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Abstract There is an ongoing debate whether the intake
of soy-derived isoflavones (sISO) mediates beneficial or
adverse effects with regard to breast cancer risk. Therefore,
we investigated whether nutritional exposure to a sISO-
enriched diet from conception until adulthood impacts on
178-estradiol (E2)-induced carcinogenesis in the rat mam-
mary gland (MG). August-Copenhagen-Irish (ACI) rats
were exposed to dietary sISO from conception until post-
natal day 285. Silastic tubes containing E2 were used to
induce MG tumorigenesis. Body weight, food intake, and
tumor growth were recorded weekly. At necropsy, the num-
ber, position, size, and weight of each tumor were deter-
mined. Plasma samples underwent sISO analysis, and the
morphology of MG was analyzed. Tumor incidence and
multiplicity were reduced by 20 and 56 %, respectively,
in the sISO-exposed rats compared to the control rats.
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Time-to-tumor onset was shortened from 25 to 20 weeks,
and larger tumors developed in the sISO-exposed rats. The
histological phenotype of the MG tumors was independ-
ent of the sISO diet received, and it included both comedo
and cribriform phenotypes. Morphological analyses of
the whole-mounted MGs also showed no diet-dependent
differences. Lifelong exposure to sISO reduced the over-
all incidence of MG carcinomas in ACI rats, although the
time-to-tumor was significantly shortened.
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Introduction

The use of isolated soy-derived isoflavones (sISO) or soy
extracts poses both benefits and risks. A meta-analysis of
epidemiological studies recently found an inverse rela-
tionship between soy consumption and the incidence of
breast cancer in both pre- and postmenopausal women in
Asian countries, yet not in women from Western coun-
tries (Chen et al. 2014). Furthermore, soy consumption
has been associated with a lower recurrence rate of breast
cancer in Chinese women (Shu et al. 2009). Interestingly,
the average daily sISO intake ranges from 20 to 50 mg in
Asian societies versus <1 mg in Western societies (Arai
et al. 2000; Nagata 2010; Magee and Rowland 2012).
Recent studies have demonstrated that the possible benefit
of dietary isolated soy-derived isoflavones (sISO) regard-
ing breast cancer risk depends on the period in life when
exposure occurs. For example, in the Shanghai Women’s
Health Study, the risk of premenopausal breast cancer in
women who consumed a large amount of soy-containing
foods consistently during both adolescence and adulthood
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was significantly reduced, yet a similar effect was not
observed for the risk of postmenopausal breast cancer
(Lee et al. 2009). In another population-based case—control
study, girls that were exposed to soy prepubertally had a
reduced incidence of breast cancer later in life (Shu et al.
2001). Our own studies have shown that the responsive-
ness toward estrogenic stimuli of estrogen target organs in
rats is modified by chronic exposure to sISO, although with
varying effects. For example, while attenuated prolifera-
tive responses were observed in the mammary gland (MG)
epithelium in response to subcutaneous 17p-estradiol (E2)
treatment (Molzberger et al. 2012, 2013; Blei et al. 2015),
an increase in uterine wet weights was found to be induced
via activation of estrogen receptor (ER) o (Moller et al.
2010).

Female August-Copenhagen-Irish (ACI) rats rarely
develop mammary tumors spontaneously. However, perma-
nently elevated endogenous E2 levels can induce mammary
tumors in this model (Shull et al. 1997; Turan et al. 2004).
Therefore, hormonal carcinogenesis of the MG in intact
ACI rats represents a highly relevant model for human
breast cancer. Moreover, estrogen-induced cancers in this
model exhibit aneuploidy, similar to invasive ductal breast
carcinomas in women.

The aim of the present study was to investigate whether
nutritional exposure to a sISO-enriched diet from concep-
tion until adulthood impacts on E2-induced carcinogen-
esis in the female rat MG and whether attenuation of a
proliferative response to E2 treatment can be extrapolated
to E2-dependent carcinogenesis. In addition, the relevant
mechanisms were investigated.

Materials and methods
Soy isoflavone-enriched diets and E2-releasing tubes

Commercially available soy bean extract Novasoy®650
(ADM, Decatur, IL, USA) containing 67.7 % (w/w) sISO
(Blei et al. 2015) was purchased and stored at —30 °C. For
the sISO-enriched diet [sISO aglycone equivalents: ~500
parts-per-million (ppm)], 1.05 g of Novasoy®650 extract
was added to 1.0 kg of R/MH phytoestrogen-free, closed-
formula, natural ingredient diet (Ssniff, Soest, Germany).
As a control, a R/MH phytoestrogen-free diet was used
(Ssniff). The sISO content of each produced lot was exam-
ined for compliance.

Silicone tubes (Trelleborg Sealing Solutions, Stutt-
gart, Germany) 10 mm in length (inner diameter 1.9 mm,;
wall thickness 0.6 mm) were filled with 4 mg E2 (Sigma-
Aldrich, Steinheim, Germany) dissolved in absolute ethanol
(Cohen and Milligan 1993). Following vaporization of the
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alcohol, the tubes were closed by Elastosil® RTV1 silastic
glue (Wacker, Munich, Germany) and were stored at room
temperature. Empty silastic tubes served as controls.

Animal subjects and experimental techniques

All animal handling and experimental techniques have
been approved by the Animal Care and Use Committee
(Registration No.: 24-9168.11-1/2011-7) according to the
Animal Care and Use Committee guidelines regulated by
German federal law for animal welfare and have therefore
been performed in accordance with the ethical standards
laid down in the 1964 Declaration of Helsinki and its later
amendments.

Animals were housed under controlled conditions (12-h
light/12-h dark cycle, 20 = 1 °C, 50-80 % humidity) and
had ad libitum access to food (diet) and water. Breeding
ACI/SegHsd rats (~40 weeks old; ~200 g; Harlan, Eystrup,
Germany) were randomly allocated to receive either the
control or sISO-enriched diet prior to mating. Pregnant
dams were maintained on their established dietary regimen
throughout gestation and the lactation period. Female oft-
spring were maintained under the same established dietary
regimen as their mothers. Six offspring animals were killed
each on PND 21 (prepuberty), PND 50 = 1 (puberty), PND
81 & 2 (adolescence), and PND 97 & 2 (young adulthood).
The greatest number of terminal end buds (TEB) was
observed at PND 50 (Fig. 1a), with 35.0 &= 7.3 TEB for the
dietary sISO group and 44.5 + 10.6 TEB per MG for the
control group. Consequently, PND 50 was designated as
the time point at which to start the E2 treatment. Briefly,
female ACI offspring were randomly divided into two dif-
ferent treatment groups (n = 10/group) and were main-
tained on the diet received since conception. One group
was implanted with two 4mg E2-containing silastic tubes
on PND 45 and PND 175, while the second group was
implanted with empty silastic tubes at the same time points.
Prior to implantation, the rats were lightly anesthetized
by O,/CO, (1:1) inhalation. The implants were inserted
between the scapulae through a skin incision which was
subsequently closed with a wound clip.

Palpation to detect tumors and assessments of body
weight and food intake were performed weekly for the
duration of the study (36 weeks). The dates for the appear-
ance and location of each tumor were recorded. Rats were
euthanized when the mammary tumors reached more than
2 cm? in size, when the animals exhibited extreme body
weight loss (or other signs of poor health status), or at the
end of experimental period on PND 285. Specific growth
rates (SGRs) were estimated from tumor volume meas-
urements during exponential growth using the formula:
SGR = In (V,/V)/(t, — t;) (Mehrara et al. 2007).
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Fig. 1 Morphology of whole-mounted MGs without indications of
palpable tumors. a An age-dependent assessment of the number of
TEB in female ACI rats administered sISO-free or sISO-rich diets.
The number of TEB was significantly reduced in the latter compared
with the former (two-way ANOVA/Tukey; p < 0.002). Significantly
more TEB were also observed on PND 50 compared to the other time
points (two-way ANOVA/Tukey; p < 0.05). b Representative images
of carmine alum-stained PND 285 MG whole mounts at 1.6x and

Blood and tissue collection

Animals were subjected to light anesthesia by O,/CO, (1:1)
inhalation prior to killing by CO, inhalation. After killing
and the recording of the final body weights, blood sam-
ples were collected from the portal vein and transferred to
EDTA-containing collection tubes (Sarstedt, Niimbrecht,
Germany) and stored on ice. In addition, silastic tubes were
recollected for measurement of the unreleased E2.

During necropsy, all of the rats were examined for
the presence and location of mammary tumors. Mam-
mary tumors were quickly removed and their size and

4x. Elongation (c) and area (d) of the epithelial tree in animals from
both diet groups with or without implanted of E2-releasing silastic
tubes on PND 285. The values for each assessed animal are shown
with the arithmetic mean (white square), median (minus), and SD
(whisker) values. A two-way ANOVA/Tukey analysis revealed no sta-
tistical differences between the groups. The horizontal lines represent
the median values, and the vertical lines represent the SDs

wet weights were recorded. Portions of each tumor were
fixed in 4 % formaldehyde for paraffin embedding or
were immediately frozen in liquid nitrogen for molecular
analysis. Unless there was a tumor, the #4 abdominal right
MG was prepared as a carmine alum-stained whole mount
(n = 5-10) (de Assis et al. 2010), while the #4 abdominal
left MG was embedded in paraffin. The #5 abdominal left
MG was directly frozen and stored in liquid nitrogen. Liver,
uteri, and ovaries were also collected, weighed, and stored
in liquid nitrogen. To assess epithelial growth, the distance
from the lymph node to the end of the epithelial tree was
determined with light microscopy (de Assis et al. 2010).
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The area of the epithelial tree was determined with Image
J 1.45s analysis software (National Institutes of Health,
USA).

Quantification of sISO and their metabolites

Levels of sISO in the diets and plasma samples were
measured by liquid chromatography-diode array detection
(Molzberger et al. 2013) and ultra-high-performance lig-
uid chromatography-tandem mass spectrometry (Soukup
et al. 2014), respectively. For the latter, 100 pl of rat plasma
and 5 pl of internal standard solution containing 5 uM
13C,-daidzein and 5 pM '3C;-genistein-7-glucuronide
in DMSO were added to each sample. Briefly, the sam-
ples were diluted with 400 ul of water, and extraction and
analysis were performed (Soukup et al. 2014). The ana-
lytes, daidzein-4’-glucuronide-7-sulfate and genistein-4'-
glucuronide-7-sulfate (Toronto Research Chemicals, North
York, Canada), were also implemented in the UHPLC-MS/
MS method. The measuring conditions used in the sched-
uled multiple reaction monitoring (sSMRM) for these ana-
lytes are provided in Online Resource 1. The limit of quan-
tification (LOQ) and limit of detection (LOD) for all the
analytes in rat plasma are summarized in Online Resource
2.

Quantification of E2 and its metabolites

Amounts of E2 in the silastic implants were quantified by
high-performance liquid chromatography with an ultravio-
let detector (Online Resources 3 and 4). Analyses of E2 and
its metabolites in plasma samples were performed with a
mass spectrometer (Varian 300-MS; Bruker Daltonics,
Bremen, Germany) interfaced with a Varian 450-GC sys-
tem. Plasma levels were quantified using the ratios of the
peak areas of the analytes and their respective deuterated
derivatives (Online Resource 5).

Histological characterization

Sections (3 wm) of paraffin-embedded MG tumors were
stained with hematoxylin and eosin and were examined by
two pathologists (MCB and MHM) blinded to the treat-
ments. Tumors were classified essentially according to
Russo et al. (1990).

Analysis of Ki67 transcript levels

Total RNA was extracted from MGs (Chomczynski and
Sacchi 1987) using the PeqGOLD TriFast™ protocol
(PeqLab, Erlangen, Germany). Following extraction, RNA
samples were treated with Deoxyribonuclease 1 (Roche
Diagnostic GmbH, Mannheim, Germany) and then were
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incubated with MMLV-Reverse Transcriptase (Promega,
Madison, WI, USA) and oligo (dT)18 primers for first-
strand cDNA synthesis. The resulting cDNAs were ampli-
fied with Platinum® TagDNA polymerase (Invitrogen,
Karlsruhe, Germany) using a CXF96 instrument (Bio-Rad
Laboratories GmbH, Munich, Germany), Syerreen® I
(Sigma-Aldrich, Taufkirchen, Germany), and primers for
Rpsi8 (fwd: CGTGAAGGATGGGAAGTATAGC; rev:
TATTAACAGCAAAGGCCCAAAG) and Ki67 (fwd:
AACCAGGACTTTGTGCTCTGTAA; rev: CTCTTTTG-
GCTTCCATTTCTTC). Transcript levels were quantitated
for each animal in duplicate using independently produced
cDNA. Relative gene expression rates were calculated
using the ACy method (Pfaffl 2001).

Ki67 protein expression in MGs without palpable
tumors

Immunohistological staining of Ki67 in MGs without pal-
pable tumors was performed as previously described (Helle
et al. 2014), except that the dissected MGs were fixed in
4 % formaldehyde overnight at 4 °C.

Statistical analysis

Data are presented as the mean =+ standard deviation
(SD). For normally distributed data, differences between
the means were assessed either using one-way, two-way
ANOVA followed by Tukey post hoc test or by Welch’s ¢
test (Origin Pro 9.1 software, Northampton, MA, USA).
Kaplan—Meier curves were generated (Origin Pro 9.1) and
were used to compare tumor onset between the sISO-rich
and control diet groups using a log-rank (Mantel-Cox) test.
Welch’s ¢ test with subsequent p value adjustment after the
Holm multiple comparison test was applied to detect statis-
tically significant differences in the Ki67 mRNA profiles.
SGRs were analyzed with nonparametric Kruskal-Wallis
ANOVA. p values <0.05 were considered significant.

Results
Body and organ weights

There were no significant differences in body weight, food
uptake, or uterine and ovarian wet weights among the
rats that received a sISO-free or sISO-rich diet and were
implanted with control or E2-releasing tubes. However, E2
treatment significantly increased the liver wet weights by
approximately 10 % in both the control (p = 0.037) and
SISO-rich (p = 0.018) diet groups (Table 1). Only one ani-
mal was lost due to spontaneous and severe deterioration of
health.
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Table 1 Organ wet weights
of female ACI rats exposed to
sISO-free or sISO-rich diets and

Experimental groups

Organ wet weights (per kg BW)

implanted with E2-releasing
silastic tubes

Uterus (mg) Ovaries (mg) Liver (g)
sISO-free diet + control tube 2961.5 +456.0 641.4 £107.9 325427
sISO-free diet + E2 tube 3181.9 + 756.6 620.5 £ 155.5 35.5 £ 3.1*
sISO diet + control tube 4119.0 £ 1911.5 7224 +115.0 323+ 1.8
sISO diet + E2 tube 5081.4 + 3853.5 712.1 + 308.5 3554+34"

* p=0.037; " p = 0.018 according to one-way ANOVA/Tukey post hoc test

E2 content in the implanted devices and plasma
samples

To induce the formation of MG tumors, E2-releasing
silastic tubes were implanted. The silastic tubes con-
tained an average of 3.98 & 0.71 mg E2 prior to implan-
tation (n = 14), and 3.11 £ 1.06 mg E2 (n = 12) and
3.50 £ 0.51 mg E2 (n = 16), following retrieval from
the sISO-free- and sISO-fed animals, respectively. In the
plasma samples collected from the rats implanted with the
control tubes, the E2 concentrations were under the LOD or
LOQ for 7/10 samples tested. The remaining three samples
had E2 levels slightly above the LOQ (33 fmol/ml). Rats
fed the sISO-rich diet had average plasma concentration of
67 £+ 27 fmol/ml. When implanted with the E2-releasing
tubes, the average plasma concentration of E2 increased to
242 + 108 fmol/ml (sISO-free diet) and 253 £ 180 fmol/
ml (SISO-rich diet; Online Resource 6).

MG morphology

MG morphology endpoints and growth of the MG ductal
tree have been found to be suitable predictors for the effects
of dietary manipulations early in life on mammary can-
cer risk later in life (de Assis et al. 2010). The MGs of the
rats in both dietary groups exhibited ductal differentiation
with ‘virgin’ morphology on PND 285 when they were
implanted with E2-free tubes. The MG phenotype included
elongated, branched ductal structures that infilled the mar-
gin of the fat pad without transformation of the ductal epi-
thelial cells into lobulo-alveolar arrangements (Fig. 1b).
When the animals were implanted with the E2-releasing
silicone tubes, the appearance of the MG changed to a
‘pregnancy/lactating” morphology with highly differenti-
ated lobulo-alveolar structures (Fig. 1b), while the growth
and area of the MG ductal tree remained largely unchanged
(Fig. 1c, d).

Tumor burden

Mammary tumors only formed in the rats that were
implanted with E2-releasing silicone tubes. In the animals
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Fig. 2 Kaplan—Meier tumor-free survival curves for ACI rats that
received a sISO diet with E2-free (black circle) versus E2-releasing
tubes (black triangle) and a sISO-free diet with control (white circle)
versus E2-releasing tubes (white triangle). Tumor development was
significantly faster for the sISO-rich fed rats than in the sISO-free fed
rats that were implanted with E2-releasing tubes [log-rank (Mantel—
Cox) test; p = 0.00002]

that received a sISO-rich diet throughout their lifetime,
the first tumor was palpable after 20 weeks. In compari-
son, the first palpable tumor in the rats administered the
sISO-free control diet developed after 25 weeks. Most of
the tumors exhibited classical morphological features of
mammary ductal carcinomas, with comedo (in 59 % of
tumors), cribriform (46 %), alveolar (36 %), squamous
(28 %), solid (15 %), and papillary (8 %) phenotypes
observed. Necrotic areas were observed as well (21 %).
Most tumors appeared to be partially encapsulated even
though they were microscopically invasive. The dietary
background of the experimental groups did not affect the
spectrum of histological patterns observed for the induced
tumors (data not shown).

At necropsy, there were no benign tumors or macro-
scopically visible lesions in the regional lymph nodes or
lungs suggestive of metastases. A 50 % incidence of pal-
pable tumors was observed after 26 weeks compared to
31 weeks in the rats receiving the sISO-rich diet versus

@ Springer
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Table 2 Tumor characteristics of ACI rats with lifelong sISO expo-
sure compared to respective controls, and both groups were implanted
with E2 silicone tubes

Tumor characteristics sISO-free sISO diet +
diet + E2 tube  E2 tube

Tumor incidence 8/10 6/10

Total number of tumors 37 12

Tumors per tumor-bearing animal 4.5 + 1.8 2.0+ 1.3*%

Tumor wet weight (g) 3.1 +1.5 7.7+ 4.6

Terminal tumor volume (cm?) 6.8 +4.8 19.0 £ 122

Tumor specific growth rate 0.15+0.11 0.11 £ 0.07

*p =0.018; Welch’s ¢ test

the sISO-free diet (Fig. 2). The difference in the time-to-
tumor appearance was highly significant (p = 0.00002).
The final cumulative mammary tumor incidences at the
end of 36 weeks were 60 and 80 % for the sISO-rich and
sISO-free diet groups, respectively (Table 2). Although
the final incidence of palpable tumors was thus only
slightly reduced in the animals receiving the sISO-rich
diet, tumor multiplicity was reduced by 56 % in this
group compared to the controls (p = 0.018; Table 2).
However, the tumors that grew in the sISO-rich diet
group reached a larger size than the tumors that grew in
the sISO-free diet group (Table 2). In contrast, estimates
of the tumor SGRs from the first appearance of tumor
until killing revealed no significant differences between
the two groups (Table 2).

Proliferation in MGs without palpable tumors

To assess the proliferative response in the MG, levels of
Ki67 mRNA and protein were determined in MGs with-
out indications for palpable tumors. Animals of both
dietary groups that were implanted with E2-free tubes
had low Ki67 mRNA levels and Ki67 labeling index val-
ues (Fig. 3). For rats that were not exposed to sISO and
were implanted with E2-releasing silicone tubes, the
Ki67 mRNA levels increased by ~75 % compared to
their respective controls. However, E2-treated animals
that had received a sISO-rich diet for their lifetime and
were implanted with E2-releasing silicone tubes exhib-
ited a 264 % increase in Ki67 mRNA levels compared to
their control counterparts (p = 0.003; Fig. 3a). A corre-
sponding increase in epithelial cell Ki67 labeling index
values was also observed for the two E2-treated groups
(»p = 0.040 and p = 0.030, respectively). Furthermore,
there was no synergistic effect from a lifelong sISO-rich
diet and chronic E2 treatment observed based on the Ki67
proliferation index values (Fig. 3b, c).
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Dietary sISO content, exposure, and plasma levels

The sISO content of the enriched diet was 476 ppm total
sISO aglycone equivalents consisting of 236 ppm of gen-
istein aglycone equivalents, 195 ppm of daidzein aglycone
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4Fig. 3 Proliferation detected for the MGs of the four experimental
ACI rat groups. a Levels of Ki67 mRNA were determined by qPCR
and were normalized to RpsI8 for the rats that received a sISO-rich
diet or sISO-free diet and were implanted with empty or E2-releas-
ing tubes. Welch’s ¢ test with subsequent p value adjustment after the
Holm multiple comparison test revealed a significant increase in Ki67
mRNA levels in the MGs of the rats that received a sISO-rich diet
and were implanted with E2-releasing silastic tubes (p = 0.003) com-
pared to rats that were implanted with control tubes. Levels of Ki67
mRNA also significantly differed between the MGs of the rats that
received a sISO-free diet versus the sISO-rich diet (p = 0.017) and
between the MGs of the rats that received the sISO-rich diet versus
the sISO-free diet, and each were implanted with E2-releasing tubes
(p = 0.025). The horizontal lines represent the median values, and
the vertical lines represent the SDs. b Representative images of MG
tissue sections from the four experimental groups that were stained
for Ki67 (and counterstained with hematoxylin). The magnifications
used for each panel and the inset panel at the fop left of each are 40x
and 200x, respectively. Scale bar 100 pm. ¢ Epithelial Ki67 labeling
index values for the MGs of each treatment group. Statistical analysis
(two-way ANOVA/Tukey) revealed an E2 treatment-dependent effect
and not a diet-dependent effect (p = 0.003). The values for each
assessed animal are shown with the arithmetic mean (white square),
median (minus), and SD (whisker) values

equivalents, and 45 ppm of glycitein aglycone equivalents.
Moreover, the sISO administered were mainly glucosides
(Blei et al. 2015; Online Resource 7). Age-dependent sISO
exposure was calculated using dietary sISO content, body
weight, and food intake. The average exposure in the off-
spring was 54 mg/kg/day directly after weaning, and this
leveled out to 30 mg/kg/day toward the end of the experi-
ment (data not shown).

In the plasma samples collected at necropsy, daidzein-
7-glucuronide, genistein-7-glucuronide, and equol-7-glu-
curonide were the main metabolites detected (Online
Resource 8). Animals that received the sISO diet and were
implanted with E2-releasing devices or E2-free devices had
total genistein and daidzein aglycone equivalent concentra-
tions of 1936.2 £ 883.6 and 2357.7 £ 347.9 nM, respec-
tively, compared with 8.7 £ 6.9 and 9.0 £ 5.6 nM, respec-
tively, for the sISO-free control rats.

Discussion

The aim of this study was to investigate whether continuous
exposure to a diet containing nutritionally relevant levels
of sISO from conception until adulthood has an effect on
estrogen-dependent carcinogenesis in the female rat MG.
Chronic dietary exposure to sISO reduced the incidence
and multiplicity of MG cancers in E2-treated ACI rats,
while tumor latency was shortened and tumor growth was
enhanced once the tumors were established (Fig. 2). These
data suggest that dietary sISO intake over known sensitive
periods of MG development among them late gestational,
neonatal, and pubertal stages of development protected

against E2-induced breast cancer development, but not
against tumor growth. This is consistent with the findings
that female SD rats developed significantly fewer DMBA-
induced mammary tumors compared with controls when
they were exposed to a diet containing the isoflavone gen-
istein (250 mg/kg) from the time of conception until PND
21 (Fritz et al. 1998). The protective effect of genistein has
also been observed in animals that were only prenatally
exposed to isoflavone genistein (Lamartiniere et al. 2002).
However, no difference in the incidence or multiplicity of
tumors was observed between rats fed a standard diet or a
diet enriched with genistein (~200 mg/kg) starting 1 week
before DMBA administration. Moreover, for animals that
received a diet containing 200 mg/kg isoflavone daidzein
or 16 % soy protein isolate, tumor incidence and multi-
plicity were reduced (Constantinou et al. 2001). Neverthe-
less, irrespective of the differences between these studies
in terms of dosages and compound matrices (aglycone vs.
soy extract), it is obvious that both timing and duration are
critical factors in determining the protective effects of sISO
exposure against mammary carcinogenesis in rats.

A similar acceleration in tumor growth (as observed
in our rat study) was recently described for MTB-IGFIR
transgenic mice that overexpress type I insulin-like growth
factor receptor in a doxycycline-inducible manner that were
continuously fed either a casein-based diet or a soy-based
diet containing 332 ppm total sISO aglycone equivalents
throughout their embryonic and postnatal development
(Watson et al. 2015). Following the induction of the IGFIR
transgene by a parallel doxycycline treatment starting on
PND 45, the average tumor onset for the mice receiving
the soy diet was 10 weeks earlier than that of the mice that
received a control casein diet. However, the potential for
sISO to trigger tumor growth remains controversial. Con-
cerns regarding the estrogenic effects of SISO exposure are
based on data indicating that genistein stimulates the prolif-
eration of ER-positive breast tumor cells in vitro (Seo et al.
2006) and in several types of rodent models in vivo. For
example, in ovariectomized athymic mice, dietary levels of
150 and 300 ppm of genistein resulted in a dose-dependent
increase in the growth of xenografted ER-positive MCF-7
cells (Allred et al. 2001). This finding was reproduced in
ovariectomized SD rats that were chemically induced to
form tumors by 1-methyl-1-nitrosourea (Allred et al. 2004).
Consistent with the notion that estrogenic stimulation is a
key factor mediating this effect, dietary genistein did not
stimulate the growth of ER-negative MDA-MB-231 cells
that were implanted into nude mice (Santell et al. 2000).
However, long-term administration of a diet containing
500 ppm genistein significantly decreased in rats the inci-
dence of spontaneous MG fibroadenoma, yet increased
the incidence of spontaneous mammary adenoma and
adenocarcinoma, compared with female rats that received
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a control diet (NTP report 2008). Collectively, these data
and the current findings suggest that high dietary levels of
genistein may stimulate the growth of initiated or preexist-
ing mammary tumors in animals, although any stimulatory
effect on cancer cell growth is probably limited to ER-
positive tumor cells, either via direct activation of the ER
on cancer cells or through ER-mediated paracrine factors
induced in the stroma. TEB are considered the most fragile
structures in the developing MG. Due to their high number,
their undifferentiated status, and their high mitotic activity
during puberty, TEB represent a critical target for chemi-
cal and radiation carcinogens, as well as dietary factors,
and therefore play a key role in tumor initiation. In one arm
of the animal experiment of the present study, animals that
received continuous exposure to dietary sISO from con-
ception exhibited fewer TEB on PND 50 compared to the
control group. A similar observation was made for female
50-day-old SD rats that were postnatally treated with sub-
cutaneous injections of genistein (Lamartiniere et al. 1995).
We hypothesize that a reduction in the number of TEB rep-
resents an important contribution to the overall mechanism
by which sISO exert its protective effects on breast can-
cer development. It has also been shown that prepubertal
exposure to sISO, independent of the administration route,
accelerates developmental processes in the MG, thereby
leading to greater differentiation of the MG at puberty, and
thus a reduced number of less differentiated, proliferative
TEB (Murrill et al. 1996; Lamartiniere et al. 1998, 2002).
While this may account for the observed reduction in tumor
incidence in the DMBA-treated rat model, it involves DNA
damage at the time of carcinogen injection (~PND 50)
and the subsequent mutagenic events depend on the rate
of cell proliferation at the time of injection. However, this
model is fundamentally different from carcinogenesis in
E2-treated ACI rats. In the ACI rat model, the continuous
estradiol-driven proliferation and genotoxic effects of E2
metabolites (Li et al. 2004; Turan et al. 2004) rather than
a single carcinogenic challenge at a sensitive stage prob-
ably lead to the observed carcinogenic events. The higher
degree of MG differentiation induced by peripubertal sISO
exposure is often discussed as a potential chemopreventive
mechanism of sISO (Messina and Hilakivi-Clarke 2009).
In the present study, there were no differences in the degree
of MG differentiation in whole mounts compared to control
rats fed a sISO-free diet. On the other hand, the observa-
tion that Ki67 transcripts, but not the Ki67 labeling index
values, were increased in the MGs without palpable tumors
indicates that accelerated MG epithelial growth did occur,
consistent with the increased growth rates observed for the
MG tumors in the sISO-rich group.

A consistent finding in the literature is that concentra-
tions of genistein <10 uM appear to stimulate cancer cell
growth, while concentrations >10 uM inhibit cancer cell
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growth in vitro (Taylor et al. 2009), similar to the known
biphasic effect of E2. To explain the tumor growth-promot-
ing activities of sISO, the receptor expression profile of the
tumor tissue, as well as the plasma concentrations of sISO,
is of importance. In the present study, the plasma concen-
tration of total genistein and daidzein aglycone equivalent
was ~2 uM. These plasma levels are comparable to those
reported in humans with high sISO intake (Adlercreutz
et al. 1993; Arai et al. 2000). Furthermore, the main phase
II metabolites detected were 7-glucuronides and all animals
were equol producers. Similar findings have been reported
for female Wistar rats (Blei et al. 2015). However, humans
mainly produce sulfoglucuronides as their major phase II
metabolite (Hosoda et al. 2011; Soukup et al. 2014) and
only 30-50 % produce equol (Lampe et al. 1998; Setch-
ell et al. 2003). Therefore, it remains to be investigated
whether sISO metabolite profiles play a role in the devel-
opment and/or promotion of breast cancer. Taken together,
these results and those of the present study support the
hypothesis that the potential benefit of dietary sISO regard-
ing breast cancer risk depends on the period in life when
exposure occurs.

Conclusions

The sISO diet protected the female ACI rat MG from ini-
tiation of E2-induced tumorigenesis, most likely via the
effects of sISO on the TEB, resulting in fewer TEB around
puberty. As a result, significantly fewer tumors developed.
However, once tumors or tumor precursors were estab-
lished, plasma concentrations of daidzein plus genistein of
~2 uM promoted tumor progression and growth, potentially
due to MG proliferation. Thus, lifelong dietary exposure
to a sISO-rich diet started in utero reduced the overall bur-
den of E2-induced mammary carcinomas compared to the
animals that were maintained on a sISO-free control diet.
However, the onset of palpable tumors was significantly
shorter in sISO-exposed rats, thereby leading to larger
tumors by the end of the study, yet the tumor SGR was not
influenced. Thus, chronic exposure to dietary sISO medi-
ated both MG tumor preventive and growth-promoting
properties in E2-treated female ACI rats, and these results
should be further investigated.
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