrast, both the MEL and EPT components
of MEPT were not significantly different from the CON group
(Figures 1C,D). The MEL and CON groups show a similar
decline in tumor-free mice with age (Figure 1C). Although EPT
separates from the CON curve with fewer mice with tumors
at most ages, this difference was not significant (Figure 1D).
These two components of MEPT are also not significantly
different from each other (Figure 1E). However, the MEPT
curve was significantly different than the MEL group (p < 0.028,
Figure 1F), verifying that melatonin supplementation only
provided cancer protection when combined with EPT.

The MEPT-induced cancer protection was not due to effects
on tumor latency (Table 2), but from a reduced incidence, since
significantly fewer mice developed tumors in MEPT compared
to CON mice (p < 0.019, Table 2). In contrast, the latency and
incidence of the individual MEPT components, MEL and EPT,
were not significantly different than CON mice. As observed
with the survival curves, tumor incidence in MEPT mice was
also significantly lower than the MEL group (p < 0.032). These
data corroborate the results from the survival curves in Figure 1

by demonstrating that only the combination therapy, but not
its separate components, reduced the incidence of Neu-induced
mammary cancer.

The MEPT and EPT survival curves overlap until age 8.6
months, but separate after this age with the MEPT curve shifting
right, which indicates a cancer protective effect (Figure 1G,
arrow denotes 8.6 months). When just the younger ages (until
8.6 months) were analyzed, the similar tumor development for
EPT and MEPT mice trended to significance for each of these
treatments compared to CON mice (Figure 1H). (The MEL
group was not significantly different than the CON mice for
these ages, data not shown). For ages until 8.6 months, the
tumor incidence correlates with the similar curves since a lower
percentage of MEPT (32%) and EPT (33%) mice developed
tumors compared to the CON (49%) andMEL (46%) groups. For
mice 8.7–14 months of age, the right shift of the MEPT curve
is due to fewer mice developing tumors since the percentage
of the remaining tumor-free mice that developed tumors in the
MEPT group remained low (33%) compared to EPT (50%),

CON (52%), and MEL (52%) groups These data demonstrate
that only the MEPT combined therapy resulted in a continuous
reduction in mammary cancer development across all the ages
examined. Additionally, since tumor development in the MEPT
and EPT groups was similar until 8.6 months and onlyMEPTwas
significantly different from the CONmice for all ages (p < 0.013,
Figure 1B), the reduced tumor incidence in 8.7–14 month-old
MEPT mice is essential for its curve being significantly different
from CONmice. In contrast, the higher tumor incidence for EPT
mice ages >8.6 months vs. ≤8.6 months resulted in the opposite
effect, with no significant difference for all ages of EPT mice vs.
CON mice (Figure 1D) and loss of the trend observed in the
younger animals.

None of the treatments significantly modified the incidence of
total metastases, which includes those visible (gross metastases)
and not visible (micrometastases) on the lungs at necropsy,
compared to CON mice (Table 2). However, the incidence of
gross metastases was significantly lower in the MEL vs. CON
groups (p < 0.018, Table 2). Fewer tumor-bearing EPT and
MEPT mice had gross metastases compared to CON mice, but
these differences were not significant. The reduced incidence for
the visible metastases was not due to the length of tumor growth
time since the days with a tumor was not significantly different
between the groups (means between 103 and 119 days; data
not shown).

Mammary Gland Morphology
Treatment Effects on Mammary Gland

Morphogenesis in Young Neu Mice
To assess whether mammary morphogenesis was modified
by the hormone treatments, ductal elongation (regulated by
estrogen), and tertiary branching (regulated by progesterone)
were measured in the 3-month-old mice. Representative whole
mounts are shown in Figures 2A–D. Analysis of the mean ductal
length after the 1 month of treatment was significant by one-
way ANOVA (Figure 2E), with no significant differences between
the CON and treatment groups. However, ductal length was
significantly shorter in MEPT vs. MEL (p < 0.05, Bonferroni
post-test) when analyzed by two-way ANOVA, with a trend
for the interaction of melatonin and EPT (p < 0.063). For
tertiary branch density (Figure 2F), both groups treated with
nocturnalmelatonin supplementationwere significantly different
than CON mice (p < 0.001 MEL and p < 0.05 MEPT). When
analyzed by two-way ANOVA, MEL vs. MEPT is also significant
(p < 0.001, Bonferroni post-test) and melatonin (p <0.0001)
and its interaction with EPT (p < 0.0005) were significant. In
contrast, in aged animals up to 14-months-old, there are no
significant differences in tertiary branch density between the
groups (Figure 2G).

Preductal Development in Cultured Human

Mammary Explants
Results in the adult mouse mammary glands demonstrate that
melatonin supplementation influences mammary morphology.
To determine if melatonin could influence similar effects
in human breast cells, explants obtained from women who
underwent reduction mammoplasty were investigated. In
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FIGURE 1 | Melatonin-estradiol-progesterone therapy (MEPT) represses the development of primary mammary tumors in MMTV-Neu female mice. Female mice were

started on the treatments at age 2 months and tumor onset was determined by weekly palpations starting at 4 months. (A) The Kaplan-Meier (survival) curves for all

four groups are shown. (B) The MEPT curve (n = 56) is significantly different than the CON group (n = 57, *p < 0.013, log-rank test). (C) MEL (n = 57) and (D) EPT

groups (n = 56) are not significantly different than CON mice and (E) are not significantly different from each other. (F) The MEPT curve is significantly different than the

MEL group (*p < 0.028). (G) The MEPT curve was not significantly different than the EPT group by the Log-rank (Mantel-Cox) test. The arrow notes the age

(Continued)
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FIGURE 1 | (8.6 months) when the curves separate. (H) The decline in tumor-free mice until age 8.6 months for EPT and MEPT mice compared to CON mice are

shown (arrow in panel G denotes the maximum age used for these curves). Significance was analyzed separately for EPT and MEPT vs. CON mice, but are shown

together in this graph for comparative purposes. Both treatments trended for significance for EPT vs. CON mice (p < 0.088, log-rank test) and MEPT vs. CON mice (p

< 0.062, log-rank test). Group abbreviations and their treatments are outlined in Table 1.

TABLE 2 | Treatment effects on primary and metastatic mammary tumors.

Treatment Latency Incidence Total metastasesa Gross metastasesa

Days ± SEM % mice with mammary tumors % mice with lung metastases % mice with gross lung metastases

CON 252.6 ± 12.0 (n = 43) 75.4% (43/57) 82.0% (73/89) 52.8% (47/89)

MEL 257.0 ± 11.6 (n = 42) 73.7% (42/57) 76.8% (73/95) 34.7% (33/95)*

EPT 261.3 ± 13.4 (n = 36) 66.7% (36/54) 76.5% (65/85) 40.0% (34/85)

MEPT 264.2 ± 16.6 (n = 29) 53.7% (29/54)* 75.3% (58/77) 44.2% (34/77)

*p < 0.019 MEPT vs. CON and p < 0.032 MEPT vs. MEL mice, Fisher’s exact test for primary tumor incidence.

p < 0.018 MEL vs. CON mice, Fisher’s exact test for gross metastatic incidence.
aTotal metastases includes gross metastases and micrometastases detected only by histopathology in tumor-bearing mice; gross metastases were visibly detected at necropsy and

confirmed by histopathology.

FIGURE 2 | Melatonin supplementation enhances tertiary branching in young, but not old, mice. Representative photos are shown for whole mounts from (A) CON,

(B) MEL, (C) EPT, and (D) MEPT mice used to analyze mammary morphology in 3-month-old mice in estrus after 1 month of treatment for panels (E,F). (E) Ductal

length (elongation of the ducts into the mammary fatpad) was significantly modified by one-way ANOVA (p < 0.05, n = 6–9), but there were no significant differences

between the treatment groups and the CON mice. (F) The density of tertiary branching per mm2 were increased in the mammary glands from mice treated with

melatonin for 1 month compared to CON mice (p < 0.0001, one-way ANOVA, n = 6–9). (G) The density of tertiary branching was similar after long-term treatment (up

to 1 year) in the old mice (one-way ANOVA, n = 8–9). Mean ± SEM are shown. *p < 0.05 vs. CON, ***p < 0.001 vs. CON, Dunnett’s multiple comparison post-test.

passaged explants of reduction mammoplasties, like JL BRL-14,
limited differentiation occurs, including the formation of long
cytoplasmic bridges between cells (cytonemes) followed by
double columns of cells forming parallel to each other that

develop into ducts. In cultured JL BRL-14 cells, melatonin
induced the development of cytonemes and pre-ductal
linearizations (double columns of cells that form and eventually
become tubular ducts) within 5 h of treatment (Figure 3B);
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however, these structures were not evident in the vehicle-
exposed cells (Figure 3A). To determine if these effects could be
induced through receptor-dependent mechanisms, melatonin
binding was analyzed. Melatonin binding sites were detected in
both the vehicle- and melatonin-treated hMEC cultures, with
significantly more receptors detected in the melatonin-exposed
cells (Figure 3C).

Melatonin Binding in Mammary Glands
and Tumors
Previous studies have reported the presence of melatonin
receptors in human and mouse mammary tissues, breast tumors,
and breast cancer cells (78, 79). To verify the presence of
melatonin receptors in Neu mice, melatonin binding was
examined in young mouse mammary glands prior to tumor
development after 1 month of treatment (3-month-old females in
estrus) and in aged animals after long-term treatment (ages 8.2–
11.3 months). Melatonin binding was not significantly different
by one-way ANOVA in the mammary tissues for the treatment
groups compared to the CON mice for either age group. When
the two ages were compared (Figure 4A), there were significantly
more melatonin binding sites in the young animals compared
to mammary glands from older mice (p < 0.0001 for age, two-
way ANOVA), with binding in the old EPT and MEPT groups
being significantly lower than in the young mice from the same
treatment group (p < 0.001 for EPT and p < 0.05 for MEPT,
Bonferroni post-test). Melatonin binding was negligible in the
mammary tumors (Figure 4B), with no significant differences
between the older mammary tissues and tumors by two-way
ANOVA (data not shown). The treatments did not significantly
modify binding irrespective of age or tissue type.

Serum Estradiol and Progesterone Levels
in Young Mice in Estrus
Treatment effects on serum estradiol and progesterone levels
were examined in the 3-month-old mice in estrus after 1 month
of treatment and prior to tumor onset since mammary cancer
development andmammarymorphogenesis can be influenced by
both of these hormones. No significant differences were detected
for either estradiol (Figure 4C) or progesterone (Figure 4D)
levels between the treatment groups and CON mice. Since low-
dose HTwas administered, the lack of effect on these serum levels
is not unexpected, especially with normal variations in their levels
between individual mice.

Gene Expression in Mammary Tissues
Prior to Tumor Formation
In the Neu transgenic model, the MMTV promoter used to
express the rat Neu transgene has a progesterone regulatory
element (80, 81). Therefore, to determine if the treatments
modified transgene expression, Neu transcript levels were
evaluated in the 3-month-old mammary tissues. No significant
differences were detected between the groups (Figure 5A). These
results indicate that the observed cancer protective effects are

related to the MEPT treatment and not to effects on transgene
expression from the MMTV promoter.

Amphiregulin (Areg) is an epidermal growth factor receptor
(EGFR or HER1) ligand that, induces EGFR:HER2/Neu
heterodimers. RNA expression of Areg was investigated in
the Neu mammary glands since amphiregulin is involved
in mammary carcinogenesis, is essential for early mammary
morphogenesis, and is regulated by estrogen and progesterone
(82–84). Areg RNA expression was lower in mammary tissues
from the treatment groups (Figure 5B) vs. CONmice (p< 0.028,
one-way ANOVA), but only the mice treated with melatonin
(MEL and MEPT groups) were significantly different than CON
mice (p < 0.05, Dunnett’s post-test).

Expression of progesterone receptors (PR) were also examined
in 3-month-old glands due to the role of progestogens in tertiary
branching (85) and the elevated risk of breast cancer in the WHI
study (33). PR RNA expression (Pgr), which includes messages
for both the PRA and PRB isoforms, was significantly reduced
by MEL (0.46-fold) and EPT treatments (0.45-fold) compared
to CON mice (p < 0.05, Figure 5C). Since tertiary branching
is significantly higher in MEL and MEPT mice (Figure 2F) and
PRA overexpression in transgenic mice increased mammary
side-branching (86), PRA expression was also investigated. PRA-
specific transcripts from the Pgr gene were significantly decreased
in the MEL (0.02-fold) and EPT (0.14-fold) mammary tissues
(p < 0.001 MEL and p < 0.05 EPT), but not MEPT mice
(Figure 5D). The strong downregulation of PRA messages may
contribute to the decrease in total PR transcripts observed in
MEL and EPT mice (Figure 5C), which did not occur in MEPT
mammary tissues.

PRA and PRB Protein Expression in the
Mammary Glands and Tumors
Expression of the PRA and PRB proteins encoded by the Pgr
gene were examined in mammary tissues and tumors by western
blot analysis. Prior to tumor development, unlike for its RNA,
PRA protein levels in 3-month-old mice in estrus (Figure 6A)
were significantly elevated (13-fold) in the MEPT-treated vs.
CON mice (p < 0.05 Dunnett’s post-test, p < 0.03 one-way
ANOVA). However, the treatments did not significantly modify
PRB expression (Figure 6B). As these two isoforms have distinct
roles in the mammary gland (85, 87), the levels of PRA and PRB
were compared by two-way ANOVA, which was significant for
the PR isoform, p < 0.015; treatment, p < 0.04; as well as for
their interaction, p < 0.016 (Figure 6C). Additionally, the levels
of PRA protein in MEPT mammary glands was significantly
higher compared to PRB levels in MEPT mice (p < 0.01) and to
PRA levels in CON mice (p < 0.001, Bonferroni post-test). The
dramatic difference in PRA compared to PRB levels was unique
to the MEPT group with both the CON and MEL mice having
similar levels of the two isoforms.

In mammary glands from mice up to age 14 months, PRA
protein levels were substantially lower than in young, 3-month-
old mice (Figure 6D). PRA levels for both ages were significant
for age (p < 0.013) with trends for treatment (p < 0.067) and for
the interaction of age and treatment (p < 0.058). Additionally,
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FIGURE 3 | A non-diseased reduction mammoplasty explant (JL BRL-14) exposed to melatonin demonstrates accelerated pre-ductal differentiation. Preductal

differentiation is manifested by the formation of double columns of elongated epithelial cells which are the precursors of tubular ducts that form spontaneously after

2–4 weeks in culture without trypsinization for this human breast explant. Photomicrographs of non-diseased JL BRL-14 explants after 5 h exposure to (A) vehicle

(0.001% ethanol) and (B) 500 nM melatonin are shown (200x). The blue arrows point to cytonemes and the yellow arrows denote pre-ductal linearizations that form

after 5 h in the melatonin-treated, but not vehicle-treated, BRL-14 cells. (C) Melatonin binding sites in JL BRL-14 explants were significantly higher after 28 h of

treatment with 500 nM melatonin compared to the vehicle-exposed cells (*p < 0.05, unpaired t-test, n = 3).

FIGURE 4 | Melatonin binding sites in mammary tissues and tumors and serum estradiol and progesterone levels are not modified by the treatments. (A) Mammary

tissues from 3-month-old mice in estrus (Young) and from aged mice (Old) in various stages of the estrous cycle (mean age ranges between 9.6 and 10.1 months)

were examined for 2-[125 I]-iodomelatonin binding. Significantly higher melatonin binding was detected in the young mammary glands (n = 3) compared to the old

mice (n = 9) by two-way ANOVA (p < 0.0001), but treatment effects and their interaction were not significant. Significantly lower melatonin binding was detected in the

old EPT vs. young EPT mice (***p < 0.001) and old MEPT vs. young MEPT mammary glands (*p < 0.05) by the Bonferroni post-test. (B) Like mammary tissue from

aged mice, mammary tumors (age means range between 10.8 and 11.5 months, n = 9) had meager melatonin binding (note the lower range on the y-axis compared

to A). No significant differences were detected by one-way ANOVA and Dunnett’s multiple comparison post-test. (C) The treatments did not significantly modify serum

estradiol levels (pg/mL) and (D) serum progesterone levels (ng/mL) from 3-month-old Neu females in estrus by one-way ANOVA. Mean ± SEM are shown.
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FIGURE 5 | RNA expression of amphiregulin and progesterone receptors, but not the Neu transgene, are modified by the treatments in 3-month-old mammary

tissues. RNA prepared from normal mammary tissue from female mice in estrus after 1 month of treatment was analyzed by real-time RT-PCR. The threshold cycle

(CT ) for the gene of interest was normalized to the housekeeping gene, cyclophilin A (Ppia), to calculate the 1CT values, on which the statistics were performed. The

fold change of the treatment group relative to the CON group (calculated by the 2−11Ct method) is shown within each bar. Lower 1CT values reflect higher levels of

expression. (A) No significant differences in the Neu transgene (rat Erbb2) levels were detected by one-way ANOVA (n = 3–7). (B) Amphiregulin (Areg) message levels

were reduced in the groups treated with melatonin (MEL and MEPT) compared to CON mice (p < 0.028, one-way ANOVA, n = 4–6). (C) Progesterone receptor (Pgr)

transcripts were lower in the MEPT group and significantly reduced in MEL and EPT mice compared to the CON group, p < 0.016, one-way ANOVA (n = 4–7). (D)

Progesterone receptor isoform A, PRA (Pgr gene) was significantly down-regulated in MEL and EPT mice compared to CON mice (p < 0.0001, one-way ANOVA, n =

3–6). Mean ± SEM are shown. *p < 0.05 vs. CON, ***p < 0.001 vs. CON, Dunnett’s multiple comparison post-test.

in young MEPT mice, PRA levels were significantly higher
than in young CON (p < 0.001, Bonferroni post-test) and in
old MEPT (p < 0.01, Bonferroni post-test) mammary tissues.
Although PRB expression was also reduced in the older animals,
no significant differences were detected by two-way ANOVA
comparing the two ages (Figure 6E). Additionally, analysis of the
two PR isoforms in old mammary glands by two-way ANOVA
resulted in no significant differences (Figure 6F), unlike in the
3-month-old mice (Figure 6C).

No significant differences were detected by two-way ANOVA
between themammary tumors and oldmammary glands for PRA
(Figure 6G) and PRB (Figure 6H). The very low to no expression
of PRA and PRB levels detected in the mammary tumors is
consistent with previous evidence that Neu tumors are PR-
negative (88). As with the old mammary glands, the treatments
did not significantly modify expression of either isoform in the
tumors, but two-way ANOVA shows a trend towardmore PRB to
PRA expression for the malignant tissues (p < 0.07 for the type
of PR isoform, Figure 6I).

Long-Term Treatment Effects on the Uterus
Uterine weights in aged mice were examined to determine the
long-term uterotrophic effects of the treatments. No significant

differences were observed for mice in estrus or proestrus stages
of the estrous cycle (follicular phase) when estrogen secretion
is high and progesterone levels are low (Figure 7A). However,
during diestrus or metestrus (luteal phase), when estrogen levels
decline and progesterone secretion increases (Figure 7B), EPT
had significantly higher uterine weights (5.12 ± 0.52 mg/g; p <

0.01) compared to CON mice (3.44 ± 0.22 mg/g). Additionally,
EPT weights in the estrogen-dominant stages (5.17 ± 0.66 mg/g,
Figure 7A) were similar to the luteal phase (Figure 7B), unlike
the other groups with reduced luteal-phase weights. Analysis of
the data in panels 7A and 7B by two-way ANOVA trended for
stage of cycle (p < 0.058) and treatment (p < 0.072), which
is likely related to the decreases in uterine weight by the other
groups. Body weights were similar for the groups (Figure 7C),
indicating that variations in normalized uterine weights were due
to treatment effects on the uterus vs. body weight. Additionally,
no significant variations in age were detected between the groups
(Figure 7D), with mean age of death over 1 year (treatment >10
months). These results suggest that the EPT effects with the tested
estradiol:progesterone ratio were not suppressed by endogenous
and/or supplemented progesterone, which resulted in continuous
uterine stimulation. In contrast, melatonin addition to EPT
appears to mitigate uterine stimulation since MEPT uterine
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FIGURE 6 | The combined melatonin-estradiol-progesterone therapy alters the balance of the progesterone receptor isoform protein expression in young mammary

tissue, but not old mammary glands and tumors. PRA and PRB protein expression was determined by western blot analysis and normalized to β-actin. (A) PRA

expression in the young mammary glands (3-month-old in estrus) was significantly elevated in MEPT treated mice compared to the CON group (*p < 0.05, Dunnett’s

multiple comparison post-test; p < 0.03, one-way ANOVA). (B) The PRB isoform in the treatment groups was not significantly different than CON mice by one-way

ANOVA. (C) Comparison of expression levels of PRA and PRB in the young mammary glands shown individually in (A,B) by two-way ANOVA analysis demonstrated

significance for the treatments (p < 0.04), type of PR isoform (p < 0.015), and their interaction (p < 0.016). Additionally, PRA expression in young MEPT-treated

glands was significantly higher than PRA in CON mice (***p < 0.001 Bonferroni post-test; n = 4–9) and than PRB in MEPT mice (**p < 0.01 Bonferroni post-test). (D)

Compared to the 3-month-old mammary tissues (Young), lower expression of PRA isoforms was detected in mammary tissues from mice with mean ages ranging

between 12.9 and 14.2 months (Old) in various stages of the estrous cycle by two-way ANOVA (age p < 0.013), with PRA in young MEPT mice significantly different

than young CON mice (***p < 0.001, Bonferroni post-test) and than old MEPT mice (**p < 0.01, Bonferroni post-test). (E) In contrast, comparisons of PRB expression

in young and old mammary tissues was not significant by two-way ANOVA. (F) Unlike in the young mammary tissues, comparison for both PR isoforms in the old

mammary tissues did not result in any significant differences by two-way ANOVA (n = 4). (Note the lower range for the y-axis for panel F vs. C). Compared to old

mammary tissues, the mammary tumors excised from mice in various stages of the cycle with mean ages ranging between 8.9 and 13.7 months were not significantly

different for (G) PRA and (H) PRB by two-way ANOVA. Note the reduced range for the y-axis compared to (A,B,D,E). (I) The comparison between the two isoforms

also showed no significant differences in mammary tumors, although by two-way ANOVA, the type of PR isoform approached significance p < 0.07, with no

significance for treatment or their interaction (n = 3–5). Mean ± SEM are shown.

weights in the luteal phase (4.38 ± 0.29 mg/g, Figure 7B) were
not significantly different from CON mice and were lower than
in the follicular phase (4.82± 0.41 mg/g, Figure 7A).

To determine if the aging uteri remain responsive to
supplemented and endogenous melatonin, estradiol, and
progesterone, expression of their specific receptors was

examined in 14-month-old mice in diestrus. No significant
differences in uterine melatonin binding (Figure 8A) and ERα

protein levels (Figure 8B) were detected. For PR, only PRA,
and not PRB, was detected in the old uteri, in contrast to
both receptors being measurable in 3-month-old Neu uteri
in estrus (89). The inability to detect PRB may be related
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FIGURE 7 | Uterine weights are elevated after long-term exposure to the estradiol-progesterone therapy but not in mice also treated with melatonin. (A) Uterine

weights of mice were normalized to body weight after long-term exposure to the treatments for the mice in proestrus or estrus (Follicular phase) at death. Mean

uterine weight/body weight (BW), mg/g, in the MEL (n = 50), EPT (n = 43), and MEPT groups (n = 45) were not significantly different compared to the CON group (n

= 40). (B) For mice in diestrus or metestrus (Luteal phase) at death, uterine weight/body weight (BW) in EPT mice (n = 61) was significantly higher than the CON

group (n = 53), unlike the MEPT (n = 54), and MEL (n = 52) groups (p < 0.008, one-way ANOVA). Comparison of the uterine weights for the estrogen- vs.

progesterone-dominant stages (data from A,B) by two-way ANOVA demonstrated trends for the treatments (p < 0.072) and stage of cycle (p < 0.058), but not for

their interaction, and significance for CON vs. EPT for the luteal phase, p < 0.05. (C) Body weights for the mice in any stage of the cycle (all mice in A,B) were similar

for the four groups. (D) Age of death for the mice from (A,B) was similar for the four groups. Analysis by one-way ANOVA for all panels. Mean ± SEM are shown. **p

< 0.01, Dunnett’s multiple comparison post-test.

to age and/or stage of cycle (progesterone-dominant), since
PR expression is estrogen-regulated. Both groups treated
with melatonin (MEL and MEPT) had significantly lower
PRA protein levels compared to the CON group (p < 0.001,
Figure 8C), indicating that melatonin strongly inhibits diestrus
uterine PRA levels.

DISCUSSION

Treatment Effects on Mammary Tumor
Development and Metastasis
Nocturnal melatonin administered with estradiol-progesterone
HT significantly reduced the risk of mammary cancer. Besides
requiring melatonin supplementation, the type of HT tested is
likely important for the observed cancer protection, including
the use of natural hormones, low dose HT, and a reduced
progesterone dose. For HT alone, the similar cancer risk in old
EPT vs. CON mice correlates with studies reporting no increase
in breast cancer risk for natural HT (29). The lack of an HT effect
on metastatic incidence in MEPT and EPT mice is likely due to
the tumors in Neumice being ER-/PR-negative (90) and suggests
that EPT would not increase tumor aggressiveness or decrease
survival in women.

CEE-MPA HT increased the risk of all breast cancer subtypes
in the WHI study, with HER2+ cancers having the highest
risk (55). In this mouse model of HER2+ breast cancer,
the cancer protective actions of MEPT suggests that the
combination therapy may also be effective for other subtypes,
such as ER+, PR+, and triple negative breast cancer. But, in
ER+ tumors, melatonin, and MEPT may also decrease tumor
promotion/growth due to the antiestrogenic actions of melatonin
(8). Further studies in animals and women are needed to evaluate
the efficacy of MEPT in other breast cancer subtypes.

Melatonin and HT Cooperate to Reduce

Tumor Development
Tumor development in MEPT mice was significantly reduced
compared to CON mice (Figure 1B), unlike the EPT or

MEL groups (Figures 1C,D), demonstrating that melatonin
and HT must cooperate to suppress tumor formation. The
MEPT effect was due to decreasing the incidence of mammary
cancer, with no effect on latency (Table 2), indicating that the
combined therapy affected tumor initiation vs. promotion. In
the Neu mouse model, estrogens shorten the time to mammary
tumor development and inhibition of estrogen action increases
latency; while ovariectomy and tamoxifen treatment reduce
incidence (59–61). In perimenopausal women with preexisting
breast tumors, HT is reported to stimulate tumor promotion
(51). However, melatonin has been reported to inhibit both
the initiation and promotion phases of chemically-induced
mammary carcinogenesis (90) and has estrogen inhibitory
actions (8). Therefore, melatonin has the potential to modify
HT effects on mammary tumor development. This potential
is evident in MEPT mice since only the combination of
melatonin and EPT was effective at significantly decreasing
tumor incidence.

In addition to melatonin being essential for repressing cancer
development, EPT is also required. The lower incidence in young
EPT vs. CON mice and all ages of MEPT vs. MEL mice indicates
that endogenous and supplemented melatonin, respectively, are
unable to reduce mammary cancer development in mice not
treated with EPT. Thus, the need for EPT to cooperate with
melatonin indicates that endogenous estradiol and progesterone
are not able to induce the protective melatonin-HT interaction.
Perhaps the continuous delivery of estradiol and/or progesterone
in intact female mice helps buffer the hormonal changes that
accompany the transitions between the phases of the estrous
cycle. Although EPT did not modify estrous cycling, including
cycle length (89), it may modify tissue sensitivity to the
hormones and/or differentially regulate responses within or
outside (i.e., immune system) the mammary glands involved
in carcinogenesis. The continuous EPT treatment in the mice
may be similar to the use of HT in women approaching
menopause since perimenopausal women continue to cycle for
up to 10 years before their FMP (39) with irregular menstrual
cycles and erratic hormonal changes, including hyperestrogenism

Frontiers in Oncology | www.frontiersin.org 13 July 2019 | Volume 9 | Article 525

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Dodda et al. Melatonin-Estradiol-Progesterone HT Represses Mammary Cancer

FIGURE 8 | Progesterone receptor A (PRA) protein levels in the aging uteri are reduced by melatonin supplementation unlike melatonin binding sites and estrogen

receptor alpha (ERα). (A) Uteri from 14-month-old females in each group (n = 5) were analyzed for 2-[125 I]-iodomelatonin binding. Low level specific binding was

detected in the uteri from all four groups with no significant differences detected by one-way ANOVA and Dunnett’s multiple comparison post-test. (B) ERα expression

by western blot analysis was determined from protein extracts prepared from uteri from 14-month-old mice in diestrus (6 µg protein/sample), and normalized to

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) levels. Relative ERα protein levels for the MEL, EPT, and MEPT groups based on 100% for the CON group (n =

4–6) were not significantly different by one-way ANOVA or Dunnett’s multiple comparison post-test. (C) PRA expression by western blot analysis was analyzed from

protein extracts (3 µg protein/sample) prepared from uteri from 14-month-old mice in diestrus and normalized to glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) levels. Relative PRA protein levels based on the CON group (100%,) were significantly lower in the MEL and MEPT groups compared to the CON group (p <

0.0001, one-way ANOVA, n = 5–6). Mean ± SEM are shown. **p < 0.01 vs. CON; ***p < 0.001 vs. CON, Dunnett’s multiple comparison post-test.

(91). Thus, co-administering HT and nocturnal melatonin in
perimenopausal women may also cooperate to lower breast
cancer risk.

Other studies have also shown cooperation betweenmelatonin
and HT and/or estradiol. In ovariectomized rats, melatonin plus
estradiol decreased uterine stimulation and improved bone
formation, glycemic dysregulation, cerebral ischemia, and
bladder contractility vs. the individual components (92–
96). Additionally, melatonin supplementation improves
several cardiovascular responses, including blood pressure, in
postmenopausal women taking estradiol-MPA HT, but was
ineffective in women not on HT (97, 98). Collectively, these
studies show that melatonin and estradiol or HT cooperate
to induce beneficial responses in women and animals, as was
observed for mammary cancer risk in MEPT mice. Potentially,
melatonin may also cooperate with estradiol-only HT for
reducing breast cancer risk.

Age Effects on Tumor Development in MEPT and

EPT Mice
MEPT significantly reduced tumor development compared
to MEL mice for both the survival curves (Figure 1F) and
incidence (Table 2). In contrast, the MEPT survival curve
(Figure 1G) and incidence is not significantly different than
EPT. The lack of significance is likely due to the MEPT and
EPT curves and incidence being similar until 8.6 months,
demonstrating that melatonin supplementation had little to
no effect on tumor development in young MEPT mice.
After 8.6 months of age, the right shift of the MEPT
survival curve and higher percentage of tumor-free mice
indicate a cancer protective effect compared to EPT mice.
These results establish that melatonin supplementation is
required for reducing tumor formation by the combined MEPT
treatment in mice older than 8.6 months and suggest the
potential benefit of melatonin supplementation in aging women
taking HT.

The reasons for these age-related effects may be related
to changes in melatonin and/or hormone responsiveness. For
example, the need for melatonin supplementation in older
mice may be related to the natural decline in endogenous
melatonin secretion with age in rodents and humans (14, 99,
100). The shift to fewer mice with tumors in both treatment
groups compared to CON mice, which approaches significance
(Figure 1H), strongly suggests that endogenous melatonin may
also cooperate with EPT in the young EPT and MEPT mice.
However, after age 8.6 months, despite 12 h of darkness,
this cooperation is not observed since tumor development
is no longer suppressed in EPT mice; however, melatonin
supplementation overcomes this deficiency in MEPT mice.
Additionally, melatonin responsiveness in the mammary glands
may be reduced in the aged mice due to decreased melatonin
binding (Figure 4A). In fact, the ages of mice with reduced
melatonin binding sites (8.2–11.3 months) correspond well with
the shift in mammary cancer incidence between EPT and MEPT
mice (8.6 months).

Additional reasons for the age effects of MEPT on tumor
development may include changes in estradiol, progesterone,
and other reproductive hormone levels, their receptor expression
(i.e., the loss of the higher PRA expression in aged MEPT
mice, Figure 6D), and other age-related reproductive changes,
such as in estrous cycling and fecundity, which may be
occurring before 8.6 months. Furthermore, other factors that
influence tumor development and that are modified by age,
melatonin, and/or HT may be modified prior to age 8.6
months. For example, the immune system weakens with age
and both melatonin and HT improve responses associated with
immunosenescence (7, 101, 102). In women, menopause is
associated with the natural decline in melatonin levels (15,
16); changes in cycling, hormone levels, and fertility; as well
as decreased immune function (102, 103). Further studies are
needed to determine what changes are related to the age
effects of MEPT and melatonin supplementation on tumor
development and when they occur. Since 8.6 months indicates
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the age when the tumor is detected and tumor formation can
occur over many weeks in mice, it would be expected that
one or more of these responses change weeks prior to the 8.6
month timepoint.

Even though melatonin receptors, and potentially nocturnal
melatonin serum levels, decrease in the aged mice, tumor
development is suppressed by melatonin treatment in old MEPT
mice. Accordingly, the supplemented melatonin levels may
induce cancer protective responses within mammary-specific
cells that still express melatonin receptors; in non-mammary
tissues with melatonin receptors, such as immune and vascular
cells (79); and/or via receptor-independent effects, such as its
antioxidant activities (1).

Melatonin Only Effects on Tumor Development

and Metastasis
Tumorigenesis was unaffected in MELmice with equal light:dark
exposures (Figure 1C), unlike in other preclinical models
in which melatonin reduces mammary cancer development
in animals exposed to LAN (12). These results suggest
that melatonin supplementation may not provide additional
protection against breast cancer for women getting long
periods of complete darkness each night prior to the natural
decline in melatonin production near menopause, but it
may be protective for women exposed to LAN or short
dark periods.

Melatonin influences many mechanisms involved in
tumor metastasis, including modulation of cell-cell and cell-
matrix interactions, cytoskeleton reorganization, extracellular
matrix remodeling by matrix metalloproteinases, epithelial-
mesenchymal transition, and angiogenesis (1, 104). The reduced
incidence of gross, but not total metastases (Table 2), in
MEL mice suggests that melatonin supplementation does not
decrease the risk of metastasis but delays its development.
The significant difference in gross metastases vs. CON mice
also suggests endogenous melatonin in animals with adequate
dark exposure is insufficient to delay metastatic progression.
Thus, even in mammary tumors with negligible melatonin
binding sites, metastatic progression may be influenced by
melatonin supplementation. Its effects may occur within the
tumor via melatonin receptor-independent mechanisms and/or
in melatonin-responsive tumor and non-tumor tissues, such
as in the immune system, blood vessels involved in intra- and
extravasation, and lungs. The decreased incidence of gross
metastases suggests the tumors in MEL mice may be less
aggressive and at least one step in the metastatic process is
inhibited, such as limiting invasion of cancer cells into the blood
vessels, establishing residence within the lung, and slowing their
growth and/or development to a grossly detectable size.

HT is generally stopped at diagnosis in breast cancer
patients to prevent the promotional effects of estrogen, but
melatonin supplementation could continue. In fact, many studies
report that melatonin co-administration with chemotherapies,
including tamoxifen, improves tumor regression and/or survival
length with refractory cancers (1, 2, 105–109) and it improves
sleep and quality of life in cancer patients and reduces
chemotherapy-induced toxicity (107–110).

Estradiol, Progesterone, and Melatonin
Serum Levels
Serum estradiol and progesterone levels were not significantly
modified in the EPT and MEPT groups for the 3-month-
old females in estrus (Figures 4C,D). The lack of detectable
differences in their levels is also consistent with the administered
doses not altering estrous cycling in the young Neu mice,
including cycle length, the number of cycles, and number of
days in estrus over a 30 day period (89). However, there may be
changes in their levels that were not measured, such as effects at
other ages, at other times of the day/night, and at other stages or
phases of the estrous cycle that may be relevant to the hormonal
responsiveness in the mammary gland or other tissues/systems.
For example, the increased uterine weights during the luteal
phase in EPT, but not CON, mice result from modified estrogen
and/or progesterone levels from theHT treatment. Therefore, the
induced hormonal changes by EPT likely influence, not only the
uterus, but also the mammary gland and other tissues.

Analysis of serum melatonin levels over 24 h in young,
untreated Neu mice showed that levels fluctuate with the
light:dark cycle, with significantly higher peaks 4–6 h into the
dark period (70). In old Neu mice, daytime serum melatonin
levels in MEL mice were significantly higher than CON,
but not MEPT, mice. Additionally, levels in EPT mice were
significantly lower than MEL mice (70), suggesting that EPT
reduces endogenous melatonin levels, as previously reported
in postmenopausal women taking HT (18). Nonetheless, it is
unknown how age affects the melatonin levels in Neu mice,
especially since daytime vs. nighttime levels were evaluated and
day levels show less age-induced changes, unlike the nocturnal
peak levels (14). In other rodent models, age is associated
with reduced nocturnal melatonin levels, nocturnal to daytime
levels, and melatonin receptor expression (100). In the Neu
mice, melatonin binding sites in mammary tissues also decrease
significantly with age (Figure 4A).

Melatonin Effects on Mammary
Morphogenesis in Mice and Cultured
Human Cells
Ductal Elongation and Branching in Mouse

Mammary Glands
Duringmammarymorphogenesis, the rudimentary ducts at birth
are stimulated by estrogen at puberty. This estrogen- and ERα-
dependent growth continues until the ducts reach the end of the
fatpad (111). In Neu mice, impaired ductal growth occurs due
to expression of the transgene, but ERα, estradiol, and PR levels
are not affected and extension of the ducts is not complete until
10–18 weeks of age, unlike the 8–10 weeks in wild-type FVB
mice (112). Since treatment began near 9 weeks of age, MEL
and EPT were administered before ductal growth was complete
and, therefore, could potentially modify ductal length. Neither
the MEL or EPT group showed a significant difference between
CON mice; yet, the reduced ductal length with the combined
treatment in MEPT mice again indicates cooperation between
melatonin and EPT.
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Melatonin supplementation significantly increased tertiary
branching in the mammary glands of 3-month-old MEL and
MEPT mice (Figure 2F). The variation in branching density
between MEPT and MEL glands may be related to EPT
decreasing melatonin levels, as previously shown in women
taking HT (18) and in daytime melatonin levels in aged Neu
mice (70).

In adults, progesterone-dependent mammary morphogenesis
produces ductal side-branching (85). Unlike ductal length,
this phase of mammary morphogenesis in Neu mice is
normal since tertiary branching is unaffected (112). Studies in
knockout mice for each PR isoform demonstrated that PRB is
essential for mammary tertiary branching (87). In transgenic
mice overexpressing either PRA or PRB, abnormal mammary
morphogenesis resulted from altering the balance of these two
isoforms (113), including extensive tertiary branching with PRA
overexpression (88). PRA is reported to inhibit PRB, including
the ability to suppress PRB-mediated mammary proliferation
(114). Accordingly, altering the ratio of PRA to PRB can
modify proliferation and morphogenesis in the gland. Besides
direct effects of the treatments on PR expression, modifying
expression of specific factors can also lead to changes in PR
isoforms expression and affect mammary tertiary branching and
proliferation (115, 116).

Although MEPT significantly alters the PRA to PRB balance
in the mammary glands (Figure 6C), MEL mice have similar
protein expression of PRA and PRB, like CON mice. Therefore,
due to the highly dissimilar PRA:PRB expression in MEL
and MEPT mice and similar PRA:PRB in MEL and CON
mice, the balance of the PR isoforms is unlikely related to
the detected increases in tertiary branching in MEPT and
MEL mice. However, melatonin supplementation may modify
expression of other factors that influence tertiary branching as
well as progesterone responsiveness in the mammary glands via
responses other than PR expression.

In aged Neu mice, enhanced tertiary branching in the MEL
and MEPT groups is no longer detected (Figure 2G). The
decreased melatonin binding in the aged mice (Figure 4A)
correlates with the lack of increased tertiary branching in
the older animals receiving melatonin supplementation. Thus,
melatonin responsiveness is likely reduced in aged mice, which
is less effective at stimulating tertiary branching. Additionally,
the decline in PRA protein levels in the mammary glands with
age (Figure 6D) could also influence tertiary branching. These
age effects suggest that melatonin supplementation with or
without HT would not influence morphogenesis in the breasts
of menopausal women, the intended recipients of the combined
MEPT therapy.

Melatonin-Induced Differentiation in Cultured Human

Mammary Epithelial Cells
In the JL BRL-14 cells obtained from breast reduction
mammoplasty, cytonemes, and pre-ductal structures develop
within 5 h after melatonin treatment, but not in the vehicle
control (Figures 3A,B). In previous studies with the untreated
hMEC explants, pre-ductal structures form after several days
in culture (74). Therefore, their rapid development in the

melatonin-treated cells demonstrate a potent effect of melatonin
on differentiation in hMEC cultures. Since the cultured hMEC
explants contain multipotent stem cells, the early development of
the pre-ductal structures is consistent with multiple studies that
document the ability of melatonin to induce differentiation in
stem cells (117–120). The effects of melatonin in JL BRL-14 cells
and Neu mice confirm that it influences mammary morphology
in both mouse and human mammary tissues. Detection of
melatonin binding sites in the JL-BRL-14 cells demonstrates that
the accelerated differentiation may occur, at least in part, via
melatonin receptor-mediated responses.

The lower risk of breast cancer for parous vs. nulliparous
women (121, 122) has been correlated with mammary gland
differentiation and the resulting reduction in stem cell numbers
(123, 124). However, age is important since pregnancy at early
ages is protective, unlike at late ages (125, 126). Therefore, if
melatonin enhances differentiation in the breasts of aging women
as was observed in hMEC cultures, it would not be expected
to provide cancer protection for menopausal women. Thus, the
reduced mammary cancer incidence in MEPT mice suggests
melatonin supplementation is acting via other mechanisms.
Still, the results in cultured hMEC and Neu mice highlight
the potential of melatonin exposure to influence mammary
morphogenesis and differentiation in young girls and women,
with LAN exposure and melatonin supplementation expected to
have reverse effects.

Amphiregulin Expression Related to
Mammary Cancer and Morphogenesis
Previous studies report amphiregulin (Areg) transcription is
strongly stimulated by estrogens in the mammary tissues of
prepubertal ovariectomized mice (127) and by estrogen and
progesterone individually and combined in adult ovariectomized
rats (84). In intact mice, Areg expression in the mammary
gland increases sharply at puberty (127) and then remains high
throughout adulthood and in aged mice (128). In adult Neu
mice in estrus, Areg transcripts were significantly decreased
in MEPT (0.12-fold) and MEL (0.07-fold) mice compared to
the CON group (Figure 5B), indicating that melatonin inhibits
its expression. These data agree with previous findings that
melatonin significantly repressedAregmRNA levels in themouse
liver (129). Accordingly, the lower Areg expression in MEL and
MEPT mice may result from melatonin-induced effects, such as
through its antiestrogenic actions or other mechanisms.

Amphiregulin is essential for mammary gland development
during puberty (83). Amphiregulin along with estrogen, ERα,
progesterone, and PR are required during puberty for epithelial
proliferation, ductal elongation, and terminal end bud formation
in mammary gland development (130), but not earlier or
later stages of mammary development, including side-branching
(127). Accordingly, in the adult Neu mammary glands, tertiary
branching and ductal elongation is unlikely to be affected by
suppressing amphiregulin expression, even though melatonin
supplementation affects both responses.

MEPT affected tumor initiation (incidence), but not
promotion (latency) (Table 2). As an EGFR ligand, amphiregulin
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stimulates proliferation of mouse mammary epithelial cells
and promotes mammary tumorigenesis (131). Estrogen plus
progesterone-induced proliferation in normal and malignant
mammary tissues is mediated through increased amphiregulin
expression (84). Accordingly, reduced amphiregulin expression
may decrease initiating events and, thereby, tumor incidence in
MEPT by diminishing proliferation in the normal mammary
epithelium. However, since amphiregulin levels are also lower
in MEL mice, other factors must also be involved. Potentially,
the alterations in PR isoform expression may participate
since amphiregulin stimulates proliferation in PRB-expressing
mammary cells (84).

Once an initiating mutation activates Neu, signaling occurs
by heterodimerizing with EGFR in the absence of ligands like
amphiregulin, unlike with the wild-type Neu receptor (132).
Thus, elevated levels of amphiregulin are not necessary in
mammary cells expressing an activated (oncogenic) form of
Neu for enhanced EGFR (HER1/ErbB1) and Neu (HER2/ErbB2)
signaling. Hence, amphiregulin levels are not overexpressed
in the early stages of Neu tumorigenesis (pre-hyperplastic
and hyperplastic lesions), unlike in other transgenic mouse
mammary cancer models (82). Consequently, altered expression
of amphiregulin would not modify Neu-induced effects on tumor
promotion and progression. These actions correlate with MEPT
influencing incidence and not latency (Table 2), despite lower
amphiregulin expression.

In women, amphiregulin expression is elevated in human
ductal carcinomas in situ (DCIS) compared to normal mammary
tissues, as well as in primary infiltrating breast carcinomas,
indicating it is an early event in human breast cancer (133).
In human breast tumors, HER2/Neu may be overexpressed but
is rarely mutated or activated; thus, amphiregulin expression
may influence tumor promotion and progression. Higher
amphiregulin expression is associated with aggressive breast
cancer (134). Therefore, in women without breast cancer,
if melatonin alone or combined with HT similarly reduces
amphiregulin expression as in the mice, breast tissue may
be less stimulated by EGFR/HER2 signaling and less prone
to carcinogenesis; and, amphiregulin may influence both the
initiation and promotion phases of tumor development. Thus, it
would be valuable to test whether LAN and nocturnal melatonin
levels and supplementation influence expression of amphiregulin
in the breast tissues of aging women, including perimenopausal
women taking HT.

Altered PR Isoform Expression and
Mammary Tumor Development
PRA transcript levels were significantly reduced by MEL and
EPT treatments, but not by MEPT (Figure 5D). These two
components also significantly suppressed Pgrmessages; however,
when co-administered in MEPT mice, Pgr expression was
unaffected (Figure 5C). These results demonstrate that both
melatonin and EPT inhibit PR and PRA RNA expression.
However, these transcriptional changes are the exact opposite
of the treatment effects on tumor development, in which the
combination therapy resulted in significant cancer suppression.

PR transcriptional changes do not correlate with protein
levels. For example, PRA transcripts were reduced in young
MEPT mice (0.38-fold), but its protein levels were significantly
increased (13-fold) vs. CON mice (Figure 6A). In MEL mice,
PRA protein levels were higher than CON mice (2.9-fold)
despite strong suppression of its message (0.02-fold). The lack
of concurrence between the RNA and protein levels suggest
that translational and/or post-translational regulation dictates PR
expression and progesterone responsiveness in Neu mammary
tissues, an effect that has been previously reported in the rat
uterus (135).

PRA and PRB isoforms have differential actions in
reproductive tissues related to the additional amino terminal
section present only in PRB (85, 87). In the normal,
premenopausal human breast, PRA and PRB are expressed
at similar levels (136). Western blot analysis in the CON and
MEL mouse mammary glands also detect similar levels for PRA
and PRB (Figure 6C).

MEPT had a differential effect on PRA to PRB protein
expression compared to 3-month-old mice treated with the
individual components, again demonstrating that melatonin and
EPT cooperate. Only MEPTmice had significantly elevated levels
of PRA and little PRB, which is unlike the similar isoform
expression levels in MEL and CON mice (Figure 6C). The
relative expression of PRA to PRB proteins and the significantly
reduced incidence of mammary cancer are both unique to
the MEPT group and both demonstrate cooperation between
melatonin and EPT. These PR data suggest that higher expression
of PRA and its relative expression to PRB in the mammary
glandsmay have a role in reducing cancer development inMEPT-
treated mice.

Studies suggest that PRB mediates proliferation in mammary
epithelial cells since PRB cells co-localize with a proliferation
marker (BrdU) in pregnant animals (137) and in ovariectomized
adults treated with estradiol and progesterone (84). Additionally,
proliferation and differentiation are normal in the mammary
epithelium of mice expressing only PRB, unlike in mice
expressing only PRA (87). Inhibition of PRB-mediated
proliferation by PRA also suggests that a higher relative
expression of PRA:PRB may result in suppressed proliferation
and mammary cancer development. Therefore, associations
between equivalent expression of both isoforms in MEL and
CON mice without mammary cancer protection and elevated
PRA:PRB in MEPT mice with reduced cancer risk suggest
that the combination therapy modifies the balance of the PR
isoforms to a more favorable profile for diminishing mammary
tumor development.

Unlike 3-month-old mice, aged MEPT and CON mice
have similar PRA protein levels (Figure 6D). Age likely affects
its expression since all groups show a reduction in PRA
levels in the old vs. young mammary glands (Figure 6D).
Other studies report that, with age, PR expression changes
from uniform to scattered in the mammary glands of adult
animals and proliferation becomes infrequent (89). Additionally,
PR expression in the mammary epithelium of older mice is
significantly lower compared to 14-week-old females (138) and
PRA levels are significantly lower by age 5 months compared
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to 3-month-old mammary tissues (137). The decline in PRA
levels in Neu mammary glands with age (Figure 6D) may be
affected by melatonin responsiveness since melatonin binding
is significantly lower in older mammary glands (Figure 4A).
Therefore, melatonin supplementation may be unable to
coordinate with EPT to increase PRA in aging MEPT mice.

Amphiregulin expression is significantly decreased in the
mammary glands of young MEPT mice. Proliferation is induced
by amphiregulin and progesterone primarily in epithelial cells
expressing only PRB, and not those expressing ERα, PRA,
and PRB (84). Potentially, suppressed amphiregulin expression
in MEPT mice along with the elevated relative expression
of PRA:PRB may contribute to the lower percentage of
developing tumors. However, amphiregulin and PR levels
alone do not fully explain the tumor outcomes, such as in
MEL mice. As cancer development is complex, additional
factors that are differentially regulated by the combination
of melatonin and EPT likely also contribute to reducing
tumor development.

Hormone Treatments Effects on the Uterus
Melatonin binding analyses indicate that the uteri remain
melatonin-sensitive through age 14 months (Figure 8A).
Previous studies report that melatonin inhibits estrogen
stimulation of the uterus since LAN accelerates spontaneous
uterine carcinogenesis in mice (139) and co-administration
of melatonin and estradiol in ovariectomized rats decreases
endometrial thickness and prevents atypia compared to
the estrogen-only group (93). In women, a higher risk of
endometrial cancer is also associated with lower levels of
melatonin and night shift work (53). MEPTmice, with melatonin
supplementation, did not have the significant increase in uterine
weight detected in EPT mice. Thus, endogenous melatonin
appears insufficient, even with ample dark exposure, to prevent
uterine overstimulation after prolonged exposure to EPT in
the aged mice (Figure 7B). Since melatonin supplementation
corrects this issue and melatonin binding sites are detected in
the uterus, these data suggest that endogenous melatonin levels
in the aged animals are inadequate for reducing EPT-induced
uterine stimulation. Both the uterotrophic and mammary
tumor data in EPT vs. MEPT mice indicate that supplementing
endogenous melatonin levels is protective in aged mice.

Melatonin may protect the uterus by suppressing estrogen
action, such as by downregulating ER and/or increasing PR
expression (54). Although the treatments did not reduce ERα

expression in the 14-month-old uteri in diestrus (Figure 8B),
modifications at other ages or stages of the cycle may help
protect MEPT uteri. Reduced PRA expression inMEL andMEPT
uteri (Figure 8C) demonstrates a melatonin-protective effect,
since PRA overexpression in transgenic mice is associated with
endometrial hyperproliferation, hyperplasia, and atypia (140).
Additionally, the lack of effect of EPT on uterine PRA expression
correlates with its chronic uterine stimulation. Since both
MEL and MEPT suppressed PRA levels, nocturnal melatonin
supplementation may also repress uterine PRA in untreated and
HT-treated perimenopausal women.

Although their use in HT elicits concerns about breast
cancer risk, progestins prevent uterine hyperplasia and
endometrial cancer by combating estrogen stimulation. During
perimenopause, progesterone secretion declines with continuing
and often excessive estrogen production (91). In postmenopausal
women, obesity also elevates systemic and local estrogen levels
and the risk of endometrial cancer (141). In EPT-treated mice,
progesterone did not increase mammary cancer risk (Figure 1D),
but its dose was insufficient to inhibit uterine stimulation during
the luteal phase of the estrous cycle (Figure 7B). However,
in MEPT mice, melatonin supplementation significantly
decreased mammary cancer risk without overstimulating the
uterus to further support the previous reports of melatonin’s
uterine protective effects (53, 93, 139). Therefore, combining
melatonin with a progesterone-containing HT resulted in
reduced uterine stimulation in addition to mammary cancer
protection. However, the choice of using progesterone instead
of a progestin may be critical since progestins increased
breast cancer risk (29) and MPA has more proliferative effects
than progesterone in the breast (51) and mouse mammary
glands (142).

Recently, the HT tested in this study was investigated in
a randomized, placebo-controlled clinical trial, but without
melatonin supplementation. The oral estradiol (0.5 mg/day) and
progesterone (50 mg/day) doses tested herein (doses adjusted
for mice) were investigated in the REPLENISH study for
endometrial hyperplasia and control of VMS. This HT dose
did not result in endometrial hyperplasia after 12 months in
postmenopausal women (143), unlike the increased uterine
stimulation in the luteal phase of EPT mice. Plus, this estradiol-
progesterone HT significantly reduced the frequency and severity
of VMS (143) and resulted in significant improvements in
QOL and sleep in women with moderate to severe VMS
(144, 145). The results from this clinical trial indicate that
the HT tested in the Neu mice would be effective for treating
menopausal symptoms, increasing QOL, and protecting the
uterus in peri- and postmenopausal women. Future studies are
needed to evaluate the benefits of co-administering nocturnal
melatonin with this and other HTs, but results in the
MEPT mice suggests the combination melatonin-estradiol-
progesterone HT also has the potential to reduce breast
cancer risk.

Summary
Co-administering nocturnal melatonin with a natural, low dose
HT significantly repressed the development of mammary cancer
in MEPT mice, unlike its individual components. Although
the similar risk of mammary cancer in EPT and CON mice
correlates well with studies in menopausal women reporting no
increased risk of breast cancer with estradiol-progesterone HT
(29); the addition of melatonin to this HT results in cancer
protection in theMEPTmice. MEPT significantly reduced tumor
incidence, but not latency, indicating that the combination
therapy inhibits tumor initiation. The separation of the MEPT
and EPT survival curves and lower tumor incidences in MEPT
vs. EPT mice after age 8.6 months verify that melatonin
supplementation is essential for cancer protection in aging
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MEPT mice. Collectively, these data indicate that melatonin
and HT cooperate to suppress mammary cancer development
and suggest that melatonin supplementation in aging women
taking HT may also reduce their breast cancer risk. After tumor
formation, melatonin supplementation reduced the risk of gross
metastases in MEL mice. In mammary glands prior to tumor
development, melatonin supplementation alone and combined
with HT reduced amphiregulin expression and increased tertiary
branching in MEL andMEPTmice. As with tumor development,
melatonin, and EPT cooperate to increase PRA expression
and PRA:PRB balance in the normal mammary tissues and
reduce ductal elongation only in MEPT mice. The MEPT-
induced changes in amphiregulin and PR isoform expression
may contribute to its cancer protective capabilities. Future
studies are needed to evaluate the potential benefits of nocturnal
melatonin supplementation on breast cancer risk in women
taking HT and to compare the efficacy of MEPT on other
breast cancer subtypes, such as ER+, PR+, and triple negative
breast cancers.

DATA AVAILABILITY

This manuscript contains previously unpublished data.
The name of the repository and accession number are
not available.

ETHICS STATEMENT

Animal procedures were approved by the Duquesne University
Institutional Animal Care and Use Committee in accordance
with NIH guidelines.

AUTHOR CONTRIBUTIONS

PW-E and VD designed and supervised the study. BD, CB, MH,
WC, KG, MK, SS, EB, JL, JC, VD, and PW-E performed the
research. BD, CB, MH, KG, JL, PW-E, and VD analyzed the data.
BD, CB, PW-E, and VD wrote the article. All authors reviewed
the manuscript.

FUNDING

The authors declare that this study received funding from Susan
G. Komen Breast Cancer Foundation and from the AutoNation
Institute for Breast Cancer Research to JL. The funders had no
involvement with the study.

ACKNOWLEDGMENTS

The contributions of the staff from the Duquesne University
animal facility are greatly appreciated.

REFERENCES

1. Hill SM, Belancio VP, Dauchy RT, Xiang S, Brimer S, Mao L, et al. Melatonin:

an inhibitor of breast cancer. Endocr Relat Cancer. (2015) 22:R183–204.

doi: 10.1530/ERC-15-0030

2. Li Y, Li S, Zhou Y, Meng X, Zhang JJ, Xu DP, et al. Melatonin for

the prevention and treatment of cancer. Oncotarget. (2017) 8:39896–921.

doi: 10.18632/oncotarget.16379

3. Reiter RJ, Rosales-Corral SA, Tan DX, Acuna-Castroviejo D, Qin L,

Yang SF, et al. Melatonin, a full service anti-cancer agent: inhibition

of initiation, progression and metastasis. Int J Mol Sci. (2017) 18:843.

doi: 10.3390/ijms18040843

4. Talib WH. Melatonin and cancer hallmarks. Molecules. (2018) 23:E518.

doi: 10.3390/molecules23030518

5. Bondy SC, Campbell A. Mechanisms underlying tumor suppressive

properties of melatonin. Int J Mol Sci. (2018) 19:E2205.

doi: 10.3390/ijms19082205

6. Galano A, Tan DX, Reiter RJ. Melatonin: a versatile protector

against oxidative DNA damage. Molecules. (2018) 23:E530.

doi: 10.3390/molecules23030530

7. Espino J, Pariente JA, Rodríguez AB. Oxidative stress and

immunosenescence: therapeutic effects of melatonin. Oxid Med Cell

Longev. (2012) 2012:670294. doi: 10.1155/2012/670294

8. Menendez-Menendez J, Martínez-Campa C. Melatonin: an anti-tumor agent

in hormone-dependent cancers. Int J Endocrinol. (2018) 2018:3271948.

doi: 10.1155/2018/3271948

9. Lunn RM, Blask DE, Coogan AN, Figueiro MG, Gorman MR, Hall JE,

et al. Health consequences of electric lighting practices in the modern

world: a report on the National Toxicology Program’s workshop on

shift work at night, artificial light at night, and circadian disruption.

Sci Total Environ. (2017) 607–8:1073–84. doi: 10.1016/j.scitotenv.2017.

07.056

10. Van Dycke KC, Rodenburg W, van Oostrom CT, van Kerkhof LW,

Pennings JL, Roenneberg T, et al. Chronically alternating light cycles

increase breast cancer risk in mice. Curr Biol. (2015) 25:1932–7.

doi: 10.1016/j.cub.2015.06.012

11. He C, Anand ST, Ebell MH, Vena JE, Robb SW. Circadian disrupting

exposures and breast cancer risk: a meta-analysis. Int Arch Occup Environ

Health. (2015) 88:533–47. doi: 10.1007/s00420-014-0986-x

12. Anisimov VN, Vinogradova IA, Panchenko AV, Popovich IG,

Zabezhinski MA. Light-at-night-induced circadian disruption, cancer

and aging. Curr Aging Sci. (2012) 5:170–7. doi: 10.2174/18746098112050

30002

13. Flynn-Evans EE, Stevens RG, Tabandeh H, Schernhammer ES, Lockley SW.

Total visual blindness is protective against breast cancer. Cancer Causes

Control. (2009) 20:1753–6. doi: 10.1007/s10552-009-9405-0

14. Bubenik GA, Konturek SJ. Melatonin and aging: prospects for human

treatment. J Physiol Pharmacol. (2011) 62:13–9.

15. Fernandez B, Malde JL, Montero A, Acuna D. Relationship between

adenohypophyseal and steroid hormones and variations in serum and

urinary melatonin levels during the ovarian cycle, perimenopause and

menopause in healthy women. J Steriod Biochem. (1990) 35:257–62.

doi: 10.1016/0022-4731(90)90282-W

16. Toffol E, Kalleinen N, Haukka J, Vakkuri O, Partonen T, Polo-Kantola

P. Melatonin in perimenopausal and postmenopausal women: associations

with mood, sleep, climacteric symptoms, and quality of life. Menopause.

(2014) 21:493–500. doi: 10.1097/GME.0b013e3182a6c8f3

17. Gursoy AY, Kiseli M, Caglar GS. Melatonin in aging women. Climacteric.

(2015) 18:790–6. doi: 10.3109/13697137.2015.1052393

18. Kos-Kudla B, Ostrowska Z, Marek B, Kajdaniuk D, Ciesielska-Kopacz

N, Kudla M, et al. Circadian rhythm of melatonin in postmenopausal

asthmatic women with hormone replacement therapy.Neuroendocrinol Lett.

(2002) 23:243–8.

19. Auld F, Maschauer EL, Morrison I, Skene DJ, Riha RL. Evidence for the

efficacy of melatonin in the treatment of primary adult sleep disorders. Sleep

Med Rev. (2017) 34:10–22. doi: 10.1016/j.smrv.2016.06.005

20. Pandi-Perumal SR, BaHamman AS, Ojike NI, Akinseye OA, Kendzerska

T, Buttoo K, et al. Melatonin and human cardiovascular disease. J

Frontiers in Oncology | www.frontiersin.org 19 July 2019 | Volume 9 | Article 525

https://doi.org/10.1530/ERC-15-0030
https://doi.org/10.18632/oncotarget.16379
https://doi.org/10.3390/ijms18040843
https://doi.org/10.3390/molecules23030518
https://doi.org/10.3390/ijms19082205
https://doi.org/10.3390/molecules23030530
https://doi.org/10.1155/2012/670294
https://doi.org/10.1155/2018/3271948
https://doi.org/10.1016/j.scitotenv.2017.07.056
https://doi.org/10.1016/j.cub.2015.06.012
https://doi.org/10.1007/s00420-014-0986-x
https://doi.org/10.2174/1874609811205030002
https://doi.org/10.1007/s10552-009-9405-0
https://doi.org/10.1016/0022-4731(90)90282-W
https://doi.org/10.1097/GME.0b013e3182a6c8f3
https://doi.org/10.3109/13697137.2015.1052393
https://doi.org/10.1016/j.smrv.2016.06.005
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Dodda et al. Melatonin-Estradiol-Progesterone HT Represses Mammary Cancer

Cardiovasc Pharmacol Ther. (2017) 22:122–32. doi: 10.1177/10742484166

60622

21. Zephy D, Ahmad J. Type 2 diabetes mellitus: role of melatonin and oxidative

stress.Diabetes Metab Syndr. (2015) 9:127–31. doi: 10.1016/j.dsx.2014.09.018

22. Favero G, Rodella LF, Reiter RJ, Rezzani R. Melatonin and its

atheroprotective effects: a review. Mol Cell Endocrinol. (2014) 382:926–37.

doi: 10.1016/j.mce.2013.11.016

23. Maria S, Witt-Enderby PA. Melatonin effects on bone: potential use of

the prevention and treatment of osteopenia, osteoporosis, and periodontal

disease and for use in bone-grafting procedures. J Pineal Res. (2014) 56:115–

25. doi: 10.1111/jpi.12116

24. Majidinia M, Reiter RJ, Shakouri SK, Yousefi B. The role of melatonin, a

multitasking molecule, in retarding the processes of ageing. Ageing Res Rev.

(2018) 47:198–213. doi: 10.1016/j.arr.2018.07.010

25. Chen WY, Giobbie-Hurder A, Gantman K, Savoie J, Scheib R, Parker LM,

et al. A randomized, placebo-controlled trial of melatonin on breast cancer

survivors: impact on sleep, mood, and hot flashes. Breast Cancer Res Treat.

(2014) 145:381–8. doi: 10.1007/s10549-014-2944-4

26. Secreto G, Chiechi LM, Amadori A, Miceli R, Venturelli E, Valerio T, et

al. Soy isoflavones and melatonin for the relief of climacteric symptoms: a

multicenter, double-blind, randomized study. Maturitas. (2004) 47:11–20.

doi: 10.1016/S0378-5122(03)00219-6

27. Kotlarczyk MP, Lassila HC, O’Neil CK, D’Amico F, Enderby LT, Witt-

Enderby PA, et al. Melatonin osteoporosis prevention study (MOPS): a

randomized, double-blind, placebo-controlled study examining the effects of

melatonin on bone health and quality of life in perimenopausal women. J

Pineal Res. (2012) 52:414–26. doi: 10.1111/j.1600-079X.2011.00956.x

28. NIH State-of-the-Science Panel. National Institutes of Health

State-of-the-Science Conference Statement: management of

menopause-related symptoms. Ann Intern Med. (2005) 142:1003–13.

doi: 10.7326/0003-4819-142-12_Part_1-200506210-00117

29. Yang Z, Hu Y, Xu L, Zeng R, Kang D. Estradiol therapy and

breast cancer risk in perimenopausal and postmenopausal women: a

systematic review and meta-analysis. Gynecol Endocrinol. (2017) 33:87–92.

doi: 10.1080/09513590.2016.1248932

30. Anderson GL, Limacher M, Assaf AR, Bassford T, Beresford SA, Black H,

et al. Effects of conjugated equine estrogen in postmenopausal women with

hysterectomy: the Women’s Health Initiative randomized controlled trial.

JAMA. (2004) 291:1701–12. doi: 10.1001/jama.291.14.1701

31. Chlebowski RT, Rohan TE, Manson JE, Aragaki AK, Kaunitz A, Stefanick

ML, et al. Breast cancer after use of estrogen plus progestin and estrogen

alone: analyses of data from 2 women’s health initiative randomized

clinical trials. JAMA Oncol. (2015) 1:296–305. doi: 10.1001/jamaoncol.2015

.0494

32. Brinton LA, Felix AS. Menopausal hormone therapy and risk of

endometrial cancer. J Steroid Biochem Mol Biol. (2014) 142:83–9.

doi: 10.1016/j.jsbmb.2013.05.001

33. Rossouw JE, Anderson GL, Prentice RL, LaCroix AZ, Kooperberg C,

Stefanick ML, et al. Risks and benefits of estrogen plus progestin in

healthy postmenopausal women: principal results From the Women’s

Health Initiative randomized controlled trial. JAMA. (2002) 288:321–33.

doi: 10.1001/jama.288.3.321

34. Majumdar SR, Almasi EA, Stafford RS. Promotion and prescribing of

hormone therapy after report of harm by the Women’s Health Initiative.

JAMA. (2004) 292:1983–8. doi: 10.1001/jama.292.16.1983

35. Hoffmann M, Hammar M, Kjellgren KI, Lindh-Astrand L,

Brynhildsen J. Changes in women’s attitudes towards and use of

hormone therapy after HERS and WHI. Maturitas. (2005) 52:11–7.

doi: 10.1016/j.maturitas.2005.06.003

36. Centers for Disease Control and Prevention, National Center for Health

Statistics. Atlanta, GA: Centers for Disease Control and Prevention. (2019).

37. National Survey of Family Growth. Key Statistics from the National Survey

of Family Growth (sterilization female). (2017). Available online at: https://

www.cdc.gov/nchs/nsfg/key_statistics/s.htm#sterilizationfemale (accessed

February 19, 2019).

38. UtianWH. Psychosocial and socioeconomic burden of vasomotor symptoms

in menopause: a comprehensive review. Health Qual Life Outcomes. (2005)

3:47. doi: 10.1186/1477-7525-3-47

39. Tepper PG, Brooks MM, Randolph JF Jr., Crawford SL, El Khoudary SR,

Gold EB, et al. Characterizing the trajectories of vasomotor symptoms

across the menopausal transition. Menopause. (2016) 23:1067–74.

doi: 10.1097/GME.0000000000000676

40. Gartoulla P, Worsley R, Bell RJ, Davis SR. Moderate to severe vasomotor

and sexual symptoms remain problematic for women aged 60 to 65 years.

Menopause. (2018) 25:1331–8. doi: 10.1097/GME.0000000000001237

41. Freeman EW, Sammel MD, Sanders RJ. Risk of long-term hot flashes after

natural menopause: evidence from the Penn Ovarian Aging Study cohort.

Menopause. (2014) 21:924–32. doi: 10.1097/GME.0000000000000196

42. Whiteley J, DiBonaventura MD, Wagner JS, Alvir J, Shah S. The impact

of menopausal symptoms on quality of life, productivity, and economic

outcomes. J Womens Health. (2013) 22:983–90. doi: 10.1089/jwh.2012.3719

43. Geukes M, van Aalst MP, Robroek SJ, Laven JS, Oosterhof H. The impact of

menopause on work ability in women with severe menopausal symptoms.

Maturitas. (2016) 90:3–8. doi: 10.1016/j.maturitas.2016.05.001

44. Muka T, Oliver-Williams C, Colpani V, Kunutsor S, Chowdhury S,

Chowdhury R, et al. Association of vasomotor and other menopausal

symptoms with risk of cardiovascular disease: a systematic review and meta-

analysis. PLoS ONE. (2016) 11:e0157417. doi: 10.1371/journal.pone.0157417

45. Blumel JE, Cano A, Mezones-Holguin E, Baron G, Bencosme A, Benitez

Z, et al. A multinational study of sleep disorders during female mid-life.

Maturitas. (2012) 72:359–66. doi: 10.1016/j.maturitas.2012.05.011

46. Kim MJ, Yim G, Park HY. Vasomotor and physical menopausal

symptoms are associated with sleep quality. PLoS ONE. (2018) 13:e0192934.

doi: 10.1371/journal.pone.0192934

47. Freeman EW, Sammel MD, Gross SA, Pien GW. Poor sleep in relation to

natural menopause: a population-based 14-year follow-up of midlife women.

Menopause. (2015) 22:719–26. doi: 10.1097/GME.0000000000000392

48. Javaheri S, Redline S. Insomnia and risk of cardiovascular disease. Chest.

(2017) 152:435–44. doi: 10.1016/j.chest.2017.01.026

49. Samuelsson LB, Bovbjerg DH, Roecklein KA, Hall MH. Sleep and

circadian disruption and incident breast cancer risk: an evidence-

based and theoretical review. Neurosci Biobehav Rev. (2018) 84:35–48.

doi: 10.1016/j.neubiorev.2017.10.011

50. Chlebowski RT, Mortimer JE, Crandall CJ, Pan K, Manson JE,

Nelson R, et al. Persistent vasomotor symptoms and breast cancer

in the Women’s Health Initiative. Menopause. (2018) 26:578–87.

doi: 10.1097/GME.0000000000001283

51. Gompel A. Micronized progesterone and its impact on the endometrium

and breast vs. progestogens. Climateric. (2012) 15(Suppl. 1):18–25.

doi: 10.3109/13697137.2012.669584

52. Murkes D, Lalitkumar PGL, Leifland K, Lundstrom E, Soderqvist

G. Percutaneous estradiol/oral micronized progesterone has less-

adverse effects and different gene regulations than oral conjugated

equine estrogens/medroxyprogesterone acetate in the breasts of

healthy women in vivo. Gynecol Endocrinol. (2012) 28(Suppl. 2):12–5.

doi: 10.3109/09513590.2012.706670

53. Viswanathan AN, Schernhammer ES. Circulating melatonin and the risk

of breast and endometrial cancer in women. Cancer Lett. (2009) 281:1–7.

doi: 10.1016/j.canlet.2008.11.002

54. Abd-Allah ARA, El-Sayed E-SM, Abdel-Wahab MH, Hamada FMA.

Effect of melatonin on estrogen and progesterone receptors in relation

to uterine contraction in rats. Pharmacol Res. (2003) 47:349–54.

doi: 10.1016/S1043-6618(03)00014-8

55. Chlebowski RT, Anderson GL. Menopausal hormone therapy and breast

cancer mortality: clinical implications. Ther Adv Drug Saf. (2015) 6:45–56.

doi: 10.1177/2042098614568300

56. Guy CT, Webster MA, Schaller M, Parsons TJ, Cardiff RD, Muller WJ.

Expression of the neu protooncogene in the mammary epithelium of

transgenic mice induces metastatic disease. Proc Natl Acad Sci USA. (1992)

89:10578–82. doi: 10.1073/pnas.89.22.10578

57. Siegel PM, Dankort DL, Hardy WR, Muller WJ. Novel activating mutations

in the neu proto-oncogene involved in induction of mammary tumors. Mol

Cell Biol. (1994) 14:7068–77. doi: 10.1128/MCB.14.11.7068

58. Kosanke S, Edgerton SM, Moore D, Yang X, Mason T, Alvarez K, et al.

Mammary tumor heterogeneity in wt-ErbB-2 transgenic mice. Comp Med.

(2004) 54:280–7.

Frontiers in Oncology | www.frontiersin.org 20 July 2019 | Volume 9 | Article 525

https://doi.org/10.1177/1074248416660622
https://doi.org/10.1016/j.dsx.2014.09.018
https://doi.org/10.1016/j.mce.2013.11.016
https://doi.org/10.1111/jpi.12116
https://doi.org/10.1016/j.arr.2018.07.010
https://doi.org/10.1007/s10549-014-2944-4
https://doi.org/10.1016/S0378-5122(03)00219-6
https://doi.org/10.1111/j.1600-079X.2011.00956.x
https://doi.org/10.7326/0003-4819-142-12_Part_1-200506210-00117
https://doi.org/10.1080/09513590.2016.1248932
https://doi.org/10.1001/jama.291.14.1701
https://doi.org/10.1001/jamaoncol.2015.0494
https://doi.org/10.1016/j.jsbmb.2013.05.001
https://doi.org/10.1001/jama.288.3.321
https://doi.org/10.1001/jama.292.16.1983
https://doi.org/10.1016/j.maturitas.2005.06.003
https://www.cdc.gov/nchs/nsfg/key_statistics/s.htm#sterilizationfemale
https://www.cdc.gov/nchs/nsfg/key_statistics/s.htm#sterilizationfemale
https://doi.org/10.1186/1477-7525-3-47
https://doi.org/10.1097/GME.0000000000000676
https://doi.org/10.1097/GME.0000000000001237
https://doi.org/10.1097/GME.0000000000000196
https://doi.org/10.1089/jwh.2012.3719
https://doi.org/10.1016/j.maturitas.2016.05.001
https://doi.org/10.1371/journal.pone.0157417
https://doi.org/10.1016/j.maturitas.2012.05.011
https://doi.org/10.1371/journal.pone.0192934
https://doi.org/10.1097/GME.0000000000000392
https://doi.org/10.1016/j.chest.2017.01.026
https://doi.org/10.1016/j.neubiorev.2017.10.011
https://doi.org/10.1097/GME.0000000000001283
https://doi.org/10.3109/13697137.2012.669584
https://doi.org/10.3109/09513590.2012.706670
https://doi.org/10.1016/j.canlet.2008.11.002
https://doi.org/10.1016/S1043-6618(03)00014-8
https://doi.org/10.1177/2042098614568300
https://doi.org/10.1073/pnas.89.22.10578
https://doi.org/10.1128/MCB.14.11.7068
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Dodda et al. Melatonin-Estradiol-Progesterone HT Represses Mammary Cancer

59. Menard S, Aiello P, Tagliabue E, Rumio C, Lollini PL, Colnaghi MI, et

al. Tamoxifen chemoprevention of a hormone independent tumor in the

proto-neu transgenic mice model. Cancer Res. (2000) 60:273–5.

60. Davis VL, Shaikh F, Gallagher KM, Villegas M, Rea SL, Cline JM, et al.

Inhibition of neu-induced mammary carcinogenesis in transgenic mice

expressing ER13, a dominant negative estrogen receptor α variant. Horm

Cancer. (2012) 3:227–39. doi: 10.1007/s12672-012-0122-x

61. Liu B, Edgerton S, Yang X, Kim A, Ordonez-Ercan D, Mason T, et al. Low-

dose dietary phytoestrogen abrogates tamoxifen-associatedmammary tumor

prevention. Cancer Res. (2005) 65:879–86.

62. Turkoz FP, Solak M, Petekkaya I, Keskin O, Kertmen N, Sarici F, et al.

Association between common risk factors and molecular subtypes in breast

cancer patients. Breast. (2013) 22:344–50. doi: 10.1016/j.breast.2012.08.005

63. Wroolie TE, Kenna HA, Williams KE, Powers BN, Holcomb M,

Khaylis A, et al. Differences in verbal memory performance in

postmenopausal women receiving hormone therapy: 17β-estradiol versus

conjugated equine estrogens. Am J Geriatr Pyschiatry. (2011) 19:792–802.

doi: 10.1097/JGP.0b013e3181ff678a

64. Blondon M, van Hylckama Vlieg A, Wiggins KL, Harrington LB, McKnight

B, Rice KM, et al. Differential associations of oral estradiol and conjugated

equine estrogen with hemostatic biomarkers. J Thromb Haemost. (2014)

12:879–86. doi: 10.1111/jth.12560

65. Shufelt CL, Merz CNB, Prentice RL, Pettinger MB, Rossouw JE, Aroda

VR, et al. Hormone therapy dose, formulation, route of delivery, and

risk of cardiovascular events in women: findings from the Women’s

Health Initiative Observational Study. Menopause. (2014) 21:260–66.

doi: 10.1097/GME.0b013e31829a64f9

66. Smith NL, Blondon M, Wiggins KL, Harrington LB, van Hylckama Vlieg A,

Floyd JS, et al. Lower risk of cardiovascular events in postmenopausal women

taking oral estradiol compared with oral conjugated equine estrogens. JAMA

Intern Med. (2014) 174:25–31. doi: 10.1001/jamainternmed.2013.11074

67. Zhu L, Jiang X, Sun Y, Shu W. Effect of hormone therapy on the risk of bone

fractures: a systematic review and meta-analysis of randomized controlled

trials.Menopause. (2016) 23:461–70. doi: 10.1097/GME.0000000000000519

68. Yang X, Edgerton SM, Kosanke SD, Mason TL, Alvarez KM, Liu N,

et al. Hormonal and dietary modulation of mammary carcinogenesis

in mouse mammary tumor virus-c-erbB-2 transgenic mice. Cancer Res.

(2003) 63:2425–33.

69. Davis VL, Jayo MJ, Ho A, Kotlarczyk MP, Hardy ML, Foster

WG, et al. Black cohosh increases metastatic mammary cancer in

transgenic mice expressing c-erbB2. Cancer Res. (2008) 68:8377–83.

doi: 10.1158/0008-5472.CAN-08-1812

70. Witt-Enderby PA, Slater JP, Johnson NA, Bondi CD, Dodda BR, Kotlarczyk

MP, et al. Effects on bone by the light/dark cycle and chronic treatment

with melatonin and/or hormone replacement therapy in intact female mice.

J Pineal Res. (2012) 53:374–84. doi: 10.1111/j.1600-079X.2012.01007.x

71. Carmine Alum-Stained Whole Mount Preparation. Houston, TX: Jeffery

Rosen Laboratory, Baylor College of Medicine. Available online at: https://

media.bcm.edu/documents/2014/74/wholemountstainingii.pdf (accessed

March 9, 2019)

72. Latimer JJ, Johnson JM, Kelly CM, Miles TD, Beaudry-Rodgers KA, Lalanne

NA, et al. Nucleotide excision repair deficiency is intrinsic in sporadic

stage I breast cancer. Proc Natl Acad Sci USA. (2010) 107:21725–30.

doi: 10.1073/pnas.0914772107

73. Latimer JJ, Johnson JM, Miles TD, Dimsdale JM, Edwards RP, Kelley JL,

et al. Cell-type-specific level of DNA nucleotide excision repair in primary

human mammary and ovarian epithelial cell cultures. Cell Tissue Res. (2008)

333:461–7. doi: 10.1007/s00441-008-0645-1

74. Latimer JJ, RubinsteinWS, Johnson JM, Kanbour-Shakir A, Vogel VG, Grant

SG. Haploinsufficiency for BRCA1 is associated with normal levels of DNA

nucleotide excision repair in breast tissue and blood lymphocytes. BMCMed

Genet. (2005) 6:26. doi: 10.1186/1471-2350-6-26

75. Latimer JJ, Nazir T, Flowers LC, Forlenza MJ, Beaudry-Rodgers K, Kelly

CM, et al. Unique tissue-specific level of DNA nucleotide excision repair in

primary human mammary epithelial cultures. Exp Cell Res. (2003) 291:111–

21. doi: 10.1016/S0014-4827(03)00368-9

76. Radio NM, Doctor JS, Witt-Enderby PA. Melatonin enhances alkaline

phosphatase activity in differentiating human adult mesenchymal stem

cells grown in osteogenic medium via MT2 melatonin receptors and

the MEK/ERK (1/2) signaling cascade. J Pineal Res. (2006) 40:332–42.

doi: 10.1111/j.1600-079X.2006.00318.x

77. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-

time quantitative PCR and the 2−11CT method. Methods. (2001) 25:402–8.

doi: 10.1006/meth.2001.1262

78. Ekmekcioglu C. Melatonin receptors in humans: biological role

and clinical relevance. Biomed Pharmacother. (2006) 60:97–108.

doi: 10.1016/j.biopha.2006.01.002

79. Slominski RM, Reiter RJ, Schlabritz-Loutsevitch N, Ostrom RS,

Slominski AT. Melatonin membrane receptors in peripheral tissues:

distribution and functions. Mol Cell Endocrinol. (2012) 351:152–66.

doi: 10.1016/j.mce.2012.01.004

80. Cato AC, Miksicek R, Schutz G, Arnemann J, Beato M. The

hormone regulatory element of mouse mammary tumor virus

mediates progesterone induction. EMBO J. (1986) 5:2237–40.

doi: 10.1002/j.1460-2075.1986.tb04490.x

81. Gowland PL, Buetti E. Mutations in the hormone regulatory element

of mouse mammary tumor virus differentially affect the response to

progestins, androgens, and glucocorticoids. Mol Cell Biol. (1989) 9:3999–

4008. doi: 10.1128/MCB.9.9.3999

82. Niemeyer CC, Spencer-Dene B, Wu JX, Adamson ED. Preneoplastic

mammary tumor markers: crypto and amphiregulin are overexpressed in

hyperplastic stages of tumor progression in transgenic mice. Int J Cancer.

(1999) 81:588–591. doi: 10.1002/(SICI)1097-0215(19990517)81:4<588::AID-

IJC14>3.0.CO;2-I

83. Luetteke NC, Qiu TH, Fenton SE, Troyer KL, Riedel RF, Chang A, et al.

Targeted inactivation of the EGF and amphiregulin genes reveals distinct

roles for EGF receptor ligands in mouse mammary gland development.

Development. (1999) 126:2739–50.

84. Kariagina A, Xie J, Leipprandt JR, Haslam SZ. Amphiregulin mediates

estrogen, progesterone, and EGFR signaling in the normal rat mammary

gland and in hormone-dependent rat mammary cancers.Horm Canc. (2010)

1:229–244. doi: 10.1007/s12672-010-0048-0

85. Kariagina A, Aupperlee MD, Haslam SZ. Progesterone receptor isoform

functions in normal breast development and breast cancer.Crit Rev Eukaryot

Gene Expr. (2008) 18:11–33. doi: 10.1615/CritRevEukarGeneExpr.v18.i1.20

86. Shyamala G, Yang X, Silberstein G, Barcellos-Hoff MH, Dale E.

Transgenic mice carrying an imbalance in the native ratio of A to

B forms of progesterone receptor exhibit developmental abnormalities

in mammary glands. Proc Natl Acad Sci USA. (1998) 95:696–701.

doi: 10.1073/pnas.95.2.696

87. Mulac-Jericevic B, Conneely OM. Reproductive tissue selective

actions of progesterone receptors. Reproduction. (2004) 128:139–46.

doi: 10.1530/rep.1.00189

88. Zhang C, Mori M, Gao S, Li A, Hoshino I, Aupperlee MD, et

al. Tip30 deletion in MMTV-Neu mice leads to enhanced EGFR

signaling and development of estrogen receptor-positive and progesterone

receptor-negative mammary tumors. Cancer Res. (2010) 70:10224–33.

doi: 10.1158/0008-5472.CAN-10-3057

89. Bondi CD, Alonso-Gonzalez C, Clafshenkel WP, Kotlarczyk MP, Dodda

BR, Sanchez-Barcelo E, et al. The effect of estradiol, progesterone,

and melatonin on estrous cycling and ovarian aromatase expression in

intact female mice. Euro J Obstet Gynecol Reprod Biol. (2014) 174:80–5.

doi: 10.1016/j.ejogrb.2013.11.027

90. Cos S, Sanchez-Barcelo EJ. Melatonin, experimental basis for a possible

application in breast cancer prevention and treatment. Histol Histopathol.

(2000) 15:637–47. doi: 10.14670/HH-15.637

91. Prior JC, Hitchcock CL. The endocrinology of perimenopause: need for a

paradigm shift. Front Biosci. (2011) 3:474–86. doi: 10.2741/s166

92. Ladizesky MG, Boggio V, Albornoz LE, Castrillon PO, Mautalen

C, Cardinali DP. Melatonin increases oestradiol-induced bone

formation in ovariectomized rats. J Pineal Res. (2003) 34:143–51.

doi: 10.1034/j.1600-079X.2003.00021.x

93. Ciortea R, Costin N, Braicu I, Haragas D, Hudacsko A, Bondor C,

et al. Effect of melatonin on intra-abdominal fat in correlation with

endometrial proliferation in ovariectomized rats. Anticancer Res. (2011)

31:2637–43.

Frontiers in Oncology | www.frontiersin.org 21 July 2019 | Volume 9 | Article 525

https://doi.org/10.1007/s12672-012-0122-x
https://doi.org/10.1016/j.breast.2012.08.005
https://doi.org/10.1097/JGP.0b013e3181ff678a
https://doi.org/10.1111/jth.12560
https://doi.org/10.1097/GME.0b013e31829a64f9
https://doi.org/10.1001/jamainternmed.2013.11074
https://doi.org/10.1097/GME.0000000000000519
https://doi.org/10.1158/0008-5472.CAN-08-1812
https://doi.org/10.1111/j.1600-079X.2012.01007.x
https://media.bcm.edu/documents/2014/74/wholemountstainingii.pdf
https://media.bcm.edu/documents/2014/74/wholemountstainingii.pdf
https://doi.org/10.1073/pnas.0914772107
https://doi.org/10.1007/s00441-008-0645-1
https://doi.org/10.1186/1471-2350-6-26
https://doi.org/10.1016/S0014-4827(03)00368-9
https://doi.org/10.1111/j.1600-079X.2006.00318.x
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.biopha.2006.01.002
https://doi.org/10.1016/j.mce.2012.01.004
https://doi.org/10.1002/j.1460-2075.1986.tb04490.x
https://doi.org/10.1128/MCB.9.9.3999
https://doi.org/10.1002/(SICI)1097-0215(19990517)81:4<588::AID-IJC14>3.0.CO;2-I
https://doi.org/10.1007/s12672-010-0048-0
https://doi.org/10.1615/CritRevEukarGeneExpr.v18.i1.20
https://doi.org/10.1073/pnas.95.2.696
https://doi.org/10.1530/rep.1.00189
https://doi.org/10.1158/0008-5472.CAN-10-3057
https://doi.org/10.1016/j.ejogrb.2013.11.027
https://doi.org/10.14670/HH-15.637
https://doi.org/10.2741/s166
https://doi.org/10.1034/j.1600-079X.2003.00021.x
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Dodda et al. Melatonin-Estradiol-Progesterone HT Represses Mammary Cancer

94. Tai SH, Hung YC, Lee EJ, Lee AC, Chen TY, Shen CC, et al. Melatonin

protects against transient focal cerebral ischemia in both reproductively

active and estrogen-deficient female rats: the impact of circulating

estrogen on its hormetic dose-response. J Pineal Res. (2011) 50:292–303.

doi: 10.1111/j.1600-079X.2010.00839.x

95. Baxi D, Singh PK, Vachhrajani K, Ramachandran AV. Melatonin

supplementation therapy as a potent alternative to ERT in ovariectomized

rats. Climacteric. (2012) 15:382–92. doi: 10.3109/13697137.2011.618565

96. Tasdemir S, Tasdemir C, Vardi N, Parlakpinar H, Aglamis E, Ates B, et al.

Combined usage of estrogen andmelatonin restores bladder contractility and

reduces kidney and bladder damage in ovariectomized and pinealectomized

rat. Bratisl Lek Listy. (2014) 115:345–51. doi: 10.4149/BLL_2014_068

97. Cagnacci A, Arangino S, Angiolucci M, Melis GB, Tarquini R, Renzi A, et

al. Different circulatory response to melatonin in postmenopausal women

without and with hormone replacement therapy. J Pineal Res. (2000) 29:152–

8. doi: 10.1034/j.1600-079X.2000.290304.x

98. Cagnacci A, Arangino S, Angiolucci M, Melis GB, Facchinetti F, Malmusi

S, et al. Effect of exogenous melatonin on vascular reactivity and nitric

oxide in postmenopausal women: role of hormone replacement therapy. Clin

Endocrinol. (2001) 54:261–6. doi: 10.1046/j.1365-2265.2001.01204.x

99. Lahiri DK, Ge YW, Sharman EH, Bondy SC. Age-related changes

in serum melatonin in mice: higher levels of combined melatonin

and 6-hydroxymelatonin sulfate in the cerebral cortex than serum,

heart, liver and kidney tissues. J Pineal Res. (2004) 36:217–23.

doi: 10.1111/j.1600-079X.2004.00120.x

100. Hill SM, Cheng C, Yuan L, Mao L, Jockers R, Dauchy B, et al. Age-related

decline in melatonin and its MT1 receptor are associated with decreased

sensitivity to melatonin and enhanced mammary tumor growth. Curr Aging

Sci. (2013) 6:125–33. doi: 10.2174/1874609811306010016

101. Carrillo-Vico A, Lardone PJ, Alvarez-Sanchez N, Rodriguez-Rodriguez A,

Guerrero JM. Melatonin: buffering the immune system. Int J Mol Sci. (2013)

14:8638–83. doi: 10.3390/ijms14048638

102. Ghosh M, Rodriguez-Garcia M, Wira CR. The immune system in

menopause: pros and cons of hormone therapy. J Steroid Biochem Mol Biol.

(2014) 142:171–5. doi: 10.1016/j.jsbmb.2013.09.003

103. Gameiro CM, Romao F, Castelo-Branco C. Menopause and aging:

changes in the immune system–a review. Maturitas. (2010) 67:316–20.

doi: 10.1016/j.maturitas.2010.08.003

104. Su SC, Hsieh MJ, Yang WE, Chung WH, Reiter RJ, Yang SF. Cancer

metastasis: mechanisms of inhibition by melatonin. J Pineal Res. (2017)

62:e12370. doi: 10.1111/jpi.12370

105. Lissoni P, Barni S, Meregalli S, Fossati V, Cazzaniga M, Esposti D, et

al. Modulation of cancer endocrine therapy by melatonin: a phase II

study of tamoxifen plus melatonin in metastatic breast cancer patients

progressing under tamoxifen alone. Br J Cancer. (1995) 71:854–6.

doi: 10.1038/bjc.1995.164

106. Wang Y, Wang P, Zheng X, Du X. Therapeutic strategies of melatonin in

cancer patients: a systematic review and meta-analysis. OncoTargets Ther.

(2018) 11:7895–908. doi: 10.2147/OTT.S174100

107. Wang YM, Jin BZ, Ai F, Duan CH, Lu YZ, Dong TF, et al. The efficacy and

safety of melatonin in concurrent chemotherapy or radiotherapy for solid

tumors: a meta-analysis of randomized controlled trials. Cancer Chemother

Pharmacol. (2012) 69:1213–20. doi: 10.1007/s00280-012-1828-8

108. Seely D, Wu P, Fritz H, Kennedy DA, Tsui T, Seely AJ, et al. Melatonin as

adjuvant cancer care with and without chemotherapy: a systematic review

and meta-analysis of randomized trials. Integr Cancer Ther. (2012) 11:293–

303. doi: 10.1177/1534735411425484

109. Favero G, Moretti E, Bonomini F, Reiter RJ, Rodella LF, Rezzani R.

Promising antineoplastic actions of melatonin. Front Pharmacol. (2018)

9:1086. doi: 10.3389/fphar.2018.01086

110. Innominato PF, Lim AS, Palesh O, Clemons M, Trudeau M, Eisen A,

et al. The effect of melatonin on sleep and quality of life in patients

with advanced breast cancer. Support Care Cancer. (2016) 24:1097–105.

doi: 10.1007/s00520-015-2883-6

111. Mallepell S, Krust A, Chambon P, Brisken C. Paracrine signaling through

the epithelial estrogen receptor alpha is required for proliferation and

morphogenesis in the mammary gland. Proc Natl Acad Sci USA. (2006)

103:2196–201. doi: 10.1073/pnas.0510974103

112. Mukherjee S, Louie SG, Campbell M, Esserman L, Shyamala G. Ductal

growth is impeded in mammary glands of c-neu transgenic mice. Oncogene.

(2000) 19:5982–7. doi: 10.1038/sj.onc.1203964

113. Shyamala G, Yang X, Cardiff RD, Dale E. Impact of progesterone receptor on

cell-fate decisions during mammary gland development. Proc Natl Acad Sci

USA. (2000) 97:3044–9. doi: 10.1073/pnas.97.7.3044

114. Fernandez-Valdivia R, Mukherjee A, Mulac-Jericevic B, Conneely OM,

DeMayo FJ, Amato P, et al. Revealing progesterone’s role in uterine and

mammary gland biology: insights from the mouse. Semin Reprod Med.

(2005) 23:22–37. doi: 10.1055/s-2005-864031

115. Ramamoorthy S, Dhananjayan SC, Demayo FJ, Nawaz Z. Isoform-

specific degradation of PR-B by E6-AP is critical for normal

mammary gland development. Mol Endocrinol. (2010) 24:2099–113.

doi: 10.1210/me.2010-0116

116. Barker HE, Smyth GK, Wettenhall J, Ward TA, Bath ML, Lindeman

GJ, et al. Deaf-1 regulates epithelial cell proliferation and side-branching

in the mammary gland. BMC Dev Biol. (2008) 8:94. doi: 10.1186/1471-

213X-8-94

117. Gonzalez A, Alvarez-Garcia V, Martínez-Campa C, Alonso-Gonzalez C, Cos

S. Melatonin promotes differentiation of 3T3-L1 fibroblasts. J Pineal Res.

(2012) 52:12–20. doi: 10.1111/j.1600-079X.2011.00911.x

118. Wang B, Wen H, Smith W, Hao D, He B, Kong L. Regulation effects of

melatonin on bone marrow mesenchymal stem cell differentiation. J Cell

Physiol. (2019) 234:1008–15. doi: 10.1002/jcp.27090

119. Luchetti F, Canonico B, Bartolini D, Arcangeletti M, Ciffolilli S, Murdolo G,

et al. Melatonin regulates mesenchymal stem cell differentiation: a review. J

Pineal Res. (2014) 56:382–97. doi: 10.1111/jpi.12133

120. Kocak N, Donmez H, Yildirim IH. Effects of melatonin on apoptosis and

cell differentiation in MCF-7 derived cancer stem cells. Cell Mol Biol. (2018)

64:56–61. doi: 10.14715/cmb/2018.64.12.12

121. Troisi R, Bjorge T, Gissler M, Grotmol T, Kitahara CM, Myrtveit Saether SM,

et al. The role of pregnancy, perinatal factors and hormones in maternal

cancer risk: a review of the evidence. J Intern Med. (2018) 283:430–45.

doi: 10.1111/joim.12747

122. Phipps AI, Buist DS, Malone KE, Barlow WE, Porter PL, Kerlikowske

K, et al. Reproductive history and risk of three breast cancer subtypes

defined by three biomarkers. Cancer Causes Control. (2011) 22:399–405.

doi: 10.1007/s10552-010-9709-0

123. Russo J, Moral R, Balogh GA, Mailo D, Russo IH. The protective

role of pregnancy in breast cancer. Breast Cancer Res. (2005) 7:131–42.

doi: 10.1186/bcr1029

124. Dall G, Risbridger G, Britt K. Mammary stem cells and parity-induced

breast cancer protection- new insights. J Steroid Biochem Mol Biol. (2017)

170:54–60. doi: 10.1016/j.jsbmb.2016.02.018

125. Li CI, Malone KE, Daling JR, Potter JD, Bernstein L, Marchbanks

PA, et al. Timing of menarche and first full-term birth in relation to

breast cancer risk. Am J Epidemiol. (2008) 167:230–9. doi: 10.1093/aje/

kwm271

126. Lambertini M, Santoro L, Del Mastro L, Nguyen B, Livraghi L, Ugolini D,

et al. Reproductive behaviors and risk of developing breast cancer according

to tumor subtype: a systematic review and meta-analysis of epidemiological

studies. Cancer Treat Rev. (2016) 49:65–76. doi: 10.1016/j.ctrv.2016.

07.006

127. Ciarloni L, Mallepell S, Brisken C. Amphiregulin is an essential mediator

of estrogen receptor a function in mammary gland development.

Proc Natl Acad Sci USA. (2007) 104:5455–60. doi: 10.1073/pnas.

0611647104

128. Herrington EE, Ram TG, Salomon DS, Johnson GR, Gullick WJ,

Kenney N, et al. Expression of epidermal growth factor-related proteins

in the aged adult mouse mammary gland and their relationship to

tumorigenesis. J Cell Physiol. (1997) 170:47–56. doi: 10.1002/(SICI)1097-

4652(199701)170:1<47::AID-JCP6>3.0.CO;2-L

129. Crespo I, San-Miguel B, Fernandez A, Ortiz de Urbina J, Gonzalez-Gallego

J, Tunon MJ. Melatonin limits the expression of profibrogenic genes and

ameliorates the progression of hepatic fibrosis in mice. Transl Res. (2015)

165:346–57. doi: 10.1016/j.trsl.2014.10.003

130. Aupperlee MD, Leipprandt JR, Bennet JM, Schwartz RC, Haslam

SZ. Amphiregulin mediates progesterone-induced mammary ductal

Frontiers in Oncology | www.frontiersin.org 22 July 2019 | Volume 9 | Article 525

https://doi.org/10.1111/j.1600-079X.2010.00839.x
https://doi.org/10.3109/13697137.2011.618565
https://doi.org/10.4149/BLL_2014_068
https://doi.org/10.1034/j.1600-079X.2000.290304.x
https://doi.org/10.1046/j.1365-2265.2001.01204.x
https://doi.org/10.1111/j.1600-079X.2004.00120.x
https://doi.org/10.2174/1874609811306010016
https://doi.org/10.3390/ijms14048638
https://doi.org/10.1016/j.jsbmb.2013.09.003
https://doi.org/10.1016/j.maturitas.2010.08.003
https://doi.org/10.1111/jpi.12370
https://doi.org/10.1038/bjc.1995.164
https://doi.org/10.2147/OTT.S174100
https://doi.org/10.1007/s00280-012-1828-8
https://doi.org/10.1177/1534735411425484
https://doi.org/10.3389/fphar.2018.01086
https://doi.org/10.1007/s00520-015-2883-6
https://doi.org/10.1073/pnas.0510974103
https://doi.org/10.1038/sj.onc.1203964
https://doi.org/10.1073/pnas.97.7.3044
https://doi.org/10.1055/s-2005-864031
https://doi.org/10.1210/me.2010-0116
https://doi.org/10.1186/1471-213X-8-94
https://doi.org/10.1111/j.1600-079X.2011.00911.x
https://doi.org/10.1002/jcp.27090
https://doi.org/10.1111/jpi.12133
https://doi.org/10.14715/cmb/2018.64.12.12
https://doi.org/10.1111/joim.12747
https://doi.org/10.1007/s10552-010-9709-0
https://doi.org/10.1186/bcr1029
https://doi.org/10.1016/j.jsbmb.2016.02.018
https://doi.org/10.1093/aje/kwm271
https://doi.org/10.1016/j.ctrv.2016.07.006
https://doi.org/10.1073/pnas.0611647104
https://doi.org/10.1002/(SICI)1097-4652(199701)170:1<47::AID-JCP6>3.0.CO;2-L
https://doi.org/10.1016/j.trsl.2014.10.003
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Dodda et al. Melatonin-Estradiol-Progesterone HT Represses Mammary Cancer

development during puberty. Breast Cancer Res. (2013) 15:R44.

doi: 10.1186/bcr3431

131. Bade LK, Goldberg JE, Dehut HA, Hall MK, Schwertfeger KL. Mammary

tumorigenesis induced by fibroblast growth factor receptor 1 requires

activation of the epidermal growth factor receptor. J Cell Sci. (2011) 124 (Pt

18):3106–017. doi: 10.1242/jcs.082651

132. Wang SE, Narasanna A, Perez-Torres M, Xiang B, Wu FY, Yang S, et al.

HER2 kinase domain mutation results in constitutive phosphorylation and

activation of HER2 and EGFR and resistance to EGFR tyrosine kinase

inhibitors. Cancer Cell. (2006) 10:25–38. doi: 10.1016/j.ccr.2006.05.023

133. Panico L, D’Antonio A, Salvatore G, Mezza E, Tortora G, De Laurentiis M,

et al. Differential immunohistochemical detection of transforming growth

factor alpha, amphiregulin and CRIPTO in human normal and malignant

breast tissues. Int J Cancer. (1996) 65:51–56.3. doi: 10.1002/(SICI)1097-

0215(19960103)65:1<51::AID-IJC9>3.0.CO;2-0

134. Willmarth NE, Ethier SP. Amphiregulin as a novel target for breast

cancer therapy. J Mammary Gland Biol Neoplasia. (2008) 13:171–9.

doi: 10.1007/s10911-008-9081-9

135. Sahlin L, Masironi B, Akerberg S, Eriksson H. Tissue- and hormone-

dependent progesterone receptor distribution in the rat uterus. Reprod Biol

Endocrinol. (2006) 4:47. doi: 10.1186/1477-7827-4-47

136. Mote PA, Bartow S, Tran N, Clarke CL. Loss of co-ordinate expression of

progesterone receptors A and B is an early event in breast carcinogenesis.

Breast Cancer Res Treat. (2002) 72:163–72. doi: 10.1023/A:1014820

500738

137. Aupperlee MD, Smith KT, Kariagina A, Haslam SZ. Progesterone receptor

isoforms A and B: temporal and spatial differences in expression during

murine mammary gland development. Endocrinology. (2005) 146:3577–88.

doi: 10.1210/en.2005-0346

138. Raafat A, Strizzi L, Lashin K, Ginsburg E, McCurdy D, Salomon

D, et al. Effects of age and parity on mammary gland lesions and

progenitor cells in the FVB/N-RC mice. PLoS ONE. (2012) 7:e43624.

doi: 10.1371/journal.pone.0043624

139. Popovich IG, ZabezhinskiMA, RanchenkoAV, Piskunova TS, Sememchenko

AV, Tyndyk ML, et al. Exposure to light at night accelerates aging and

spontaneous uterine carcinogenesis in female 129/Sv mice. Cell Cycle. (2013)

12:1785–90. doi: 10.4161/cc.24879

140. Fleisch MC, Chou YC, Cardiff RD, Asaithambi A, Shyamala G.

Overexpression of progesterone receptor A isoform in mice leads to

endometrial hyperproliferation, hyperplasia, and atypia. Mol Hum Reprod.

(2009) 15:241–9. doi: 10.1093/molehr/gap013

141. Vicennati V, Garelli S, Rinaldi E, Rosetti S, Zavatta G, Pagotto

U, et al. Obesity-related proliferative diseases: the interaction

between adipose tissue and estrogens in post-menopausal women.

Horm Mol Biol Clin Investig. (2015) 21:75–87. doi: 10.1515/hmbci-

2015-0002

142. Otto C, Fuchs I, Vonk R, Fritzemeier KH. Comparative analysis

of the uterine and mammary gland effects of progesterone

and medroxyprogesterone acetate. Maturitas. (2010) 65:386–91.

doi: 10.1016/j.maturitas.2009.11.028

143. Lobo RA, Archer DF, Kagan R, Kaunitz AM, Constantine GD, Pickar JH,

et al. A 17β-estradiol-progesterone oral capsule for vasomotor symptoms

in postmenopausal women: a randomized controlled trial. Obstet Gynecol.

(2018) 132:161–70. doi: 10.1097/AOG.0000000000002645

144. Kagan R, Constantine G, Kaunitz AM, Bernick B, Mirkin S. Improvement

in sleep outcomes with a 17β-estradiol-progesterone oral capsule (TX-

001HR) for postmenopausal women. Menopause. (2018) 26:622–8.

doi: 10.1097/GME.0000000000001278

145. Simon JA, Kaunitz AM, Kroll R, Graham S, Bernick B, Mirkin S.

Oral 17β-estradiol/progesterone (TX-001HR) and quality of life in

postmenopausal women with vasomotor symptoms. Menopause. (2018)

26:506–12. doi: 10.1097/GME.0000000000001271

Conflict of Interest Statement: PW-E and VD are inventors of US Patent 8618083

(2013) and 9370526 (2016).

The remaining authors declare that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest.

Copyright © 2019 Dodda, Bondi, Hasan, Clafshenkel, Gallagher, Kotlarczyk, Sethi,

Buszko, Latimer, Cline, Witt-Enderby and Davis. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Oncology | www.frontiersin.org 23 July 2019 | Volume 9 | Article 525

https://doi.org/10.1186/bcr3431
https://doi.org/10.1242/jcs.082651
https://doi.org/10.1016/j.ccr.2006.05.023
https://doi.org/10.1002/(SICI)1097-0215(19960103)65:1<51::AID-IJC9>3.0.CO;2-0
https://doi.org/10.1007/s10911-008-9081-9
https://doi.org/10.1186/1477-7827-4-47
https://doi.org/10.1023/A:1014820500738
https://doi.org/10.1210/en.2005-0346
https://doi.org/10.1371/journal.pone.0043624
https://doi.org/10.4161/cc.24879
https://doi.org/10.1093/molehr/gap013
https://doi.org/10.1515/hmbci-2015-0002
https://doi.org/10.1016/j.maturitas.2009.11.028
https://doi.org/10.1097/AOG.0000000000002645
https://doi.org/10.1097/GME.0000000000001278
https://doi.org/10.1097/GME.0000000000001271
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Co-administering Melatonin With an Estradiol-Progesterone Menopausal Hormone Therapy Represses Mammary Cancer Development in a Mouse Model of HER2-Positive Breast Cancer
	Introduction
	Methods
	Animal Care
	Mammary Gland Whole Mount Analysis
	Human Mammary Epithelial Cultures Derived From Breast Reduction Mammoplasty
	Melatonin Binding
	Serum Collection for Hormone Assays
	Real-Time RT-PCR Analyses
	Western Blot Analyses
	Statistics

	Results
	Mammary Tumor Development and Metastatic Progression
	Mammary Gland Morphology
	Treatment Effects on Mammary Gland Morphogenesis in Young Neu Mice
	Preductal Development in Cultured Human Mammary Explants

	Melatonin Binding in Mammary Glands and Tumors
	Serum Estradiol and Progesterone Levels in Young Mice in Estrus
	Gene Expression in Mammary Tissues Prior to Tumor Formation
	PRA and PRB Protein Expression in the Mammary Glands and Tumors
	Long-Term Treatment Effects on the Uterus

	Discussion
	Treatment Effects on Mammary Tumor Development and Metastasis
	Melatonin and HT Cooperate to Reduce Tumor Development
	Age Effects on Tumor Development in MEPT and EPT Mice
	Melatonin Only Effects on Tumor Development and Metastasis

	Estradiol, Progesterone, and Melatonin Serum Levels
	Melatonin Effects on Mammary Morphogenesis in Mice and Cultured Human Cells
	Ductal Elongation and Branching in Mouse Mammary Glands
	Melatonin-Induced Differentiation in Cultured Human Mammary Epithelial Cells

	Amphiregulin Expression Related to Mammary Cancer and Morphogenesis
	Altered PR Isoform Expression and Mammary Tumor Development
	Hormone Treatments Effects on the Uterus
	Summary

	Data Availability
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


