Abstract
MARTIN-FAIREY, CARMEL ANNETTE. A Tale of Breast Cancer, Behavior and
Brains as Affected by Diet and Claudins. (Under the direction of Drs. Brenda Grubb and
Brenda Alston-Mills).
The purpose of this research is to explore mammary gland development and
reproductive behavior from a new perspective by combining information obtained from
various treatment interventions. Specifically, the expectation is to provide new insights on the
holistic effects of dietary intervention throughout the span of mammary gland development.
Dietary studies in rats suggest that soy and skim milk diets can prolong latency and reduce
chemically induced tumorigenesis in the mammary glands. Further, studies have shown that
alteration in the cross talk between the glandular epithelium and the extracellular matrix are
correlated to cancer risk. While positive effects are reported on the development of the gland,
contrasting effects of soy and isoflavones are observed in the libido of adult female rats. In
contrast, the whey milk protein, alpha-lactalbumin (α-LA) enriched diets induce beneficial
effects on mood by inducing anxiolyticlike and rewarding effects in rats. Furthermore, tightjunction proteins, claudins 4 and 7 have been recently shown to be biomarkers of metastasis.
As a model for breast cancer the her2/neu transgenic mouse was used. At day 21, weaned
mice were placed on one of four isocaloric and isoproteinacuos diets (n=12/grp): 1) casein
(negative control); 2) soy, α-LA, soy and α-LA, casein plus estradiol benzoate (EB) injection
(positive control) or α-LA + EB. These groups were sampled at postnatal day 28. Evaluations
of changes in the glandular epithelium were conducted using wholemount analysis. In the
behavioral study component, females were exposed to sexually mature males for evaluation
and comparison of changes in reproductive interest via measures of caudal and rostral
proximity, line crossing, and neurochemistry. Proteins were extracted and analyzed

using the enzyme linked immunnosorbant assay (ELISA). Wholemount analyses of the inguinal
glands were made to assess morphological changes after 7 days of treatment. Neurochemical
changes in the brain were performed by immunohistochemistry IHC. The ultimate goal was to
establish a link between behavior and mammary glandular responses as a function of treatment.

We have shown that treatment can, both directly and indirectly, alter mammary gland
architecture. Results demonstrate that the L treatment is the greastest promoter of MFPi. The Soy
treatment exerts an estrogenic effect on the MFPi and does not attenuate the L effect when
consumed in combination, while the E treatment does attenuate the effect of L. Moreover, Estrogen
treatment was found to have the highest distribution of ABs across treatments (71.5) while the Soy
treatment was found to have the second highest rating among treatments. Interestingly when in
combination with S or E the effect of L decreased. The distribution of TEBs was effected greatest
by estrogen also. Lactalbumin when in combination with E has the highest distribution among
treatments. While S and L alone seem to have similar effects on TEB distribution, when consumed
in combination they synergize to have an estrogenic affect.

This duality in treatment response is further represented in the reproductive behavior
outcomes. From the vaginal smear analysis it is obvious that the L treatment alone is acting
estrogenically (91% positive for sperm). In contrast, when the L treatment is consumed in
combination with E or S there is either slight attenuation (83% positive for sperm) or complete
ablation (0% positive for sperm) of the effect. Uterine weight was affected the most by the
treatment that consisted of the EL combination. Moreover, L had the greatest effect on Caudal
and Rostral proximity. It is clear that holistic diet treatment can alter mammary gland architecture
and other reproductive parameters throughout the span of development.
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Review of Literature
Normal Mammary Gland Development
The breast is one of the few organs that is not wholly developed at birth. It reaches its
fully differentiated state only through the hormonal stimuli induced by the proliferation of cells
during pregnancy and lactation, resulting in portions of the life cycle with increased
susceptibility to carcinogens. In addition to susceptibility during periods of cell proliferation,
the susceptibility of the mammary gland to carcinogen exposure decreases after the first fullterm pregnancy, when formerly undifferentiated cells have developed into fully differentiated
cells, which are less susceptible to genetic damage and subsequent propagation of the damaged
cell (Neumann et al. 1996; Russo and Russo1996; Wolff et al. 1996). Indeed ductal and
lobular carcinomas tend to originate from undifferentiated cells, whereas benign breast tumors
tend to originate from the more differentiated cells (Russo and Russo 1996, Smith et al., 2003).
Normal development of a gland is dependent effective communication between
the extracellular matrix (ECM) and mammary epithelium. ECM provides morphogenic
signals during mammary gland branching morphogenesis (Russo, 2001). Branching
morphogenesis is an organized restructuring of the epithelial tissue within the matrix. There
are several stages observed in branching morphogenesis such as anlagen, formation of
primary bud, initiation of branching process, outgrowth and elongation, spatial organization
and branch size determination (Wiseman, 2002).
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The mammalian mammary gland when compared to the other organs offers a
diasporas of unique qualities due to its varied developmental processes. The processes
involved in the maturation of the gland are complex and linked both directly and indirectly
with the maturation of the body. (Figure 1). The similarities between the human and rodent
mammary gland make the rodent mammary gland a reliable and an appropriate choice model
for breast cancer research (Schmeichel et al., 1998).

Structure of the Mammary Gland
The mammary gland is an intricate organ system that consists of fibroblasts,
adipocytes, epithelial cells and other cells of the vasculature (Schmeichel et al., 1998).The
breast lies on the rib cage with ligaments, muscles and tendons aiding in attachment (Figure
2). The mammary gland coexists and interacts adhesively with myoepithelial cells and
constituents of the surrounding ECM as a community. (Pitelka et al., 1973). There are two
main components of the gland, the mammary epithelium which includes epithelial and
myoepithelial cells, and the stroma or ECM. The mammary epithelium is a series of
branching ducts, terminal end buds (TEBs) and alveolar buds (Abs). The mammary
epithelium consists of an outer discontinuous layer of myoepithelial cells resting on the
basement membrane and an inner layer of epithelial cells, which line the lumen. Each
branching duct of the mammary epithelium can be linked to the nipple by a single primary
duct. The ECM is comprised of both cellular and acellular components. Various cellular
components include adipocytes which are the most abundant cell type, nerve cells fibroblasts,
blood cells, and endothelial cells.
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The acellular portion consists of fibrous and non-fibrous collagens, proteoglycans, and
glycoproteins. This community of ECM constituents work together to not only provide
mechanical support to the tissue but to also comprise a developmentally active ECM at the
epithelial-stromal boundary (Streuli and Haslam, 1998) (Figure 3).

Stages of Mammary Gland Development
The mammary gland is a structurally dynamic tissue, changeable with age,
menstrual cycle and reproductive state. The stroma of the gland is comprised of dense
interlobular connective tissue. Internal support is supplied by suspensory ligaments. With in
the intralobular stroma there is an area of hormone sensitive fibroblasts that make up the
lobular epithelial components. These areas are thought to play critical roles in the
epithelial/basement membrane/stromal inductive interactions during morphogenesis and
differentiation (Talhouk, 1992).
The structure and function of the mammary gland is dependent on the
developmental stage. The adult female mammary gland experiences recurrent cycles of
regulated growth, differentiation, and regression.

Hormones such as estrogen and

progesterone play a central role in this process. The developmental cycles that occur in the
mammary gland can be divided into several stages:

puberty, pregnancy, lactation and

involution. Each stage can be described by the structure of the gland called lobules or lobes
(Russo, 2001).
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Similar stages of mammary gland development are present across all mammalian species.
Initial development begins in utero but it is still immature at birth. During this phase growth
is isometric, only occurring at a maintenance level. .After birth, the immature human gland
undergoes further growth and differentiation and stays quiescent until the hormonal milieu
changes at puberty. During puberty the growth and differentiation continue to progress until
pregnancy occurs. Pubertal allometric growth, influenced by the change in hormonal levels
sets the stage for ductal elongation and branching that leads to rapid development of the
mammary tree (Russo, 1987). Estrogens have been shown to increase mitotic activity in the
mammary epithelium.. Following this explosion of activity the mammary epithelium
progresses to another developmental plateau. During this stage very little growth occurs but
is cyclic with each menstrual cycle. Ultimately, sexual maturity occurs with continued
invasion of the mammary epithelium into the mammary fat pad. The final stage of
development is only achieved by the hormonal stimuli induced by pregnancy, parturition, and
lactation. This is when the cells are fully differentiation and ducts fill the entire fat pad.
(Forsyth, 1986; Russo, 1987; Topper and Freeman, 1980) (Figure 4).

Embryonic to Prepubertal Mammary Gland Development
The anlagen is the primary stage of development and it allows for
informational transfer signaling that cells and tissues are appropriate for development. In
addition it allows for the epithelium to segregate and separate allowing for the formation of
the mammary bud.
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The second stage is formation of primary bud invagination occurs, where cells move
away from main epithelial plate; this is the hollowing out process. The formation of the
lumen occurs through apoptosis. Then initiation of branching process forms terminal end bud
and form secondary and tertiary branches. In this stage of out growth and elongation the fat
pad and stroma are invaded. The stroma is degraded by enzymes referred to as matrix
metalloproteinases (MMPs) facilitating ductal development. (Figure 5). Transforming
growth factor (TGF) promotes the synthesis of ECM and build up the matrix during spatial
organization. The final stage of development is branch size determination and it allows the
normal morphology of the gland. Therefore, the mammary gland has many advantages for
the study of branching morphogenesis in that the majority of growth and development occurs
post pubertally under hormonal regulation and the organ is relatively accessible for
experimental manipulation (Wiseman, 2002).
The mammary epithelium invades the mammary fat pad through the progressive
branching of ducts. Ductal systems vary between humans and rodents. The human system is
more complex than that of rodents. The human system is comprised of more segmented
structure with outlets from six to nine lactiferous ducts that collect in the nipple. This type of
ducts extends in a more radial pattern, which forms distinct triangular lobes, each with an
entirely separate ductal system, collagenous stroma, and separate from adjacent lobes. In
comparison, the rodent mammary gland generally terminates in a single lactiferous duct that
forms six to nine secondary ducts. The rodent ductal system progresses in a more linear
fashion than does a human.
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Neonatal mammary glands of both rodents and humans usually have just rudimentary ducts
with small TEB-like ends that regress shortly after birth. Throughout both neonatal and peripubertal stages, mammary gland development in both human and rodent is rather inactive.
During this period, the gland continues a maintenance level of growth, keeping pace with
general growth of the body until the onset of puberty (Tanner, 1962). Growth at puberty
manifest in from branching TEBs and the formation of new end buds through lateral
branching from mature ducts. Undifferentiated “stem” cells are present in both TEBs and
new end buds of lateral branching. The functional milk producing lobules of the mammary
gland originate from the terminal ends of the ducts.

Development and Differentiation of the Human Pubertal Mammary gland
The average age at pubertal onset in humans is between 10-12 years of age and is
marked by the proliferation of the mammary epithelium. During this time the increased
activity is seen in both the epithelium and the ECM (Russo, 1987). The central site of
proliferation is the TEB-like structure where elongation of the ductal tree originates and
simultaneously undergoes dichotomous and sympodial branching (Figure 6). The ducts
develop, divide, and constitute the functional portion of the human mammary gland, termed
the “terminal ductal lobular unit” (TDLU) (Russo, 1990). The TDLUs are major hormone
sensitive areas of mammary epithelium (Russo and Russo, 1998) hence they are the
origination site for most mammary cancers because they contain the major proliferative stem
cell populations thought to be most sensitive to somatic cell mutation (Russo, 1990).
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The TDLU responds to estrogen and progesterone by synthesizing DNA during the luteal
phase of estrus. Once the mammary epithelium under goes ovarian induced maturation it is
not able to return to its previous state.

Each estrus cycle slightly promotes mammary development with new budding of
secondary structures, which continues until around age 35 (Vorherr, 1974). The human
TDLU resembles a cluster of grapes at the end of a stem. After the initial menses, each
individual terminal duct lobule progenitor to an average of 10 surrounding ductules with
alveolar buds (ABs) grouped to form virginal lobule or lobule type 1 (Russo and Russo,
1998) (Figure 7). Type 1 lobule formation is confined to the female breast and occurs within
1-2 years after the onset of the first menses. The gradual process of sprouting new alveolar
buds is responsible for the transition from virginal lobule to type 3. Typically Lobule type 1
is found in the breast of nulliparous younger women, whereas lobules type 2 and types 3 are
more often found in the glands of parous older women. However, women with a history of
abortion can also contain lobules type 1 and type 2 (Russo, 1987).

Development and Differentiation of the Rodent Pubertal Mammary gland
During puberty, extensive branching begins at puberty in the female and
ceases after expanding to the outer limits of the fat pad (Wiseman, 2002). At pubertal onset
estrogen acts on the mesenchymal cells to stimulate further development, in the female. The
gland grows in size, primarily because of the deposition of interlobular fat.
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Extension and branch of the ducts into the expanding stroma occurs at this time. The
accompanying epithelial cell proliferation and basement membrane remodeling is controlled
by interactions between the epithelium and the intralobular hormone sensitive zone of
fibroblasts (Robinson et al, 2000).
In rodents puberty typically starts around postnatal day (pnd) 21 and proceeds
through pnd 55. During this time the gland undergoes ductal elongation and bifurcation
occurring in the distal third of the gland. The TEBs are lined with numerous layers of
epithelium that consists of undifferentiated stem cells (cap) and body cells. The caps cells are
located on the basal lamina and have the highest proliferative value of all mammary
epithelium cell types (Daniel, 1987). Body cells are organized in multicellular layers within
the innermost cavity of the TEB and are the focal area for apoptosis (Figure 8). Both the
myoepithelium and ductal epithelium, originate from cap cells and body cells (Knight and
Peaker, 1982).
Proliferation of the TEB is governed by hormones and locally-acting growth
factors including estrogen and progesterone, growth hormone (GH), epidermal growth factor
(EGF), and insulin-like growth factor-1 (IGF-1) (Daniel and Robinson, 1992; Humphreys et
al., 1997; Ruan et al., 1992; Silberstein and Daniel, 1982; Silberstein et al., 1994; Walden et
al., 1998). Each of these factors exerts either a direct or indirect stimulatory or inhibitory
effects on the cells of the TEB by activating or deactivating the intercellular signaling
pathways responsible for growth. Programmed cell death (apoptosis) occurs primarily in the
body cells of the TEB and is rarely observed in cap cells. The appropriate balance between
proliferation and apoptosis is critical for normal gland development.
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Sexual Maturity of the Rodent Mammary Development
As age advances the gland develops by repeated dichotomous branching of new
ducts separated by less than a 90-degree angle, protrusion of side buds, elongation of existing
ducts, and bifurcation of TEBs into two or more small alveolar buds (ABs) (Figure 9).
The focus of this stage of growth is the fat pad. Once the fat pad is full with the
primary ductal system the cap cell layer disappears. Following this the TEBs and side buds
further differentiate into ABs (Brisken, 2002; Russo, 1989a). In the virginal state many TEBs
fail to differentiate into secondary structures. These TEB convert to terminal ducts and
remain this until pregnancy.
The mammary glands remain in this mature but quiescent state until pregnancy.
During pregnancy, more lateral branching occurs to provide a connection between milk producing alveoli and primary collecting ducts (Robinson et al, 2000). However there are
relatively small cyclical changes brought about by ovarian hormones released during the
menstrual cycle. During the follicular phase, the stroma is less dense, the epithelial cells of the
smaller ducts are cuboidal, there is no secretion and early in the follicular phase the duct
lumens are not apparent. During the luteal phase, the epithelial cells become more columnar,
the lumens open up and there is some secretion. There is a moderate level of cell proliferation,
increasing to a maximum towards the end of the luteal phase. This is followed by abrupt
involution and apoptosis during the last few days, before the onset of menstruation (Robinson,
1995). The basement membrane undergoes cyclical remodeling in concert with the above
cellular changes. Mammary ducts consist of an epithelial layer intimately associated with a
single layer of myoepithelial cells at their basal end.
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A sheath of branching morphogenesis encircles the duct, which in turn is surrounded by an
outer ring of fibrous interstitial ECM surrounded by a loose connective tissue (McDaniel,
2006).
During this stage, the mammary gland epithelium experiences its greatest and most
rapid phase of proliferation. This occurs in response to hormonal elevation that plays a critical
role in development. The ovarian steroids, estrogen (E), progesterone (P), are required for
postnatal mammary gland development (Hennghausen et al, 1998). Estrogen is responsible for
ductal elongation and progesterone subsequently induces ductal side branching (Schedin,
2004). At lactation, in addition to the loss of the fat pad mesenchyme, there is an apparent
reduction in the thickness of the collagen-rich intralobular stroma surrounding the secretory
alveoli. In involution, epithelial apoptotic cell death occurs and then gland remodels to the
resting state (Rosen et al., 1999, Hennighausen et al., 1997).
Breast Cancer
Breast cancer is the most common cancer in women and the leading cause of cancer
death among women 35–54 years of age. (Figure 10) There have been reports of a rise in
incidence of breast cancer among migrants from regions of low risk to higher risk regions. This
coupled with poor prediction of individual risk have prompted a search for additional
modifiable factors that could prove useful in attenuating this risk. Risk factors for breast cancer
include reproductive characteristics associated with estrogen and other hormones, synthetic
hormones, alcohol use and lack of exercise. Population studies among ethnic groups allow for
more detailed analysis of trends in these populations.
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Such reports have reveal that the incidence among non-Hispanic whites is 20% higher than for
African Americans and roughly double the rate for Hispanics and Asian Americans; in
contrast, the rates of change are highest among Asian Americans. In some US populations it
has been reported that breast cancer incidence rose by 1.1% per year between 1993–1997
among non-Hispanic whites, 2.1% among Hispanics, and 4.6% among Asians, while it
declined by 0.3% for African Americans. Surveillance data for Asian-American women are
consistent with studies of migrant populations showing that when women migrate from low- to
high-risk countries and visa versa, their risk and the risk in successive generations change to
approximate the levels in the destination country (Kliewer and Smith 1995). Further, a
population-based case–control study of Asian migrants to California and Hawaii showed
higher risk associated with extended residence in the United States (Ziegler et al. 1993). For
U.S. born Asian women, the study showed higher risk for those with more U.S.-born
grandparents, an indicator of the possible effects of acculturation. The relative risk associated
with migration changed only slightly after controlling for menstrual and reproductive factors,
providing an illustration that other factors contribute to migration effects (Wu et al. 1996).
As a result the investigation of hormonally active compounds in commercial products and
pollutants is a priority.
Population-based studies have been limited to a few organochlorine compounds and
polycyclic aromatic hydrocarbons (PAHs) and have been mostly negative. A variety of
challenges in studies of breast cancer and the environment may have contributed to negative
findings. Lack of exposure assessment tools and few hypothesis-generating toxicological
studies limit the scope of epidemiologic studies.
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Problems of timing with respect to latency and periods of breast vulnerability, and individual
differences in susceptibility pose other challenges. Studies are needed to assess exposure,
toxicology, and susceptibility before such investigations will yield more meaningful and
significant results. (Fenton and Birnbaum, 2003)
Recent reports from the American Institute of Cancer Research (AICR) have
shown that with the exception of skin cancer, breast cancer is currently the most common
cancer among women in the United States. Breast Cancer accounts for one of every three
cancers diagnosed. A trend was noted for incidence rates of invasive breast cancer dating
back to the 40’s. The trend shows three distinct phases. In this first phase, a stable increase of
about 1% per year occurred between 1940 and 1980, this could be correlated to such factors
as having fewer children and having them later in life. During the second phase, between
1980 and 1987, the incidence rate increased by about 4% per year, this is thought to be a
result of better detection technologies. In the final phase, between 1987 and 1998, incidence
rates of breast cancer have increased by 0.5% per year and this better detection technologies
and earlier diagnosis from mammography screening (Howe, 2001). In situ or early stage
breast cancer incidence rates have also increased over the past 30 years. This trend is largely
attributed to the use of mammography screening for early detection of ductal carcinoma in
situ (DCIS). This has been shown to be directly linked to large increases in DCIS incidence
rates since 1982.
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Based on the current life expectancy for women in the United States, in 2005 it
was predicted that an estimated one in 8 women would develop breast cancer. The risk was
one out of 14 in 1960. In 2005 it was estimated that 211,240 new cases of female invasive
cancer and 58,490 cases of female in situ breast cancer were diagnosed and 40,410 women are
expected to die from the disease (Table 1). Although incidence is lower, about 1,600 male
cases were projected to be diagnosed in 2005, with 460 male fatalities from the disease
(Murray et al., 2005).
A multitude of factors influence breast cancer survival rates. These factors include
but are not limited to; age at time of diagnosis, stage of the cancer, ethnicity, socioeconomic
status, age at first menarche, and environmental exposures. The earlier a woman is diagnosed
with cancer the higher her survival rate will be (Ries, 2001). Because younger women are les
responsive to hormone replacement therapy and typically experience more aggressive tumors
their survival rates are low (Marcus, 1994). Stage of the cancer at diagnosis, ethnicity (Ries,
2001), and socioeconomic status also appear to be factors (Eley, 1994). Women in the age
group of 40 and 59 within the United States have shown an increase in incidence with age
(Figure 11 ). Within this age group, risk also increases in women who have a history of breast
cancer, early menses, late menapasue or currently on hormone replacement. (Morabia and
Costanza, 1999; Pike and Ross, 2000).
Breast cancer risk is in part associated with higher serum levels of endogenous
hormones, in particular that of 17β-estradiol (Bernstein et al., 1990). Further studies have
shown that administration of estradiol or DES during pregnancy increases breast cancer rates in
female offspring (reviewed in Hilakivi-Clarke et al. 2001).
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Estrogens within the body are metabolized into estrone, followed by 17β-estradiol and can be
additionally metabolized into estriol. Mammary epithelial cell proliferation is regulated by 17βestradiol. Estradiol may potentially promote cancer cell growth. The liver metabolizes 17βestradiol into 2-, 4-, and 16α-hydroxylated estrogens. These estrogens can have stimulatory
effects on cancer, 4-and 16α-hydroxylated estrogens, or inhibitory, 2-Hydroxylated estrogens
(Birnbaum et al., 1994).
Most recently researchers have found evidence that exposure to endocrine active
compounds (EACs) and endocrine disruptors can be correlated with breast cancer incidence.
With all that is known of the many old and new risk factors still over 70% of cases occur in
women who have no identifiable risk factors. The inconsistent relationship of these risk factors
to the development of breast cancer makes prediction and prevention nebulous. Currently there
are no strategies for breast cancer prevention that have been consistently substantiated by
clinical research.

Mechanistic models for cancer
Historically, carcinogenesis has been characterized by three separate stages:
initiation, promotion, and progression. Although the process of carcinogenesis is now
recognized as more complex than this rudimentary model suggests, the three stage model still
provides a useful paradigm by which chemicals can be described based on a potential
mechanism of action (Barrett 1993; Pitot et al. 2000).

Initiation is characterized as an

irreversible change in a cell, very probably a genetic change or mutation, resulting in a latent
neoplastic cell (Appel et al.1990; Pitot 1993; Pitot and Dragan 1991).
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Promotion is the process by which an initiated cell expands clonally into a visible, benign
tumor (Barrett 1993). Experimental evidence demonstrates that chemically modulated
promotion of a cell requires repeated exposure; endogenous estrogen is thought to affect the
process of mammary carcinogenesis primarily by this mechanism. It has also been shown that
carcinogenesis cannot happen without estrogen present. (Fenton et al., 2000) Progression is the
term used to describe the irreversible transition from a benign to malignant tumor, which
involves additional genetic events, although not necessarily point mutations in DNA (Barrett
1993; Pitot 1993; Pitot and Dragan 1991). Agents that are carcinogens are often genotoxic, or
able to damage DNA. Both initiation and progression steps involve some level of genotoxicity,
whereas tumor promotion more typically involves stimulation of cell proliferation. Many
agents stimulate cell proliferation, and there is controversy over whether these should be
considered carcinogens unless they can also induce some level of genetic damage (Alden 2000;
Klaunig et al.2000). Increasing cell proliferation also increases the opportunity for spontaneous
mutations, so even promoters can have some impact on DNA integrity.
While originally the primary focus of investigators on mammary gland cancer was the
mammary epithelium there has recently been an additional model created. This model for
carcinogenesis focuses on cell–cell interactions that maintain tissue organization in normal
tissue and break down in carcinogenesis (Sonnenschein and Soto 1999). The role of stromal
cells in inhibiting or promoting carcinogenic progression in breast epithelia is an ongoing area
of research (Barcellos-Hoff 2001; Barcellos-Hoff and Ravini 2000; Mueller et al. 2002; Bissell
et al 2000), and thier work suggests that the study of chemical carcinogenesis must consider
effects on cell signaling as well as traditional genotoxic effects.
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Hormonal factors in mammary carcinogenesis
Throughout the life cycle, the hormonal environment plays a critical role in the
development of breast cancer. Removal of both ovaries reduces risk. Increased risk has been
observed for women with higher levels of endogenous and synthetic estrogen exposure
(Henderson and Feigelson 2000). In animal studies, treatment with chemical carcinogens does
not produce mammary tumors in the absence of endogenous hormones (Russo and Russo 1996,
1998). These findings suggest that ovariectomized animals may be less likely to develop
mammary tumors even after exposure to carcinogens. Supplementing animals with extra
estrogens produces tumors even in the absence of specific chemical exposures (Russo and
Russo 1996, 1998). These findings are consistent with the idea that estrogens are promoters of
mammary tumors, which act over a long period of time by causing cell proliferation and clonal
expansion of initiated cells. In addition, estrogens appear to be required for mammary
carcinogenesis to occur. Studies of normal mammary gland development and chemically
induced mammary carcinogenesis in animal models have provided useful information for
clarifying the interplay of ovarian, pituitary, and placental hormones and their influence on
structure, organization, and function of the mammary gland.

Many hormones and growth factors have been demonstrated to affect the
tumorigenic response of rats to genotoxic mammary carcinogens, including ovarian, placental,
pituitary, and thyroid hormones, as well as androgens, insulin, and many growth factors
(Brisken 2002; Neumann et al. 1996; Russo and Russo 1998; Sivaraman and Medina 2002;
Swanson and Unterman 2002).
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In human studies, androgens and insulin-like growth factor 1 have been shown to be
associated with risk of breast cancer (Toniolo et al. 2000; Wang et al., 2000)
Some researchers believe the potency of many of the previously discussed endocrinedisrupting pollutants is typically much lower than the potency of endogenous estrogens,
making their effects insignificant (Safe 1995). While others have particular concern about the
effects of endocrine-disrupting chemicals for exposures that take place when levels of
endogenous hormones are very low, such as in utero or during prepubertal, or postmenopausal
time periods. Further, a number of studies have demonstrated that multiple estrogenic
chemicals can synergize to produce an effect even when each individual component of the
mixture is present below a threshold for effect, indicating that these compounds can act in
combination (Silva et al. 2002).
This diversity of estrogenic responses is attributed, at least in part, to the fact that the
shape of the estrogen receptor ligand (either estradiol, endocrine active compound. or an
endocrine disruptor) affects the binding of the receptor–ligand complex to DNA sequences and
subsequent gene expression. Current research into synthetic selective estrogen response
modifiers (SERMs) for menopause and breast cancer prevention is an outgrowth of this
phenomenon (Emmen and Korach 2001).
It has been shown that two estrogenic chemicals causing a similar effect on one
outcome (e.g., uterotrophic assay) will not reliably cause a similar effect on all estrogen
receptor–mediated outcomes. It is of particular interest that certain dietary constituents that
have been hypothesized to prevent breast cancer, such as genistein in soy, are also estrogenic in
many endocrine disruptor-screening bioassays (Adlercreutz et al. 1995).
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Extracellular Matrix Proteins
The extracellular matrix (ECM) is a complex system of macromolecules of
glycoproteins and proteoglycans found within the stroma that determines tissue structure and
regulates biological activities (Figure 12). They are secreted by cells into the extracellular
space and provide physical and structural support for tissues and organs as well as regulating
cell communication, cell migration, cell-to-cell signaling, cellular development and
proliferation. Major ECM components comprise two classes of macromolecules,
protoeoglycans and fibrous proteins. Proteoglycans are composed of polysaccharide chains
known as glycosaminoglycans (GAG), which are covalently linked to core proteins (Figure
12). They form a highly ground substance, which has a gel like consistency. The organization
of proteoglycans in the ECM allows organs and tissues to resist compressive forces while
allowing the diffusion of nutrients and metabolites.
Hence, there is a dueling dialog between the glandular epithelium and the ECM. This
dialog is maintained in normal development and is important for appropriate growth and
differentiation of the gland. When there is an imbalance in this crosstalk, the gland and its
ability to differentiate appropriately is altered.
The changes of this crosstalk that occur during abnormal development can be indicative of
orchestrated chaotic growth (Lee, 2001).
Although the ECM is often referred to as connective tissue or stroma, this glandular
tissue actually consists of elastin, laminin, collagen, fibronectin, and proteins. The elastin and
collagen function to support the gland (Figure 12).
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The extracellular matrix is the defining feature of connective tissue and its intricate
composition influences the cell survival, development, shape, polarity, and behavior (Wiseman
et al 2002).
In mammals, the most abundant glycoprotein in the ECM is collagen. ECM
also contains many other components: proteins such as fibrin and elastin, minerals such as
hydroxylapatite, or fluids such as blood plasma or serum with secreted free flowing antigens.
Given this diversity, it can serve any number of functions, such as providing support and
anchorage for cells (via focal adhesions), providing a way of separating the tissues, and
regulating intercellular communication (Rooprai, 2000).
The ECM functions in the dynamic behavior of cells. Many cells bind to
components of the extracellular matrix. This cell-to-ECM adhesion is due to specific cell
surface cellular adhesion molecules (CAM) known as integrins. The integrins transmit
mechanical stimuli from the ECM to the cytoskeleton (Fata et al., 2004). The extracellular
matrix contains elastin, laminin, collagen, fibronectin, and proteins. The ECM is composed of
different classes of biomolecules; the first class is the structural proteins such as collagen and
elastin. The second class consists of the specialized proteins including fibrillin, fibronectin, and
laminin (Henninghausen, 1998). Several proteins are involved in degradation of the ECM,
promotion of cell spreading, and tissue morphology.
Three proteins: fibronectin, matrix metalloproteinase (MMPs), tissue inhibitor of
metalloproteinase (TIMPs).

Fibronectin regulates proliferation and promotes cell spreading.

MMPs are involved in the degradation of the extracellular matrix allowing for ductal
elongation during the prepuberal period. (Bryony et al 2002).
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Elastin
Elastin is a protein in connective tissue that is flexible and allows many
tissues in the body to resume their shape after stretching or contracting. For instance, elastin
helps skin to return to its original position when it is poked or pinched. It is primarily
composed of the amino acids glycine, valine, alanine and praline (Lee, 2001). Elastin is made
by linking many soluble tropelastin protein molecules to make a massive insoluble, durable
cross-linked array. Elastin helps to maintain proper orientation and support of branching
networks within the gland (Russo, 2001).
Proteoglycans mediate protein activity in the ECM by binding secreted
molecules such as growth factors, proteases and protease inhibitors, thereby regulating their
activity.The other classes of macromolecules found in the ECM are fibrous proteins, such
as, collagen, fibronectin, and laminin. These proteins support the structure of organs and
tissues, organize the ECM and have adhesive functions within the ECM.

Laminin
Laminin is an enormously complex extracellular component that is composed
of three different polypeptides. It is important for cell adhesion and migration and a ligand for
specific integrins. All basal laminae contain a common set of proteins and glycosaminoglycans
(GAGs). These are type IV collagen, heparin sulfate proteoglycans, entactin and laminin. The
basal lamina is often referred to as the type IV matrix. The cells that rest upon it synthesize the
components of the basal lamina. Laminin anchors cell surfaces to the basal lamina. The
fibronectin and laminin within the matrix act as an adhesive glycoprotein or “glue” of the cells.
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Collagen
Collagens are the most abundant proteins found in the animal kingdom. It is also the
major protein comprising the ECM. Collagens are a family of fibrous proteins that comprise a
large element of the ECM found in all animals. There are at least 12 types of collagen. Types
I, II and III are the most abundant and form fibrils of similar structure, as seen in Table 2. Type
IV collagen forms a two-dimensional reticulum and is a major component of the basal lamina.
Collagens are predominantly synthesized by fibroblasts but epithelial cells also synthesize
these proteins. Collagens II and I form long fibrillar arrays, while type IV forms a mesh-type
structure, reminiscent of a chain-link fence (Figure 13). This intercalation is important to
supporting the tissue of the gland and aiding in the proper form and structural resistance for
development.

Fibronectin
The role of fibronectin is to attach cells to a variety of extracellular matrices.
Fibronectin attaches cells to all matrices except type IV that involves laminin as the adhesive
molecule. Fibronectin is a major cell surface glycoprotein important in cell-to-cell interactions,
adhesion to the ECM, and promotion of cell spreading and morphology. A study suggests that
fibronectin may be developmentally and hormonally regulated in the mammary gland.
Fibronectin has a major role is the regulation of proliferation. It is also involved in oncogene
transformation. Previous research concluded that increased fibronectin expression is correlated
with increased mortality risk of breast cancer patients.
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Integrins
An integrin, or integrin receptor, is an integral membrane protein in the
plasma membrane of cells. It plays a role in the attachment of a cell to the ECM (especially in
growth cone axon guidance) and in signal transduction from the ECM to the cell. There are
many different types of integrins and many cells have multiple types on their surface. Integrins
are of vital importance to most multicellular organisms from humans to sponges. Integrins are
important in the modulation and translation of signals and messages across the ECM to the
glandular epithelium (Stone et al 1999). Mutations in the genes encoding for integrin can be
found in certain types of cancer, for instance breast cancer. A failure of integrin to anchor a cell
to the ECM can play a role in the metastasis of certain cancer cells (Fata et al 2004).

Proteinases
Matrix Metalloproteinases (MMPs) are proteolytic enzymes responsible for
degrading the ECM. MMPs are zinc-dependent enzymes (Murphy et al., 1992;SanchezLopez et al., 1993; Dollery et al., 1995) produced by surrounding cells and are particularly
important in maintaining the constant state of remodeling involved in a normal ECM.
This remodeling occurs in many normal and abnormal processes throughout the body such as
wound healing, tumor invasion, and arthritis (Matrisian 1990; Dollery et al., 1995). MMPs
are also classified by the substrates upon which they work (Kahari and Saarialho-Kere 1999;
Matrisian 1990; Stetler-Stevenson et al., 1993) (Table 3).The MMP/Cytokine Connection is
important throughout development.
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The matrix metalloproteinases (MMPs) are members of a family of at least 20
proteolytic enzymes that contain a zinc ion at their active sites and can degrade collagen,
elastins, and other components of the ECM. Cytokine activation of cells can lead to increased
processing of MMPs from inactive zymogens to the active enzymes (Bryony et al 2001).
Cytokines and their receptors can also be substrates for MMP action. Many of the membranebound cytokines, receptors, and adhesion molecules can be released from the cell surface by
the action of a subset of metalloproteinases called convertases or adamalysins. This may be one
mechanism for the down-regulation of cell surface receptors (Nagase, 1999, Stone et al., 1999).
The proposed spatial organization of the ECM and integrin function during
mammary gland branching morphogenesis is complex. The composition of the ECM that
surrounds developing ducts and the type of integrin that relays signals from the ECM would
depend on the morphogenic event. Areas requiring invasion and proliferation and low adhesion
(TEBs [terminal end buds], side branching) would have a unique ECM/integrin profile
compared with areas that are dormant (primary ducts, noninvasive end buds). (Figure 14)
Unique signals in areas that may require stem or progenitor cell differentiation may require
specific ECM-integrin profiles, unlike other areas.
There have been some proposed mechanisms by which matrix metalloproteinases (MMPs) can
affect branching morphogenesis (Fata et al 2003).
•

Proteolytic digestion of extracellular matrix (ECM) would alter ECM-integrin tethering
and ECM-integrin signaling.

•

Cleavage of ECM may produce soluble ECM fragments containing morphogenic
activity.
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•

ECM-sequestered factors may be released to produce morphogenic gradients or
signaling.

•

Loss of cell–cell adhesion molecules by MMPs would lead to epithelial-tomesenchymal transition and increased invasiveness.

•

Ligand or receptor shedding might initiate autocrine, juxtacrine, or paracrine
morphogenic signaling.

Moreover, the proposed morphogenic mechanisms mediated by matrix metalloproteinases
(MMPs) and MMP inhibitors may be the key to understanding communication language
between the growing gland and the ECM during normal development. At sites of invasion and
migration of TEBs, lateral side branches, invasive end buds), MMP activity may induce a
transient epithelial-to mesenchymal transition (EMT), thereby allowing the tip to move
forward. Alternatively, high levels of MMP inhibitors may force an ‘ameboid-like’ movement,
independent of MMP activity, through the meshwork of the extracellular matrix.

Regulation of the ECM Metalloproteinases
MMPs are synthesized as zymogens and secreted into the ECM as inactive proMMP complexes where they are either activated by serine proteases or inhibited by tissue
inhibitors of matrix metalloproteinases (TIMPs) (Matrisian, 1990; Corcoran et al., 1995;
Vincenti et al., 1996) (Figure 15). Generally, MMPs are regulated at a transcriptional level,
by proenzyme activation or by proenzyme inhibition (Vincenti et al., 1996; Dollery et al.,
1995).
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At the level of transcription, hormones, cytokines, oncogenes, tumor promoters and growth
factors can work to induce or inhibit the synthesis of MMPs (Borden and Heller 1997; Galis
et al., 1994; Dollery et al., 1995). For instance, researchers have demonstrated the IL-1,
PDGF,and TNF-α can stimulate MMP synthesis (Vincenti 2001; McGeehan et al.,
1994;Gearing et al., 1994) while TGFβ, heparin and corticosteriods can inhibit MMP
synthesis (Saski et al., 2000; Bruner-Tran et al., 2002).
In the case of pro-enzyme activation, MMPs are produced as latent pro-enzymes
with a pro-peptide sequence attached rending the enzyme inactive. Serine proteases, such as
plasmin, are able to bind the inactive complex, cleave the pro-peptide sequence thus
producing an active MMP molecule (Brikedal-Hansen et al., 1993; Sperti et al., 1992).
As for proenzyme inhibition, MMPs are regulated by tissue inhibitors of matrix
metalloproteinases (TIMP) (Brikedal-Hansen et al., 1993, Willenbrock et al., 1993). TIMPs
are secreted by connective tissue cells into the ECM where they bind to active MMPs
rendering them inactive (Takino et al., 1995). TIMPs bind in a 1:1 ratio with MMPs forming
tight complexes that stabilize the inactive conformation of the enzyme. The ECM plays an
essential role in normal development and carcinogenesis by serving as a supportive scaffold,
mediating cell migration, prolieferation, EMT, vasculogenesis and angiogenesis (Kitten et
al., 1987; Krug et al., 1987; Little and Rongish 1995; Markwald et al., 1977;Rongish et al.,
1996; Runyan and Markwald 1983). ECM components such as collagen types I, III, IV, V,
VI, VIII, FN, laminin, and proteoglycans are constantly deposited and degraded in order to
continuously remodel the ECM in the mammary gland (Fata et al 2003).
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Researchers have demonstrated MMP-2-3 and 9 expression in the embryonic rat
cardiogenesis (Ratajska and Cleutjens 2002). MMP-2 also known as Gelatinase A is
responsible for degrading laminin, FN, and collagen types I, IV, V and VII (Dollery et al.,
1995). These are all important in branching patterns of mammary epithelium and appropriate
fat pad invasion.
The ECM has recently received considerable attention due to its importance in cell-cell
signaling, wound repair, and cell adhesion and tissue function. The three most obvious forms
of ECM are bone, cartilage, and basement membrane. Of interest here is the relationship
between basement membrane ECM as it relates to gland development.
The ECM interacts with the surface of the cell. Some of the more striking interactions exist
with the large glycoprotein and fibronectin. New mechanisms of cell adhesion are found with
considerable frequency, but all seem to involve cell-surface receptors for molecules that are
found in the space surrounding the cell (pericellular matrix) which, in turn, interact with
molecules in the territorial matrix. Thus the matrix can exert a physical force on the cell and
supply feedback, which is undoubtedly of importance in controlling tissues shape. This
crosstalk is how the ECM and the glandular epithelium communicate to establish and maintain
proper growth and differentiation of the gland.
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ECM and Breast Cancer
Previous studies have indicated that the involution period and ECM crosstalk are
determinates of abnormal cell growth. The ineffectual crosstalk can lead to uncontrolled cell
growth. Breast cancer is the second most commonly diagnosed cancer, subsequent to lung
cancer. Breast cancer incidence in women has increased from one in 20 in 1960 to one in
seven in 2006 (Figure 21).
Breast cancer is the leading cancer among Caucasians and African American women.
African American women are more likely to die from this disease than their Caucasian
counterparts (Polyak, 2006). The reasons for the gradual increase of breast cancer are elusive.
Previous epidemiological research has indicated cancer is strongly dependent upon the
insufficient crosstalk in the ECM (Russo et al., 2001; Lee et al., 2001).
However, during tumorigenesis the orchestration of effective communication of
biochemical parameters are chaotic (McDaniel et al., 2006). The matrix metalloproteinase
activity (MMPs), collagen, laminin and fibronectin are all elevated; activating a wound healing
and inflammatory response. These conditions have been postulated to directly mediate the
crosstalk between the cell and the ECM (Wiseman et al., 2000). Moreover, MMPs have been
implicated in altering proliferation in mammary gland. The possible mechanism is cleavage of
ECM components, which can promote cell growth by activating growth factors and creating
new areas for expansion. Thus, a balance between MMPs and their inhibitors (TIMPs) to
uphold the crosstalk in the ECM is required (Lee et al., 2001).
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Elevated collagen, laminin and fibronectin during gland involution establish an environment
that is better able to promote tumor cell dissemination by increasing tumor cell motility and
invasiveness (McDaniel et al, 2006). The ECM itself plays a central role in coordinating these
signaling processes.

Tight Junction Proteins
Tight junctions are intercellular junctions that serve a major role in cell-to-cell adhesion
for endothelial and epithelial cells. Tight junctions also function as major barriers that allow
selective passage of molecules and ions, and separate distinct protein and lipid components on
the apical and basolateral plasma membranes to maintain cell polarity. In the mammary gland,
the epithelial tight junctions are dynamic and are regulated by a number of factors.
Tight junctions of the mammary gland in pregnant animals are leaky, but impermeable
during lactation. Abnormalities in the tight junctions are associated with cancer development
and neoplastic transformation. Incubation of murine embryonic carcinoma cells with retinoic
acid resulted in the formation of tight junction structures and the expression of ZO-1 and
Claudin -6 and -7 A substantial level of clauin-6 expression in rat mammary epithelial cells.
(Kominsky et al 2003)
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Claudins
Claudins are a family of transmembrane proteins that seal tight junctions and are
important in cell-cell adhesions. In breast cancer, when cell adhesion is lost, metastasis occurs.
CLDNs 1 and 7 are found in normal mammary epithelia but are decreased or non-existent in
tumors. Claudin 1 may act as a tumor suppressor (Quan and Lu, 2003). Loss of CLDN 7
correlates with both ductal carcinoma in situ and invasive ductal carcinoma (Kominsky 2003).
Conversely, claudins 3 and 4 are overexpressed in ovarian tumors (Rangel et al, 2003). Thus,
the up-regulation or down regulation of members of the CLDN family may be one mechanism
by which micronutrients modulate tumor development. Changes in claudin tight junction
proteins can be indicative of tumor formation and can be potential markers for early detection
of cancer.
Claudins are integral constituents of tight junctions and play a central role in tight
junction formation by forming homodimers and heterodimers.

The claudin family is

comprised of large tetraspanin membrane proteins thought to be the major barrier-forming
proteins of tight junctions, the cell–cell contacts at the apical border of epithelial cells that
control the paracellular movement of solutes. These proteins are highly conserved, with four
transmembrane domains and two hydrophobic extracellular loops; the latter are thought to
mediate cell–cell adhesion (Kubata et al 1999) and to present specific paracellular
permeability properties on cell monolayers (Colegio et al 2003). Claudin 7 shares the general
structural characteristics of the family, differing primarily in its amino-terminal cytoplasmic
tail.
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The protein has been shown to be connected with epithelial cells in the human breast, and its
loss is associated with some breast and head and neck malignancies (Kominsky et al, 2003).
It has been shown to be localized to the basolateral aspects of the renal and lung cells.
Researchers have demonstrated that claudin 7 is constitutively present in the epithelium of
the murine mammary gland. This expression is has been reported to be localized at all cell
borders of several murine mammary tumors. This could be an indicator of its gate keeping
capacity.
Claudins may also have a duality in function as other researchers have found that the
protein can localize to tight junctions, as shown by its partial colocalization with ZO1 in
cultured mammary epithelial cells and epididymis, suggesting a possible dual function
depending on tissue type. (Blackman et al, 2005) Claudins have been known to be upregulated
in various cancers and have been suggested as possible biomarkers and targets for cancer
therapy Claudin3 and 4 have been proposed to be expressed in the epithelial ovarian cancer.
Blackman et al also performed analysis of CLDN-3 and 4 expressions in a panel of ovarian
tumors of various subtypes and cell lines.
During development, the ductal cells of the mammary gland continue to proliferate and
eventually differentiate as a function of the hormonal environment. During puberty, there are
numerous undifferentiated structures containing stem cells rendering them susceptible to
carcinogens (Russo, et al 2003).

Differentiation can be manipulated by changes in the

hormonal environment, external factors such as estrogen-like compounds, chemical factors,
and nutritional intervention. Observed alterations in signaling pathways often reflect changes in
the glandular environment.
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Researchers have shown that levels of Claudin proteins are not only indicators in breast tissue
but also in the tumor tissue. With further research that focuses on the up or down regulation of
claudin7 and claudin4 levels and it may be feasible to use this protein expression as biomarker
for the disease (Michl et al., 2001).

Dietary Interventions for Cancer
A balanced diet contains compounds that cause or protect against many forms of
cancer, including breast cancer. From initiation of the tumor to its progression, it is unclear
how much risk reduction can be attributed to the nutrient or non-nutrient components of
food. However, epidemiological evidence points to populations consuming diets rich in soy
have lower breast cancer mortality rates compared to women consuming typically Western
diets (Zeigler et al, 1993). LaMartiniere et al (1995) suggested early exposure to soy during
mammary development is critical for its protective effects. There are also studies to show
that consumption of diary products during adolescence may decrease breast cancer risk
(Tavat et al 2002; Vantveer et al 1989; Hjartaker et al, 2001). The whey protein αlactalbumin (a-LA) modulates cellular activity in vitro (Alston-Mills et al 1999, Thompson et
al 1991, Hakansson et al, 1995). In all instances, clear information on mechanisms of action
is limited.
The relationship between soy food intake and breast cancer risk in humans is controversial.
In animal studies, genistein treatment often, but not always, reduced the rate of breast cancer,
with the effect being strongest with treatment before puberty (Hilakivi-Clarke et al. 2001).
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It is hypothesized that the genistein treatment before puberty mimics the effect of an early
pregnancy (this effect has also been seen with estradiol), thus reducing the susceptibility of the
mammary gland to carcinogenesis (Hilakivi-Clarke et al. 2001). Additional data from animal
and in vitro studies suggest that phytoestrogens such as genistein have mixed estrogen
agonist/antagonist activity and can inhibit the biological response to endogenous estrogens,
although this apparent antagonist action may not take place directly via the estrogen receptor.
The result may be due to the differential binding of genistein to ERα and ERβ (An et al. 2001;
Ford 2002; Fotsis et al. 1993; Lamartiniere et al. 1995; Markaverich et al. 1995; Po et al.
2002). High soy intake in Asia has been proposed as a factor in reduced breast cancer rates
there, although epidemiologic studies so far provide limited evidence of a protective effect
(Adlercreutz 2002; Hilakivi-Clarke et al. 2001;Trock et al. 2000). One recent study of Asian
Americans reported a protective effect for soy that was most pronounced for high soy intake
beginning in adolescence (Wu et al. 2002), and this study illustrates newer approaches to diet
that explore possible effects of the timing of exposure. Other new approaches focus on possible
interactions of multiple aspects of diet, for example, alcohol and folate (Feigelson et al.2003;
Zhang et al. 2003), or between diet and genetic polymorphisms (Zheng W et al. 2002).
While epidemiologic studies have failed to identify specific dietary constituents that
increase or decrease risks. Effects of fats, fruits and vegetables have been extensively studied,
so far providing no consistent evidence of dietary risk factors (Gandini et al. 2000; Holmes et
al. 1999; Hunter and Willett 1996; Michels 2002; Smith-Warner et al. 2001; Willett 1999).
Diet is not only a function of geographic acculturation but can be influenced by many other
variables.

32

At the individual level, Gail et al. (1989) developed a model that predicts risk from
the age of a woman, age at menarche, age at first live birth, number of previous biopsies, and
number of first-degree relatives with breast cancer. This model has been used, among other
things, as a basis for identifying women considered high risk as candidates for
chemoprevention trials of treatments such as tamoxifen and raloxifene. Using data on breast
cancer incidence and risk factors in two large national surveys, Madigan et al. (1995) estimated
that 41% of breast cancer risk in the United States is correlated with later childbearing,
nulliparity, higher income, and family history of breast cancer.
Epidemiologic studies that consistently show increased risk associated with multiple
sources of exposure to endogenous and synthetic estrogen and other hormones strongly point to
the hypothesis that hormonally active agents in commercial products and pollution also
increase risk. Studies in laboratory animals, in vitro assays, and wildlife provide further
evidence of mechanisms for effects of environmental pollutants on breast cancer risk through
exposure to compounds that mimic or disrupt hormones that promote or inhibit tumor growth,
act as breast carcinogens, or affect the development and vulnerability of the breast.
Although the processes by which breast cancers develop are poorly understood, a
review of the primary features of mammary gland development and the effects of hormones
and chemicals on mammary gland carcinogenesis in animal models shows that the mechanisms
that underlie the recognized risk factors for breast cancer in humans are also seen in animal
studies.
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There are many factors of focus for current research related to biological mechanisms for
breast cancer, including chemical and hormonal factors and the hypothesis that hormonally
active chemicals also known as endocrine disruptors and or endocrine active compounds affect
breast cancer.
Presently a new wave of research on the biological mechanisms of breast cancer is
focusing on the impact of EACs, and stromal interactions. It is still unknown what the
underlying biological for breast cancer, researchers and medical doctors still do not know its
underlying biological mechanisms or an infallible means of preventing the disease. Hormonal
factors along with reproductive history are known to modulate the risk of breast cancer these
factors are often predetermined. Unlike hormonal factors and reproductive history, diet is
modifiable, but the relation of diet to breast cancer is not well defined and multifaceted.
Recent advances in science have shed a new light on the possible causal, protective and
mechanistic relationships that exist between dietary components, micronutrients and cancer
risk and onset. These advances are opening the doors to new questions that involve not only
the food itself but byproducts we consume based on how we prepare the food.
Researchers continue to investigate the extent to which risk reduction can be
attributed to the nutrient or non-nutrient components of certain foods, as well as to what
extent indirect effects, including parallel reduction in fat intake, increased fiber intake and
vitamin and carotenoid intake, may be responsible for this protection. According to
epidemiologic studies around 75 to 80% of human cancers are related to “uninheritable”
factors, which give credence to the role that poor diets may play in the development of many
cancers (Doll, 1992).
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Milk and Dairy Products
A hefty portion of current research has been directed specifically toward
consumption of dairy products and their relation to overall health. Reports of dairy
consumption have yielded conflicting results regarding breast cancer incidence. Specifically,
the role of milk is the most controversial of dairy products with some studies suggesting that
milk is a risk factor and others suggesting milk consumption to be protective against breast
cancer. The association between milk consumption and breast cancer mortality may be of
essential biological significance. Many components in milk, such as growth factors and fatty
acids, are hypothesized to play a role in breast cancer incidence. Comparisons among earlier
studies have suggested that milk consumption may contribute to the initiation or development
of breast cancer. An earlier study measured and partially controlled the effects of dietary
patterns (Gaskill et al., 1979).

Gaskil demonstrated that within the United States, age-

adjusted breast cancer mortality correlates positively with the consumption of milk, butter,
and total milk fat beyond childhood.

Whey Milk Proteins
The whey portion of milk that remains after the casein fraction is precipitated out
that provides autocrine/paracrine regulation of growth and differentiation of the mammary
gland. The growth regulatory capabilities of milk proteins that have been studied for their
anti-carcinogenic qualities has shed a new light on dietary factors involved in mammary
gland development.
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A study of the effects of mixed proteins in commercial mouse chow, casein, and whey
proteins on chemically-induced colon cancer incidence in mice determined that fewer tumors
developed in the casein and whey protein fed mice respectively (Papenburg et al., 1990).
While several lactic acid bacteriae (LAB) have been deemed prbiotics tha
reduce the risk of breast and colon cancer. Lactic acid bacteria are found in fermented milk
and demonstrate anti-carcinogenic properties. Rao et al reported that there were protective
effects from fermented milk and LAB (Lactobacillus, Bifidobacterium and Streptococcus
thermophilus) against chemically induced colon carcinogenesis in rats found by. (Rao et al.,
1999). An inhibition of colon tumor (100%), and lowered multiplicity of tumors in F344
male rats fed a diet supplemented and suppressed mammary carcinogenesis 50% and
inhibited mammary tumor multiplicity with 0.5% lyophilized Bifidobacterium longum was
found in 1993 (Reddy and Rivenson, 1993).

α-Lactalbumin
Breast feeding has been shown to decrease breast cancer risk in mothers (Davis, 1988),
supporting the hypothesis that milk contains molecules with anti-tumor activity. The most
studied proteins milk proteins are lactoferrin, β-lactoglobulin and α-lactalbumin (α-LA).
They appear to possess alternate functions in addition to their biological roles making milk a
nourishing fluid. Specifically, the whey protein, α-LA may also function as an effective
growth regulator and anticarcinogen (Alston-Mills, 1998; Papenburg et al., 1990; Rejman,
1992; Thompson et al., 1992).
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The mammary gland both produces and secretes α-Lactalbumin in all mammals. α-LAs
explicit biological function is biosynthesis of the milk sugar lactose, which results in any
milk containing this sugar contains α-LA (Jenness, 1979). It is a metalloprotein with a high
affinity for Ca2+and other divalent cations (Kronman et al., 1981), a molecular mass of
14kDa, and an isoelectric point of 5.0 (Thompson et al., 1992).
The presence of Ca2+ is essential for the folding and structural stability of α-LA (Musci and
Berliner, 1985).
α-LAs production of glutathione me be related to its anti growth properties, These
properties are involved in either regulation of cell proliferation, removal of free radicals or
detoxification of carcinogens. The specific mechanism with in the gland by which α-LA
operates may be the mode by which it increases tumor latency (McIntosh, 1995; McIntosh
and PK., 1998; Parodi, 1998).

Anti-Carcinogenic Qualities of α-Lactalbumin
In addition to its role in lactose synthesis, a number of research groups have studied
the specific role of the whey protein α-LA as a growth regulator and effective anticarcinogen. Numerous growth stimulating factors in milk have been isolated (Bano et al.,
1985), as well as polypeptide growth inhibitors for cell proliferation regulation (Bohmer et
al., 1985; Wang and Hsu, 1986). Stimulatory and inhibitory factors have been isolated from
mammary gland tissue and milk alike.
Mammary inhibitory activity (MIA), which was fractioned from human milk has
been studied as a growth inhibitor (Thompson et al., 1992).
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It has a molecular mass of 14kDa, an isoelectric point of 5.0, and following amino acid
analyses and partial amino acid sequencing revealed MIA to be human H-α-LA. αLactalbumin has been successfully isolated from many mammalian species. A chemically
modified α-LA has also been compared to MIA and analyzed for their affect on mammary
cell growth in culture. Studies reported that the active portion of MIA and α-LA were one
and the same. α-Lactalbumin appears to exhibit a duality of function and action. It is not
only the end product of mammary cell differentiation and a regulator of lactose metabolism,
but also possibly a physiologically relevant growth inhibitor. Immortalized human (AIN4)
and neoplastic (MCF-7) mammary cell lines when exposed to MIA at concentrations from 5
to 10 ng/ml showed inhibition of cell growth from 40 to 80% alternatively human fibroblast
cells were not inhibited (Thompson et al., 1992).
Further studies corroborate with the work of Thompson; also reported α-LA to
significantly decrease cell proliferation of cultured bovine mammary cells using α-LA
concentrations from 0 to 625 µg/ml (Rejman, 1992). Alston-Mills and Hepler et al. (1998)
also found α-LA to inhibit cell growth.

Mode of Action for α-Lactalbumin
The whey protein consists of high amounts of sulfur amino acids cysteine and
methionine that are required for the synthesis of glutathione. One of the most important
intracellular antioxidants is Glutathione, which performs functions that may be linked to anticarcinogenesis, via the regulation of cell proliferation and immune response (Parodi, 2001).
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Several researchers propose that the mechanism by which milk acts is through
these enzymes, especially glutathione-S-transferase, which are involved in either removal of
free radicals or detoxification of carcinogens. Studies have linked suppression or reduced
tumor incidence to these amino acid components in the whey proteins (McIntosh, 1995;
McIntosh and PK., 1998; Parodi, 1998). The production of glutathione by α-LA maybe the
mechanism by which it is the anti-carcinogenic.

Isoflavones
Isoflavones affect a variety of hormonal-dependent and hormonal-independent
conditions. An massive amount of research studies have focused on isoflavones found in soy
products. Soybeans are made up of many other phytochemicals, but isoflavones still seem to
be the active phytochemical responsible for anti-cancer effects.
Isoflavones are considered phytoestrogens found in plants, particularly in soybeans (Walz,
1931). Based on in vitro and animal studies, isoflavones found within soy foods are believed
to be the active micronutrient causing the reduction in breast cancer incidence. A high dietary
intake of soy foods has been associated with a reduction of breast cancer incidence in
premenopausal women. Phytoestrogens are non-steroidal chemicals behaving in such a way
that it mimics the functions of naturally occurring endogenous estrogens and compete with
endogenous estrogens for estrogen receptor (ER) binding sites. In 1988, Setchell and
Adlercreutz discovered the similarity in chemical structure of isoflavones to mammalian
estrogens (Figure 16).

39

In Asian countries the correlation between low breast cancer mortality and increase
dietey soy has facilitated a concerted effort towards discovering the link between dietary soy
and breast cancer risk Incongruously to all the data provided which support soy for reduction
of breast cancer risk, there is also a concern that soy consumption could be detrimental to
women with estrogen-sensitive breast cancer, or to women at a high risk of developing breast
cancer.

Consumption of Soy Products
Soy foods contain isoflavones, phytoestrogens, which have been shown to act as
weak estrogens. Phytochemicals like diadzein and genistein are isoflavones containing
between 10-5 and 10-2 of the activity of 17β-estradiol on a molecular basis (Markiewicz et
al., 1993). The predecessor for diadzein and genistein originates principally in soybeans, but
can be found in whole grain cereals, nuts, seeds, and berries.
The representative isoflavone content within soy foods is 0.2 – 0.4 mg/g of fresh product and
2 - 4 mg/g protein (Murphy et al., 1999). On average the daily dietary intake of isoflavones in
Western populations is nominal (<1 mg/d), whereas in Asian countries it ranges from 2050mg/d (Nagata et al., 1998a). Physiologic effects seen in humans consuming soy foods is
likely, due to dietary supplementation isoflavone levels are 100–1000 times higher than
endogenous estrogen levels (Probst-Hensch et al., 2000). Routine consumption of soy
products has reportedly caused the detected plasma isoflavone levels to surpass normal
plasma estradiol concentrations, which range between 40- 80 pg/ml (Setchell et al., 1984).
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By consuming .100mg of dietary isoflavones within a diet it is possible to achieve serum
isoflavone levels comparable to that found in Japanese populations (50-800ng/ml)
(Adlercreutz et al., 1993a). Metabolism of soybean isoflavones results in the creation of
diadzein, genistein and glycitein. These compounds have been reported to be phytoestrogenic
compounds. These compounds are then further metabolized into metabolites, such as equol
and p-ethylphenol (Axelson et al., 1984) (Figure 17). The circulation of these metabolites in
the body can bind weakly to estrogen receptors in hormone-dependant tissues, like the breast
tissue. In this capacity they can potentially induce transformation-inhibiting, antiproliferative, anti-mutagenic, apoptosis-inducing, anti-oxidant, and/or anti-estrogenic effects.
Any of these qualities alone or in conjunction with other could be the answer to how or why
dietary isoflavones could be involved in preventing breast cancer.

Developmental Exposure to Genistein
In 1978, Russo and Russo proposed a mechanism for the reported
protective effects of early genistein exposure (Russo and Russo, 1978). Genisteins effects on
lobule formation and the precursor cell differentiation may be seen when exposure occurs
early in life. The least differentiated and the most susceptible structures in the mammary
gland are the TEBs, for this reason it is thought that they are the targets of carcinogenesis.
Conversely the more differentiated structures are less likely and vunerable targets. This
mechanism of protection was supported by a study that found genistein exposed rats had
higher numbers of differentiated alveolar buds, and fewer terminal ducts in DMBA treated
mammary glands (Hilakivi-Clarke et al., 1999).
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These protective effects are similar to estrogen and progesterone during pregnancy at an
early age. It is thought that early full-term pregnancy reduces the risk of breast cancer
through this mechanism of gland differentiation.
Mammary and prostate cancers in rats have shown the protective effects of
genistein when consumed at a 250 mg/kg level. These effects seem to be linked to
developmental hallmarks. The most protection is seen when fed during the prepuberal to
adult phases (Lamartiniere, 2002). The Lamartiniere study supports the notion that early
exposure to genistein is a key factor for cancer prevention. This group proposed that
genisteins protective where only seen when administered to adults that had been exposed
during prepuberal development. They had determined that the chemoprevention was
regulated by specific sex-steroid receptors and growth factor signaling pathways.
Studies by Maskarinec and Meng found that exposure to phytoestrogens before
adolescence is not only important for breast development but also for reduced breast cancer
(Maskarinec and Meng, 2001). This trend for risk is also seen in adult Asian populations who
migrate to western countries. They tend to remain protected initially but loose this trait in
subsequent generations which are raised in Western Countries. Adult Asians who immigrate
to Western countries do still maintain a lesser incidence of breast cancer development, but an
increased risk of breast cancer does appear for their Asian-American descendants after two or
more generations.
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Although it is not known for certain why this occurs, diet may be a key
component. Data has revealed that rates in Japanese and Hawaiian women of American
descent to be between 78 and 97/100,000 compared to 30.8 for Japanese women (Maskarinec
et al., 2002). This study also suggested that environmental factors might be involved in the
loss of protection seen in the 2 or 3 generations for Asians who immigrated. These
environmental factors include diet, physical activity, and overall liftesyle differences. It is
thought that Western countries do not engage in the frequent and intense physical activity of
other countries. The residual effects leading a more sedentary lifestyle have been correlated
to obesity in the US. The consumption of less natural foods and exposure to pesticides widely
used in western countries has also been linked to changes from normal development and
disease onset.
The overall protective traits that are originally carried over to western
countries in many cases is not sustainable in the new environment. Therefore the next
generations are increasingly more susceptible to cancer as their protective traits dwindle. At
this time it is unknown whether the protective traits are more genetic or environmentally
influenced. Studies are currently focusing on finding the links between the environmental
changes and breast cancer risk and incidence.
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Estrogenic qualities of Genistein
The increase in levels of phytoestrogens circulating in the serum of Asian women
may lower the levels of circulating estrogen. Phytoestrogens have weak estrogenic qualities.
The structural similarities of phytoestrogens to estrogens are thought to be the mechanism
responsible for their ability ot mimic estrogen. Estrogen is critical for normal mammary
gland development. The presence of estrogen is also an essential factor influencing
tumorogenesis. Timing and duration of exposure to natural, phyto and synthetic estrogens is
important to breast cancer risk and incidence. This timing and duration can be both inhibitory
and stimulatory in breast cancer.
There has also been studies performed on lactating animals whose results mimic
this duality. The results of these studies have indicated that in utero and lactational exposure to
genistein at levels as high, or levels higher than that of human populations consuming a soy
rich diet does not affect the morphology of the mammary gland in pubertal female mice. This
is more evidence that it is the timing more so than the amount of exposure that is important in
obtaining the protective effects of genistein exposure.

This duality of function has far

reaching indications for prevention, incidence, and treatment. It is this competition for
receptors and their varying response that may mediate the anti-estrogenic effects on breast
cancer (Cassidy, 1996).
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Agonsitic and Antagonistic Properties of Genistein
At first glance the structures of equol, an isoflavone metabolite, and Estradiol seem
to be the identical, when superimposed (Figure 18). Isoflavone metabolites like equol
because of this quality can bind to estrogen receptors and affect estrogen-regulated gene
pathways (Markiewicz et al., 1993). Isoflavones like estrogens are tissue selective and may
have very different estrogenic effects in different tissues. Distribution of these receptors
among different tissues may result in tissue selectivity of isoflavones (Cassidy and Faughnan,
2000) (Figure 19).
Specifically the isoflavone genistein has the ability to have dual functions. For
instance, in pre-menopausal women, a high endogenous estrogen environment, it acts
inhibitory and antagonizes the actions of estrogens, while conversely in post-menopausal
females, a relatively low endogenous estrogen environment, it acts stimulatory and as an
agonist to the actions of estrogen. This duality of effect can be correlated further to include
the stages of development and changes in the hormonal milieus through out life. It is not
clear if the dual effects of genistien reported in mammary cancer studies is related solely to
developmental period or the alteration one the alpha or beta estrogen receptor.
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Genistein competes with estrogens in binding to ERs and regulates estrogenregulated gene expression, acts as a protein tyrosine kinase inhibitor, inhibits DNA
topoisomerase II activity, suppresses angiogenesis, induces breast cancer cell apoptosis , and
downregulates HER2

and ER

expression. Researchers have shown that dietary

supplementation of genistein may act to suppress HER2 expression which in turn may sensitize
the efficacy of synthetic estrogen therapy on prevention and/or treatment of ER+ and HER2overexpressing breast cancer.
Understanding the ability of genistein to mimic the effects of estrogen on breast
cancer cell lines as well as steering mammary gland development is very important. Further
studies aim to answer these questions in hopes that the timing and direction of when the
agonistic or antagonistic function turns on or off as it relates to carcinogenesis.
A plethora of studies have analyzed the agonistic and antagonistic potential of
genistein with the majority reporting that genistein functions mainly as an estrogen agonist
(Dees et al., 1997; Zava and Duwe, 1997). While other studies report the ability of genistein
to act as both an estrogen agonist and antagonist is equal (Miodini et al., 1999).

Mode of Action for Genistein
There are many possible mechanisms for genistein action within the body. The most
likely of these is related to its structural similarity to that of endogenous estrogen. This
quality allows it to bind to both ERβ and ERα receptors and alter estrogen mediated gene
pathways and metabolism. Genistein and its metabolites are able to produce both agonistic
and antagonistic outcomes through these dual mechanisms.
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Roles of Estrogen Receptors
The focus of previous studies was anti-estrogenic activity of soy. Reports show that
genistein had an ability to bind in vitro to sheep uterine estrogen receptors (ER) and human
breast cancer estrogen receptors (Martin et al., 1978; Shutt and Cox, 1972). Mutually, these
studies suggested the chemopreventative function presented by genistein was possibly the
result of obstruction at the ER level in the tumor-promoting effect of estrogen. Interestingly,
it seems that genistein exhibits both agonistic and antagonistic effects depending on the
tissue type in which it binds and the reproductive state of the female. This duality of function
maybe modulated to by distinctly different populations of ER receptors, ERβ and ERα. It is
thought by some that ERβ may be an easier target for antagonism (Pike et al., 1999).
Genistein has been implicated to be an ERβ agonist (An et al., 2001). An essential step in
understanding the relationship between dietary intake of genistein and breast cancer is
elucidating the role of ERβ.
While fewer studies have focused on the interactions between diet and ERα than that
of ERβ. This receptors role in breast cancer and dietary intake is still to be elucidated.
Reports have shown that the presence of ERα is now the basis for treating breast cancer
patients with targeted molecular therapies that block estrogen stimulation of breast cancer cell
division. It has become common practice in clinical settings histologically determine the ERα
presence in breast cancer tissues. Low levels of ERα are associated with a more positive
prognosis at the time of diagnosis.
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The estrogen receptor alpha has been reported to be a mediator of estrogen response in the
breast. Variants within this gene have been associated with lower sensitivity to estrogen in
postmenopausal women (Ladd et al 2007).

Considering both metabolites, endogenous estrogen metabolite, 17β-Estradiol, and
genistein metabolite, equol, have similar structures, they compete for binding with ERβ and
ERα. Increased cell proliferation is a characteristic of the mitogenic properties of 17βEstradiol
Weak estrogens like compounds like genistein compete with and obstruct the
exposure of tissue to endogenous estrogens by binding to their receptors. Primarily the bulk
of genistein circulates the plasma after its been conjugated to glucuronic acid. This could be
beneficial by increasing the bioavailability of genistein for binding to ERs. Genistein has
been shown to down regulate estrogen receptors in addition to competing (Sathyamoorthy
and Wang, 1997).
Fritz et al. studied the rat prostates response to genistein at exposure levels of 25mg or
250mg/kg and found that this exposure led to a down regulation of ERβ and ERα receptors
respectively (Fritz et al., 2002). These ranges are physiologically comparable to human diet
concentration range between 25 mg and 250mg.
It has been reported that in the presence of estrogen higher doses of dietary soy
isoflavones may alter ER signaling and induce selective antagonistic effects in the breast and
suggest that long-term exposure to soy isoflavonoids and their metabolites, equol in particular,
may facilitate endogenous estrogen clearance and catabolism to more benign 2-hydroxylated
metabolites.
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Another new and important area of research related to hormonally active chemicals
concerns imprinting of the mammary gland from in utero exposures to hormones or
hormonally active chemicals. Animal studies and limited human studies have shown that in
utero exposure to estradiol or DES increases mammary tumor formation in the offspring
(reviewed in Hilakivi-Clarke et al. 2001). In experiments related to dietary constituents,
maternal intake of fatty acids and genistein, but not soy, increased 7,12-dimethylbenz (a)
anthracene (DMBA) induced mammary carcinogenesis in the offspring (even though the soy
diet increased pregnancy estrogen levels) (Hilakivi-Clarke et al. 2001).
Gestational exposures to atrazine and bisphenol A have also been shown to affect
mammary gland development in rodents (reviewed in Birnbaum and Fenton 2003). It is
interesting to note that all of the compounds that have been shown to affect mammary gland
development after gestational exposure possess some type of direct endocrine-modulating
activity (for example e.g., estrogen agonist, and androgen antagonist, etc.).
Endocrine disruptors can also act indirectly, for example, by up- or down regulating the
enzymes that metabolize endogenous estrogens or by affecting synthesis of these proteins
(reviewed in Birnbaum and Fenton 2003). Developing organisms have increased susceptibility
to cancer if they are exposed to environmental toxicants during rapid growth and
differentiation. (Fenton and Birnbaum,2002)
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Recently, natural estrogens have been classified as known human carcinogens. Prenatal
exposure to natural and synthetic estrogens is associated with increases in breast and vaginal
tumors in humans as well as uterine tumors in animals (Fenton and Birnbaum, 2002).
Compounds identified in laboratory studies as mammary carcinogens or hormonally active are
in common commercial products and are ubiquitous pollutants to which women in industrial
societies are widely exposed. Identifying the effects of such a compound on breast cancer has
the potential for substantial public health impact, even if the relative risk associated with
exposure is minimal.
The increase in organism complexity during human development is especially
sensitive to environmental onset.

The developing child (embryonic to prepuberty) is

particularly susceptible to environmental insult, because development is a highly integrated
process in which high rates of proliferation and extensive differentiation are coordinated with
each other and with programmed cell death. Rapid growth rates allow for mutagenic and
epigenetic alterations as cells proliferate. Similarly, differentiation represents a highly
controlled process in which patterns of gene expression undergo massive changes.
Accordingly, both cell division and differentiation offer multiple opportunities for the initiation
of lesions as well as the promotion of the growth of altered cells; these are hallmarks of the
complex process known as cancer.
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Endocrine Active Compounds and Endocrine Disruption
Endocrine active compounds (EACs) have recently become the focus of many
multidisciplinary studies. EACs activity has been implicated in producing developmental
abnormalities, reproductive deficits, and cancer in both humans and wildlife (Kavlock et al.,
1996). Second, there are bona fide examples of EACs producing adverse effects in humans
(e.g., diethylstilbestrol) and- wildlife (e.g., dichloro-diphenyl-trichloroethane, 1995).
Consequently, testing for in vivo EACs has been legislatively mandated. The recentlypassed Food Quality Protection Act (FQPA) of 1996 and the Safe Drinking Water Act
(SDWA) of 1996 required the EPA to implement screening strategies for EACs. EACs can
affect development, reproduction, or carcinogenesis by several different mechanisms
(Kavlock et al., 1996; Schardein, 1993).
These mechanisms include both agonism and antagonism to the androgen,
estrogen, and progesterone receptors, steroid biosynthesis inhibition, and compounds which
can alter prolactin levels or thyroid function (Goodman and Gilman, 1996; Capen, 1996).
Until now the proposed testing schemes have focused almost exclusively on a few endpoints
such as estrogenicity and/or antiandrogenicity (Ashby et al., 1997; Carney - al., 1997; Gray et
al., 1997; Reel et al., 1996; Shelby et- al., 1996).
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Overwhelming evidence has recently created an influx of studies centered around the
environment and the compounds in it whether natural of synthetic and their influence on
normal development. Some of these compounds have been directly introduced through
pollution while others maybe the metabolites or secondary products of pesticide treatment. By
changing the environment in small areas these compounds are now seen to have far reaching
effects on the global community.
There is increasing concern for adverse health outcomes after developmental exposure
to environmental compounds that perturb the endocrine system (Birnbaum 1994a). Endocrinedisrupting compounds (EDCs) can be defined as exogenous agents that change endocrine
function and cause adverse effects at the level of the organism, its progeny, and/or
subpopulations of organisms (U.S. EPA 1997). Gestational and perinatal exposures to EDCs
may have long-term effects on the endocrine system that can influence tumor development
later in life. The discovery of the transplacental carcinogenic effect of DES, a synthetic
estrogen originally used to prevent miscarriage, lends support to this hypothesis. The fact that a
synthetic estrogen could cause cancer in offspring should not be surprising, given that elevated
levels of natural estrogens during gestation have been associated with an increase in breast
cancer in the children of such women.
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Endocrine Disruptors and Rodent Tumorigenesis
Genistein is a naturally occurring phytoestrogen found in most soy products.
Although early reports suggested beneficial effects of such isoflavonoids, other studies
correlate high levels of phytoestrogen intake with adverse health effects (Patisaul et al., 2007;
Hilakivi-Clarke et al., 1999) showed an increase in carcinogen-induced mammary cancer in
female rat offspring after maternal genistein injection, suggesting that an elevated estrogenic
environment in utero could increase subsequent breast cancer risk. Soy has been shown to have
similar exposure effects to that of estrogen. Exposure of late-gestation dams to genistein
resulted in enhanced sensitivity of the pups to DMBA-induced mammary tumors at sexual
maturity. However, this result was not repeated in another laboratory (Lamartiniere et al. 2002)
when genistein was administered orally. Whether these adverse health effects are solely a
function of dose or compound availability remains to be determined. Newbold et al. (2001)
injected neonatal mice with genistein (increased bioavailability) and observed an incidence of
adenocarcinomas of the uterus similar to that previously observed for DES. Similar disruptions
associated with postnatal exposure to the EACs genistein or bisphenol-A were reported based
on an acute exposure to the EACs during a pivotal developmental period. It was shown that
they can autonomously alter nuclear volumes of sexually dimorphic nuclei and their
phenotypic profiles in a region specific manner.
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EAC Modulated Changes in Mammary Development
Recently, Markey et al. (2001) demonstrated that in utero exposure of mice to
bisphenol A leads to alterations in mammary gland development in the mouse. Not only did
they see a decrease in ductal migration of the epithelium into the stromal compartment, but
they also noted a permanent increase in the number of terminal ducts and terminal end buds.
Such changes are associated with enhanced susceptibility to carcinogenesis in both rodents and
adults. (Fenton et al. 2000, 2002)
As previously discussed, there have been epidemiologic studies investigating the
association of environmental chemicals, including both organochlorines, such as PCBs, with
breast cancer incidence (Sasco 2001). These particular studies have measured the levels of
exposure of these chemicals in adult women who develop breast cancer. It has been posited
that past research has focused on the wrong exposure period and has consequently been unable
to illuminate a valid exposure-and-effect relationship. The critical exposure window may have
occurred much earlier and what may have been correlated are those additive risks or factors
involved in promotion. Earlier exposures from mother (prenatal) through the pubertal period
appear to be necessary to adequately address questions about environmental exposures
Further studies of the second model for cancer have implicated certain proteins and regulation
of the extracellular matrix (ECM). During development, the ductal cells of the mammary gland
continue to proliferate and eventually differentiate as a function of the hormonal environment.
During puberty, there are numerous undifferentiated structures containing stem cells rendering
them susceptible to carcinogens (Russo, et al 2002).
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Differentiation can be manipulated by changes in the hormonal environment, external factors
such as estrogen-like compounds, chemical factors, and nutritional intervention. Observed
alterations in signaling pathways often reflect changes in the glandular environment.
LaMartiniere’s group suggested early exposure to soy during mammary
development is critical for its protective effects. There are also studies that show
consumption of diary products during adolescence may decrease breast cancer risk (Tavan et
al 2002; Vantveer 1989; Hjtaker et al 2001). The whey protein α-lactalbumin (α-LA)
modulates cellular activity in vitro (Alston-Mills et al 1999, Thompson et al 1991,
Hakansson et al, 1995). In all instances, clear information on mechanisms of action is
limited.
Russo et al 2002 demonstrated that the breast is still a developing organ at puberty
with many undifferentiated cells that are more susceptible to carcinogens. Dietary studies
done on mice implicate soy, skim, or casein based milk diets in enhanced maturation and
reduced tumorigenesis in mammary gland tissue (Hudson and Mills, 2003).

Behavioral and Neurochemical Responses
For centuries the relationship between diet and behavior has been widely held,
discussed and debated. There are certain foods that we consider ‘comfort’ foods and others
that are deemed to aphrodisiacs. Since the beginning of time humans have used foods to alter
mood or health.
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With the current state of global health and disease, there has been a new surge of interest by
scientists in this field. The new epidemics of depression, obesity, and sexual dysfunction and
the potential impact of diet speak to the importance of a clearer understanding of how diet
may modulate behavior and disease states. Imperative to this endeavor is an understanding of
normal behavioral pathways as well as the mechanisms by which gender influences are
expressed to assure survival and procreation.
Recently, there has been an influx of research that has yielded new discoveries
shedding light on the neuroendocrine relationships responsible for mating behaviors including
hormonal regulation of both functional sexual behavior and sexually dysfunctional behaviors.
In recent years sexual dysfunction has become more and more prevalent. First in the male
population and now increasingly in the female population sexual behavioral dysfunction is
increasing. Some sources attribute these changes to an environmental shift while others suggest
that it is related to diet and environmental exposure to endocrine disruptors. Before we can
fully assess the disease state we must define the normal state.
Rodents have been widely studied as model for human behavior. Rodent male mating
behavior has distinct components. An intact chemosensory system is necessary for the proper
function of sexual behavior in rodents. Additionally, exposure to female primates (as with
female rodents) has been shown to affect sexual behavior and hormone concentration in males,
but results of studies comparable to rodents are inconsistent. Cross gender exposure and
hormonal concentration levels appear to share a complex relationship. Females affect sexual
behavior in very complicated ways.
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While they play a crucial role in male sexual behavior, females have their own set of
gender specific dynamics. Copulatory behavior in females usually coincides with ovulation.
Because females ovulate periodically, copulatory behavior is observed in cycles called estrus
cycles. Most female mammals are said to be in estrus when they permit copulation.
Female sexual behavior has been the focus of scientific research far less than males sex
behavior. This holds true for sexual dysfunction as well. Nonetheless much has been revealed
about the mechanisms underlying the hormone to behavioral interactions involved in the
regulation of female copulatory behavior. Ovariectomy consistently results in decreased sexual
behavior in most female mammals.

Cyclic changes in vaginal cytology have also been

correlated with changes in ovarian structure and subsequently with sexual behavior.
In mice, mating onset is at about 50 days of age in both females and males, although
females may have their first estrus at 25-40 days. Mice are polyestrous and breed year round;
ovulation is spontaneous. The duration of the estrous cycle is 4-5 days and estrus itself lasts
about 12 hours, occurring in the evening. The stage of the estrous cycle can be determined by
visual observation of the vulva. Mating is usually nocturnal and may be confirmed by the
presence of a copulatory or vagina plug up to 24 hours post-copulation. The presence of sperm
on a vaginal smear is also a reliable indicator of mating (Chalpan et al 1972). Behavioral
estrus and mating occur near the end of proestrus and end as the vaginal smear becomes
estrous. Ovulation occurs near the beginning of vaginal estrus.
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Mating behavior coincides with the presence of Graffian follicle (chemical extraction of
this ovarian structure led to the discovery of the estrogen class of steroids). Mating behavior
often ceases with the onset of corpora luteal activity (chemical extraction (ablation) of this
ovarian structure led to the discovery of progesterone). Replacement studies using these
steroids on ovariectomized animals demonstrated that estrogens and progesterone were
required for mating behavior in mice and many in other species. Interestingly, females have
historically been portrayed as passive recipients of male sexual attention. However, in many
species, especially primates, females initiate virtually all sexual interactions. In an attempt to
reduce variation, researchers have traditionally studied female copulatory behavior in singlepair tests. In this context, females appear rather passive. However, when they are tested in
social groups that simulate natural conditions, females’ initiation and control of copulatory
activities become evident.
Female sexual behavior can be divided into three components: (1) attractivity, (2)
proceptivity, and (3) receptivity. Attractivity is the stimulus value of the female for a given
male.

Proceptivity is the extent to which females initiate copulation, and reflects overt

behavior as well as the underlying motivational state. Receptivity reflects the stimulus value of
the female for eliciting an intravaginal ejaculation from a male conspecific; in other words,
receptivity is the state of responsiveness to the sexual behaviors of another individual.
Proceptivity and receptivity overlap conceptually, as well as in practice. Generally, estrogens
enhance attractively, proceptivity, and receptivity, while progestins reduce these parameters.
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Female receptivity and control of copulation vary among species; some females copulate even
when not in estrus, and others reject certain males even when in estrus. Pacing of copulatory
behavior by female rats has important physiological consequences for induction of corpora
luteal function and subsequent maintenance of pregnancy.

Both sexual motivation and

performance are meditated by sex steroid hormones in rodents, and probably in other
nonprimate species as well; in these species, copulation does not occur in the absence of high
blood concentrations of estrogen.
Reproductive cycles have evolved so as to maximize reproductive output, and thus
vary with the ecology of the species. Repeated estrous cycles are laboratory artifacts and occur
infrequently in free-ranging mammals. Females in nature are typically pregnant, lactating, or
in seasonal diestrus. Most pregnancies in nature are the result of mating during postpartum
estrus.
Reproductive cycles can be influenced by a number of social and environmental factors.
Rodents exert a number of effects, mediated by chemosensory factors on the reproductive
cycles of their conspecifics. Women who live together for extended periods of time may
synchronize their menstrual cycles.
Ovulation and peak estradiol concentrations coincide in both rodents and primates.
However, rodents exhibit a periovulatory peak in progesterone that is reduced or absent in
primates. Primates of many species, including humans, often display periovulatory peaks in
androgen concentrations. Motivation to copulate appears to coincide with blood concentrations
of androgens in primates.
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Gonadotrophin releasing hormone
Gonadotrophin releasing hormone (GnRH) is synthesized in about 1000–3000 neurons
diffusely situated in the arcuate nucleus among hypothalamic nuclei. Most of their axons
terminate on the hypophyseal portal capillaries in the median eminence through which the
GnRH is transported to the gonadotrophs of the anterior pituitary gland. Some axons project to
other brain areas and studies suggest these may play a role in reproductive behavior. GnRH is
also synthesized in the placenta, gonad, breast, lymphocyte and pituitary gland where its exact
physiological roles are not clear.

GnRH is synthesized as a large pre-prohormone. It consists of a 23-amino-acid signal
sequence at the N-terminal, the 10 amino acids which form GnRH, a 3-amino-acid sequence
used for molecular processing and a 56-amino-acid sequence at the carboxy-terminus known as
GnRH associated peptide (GAP). GnRH and GAP are cleaved before secretion. In the adult,
GnRH is secreted in a pulsatile manner with a single pulse occurring approximately hourly.
During development different patterns are seen. For instance in infants, and during puberty a
diurnal rhythm of pulsatile GnRH secretion is seen. GnRH acts on the pituitary gonadotroph
via typical G-protein-linked receptors that predominantly activate phospholipase C with the
resulting hydrolysis of PIP2 to IP3 and increased intracellular calcium and generation of
diacylglycerol and activation of protein kinase C.
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GnRH stimulates both the synthesis and release of LH and FSH and it is the pattern
(amplitude and frequency) of GnRH secretory pulses that is thought to regulate these functions.
Thus, low- amplitude, high frequency pulses, as seen in women in the follicular phase of the
menstrual cycle, may preferentially stimulate synthesis and secretion of the FSH β-subunit.
High-amplitude, low-frequency pulses typical of the luteal phase of the menstrual cycle may
preferentially stimulate synthesis of the LH β-subunit. It has been recently discovered that
GnRH neurons are modulated by Kisspeptin

Kisspeptin
According to many researchers puberty starts with a Kiss. KiSS peptin that is. Recently
a small protein appropriately dubbed kisspeptin has been the focus of much controversy and
interest. The Herbison and Steiner groups (2003) have reported that it is implicated in the
initiation of puberty. Studies have suggested that kisspeptin can start puberty by activating a
small group of cells in the brain known as GnRH neurons. When these cells are activated, the
diverse processes that allow for pubertal onset begins. This role of kisspeptin was originally
suggested by studies of human families with genetic mutations that render them unable to
utilize kisspeptin. Individuals with this mutation do not go through puberty and are,
consequently, infertile. Still under investigation is whether kisspeptin really is responsible for
activating GnRH neurons to initiate puberty and the molecular events that underlie the onset of
puberty.
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The KiSS-1 gene was originally isolated as a tumor metastasis gene by investigators at
the Pennsylvania State College of Medicine in Hershey, Pennsylvania (Herbison et al 2003).
The name was given in recognition of the hometown Hershey. Kisspeptins have been shown
to stimulate gonadotropin release in a wide variety of species. (Figure 21) This was first
reported by Gottsch et al.,2004 in a study showing that astonishingly low doses of kisspeptin52 and kisspeptin-10 cause rapid and robust release of luteinizing hormone (LH) and follicle
stimulating hormone (FSH), when injected into the lateral cerebral ventricles of mice
(Gottsch et al.,2004).
Initially Kiss was an oncogenic gene involved in metastatic cancer. The reproductive
dimensions of the KiSS-1/GPR54 system were recently disclosed in late 2003. At that time the
inactivating mutations of GPR54 gene were first reported in humans and mice suffering
hypogonadotropic hypogonadism (de Roux et al., 2003 and Seminara et al., 2003).
Subsequently, there have been a growing number of global studies which have helped to
substantiate the essential functions of kisspeptin in the control of different aspects of
reproduction. Some of the most important roles recently assigned to kisspeptin in the area of
reproduction are (Tena-Sempere, 2006):
• Kisspeptin is a very potent stimulator of the GnRH/gonadotropin axis. This effect is detected
after its intracerebral and systemic administration, in a diversity of mammalian species.
• The KiSS-1 system plays an essential role in the control (timing) of puberty onset. This action
likely involves an enhancement of the endogenous kisspeptin tone as well as an increase in the
sensitivity to kisspeptin at the time of puberty.
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• The stimulatory actions of kisspeptin on the gonadotropic axis are primarily conducted at the
hypothalamus, where it can activate GnRH neurons and elicit GnRH secretion. ) (Figure 22)
• Two major populations of KiSS-1 expressing neurons have been detected at the
hypothalamus in rodents, which are located at the arcuate nucleus (ARC) and the anteroventral
periventricular nucleus (AVPV).
• Hypothalamic expression of KiSS-1 gene is under the control of sex steroids, and KiSS-1
neurons are strong candidates for mediating the negative and positive feedback effects of
estradiol on gonadotropin secretion
• The hypothalamic KiSS-1 system operates also as molecular conduit for the control of the
gonadotropic axis by additional relevant regulators, such as metabolic signals and, likely,
environmental cues.
It is important to note that virtually all the experimental studies published to date addressing
the biological roles of the KiSS-1/GPR54 system in the control of reproduction have been
conducted in mammalian species, including the rat, mouse, sheep and primates (Tena-Sempere,
2006). Nevertheless, some initial evidence suggests that GPR54 signaling is also related with
reproduction in non-mammalian species.
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The Her2 Nue Mouse Model
The mouse mammary tumor virus (MMTV)-neu/ErbB-2 transgenic mouse develops
spontaneous mammary cancer with a long latency due to overexpression of the neu
protooncogene (Guy et al 1992). Overexpression of neu-ErbB-2 has been reported to occur in
20–40% of human mammary cancers (Revillion et al 1998). The neu gene was first identified
in rat neuroblastoma, and was found subsequently to be homologous to genes associated with
erythroblastosis in chickens (ErbB) and human growth factor receptors HER (Yarden, 2001).
Hence, neu/ErbB-2 which is equivalent to HER2, is a member of the HER family of receptors,
which includes the epidermal growth factor (EGF) receptors HER1, HER2, HER3 and HER4.
HER2 is an important regulator of normal mammary growth and development. Studies have
shown that in the MMTV-neu mouse, soy isoflavones have delayed time of tumor onset, while
it had no effect on tumor number or size (Zem and McDonald, 2002). Therefore, this mouse
model offers a unique opportunity to examine mammary cancer development in response to
dietary intervention
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Hypothesis
In this study, we specifically studied potential EACs soy and Lactalbumin protein
based dietary effects on both the architecture of the mammary epithelium and the ECM and
thereby cancer susceptibility. In addition, the behavioral attributes of the reproductive organ
changes elicited by these diets were studied to detect quantifiable changes in reproductive
behavior. The goal of our research is to examine the problem of breast cancer from a new
perspective by combining information obtained in dietary studies with results gained from
behavioral studies to give us new insight into the process of breast cancer formation. This study
will enable us to expand our knowledge base related to prevention and early detection.
Based on studies done on these proteins, it is hypothesized that the claudin tight-junction
protein can be used as an indicator protein for measuring the efficacy of diets that promote
resistance to cancer in mammary tissue. In the proposed study we will examine the interactions
between these micronutrients, Soy and αlac, and Claudin 4 and 7 expression as they relate to
tumor formation, progression and metastasis in a transgenic mouse model, Her2/neu of
metastatic breast cancer
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Figure 1: Developmental stages of the mammary gland.
The adult female mammary gland undergoes growth, differentiation, and apoptosis, through
cyclic changes in estrogen and progesterone. The mammary glands development is divided into
stages of puberty, pregnancy, lactation, and involution.
Source: Hansen and Bissell, 2000

66

Figure 2: The pendulous human mammary gland throughout development.
The structure consists of ducts and lobules supported by ligaments.
A) Non-pregnant
B) Pregnant
C) Lactating
Source: Smith, 2005
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Figure 3: Mammary Ducts and TEBs in the immature mouse mammary gland reveal the
epithelial-stromal interface.
(a). The ductal system in a 5-week-old nulliparous mouse. Terminal end buds (large arrows)
identify growing ducts. End buds along the right side of the gland are in various stages of
regression. Blunt-tipped branches (small arrows) mark growth quiescent.
(b). Longitudinal section through a TEB and duct. Large arrows show a fibrous connective
tissue sheath. Small arrows show the extracellular matrix-basal lamina complex at the epithelial
stromal interface.
Source: Silberstein, 2001
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Figure 4: Mammary development in the mouse from birth to pregnancy.
Source: Muller, 2004
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Figure 5: Proposed mechanisms for MMP facilitated ductal development
Source: Fata et al 2004
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Figure 6: Terminal ductal lobular unit (TDLU) within the human breast.
TDLUs grow, divide and comprise the functional portion of the mammary gland. The human
TDLU resembles a cluster of grapes at the end of a stalk.
Source: Brisken, 2002
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Figure 7: Human mammary gland.
Terminal end bud (TEB); alveolar buds (AB); Lobules types 1, 2, and 3 (Lob 1, Lob 2, and
Lob 3); and ducts.
Source: Russo, 1987
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Figure 8: A typical mammary TEB.
Adipocytes (a) lie on top of cap cells at the tip (left). Fibrocytes (f) comprise the connective
tissue around the neck region. The basal lamina (bl) differentiates and is continuous with
myoepithelial cells (mc) in the neck region. Mitosis is seen in the cap and body cells (bd).
Source: Daniel, 1987
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Figure 9: Branching patterns in the mammary gland.
Two types can be distinguished:
(1) dichotomous branching, and
(2) “sprouting” morphogenesis giving rise to side branches and alveoli.
Source: Brisken, 2002
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Figure 10: Female Breast Cancer Incidence
Age-specific incidence and death rates, by race, United States, 1994-2005
Source: American Cancer Society, Surveillance Research, 2005
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Table 1: Breast Cancer Diagnosis Predictions
Estimated new breast cancer cases and deaths in women by age United States, 2005.

Source: American Cancer Society, Surveillance Research, 2005
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Figure 11: Number of Breast Cancers Diagnosed in 1996-2004
Reported by age and disease type
Source: American Cancer Institute, 2005
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Figure 12: The extracellular matrix
Source: Pearson Education Inc

78

Figure 13: Collagen
A: Pro-α collagen chain
B: 3 Pro-α collagen chains hydrogen bonded together to form a helical pro-collagen
molecule
Adapted from Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P. 2002.
Molecular Biology of the Cell;4th Edition; Garland Science: New York, NY
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Table 2: Types of Collagen and their Properties

Adapted from Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P. 2002.
Molecular Biology of the Cell;4th Edition; Garland Science: New York, NY
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Table 3: Collagens in Developing Mouse Tissues

Adapted from Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P. 2002.
Molecular Biology of the Cell;4th Edition; Garland Science: New York, NY
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Table 4: Matrix Metalloproteinases

Adapted from Dollery et al., 1995; Li et al., 2000
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Figure 14: Cell To Cell Interactions As Regulated By MMPs
Adapted from Fata et al., 2004
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Figure 15: Schematic of MMP activation and inhibition
MMPs are produced as inactive zymogens. Pro-MMPs are activated by the cleavage of the
pro-peptide sequence by a serine protease. Once activated, they proceed in the degradation of
the ECM. TIMPs bind active MMPs, changing the conformation and rendering the molecule
inactive, no longer able to degrade the ECM.
Adapted from Bullock et al 2004
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Figure 16: Comparison of the chemical structures of endogenous estrogen
with the dietary estrogen, isoflavones.
Source: Setchell, 1998
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Figure 17: Chemical structures of the soy isoflavones
A, genistein; B, diadzein; C, glycitein.
Source: Barnes, 1997
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Figure 18: Comparison of isoflavone metabolite equol structure to estradiol.
Source: Setchell and Cassidy, 1999
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Figure 19: Anatomical distribution of estrogen receptors, ERβ and ERα.
Source: Setchell and Cassidy, 1999
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Figure 20: Metabolism of Estrogen,
E1, estrone, E2, 17-β estradiol, E3, estriol
Source: Lu et al., 2001
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Figure 21: Proposed Mechanism for regulation of puberty in the rodent by KiSSpeptin
Adapted from Smith and Clarke, 2007
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Figure 22: Proposed mechanism for regulation of puberty by GPR54 and Kisspeptin in
the mouse forebrain
Adapted from Gottsch et al., 2006
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Chapter 1

GLANDULAR CHANGES IN THE ECM OF THE MUTANT MOUSE
Introduction
During development, the ductal cells of the mammary gland continue to proliferate
and eventually differentiate as a function of the hormonal environment. During puberty, there
are numerous undifferentiated structures containing stem cells rendering them susceptible to
carcinogens (Russo, et al 2003).

Differentiation can be manipulated by changes in the

hormonal environment, external factors such as estrogen-like compounds, chemical factors,
and nutritional intervention. Observed alterations in signaling between the glandular epithelium
and the ECM often reflect changes in the glandular environment.
Diets can contain EACs that can act as either as an agonist or antagonist for many
forms of cancer, including breast cancer. From initiation of the tumor to its progression, it is
not clear how much risk reduction can be attributed to the nutrient or non-nutrient components
of food. However, epidemiological evidence points to populations consuming diets rich in soy
have lower breast cancer mortality rates compared to women consuming typically Western
diets (Zeigler et al, 1993). LaMartiniere et al (1995) suggested early exposure to soy during
mammary development is critical for its protective effects. There are also studies to show that
consumption of diary products during adolescence may decrease breast cancer risk (Navat et
al., 1997). The whey protein a-lactalbumin (a-LA) modulates cellular activity in vitro (Alston-
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Mills et al 1999, Thompson et al 1991, Hakansson et al, 1995). In all instances, clear
information on mechanisms of action is limited.
It is important to gain a full understanding of the various players with in the
microenvironment and what role micronutrients that we consume may play in altering that
environment. Thus, the up-regulation or down regulation of members of the CLDN family and
other ECM proteins may be one mechanism by which micronutrients modulate glandular
development.
Materials and Methods
Animals an d Diet
Prepubescent female Her2/Nue mutant mice (Jackson Laboratories) were weaned
at 21 days of age and housed individually in standard cages fitted with wire lids and a
substrate of BETA CHIP Heat treated Hardwood Laboratory Bedding 100% Virgin Wood
Fiber Fully NEPCO Northeastern Products Corp. Warrensburg, NY 12885 bedding on the
floor of the cage. As described below, diets were fed to the mice from 21 to 28 days of age.
The diets varied according to treatment-group assignment.

All mice were provided ad

libitum access to drinking water. The light: dark schedule was maintained at 12:12 hours
throughout the experiment, and the room temperature was regulated at 22±1ºC.

All

procedures were done in accordance with the NIH Guide for the Care and Use of Laboratory
Animals and were reviewed and approved by the North Carolina State University Animal
Care and Use Committee.
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Diets were formulated to be isocaloric and isoproteinacious (Dyets, Inc. Bethlehem,
PA). At age 21 days, weaned females were randomly assigned to one of four treatment groups
(n=12 mice per group): 1) soy protein based diet (S),. 2) an α-lactalbumin protein based diet
(L), 3) a combination of soy and α-lactalbumin protein diet (SL), 4) a combination of the αlactalbumin protein and plus daily subcutaneous injections of 2.5 µg of estradiol benzoate (EB)
in 20 µg of corn oil (EL)., 5) A casein based diet was used as a negative control, (C) , and 6) a
casein based diet plus daily subcutaneous injections of 2.5 µg of EB in 20 µg of corn oil served
as a positive control, (E)
Diets were provided ad libitum during the interval from 21 days of age until the end of
the experiment at 28 days of age. Specially prepared mouse diets for these experiments were
purchased from Dyets Inc. All mice in that were not receiving daily EB injections were
alternatively getting daily sham subcutaneous injections of 20 µl of corn oil.
Tissue Collection
At 28 days of age, the females were euthanized. Left or right inguinal mammary
glands were excised and fixed for whole mount preparations for morphological changes, while
thoracic mammary glands were used protein analysis (Figure 24).
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Wholemount Mor phological Anal ysis
Whole glands were spread onto glass slide and fixed in Carnoy’s solution followed by
carmine-alum staining following NIH published procedures (Rosen et al 2001). From the
whole mounts, mammary fat pad invasion (MFPi) into the mammary glands was evaluated
based on primary ductal growth away from the nipple and towards the lymph node using the
following scale: 1 = ducts have not reached the lymph node; 2 = ductal elongation has reached
the lateral edge of the lymph node; 3 = ductal elongation is adjacent to the mid-region of the
node but has not reached the medial edge; 4 = ducts have reached the medial edge of the lymph
node; 5 = ducts have grown well beyond the lymph node (Figure 23). The extent of the
secondary branching, terminal end buds (TEBs) and alveolar buds (ABs) were counted
(double-blind) as indices of mammary gland development.

Figure 23: Mammary gland Lay out

Source: NIH Biology of the Mammary Gland website
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Figure 24: Wholemount scoring grid

Source: NIH Biology of the Mammary Gland website

Total Protei n Extracti on and Anal ysis
To determine total protein, 150 mg of mammary tissue were homogenized in 2.5x TNE
pH7.4 and precipitated using 1.25 ml of 10% tricarboxylic acid. Following centrifugation, the
pellet was re-suspended in 0.5 ml of buffer. Protein was measured using the bicinchoninic acid
assay following the manufacturer’s instructions (Pierce Rockford, IL). Total Protein lysates
were further analyzes for the presence of ECM proteins to include CLDN 4 and 7, MMP2,
TIMP2 (R&D systems)
Statistics
One-way analysis of variance was used to compare all means using Graph Pad
Prism®, Instat®, and SAS®, with Tukey’s post-test statistics. Significance was reported at
P<0.05 level (Figure 25).

Results
Mammary Fat Pad invasion
The L group was able to obtain the maximum invasion of the fat pad with a score of
5. This was followed by the SL Compared to the control every treatment group was different at
the p<0.001*** level. While the invasion scores from the Lactalbumin differed from the
Estrogen, Elac and soy groups at the p<0.01** level respectively (Figure 25).
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Terminal End Bud Distribution
Mammary gland terminal end buds were counted in the wholemount spreads and had
a distribution as shown in Figure 26.The estrogen had the highest number of TEB’s while the
control group had the lowest number. The control group was different from the EL group at the
p<0.05 levels. The highest number of terminal end buds present was reported in the estrogen
group. The estrogen group was different from the control group at the p<0.001*** and the L
group at the p< 0.05 level.

Alveolar Bud Distribution
Differentiation was measured by counting the number of alveolar buds in the
wholemount spreads, Figure 27. The highest mean alveolar budding was seen in the Estrogen
group (71.5) and found to be significantly different from all other groups at the p<0.001***
level. This level of difference was seen between all groups and the control.

MMP2 expression
The Lactalbumin (0.4890+ 0.0013) and Soy (0.46 + 0.00160) group had the greatest
overall effect on the MMP2 concentration, when compared the control (0.4090 + 0.0023). This
difference was seen at the p<0.001 level. While both the combination treatments exhibited a
decrease in effect Figure 28.
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TIMP 2 Expression
The trend in the TIMP2 concentration has an inverse relationship to the MMP2
concentration (Figure 29). The concentration of TIMP2 was greatest in the Estrogen (0.3910 +
0.0075) group. The EL combination (0.3990+ 0.0013) and Control (0.3070+ 0.0075) groups
TIMP2 concentration were the not significantly different. While there was a marked decreased
in TIMP2 concentration in both the Soy (0.4650+ 0.0015) and Lactalbumin (0.4890+ 0.0024)
groups, respectively when compared to the control. These treatment seem to have a synergistic
effect on TIMP2 concentration when combined SL (0.3990+ 0.0013).
Cla udi n Ex pressio n
Treatment groups had no effect on Claudin 4 level (Figure 30). Since both negative
(C) and positive (E) control groups showed 0ng/ul concentration levels of Claudin. The results
are inconclusive. Claudin 7 concentration was unregulated by the L group at the p<0.001 (***)
level as compared to the control (Figure 31). Interestingly enough the L effect is attenuated by
both combination with S or E treatment.
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Figure Key
a= control or not significantly different from the control
ab= control or not significantly different from the control or b treatment group
b= significantly different from control
c= significantly different from control and b treatment groups
d= significantly different from control and b, c treatment groups
e= significantly different from control and b, c, d treatment groups
f= significantly different from control and b, c, d, e treatment groups
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MFP Invasion
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Figure 25: Mammary Fat Pad Invasion
MFPi was scored on the wholemount spreads and evaluated based on growth away from the
nipple towards the lymph node. Designating a score of 1 being the least and 5 being the most
growth. The Control (C) group had minimal growth of 2.5, whereas E, EL, and S had an
increased growth score at 5.0 and SL had the next highest score of 4.5, respectively
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Terminal End Bud Distribution
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Figure 26: Mammary Gland Terminal End Bud Distribution
The E group had the highest average number of TEBs at 6.5, while the control group had the
lowest number, 3.3. The estrogen group was different from the control group at the
p<0.001*** and the L group at the p< 0.05 level. The control group was different from the EL
group, 5.6 at the p<0.05 levels.
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Alveolar Bud Distribution
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Figure 27: Mammary Gland Alveolar Bud Distribution.
The highest mean alveolar budding was seen in the Estrogen group (71.5) and found to be
significantly different from all other groups at the p<0.001*** level. This level of difference
was seen between all groups and the control
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Mean MMP2 Concentration Across
Treatments
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Figure 28: Extracellular Matrix MMP2 Concentration.

The L (0.4890+ 0.0013) and S (0.46 + 0.00160) group had the greatest overall effect on the
MMP2 concentration, when compared the control (0.4090 + 0.0023). This difference was seen
at the p<0.001 level. Both the combination treatments exhibited a decrease in effect.
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Mean TIMP2 Concentration across
treatments
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Figure 29: Extracellular Matrix TIMP2 Concentration.
There is an inverse relationship between the MMP2 and TIMP2 concentration in the
extracellular matrix. The concentration of TIMP2 was greatest in the E (0.3910 + 0.0075)
group. The EL combination (0.3990+ 0.0013) and C (0.3070+ 0.0075) groups TIMP2
concentration were the not significantly different. While there was a marked decreased in
TIMP2 concentration in both the S (0.4650+ 0.0015) and L (0.4890+ 0.0024) groups,
respectively when compared to the control. These treatment seem to have a synergistic effect
on TIMP2 concentration when combined SL (0.3990+ 0.0013).
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Claudin Concentration Across Treatments
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Figure 30: Mammary Gland Claudin 4 Concentration .

Treatment groups had no effect on Claudin 4 level. Since both negative (C) and positive (E)
control groups showed 0ng/ul concentration levels of Claudin . The results are inconclusive.
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Claudin 7 Concentration Across Treatments
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Figure 31: Mammary Gland Claudin 7 Concentration.

Claudin 7 concentration was increased by the L group (2.742 ng/ul) at the p<0.001 (***) level
as compared to the control (2.406 ng/ul). While when in combination with either the S (1.752
ng/ul) or E (2.346 ng/ul) treatment the L effect was attenuated.
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Discussion
Soy or its isoflavone component, genistein, has been reported to have variable effects
on reproductive organs and the mammary gland. This relationship has been implicated in its
ability to effect cancer risk and progression. Researchers have shown that the time of exposure
can be correlated to a lowering of risk for cancer; many believe this is due to its estrogenic
effects. In regard to breast cancer, evidence suggests that the consumption of dairy products in
early childhood or adolescence is linked to reduction of breast cancer risk also. In this way if it
is known what factors are involved in these supplements being protective in breast cancer it
may be possible to use them as preventative or therapeutics for breast cancer. To achieve this
consideration must be given to such factors as stage of development, heredity, and the fact that
diets are not consumed in isolation. Further, there may be multiple targets of action.
The assertion of this study is to consider a broad view of a breast cancer model to
examine the effects of diet on the isometric growth phase of the pre-cancerous mouse
mammary gland, The r goal of this research is to determine whether short-term exposures, (7
days), to isocaloric and isoproteinaceous diets of soy or and/or α-LA would accelerate
mammary gland development in the pre-pubertal female her2/neu mouse. The her2/neu mouse
is a transgenic model for breast cancer that develops cancer over a long latency due to the
expression of the neu protooncogene (Guy et al 1992).
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Mammary gland development in pre-pubertal mammals is influenced by estrogen. In
developing rodents, the number of terminal end buds decreases concomitant with an increase in
their differentiation to alveolar buds as estrogen and progesterone increase during and after
puberty. Here we compared soy protein and milk protein alone or in combination; observed
phenotypic changes in the mammary gland ductal pattern of development, TEBs and ABs; and
then made comparisons to estrogen treated and negative control groups. Rowlands et al 2001
examined the pups from dams exposed to whey-protein or soy protein isolate. Diets were
continued from birth to termination.

Rowland reported both diets produced phenotypic

differences in the gland at age 50 days regarding progesterone receptors in the TEBs,
suggesting that an increase in differentiation could reduce sensitivity to carcinogens. All of our
treatment groups increased the number of TEBs but only the soy fed groups stimulated
significant differentiation into ABs. However, α-LA alone did not. The estrogen treated group
did increase the number of TEBs compared to the control. It is well accepted that age, dosage,
and stage of mammary development also influence the effects of estrogen on mammary gland
development.
In this study, α-LA accelerated the maturation of TEBs to ABs. Fritz et al. demonstrated
similar effects of genistein on mammary gland structures in 21 day-old rats. Using high and
low concentrations of genistein in the diet, rats showed a lower incidence of chemically
induced mammary tumors. Thus, by reducing the most susceptible and least differentiated
structures, the TEBs, the gland is protected. However, it is important to note that even as the
ducts mature, stem cells are still present.
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The findings of this work suggest that the milk protein may serve to increase invasion
of the mammary epithelium into the extracellular matrix rather than solely modulating the
epithelial cells in the mammary gland. In conclusion, soy and α-LA supplements in the diet
resulted in differential effects on the mammary gland and reproductive organs. The soy
treatment effected the distribution of alveolar buds, which may serve as a protective shield
from tumor onset or metastasis in later development.
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Chapter 2

BEHAVIORAL EFFECTS OF DIET ON PREPUBESCENT MUTANT MICE
Introduction
What is Reproductive behavior and why is it important? Reproductive behavior is related to the
production of offspring; it includes such patterns as the establishment of mating systems,
courtship, sexual behavior, parturition, and the care of young. Successful reproductive efforts
require the establishment of a situation favorable for reproduction, often require behavior
leading to the union of male and female gametes, and often require behavior that facilitates or
ensures the survival and development of the young; the mere union of gametes is not generally
sufficient for successful reproduction. For each species, there is a complex set of behavioral
adaptations that coordinate the timing and patterning of reproductive activity. Typically, this
entails integration of both overt behavioral and internal physiological events in both male and
female, all of which are intricately enmeshed in manners adapted to the environment in which
the animals live. The behavioral patterns related to reproduction tend to be relatively
stereotyped within a species, but diverse among different species especially distantly related
species. The end products of cycles of reproductive activity are viable, fertile offspring, which,
in turn, will reproduce and thus perpetuate the species. Reproductive behavior is mutualistic. It
requires interactions between the neuroendocrine systems of both male and female. In today’s
society we know there are many exogenous agents that can affect the normal neuroendocrine
balance and can act as promoters or inhibitors of behavior. In this manner it is very important
to look at what influence such dietary components can have on behavior.
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Materials and Methods
Animals and Diet
Animals and diets were carried out as previously mentioned in Chapter 1.
Additionally, sexually experienced adult male mice (“retired breeders,” (Charles River
Laboratories), were used to provide male stimulation to the female mice. The males were
individually housed as above but provided ad libtum access to standard brand mouse chow.
Tissue Collection
Brains were extracted and frozen on dry ice and stored in the -80C freezer until
processed. Additionally uteri were excised and formalin fixed for morphological studies.

Vaginal Smear Analysis
Following the 24-hour pairing with a male, mating was assessed by performing
a vaginal smear: fire-polished glass pipettes were used to aspirate the vagina and uterus with
a 0.9% saline solution. The collected aspirate was examined microscopically, and the presence
or absence of sperm was noted.

The mice were then euthanized via Co2 asphyxiation.

The uteri were collected for further testing. Uteri were excised weighed, fixed and paraffin
embedded for histological analysis.
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Uterine Analysis
The uteri were removed from all mice, cleaned of fatty tissue, and weighed to the
nearest 0.1 mg.
Brain Sectioning
The brains were cut on a cryostat into sections 20 µm thick and thaw
mounted on Superfrost plus microscope slides (Fisher Scientific, Pittsburgh, PA). Serial
sections were taken of the AVPV and Arc.

Behavioral Observations
Each subject underwent two 10-minute behavioral tests, 24 hours apart, in which
a sexually mature male mouse, a retired breeder male (Charles River, Raleigh, NC) was
introduced into the cage of the female. The first test was done at postnatal day (pnd) 26.
Following the second test on pnd27, the male remained in the cage for 24 hours. The
following behaviors of the subject females were recorded using stopwatches and DVD
recordings: rostral proximity, caudal proximity, and locomotor activity.
Rostral proximity was defined as the female placing her nose within 1 cm of the
rostral half of the male.

This measure is associated with social chemosensory behaviors

that communicate species and individual identification.
Caudal proximity was recorded when the subject female placed her nose within 1 cm
of the caudal half of the stimulus male; this is considered to be a pre-copulatory behavior
exhibited by both males and females, and it is thought to facilitate pheromonal communication
regarding gender and endocrine status.
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Line Crossing, defined as the number of times the nose of the female crosses the cage
midline, Line Crossing was used as a measure of general health status.

Statistics
One-way analysis of variance was used to compare all Behavioral means using
Graph Pad Prism®, Instat®, and SAS®, with Tukey-Kramer Multiple Comparison Test
post-test statistics. Significance was reported at P<0.05 level.
Uterine wet weights were analyzed by one-way ANOVA (Prism®, Instat®, and
SAS®,) and group differences were identified using Tukey-Kramer Multiple Comparison
Test post-test statistics. Significance was reported at P<0.05 level.
Results
Vaginal Sperm Presence

The presence of sperm was noted after microscopic analysis of the aspirate obtained
from the vaginal smears of the mice just prior to termination. The groups that had estrogen
all maintained a 100% sperm positive smear rating. Most significant was the finding that the L
group with a 91% while the sperm positive rating. Interestingly, like the control group the
groups with Soy had no sperm positive vaginal smears. The EL combination group had an 83%
positive rating (Figure 32).
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Uterotropic Assay
Uterine weight was affected the most by the EL treatment (0.272 mg/g). While S
alone showed a greater increase in uterine weight, compared to the combination with the L
treatment. The decrease seen when combined with S is not seen when L is combined with the E
treatment (Figure 33).
Behavioral Analysis
Overall the L group spent the most time in caudal proximity with the retired breeder
male. While when combined with E and S its effects are decreased. Similar trends were noted
in the rostral proximity findings, although the differences were not as pronounced. Line
crossings were not significantly different among treatment groups. The treatment groups were
different from the negative control at (p>0.05) level (Figure 36).

Kisspeptin Levels
Due to an unpredicted delay in the commercial availability of the antibody these
analysis has not been completed. The last report from Chemicon reflects the earliest possibility
of shipment is 6 months out. At that time analysis of cryosections will be performed.
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Figure 32: Vaginal Smear analysis

Aspirate from vaginal smears was microscopically analyzed for the presence of sperm. These
smears revealed that the L group had an estrogenic effect on the presence of sperm in vaginal
smears. The highest percent of sperm present was observed in the E group (100%). The second
highest value was obtained by the L group (91%). Interestingly, the effect of the L group was
attenuated by the combination with E with an observed rating of only 83%.
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Figure 33: Uterine Weight Comparisons

The EL treatment had the greatest effect on uterine weight. The EL group increased the uterine
weight by nearly double (0.272 mg/g) when compared to the C (0.1188 mg/g) group. While S
(0.1757 mg/g) alone showed a greater increase in uterine weight, compared to the combination
with the L treatment. The decrease seen when combined with S is not seen when L is
combined with the E (0.259 mg/g) treatment.
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Figure 34: Caudal Proximity

The L group (56.9 sec/10min) invested a considerable amount of time in caudal proximity with
the retired breeder male on average. This was significantly different from the C group. While
when combined with E (48.23 sec/10min) and S (43.5 sec/10min) its effects were decreased.
Of note the S group (37.5 sec/10min) showed no increase in caudal proximity when compared
to the control.
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Figure 35: Rostral Proximity

Rostral proximity patterns revealed similarities with caudal proximity pattern reported above.
The differences between groups were not as pronounced.
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Figure 36: Line Crossings

Line crossings were not significantly different among treatment groups. All groups were
equally active. The treatment groups were different from the negative control at (p>0.05) level
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Discussion
The groups that had estrogen all maintained a 100% sperm positive smear rating. This
result was expected as the administration of exogenous estrogen in this developmental period
has been reported to produce precocious puberty (Lampit et al 2002). Second ranked was the
Lactalbumin group with a 91% positive sperm rating. Interestingly the groups with Soy had
between no sperm positive vaginal smears, as did the control group. Although a trend was
noted in that the estrogen groups did spend more time investigating the male and engaging in
general. The lactalbumin mice showed less defensive behaviors such as kicking and fighting.
The assertion of this study considers a broad view of a breast cancer model to clearly
examine the effects of diet on the isometric growth phase of the pre-puberal behavior in the
her2/nue mouse, and the relative quiescence of the uterus, and the immature hypothalamohypophysical axis. Thus, our goal was to determine whether short-term exposures, (7 days), to
isocaloric and isoproteinaceous diets of soy or and/or α-LA would accelerate reproductive
organ development and the onset of sexual behavior in the pre-pubertal female her2/nue
mouse.
Uterine development in pre-pubertal mammals is influenced by estrogen.

In

developing rodents, the uterine development and reproductive behavior as estrogen and
progesterone increase during and after puberty. Rowlands et al examined the pups from dams
exposed to whey-protein hydrosylate or soy protein isolate from d 4 in uteri. Diets were
continued from birth to termination.
Few studies have examined the influence of milk proteins on other reproductive organs
such as the uterus, or sexual behavior.

To further support this finding, precocious sexual
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activity was observed in 91% of the mice as indicated by the presence of vaginal sperm in the
α-LA group. There also was increased sexual behavioral interest as suggested by increase in
caudal and rostral proximity. No such increases were observed for the soy fed groups.
Foth and Cline, 1998 reported that plant estrogens increased endometrial thickening in
post-menopausal macaques, implicating soy protein isolate as an antagonist of the effects of
estrogen in the mammary gland and uterus. In our results, there was an increase in uterine
weights in the soy fed groups but not as much as estrogen alone. Soy diminished the effects of
α-LA. This trend was also seen in a study done by Foth and Cline where soy the effects
endogenous estrogen. Although not equal to the 100% matings observed in the estrogen
treated mice, precocious matings and other sexual behaviors were obvious in the group fed αLA.
The findings of this work suggest that the milk protein may serve to increase invasion
of the mammary epithelium into the extracellular matrix rather than solely modulating the
epithelial cells in the mammary gland. In conclusion, whereas soy and α-LA supplements in
the diet resulted in differential effects on the mammary gland and reproductive organs, only αLA stimulated sexual behaviors, including precocious mating, comparable to those resulting
from exogenous estrogen.
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