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Abstract
A role for estrogens in breast cancer is widely accepted, however, recent evidence high-

lights that timing and exposure levels are important in determiningwhether they elicit harm-

ful versus beneficial effects. The rat chemical carcinogenmodel has been widely used to

study the effects of estrogens but conclusions on the levels that lead to tumor development

and an absolute requirement for progesterone (P4) are lacking. A newer method of hor-

mone administrationmixes hormoneswith nut butter for peroral consumption allowing for a

less stressful method of long-termadministrationwith lower spikes in serumestradiol (E2)

levels. The present study was designed to determine if estrogens alone at a physiological

dose can drive carcinogen-induced tumors in ovariectomized (OVX) rats or if P4 is also

required using this method of hormoneadministration. Short-termstudies were conducted

to determine the dose of estrogen (E) that would lead to increased uterineweight following

OVX. Subsequently, rats were OVX on postnatal day (PND) 40 then treated daily with E

(600 μg/kg/day), P4 (15 mg/kg/day), or the combination.On PND 50, all rats were injected
with nitrosomethylurea to inducemammary tumors. Uterineweights, body weights, and

serumE2 levels were measured to demonstrate the efficacy of the method for increasing

E2 levels during long-term treatment. After 26 weeks, tumor incidence was similar in Sham,

E, and E + P4 animals indicating that E was sufficient to induce tumorigenesiswhen hor-

mone levels were normalized by this method. This study demonstrates peroral administra-

tion can be used in long-termstudies to elucidate relationships between different types and

levels of steroid hormones.

Introduction
Elucidating the role of female sex steroids in carcinogenesis is critical for general preventive
health care in women as well as for understanding the basic pathophysiology of breast cancer.
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It is widely-accepted that increased exposure to estrogen over a woman’s lifespan increases her
risk of breast cancer [1]. A specific role for estrogens in the development of luminal breast can-
cer is demonstrated by the finding that treatment of intact rats with tamoxifen or aromatase
inhibitors (AIs) before nitrosomethylurea (NMU) or 7,12-dimethylbenz(a)anthracene
(DMBA) administration attenuates carcinogen-induced tumor development [2, 3]. However,
how moderate fluctuations in circulating estrogen levels within a normal physiological range
influence cancer incidence is not well understood. A variety of methods are used to administer
steroids in ovariectomized (OVX) rodents including silastic tubing, hormone pellets, and daily
subcutaneous injections. These methods initially result in supraphysiological levels of hormone
[4] which may be a confounding factor since short-term exposure to high levels of estrogens
can prevent tumor development [5]. Introducing hormones perorally in nut butter is a newer
method of hormone delivery that is less stressful than oral gavage or injections and leads to
more normalized levels of ovarian hormones following ovariectomy, without an initial supra-
physiological spike in blood concentrations [4]. This method also has the advantage that it
mimics oral administration of hormone replacement therapy (HRT), the most common
method of delivery in women. Oral administration requires higher doses of steroids to elevate
systemic levels due to extensive metabolism by the gut and liver, which can also result in a dif-
ferent metabolic profile from that of other routes of administration [6, 7]. However, to our
knowledge, peroral administration has not yet been used in rodent studies to study the role of
estrogen in carcinogen-induced tumor development.
Similar to estrogens, progesterone (P4) is secreted from the ovary, cycles over a woman’s

lifespan and decreases in menopause. Whether P4 plays a role in carcinogen-induced tumori-
genesis has not been studied as extensively as estrogens. The intact ACI rat spontaneously
develops tumors in response to high doses of estrogens but high concentrations of both estro-
gens and P4 are required for the response in OVX animals [8]. The importance of P4 in other
studies using OVX rodents is unclear [9, 10]. As with estrogen, divergent results may be due to
both the mode of administration and the serum concentrations obtained with different
methods.
Given that peroral hormone administration represents a less-stressful method of hormone

administration that results in more physiological levels of estrogen and mimics oral HRT, the
overall goal of this study was to determine its usefulness for long-term carcinogen studies. A
specific goal of the study was to determine if estradiol (E2) alone can restore carcinogen-
induced tumorigenesis or if P4 is also required with this method. Short-term studies were con-
ducted to determine the oral dose of E2 that was estrogenic, which was then used for a long-
term study. Results indicated that long-term peroral hormone replacement following OVX
leads to physiological levels of E2 that are sufficient to restore tumorigenesis in response to
NMUwithout P4.

Materials andMethods
All animal procedures were approved by the Rutgers University Institutional Animal Care and
Use Committee according to NIH guidelines. All surgery was performed under isoflurane gas
and all efforts were made to minimize suffering.During surgery, animals were given Bupiva-
caine (Henry Schein; Dublin, OH) as a local anesthetic. Post-operative care included local
administration of Buprenex (Henry Schein) as a local analgesic followed by daily monitoring
for two weeks. For tumor development studies, animals were sacrificed if their tumor volume
(as measured by S2 � L/2 where S and L are the shortest and longest diameter in mm, respec-
tively) exceeded 10% of body weight or the mean tumor diameter exceeded 40 mm.
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Preparation and Administration of Hormones
E2, E2 benzoate (EB), and P4 (Sigma-Aldrich; St. Louis, MO) were independently dissolved
in ethanol prior to dissolution in sesame oil (Sigma-Aldrich) at a concentration of 600 μg/ml
(E2 or EB) and 15 mg/ml (P4). Equivalent volumes of ethanol without hormone were added
to sesame oil to serve as the vehicle control for each hormone. Body weights were obtained
prior to feeding each day and used to determine the appropriate volume of hormone to
administer to each animal. Each day the appropriate volume of hormone or vehicle was
mixed into approximately 4 g of peanut butter (Skippy Natural Peanut Butter) placed on 2x2
inch squares of parchment paper. Each animal was offered two allotments of peanut butter to
achieve the appropriate treatment combination e.g. E2 and vehicle, P4 and vehicle, E2 and P4,
or vehicle and vehicle. The animals had access to the treatment until the next day when old
papers were removed and new treatments were given. Hormone consumption was evaluated
each morning before administering new treatments based on visualization of whether the
paper was completely devoid of peanut butter (all), peanut butter was partially consumed
(partial), or appeared the same as it had when hormones were introduced the previous day
(none).

Pilot Studies to DetermineDose of EB
Female Sprague Dawley rats (Charles River;Wilmington, MA) arrived on post-natal day
(PND) 28 and were housed in a controlled environment with ad libitum access to food (Purina
Mills Lab Diet; St Louis,MO) and water. To acclimate animals to the peanut butter, rats were
offered peanut butter without treatment 2 hours after lights on each morning beginning on
PND 35. Groups were normalized by body weight prior to surgeries, which were performed on
PND 40 or 41. Bilateral ovariectomy (OVX) or sham surgery was carried out under isoflurane
gas. Surgical procedures were performed using the aseptic no-touch technique. Hormone treat-
ments were started the day after surgery. Since the half-life of E2 in serum is only 2 to 8 hours
[11, 12], EB was chosen due to its longer half-life. For the first pilot study, OVX rats were
divided into three treatment groups (n = 4): 1) EB (150 μg/kg/day); 2) EB + P4 (15 mg/kg/day);
and 3) vehicle. A fourth group was given vehicle following sham surgery (n = 4). In the second
pilot study, OVX rats were divided into 3 treatment groups: 1) EB (300 μg/kg/day; n = 5); 2) EB
(600 μg/kg/day; n = 5); and 3) vehicle (n = 3) with a fourth group that received vehicle follow-
ing sham surgery (n = 3). After 10 days of treatment, rats were sacrificedby rapid decapitation.
The uteri were excised and defatted then weighed. For sham animals, ovaries were removed
from the uterine horns prior to weighing.

NMUTumor Study
Rats arrived from Charles River on PND 28 and were housed and maintained as described
above. Groups were normalized by body weight on the day of surgery performed on PND 40
or 41. OVX rats were subsequently treated with EB (600 μg/kg/day; n = 8), P4 (15 mg/kg/day;
n = 7); EB + P4 (n = 8); or vehicle alone (OVX; n = 8) starting the day after surgery. A 5th
group was given vehicle following sham surgery (Sham; n = 8). On PND 50, rats were injected
I.P. with 50 mg/kg NMU (Sigma-Aldrich). All injections were completed within one hour
of dissolving NMU in sterile 0.9% saline (pH 4). Rats were palpated for tumors biweekly
starting 4 weeks post-NMU injection and measured using a Vernier caliper. Tumor volume
was measured and calculated as described above. Body weights were recorded biweekly.
Rat chow was kept in hoppers for the duration of the study to monitor food consumption
biweekly. Blood was taken from the lateral tail vein 4, 8, and 12 weeks after NMU injection 3
to 5 hours after hormones were offered. Several animals were sacrificed early because their
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tumor volumes exceeded 10% of their body weight. This included two rats from the group
treated with EB/E2 (E) (sacrificed 13 and 25 weeks post NMU), one rat from the E + P4
group (sacrificed 24 weeks post NMU) and one rat from the Sham group (sacrificed 16 weeks
post NMU). Remaining rats were sacrificed by rapid decapitation twenty-six weeks after
NMU injection. Tumors were excised and stored in 10% neutral buffered formalin (NBF).
Pelts were removed then stretched, pinned to a wooden board, and submerged in 10% NBF.
Uteri were excised, fat was removed, and uteri were weighed. For Sham animals, ovaries were
removed from the uterine horns prior to weighing. Images of the uteri were taken prior to
storage in 10% NBF.

SerumE2 Levels
Blood taken from the lateral tail vein was allowed to clot for 30 minutes at room temperature
then spun at 1500 x g for 10 minutes at 4°C. Serumwas collected and stored at -80°C until fur-
ther analysis. E2 levels were determined using an ELISA following the manufacturer’s direc-
tions (Calbiotech; Spring Valley, CA). All samples from the E only and E + P4 groups were
analyzed, while a subset of Sham animals were included for comparison. For OVX animals,
sera from individual animals were combined to generate four pools for analysis.

MammaryGlandWholeMount Analysis
After fixing pelts in 10% NBF for at least 10 days, the left fourth inguinal mammary gland was
dissected away from the skin, stretched on slides, and allowed to air-dry for 30 min. If this
gland contained a tumor, the contralateral gland was used for analysis. Glands were then rehy-
drated in 70%, 50%, and 25% ethanol, placed in H2O for 5 min, and stained in carmine alum
for 1–2 days (Sigma-Aldrich). After staining, slides were dehydrated in 70% and 95% ethanol
followed by xylene. Glands were cleared in toluene for 1–6 weeks after dehydration to remove
excess fat then air dried for 30 minutes before mounting in SealPAK pouches (Kapak; Minne-
apolis, MN) with cedar wood oil (Acros; Geel, Belgium).Whole mounts were imaged using a
Nikon DS-Fi1 camera (Nikon; Melville, NY) with NIS Elements software (Nikon). The length
of the mammary parenchyma was measured using the straight line function in FIJI Is Just Ima-
geJ (FIJI) [13] from the far edge of the lymph node to the most distal point of the ductal struc-
ture of the gland. To enhance magnification, glands were viewed and images taken using a
LeicaMDG41 stereomicroscope (Leica; Buffalo Grove, IL).

Tissue Histology
Fixed tumor and uterine tissues were dehydrated, cleared, and embedded in Paraplast using
facilities located in the Histopathology Core of the Environmental Occupational Health Sci-
ences Institute at Rutgers University. Samples were sectioned at 6 μm and placed on slides.
For uteri, cross sections were obtained. Slides were baked for 15 minutes at 60°C, followed by
deparafinization in xylene and rehydration in decreasing concentrations of ethanol. Slides
were stained with hematoxylin and eosin then mounted with Permount. A toxicological
pathologist, who was blind to treatment, viewed tumor slides to determine whether the
tumors were adenomas or adenocarcinomas based on the most malignant portion of each
tumor following previously defined criteria [14]. Uteri were scored to quantitate the grade
(0–3) and stage (0–3) of metaplasia, which were added together to obtain an overall score.
Representative images of 0+0, 1+1, 2+2, and 3+3 were taken using an Olympus FSX100
microscope (Olympus; Waltham, MA).
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Immunohistochemistry (IHC)
Fixed tumor tissue was dehydrated, cleared, and embedded as describedabove. Slides were baked
at 55°C for 30 minutes, deparaffinized in xylene, and rehydrated in decreasing concentrations of
ethanol. Antigen retrieval was performedby boiling slides in 0.01 M sodium citrate buffer for 30
minutes then cooled at room temperature to 45°C before proceeding.
For Ki67, tissues were blocked in normal donkey serum (Santa Cruz Biotechnology;Dallas,

TX) for 30 minutes at room temperature. Samples were incubated overnight at 4°C with either
rabbit-Ki67 primary antibody (1:100, ab16667; Abcam; Cambridge, MA) or rabbit primary
antibody isotype control (Life Technologies; Grand Island, NY), which served as a negative
control on each slide. The following day the tissues were incubated with Alexafluor 488 labeled
donkey anti-rabbit secondary antibody (Life Technologies) for 60 minutes at room tempera-
ture. Slides were counterstained with DAPI (Life Technologies) then mounted with Prolong
Gold Antifade (Life Technologies).
For estrogen receptor α (ERα) and P4 receptor (PR), endogenous peroxidase activity was

blocked using 3% H2O2 for 10 minutes. ERα sections were blocked with normal goat serum
(Vector Laboratories; Burlingame, CA) following the manufacturer’s directions while PR was
blocked with normal horse serum (Vector Laboratories) in a 1:1 dilution. Rabbit ERα primary
antibody (MC20; Santa Cruz Biotechnology)was diluted in 1% BSA to 1:500 whileMouse PR
primary antibody (MS-197-P0; ThermoScientific)was diluted in PBS + 0.1% triton to 1:300.
Rabbit and mouse primary antibody isotype control served as negative controls for ERα and
PR, respectively. Secondary antibodies were applied according to manufacturer’s directions fol-
lowed by development in 3,3'-diaminobenzidine (Sigma-Aldrich). Slides were counterstained
with hematoxylin, dehydrated with increasing concentrations of ethanol followed by xylenes,
then mounted using Permount.
For all IHC, tumor sections were viewed and five representative pictures were taken at ran-

dom from one section per tumor using an Olympus FSX100 microscope at 20X magnification.
Ki67 pictures were taken with the same exposure settings for all samples using green and blue
fluorescence channels to visualize antibody staining and nuclei location, respectively. For ERα
and PR, pictures were taken using bright field setting.
The amount of Ki67 staining per nuclei was calculated using previously describedmethods

[15]. ERα and PR were analyzed using the color deconvolution plug-in of [13]. Briefly, images
were split into brown and purple images using the H DAB vector. Mean grey density was deter-
mined from the brown image then converted to optical density using the equation OD = log
(255/mean grey density), where 255 is the maximum intensity for 8-bit images. OD values
from the 5 separate images per tumor were averaged to give a tumor OD. For animals with
multiple tumors, Ki67 staining or ERα and PR OD values for all of their tumors were averaged.

Statistical Analysis
Body weights were analyzed using a repeated measures ANOVA followed by a post hoc Bon-
ferroni-Dunnmultiple comparison tests through 13 weeks when the first rat was sacrificed.
Body weights were also analyzed on the final day of the study by one-way ANOVA with New-
man-Keuls post hoc analysis. Uterine weights, tumor burden, and mammary gland length were
analyzed using a one-way ANOVA with Newman-Keuls post hoc analysis. Tumor incidence
was analyzed using a Mantel-Cox Log-rank test. Tumor type was analyzed using a Chi-square
analysis. Uterine score, Ki67 expression, ERα expression, and PR expression were analyzed
using a Kruskal-Wallis test with Dunn’s Multiple Comparisons posttest or a Mann Whitney
test. GraphPad Prism version 5.0 (La Jolla, CA) was used to perform statistical analyses and
p� 0.05 was considered significant.
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Results

Short-termStudies
To determine the dose of peroral EB that would restore E2 to physiological levels in OVX ani-
mals, two short-term studies were conducted using uterine weights as a measure of estrogeni-
city. As expected, uterine weights in the OVX group were less than those in the sham group ten
days after surgery in both studies. In the first study, 150 μg/kg/day EB alone or in combination
with 15 mg/kg/day P4 was unable to restore uterine weights over OVX (Fig 1a). In the second
study, daily treatment with 300 μg/kg EB perorally was unable to rescue the decrease in uterine
weight caused by OVX, while the 600 μg/kg dose increased uterine weight over OVX (p< 0.05;
Fig 1b). Therefore, the 600 μg/kg daily dose was chosen for the long-term tumor study.

Long-termNMUStudy
Hormone Consumption. Rats were OVX on PND 40 and treated daily with hormones

until 26 weeks post NMU injection. Hormone consumption over the first five weeks of the
study revealed that animals treated with EB (either alone or in combination with P4) consumed
“partial” or “none” of both of their treatments while animals treated with vehicle alone or with
P4 licked their papers clean each day. The observation that animals consumed the entire

Fig 1. Themost effectivedose of EB for peroral administration followingOVX is 600 μg/kg/day. Uteri
were excised and uterinewet weights were determined at sacrifice (for Sham animals, ovaries were removed
prior to weighing). Uterineweights are expressed as mean ± SEM, p < 0.05, one-way ANOVA; Newman-
Keul’s posttest; different letters denote significant difference. (a) In the first short-termstudy, uterineweights
of hormone-treated rats were not different fromOVX (n = 4). (b) In the second study, 600 μg/kg/day EB
increased uterineweight over OVX (n = 5, 3, and 3 for EB treated, Sham, and OVX animals respectively).

doi:10.1371/journal.pone.0162662.g001
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vehicle or P4 treatments suggested that the animals had a taste aversion to either the E2 or ben-
zoate component [16] of the EB. Therefore, animals treated with EB were switched to E2 start-
ing 4 weeks post NMU. This change did not seem to correct the problem as animals treated
with E2 + vehicle or E2 + P4 continued to consume partial hormone for the remainder of the
study.

Uterine and BodyWeights. Uteri from Sham animals and animals treated with E or E
+ P4 appeared normal and were similar upon visual inspection.Uteri from OVX animals
treated with or without P4 were atrophied and visually indistinguishable from each other (Fig
2a). As expected, uterine weights were significantly decreased in OVX compared to Sham ani-
mals (Fig 2b). Treatment with E or E + P4 increased uterine weights over OVX while treatment
with P4 alone did not affect uterine weight (p< 0.05; Fig 2b). Body weights of OVX and P4
only groups were different from those of Sham beginning at 4 and 7 weeks post NMU injection,
respectively (p< 0.01), while those of E only and E + P4 were not different from Sham controls
through 13 weeks post-NMU injection when the first animal (of four total) needed to be sacri-
ficed early due to large tumor size (p< 0.05; Fig 2c).

SerumE2. To monitor serumE2 levels, bloodwas collected from rats via the lateral tail
vein from all animals beginning either 3 or 5 hours after hormones were administered at 4, 8

Fig 2. Long-termdaily peroral E treatment is physiologically active.At sacrifice, uteri were excised and
weighed. Images of uteri were taken before storage in 10%NBF. (a) Representative images of uteri from
each treatment group. (b) Uterineweights were reduced in OVX rats treatedwith vehicle but increasedwith E
or E + P4 treatment.P4 alone was unable to restore uterineweights. Uterineweights are expressed as
mean ± SEM; n = 8, 7 for P4 only; p < 0.05, one-way ANOVA; Newman-Keul’s posttest; different letters
denote significant difference. (c) Rats were weighed biweekly for the duration of the study. Long-term
exposure to E or E+ P4 resulted in body weights that were similar to those of Sham controls. Daily treatment
with P4 did not prevent weight gain following OVX. Body weights are expressed as mean ± SEM, n = 8, 7 for
P4 only; repeatedmeasuresANOVA through the first animal sacrifice at 13 weeks post NMU (PND 148)
(treatment: p < 0.01) with Bonferroni-Dunn multiple comparisons test (* start of p < 0.05 for OVX, # start of
p < 0.05 for P4 only; compared to Sham). The patternpersisted in the remaining animals at the end of the
study (p < 0.05, one-way ANOVA, Newman-Keul’s posttest).

doi:10.1371/journal.pone.0162662.g002
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and 12 weeks post-NMU injection. Serum from E only and E + P4 groups was analyzed at all
time points while a subset of samples from Sham animals and serum pools fromOVX animals
were assayed for comparison. The interquartile range of E2 levels of Sham and OVX were 3.5
to 14.2 pg/ml and 3.6 to 7.0 pg/ml, respectively. The interquartile range of serumE2 levels for
the E only group was 17.2 to 61.4 pg/ml and 14.5 to 60.8 pg/ml for the E + P4 group (Fig 3).

Uterine Histology. Since serumE2 values of animals treated with E were elevated over val-
ues of Sham controls, uterinemorphologywas analyzed to determine if there were any abnor-
malities induced by E2 treatment. P4 only and OVX animals were not included in the analysis
since their uteri were atrophied and did not display any metaplasia. Visual observationof uterine
sections from E only, E + P4, and Sham animals revealed epithelial metaplasia that was extensive
in some samples and less apparent in others. To quantify the changes, a toxicological pathologist
determinedhow extensive the injury was (stage) and how disorganized the cells were (grade).
Representative images are presented in Fig 4. Stage and grade were added together to give an
overall uterine score and scores were compiled by group. There was more extensive uterinemeta-
plasia in the E only group compared to Sham (p< 0.05). The metaplasia in the E + P4 group
tended to be less extensive than in the E only group, but still more extensive than in Sham group.

MammaryGlands. Since E2 and P4 are important for normal mammary gland growth
and maintenance, mammary gland whole mounts were prepared and imaged to analyze mor-
phology. As expected, the ductal structures of the glands in the Sham group extended to the
end of the fat pads with branching and alveolar buds appropriate for adult virgin animals (Fig
5a). The mammary glands of animals treated with E or E + P4 appeared similar (Fig 5b and
5c). The glands from the OVX and P4 groups were indistinguishable from one another and
exhibited very thin ducts and lacked alveolar buds (Fig 5d and 5e). Parenchyma of mammary
glands fromOVX ± P4 animals did not extend as far into the fat pad relative to the paren-
chyma of the Sham and E or E + P4 glands (Fig 5f and 5g).

Tumor Development. To determine the influence of long-term peroral hormone treat-
ment on mammary tumor development, rats were injected with NMU on PND 50. Tumors
were palpated biweekly and tumor incidence was calculated (Fig 6a). The first tumors appeared

Fig 3. SerumE2 levels are elevated with peroral hormone treatment.Blood samples were drawn from
the lateral tail vein 5, 3, and 5 hours after treatmentswere presented4, 8, and 12 weeks after NMU injection,
respectively. Blood draws from all animals were completed within 2 hours on each of the three days. Serum
was analyzed using an E2 ELISA (Calbiotech). Blood from one animal in the 12-week E only group and one
animal in the 8-week E + P4 group hemolyzed, thus these sampleswere not included in the analysis. All
values fromE and E + P4 animals are presented to demonstrate the range of serumE2 across animals and
treatmentswhile a subset of Sham animals and serumpools fromOVX animals were included for
comparison. Horizontal lines indicatemean values for each time point.

doi:10.1371/journal.pone.0162662.g003
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6.5 weeks post NMU injection in E only, E + P4, and Sham groups. There was no difference
between tumor incidence in E only, E + P4, or Sham groups 26 weeks post NMU injection.
There tended to be an increase in tumor latency in the E only group. One tumor developed in
the OVX group 8.5 weeks post NMU injection. All tumors were adenomas or adenocarcino-
mas. Interestingly, there was a significant difference in tumor type by treatment group with E
and E+ P4 treated groups developing more malignant tumors (p< 0.05; Fig 6b). Autopsy

Fig 4. Treatment with E leads to increaseduterinemetaplasia in treated animals. Cross sections of uteri were stainedwith hematoxylin
and eosin. A toxicological pathologist staged and graded the slides from 0–3 for each category leading to scores of stage + grade, specifically
focusing on the uterine lumen (arrows) and not on dilated ducts (arrow heads). Images are representative of 0+0 (relatively normal), 1+1, 2+2,
and 3+3 respectively. The larger imageswere taken at 20Xmagnification and the inset at 4Xmagnification. Scores were derived by adding
stage and grade to get a final score of 0–6. P4 only and OVX animals were not included in analysis as all uteri were atrophied and not
metaplastic. Uterine scores are expressed as mean ± SEM; n = 8; p < 0.05, Kruskal-Wallis test with Dunn’s MultipleComparison’s posttest;
different letters denote significant difference.

doi:10.1371/journal.pone.0162662.g004

Fig 5. Mammary gland development of E and E + P4 treated animals is similar to Sham controls.Representative images of whole
mounts (4Xmagnification) demonstrated ductal thickness was similar in Sham (a), E only (b), and E + P4 (c) while the overall morphology of
glands was similar betweenOVX (d) and P4 only (e) with thinner ducts relative to the other groups. The length of the mammary gland
parenchyma was measured from the lymph node to themost distal edge of the ducts using FIJI as shown in (f). The parenchyma fromSham,
E only, and E + P4 glands exhibited similar ductal lengthswhile OVX and P4 only were shorter (g). Mammarygland length is expressed as
mean ± SEM; p < 0.05, one-way ANOVA; Newman-Keul’s posttest.

doi:10.1371/journal.pone.0162662.g005
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Fig 6. Peroral treatmentwith E and E + P4 afterOVX results in similar tumor incidence but more
adenocarcinomas followingNMU relative to Sham. (a) Rats were OVX on PND 40, injectedwith NMU on
PND 50, and palpated biweekly for the appearance of tumors. There was no difference in tumor incidence
between E, E + P4 and Sham but all three groups were different fromP only and OVX, which were not
different from one another (p < 0.05, Mantel-Cox Log-rank test). (b) Tumor type was classified by a
histological pathologist as adenomaor adenocarcinoma based on themost malignant part of each section.
The effect of treatment on tumor type was analyzed using a Chi-square analysis (* p < 0.05). (c) Tumors were
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revealed that the single OVX animal that presented with a tumor was the only animal that had
large metastases to the lungs which was confirmed by histological examination. Total tumor
burden was calculated by adding the volumes of individual tumors for each animal. There was
no difference in total tumor burden although the E only group tended to have a greater burden
than the E + P4 group or the Sham group (Fig 6c).

Tumor IHC. Ki67 was analyzed as a marker of proliferation and ERα and PR were
assessed to determine hormone receptor status. Representative images of low and high expres-
sion levels for each marker are shown in Fig 7. There were no significant differences in Ki67
staining between the Sham, E only, and E + P4 groups, although the E only group tended to be
lower (Fig 7c). Similarly, there were no significant differences between groups for expression of
ERα (Fig 7f). There was no significant difference in PR expression between the three treatment

measuredwith a Vernier caliper themorningof sacrifice. To calculate tumor burden, the volume of each
tumorwas added together per animal. Therewere no differences in tumor burden among treatment groups.

doi:10.1371/journal.pone.0162662.g006

Fig 7. Treatment of OVX animals with E or E + P4 results in tumors with similar proliferation indices and receptor status relative to
tumors from Sham controls.Ki67, ERα, and PR IHCwas performed andmeasured as described. Images depicting low (a, d, g) and high
(b, e, h) expression of Ki67, ERα, and PR are presentedwith corresponding scores in the bottom left corner of each image. Therewere no
differences in Ki67 or ERα expression between treatment groups. Animals treatedwith E + P4 hadmore PR expression than animals
treatedwith E alone (Mann-Whitney test comparingE only to E + P4, p < 0.05).

doi:10.1371/journal.pone.0162662.g007
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groups. However, comparing PR expression between E vs. E + P4 indicated expression was
greater in animals treated with E + P4 compared to those treated with E only (MannWhitney
test, p< 0.05; Fig 7i). Sham animals had PR expression that fell in the range of the E only and
E + P4 groups. The tumor from the OVX animal had one of the highest Ki67 expression levels
and the lowest ERα and PR expression (data not shown).

Discussion
The goals of this study were two-fold: (1) to determine if tumors can be induced using peroral
hormone administration as previous carcinogen studies usedmethods that resulted in supra-
physiological levels of hormone or induced stress [4] and (2) to determine if estrogens alone
can drive carcinogen-induced tumorigenesis in OVX rats in the absence of P4 using this
method of hormone administration. Peroral administration represents a stress-freemethod to
administer hormones that mimics oral hormone ingestion, the most commonmethod of HRT.
Oral administration produces a hepatic ‘first-pass’ effect, resulting in extensive metabolism of
the hormones as well as stimulation of hepatic factors [6, 7, 17]. These first-pass effects could
potentially impact tumorigenesis as they do for cardiovascular and venous function [6, 7, 17].
Therefore peroral administration provides a method of hormone delivery that mimics oral
HRT in terms of both the high doses of steroids initially presented to the liver as well as ulti-
mate bioavailability to other tissues. In the current study, body weights and uterine weights
following six months of peroral hormone administration indicated that hormones were biolog-
ically active over an extended period of time.
Pilot studies were necessary to ensure the dose of E chosen would be sufficiently estrogenic

[18]. Previous short-term studies with peroral administration used a lower dose of E2 (28 μg/
kg/day) that was unable to restore uterine weights [4]. Generally, higher doses are required for
peroral administration since first pass through the liver and gut decreases overall bioavailability
[6, 19, 20]. In the present work, only the 600 μg/kg dose increased uterine weights over the
OVX animals in a short-term ten-day study and was therefore used for the long-term study.
While peroral feeding of nut butter has been examined as a usefulmethod of hormone

administration, this is the first long-term study to examine its effectiveness in a carcinogenic-
inducedmodel of tumorigenesis. After a little over a month of feeding, rats treated with EB (E
only and E + P4 groups) did not consume all of their treatments and were thus switched to E2
for the remainder of the study with the thought that they had a taste aversion to benzoate, a
molecule that has been shown to have a bitter taste [16]. Switching to E2 did not help with con-
sumption, which may have occurred due to an aversion to the taste of E2 or perhaps more
likely because the animals had already developed a taste aversion to any treatment in peanut
butter. Interestingly, serumE2 levels did not correspond with the pattern of feeding that was
observed. It is possible that transdermal exposure from the lipophilic peanut butter infused
with hormones increased exposure over peroral consumption alone. In future studies, it would
be helpful to do short-term, 4-week studies on taste aversion before beginning a long-term
study. However, based on long-termmeasures of estrogenicity including uterine weights,
body weights, and uterine histology, animals treated with E were exposed to sufficient levels of
hormone.
To ensure E2 levels were elevated despite a lack of complete consumption, serumE2 levels

were measured at three separate time points. The interquartile range of serum levels in E-
treated animals ranged from 17.2 to 61.4 pg/ml in the E only group and 14.5 to 60.8 pg/ml in
the E + P4 group across the three time points. Previous studies have shown that intact animals
sacrificedduring estrus or proestrus have serumE2 levels ranging from 2.4 to 145.4 pg/ml [4,
21]. E2 levels in serumof Sham animals in the current study had an interquartile range of 3.5
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to 14.2 pg/ml while those of OVX animals ranged from 3.6 to 7.0 pg/ml. The ELISA used in the
present work has been reported to be the most accurate and sensitive compared to other com-
mercially available assays for rodent serum [22]. Interestingly, similar to the present results,
this assay could not distinguish between Sham and OVX animals based on E2 serum levels in
animals that were not specifically determined to be in proestrus [22]. Therefore, while the val-
ues reported here for E-treated animals were higher than those of Sham controls in this study,
the levels were generally within a physiological range.
Since weekly E2 values represented a single time point for each animal, other endpoints

were evaluated to better assess the physiological relevance of the dose used in this study. OVX
causes rats to become hyperphagic and increases positive energy balance leading to increased
weight gain compared with sham operated animals [23]. Treatment with E2 reduces body
weight gain [24–26] while P4 alone has no effect on body weight following OVX [27]. Similar
results were found in the present study, indicating long-term efficacy of the E treatment.
Uterine weights in the long-term study followed those of the short-term study where OVX
decreased uterine weight and treatment with E rescued it. Uterine histology was evaluated as a
more sensitive marker of estrogenicity. Uteri were sectioned and stained with H&E to analyze
cellular endpoints including luminal epithelial height and gland number [28]. This analysis
indicated that uteri did not have a normal histology and exhibited differing levels of metaplasia.
While uterine metaplasia in response to NMU has been previously described [29], the meta-
plastic response was greater in OVX animals treated with E alone relative to Sham controls in
the present study. As expected, treatment with E + P4 tended to decrease the metaplasia
induced by E alone. These results suggest that a lower dose of E might have been sufficiently
estrogenic in a long-term study without inducing uterine metaplasia.
In the present study, mammary gland morphology in OVX animals was maintained with

either E or E + P4 treatment. Interestingly, there was not an obvious difference between the
two treatments, although again a larger sample size maybe required to detect subtler differ-
ences. Mammary gland morphology was not maintained with P4 alone, indicating that there
is an absolute requirement for estrogens. Similar results were reported in a recent study that
examined E2 ± dydrogesterone (DG) using a similar method of hormone administration.
Histological analysis of mammary glands revealed that DG did not reverse the atrophic mor-
phology observed in OVX rats, however, treatment with E2 with or without DG resulted in
mammary glands similar to those of sham controls [30]. While the measurement included
here was a qualitative overviewof mammary gland morphology, these results are interesting
as previous research has indicated that E2 is required for pubertal mammary gland develop-
ment but P4 is also required for mammary gland maintenance during adulthood in mice
[31].
A clear role for estrogens is indicated by studies showing that treatment with tamoxifen or

AIs leads to tumor regression [3, 32]. However, this experimental paradigm does not determine
whether P4 is also required for tumorigenesis nor does it consider the role of the dose or timing
of hormone administration. Considerable data supports a proliferative role for P4 in the nor-
mal mammary gland [33, 34], however, its role in breast cancer is controversial [34, 35]. The
Women’s Health Initiative showed that conjugated equine estrogens (CEE) and medroxypro-
gesterone acetate (MPA; a synthetic progestin) act synergistically to promote breast cancer
compared with CEE alone [36, 37], leading to the hypothesis that P4 increases breast cancer
risk. Subsequent studies focusing on the timing of administration and the effects of different
types of progestogens [38, 39] indicate that certain progestins may increase breast cancer risk
but native P4 may not. These epidemiological studies have increased recognition of the com-
plexities of P4’s role in breast cancer and the need to further elucidate the interactions between
estrogen and P4.

Effects of Peroral Hormoneson Carcinogen-InducedMammaryTumorigenesis

PLOSONE | DOI:10.1371/journal.pone.0162662 September 9, 2016 13 / 17



Interestingly, few studies have used ovarian ablation and hormone replacement to answer
these questions and those that have been performed have shown varying results. In the present
study, tumor incidence was similar between Sham, E and E + P groups, indicating that contrary
to previous research using a chemical carcinogen in an OVX rat model [9, 10], estrogens alone
can fully restore tumorigenesis. Tumors failed to develop in response to NMUwhen 26–30 mg
of E2 was administered to OVX rats using silastic tubing. Tumors did develop in animals
treated with estrone and tumor incidence nearly doubled when P4 was also included [10]. The
authors attributed the lack of an effect of E2 to the high dosage administered based on reports
that high levels of E2 and P4 (similar to levels seen in pregnancy) around the time of NMU
administration prevent mammary tumor development in intact rats [40, 41]. The reason for
the difference in tumor burden with E2 versus estrone was unresolved. In contrast to findings
of Bigsby [10], tumors did form in response to DMBA following ovarian ablation and replace-
ment with daily gavage feeding of 100, 300, or 900 μg/kg/day E2 or daily intravenous adminis-
tration with 0.4, 10 or 250 μg/kg/day E2; however, total tumor burden was not restored to that
of sham animals [42]. The combination of E2 and P4 was not examined in this study and there
was no relationship between the dose and tumor incidence [42]. The differences between our
study and previous studies might be attributed to the level of circulating hormones achieved by
treatment, which were not monitored in previous studies. Alternatively, the timing of hormone
administration could influence tumor development. Specifically, silastic tubing provides a con-
stant slow release of hormone while peroral treatment gives a daily pulse of hormone, which
better mimics the cyclic fluctuations in steroids. In future studies it would be worthwhile to
compare multiple types of hormone administration to better understand hormone kinetics and
their effects on long-term physiology.
Overall tumor burden, tumor multiplicity, and tumor phenotype also did not differ between

the Sham, E and E + P4 groups. Differencesmay be masked by the small sample size which was
reduced evenmore by the fact that not all animals in each group developed tumors. While
gross tumor parameters did not differ between these groups, E-treated animals tended to have
a delay in tumor onset (i.e. latency) indicating that P4 may play a role in tumor initiation or
enhancing tumor promotion. Animals treated with E or E + P4 had more adenocarcinomas
than the Sham group suggesting the elevated levels of hormone may increase malignant poten-
tial of these tumors. Interestingly, tumors from the E + P4 group tended to have increased PR
expression compared to the E only group. In the normal mammary gland, treatment with P4
downregulates expression of PR [43]. However, tumors do not always respond to hormones in
a similar manner as the normal gland. For example, cells that express ERα and PR are limited
and do not typically divide, but act in a paracrinemanner to stimulate the division of neighbor-
ing cells [44, 45]. Luminal breast tumors have increased levels of ERα and PR and the cells that
express these receptors also divide. The switch from paracrine signaling to autocrine signaling
is an active area of research.
In conclusion, E treatment alone was found to be sufficient for restoration of carcinogen-

induced tumorigenesis whenOVX rats were given replacement hormone perorally. Endpoints of
E2 efficacydemonstrate the usefulness of this approach in terms of providing a low-stress method
of hormone administration that can be used to achieve circulating concentrations of physiological
levels of hormones. This model will be useful in future studies designed to understand the effects
of combinations of progestogens and estrogens on mammary tumor development.
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