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ABSTRACT
Breast cancer is the most common cancer among women. While breastfeeding has been shown to
reduce breast cancer risk in some studies, other studies found no protective effect. Previously we
showed that marginal zinc (Zn) deficiency compromises mammary gland (MG) expansion and
function during lactation and is associated with hallmarks of pre-neoplastic lesions, including
collagen deposition, macrophage infiltration, and ductal hyperplasia in nulliparous mice. Herein,
we hypothesized that marginal Zn deficiency modifies the effect of breastfeeding on breast cancer
risk. C57BL/6 mice were fed a Zn adequate (ZA; 30mg Zn/kg) or Zn deficient (ZD; 15mg Zn/
kg) diet were bred, and 2 wk post-weaning were gavaged with 7,12-dimethylbenzanthracene
(DMBA; 1mg/0.1mL corn oil) or corn oil (control) weekly for 4 wk. Tumor progression was
monitored for 24 wk. ZD mice had insufficient involution, shorter tumor latency (p=0.05), and
tended to have greater palpable (35% vs. 12% p=0.137) and non-palpable tumors (p=0.08). ZD
mice had greater oxidative stress; e-cadherin expression and collagen deposition in the MG.
Mammary tumors in ZD mice had significantly greater Zn content and characteristics of a more
invasive phenotype. Our results suggest that consuming inadequate Zn may impair postlactational
regression and modify the protective effect of breastfeeding on breast cancer. Supported by NIH
R01 HD058614 to SLK.
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Chapter 1 Zinc

I. Overview
The divalent cation zinc (Zn) is the second most abundant trace mineral in the human body, is the
only metal to be found in all IUPAC classes of enzymes and is essential for all life on earth (1).
The biological roles of Zn include but are not limited to: proper health, growth, gene expression,
cell division and immunity. Zn is a cofactor for > 300 enzymes in 50 different enzyme classes, (2)
and participates in the function of >10% of the eukaryotic proteome.
As important as Zn is for biological processes throughout the body, high concentrations of free
Zn (ionic Zn is considered free when it exists in an unbound form in the cytosol) can lead to
cytotoxicity. As a protective mechanism a cell can bind Zn to a cytosolic protein known as
metallothionein (MT). MT’s are cysteine-rich proteins that bind metals to protect and detoxify
cells, preventing cytotoxicity. The expression of MT is linear to intracellular free Zn, and influx
of Zn will trigger MT transcription while efflux will result in MT degradation. (3) Recently, two
different families of Zn transporters have been identified, which can also serve to protect against
Zn cytotoxicity.
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II. Zinc Transporters
The intracellular concentration of Zn is regulated through the coordinated expression of 24 Zn
transporters that influx or efflux Zn. There are 2 families that encode for these proteins, the
SLC30A gene family encodes for 10 proteins (ZnT1-10), while the SLC39A gene family encodes
for 14 proteins (ZIP1-14). Although significant progress has been made in the characterization of
Zn transporters, the roles and regulation of these 24 proteins continues to be investigated. (4)

The ZnT proteins form an important class of Zn efflux proteins that are responsible for
transporting Zn in a manner that reduces cytoplasmic Zn levels. They either transport Zn across
the plasma membrane into the extracellular milieu, or into intracellular compartments or
organelles. (5). These proteins are designated ZnT1-ZnT10 based on their order of
characterization and are predicted to have six transmembrane domains (TMD) (ZnT5 is the
exception with nine additional TMDs) with the N- and C- terminal regions oriented towards the
cytosol, and a histidine-rich loop between TMD 4-5, that is thought to facilitate Zn binding. A
complete mechanistic understanding of ZnT proteins is not fully understood but recent
stoichiometric studies with bacterial ZnT proteins calculated a 1:1 exchange of H+/Zn2+
suggesting an ionic gradient system might be utilized to transport Zn through these proteins. The
expression of the ZnT proteins are transcriptionally and posttranslationally up or down regulated
in response to stimuli such as: inflammation, glucose, hormones, cytokines, injury, as well as
cellular Zn concentration. (6)

The ZIP proteins form the second important class of Zn transporter proteins that are responsible
for transporting Zn in a manner that increases cytoplasmic Zn levels. These proteins either
transport zinc from across the cellular membrane or efflux Zn from intracellular organelles into
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the cytoplasm (7). The ZIP proteins are predicted to possess eight transmembrane domains with
their N-and C- terminal regions oriented toward the extracytoplasmic space, (8) and contain a
histidine rich loop between TMD 3-4, which permits specific Zn binding. The Zip proteins are
regulated by dietary Zn intake and hormonal signaling.(8)
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III. Zn and breast function during reproduction

Secretory tissues such as the mammary gland have an unusual Zn requirement making it critical
for proper function and development. The development of the mammary gland consists of
epithelial proliferation and invasion into the fad pad during puberty with secondary branching
during pregnancy. Many of these processes are Zn dependent as demonstrated by unpublished
data from (McCormick et al, 2014 JMGBN) our lab, which showed mice lacking the Zn
transporters ZnT2 and ZnT4 have smaller and functionally impaired mammary glands. During
lactation the mammary epithelial cells (MECs) must take up Zn from maternal circulation and
secrete ~0.5-1 mg Zn/day into breast milk. This is nearly twice as much Zn as is passed across the
placental membrane during the third trimester illustrating the profound requirement for Zn
transport in this tissue. Milk Zn concentration is maintained over a wide range of maternal dietary
Zn intake, indicating mammary gland Zn transport is very tightly regulated (9). Following the
lack of suckling stimulation from the offspring when lactation ceases at weaning, milk
accumulates in the mammary gland, which initiates the post-lactational regression of the
mammary gland, termed “involution”. Involution is characterized by two distinct physiological
events: programmed cell death of the secretory epithelial cells and a remodeling phase with
proteolytic degradation of the mammary gland basement membrane. Both phases of involution
require Zn. For example, activation of programmed cell death pathways are Zn dependent and the
remodeling phase is dependent on the synthesis and regulation of the Zn dependent matrix
metalloproteinases (MMPs) (10).
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IV. Zinc Deficiency
The Recommended Daily Allowance (RDA) of Zn is 2 mg for males between 0-6 months and
increases to 11 mg for males >14 years. In females it is slightly less and only reaches 8 mg for >
19 years olds. However, this requirement increases to 12 mg during pregnancy and 13 mg during
lactation because of the Zn requirement for fetal and postnatal development. Failing to consuming
the RDA increases the risk for Zn deficiency (ZD). Severe dietary ZD is unlikely in individuals
without a genetic abnormality or suffering severe burns or prolonged diarrhea (11). However
marginal ZD is very common and dietary analysis estimates that 50% of men and women in the
US older than 50 years old are consuming Zn below the RDA, with 10% consuming less than half
the RDA. Likewise, only 18% of pregnant women worldwide meet the RDA for Zn (12),
indicating that the majority of women of reproductive age are at least marginally Zn deficient.
However, there are no adequate biomarkers permitting the identification of Zn status (13). A
mother who is unable to transfer Zn into milk often places the child in a severe zinc deficiency
referred to as “transient neonatal Zn deficiency” which has been shown to delay growth,
neurological development, and immunity. (7). This is important because, evidence indicates that
optimal Zn nutrition is the most effective measure that can be used to decrease morbidity rates in
children of developing countries, (14) and illustrates the complex role Zn has in growth as well as
disease.
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Chapter 2 Breast Cancer

I. Overview
In 2013 more than 296,000 cases of breast cancer emerged among United States women, and
nearly 14% of these victims perished. These startling numbers make breast cancer the most
common cancer among women and the second most deadly. Currently in the United States, the
chance of a woman developing breast cancer is 1/8, while the chance of dying from breast cancer
is 1/36. While death from infectious disease has been progressively declining with medical
advancements. Nothing has slowed the rate of breast cancer, and in fact there was a 500%
increase between 1983 and 2003. (15) With such a high frequency in our population, a
mechanistic understanding of this deadly disease is imperative.

To fully grasp breast cancer terminology, an anatomical understanding of the breast is vital. The
mammary gland is a conical disk of glandular tissue, which is encased in variable quantities of
adipocytes. Each breast is composed of 15-20 lobes that radiate from the nipple, and are separated
by connective tissue known as stroma. Each of the lobes are composed of smaller lobules, which
are clusters of alveoli containing lactocytes that synthesize breast milk. The components of the
breast are connected by a series of ducts, which transport milk from the lactocytes towards the
nipple allowing nourishment of the developing offspring. The breasts also contain lymph vessels.
These vessels lead to small, round organs called lymph nodes. Groups of lymph nodes are found
near the breast in the axilla, above the collarbone, behind the sternum, and in many other parts of
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the body. The lymph nodes have been shown to trap bacteria, cancer cells, or other harmful
substances and are vital when determining tumor progression. (16)

A tumor is an overpopulation of cells; this process is initiated by an imbalance between cellular
proliferation and apoptosis. During proliferation before a cell is allowed to divide, the integrity of
the DNA is analyzed at the G1-S checkpoint. If DNA damage is detected the cell will initiate
apoptosis or attempt to repair the DNA before progressing further through the cell cycle.
However, when these checkpoints continuously fail, cells begin to proliferate uncontrollably,
resulting in a tumor. Tumors can be classified two ways: benign or malignant. (17) Benign breast
tumors are not cancerous and if they are found they are usually surgically removed with a small
chance of reoccurrence. Malignant breast tumors however are cancerous and have the possibility
to invade the surrounding tissue. When a tumor gains invasive characteristics it is possible for the
tumor to enter the circulatory or lymphatic system, becoming metastatic cancer. Metastatic cancer
has been shown to form secondary tumors that are identical to that of the primary tumor but will
damage the tissue in the area it migrated too. (18)

The two most prevalent forms of breast cancer are: ductal and lobular carcinomas. Ductal
carcinoma is when the mass of cells begins in the duct where milk is transported through the
breast. Lobular carcinoma is when the tumor forms in the lobule where milk is produced. The
characteristics of these cancers are either in situ or invasive. In situ carcinomas are tumors that
remain in their place of origin, while invasive carcinomas have made it outside of the duct or
lobule that originally contained the tumor. The type of cancer describes its phenotype. For
example, Ductal Carcinoma In Situ (DCIS) is when the tumor is contained within the duct where
it originated. Invasive Lobular Carcinoma (ILC) is when the cancerous growth began in the
lobule, however the tumor has become invasive and traveled to nearby tissue. Recent scientific
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advancements and a better understanding of molecular genetics have enabled our ability to further
divide breast cancer into many sub-classifications. The most common subclasses are: human
epidermal growth factor receptor 2 positive (HER2+), estrogen receptor positive (ER+), and
triple negative (ER-/PR-/HER2-) breast cancer. These subclassifications give physicians the
ability to divide breast cancer into groups that are useful in diagnostic and therapeutic decisions.

Her2 is a protein formed from the ERBB2 gene. This protein acts as a receptor tyrosine kinase for
a multitude of signaling molecules on breast cells to initiate proliferation. However, when a
genetic defect occurs in the HER2 gene, multiple receptors may be formed on the cell surface and
this abundance of receptors increases the signaling for cellular division. Tumors that contain an
abundance of these HER2 proteins are deemed HER2+. The most common treatment for HER2+
breast cancer is Herceptin, which binds to the HER2 receptors blocking the signaling pathway,
thus halting tumor division.

ER is a protein found on cells that is encoded by the ESR1 and ESR2 gene. When estrogen binds
to ER it initiates growth and proliferation. Most cells naturally contain ER; however, ER
dysregulation and overexpression is noted in the majority of breast tumors. Tumors
overexpressing ER are deemed ER+. Researchers investigating pharmaceutical interventions for
tumors that express ER discovered that ER+ tumors are more responsive to endocrine therapy
than other tumors and approximately 70% of hormone dependent cancers are ER+ (19). Current
endocrine therapy consists mainly of: (i) ovarian estrogen suppression (ii) selective estrogen
receptor modulators (SERMs) and (iii) aromatase inhibitors (20). In premenopausal women, the
ovaries are the main source of estrogen, which functions as a circulating hormone to act on
distant target tissues. When diagnosed with ER+ cancer, ovarian ablation may be a treatment
option effectively making the woman postmenopausal by eliminating the production of estrogen
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from the ovary. This procedure may be completed by surgical removal of the ovary or by
administration of luteinizing hormone releasing hormone. Postmenopausal women have ovaries
that have ceased to produce estrogen; however, estrogen is produced in numerous extragonadal
sites that act locally as a paracrine or intracrine factor. The main location of these extragonadal
sites in mammary gland are the mesenchymal cells of adipose tissue, which act locally to
influence target tissues. Because circulating estrogen levels in postmenopausal women and men
are not the drivers of estrogen action, a different treatment plan must be implemented to
successfully treat ER+ breast cancer in postmenopausal women such as, aromatase inhibitors, like
tamoxifen. (21)

Triple negative breast cancer is a tumorous growth that is not supported by progesterone, estrogen
or from the overabundance of HER2 receptors. This makes it difficult to be treated with current
hormonal these tumors share multiple clinicopathological features with the BRCA-mutated breast
cancers, which both harbor dysfunctional DNA repair mechanisms. The most efficient treatment
option for patients with triple negative breast cancer is currently the poly (ADP-ribose)
polymerase (PARP) inhibitors. The mechanism is not fully understood but it is believe that PARP
inhibition with the loss of DNA repair results in synthetic lethality and augmented cell death.
(22).
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II. Cancer stages
Correctly identifying a tumor and grading it is the first step for therapeutic intervention and
recovery. Cancer is graded off the size and its ability to become metastatic, and given a ranking
of 0-4 based off the advancement of the tumor, with 4 being the worst.

Stage 0: is when the tumor has no invasive properties (carcinoma in situ). According to the
National Cancer Institute’s SEER database stage 0 breast cancer patients have 100% survival rate
based on a 5-year timeline.

Stage 1: is subdivided into stage 1A and 1B. In stage 1A, the tumor is >2cm and has not become
invasive. In stage 1B, the tumor has become invasive and is found in the lymph node(s) in a
small cluster (2mm- 2cm). According to the National Cancer Institute’s SEER database stage 1
breast cancer patients have 100% survival rate based on a 5-year timeline.

Stage 2: is subdivided into stage 2A and 2B. In stage 2A, the tumor is 2cm-5cm and has not
progressed to the lymph nodes, or the tumor may be 2mm-2cm, with 1-3 <2mm tumors found on
lymph nodes. In stage 2B, the tumor may be larger than 5cm with none found in the lymph node
or 2cm-5cm and spread to 1-3 lymph nodes the lymph nodes near the breastbone. According to
the National Cancer Institute’s SEER database stage 2 breast cancer patients have 93% survival
rate based on a 5-year timeline.

Stage 3: s subdivided into stage 3A, 3B and 3C. In stage 3A, the tumor in the breast may range
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from no tumor present to any size, the cancer has to be located in 4-9 axillary lymph nodes or
near the breastbone. In stage 3B, the tumor may be of any size the cancer has spread to the chest
wall or skin causing ulcers and swelling. If the cancer is found on the skin this is referred to as
inflammatory breast cancer. In stage 3C, the tumor may be any size, the cancer has spread to
chest wall and skin, also it is found on 10 or more axillary lymph nodes or lymph nodes above the
collarbone. According to the National Cancer Institute’s SEER database stage 3 breast cancer
patients have 72% survival rate based on a 5-year timeline

Stage 4: In stage 4-breast cancer, the cancer has spread to other organs of the body. This is the
most deadly form of breast cancer and there is no cure. According to the National Cancer
Institute’s SEER database stage 4 breast cancer patients have only a 22% survival rate based on a
5-year timeline.
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III. Risk Factors
In 2010 the national expenditure for health problems associated with breast cancer was $16.5
billion dollars and over $602 million was distributed for breast cancer related research. These
numbers make breast cancer not only one of the most deadly and the most expensive cancer. By
preventing breast cancer taxpayers would save $17 billion dollars annually, so research to prevent
breast cancer or identify modifiable risk factors is vital. Numerous studies have outlined factors
that alter a woman’s risk of developing breast cancer including age, diet, breast-feeding, genetics,
oral contraceptives/hormone replacement therapy, as well as breast density.

Age: Women above the age of 65 are 5.8 times more likely than younger women to develop
breast tumors. (23). This is evident from the American Cancer Society report stating that 95% of
new cases and 97% of deaths reported between 2000-2004 from breast cancer were in women
above 40. The reason is that, as people age their ability to repair the mutations associated with
oxidative damage begins to decline and the occurrence of genetic mutations increases. When a
mutation affects a gene that influences proliferation or apoptosis the result is often a tumor.
However by following the CDC recommendations of increasing physical activity, reducing
tobacco consumption, adapting healthier food choices, receiving annual exams and learning the
signs and symptoms of breast cancer, it is possible to reduce the likelihood of developing cancer
or discover it in the early treatable stages.

Hormone exposure: Studies show that the reproductive and menstrual statuses of women are
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associated with breast cancer risk. Women who have never been pregnant, who first become
pregnant after the age of 35, and women with a late onset of menopause (>55 years of age) are at
a greater risk for developing breast cancer than their counterparts. Also, women who elect to
receive hormone replacement therapy during menopause are more likely to develop breast cancer.
(24),(25). Studies suggest the prolonged exposure to endogenous and exogenous estrogen
increases the likelihood of developing breast cancer. This connection is due to the role estrogen
has in stimulating breast cell division and activating other hormones that affect breast health.
Women at risk of breast cancer should decrease their total body fat to prevent the production of
estrogen from adipocytes, which is shown to inhibit the initiation of menopause. They also should
understand the consequences of hormone replacement therapy before initiating any treatment.

Breast density: Increased breast density is associated with an increase risk for breast cancer.
Women are encouraged by their doctors to perform breast self-exams and notify their doctor if
any solid masses are detected. However, fibrocystic breast disease (FBD) is the number one
reason why women between the age of 30-49 see a physician about breast related issues (~60%)
(26). FBD results from increased collagen deposition. This increased collagen traps liquid within
the breast tissue creating a cyst or an area of more dense tissue. Dense breasts may be painful and
the dense tissue makes mammographic procedures more difficult because the collagen blocks
underlying tissue allowing cancerous tissue to grow unnoticed. An association between diet and
FBD has been noted. Illustrating that woman who consumed low dietary protein, niacin and Zn
are more likely to be affected by FBD. (27) Interestingly, research using mouse models show that
mammographically dense mammary gland tissue and increased stromal collagen significantly
increases tumor formation nearly three fold (p < 0.00001). (28) Another study placed
prophylactic mastectomy samples from women with high and low-density breast tissue into
vascularized biochambers of nulliparous, pregnant, or involuting mice. The high density
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mammary tissue placed into involuting and lactating mice had a significant decrease in stromal
tissue (29), suggesting that breastfeeding and lactation are effective at decreasing mammary gland
density. Finally studies have indicated that women who elect to receive combination hormone
replacement therapy are 52% more likely to have mammographically dense breast. (30) These
studies indicated that dietary choices, pregnancy, lactation, and hormonal exposure all influence
mammary gland density and the risk of breast cancer. (29)

Genetics: Women who have immediate family members that have been diagnosed with cancer
have a greater risk of developing a tumor throughout their lifetime. This is because some genetic
defects are inheritable and if the inherited defect influences genes that are noted for their ability to
suppress cellular growth and repair damaged DNA the likelihood of cancer increases. For
example, the genes BRCA1 and BRCA2 produce human tumor suppressor proteins that repair
DNA damage in an effort to support normal proliferation. Functional loss of BRCA 1 or 2 allows
cellular division in the presence of DNA damage. According to a recent meta-analysis, 55-65% of
women who inherit a harmful BRCA1 mutation and 45% of women who inherit harmful BRCA2
mutations will have breast cancer by the age of 70. (31). Women who have BRCA mutations can
begin taking tamoxifen or raloxifene to reduce the risk for breast cancer. Also in extreme cases it
is possible to undergo a mastectomy or salpingo-oophorectomy, which are also effective in
reducing breast cancer. Another tumor suppressor protein is p53. P53 stops cellular division and
allows the cell to repair the damage or initiates apoptosis to prevent division. Mutations that
results in functional loss of p53 is noted in more that ½ of human cancers. (32) ATM, CHEK2
and PTEN are other genes that, when mutated are also associated with increased risk of breast
cancer (33). However, having a genetic defect does not mean you will develop breast cancer, and
scientists have generated targeted gene therapy treatments to help prevent the occurrence of
breast cancer in women with these mutations. The goal of gene therapy is to destroy or inhibit
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cancer cells by targeting dysregularities. (NCI) This treatment is administered by delivering genes
into a patient's body that destroy the tumor. A requirement of targeted therapy is a vector to carry
and deliver these treatments without harming the patient. Viral vectors are the preferred vector
because viruses have encapsulated nucleic acids that can be delivered in a pathogenic manner to
destroy tumors. (34) Retroviruses are also a treatment option because they carry double stranded
DNA, which may be inserted into the genome without modification and can be utilized by the
host’s transcriptional and translational factors. (34)

16

IV. Modifiable Risk Factors

Genetic susceptibility influences the risk of cancer, however most of the variation associated with
cancer risk is due to factors that are not inherited and can be modified. Behaviors such as staying
physically active, maintaining a healthy diet, and avoiding tobacco products can substantially
reduce the risk of developing or dying from cancer

Diet and exercise: Dietary choices are one of the largest modifiable factors in cancer
development. It is estimated that 30-40% of cancers could be prevented with a healthy lifestyle,
which includes diet and exercise (35). According to the National Institute of Health a healthy diet
consists of: portions that promote a healthy weight, consuming whole grains instead of refined
grains, eating 5 or more servings of vegetables per day, and limiting red meat and alcohol
consumption. These activities increase the bodies production of endogenous antioxidants that
work to prevent the impact of free radicals. (36) Recently, the Mediterranean diet has been
receiving attention from the scientific community for its protection against breast cancer (37).
This diet emphasizes seafood, olive oil, legumes, nuts, fruits and vegetables. The Mediterranean
diet has been acclaimed for the positive benefits on heart health for years (38). However,
compelling data suggests that it also helps prevent breast cancer (39). The biological mechanisms
for cancer prevention associated with the Mediterranean diet have been related to the favorable
effect of a balanced ratio of omega 6 and omega 3 fatty acids, high amounts of fiber, antioxidants
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and polyphenols found in fruit, vegetables, olive oil and wine. The Mediterranean diet also
involves a 'Mediterranean way of drinking', that is, regular, moderate consumption of wine
mainly with food. (39) Interestingly a diet high in phytates (found in whole grains, legumes, nuts
and seeds) is of concern. Normal consumption of phytates is safe, but vegetarians or people in
third world countries who consume ample quantities of unleavened bread without the intake of
high mineral containing foods, such as Zn, increase their risk of cancer. This is because phytates
bind to metals, inhibiting intestinal uptake which causes zinc deficiency and a zinc deficiency is
shown to cause oxidative stress and DNA damage as well as compromising the cells ability to
repair this damage, increasing the risk of cancer(40) Physical activity for 30-60 minutes per day
at a moderate intensity is also shown to reduce the risk of breast cancer as much as a healthy diet
(41). This however, is a dose related response and the risk decrease with each minute spent
exercising. (41) Regular physical activity helps maintain a healthy body weight by balancing
caloric intake and energy expenditure and may help to prevent certain cancers via direct and
indirect effects which include: regulating sex hormones, insulin, prostaglandins, and having
various beneficial effects on the immune system. These studies suggest that women who exercise
and consume a healthy diet are less likely to develop cancer than their counterparts.

Smoking: According to the American Cancer Society, women who started smoking before
menarche had a 61% higher risk of developing breast cancer than women who never smoked.
This is because tobacco smoke is known to contain over 60 carcinogens, several of which are
known to induce mammary specific tumors in laboratory animals. Studies in humans illustrate
that these chemicals are capable of reaching the mammary gland. Also the uptake and metabolic
activation of MG carcinogens such as polycyclic aromatic hydrocarbons are higher in smokers
than in nonsmokers (42).
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Pregnancy and breastfeeding: Women who have their first full-term pregnancy at an early age
have a decreased risk of developing breast cancer later in life. For example, a women who
became pregnant before 20 years old has half the risk of breast cancer compared to a women who
first became pregnant at the age of 30 (43). This is also true for women who elect to breastfeed.
Being pregnant and breastfeeding limits the cumulative exposure of endogenous hormones, which
as described earlier reduces the risk of breast cancer. Pregnancy and breast-feeding both have
dose related responses in terms of protection against cancer. For example women who have
birthed 5 or more children have half the risk of developing breast cancer as nulliparous women,
(44) while women who breastfeed for a year are 4% less likely to develop breast cancer(45).
Regardless of these benefits, only 14% of mothers meet the American Academy of Pediatrics
(AAP) recommendation that infants be exclusively breastfed for the first 6 months of life. One of
the top claims why mothers stop breastfeeding early is: “I didn’t produce enough milk” (46).
Having a poor milk supply can result from infrequent feeding or poor breastfeeding techniques.
The feeling of lacking milk may also be a failure to understand the normal physiology of
lactation; this gives the perception of insufficient milk production when in fact the quantity is
enough to nurture the baby. Other cited problems with breastfeeding include sore nipples,
engorged breasts, mastitis, leaking milk, pain and failure of infant to latch. Women who
encounter these problems early are less likely to continue breastfeeding unless they receive
professional assistance. If 90% of mothers would follow the AAP guidelines and exclusively
breastfeed for the first 6 months of life, 1000 infant deaths would be prevented per year and the
health care costs associated with sick infants would be reduced by $13 billion dollars annually
(47). These studies indicate that women who are planning or are currently pregnant should
become educated on lactational techniques for successful initiation and maintenance of lactation
which will decrease their risk for breast cancer and help ensure healthy development of their
offspring.
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V. Zinc & Breast Cancer
Dysregulation of Zn metabolism has implications in breast cancer transition, progression and
metastasis. (7). However, little is known regarding dysregulation of mammary gland Zn
metabolism and breast cancer. Biopsies taken from mastectomies or lumpectomies have revealed
significantly more Zn when compared to normal breast tissue. (48) Studies have also indicated
that there is a correlation between Zn accumulation in the mammary gland and the onset of
carcinogenesis (49). The significance of dysregulated Zn transport is believed to reflect the role
Zn metabolism plays in regulating and modulating cellular proliferation and programmed cell
death, both of which are impaired in cancer. Studies have shown that cancer cells lose their
tumorigenic potential and display “normal” behavior when placed into a “normal” ontogenic
environment (50). This indicates that the tissue microenvironment may be able to generate signals
that determine the fate of cancer cells (49). Moreover, Zn accumulation in tumors would alter the
tissue microenvironment, so understanding the relationship between Zn homeostasis and
mammary gland function will provide important clues to diagnosing, managing and possibly
preventing breast cancer (7)

Dysregulation of Zn metabolism may result from modifications in Zn transporter expression or
localization explaining the accumulation of Zn into malignant tissues. Regardless of the limited
understanding on breast cancer and Zn metabolism, recent studies have begun to examine the
relationship between Zn transporters and cancer. For example ZIP7 and ZIP14 expression in
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breast tissue are associated with more aggressive tumors (51) and increased ZIP7 and ZIP8 are
found in tumors that are resistant to hormone therapy. (52) Relationships between ZIP6, ZIP10
and ZnT2 and breast cancer have been most studied.

Zip 6
Also referred to as LIV-1, ZIP6 is an estrogen-regulated Zn transporter located on the plasma
membrane. ZIP6 is essential for the nuclear localization of the transcription factor Snail, which
plays a major role in epithelial-to-mesenchymal-transition (EMT). (53) Suggesting that in breast
carcinoma overexpression of ZIP6 there is a greater likelihood of the tumor gaining metastatic
capabilities. (54). Recently ZIP6 has also received attention for its implication with ER+ breast
cancer. (55)This stems from research conducted on zebrafish embryos indicating that ZIP6 is a
downstream transcription factor for STAT3, which has a proven role in the development of
cancer. The role of ZIP6 in breast cancer is thought to be explained because Zn can induce EGF
receptor phosphorylation and MAP kinase activation by both IGF-1 and EGF receptors. (55), (56)
However these studies were conducted with mRNA, and the levels of mRNA and protein
expression are shown to be weakly correlated, and high ZIP6 protein expression is associated
with a longer relapse free and overall survival rate in breast cancer patients with invasive ductal
carcinoma.(57)
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Zip10
ZIP10 protein (as well as ZIP4-8, and ZIP12-14) fall into a subfamily of proteins known as LZT.
These proteins contain specific motifs that allow functions other than Zn transport and protein-toprotein interaction. For example LZT proteins contain a metalloprotease motif (HEXPHEXGD),
which may allow them to function as a MMP. ZIP10 also has a putative C2H2 Zn finger and
cytochrome c motifs in its first TMD, suggesting novel roles for targeted metal transport. (58)
Finally overexpression of ZIP10 is a characteristic of invasive and already metastasized breast
tumors, and attenuation of ZIP10 has been shown to significantly reduce cancer aggressiveness.
(59)
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ZnT2
ZnT2 functions to reduce cytoplasmic Zn in an effort to protect against cytotoxicity. (7) ZnT2 is
shown to be a tissue specific Zn transporter found only in tissues with high concentrations of Zn,
such as the brain, mammary gland, small intestine, placenta and mast cells of the immune system.
(60). In the mammary gland ZnT2 plays critical roles in Zn secretion and mammary gland
function which is regulated through elevated Zn and prolactin, as well as complex biochemical
pathways including the activation of: Jak2/STAT5, mitogen-activated protein kinase (MAPK),
p38, and phosphatidylinositol 3-kinase (PI3K) (61).The subcellular location of ZnT2 include:
vesicles and granules, endosomal/ lysosomal compartments, and the mitochondria. (6) When
ZnT2 redirects Zn into vesicular compartments, it is shown to induce autophagy (62) illustrating
the diverse role of this protein and Zn homeostasis as well as normal cellular function. ZnT2 is
also highly overexpressed in breast cancer cells (63). Because tumors hyperaccumulate Zn, ZnT2
overexpression is believed to protect the tumor from the toxic effects of hyperaccumulated Zn.

Overview: Based on the inconsistencies between studies analyzing breastfeeding and
tumorigenesis, and the importance of Zn in mammary gland development and regulation we
hypothesized that a marginal ZD abrogates the protective effect of lactation against breast cancer.
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To test this hypothesis we conducted two independent studies using a mouse model. In Study 1,
we fed mice a marginal zinc deficient diet during puberty and analyzed effects on mammary
gland morphology; we noticed an increase in oxidative stress, ductal hyperplasia, estrogen
receptor α expression, and a hyperaccumulation of Zn. In Study 2, we fed mice a marginal Zn
diet prior to, during and following lactation. Mice were treated with the chemical carcinogen
(DMBA) and assessed effects of marginal Zn deficiency on tumorigenesis
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Materials & Methods

Animals
All animal protocols were approved by the Institutional Animal Care and Use Committee at The
Pennsylvania State University, which is accredited by the American Association for the
Accreditation of Laboratory Animal Care.

Study 1: Nulliparous female C57/Bl6 mice were obtained commercially (Harlan Laboratories,
Indianapolis, IN) at 4 wks of age. Mice were housed in polycarbonate cages and after a 7 d
acclimation period, fed a purified diet (MP Biomedical, Santa Ana, CA) containing adequate
(ZA; 30 µg Zn/g diet) or marginal (ZD; 15 µg Zn/g diet) Zn levels ad libitum for 22 weeks (n=10
mice/diet). Zn content was confirmed by atomic absorbance spectroscopy. Mice were maintained
on a 12 h light/-dark cycle under controlled temperature and humidity. After 22 wks, the mice
were euthanized by CO2 asphyxiation. Blood was drawn by cardiac puncture and collected into
heparinized tubes and plasma was separated by centrifugation at 1,000 x g for 15 min at 4 ºC.
Mammary glands were excised and mounted on glass slides for morphological analysis, fixed in
4% phosphate-buffered paraformaldehyde, or stored at -80ºC until analysis.

Study 2: 2 wk post-lactation, mice were gavaged with corn oil (control) or 7,12
Dimethylbenz(a)anthracene (DMBA, 1 mg/100 µL corn oil) weekly for 4 wks. After the final
dose of DMBA, tumor progression was monitored weekly for 24 wks and mice were euthanized
by CO2 asphyxiation. Blood was drawn by cardiac puncture and collected into heparinized tubes
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and plasma was separated by centrifugation at 1,000 x g for 15 min at 4ºC. Mammary glands
were excised and mounted on glass slides for morphological analysis, fixed in 4% phosphatebuffered paraformaldehyde, or stored at -80ºC until analysis. Mice were euthanized prematurely
if body weight declined >10% or if tumor size was ≥ 15mm.

Whole Mount Imaging
Excised inguinal mammary glands were mounted on glass slides and fixed with Carnoy’s fixative
(60% ethanol, 30% chloroform and 10% glacial acetic acid) overnight. The tissues were
rehydrated in decreasing concentrations of ethanol, rinsed in water for 5 min and then stained
overnight with 0.2 % carmine powder (Sigma-Aldrich, St. Louis, MO) and 0.5% aluminum
potassium sulfate (Sigma-Aldrich). The mammary glands were dehydrated using a graded ethanol
series and the fat pads were cleared in xylenes for 60 min [14]. Whole mounts were viewed at
0.5-40X magnification using Leica DM IL LED microscope attached with a Leica DFC425
digital camera and images were collected using Leica Application Suite (V3.6).

To measure the size of alveolar buds, images of whole mount mammary glands at 40X
magnification were analyzed using Adobe Photoshop CS3 (Extended V10.0). Distinct alveolar
buds were selected using the Magic Wand Tool and the area (µm2) was recorded after setting the
measurement scale to 200 pixels as 200 µm. Three different images/mammary gland were
captured from 4 different mice and the size of alveolar buds were averaged for statistical analysis.

To measure the number of alveolar buds, images of whole mount mammary glands at 4X
magnification were analyzed and distinct alveolar buds were selected using the Count Tool. Two
different images/mammary gland were captured from 4 different mice and the number of alveolar
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buds was averaged for statistical analysis.

To determine the degree of mammary gland expansion, images of whole mount inguinal
mammary glands were collected at 0.5X magnification and analyzed using Adobe Photoshop C3S
(Extended V10.0). The Lasso Tool was utilized to trace the perimeter of the mammary fat pad
and the most distal-reaching ductal structures along the perimeter of the ductal network. Once the
perimeter was traced, total pixel area was calculated. Total ductal infiltration was then calculated
as a ratio of ductal tree pixel area relative to total mammary gland fat pad pixel area.

To determine the number of secondary and tertiary branches in the mammary glands, images of
whole mount inguinal mammary glands were collected at 4X magnification and analyzed using
Adobe Photoshop C3S (Extended V10.0). Distinct branching points were selected using the
Count Tool from 2 different areas per mammary gland from 4 different mice and the number of
distinct branch points was averaged for statistical analysis.

Histology
Excised inguinal mammary glands were fixed in 4% phosphate-buffered paraformaldehyde
overnight at 4ºC. Fixed glands were washed three times for 30 min in phosphate-buffered saline
(PBS) and three times for 30 min in 70% ethanol at 4ºC. The glands were embedded in paraffin
and 5 µm sections were adhered to positively charged glass slides.

Hematoxylin and eosin (H&E) staining - Sections were stained with H&E as previously described
[13].

27
Trichrome staining - Sections were deparaffinized in xylenes and rehydrated through 100%, 70%,
and 50% ethyl alcohol. Sections were incubated in Bouin’s solution for 1 h at 56ºC, stained in
Weigert’s iron hematoxylin, Biebrich scarlet-acid fuchsin, and then rinsed in phosphomolybdicphosphotungstic acid (1%). Slides were then stained in aniline blue and returned to
phosphomolybdic-phosphotungstic acid (1%). Sections were washed in acetic acid (1%) and
serially dehydrated through 100%, 95% ethyl alcohol and xylenes.

Immunohistochemistry - Antibodies used for immunostaining were as follows: anti-mouse F4/80
(macrophage marker, 1:1000; AbD Serotech, Kidlington, UK), anti-mouse E-cadherin (1:1000;
Abcam, Cambridge, MA), anti-4HNE (1:100) and anti-8-OHDG (1:50; Abcam). F4/80, Ecadherin and 4HNE was detected using the Vectastain ABC Kit as described previously and
counterstained with toluidine blue (21702047). 8-OHDG was detected by immunofluorescence
using anti-mouse IgG Alexa Fluor 488. Sections were imaged using a Leica DM IL LED
microscope and LAS V3.6 software. Sections were viewed at 4X, 10X or 40X magnification
using Leica DM IL LED microscope attached with a Leica DFC425 digital camera and images
were collected using Leica Application Suite (V3.6). Three different images/MG were captured
from 3 independent mice and the number of cells stained positive for F4/80 was counted and
expressed as mean F4/80+ cells ± SD. Three different images/MG were captured from 3
independent mice and the number of cells nuclei positive for 8-OHDG was counted and
expressed as mean nuclei ± SD.

Zn Analysis
Zn concentrations of diet, plasma, liver and mammary gland were determined by atomic
absorption spectrophotometry (Model Smith-Heifjie 4000, Thermo Jarrell Ash, Franklin, MA) as
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previously described (10).

Immunoblotting
Tissue homogenates were generated by homogenizing mammary gland (100 mg) in
homogenization buffer as previously described (ref). Crude membrane proteins were generated as
previously described (1, 3, 4). Equal amounts (20-60 µg) of tissue homogenate protein (Ecadherin and α-SMA (1:1000; Abcam, Cambridge, MA), laminin and p53 (1:500; Santa Cruz
Biotechnology, Santa Cruz, CA) and estrogen receptor alpha (ERα, 1:1000; Abcam, Cambridge,
MA)) or membrane proteins (ZIP6/LIV-1 (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA),
ZIP10 (1:1000; ProSci, Poway, CA), and ZnT2 (1:1000, (11)) were diluted 1:1 in Laemmli
sample buffer with DTT and resolved by SDS-PAGE (10%) at 200 V for 1 hr. Proteins were
transferred to nitrocellulose membrane at 100V for 1 hr. The membrane was blocked in LI-COR
blocking buffer (LI-COR Biosciences, Cambridge, UK) for 1 h at room temperature and then
incubated simultaneously with primary antibody and β-actin antibody (1:5000; Sigma-Aldrich,
Saint Louis, MO) as loading control overnight at 4ºC. All primary antibodies (ZnT2, ZIP6,
ZIP10, e-cadherin, ERα and were diluted 1:1000 in LI-COR buffer. Membranes were washed
three times for 5 min in PBS with 0.1% Tween (PBS-T) and then incubated for 1 hr at room
temperature with infrared secondary antibody: IRDye® 800CW goat anti-rabbit IgG and/or
IRDye® 680RD goat anti-mouse IgG diluted 1:20,000 in LI-COR buffer. The membranes were
washed three times for 5 min in PBS-T and rinsed in PBS before scanning on the Odyssey® CLX
imaging system (LI-COR Biosciences). Protein quantification was performed on Odyssey Image
Studio Ver 2.0. Data represent mean ratio of protein of interest to β-actin normalized to
background fluorescence ± SD.

Statistical analysis
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Results are presented as mean ± SD. Statistical comparisons were performed using Student’s ttest (Prism GraphPad, Berkeley, CA) and a significant difference was demonstrated at p<0.05.
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Results

Study 1
A marginal Zn deficient diet causes: Zn hyperaccumulation, reduces ductal elongation, and
increases oxidative stress in mammary glands of nulliparous C57Bl/6 mice.
Many animal studies investigating Zn intake use severe Zn restriction, (<1 mg Zn/kg diet).
However severe Zn restriction is not likely in humans, so we utilized a chronic model (22 wk) of
marginal Zn restriction (15 mg Zn/ kg diet). Importantly, the Zn restriction began at 5 wk of age
around the onset of C57Bl/6 mice puberty (22254086). No difference was noted in the plasma Zn
concentration in mice fed ZA (10.2 ± 1.1 µM), compared to ZD (9.4 ±1 µM) illustrating that low
Zn intake did not result in a clinically severe Zn deficiency. To determine the effect of a low Zn
diet on mammary gland Zn concentration, we used atomic absorption spectrophotometry (AAS).
Our data indicate that mice fed a ZD diet accumulate significantly more Zn in the mammary
gland than mice fed a Zn adequate diet (ZA 3.7 ± 2 µg Zn/g; ZD 6.4 ± 2.3µg Zn/g).

To identify mechanisms through which Zn accumulated in the mammary glands of mice fed a ZD
diet, we assessed changes in the abundance of 3 key Zn transporters, ZIP6, ZIP10 and ZnT2.
Immunoblot analysis showed that the abundance of ZIP6, ZIP10 and ZnT2 was significantly
higher in mice fed a ZD diet compared with mice fed ZA (Figure 1).

Because Zn hyperaccumulation is cytotoxic we analyzed oxidative stress and DNA damage.
Firstly we measured 4-hydroxy-2-nonenal (4-HNE) a marker of lipid peroxidation. We noted that
in mice fed a ZD diet 4-HNE staining was enhanced and localized to stromal tissues (Figure 2).
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Also immunofluorescence analysis of 8-Oxo-2'-deoxyguanosine (80HDG) showed a significant
increase in the number of positively stained nuclei (Figure II). Collectively, this shows, That
DNA damage, lipid peroxidation and Zn are increased in mammary glands of mice fed a ZD diet.

Because oxidative stress is associated with collagen deposition, we next assessed fibrous tissue in
the mammary gland. We use trichrome staining to investigate the localization of collagen. Our
data showed that mice fed a ZD diet had substantial collagen deposition in the periductal and
stroma regions (Figure 3).

To determine the effects of consuming a marginal ZD diet on mammary gland development we
used whole mount analysis of intact mammary glands. We found that the mice fed a ZD diet had
mammary glands with significantly less alveolar buds area (ZA: 3011 µm2 ± 235; ZD: 2067 µm2
± 427; p < 0.01) and the ratio of ducts/fad pad area was significantly reduced (ZA: 0.87 ± 0.05;
ZD: 0.74 ± 0.06; p < 0.05 (Figure 4).

To further investigate the morphology of the mammary glands from mice fed a ZD diet, 5µm
sections were stained with H&E. Mice fed a ZD diet had hypercellular ducts and disorganized
ductal architecture. We noted that many ducts were collapsed, which was not present in the
mammary glands of mice fed ZA.

Previous studies found that over-expression of ERα in transgenic mice is associated with
hyperplasia [20466998]; therefore we assessed ERα expression in our model. We found that mice
fed a ZD diet had significantly higher ERα expression compared with mice fed a ZA diet, p <
0.05.
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Study 2
Post lactational regression is delayed in mice fed ZD, which abrogates the protective effect
of breast-feeding.

To validate our model, mice fed ZA were bred and allowed to suckle for the 21-day neonatal
period and then allowed to wean naturally. A second cohort of nulliparous mice fed ZA for the
same period of time were used for comparison. Two weeks post involution, primiparous and
nulliparous mice were gavaged with DMBA weekly for 4 weeks. After the final dose of DMBA
the mice were palpated weekly for 24 weeks to monitor tumor progression. (Figure 5) illustrates
that primiparous mice were protected against breast cancer when compared to nulliparous mice.

To determine if the observed protective effect is dependent on dietary Zn intake. We allowed
mice fed a Zn restricted diet to breed and suckle for the 21-day neonatal period. These mice were
administered DMBA in the same manner as previously described to eliminate variability between
groups. The mice fed a ZD diet had higher tumor incidence, significantly shorter tumor latency,
and significantly higher mortality. (Figure 6).

To validate that our model did not place the mice in a clinically severe Zn deficiency we analyzed
blood plasma Zn using AAS. No difference was detected in plasma concentration between mice
gavaged with corn oil regardless of Zn intake. However, in the mice gavaged with DMBA, the
mice fed a ZD diet had significantly less plasma Zn compared to ZA. Verifying previous studies
showing malignancies hyperaccumulate Zn. (48) Noticing the change in plasma Zn following

33
DMBA and the correlation in mammary tumors we analyzed the mammary gland Zn
concentration with AAS. No change was evident in mammary gland Zn concentration. However
in the ZD mammary gland gavaged with DMBA, Zn was significantly increased in malignant
tissue when compared to the non-malignant tissue. Next, we compared plasma Zn and mammary
gland Zn concurrently. Interestingly mice fed a ZD diet that were gavaged with DMBA showed a
significant inverse correlation between plasma Zn and mammary gland Zn that was not present in
corn oil gavaged mice. (Figure 7)

Because the increased occurrence of tumorigenesis in mice fed a ZD diet we analyzed oxidative
DNA damage by immunofluorescence of 8-Oxo-2'-deoxyguanosine (80HDG). The results
showed that oxidative DNA damage was significantly increased in mice fed a ZD diet as well as
mice gavaged with DMBA. (Figure 8)

To identify effects on mammary gland morphology in mice fed a ZD diet, we stained 5 µm
sections with H&E. Analysis showed that post-lactation, mice fed a ZD diet had ducts that failed
to fully involute, and contained more ducts compared to mice fed ZA. The mammary glands from
mice fed a ZD diet showed the phenotype of a mammary gland that had not fully completed
involution (Figure 9).

During involution there is proteolytic degradation of mammary gland tissue, so to validate that
mice failed to undergo involution we used trichrome staining to assess periductal and stromal
fibrous tissue. Our data showed that mice fed a ZD diet had substantial collagen deposition,
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which also verifies that mice fed a ZD diet could not fully complete involution. (Figure 10)
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Discussion
The findings from these studies greatly improved our understanding of how important consuming
adequate Zn is for mammary gland function and development. We utilized a marginal restriction
paradigm, which is representative of dietary choices that women during pubertal and reproductive
years consume. The data collected showed that consuming inadequate Zn during pubertal years
impaired mammary gland development, increased oxidative stress, and caused Zn
hyperaccumulation. While consuming inadequate Zn during reproductive years, impairs
postpartum mammary gland involution, increases oxidative stress, and increases the likelihood of
developing breast cancer. These suggest that dietary Zn intake is essential for female reproductive
health throughout her life span.

In the nulliparous mice placed on a Zn deficient diet we found an increase in oxidative stress and
inflammation that was localized to the ductal epithelium and adipocyte-rich stromal regions of the
mammary gland, this is similar to previous studies indicating that severe Zn deficiency increases
lipid peroxidation (64). Another important protein that was overexpressed in the stroma of the
mammary gland is collagen. This is important because an increase in lipid peroxidation and
collagen suggests that dysregulation is occurring in the extracellular matrix. In addition, the
interaction between the mammary epithelium and extracellular matrix plays important roles in
mammary gland morphogenesis, as well as protecting against breast cancer (65). Previous studies
have illustrated that terminal end bud formation and ductal invasion are disrupted with inhibition
of factors that regulate the extracellular matrix. (65). Because the mice fed Zn deficient diets had
decreased ductal expansion future studies are needed to discover if a Zn deficient diet inhibits
extracellular matrix regulatory factors, or if the increased lipid peroxidation and collagen inhibits
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epithelial-stromal communication. Another possible explanation for the defective morphogenesis
is the enhanced periductal collagen. The abundance of fibrous tissue may create a physical barrier
that inhibits ductal elongation during pubertal development (66). Increased collagen deposition
throughout the breast also has clinical relevance because it is the key component of fibrocystic
breast disease, which significantly increases the occurrence of breast cancer. (28) As far as we
know this is the first study to indicate that marginal Zn intake during prepubertal development
increases fibrotic tissue. Indicate that consuming inadequate dietary Zn during development may
place women at increased risk for breast cancer later in life.

To understand how Zn hyperaccumulation is occurring in mice fed a ZD diet we chose to analyze
ZIP6, ZIP10 and ZnT2 as they have been shown to be dysregulated in breast cancer (57,59) (63).
We found that the expression of all 3 transporters were increased in response to a Zn deficient
diet in nulliparous mice. ZIP6 and ZIP10 are both localized to the plasma membrane and promote
extracellular uptake to increases intracellular Zn (67). The overexpression of ZIP6 is captivating,
however difficult to interpret because of conflicting data in the literature. Studies indicate that
ZIP6 overexpression is associated with better prognosis in ER+ breast cancer (57), while other
studies indicate that over-expression is a driver of cell motility which promotes epithelial-tomesenchymal transition in breast cancer cells (68). Therefore it was not possible for us to
determine if the increase in ZIP6 expression is a protective mechanism or if the mammary gland
tissue is premalignant. Regardless of our interpretation, both indicate that damage or
dysregulation are occurring in the mammary gland during a Zn restrictive diet. In addition to
ZIP6, we noted an increase in ZIP10 expression. ZIP10 expression is higher in MDA-MB-231
and MDA-MB-435S which are invasive and metastatic cell lines. (59). This is interesting because
previous studies show that ZIP10 expression decreases in response to Zn. (69). This further
supports the speculation that cells in the mammary gland are responding to a Zn deplete
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microenvironment in the cytoplasm, perhaps driven by the overexpressed ZnT2, which works to
detoxify cells in the presence of increased Zn. (7)

Because we observed an increase in the estrogen dependent protein ZIP6 (70) and studies have
shown that estradiol exposure increases ERα expression in hypothalamic neurons (71), we next
assessed ERα expression. We noted a higher abundance of ERα in the mice fed a ZD diet,
suggesting that consuming inadequate dietary Zn increases endogenous estrogen production. This
is compelling because exposure to estrogen has been shown to increase the likelihood of
developing breast cancer. With adipocytes being the primary extragonadal estrogen producer (72)
further studies are needed to investigate if lipid peroxidation such as we saw in the adipocyte rich
stromal regions of mice fed a ZD diet can increase estrogen production thus increasing the
expression of ERα.

The upregulation of Zn transporter proteins, ERα, increased lipid peroxidation, and Zn
hyperaccumulation suggest that a marginal zinc deficiency during pubertal development is
altering the mammary gland, which increases the likelihood of developing breast cancer.

To investigate if the defects developing during pubertal development remain throughout the
lifespan, or if pregnancy is capable of remodeling the MG in a protective manner. We allowed
mice to breed and 2 weeks post lactation; mice were gavaged with the carcinogen DMBA. The
mice fed a ZD diet had insufficient involution, shorter tumor latency, greater oxidative stress, and
collagen deposition in the MG. Mammary tumors in mice fed a ZD diet had significantly greater
Zn content. Our results suggest that consuming inadequate Zn may impair post lactational
regression and modify the protective effect of breastfeeding on breast cancer.
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Previous studies analyzing breast-feeding as a way to improve breast health have yet to answer
the question, does breastfeeding protect against breast cancer? Studies indicate that it is protective
(73).However, others indicate that there is no protective benefit to breast feeding. (74) Because
the protective effect has yet to be refuted we investigated if the protective effect of lactation on
breast cancer is dependent on dietary Zn intake. To determine if breastfeeding is protective
against breast cancer we conducted a Kaplan-Meier survival analysis of primiparous and
nulliparous mice who had sufficient dietary Zn and were orally gavaged with DMBA. The
primiparous mice were protected from breast cancer when compared to nulliparous mice.
However, the protective effect was abrogated when dietary Zn requirements were not met. When
we compared the mice fed a ZD diet to those fed a ZA diet, the mice fed a ZD diet had more
tumors, developed tumors faster, and were more likely to die from their tumors than the mice fed
ZA. These are the first studies we are aware of the suggest breastfeeding is protective against
breast cancer as long as the RDA of Zn is met.

Because dietary Zn intake is so strongly related to mammary gland health and development we
investigate if changes were evident in mammary glands Zn concentrations. Interestingly no
change was noted between groups regardless of Zn intake. However, when the mammary glands
from mice fed a ZD diet that were gavaged with DMBA, were separated into malignant and
nonmalignant, the malignant tissue hyper accumulated Zn. This finding is in concurrence with
other studies showing malignant tissue hypercummulates Zn. But is interesting because both
groups were exposed to the chemical carcinogen DMBA. The glands that were not affected by the
carcinogen were able to maintain Zn homeostasis while malignancies lost the ability to regulate
Zn. Further studies should be conducted to determine which Zn transporter was influenced that
inhibited tumorigenesis protection in the presence of DMBA which could give insight to
biomarkers for breast cancer.
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To investigate the origin of Zn that was hyperaccumulating in the mammary glands of we
assessed plasma Zn. Similarly to mammary gland Zn, the only change present was with DMBA
exposure. When DMBA was given to animals fed a ZD diet their plasma Zn decreased. When we
analyzed the mammary gland and plasma Zn concurrently we noticed an inverse correlation
between plasma Zn and mammary gland Zn. This is the most important finding of the study and
the one that needs to be further investigated. A significant decrease in plasma Zn was only
present in the presence of a tumor. If this correlation is true in humans this could be an early
indicator for cancers.
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Figures and Legends
Figure 1: Zinc transporter proteins are overexpressed in mice fed a ZD diet.

ZIP6, ZIP10 ZnT2 abundance was higher in mice fed a marginal Zn diet. Representative
immunoblots of ZIP6 (A), ZIP10 (B) and ZnT2 (C) abundance in the mammary glands of mice
fed a Zn adequate (ZA, n=2) and Zn deficient (ZD, n=2) diet. Data represent mean Zn transporter
abundance relative to β-actin ± SD, n=5 mice/group. Asterisk denotes significance, p<0.05 and
the experiment was repeated twice.
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Figure 2: Mice fed a ZD diet had increased lipid peroxidation and oxidative
DNA damage.

Oxidative stress was more pronounced in the mammary glands from mice fed a marginal Zn diet.
Representative images of mammary glands from mice fed a Zn adequate (ZA) or a marginal Zn
(ZD) diet. 4HNE staining (brown) was used to detect oxidized lipids in the mammary glands of
mice fed a ZA (A, negative control; B) or ZD (C, negative control; D) diet. Magnification, 4X.
Scale bar= 500 µm. As a second marker, 8-OHDG (green) was used to detect oxidized DNA.
Mammary gland sections from mice treated with a chemical carcinogen (DMBA, 7,12dimethylbenz(a)anthracene) that increases oxidative stress were used as negative (F) and positive
(H) controls. DAPI was used to stain nuclei (E, G, I, K). Magnification, 10X. Scale bar= 200 µm.
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Figure 3: Periductal collagen deposition is enhanced in mice fed a ZD diet.

Trichrome staining (blue) was to detect the presence of collagen in the mammary glands of mice
fed a ZA (left) and a ZD diet (right). Magnification, 10X.
Blue = collagen
Red = cellularity
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Figure 4: Zd fed mice failed to complete pubertal development.

Mammary gland expansion and development was significantly compromised in mice fed a ZD
diet. Representative images of mammary gland whole mounts from mice fed a Zn adequate (ZA,
left) or a Zn deficient (ZD, right) diet. Arrowhead indicates alveolar buds.
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Figure 5: Breastfeeding protects against breast cancer.

To illustrate that lactation is protective against breast cancer nulliparous and primiparous (n=18)
mice were gavaged with DMBA weekly for 4 wk, primiparous mice were given 2 wk post
lactation to ensure full involution. Kaplan-Meier survival of nulliparous and primiparous mice.
Data represent % of tumor free mice following DMBA treatment.
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Figure 6: ZD abrogates the protective effect of lactation.
LACTATED MICE

CON (n=17)

ZD (n=20)

P

Tumor incidence

11.8%

35.0%

0.137

Tumor latency (wk)

24.0 ± 0

22.5 ± 3.6

0.05

Mortality

5.9%

35.0%

<0.05

Following the final dose of DMBA, the mice were palpated weekly for 24 wk and tumor
progression and initiation was recorded. Mice were euthanized at wk 24 or earlier if the body
weight declined >10% or if the tumor size ≥15mm. Data represent tumor incidence (%), tumor
latency (± SD), and mortality (%).
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Figure 7: Plasma Zn is redistributed to Mammary gland during
malignancies.

Plasma Zn levels in mice fed a ZD diet for 22 weeks showed no change in Zn concentration,
while ZD mice treated with DMBA had significantly lower plasma Zn level. Data represent mean
µmol Zn/L ± SD. *p < 0.05. There was no relationship between plasma and mammary gland Zn
concentration in control mice fed a ZD diet. However, plasma and mammary gland Zn
concentration were inversely correlated in ZD mice treated with DMBA. Data represent mean
µmol Zn/L and mean µg Zn/g of tissue ± SD. *p < 0.05.
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Figure 8: Oxidative DNA damage increases in mice fed a ZD diet.
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Fluorescent imaging of 8OHdG, a marker of oxidative DNA damage, was used to investigate
oxidative stress. (B) Data represent mean positively stained 80HdG nuclei in one 10x field of
view ± SD. n=4 samples/group, *p < 0.05.
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Figure 9: Post-lactational regression is impaired in mice fed a ZD diet.

H & E staining of mammary glands illustrates mammary gland morphology from mice fed ZA
diet. Mammary gland demonstrates the expected post-lactational architecture: compressed ducts
with a large abundance of adipocytes. In contrast, mice fed ZD have ducts that failed to involute
fully, and have disrupted ductal architecture.

49

Figure 10: Collagen deposition is enhanced in mice fed a ZD diet.

Trichrome staining was to detect the presence of collagen in the mammary glands of mice fed a
ZA (upper) and a ZD diet (lower). Left column is control, right is DMBA Magnification, 10X.
Blue = collagen
Red = cellularity
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