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ABSTRACT
Environmental exposure to pesticides and xenobiotics poses a significant risk to human
reproductive and lactation health. The liver and the mammary gland have complementary
metabolic roles during lactation. They form the lactation network which is a system of substrate
production [1] in the liver and catabolism of these chemicals in the mammary gland for milk
synthesis (e.g., lactose and the glycerol backbone of milk triglycerides). In this study, we
sought to investigate the effects of 5, 6-benzoflavone (BNF), a synthetic AHR activator, on the
lactation network in the mouse. Using morphological and molecular techniques, as well as 1H
nuclear magnetic resonance (NMR)–based metabolomics, we observed disruption of
mammary gland development and metabolic function in addition to changes in gene and
protein expression. 1H NMR analyses revealed significant changes in the levels of glucose and
amino acids in BNF group mouse mammary tissue, compared to no significant changes in the
control diet group, indicating AHR may play a role in mediating the deleterious mechanistic and
metabolic effects on glands in early lactation. In the nursing dams, there were significant
changes in lipid and TCA intermediates in extracts obtained from livers. The mice also had
significant

changes

(LDL/VLDL),

in

high-density

ketones,

low-density

lipoprotein

(HDL),

lipoprotein/

very-low-density

phosphocholine/

lipoprotein

glycerophosphocholine

(PC/GPC). Likewise, treatment altered monounsaturated fatty acid production and caused
disruption of lipid metabolites in the liver compared to control. The hepatic expression of
stearoyl coenzyme A desaturase 1 and Cytochrome P450 (Cyp1a1) mRNA was significantly
changed in the livers from both Ahrd (high affinity) and Ahrb (low affinity) mice following BNF
treatment, suggesting effects are likely independent of Ahr. Our results thus support a possible
role of the AHR in regulating the substrates synthesized by the liver during lactation.
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CHAPTER 1
Literature Review
1. Introduction
1.1 Overview
From conception to death, exposure to environmental agents with potential toxicity is
inevitable. A growing number of studies suggest certain xenobiotics and toxicants
possess the potential to disrupt the differentiated function of the mammary gland [2, 3].
The factors negatively impact the ability of women to initiate and sustain breastfeeding.
These compounds work by inhibiting mammary development, directly interfering with
the secretory function of the mammary alveolar cells, altering the hormonal milieu that
supports lactation, and by impeding nutrient transport to the mammary cell [4]. There
are an estimated 70,000 to 100,000 chemicals registered for commercial use [5]. The
human environment has never before encountered such a large number of man-made
compounds. This influx of chemicals has left gaps in our knowledge of mammary gland
exposure to these chemicals and their toxicological potential is significant reason for
concern. Solid information has shown that certain compounds (e.g., oxidants, phorbol
esters, ergot alkaloids and alcohol) may interfere with mammary development, inhibit
milk secretion, alter the hormonal concentrations, and interfere with lipid metabolism [6].
Importantly, metabolic alterations associated with these exposures have not
been extensively studied. A growing body of work has shown directly that activation of
aryl hydrocarbon receptor (AHR) can lead to alterations in mammary gland
development and function. However, the metabolic alterations associated with AHR
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mammary gland toxicity have not been characterized. My thesis seeks to highlight the
role of the AHR in energy metabolism in the lactation network (mammary glands, liver
and serum) and understand how its improper activation can impact this important
process. This work will use metabolomics as well as molecular and morphologic
techniques to evaluate several endpoints in lactation network associated with AHR
activation in the mouse.
1.2 Public Health Relevance
Breastfed infants have lower risk for unfavorable health consequences. Breast milk is a
combination of protein, lipids and carbohydrates that provide energy, bioactive proteins,
and minerals [7]. Standards recommend exclusive breastfeeding for first six months of
life. Breastfeeding rates have improved ~75% in the United States, yet only ~47%
continue breastfeeding past the of age 6 months. Of the breast feeding population
~50% of mothers cite concern about insufficient milk volume or poor milk quality [8].
Overall, an estimated 3–6 million human mothers annually suffer from impaired lactation
each year [9]. Addressing this issue of lactation deficiency is hindered by a lack of
reliable tools both to accurately measure milk volume and diagnose mothers with
defects that impair lactation physiology and performance. Understanding factors that
impact lactation and developing methods to accurately assess lactation outcomes
before a breastfed infant becomes ill, will directly inform the development of therapeutic
strategies to improve poor lactation performance.
1.3 Mammary Gland Overview: Structures, Function and Lactation
1.3.1 Structure
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The mammary gland is one of the few organs in which the majority of development
occurs postnatally. It also has the unique ability to cycle from structural maturation
through the production of milk and an apoptotic regression to quiescence [3]. The
process of lactation occurs in stages. The glands remain in a mature inactive stage until
the initiation of hormone changes associated with pregnancy. During lactation, the
mother undergoes substantial changes in metabolism to account for the increased
demands of milk synthesis [10].
The breast is internally composed of glands, blood vessels, adipose and stroma
supportive tissue. The mammary gland is a secretory organ within the breast glandular
tissues. It is responsible for milk production and transportation which is composed of
alveoli (epithelial grape-like cluster of cells where milk is produced) [11]. Lactiferous
ducts enlarge underneath the nipple to form lactiferous sinuses. Lactiferous sinuses are
where milk collects and contracts to an opening in the nipple (nipple pore) [12]. Nerves
make the breast sensitive to touch, allowing the baby’s suck to stimulate the release of
hormones that trigger milk ejection reflex (produced by the hormone oxytocin) and the
production of milk (produced by the hormone prolactin). Lymph nodes remove waste
products from the gland. Adipose tissue houses the mammary gland [13]. The breast is
externally constituted of the following parts: areolas; and nipples, the protruding areas at
the center of each breast [12, 14, 15]. This general structure is common to most
mammals (Figure 1).
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Alveoli clusters
(milk synthesis)
Milk Ducts
(milk transport)
Sinus
(milk collection site)
Nipple
Areola
Lobe
Figure 1. Structures of the breast/mammary gland. The female breast is made up
mainly of lobules (milk-producing glands), ducts (tiny tubes that carry the milk
from the lobules to the nipple), and stroma (fatty tissue and connective tissue
surrounding the ducts and lobules, blood vessels, and lymphatic vessels).
1.3.2 Function
The mammary gland evolved solely to provide newborn mammals with life sustaining
nutrients in the form of milk [16]. The mammary gland is a highly efficient organ mainly
used to produce milk and is a mass of glandular, fatty, and fibrous tissues. Mammary
glands are exocrine glands that are enlarged and developmentally are modified sweat
glands that are part of the skin [16]. These glands are also present in males; however,
they normally function in the females only. The mammary gland is composed of number
of different cell types: epithelial cells that form the ductal network of the gland;
adipocytes, which constitute the fat pad and in which the ductal network is embedded;
vascular endothelial cells, which make the up the blood vessels; stromal cells, including
fibroblasts; and a variety of immune cells [16]. There are two main types of epithelium in
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the mammary gland: luminal and basal [17]. The luminal epithelium forms the ducts and
the secretory alveoli, whereas the basal epithelium consists essentially of myoepithelial
cells. These two types of epithelium form a bi-layered structure of simple epithelium that
is embedded within the fatty stroma [18]. Mammary gland modifications/development
occur during three distinct periods of reproductive life in females of all mammalian
species: embryonic development, puberty, and adult [15].
1.3.3 Embryonic Postnatal Stage Mammary development
Mammopoiesis is distinct from the development of most organ systems in that only
primary development occurs during the embryonic and fetal stages [19]. The full
elaboration of the mammary gland requires the onset of puberty and a complex
coordination of endocrine signals. In the abdomen of a prenatal mammal, pairs of
placodes form with the subcutaneous epithelial layer. Near the end of gestation, the
mammary gland epithelial bud penetrates the underlying mesenchyme. The first distinct
feature is the formation of the milk lines from overlying ectoderm, followed by the
formation of five pairs of placodes that invaginate to form buds. These induce the
formation of the mammary mesenchyme. The buds then sprout and branch to form a
rudimentary structure that has approximately five ducts that embed in the subdermal fat
pad.
During the embryonic stage mammary development is not evident in the mouse
until mid-gestation. Formation of the milk lines from the overlying ectoderm is the first
distinct feature in the embryonic stage [15]. This development arrests around embryonic
day 18 until puberty when the ovaries begin to secrete hormones. Postnatal growth of
the mammary gland occurs in two major phases: ductal growth which is initiated with
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puberty, and alveolar differentiation, which occurs primarily during pregnancy [20].
Ductal growth involves lengthening and branching of the epithelium, which ultimately
extends to the limits of the fat pad [21]. Alveolar differentiation results in the terminal
differentiation of the gland, which involves the formation of the milk-secreting units and
culminates in lactation. At birth the mouse mammary gland is competent to produce
milk. Following birth, growth of the mammary tree is commensurate with body growth.
Terminal end buds (TEBs), which are club-shaped structures comprising the outer layer
of cap cells and multilayered inner core for cells called body cells, appear at the tips of
ducts and start to invade the fat pad [21]. In the abdomen of a prenatal mammal, pairs
of placodes form within the subcutaneous epithelial layer. Near the end of gestation,
these placodes invaginate the adjacent mesenchyme so that at birth, the mammary
gland consists of a subcutaneous fat pad containing a very rudimentary, branched
ductal epithelium. However, this stage of development occurs even though the
rudimentary gland is deficient in receptors for any hormones typically linked with
postnatal development including estrogen, prolactin, growth hormone, progesterone or
growth factor receptors such as insulin-like growth factor-1 (IGF-1) and epidermal
growth factor [22] [23]. The mammary mesenchyme does have the ability to respond to
androgens and it has been implicated as a possible target for sex hormones in the
process of sexual dimorphism and cessation of development in the male mammary
gland. Prior to sexual maturation (when serum levels of estrogen start to rise at puberty)
there is a period of allometric growth providing a more complex matrix of structural
support for a future functional mammary gland [24].
1.3.4 Mammary Development: Puberty Stage
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The pubertal transition, termed ductal morphogenesis, allows the ductal system to
permeate the stroma and fill the fat pad with a more elaborate branched epithelial
system. Mammary stem cells can become a variety of cell types depending on
hormonal cues and it has been demonstrated that one mammary stem cell has the
ability to repopulate an entire gland. The stem cell resident in the TEB end cap of mice
express a marker of multipotent stem cells called s-SHIP and the presence of stem cells
is vital to the extension of ducts during adolescence [25]. Macrophages, eosinophils,
and mast cells are also serious members of the mammary gland stroma; without them,
stem cells are unable to functionally re-populate the mammary gland. While
macrophages expedite the action of stem cells by stimulating the formation of long
collagen fibers around the base of the TEB, which are believed to support ductal
elongation, mast cells induce branching of the mammary gland through the secretion of
serine proteases. The epithelium has been shown to secrete macrophage colonystimulating factor 1 (CSF1) and eotaxin, which may be responsible for the recruitment of
macrophages and eosinophils to the TEB [26].
Puberty is the period of most rapid ductal growth occurs in the mammary glands.
This process happens approximately 3-6 weeks of age in the mouse [15]. In rodents the
gland does not regress during pre-puberty, but maintain a small ductal tree, which
initiates rapid growth at the onset of puberty. During pubertal growth, the ducts lengthen
and branch to form secondary and tertiary ducts that ultimately extent to fill the
mammary fat pad by approximately 3 months of age [20]. The primary duct is large and
consists of a layer of epithelial cells surrounded by a thick layer of dense stroma. This
large lumen functions as a reservoir for milk during lactation and as the connection to
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the exterior nipple. The primary epithelial structure in rodent mammary glands at the
start of ductal growth is the TEBs which first appear at approximately 3 weeks of age
[21, 24]. These structures are the sites of ductal elongation and branching. TEBs are
bulbous structures located at the tips of the growing ducts and they represent the site of
highest proliferation in the gland. When the TEB reach the connective tissue
surrounding another epithelial structure or the capsule at the edge of the fat pad, they
regress to form terminal ducts. This TEB growth phase usually ends around weeks 1012 of age in preparation for lactation [27, 28].
1.3.5 Mammary Development: Pregnancy Stage
In mouse mammary development the presence of estrogen and its binding to nuclear
ER-α is required for ductal morphogenesis, while progesterone acts through Receptor
Activator of Nuclear Factor κ B (RANK) in the same manner as side-branching during
puberty to induce tertiary branching and alveolar development during pregnancy. In
mice, alveoli, the hollow sacks lined with secretory mammary epithelium at the termini of
duct branches, are organized into clusters by day 16.5 of pregnancy (about 75% of
gestation period) but do not undergo functional differentiation, or lactogenesis of the
mammary epithelium until the end of pregnancy, around parturition.

During pregnancy, gestational hormones stimulate further proliferation of the epithelium
and ductal system in the mammary gland, which undergoes further gross physiological
development and morphological changes to prepare for lactation. Initial pregnancyinduced mammary growth involves massive proliferation of ductal branches and
formation of alveolar buds like those observed during post-pubertal development [21,
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29]. Further, cell-cell contact in the mammary epithelial seems to be critical for full
differentiation and milk secretion. In this phase the peak of mammary differentiation
occurs during the 19-21 days of pregnancy and ends with formation of alveoli and fully
lactating glands at parturition [20, 21]. By late pregnancy the alveoli fill the majority of
the fat pad, at which time the gland is capable of milk production [15]. Generally, by day
18 of pregnancy, the alveolar epithelial cells are producing milk protein and lipid in
preparation for lactation [30]. In the alveoli towards late pregnancy and alveoli dilate and
grow due to increased pressure. A distinctive drop in progesterone at parturition signals
the secretion of milk components into the alveoli. Oxytocin binding its receptors on the
myoepithelium causes a contraction, which squeezes the swollen alveoli pushing milk
out through narrow ducts towards storage sinuses [31]. When oxytocin binds receptors
on the luminal epithelial layer of the alveoli, the effect is the acceleration of intracellular
secretion of casein milk proteins prior to myoepithelial contraction. Oxytocin is a neuropolypeptide hormone manufactured and secreted by the posterior pituitary gland under
many conditions, one of which being parturition.
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Figure 2. The Process of Milk Secretion
Adopted from: Strucken, E.M., Y.C.S.M. Laurenson, and G.A. Brockmann, Go with the
flow—biology and genetics of the lactation cycle. Frontiers in Genetics, 2015. 6(118).

1.4 Mammary Development: Lactation
Approximately 1 day prior to parturition, the epithelial cells accumulate rough
endoplasmic reticulum and Golgi and secretory vesicles and begin secreting milk
protein and lipids. Epithelial cells become enlarged due to accumulation of lipid [20].
The process of lactation requires the production of specific cells that can synthesize and
secrete copious amounts of milk [32]. The alveoli are structures that synthesize and
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secrete milk during lactation and become engorged with secretions after the onset of
lactation. Fully developed alveolar structures remain until the completion of lactation.
The process of lactation continues for approximately three weeks until the pups are
weaned [3, 33].
1.4.1 Protein Synthesis
Milk proteins are coded by mRNA from the nucleus. Ribosomes translate mRNA into
peptide chains and transports them to the endoplasmic reticulum [34]. Proteins are then
transported to the Golgi apparatus where they accumulate until they are secreted into
the lumen. Lactogenic hormones (prolactin, insulin, glucocorticoids) have control over
the regulation of protein synthesis by the mammary gland by upregulating expression or
by stabilizing mRNA and extending the half-life for more efficient translation [35]. The
production of these proteins is based on availability of amino acids, insulin, and
prolactin signaling. The availability of amino acids to the mammary gland for milk
synthesis is based on diet intake, gastrointestinal, hepatic utilization of amino acids or
synthesized from numerous precursors [36].
1.4.2 Major Milk Proteins
All of the major milk proteins are synthesized from amino acids and secreted by
mammary epithelial cells. The majority of milk protein consists of caseins (a-S1, a-S2,
b, and k) [36] and whey proteins (b-lactoglobulin, lactoferrin, g-glubulin and serum
albumin) [1, 37].
1.4.3 Casein Proteins
Casein is the predominate protein in human breast milk. Caseins are present in the form
of micelles and can be phosphorylated by protein kinases in MEC. The phosphate
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group covalently bound to the casein molecules bind calcium via ionic bonds. This
phosphorylated casein allows the calcium ions to remain in solution. The casein protein
offers a source of amino acids, calcium, and phosphate in breast milk [35]. There are
alpha, beta, gamma, and kappa caseins in milk. Alpha-caseins are in multiphosphorylated forms. Beta-casein is synthesized in response to prolactin. Kappacasein is distributed throughout the casein micelle and stabilized the micelle. Gammacaseins are C-terminal fragments of b-casein after proteolytic degradation by plasmin
when milk is within the alveoli of the mammary gland [36, 38].
1.4.4 Whey Proteins
Alpha-lactalbumin is a major whey protein, it makes up about 25% of the total whey
proteins in breast milk. It contains high tryptophan concentrations. It is also a regulatory
subunit of the lactose synthase enzyme complex [35]. This means a-lactalbumin plays
an important role in lactose production and secretion. a-lactalbumin may also have
other nonspecific roles to affect the integrity of milk fat membranes. b-lactoglobulin
comprises 50% of total whey proteins in milk [36, 38].
1.4.5 Glucose Utilization in Lactation
Overall, glucose is necessary for the synthesis of lactose, metabolic energy (ATP
production), glycerol production for de novo fatty acid synthesis, and NADPH production
through the pentose phosphate pathway. Additionally, in mice and humans, glucose is
the main precursor of fatty acid synthesis in the mammary during lactation. Glucose
plays a serious role in lactation [39]. The mammary epithelium does not have the
needed enzymes for gluconeogenesis, all glucose used by this organ must be taken up
from the circulation [40]. Glucose enters the mammary epithelial cell via the glucose
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transporters (e.g. GLUT1,3,4,5) transporter. Once glucose is inside the cell, its directed
towards use as an energy source and glucose is converted to glucose-6-phosphate for
either glycolysis and the tricarboxylic acid cycle (TCA) or the pentose phosphate
pathway providing energy for fatty acid synthesis [38, 40].
1.4.6 Lipid Utilization and Synthesis in Lactation
Milk fat can come from three sources: adipose tissue, diet, or through de novo
synthesis. Dietary fat is carried though the circulation to the mammary epithelium bond
to albumin or very low-density lipoproteins (VLDL) [32]. Precursors for milk fat
synthesis,

include

acetate,

b-hydroxybutyrate,

acetoacetate,

glycerol,

and

monoacylglycerides which are taken up by the mammary gland. Ketone bodies are also
vital precursors of the synthesis of fatty acids in milk [32]. All of these components enter
the pathway for synthesis of triglycerides in the smooth endoplasmic reticulum, leading
to the formation of small lipid droplets. These lipid droplets are transferred out of the
MEC. Milk lipid is a required component of breast milk for proper nourishment of
offspring. On average, 95-98% of lipid in milk is triacylglycerol with 2-5% of lipids are
made up of diacylglycerol, cholesterol, phospholipids and free fatty acids [41, 42].
Triacylglycerol is synthesized by the joining of long or short chain fatty acids to glycerol
backbone. Lipogenesis, or more specifically, de novo synthesis of fatty acids occurs
mainly in the liver, adipose tissue and mammary gland of lactating mammals. The main
precursor for this pathway is acetyl-coA. Acetate and pyruvate can be oxidized to
acetyl-coA within the mitochondria and converted to citrate in order to be transported
out of the mitochondria. Citrate can be broken down into acetyl-coA and oxaloacetate in
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cytoplasm. Acetyl CoA may then be used for fatty acid synthesis and oxaloacetate can
then be converted to malate and cycled back to pyruvate [32, 36].
1.5 Involution
Following weaning, the gland goes through a process of death and remodeling termed
involution. Milk stasis initiates involution, a process were milk removal ceases. The
gland begins an irreversible sequence of cell death and remodeling. In this process, the
secretory epithelial cells of the alveoli begin to undergo apoptosis [3]. As the alveolar
epithelial cells begin to die, the alveoli collapse into clusters of epithelial cells. The
adipocytes of the fat pad increase as the epithelium decreases. The stroma also
increases around the clusters of collapsing alveoli. Debris is cleared by either
neighboring epithelial cells or invading macrophages. This process continues until the
gland is completely remodeled and resembles the gland of a virgin animal [3, 15].
1.6 Lactogenic Hormones
The whole process of pregnancy and lactation is heavily regulated by several hormones
such as estrogens, progesterone, growth hormone (GH), prolactin, and glucocorticoids.
These hormones are of great importance for alveolar growth and milk production [23].
1.6.1 Progesterone
Progesterone is an endogenous steroid and sex hormone involved in the menstrual
cycle, pregnancy, and embryogenesis of humans and other species. Progesterone
plays a major role in mammary gland development in females [23]. It prepares the
breast for lactation by increasing ductal branching. With prolactin it mediates
lobualveolar maturation of the mammary gland during pregnancy to allow milk
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production. Lower serum levels of progesterone signals the end of pregnancy and
allows parturition [12].
1.6.2 Estrogen
Estrogen is the primary female sex hormone. It is responsible for the modulation and
development of the female secondary sex features and reproductive system [12].
Estrogen along with growth hormone and insulin-like growth factor (IGF-1) are critical in
facilitating breast development during puberty [43]. It is critical for inducing the ductal
components, causing fat deposition and connective tissue growth. It also is indirectly
involved in lobualveolar maturation by regulating progesterone receptor expression and
stimulating the secretion of prolactin [23].
1.6.3 Prolactin
PRL is a lutotropic hormone produced in the pituitary gland. PRL is involved in
numerous processes and plays an essential role in metabolism, immune regulation and
pancreatic development and milk production in females [44]. PRL required for the
development of secretory alveoli of the mammary gland and is responsible for initiation
of lactogenesis. Particularly, PRL and GH drive milk production. The initial step for PRL
is binding to a membrane-bond receptor, the prolactin receptor (PRLR). When PRL
binds to the receptor, it causes the dimerization of two PRLRs [44]. This activates the
Janus kinase, a tyrosine kinase that initiates the JAK-STAT pathway, mitogen-activated
protein kinases and Src kinase [14, 44]. The JAK2/STAT5 pathway activation results in
the activation of several transcription factors, which are related to the functional
differentiation of the mammary gland. Outside of the mammary gland, PRLR activation
on pancreatic beta-islet cells causes proliferation and insulin secretion, which is related
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to metabolic shifts required for milk production. These findings indicate the prolactin
receptor as the limiting factor on the effects of prolactin rather than the abundance of
the hormone itself. The PRLR interacts with prolactin, and binds growth hormone. Both
PRLR and GHR are transmembrane glycoproteins and members of the cytokine
receptor superfamily of G-coupled protein receptors. While GH has the ability to bind
both receptor types, prolactin only binds the PRLR. Both GH and prolactin play crucial
roles in the mammary gland from development through lactation.
1.6.4 Growth Hormone
Growth hormone (GH) stimulates mammary growth through increasing the hepatic
synthesis of insulin-like growth factor-1 (IGF-1), which is a potent mitogen for MEC [44].
GH can stimulate mammary growth at all stages of development. GH may also be a
major factor for controlling mammary gland development during the prepartum period
[44]. GH, or somatotropin, is a polypeptide hormone synthesized and secreted mostly
by the anterior pituitary somatotroph into the peripheral circulation. Secretion of GH by
the pituitary is regulated by hypothalamic peptides. Growth hormone-releasing factor
(GHRF) stimulates GH secretion while somatostatin obstructs secretion. GH has many
direct targets, in muscle and bone, where it stimulates growth, its indirect effects are
more widespread when GH acts as a signal for insulin-like growth factor 1 (IGF-1)
secretion. IGF-1 stores originate in the liver mostly as it is synthesized and secreted into
the blood in reaction to GH. This connection between GH and IGF-1 is called the
“somatotropic axis” [45]. Some cell types, including those within the mammary gland,
can synthesize both GH and IGF-1 locally. IGF-I bioavailability and activity is regulated
by insulin-like growth factor binding proteins (IGFBP) through reservoir-type storage by
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extending the half-life of the hormone or directing binding to specific tissue sites. The
differing forms of IGFBP may play distinct roles in mammary development and
involution. Growth hormone has long been thought to act indirectly through IGF-1
signaling to induce the elongation of ductal branches in the mammary gland as well as
contribute to the proliferation and differentiation of terminal end buds during puberty
[46].
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Figure 3. Schematic representation of hormonal modulation of prenatal and
postnatal mouse mammary gland development showing the various stages:
puberty; estrus (female sexually receptive); pregnancy; lactation (milk secretion);
and involution (cessation of milk secretion).
1.7 The Role of the Liver in Lactation
The liver plays an important role during pregnancy and lactation. The liver and the
mammary have complementary metabolic roles during lactation. Glucose synthesized
by the liver is released into circulation and is taken up by the mammary gland where
major metabolic products of glucose include milk sugar (lactose) and the glycerol
backbone of milk fat are made [47]. Hepatic synthesis of glucose is often accompanied
by b-oxidation in that organ to provide energy for glucose synthesis, while mammary
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gland synthesizes rather than oxidizes fat during lactation [15]. It provides for the
metabolic needs of the mother and the liver acts as a detoxification center. Lactation
imposes heavy demands on the mother, especially the liver. The mass of the liver
increases during lactation and this is associated with increase in liver metabolism. Lipid
metabolism is highly upregulated in the liver during lactation. Sterol regulatory element
binding factor 1 (SREBP1c) is a master regulator of fatty acid or cholesterol synthesis.
Microarray data has shown increased lipogenic gene expression in livers such as Scd1
and Srebf1 [48, 49]. This suggests that liver during lactation prefer triglyceride synthesis
over fatty acid oxidation. Genes that are involved in triglyceride secretion (Apoe, Vldl,
Lpl) are stimulated in the liver of lactating mice [50]. Overall, there is an increase in
triglyceride synthesis and triglyceride secretion in the liver, which in turn cause
increased serum triglyceride and decreased hepatic triglyceride storage [51, 52]. Also,
data points to decreased gluconeogenesis in the lives of lactating mice. These trends
are transient. The data suggest that the liver supplies the major source of energy to the
lactating mammary gland [49].
1.8 Environmental Factors Effects on Mammary Gland Physiology and Function
The environment holds toxicants that we are exposed to daily. However, numerous
factors may contribute to sub-optima lactation as well such as genetic, diet and
environmental factors [53]. The majority of these environmental chemicals have become
a part of our daily diet and exposures. Western diets are often found to hold high
concentrations of these chemicals in fat-containing foods such as red meat and dietary
products. Chronic exposure to various compounds in the environment can exert a toxic
burden on the body. Many compounds become stored in the mother’s fat deposits and
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secreted in the breast milk [54]. Many of these chemicals can alter mammary
physiology [27]. Several studies have shown that exposure to chemicals or endocrine
disrupting compounds in gestation can induce adverse effects on mammary gland
development and lactation [2]. Various common household chemicals, like herbicides
(dioxin and atrazine), plastics (bisphenol A [BPA and dibutylphthalate), laundry and dish
detergent [nonylphenol], flame retardants (polybrominated diphenyl ethers [PBDE]),
cleaning products (perfluorooctanoic acid [PFOA]) have been reported to disrupt
mammary gland function [55] [27, 56]. Reports have shown in rodents that gestational
exposure to dioxins, PFOA, atrazine, or BPA leads to changes in mammary
development that include mammary hypoplasia, reduced apoptosis in TEBS, altered
gene or protein expression, and accelerated alveolar differentiation. PFOA exposure in
mice during early gestation or lactation permanently impairs mammary gland
differentiation, reduces milk protein expression and decrease pup survival over the
lactation period [27, 56]. Exposure to BPA during pregnancy in mice leads to lactation
insufficiency and offspring death [57]. Studies have also linked dichlordiphenyl
dichloroethene (DDE) and lactation defect [58]. Even natural compounds such as heavy
metals (e.g., lead, cadmium, mercury) exposure can affect the mammary gland during
lactation. Cadmium exposure in lactating rodents causes disruption of alveoli
morphology and reduces beta-casein production and secretory activation [27, 54].
1.9 The Aryl Hydrocarbon Receptor
The aryl hydrocarbon receptor is a ligand inducible basic helix-loop-helix Per-ARNT-Sim
(bHLH-PAS) protein that heterodimerizes with aryl hydrocarbon nuclear translocator
(ARNT) to mediate gene [59]. The AHR is activated by the environmental pollutants
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such as 2,3,7,8-tetrachlorododibenzo-(p)-dioxin (TCDD) [60]. The most well studied
ligands of the AHR are dioxins, or dioxin-like compounds, which are comprised of
members of three structurally related families of chemicals: polychlorinated dibenzo-pdioxins, polychlorinated dibenzofurans and PCBs [61]. Upon ligand binding the AHR
dissociates from its cytoplasmic complex which is a multiprotein complex comprising of
two molecules of the chaperone proteins HSP90, the immunophilin like protein Hepatitis
B Virus-X associated protein 2 (XAP2) and p23. Ligand-activated AHR enters the
nucleus where it heterodimerizes with ARNT and binds to xenobiotic response elements
(XREs) in the promoter/enhancer regions of AHR-responsive genes such as Cyp1a1
[62, 63]. The whole process is regulated by AHR repressor (AHRR), a feedback
modulator inhibiting AHR transcriptional activity [63]. The AHR is also able to shuttle in
and out of the nucleus in a ligand independent process by unitizing a leucine rich
nuclear export signal (NES) and bipartite nuclear localization signal (NLS) in the AHR
N-terminal region [63]. Through direct protein to protein interaction with other
transcription factors and receptors, such as the NF-kB subunit Rel B, the AHR is also
able to influence gene expression of other pathways without ligand binding and in an
apparently ARNT-independent manner [64]. AHR is a transcription factor that regulates
transcription of a myriad of genes. The AHR binds a structurally diverse group of ligands
which include environmental contaminants, dietary compounds and endogenously
generated compounds. AHR is expressed, at varying levels, in a wide range of tissues
[65]. This ubiquitous expression may imply that the AHR participates in normal cellular
homeostasis in a number of tissues. Toxicity studies, as well as a number of studies in
Ahr-null mice, have helped reveal some of the other physiological roles of the receptor
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[61]. The AHR has been shown to mediate many adverse immunological outcomes
associated with excessive AHR-ligand exposure. Studies from Ahr-/- mice have shown
it plays a critical role in reproduction [66]. The physiological consequences of these
action on individual tissues have not yet been fully elucidated.

Figure 4. AHR Signaling Pathway. Ligand activation of the AHR promotes
receptor nuclear translocation and eventual heterodimerization of ARNT. The
ARNT/AHR heterodimers then binds to dioxin responsive elements (DREs)
leading to AHR-target gene activation. Adapted (AhR Signaling Pathway) Denison MS, Nagy SR (2003).
1.9.1 The Role of AHR in Mammary Function and Physiology
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Several toxicological studies have demonstrated that xenobiotic exposure may alter
these hormones and transcription of regulatory genes, resulting in changes in the
morphology of reproductive tissues such as the mammary gland. In these studies
endocrine-disrupting environmental toxicants such as TCDD and 2, 3, 7, 8tetrachlorodibenzofuran (TCDF) were linked to impaired mammary differentiation,
altering multiple endocrine systems [40]. Its effects also involve delayed proliferation of
the mammary gland, as well as an elongation of the window of sensitivity to potential
carcinogens. These effects have mainly been observed in rodents. Even though there
have been numerous epidemiological and animal studies, the precise molecular
mechanism of AHR signaling in the block of lactation is still unclear. Certain inbred mice
strains have several AHR which are responsible for the higher dioxin sensitivity in
C57BL6/J (Ahrb1-3) mice, compared to the low TCDD affinity allele present in the DBA
(Ahrd) strain. The mouse Ahrd allele has approximately 10-fold lower affinity than the
Ahrb allele for TCDD.

These structural differences subsequently cause subtle

differences in the biochemical properties of each receptor. The hAHR (human Ahr) has
reasonably lower ligand binding affinity which results in dioxin resistance at the level of
gene expression. The mAhrd and hAHR share similar binding affinity likely due to their
ligand binding domain being structurally analogous. The hAHR and the most frequently
studied mAHRb share partial homology therefore may hold functional differences. Very
information discussing the differences Ahrd and Ahrb allele [67, 68].
Studies have also shown that AHR activation and changes in milk production in
animal studies. More precisely, studies on pregnant mice exposed to TCDD in vivo
yielded diminished milk protein β-casein, as well as whey acid protein which lead to
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dams being unable to nutritionally support their off-spring. Also, studies using pregnant
rats revealed TCDD led to severe defects in mammary gland differentiation and
decreased litter size following lactation. This study highlights the possibility that effects
of pollutants could be multi-systemic.
Due to the fact that AHR agonists are highly common in the environment and in
many common food sources and given that AHR is expressed in the mammary tissue, it
is plausible that exposure to chemicals such as environmental contaminants and other
compounds of similar in structure could lead to defects in the human mammary gland.
The high persistence of these compounds in our food sources and living areas is
particularly alarming [69]. Coupled with data revealing that women of the Western world
have had a sharp decline in breastfeeding due to difficulties initiating lactation strongly
supports the notion.
There have also been studies associating maternal exposure to pesticides with
shortened duration of lactation in the United States and Mexico [70]. It is likely that this
notion is well justified seeing that many AHR ligands can act as endocrine disruptors.
Therefore, more extensive study of dioxin-like compounds may offer greater insight as
to the exact mechanism through which these lactation difficulties are being mediated in
child bearing age females in North America. Even now current studies are highlighting
the ever expanding list of AHR agonists such as arylozadiazole referred to as 1,2,4, bis-arylozadiazole (1023) a novel AHR agonist. Using a chemical genetic approach,
1023 was identified as a novel target for AHR signaling, which affected desmosomal
adhesion and branching in primary mammary epithelial cells [70, 71]. In the mammary
gland, the AHR is dispensable for development [72], but this receptor appears to be an
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important factor in the regulation of proliferation because in Ahr-null mice, the number of
terminal end buds is reduced by 50% during estrous-stimulated growth [73]. These
AHR-mediated responses in the mammary gland are most likely due to cross-talk
between AHR and steroid receptors, including ERs, ERb, and androgen receptor (AR)
[64, 74]. Environmental contaminant activation of AHR has been shown to affect fetus
mammary gland development in female and male mice [72]. The loss of receptor in
female mice was associated with loss of the pregnancy, surviving pregnancy and
lactation, and nurturing pups to weaning. Others have also reported the link between
loss of Ahr gene in female mice to abnormal ovarian development and maturation of
ovarian follicles which are important for estrogen production (a hormone required for
mammary development) [75]. In the mammary gland, AHR expression varies across
phases of mammary gland development in vivo was observed. AHR protein was
expression in mammary glands of C57Bl/6 mice prior to, during estrous-stimulated,
pregnancy induced development, involutions and adult virgin mice [73]. AHR is
expressed in all stages of mammary development and decreased at the time of delivery
and is undetectable by early involution. Comparison of mammary glands from Ahr+/+ and
Ahr-/- mice [66]. Findings suggest AHR plays an important role in the development of the
mouse mammary epithelial network. Results have linked AHR activation in the
mammary to defects such as: severe defects in development, including stunted growth,
decreased branching, and poor formation of lobular alveolar structures, and
suppression of DNA synthesis in the TEBs. These effects are ligand-dependent [76].
Dioxins activate the AHR which alters the expression of numerous genes causing
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severe defects in mammary gland differentiation during lactation, and reduced milk
protein expression that leads to offspring death with 24 h post-partum [77, 78].
1.10 Overview and Significances of Research
Treatment for lactation deficiency is hindered by a lack of reliable tools both to
accurately measure milk volume and diagnose mothers with molecular defects that
impair lactation physiology and performance. Clearly, understanding factors that affect
lactation requires new methods to accurately assess lactation outcomes and will directly
inform the development of therapeutic strategies to improve poor lactation performance.
Metabolism is either directly or indirectly involved with every aspect of cell
function. Metabolomics is thus believed to be a reflection of the phenotype of any cell.
Metabolites are more proximal to a phenotype or disease than either genetic or
proteomics information. What this means is metabolomics is the measurement and
analysis of metabolite perturbations in a biological system caused by disease,
medication or environmental stress.

As a result, metabolomics provides a very

immediate chemical interpretation of the phenotypic variations. Nuclear Magnetic
Resonance (NMR) based metabolomics approach has great potential to study disease
pathogenesis and monitor treatments, both in pre-clinical and clinical settings.
Moreover, coupling methods such as NMR with LC/GC-MS provide a more
comprehensive view of metabolic perturbations. This dissertation describes the
application of molecular, morphologic and metabolomics methods in this study. Overall,
we sought to investigate the effects of 5, 6-benzoflavone (BNF), a synthetic AHR
activator, on early mouse lactation and metabolism in the mammary gland and liver.
This study was designed to provide answers to several questions that were previously
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knowledge gaps in this field of study. Does AHR affect transporters (e.g., glucose and
amino acid) and nutrition concentration in mammary glands during lactation? Does AHR
play a role in liver substrate production and release during lactation?
Recent reports established AHR as a mediator of metabolic disruption in the liver
following dietary exposure to environmental toxicant and Ahr ligand TDCF [79]. Based
on these findings AHR may influence metabolism in each organ system. During
lactation the mammary gland is one of the most metabolically active organs in the body.
Therefore, we hypothesize that AHR may exert similar metabolic effects in the
mammary gland during lactation.
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Chapter 2
Aryl hydrocarbon receptor activation disrupts mouse mammary gland differentiation and
metabolism during lactogenesis
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2.1 Abstract
Aryl hydrocarbon receptor (AHR) ligands including 2,3,7,8-tetrachlorodibenzodioxin
(TCDD) have been shown to have deleterious effects on lactation. In the current study,
the effects of dietary beta naphthoflavone (5,6-benzoflavone, BNF), a potent AHR
agonist, were characterized in lactating dams. Using morphologic, molecular
techniques,

and

metabolomics,

we

observed

disruption

of

mammary

gland

differentiation, gene expression, and metabolism in lactating Ahrb (high affinity) mice.
Similar effects were absent in lactating Ahrd (low affinity) mice. Quantitative PCR
analysis revealed ~50% reduction in the expression of key lactogenesis mammary
genes including whey acid protein, a-lactalbumin, and b-casein that is consistent with
previous reports. Using 1H NMR-based metabolomics, decreased amino acid and
glucose levels in the mammary gland were identified and these results were consistent
with changes in the gene expression of amino acid (solute carrier family 1 member 4)
and glucose cell surface transporters (glucose transporter 1). All together results
including those from Ahrd (low affinity) mice support that the AHR is an important
regulator of lactation and metabolism in the mammary gland.
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2.2 Introduction
Mammary gland differentiation during lactation is complex. This process is controlled by
a carefully orchestrated series of events with endpoints of extensive differentiation of
cells and structures. Branching epithelial cells proliferate and differentiate to fill the fat
pad of adipocytes, and the stromal and myoepithelial cells (mesenchyme) encompass
and support much of the epithelium; all of these cells are in close communication with
immune, stem, and endothelial cells [80]. During pregnancy, the gland becomes highly
proliferative, initiating the development of epithelial ductal branching, elongation, and
the defined development of lobulo-alveolar structure formation [81]. This differentiation
process is hormone-dependent—its completion enables the synthesis of milk, generally
beginning in late pregnancy or following parturition [82]. The lactation process is
regulated by endogenous hormones—mainly prolactin, insulin, and corticosteroids play
a primary role [83].
Strikingly, 3–6 million human mothers annually are unable to initiate and
nutritionally support their infants through breastfeeding or have significant difficulty
doing so [84]. Human epidemiological studies have demonstrated associations between
environmental toxicants and defects in lactation [85]. These studies also suggest
exposure to endocrine disruptors (e.g., 2,3,7,8-tetrachlorodibenzodioxin, TCDD) during
pregnancy have the potential to disrupt lactation [6, 85-87]. Correlations have been
made between TCDD exposure and later initiation of breast development in girls [88].
Rodent studies have been instrumental in deciphering the mechanism of impaired
lactation following xenobiotic exposure. Several studies have shown that mammary
gland differentiation defects are mediated through the aryl hydrocarbon receptor (AHR)
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[6, 78, 84, 89, 90]. However, the precise metabolic consequences of this dysregulation
remains largely unclear.
The AHR is a transcription factor expressed in various cell types and tissues, and
studies have confirmed AHR maintains a functional role in xenobiotic metabolism,
immune homeostasis, and development [91]. AHR also plays a critical role in cell cycle
control, regulation of apoptosis, and cell proliferation [92]. The general role of the AHR
in the mammary gland is not clearly understood, although mouse studies have revealed
several critical physiological functions for this receptor related to mammary gland
differentiation and lactation. For example, AHR protein was detected in the mammary
glands during estrous-stimulated growth and branching of terminal end buds (TEBs).
Comparative analysis of mammary gland development in Ahr-/- with Ahr+/+ littermates
revealed a 50% decline in the formation of TEBs at the tips of the mammary ducts in
Ahr-/- mice, highlighting the physiological role AHR must play in coordinating
development, differentiation, cell growth, and signaling of hormones in mammary tissue
[93, 94].
The mouse Ahrb (high affinity) and Ahrd (low affinity) alleles express Ahr that
exhibits significant differences in dioxin responsiveness. The Ahrb allele exhibits about
10-fold higher affinity for dioxin compared with Ahr expressed from the Ahrd [68]. Mice
that express these Ahr alleles on the same genetic background provide an excellent
model to further understand various mechanisms of AHR-mediated toxicity [95]. In this
study 5, 6-benzoflavone, a putative chemotherapeutic agent and agonist of the AHR,
was given to pregnant mice to study its effects on lactation and metabolism in mammary
gland one day post parturition [64, 96, 97]. 5, 6-benzoflavone shares a similar structure
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with dioxin and dioxin-like compounds. BNF was selected as an alternative AHR
receptor agonist for these in vitro and in vivo studies. It is safer to handle due to its
much shorter in vivo half-life, which is on the order of 0.5-1 hr. [98]. This study found
that dietary exposure to BNF significantly repressed mammary gland differentiation and
induced metabolic abnormalities. BNF treated mice couldn’t nutritionally support their
offspring and had smaller litter size. Understanding mechanisms of toxicity that lead to
lactation dysregulation may suggest preventative strategies in humans.
2.3 Materials and Methods
Chemicals
The following reagents were obtained for this work: 5, 6-benzoflavone, carmine alum,
paraformaldehyde, and methyl salicylate of the highest grade available (Sigma-Aldrich).
Animals and Treatments
C57Bl/6J mice expressing the Ahrb and Ahrd allele (6-8 weeks) were maintained at
Penn State University. Female mice were housed in pairs with male mice and checked
daily for the presence of vaginal plugs. Once vaginal plugs were observed in females,
the males were removed, and the pregnant mice were housed in pairs for the remainder
of the study. Mice were given diets containing 0.5 ppm and 50 ppm BNF (0.5 mg or 50
mg per kilogram of AIN-76A diet, respectively) and control (Dyets, Inc., Bethlehem, PA)
ad libitium and were maintained on a 12-h light cycle. Females were maintained on the
diet treatment from conception until birth of their pups. Females were sacrificed 1 day
after birth using CO2 asphyxiation. Mammary glands were removed, immediately used
or frozen in liquid nitrogen, and stored at -80°C. All animal treatments were conducted
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with the approval of the Institutional Animal Care and Use Committee of Penn State
University.
Whole Mount Analysis
Mammary glands # 4 & 9 were carefully dissected, spread on a glass slide, and fixed
overnight in 4% paraformaldehyde solution. Samples were rehydrated (70% ethanol for
30 min, 50% ethanol for 30 min, 30% ethanol for 20 min, 10% ethanol for 20 min, and
distilled water for 5 min). Staining was performed overnight with carmine alum (0.2%
carmine dye and 0.5% aluminum potassium sulfate), followed by dehydration the
following day (70% ethanol for 30 min, 90% ethanol for 30 min, and 100% for 30 min).
Mammary glands were cleared with xylene overnight and maintained in methyl
salicylate. Sections were examined on a Keyence BZ-9000 (Itasca, IL). Briefly,
evaluation of mammary differentiation was independently performed without knowledge
of treatment by at least three scientists. Images of the glands were given a subjective
differentiation score based on a four-point scale (1 = poor development/differentiation to
4 = excellent growth and development) [4]. The subjective scoring scales were based
on the lactation stage of differentiation examined, and considered visible populated with
alveoli, coverage of the adipose tissue, density of alveoli present, and ductal structures
of the parenchymal tissue.
HC11 Cell Culture and Induction with Lactogenic Hormones
Mouse mammary epithelial cells (HC11) were used with the permission of Dr. Bernd
Groner (Institute for Biomedical Research, Frankfurt, Germany). HC11 cells were
maintained at 37˚C with 5% CO2 in RPMI (HyClone, Logan, UT) medium containing
10% fetal bovine serum (HyClone, Logan, UT), ITS-X full form (5 μg/ml) (Invitrogen,
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Carlsbad, CA), penicillin (100 IU/ml) /streptomycin (100 μg/ml), glutamine (1X)
(Invitrogen, Carlsbad, CA), and murine epidermal growth factor (EGF) (10 ng/ml) (BD
Biosciences, San Jose, CA). For differentiation with lactogenic hormones (LH), ovine
prolactin (5 µg/ml) (Sigma, St. Louis, MO) and dexamethasone (10 nM/ml) (Sigma, St.
Louis, MO) in EGF-free medium were used. For lactogenic differentiation, 1×106 cells
per well were seeded onto 6-well tissue culture plates and grown to confluency. Twoday confluent cultures were washed twice with PBS and grown for 48 additional hours in
culture media without EGF. EGF-free media was removed and replaced with media
containing LH and grown for 24 hours. This media was removed after 24 hours. For
treatment, LH media FBS were reduced to 2%. Cells were treated with vehicle (0.1%
DMSO), 25, 50 and 100 𝜇M BNF. Throughout each BNF treatment assay, medium was
replaced every 24 h.
Quantitative Real-Time PCR
Mammary glands # 2 & 7 were carefully dissected and flash frozen in liquid nitrogen.
RNA was extracted from frozen mammary tissue (~50 mg) using TRIzol reagent
(Invitrogen). All RNA samples were diluted to 1 μg/μl using nuclease free water. cDNA
was synthesized in a 20-μl reaction volume using 1.0 μg of total RNA in 15 μl of
nuclease free water, 4 μl qScript cDNA supermix (Quanta, Maryland). 1 μl of cDNA was
added to 3.6 μl nuclease free water and 0.4 μl of each forward and reverse primers
were added to the solution (900 nM forward, 900 nM reverse). Gene-specific primers
were used in each reaction and all results were normalized to β-actin. QPCR assays
were carried out using SYBR Green PCR Master Mix (Applied Biosystems, California)
on an ABI Prism 7900HT Fast Real-Time PCR sequence detection system (Applied
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Biosystems). The reactions were analyzed according to the ΔΔCT method. QPCR
conditions were 40 cycles of 95°C for 20 seconds; 95°C for 0.01 seconds; 60°C for 30
seconds; 95°C for 15 seconds; 60°C for 15 seconds; and 95°C for 15 seconds. The
following primer sets were used: Cyp1a1 F: 5'-AGA GGT TGG CGA CTT TGA CCC
TTA-3'; R: 5'-ACC TCC CGA AAC TGA TTG CTG AGA-3'; α-lactalbumin F: 5'-ACG
CCA CTG TTC AAG CTT CT-3'; R: 5'-ATG ACA TAG CGT GTG CCA AG-3'; β-Casein
F: 5'-CAA GAG CAA GGG CCA CAA G-3', R: 5’-TCC TTT CAG CTT CAC CTC CT-3';
Wap F: 5'-CAT GTT CCC AAA AGC CAG CC-3', R: 5'-GAG TTT TGC GGG TCC TAC
CA-3'; Slc4a F: 5'-GAC TCT TTC CTC GAT TTA CTC AGA AAC C-3', R: 5'-AAT CGG
TTG CAG ACG TAG TGA A-3'; Glut1:F: 5'-GAG TGT GGT GGAT GGG ATG -3', R:5'AAC ACT GGT GTC ATC AAC GC-3'; β-Actin F: 5'-GGC ATA GAG GTC TTT ACG
GAT CTC-3' and R: 5' -TAT TGG CAA CGA GCG GTT CC-3'.
Western Blots
Mammary glands # 3 & 8 were carefully dissected and flash frozen in liquid nitrogen and
stored at -80°C. Roughly 50 mg of frozen mammary tissue was homogenized in T-PER
tissue protein extraction reagent (Thermo Scientific, Rockford, Illinois) with protease
inhibitor cocktail (Thermo Scientific, Rockford, IL). Whole tissue lysate concentration
was determined using Pierce BCA assay (Thermo Scientific, Rockford, IL), and 50 µg of
protein from each sample was separated by SDS-PAGE and then transferred to
nitrocellulose membranes. Membranes were blocked in 5% BSA for both primary and
secondary then probed. β-casein protein was probed with β-casein (M-14, sc-17971,
Santa Cruz Biotechnology, Inc., Santa Cruz, CA), followed by mouse anti-goat IgG-HRP
(sc-2354, Santa Cruz Biotechnology, Inc., Santa Cruz, CA). Beta-actin was used as a
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loading control (#4967, Cell Signaling Technology, Inc., Danvers, MA), followed by
secondary anti-rabbit IgG, HRP-linked Antibody (#7074, Cell Signaling Technology, Inc.,
Danvers, MA). Antibody complexes were visualized using super signal west femto
maximum-sensitivity substrate (Thermo Scientific, Rockford, IL). Images were obtained
using Chemi Doc XRST with image lab software (Bio-Rad Laboratories, Inc., Hercules,
CA). A measurement of the band intensity was performed using ImageJ software
obtained from the National Institutes of Health (Scion Image computer software
program, Scion Corporation, Frederick, MD).
NMR-Based Metabolomics Experiment
Sample preparation
Mammary glands #5 & 10 (∼50 mg) were extracted three times with 600 μl of precooled
methanol-water mixture (2/1, v/v) using the PreCellys Tissue Homogenizer (Bertin
Technologies, Rockville, MD). After extraction, 550 μl of each extract was centrifuged
and the supernatant transferred to a 5 mm NMR tube.
1

H NMR spectroscopy

1

H NMR spectra of aqueous mammary extracts were acquired at 298 K on a Bruker

Avance III 600 MHz spectrometer (operating at 600.08 MHz for 1H and at 150.93 MHz
for 13C) equipped with a Bruker inverse cryogenic probe (Bruker Biospin, Germany). For
aqueous mammary extracts, a typical one-dimensional NMR spectrum was acquired for
each of the samples employing the first increment of Two-dimensional nuclear magnetic
resonance spectroscopy (NOESY) pulse sequence (NOESYPR1D). To suppress the
water signal, a weak continuous wave irradiation in the CPMG method was applied to
the water peak during recycle delay (2 s) and mixing time (100 ms). Diffusion-edited
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spectra were acquired as with a diffusion time (Δ) of 200 ms, a duration of the magnetic
field pulse gradients (δ) of 1000 μs, and pulse-field gradient strength of 31.2 G/cm. The
90° pulse length was adjusted to approximately 10 μs for each sample, and 64
transients were collected into 32 k data points for each spectrum with a spectral width of
20 ppm. To facilitate NMR signal assignments, a range of 2D NMR spectra were
acquired and processed for selected samples including 1H–1H correlation spectroscopy
(COSY), 1H–1H total correlation spectroscopy (TOCSY), 1H–13C heteronuclear single
quantum correlation (HSQC), and

1

H–13C heteronuclear multiple bond correlation

spectra (HMBC).
NMR data processing and multivariate data analysis
1

H NMR spectra were corrected manually for phase and baseline distortions, and

spectral region δ 0.5-9.5 was integrated into regions with equal width of 0.004 ppm (2.4
Hz) using AMIX software package (V3.8, Bruker-Biospin, Germany). Multivariate data
analyses including Principal Component Analysis (PCA) and Orthogonal Projection to
Latent Structures with Discriminant Analysis (OPLS-DA) were carried out on the NMR
data with SIMCAP+ software (version 13.0, Umetrics, Sweden). To facilitate
interpretation of the results, color-coded correlation coefficients plots were performed
with back-transformation of the loadings generated from the OPLS-DA using an inhouse developed script for MATLAB (The Mathworks, Inc., Natwick, MA).
All free induction decays (FID) were multiplied by an exponential function with a 1
Hz line broadening factor prior to Fourier transformation. The spectra were referenced
to TSP-d4 at δ 0.00 when TSP-d4 was present in mammary extracts. 1H NMR spectra
were corrected manually for phase and baseline distortions, and the spectral region δ
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0.50–9.50 was integrated into regions with equal width of 0.004 ppm (2.4 Hz) using the
AMIX software package (V3.8, Bruker-Biospin). Region δ 4.60–5.15 was discarded by
imperfect water saturation. Each bucketed region was then normalized to the total sum
of the spectral integrals to compensate for the overall concentration differences prior to
statistical data analysis. Relative content was determined using reference standard
divided by peak signal intensity.
Multivariate data analysis was carried out with SIMCA-P+ software (version 13.0,
Umetrics, Sweden) as described. Briefly, principal component analysis (PCA) and
orthogonal projection to latent structures with discriminant analysis (OPLS-DA) were
conducted on the NMR data. The OPLS-DA models were validated using a 7-fold cross
validation method, and the quality of the model was described by the parameters R2X
and Q2 values (Figures 4). After back-transformation of the loadings generated from the
OPLS-DA, color-coded correlation coefficient loading plots (MATLAB, The Mathworks
Inc.; Natick, MA) were employed to indicate the significance of the metabolite
contribution to the class separation with a “hot” color (e.g., red) being more significant
than a “cold” color (e.g., blue). In this study, a cutoff value of |r| > 0.707 (r > +0.707 and
r < −0.707) was chosen for the correlation coefficient as significant based on the
discrimination significance (p ≤ 0.05).
Data Analysis
All experimental data were analyzed using either one-way ANOVA followed by
Dunnett’s post analysis or unpaired t-test with Welch’s correction. Data are presented
as mean ± SEM. Sample sizes are indicated in the figure legends. Graphical
illustrations and statistical analysis were performed with GraphPad Prism version 6.0
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(GraphPad, San Diego, CA). P-values < 0.05 were considered statistically significant (*p
< 0.05; **p < 0.01; ***p < 0.001).
2.4 Results
Effects of Dietary BNF on Mammary Gland Morphology
Ahrb and Ahrd mice were treated with dietary BNF (0.5 ppm or 50 ppm) throughout
pregnancy. Food intake for 6-8 week old mice was estimated to be between 2.5-3.3
g/day. The dose of BNF provided to mice on the 0.5 ppm diet was calculated to be
approximately 1-1.5 µg/day while the dose of BNF provided to mice on the 50 ppm BNF
diet was calculated to be approximately 100-150 µg/day.
One day after parturition, mammary glands collected from control and Ahrd mice
treated with BNF were completely populated with alveoli, to such an extent that they
covered the adipose tissue. As a result of the dense alveoli present, ductal structures of
the parenchymal tissue are difficult to appreciate at this stage (Figure 1A, D, E).
Moreover, during excision, the presence of milk could be noticed in the tissue.

In

contrast, defects were visible in glands collected from Ahrb mice treated with BNF. For
instance, the adipose tissue was apparent, with parenchymal tissue containing fewer
numbers of alveoli, and when present, they appeared unfilled and underdeveloped
(Figure 1B, C). Based on scoring, there was significant disruption of mammary gland
differentiation in Ahrb mice treated with BNF (Figure 1F). BNF treated Ahrd mice did not
display significant changes in morphology.
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Figure 1. BNF suppresses lactogenic mammary gland development. Female Ahrb
mice were given diets containing 0.5 ppm, 50 ppm BNF (0.5 mg or 50 mg per kilogram
of base diet) and control (essentially devoid of known Ahr ligands) ad libitum. Mice
received the diets from conception until birth and were sacrificed 1-day after giving birth
to their pups. Inguinal mammary glands #4 & 9 were removed and whole mounts were
prepared. Representative whole-mount images of the mammary glands from (A) control,
(B) 0.5 ppm BNF-treated, and (C) 50 ppm BNF-treated mice are shown. Images were
obtained at 4X magnification. BNF fails to suppress lactogenic mammary gland
development in low affinity Ahrd mice (D) control, and (E) 50 ppm BNF–treated. Scale
bar = 200 μm. All experimental data were analyzed using either one-way ANOVA
followed by Dunnett’s post analysis or unpaired t-test with Welch’s correction. Average
differentiation score was determined (F) Results are shown as mean ± SEM. n=4-6 per
group. *P ≤ 0.05, **P ≤0 .01. Results are representative of two independent experiments.
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Effects of Dietary BNF on Overall Milk Secretion and Associated Milk Gene and
Protein Expression
QPCR analysis of the mammary gland tissue in Ahrb mice revealed that dietary
exposure induced a significant increase in the expression of Cyp1a1, in both BNF
groups compared to control (Figure 2A). BNF altered the coordinated induction of milk
protein (whey acid protein [Wap], β-casein, and a-lactalbumin [Lalba]) genes by greater
than 50% in both treatment groups compared to control (Figure 2B-D). BNF exposure
(50 ppm) in Ahrb mice significantly decreased β-casein relative protein expression, with
a greater than 50% reduction in its production (Figure 2E, F). Results from Ahrd mice
revealed no significant change in gene expression of these milk genes (Figure 2A-D).
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Figure 2. Dietary BNF suppresses lactational gene expression. Female Ahrb and
Ahrd mice were sacrificed 1-day after giving birth to their pups. QPCR was used to
measure lactogenic genes key for induction of milk proteins. Mammary glands # 2 & 7
mRNA expression measured for (A) Cyp1a1, (B) Whey acid protein (Wap), (C) betacasein, and (D) α-lactalbumin (Lalba). All experimental data were analyzed using either
one-way ANOVA followed by Dunnett’s post analysis or unpaired t-test with Welch’s
correction. Results were normalized to β-actin. Results are shown as mean ± SEM. n=
4-6 per group. *P ≤ 0.05, **P ≤0 .01. β-casein protein expression is suppressed by
dietary BNF exposure. Female Ahrb mice mammary glands # 3 & 8 were removed for
protein extraction. Immunoblots show levels of beta-casein, a marker of mammary
gland differentiation, in tissue homogenates. β-actin was used as a loading control (E).
Each lane represents tissue from different mice. (F) The bar graph depicts results of
densitometric analysis. Results are shown SEM. n=3 per group. *P ≤ 0.05 compared to
control. Results are representative of two independent experiments.
Inhibition of Milk Gene Expression in HC11 Mammary Epithelial Cells Mediated
by BNF
HC11 mammary epithelial cell line cells were grown in the presence of BNF. HC11 cells
can be induced to differentiate with lactogenic hormones and produce milk proteins in
culture [99, 100]. BNF significantly increased Cyp1a1 expression compared to control
(Figure 3A). BNF significantly reduced β-casein gene expression compared to control
(Figure 3B). BNF considerably reduced Lalba and Wap expression (Figure 3C-D) [25,
26]
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Figure 3. BNF treatment Inhibits Milk Gene Expression in HC11 Mammary
Epithelial Cells. mRNA expression measured by QPCR for HC11 cells. The cells were
induced with lactogenic hormones (LH) to produce milk genes. Cells were then treated
with DMSO (control) or BNF for 48 h. mRNA levels for (A) Cyp1a1, (B) β-casein, (C)
Lalba, and (D) Wap are normalized to β-actin. All experimental data were analyzed
using either one-way ANOVA followed by Dunnett’s post analysis or unpaired t-test with
Welch’s correction. Results represent 3 wells per group and representative of two
independent experiments. Data are shown as mean ± SEM. *P ≤ 0.05, **P ≤ 0.01,
***P ≤ 0.001.
1

H-NMR-based Metabolomics Reveal Negative Metabolic Effects of Dietary BNF

on the Mammary Metabolome
We utilized

1

H-NMR-based metabolomics, which is a broad-spectrum platform to

monitor metabolic changes, and was coupled with multivariate statistical analysis to
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evaluate the mammary metabolic changes induced by BNF exposure. To obtain the
metabolic variations associated with different biological sample groups, we performed
pair-wise orthogonal projection to latent structures discriminant analysis (OPLS-DA) on
mammary samples (Figure 4). BNF treatment regardless of dose was also associated
with decrease in glucose and increase amino acids (e.g., tyrosine, phenylalanine)
(Figure 5A). BNF treatment regardless of dose was associated with an increase in
BCAAs and aromatic amino acids. In addition, neuraminic acid (NANA) was significantly
accumulated in the mammary tissue of the 0.5 ppm BNF group. The 50 ppm BNF group
had a significant accumulation of the citric acid cycle intermediate fumarate (Figure
4A). Results from the Ahrd mice revealed no significant changes in the metabolism of
their mammary glands (Figures 4B, 5B).
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Figure 4. Effects of dietary BNF on lactating mammary gland metabolic function.
Mammary gland metabolism shifts to a more catabolic state in BNF exposed mice
treated with 0.5 ppm and 50 ppm BNF. Mouse mammary glands 5 & 10 metabolic
profiles of the (A) Ahrb control group (black circles) with 50 ppm (blue squares) and 0.5
ppm (red squares), (B) This bar graph is representative of metabolites determined by 1H
NMR. O-PLS-DA scores (left) and coefficient-coded loadings plots (right) for the models
obtained from the 1H NMR mammary spectra (n = 6 mice per group). Results are
representative of two independent experiments.
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Figure 5. Effects of dietary BNF on lactating mammary gland metabolome. This
plot represents mammary glands 5 & 10 metabolites which are showing differences in
intensity by one-way ANOVA followed by Dunnett’s post analysis. This data is a
comparison between (A) Ahrb and (B) Ahrd mice treated with BNF or control diets. n = 6
mice per group. Results are representative of two independent experiments. Data are
shown as mean ± SEM. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.

BNF Suppresses Gene Expression of Glucose and Amino Acid Transporter in the
Lactating Mammary Gland
Dietary BNF exposure in Ahrb mice at 50 ppm induced a significant decrease in the
expression of Glut1 and Slc4a1 compared to control (Figure 6). Results in Ahrd mice
revealed no significant change in gene expression of these milk genes.
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Figure 6. BNF suppresses glucose and amino acid transporter in mammary gland
during lactation. Female Ahrb and Ahrd mice mammary glands # 2 & 7 were removed
for RNA extraction. Gland mRNA expression was measured by QPCR (A) Glut1 and (B)
Slc1a4. All experimental data were analyzed using either one-way ANOVA followed by
Dunnett’s post analysis or unpaired t-test with Welch’s correction. Results are shown as
normalized mean ± SEM, n= 4-6. *P ≤ 0.05. Results are representative of two
independent experiments.
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2.5 Discussion
Using a cell culture model of lactation and in vivo observations in lactating dams, we
investigated the effects of BNF on mammary gland function. Various studies using TCDD have
demonstrated

how

AHR

activation

affects

pregnancy-associated

mammary

gland

differentiation [78, 101-103]. Mechanistic studies using reciprocal transplant with Ahr-/mammary glands implicated both indirect, systemic effects, and direct cellular consequences
of AHR signaling on alveolar differentiation [103]. Further studies have also shown TCDDinduced impairment of mammary gland development during pregnancy is not caused by
premature involution or apoptosis. The data suggest that TCDD decreases epithelial cell
proliferation [102]. However, recent reports have suggested that AHR agonists (e.g., TCDD)
directly block milk production [76]. Specifically, mechanistic studies suggest a role for the
AHRR in mediating this lactation suppression of the mammary tissue directly [76].
Similar to other studies using the extensively investigated pollutant TCDD, our study
suggests BNF interrupted the differentiation of the mammary gland and its associated milk
production [78, 101, 104]. Studies have shown that prenatal TCDD exposure can cause pups
to gain significantly less weight. However, it is unclear whether this is due to physiological
changes in the mammary of the dams or to the pups themselves. Future studies to understand
the physiologic effects of BNF on the pups directly are warranted.
In the current study, BNF impaired the production of milk protein genes β-casein, Wap,
and Lalba and caused a reduction of β-casein protein expression which is consistent with
previous reports [76, 102, 103]. Casein and whey protein, both important milk proteins, are
molecular markers for functional differentiation in the mammary gland [105]. Genes for these
proteins are controlled by the lactogenic hormone prolactin, insulin, hydrocortisone, cell-cell
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interactions, and cell-substratum interactions [28–30]. TCDD was shown to not have a
profound effect on serum level of lactational hormones (e.g. prolactin, estradiol). However,
progesterone was show to be significantly decrease in day 17 of pregnancy[78]. Generally, our
data suggest that BNF impairs the production of milk via the disruption of milk protein genes
and subsequently the reduction of their protein expression. BNF had no effect on prolactin
levels, but did effect prolactin receptor expression. Together, these results further support the
idea that activation of the AHR can lead to deleterious effects on mammary glands during
lactation.
The mammary gland of the lactating mouse is one of the most active metabolic organs
known. Yet, very few studies have sought to characterize the metabolic perturbations
associated with AHR mediated mammary dysregulation. Other studies indicated a link
between AHR signaling and metabolism [106]. To correlate changes with the observed
mammary gland dysfunction, the mammary gland metabolome was monitored using 1H NMRbased metabolomics. Our analyses revealed Ahrb mice exposed to BNF had a significant
decrease in amino acid and glucose utilization, which could be due to decreased glucose and
amino acid transporter activity or to decreased release of glucose and amino acids to the
serum from the liver. Studies have shown that glucose transport into the mammary epithelial
cells and their Golgi is facilitated by upregulation of Glut1 and various glut isoforms mRNA
during lactation [107, 108]. Recent data also revealed that during lactation that mammary
glands had increased cellular concentrations of amino acids (valine, leucine, isoleucine,
alanine, arginine) [109]. An upregulation of mRNA for amino acid transporters was correlated
with increased mammary amino acid concentrations. Other groups have suggested that amino
acids are an important substrate for lipid synthesis at least in species that produce milk with a
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very high lipid content, such as the mouse [108, 109]. Our results reveal BNF exposure
through the diet causes a significant decrease in Glut1 and Slc4a1 gene expression in the
mammary glands of BNF exposed dams (Figure 5). Our finding suggests that AHR activation
in the lactating mammary gland can inhibit this upregulation of cell surface transporters Glut1
and Slc4a. In addition, other studies have shown TCDD significantly down regulated the
expression levels of the Glut isoforms 1 and 3 [110]. This report showed after 24 h TCDD
treatment, GLUT1 was no longer localized in the plasma membrane of P19 cells [110, 111].
High dose BNF exposure caused accumulation of the TCA intermediate fumarate,
suggesting decreased utilization and dysregulation of the TCA cycle and energy production
(Figure 4A). BNF-mediated AHR activation caused a significant accumulation in aromatic
amino acids (tyrosine, phenylalanine, and histidine) in mammary gland extracts, suggesting
inhibited protein synthesis. Choline, the major metabolite in milk, was upregulated in Ahrb BNF
treatment groups suggesting that it was not properly incorporated into milk [112]. Recent
reports have shown aromatic amino acids (e.g., tryptophan metabolites) in culture medium are
metabolized to ligands of AHR [113]. Our results suggest AHR may play a role in the
metabolism of amino acids during lactation in the mammary gland. Results presented here
revealed a significant accumulation of Branched chain amino acids (BCAA), suggesting
decreased utilization and hinting at possible metabolic dysregulation. However, it is likely this
BCAA accumulation stems from protein synthesis dysregulation considering that lactation
increases the demand for protein synthesis [114]. Our results revealed significant
accumulation of neuraminic acid in the mammary glands of BNF-treated mice (Figure 4A).
Studies have shown human milk also contains a high concentration of NANA and the human
body’s maximum concentration of NANA occurs in the brain, where it participates as an
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integral part of ganglioside structure in synaptogenesis and neural transmission. In human
milk, NANA is critical in the formation of the complex carbohydrates present in milk.
Breastfeeding studies have associated NANA levels in breastmilk with roles in nervous tissue
development and learning behavior of infants [115]. Results from the Ahrd mice revealed no
significant changes in the metabolism of their mammary glands (Figure 4B). These results
suggest AHR may play a part in energy metabolism in the lactating mammary gland and
highlight activation of AHR as a mediator of metabolic dysregulation in lactating mammary
glands. It is possible that the effects of BNF in mammary dysfunction could be due to chronic
dietary exposure and subsequent continuous Ahr activation. Another possibility is that a BNF
metabolic product could be causing the observed metabolic effects. Though, this would need
further study.
2.6 Conclusions
Dietary exposure to the AHR ligand BNF induced mammary gland dysfunction in an Ahrdependent manner. The data suggest, along with previous reports, that activation of the AHR
can lead to alterations in several metabolic pathways, including perturbed TCA cycle, and
disrupted carbohydrate and amino acid metabolism. 1H NMR analyses of mammary glands
provided a novel method for elucidating mechanisms of toxicity; however, future studies will
need to examine the metabolic response of specific cell types contained within the mammary
gland. Further, characterization studies of AHR activators with more sensitive analytical
methods such as LC-MS could lead to biomarker identification of mammary toxicity during
lactation [116]. Our data have not completely pinpointed whether the effects seen are due to
specific signaling events or the failure of the cells to differentiate. However, we have
established that AHR activation via BNF causes dysfunction of nutrient transport (e.g.,
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glucose, amino acids). Overall, our findings highlight the role of the AHR in energy metabolism
in the mammary gland during lactation.
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Chapter 3

Metabolomics Reveals Aryl Hydrocarbon Receptor Activation Induces Metabolism
Dysfunction in the Livers of Lactating Mice
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3.1 Abstract
The liver and the mammary gland have complementary metabolic roles during lactation.
Substrates (e.g. glucose and amino acids) synthesized by the liver are released into the
circulation and are taken up by the mammary gland (e.g. lactose and the glycerol
backbone of milk triglycerides). The aryl hydrocarbon receptor (AHR) plays a significant
role in hepatic metabolism. Thus, it is important to determine if substrate synthesis is
regulated/altered by AHR in the liver during lactation. Here, we compared liver
metabolic output of lactating mice treated with 5, 6-benzoflavone (BNF, an AHR
activator). Global 1H nuclear magnetic resonance (NMR)-based metabolomics revealed
significant changes in lipid, amino acids and TCA intermediates in extracts obtained
from livers. NMR showed the serum of BNF treated mice had significant changes in
LDL/VLDL, HDL, PC/GPC. Further analyses were carried out using targeted gas
chromatography coupled with mass spectrometry (GC-MS) and global lipid profiling
using ultra high pressure liquid chromatography coupled with electrospray ionization
quadrupole time-of-flight mass spectrometry (UHPLC-QTOFMS). Results showed BNF
treatment altered monounsaturated fatty acid (C16:1, C18:1) levels by ~50% and
caused various disruptions of lipid metabolites in the liver compared to control. A 4-fold
decrease in hepatic expression of stearoyl coenzyme A desaturase 1 mRNA was
observed. Cyp1a1 was significantly changed in the livers from both Ahrd and Ahrb mice
following BNF treatment, suggesting some metabolic effects may be independent of
AHR. Also, no significant changes in the serum of Ahrd mice support a possible role of
the AHR in regulating the substrates synthesized in the liver during lactation.
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3.2 Introduction
The liver is an essential organ in metabolic homeostasis [117] and has a
complementary role with the mammary gland during lactation [118]. Lactation is a highly
coordinated process of producing milk. It offers a vital source of both calories and
essential fatty acids (FA) for the newborn [119]. In lactating animals, milk production
introduces an additional metabolic system which competes for the available nutrients
with other processes such as the formation of body reserves [22]. Generally, during
lactation, the liver is under high demand (e.g., higher glucose, fatty and amino acid
release) for substrates necessary for milk synthesis. These demands are generally met
by increasing food intake and gluconeogenesis in the liver [22]. These substrates are
released into blood and are taken up by the mammary gland and utilized for milk and
triglycerides (TG) [118, 120]. Milk contains FA derived from three sources: de novo
mammary synthesis, dietary lipids, and mobilized adipose or hepatic lipids [121].
AHR is known as a transcription factor expressed in various cell types and
tissues, and studies have confirmed AHR maintains a functional role in xenobiotic
metabolism, immune-homeostasis, and development [91]. This receptor also plays a
critical role in cell cycle control, regulation of apoptosis, and cell proliferation [92]. AHR
is a member of the per-arnt-sim (PAS) family of basic-region-helix-loop-helix (bHLH)
transcription factors predominantly located in the cytoplasm. Its inactivated, forms is
complex with molecular chaperones (Hsp90, XAP2, and p23) that upon activation
translocates to the nucleus of the cell and dimerizes with the aryl hydrocarbon nuclear
translocator (ARNT) [122]. AHR/ARNT complexes associate with AHR response
elements (AHREs), and the binding of these upstream promoter regions stimulate
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transcription of a battery xenobiotic metabolism genes including cytochrome P450s [66,
123].
Few studies have been performed on the liver to characterize the role of AHR
during lactation and its subsequent metabolic effects. Studies have demonstrated that
major changes in hepatic lipid metabolism must occur to maintain cholesterol
homeostasis during rat lactation [124, 125]. AHR plays a significant role in hepatic lipid
metabolism and the expression of genes involved in the cholesterol biosynthesis, fatty
acid synthesis, glucose metabolism and cell proliferation [126, 127].
Understanding the toxicological consequences that affect lactation will offer an
essential step toward solving breastfeeding difficulties in women. The aims of this study
will test whether maternal exposure to BNF affects overall metabolic profiles in the livers
of lactating mice expressing different alleles Ahrb (high affinity) and Ahrd (low affinity).
These alleles exhibit significant differences in dioxin responsiveness [68]. The Ahrd
allele exhibits higher similarity to human AHR than that expressed from the Ahrb [95].
Mice that express these Ahr alleles on the same genetic background provide an
excellent model to further understand various mechanisms of AHR-mediated toxicity
during lactation. In this study 5, 6-benzoflavone (BNF), an agonist of the AHR, was
given to pregnant mice to study its effects on the liver metabolism during lactation early
post-pregnancy [64, 97]. BNF offers a relevant model to study the toxicological
mechanism(s) affecting lactation. Our results revealed metabolic perturbations in the
liver, significant modulation of key regulatory genes, and lipids significantly changed
early lactation.
3.3 Material and Methods:
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Chemical Reagents
The following reagents were obtained for this work: qScript cDNA supermix (Quanta,
Maryland) and SYBR Green PCR Master Mix (Applied Biosystems, California). 5, 6benzoflavone, carmine alum, paraformaldehyde, and methyl salicylate of the highest
grade available (Sigma-Aldrich).
Animals and Treatments
C57BL/6J mice expressing the Ahrb allele (6-8 weeks) were purchased from the
Jackson Laboratory (Bar Harbor, ME). Ahrb mice were originally obtained from Jackson
Laboratory and maintained in Penn State University. Female mice were housed in pairs
with male mice and checked daily for the presence of vaginal plugs. Once vaginal plugs
were observed in females, the males were removed, and the pregnant mice were
housed in pairs for the remainder of the study. Mice were given diets containing 0.5
ppm and 50 ppm BNF (0.5 mg or 50 mg per kilogram of base diet) and control (Dyets,
Inc., Bethlehem, PA), ad libitium, and were maintained on a 12-h light cycle.
Females were maintained on the diet treatment from conception until birth of their pups.
Females were sacrificed 1 day after birth using CO2 asphyxiation. Livers and serum
were removed, immediately frozen in liquid nitrogen, and stored at -80°C for use for
mRNA analysis. All animal treatments were conducted with the approval of Penn State’s
Institutional Animal Care and Use Committee.
Sample Preparation for NMR Spectroscopy
Liver tissues (50mg) were extracted three times with 600 μl of a precooled methanol–
water mixture (2/1, v/v) using the Precellys tissue homogenizer (Bertin Technologies,
Rockville, MD). After centrifugation at 11180xg for 10 min at 4°C, the combined
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supernatants were dried. Each of the aqueous extracts were separately reconstituted
into 600 μl of phosphate buffer (K2HPO4/NaH2PO4, 0.1 M, pH 7.4, 50% v/v D2O)
containing 0.005% sodium 3-trimethylsilyl [2,2,3,3-d4] propionate (TSP-d4) as chemical
shift reference. Following centrifugation, 550 μl of each extract was transferred into a 5
mm NMR tube for NMR analysis.
1

H NMR Spectroscopy

1

H NMR spectra of serum and aqueous liver extracts were acquired at 298 K on a

Bruker Avance III 600MHz spectrometer (operating at 600.08 MHz for 1H and at 150.93
MHz for

13

C) equipped with a Bruker inverse cryogenic probe (Bruker Biospin,

Germany). For aqueous liver extracts, a typical one-dimensional NMR spectrum was
acquired for each of all samples employing the first increment of NOESY pulse
sequence (NOESYPR1D). For serum, the water-presaturated Carr–Purcell–Meiboom–
Gill (CPMG) CPMG pulse sequence (recycle delay-90°-(τ-180°-τ)n-acquisition) was
employed to attenuate NMR signals from macromolecules, whereas diffusion-edited
spectra can be acquired to obtain only signals of macromolecules such as lipid,
lipoprotein, and long-chain fatty acids. To suppress the water signal, a weak continuous
wave irradiation in the CPMG method was applied to the water peak during recycle
delay (2 s) and mixing time (100ms). Diffusion-edited spectra were acquired as with a
diffusion time (Δ) of 200ms, a duration of the magnetic field pulse gradients (δ) of
1000μs, and pulse-field gradient strength of 31.2 G/cm. The 90° pulse length was
adjusted to approximately 10μs for each sample, and 64 transients were collected into
32 k data points for each spectrum with a spectral width of 20 ppm. To facilitate NMR
signal assignments, a range of 2D NMR spectra were acquired and processed for
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selected samples including

1

H–1H correlation spectroscopy (COSY),

1

H–1H total

correlation spectroscopy (TOCSY), 1H–13C heteronuclear single quantum correlation
(HSQC), and 1H–13C heteronuclear multiple bond correlation spectra (HMBC).
Spectral Data Processing and Multivariate Data Analysis
All free induction decays (FID) were multiplied by an exponential function with a 1Hz
line broadening factor prior to Fourier transformation. The spectra were referenced to
TSP-d4 at δ 0.00 when TSP-d4 was present in liver extracts. Otherwise, the chemical
shift of anomeric proton signal of α-glucose (δ 5.233) was used as chemical shift
reference for serum. 1H NMR spectra were corrected manually for phase and baseline
distortions, and the spectral region δ 0.50–9.50 was integrated into regions with equal
width of 0.004 ppm (2.4 Hz) using the AMIX software package (V3.8, Bruker-Biospin).
Region δ 4.60–5.15 was discarded by imperfect water saturation. Each bucketed region
was then normalized to the total sum of the spectral integrals to compensate for the
overall concentration differences prior to statistical data analysis. Relative content was
determined using reference standard divided by peak signal intensity.
Multivariate data analysis was carried out with SIMCA-P+ software (version 13.0,
Umetrics, Sweden) as described. Briefly, principal component analysis (PCA) and
orthogonal projection to latent structures with discriminant analysis (OPLS-DA) were
conducted on the NMR data. The OPLS-DA models were validated using a 7-fold cross
validation method, and the quality of the model was described by the parameters R2X
and Q2 values. After back-transformation of the loadings generated from the OPLS-DA,
color-coded correlation coefficient loading plots (MATLAB, The Mathworks Inc.; Natick,
MA) were employed to indicate the significance of the metabolite contribution to the
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class separation with a “hot” color (e.g., red) being more significant than a “cold” color
(e.g., blue). In this study, a cutoff value of |r| > 0.707 (r > +0.707 and r < −0.707) was
chosen for the correlation coefficient as significant based on the discrimination
significance (p ≤ 0.05).
Fatty Acid Profiling by GC–MS
Liver tissues (∼50mg) were mixed with 1mL of methanol–chloroform (2/1, v/v) with
addition of 5μL internal standards (50μM C15:0 free acid and the methyl ester of C17:0)
and then homogenized using the Precellys tissue homogenizer (Bertin Technologies,
Rockville, MD). After centrifugation (20187g, 4 °C) for 15 min, the supernatant was
collected. 500μL of saline (0.9%) was added to the liver extracts and serum (50μL).
After vortexing for 5 min and centrifugation (20187g, 4 °C) for 15 min, the mixture was
separated into two layers. The solution in the bottom layer was transferred into a 10mL
glass tube and dried with nitrogen gas. After 1mL of MeOH/HCl (41.5 mL/9.7 mL) was
added and the mixture was vortexed for 5 min, the solution was then incubated
overnight at 60 °C. The resultant mixture was combined with 5mL of hexane and 5mL of
saline. Following vortexing for 5 min, the top layer was collected and dried down with
nitrogen gas. The resultant residues were re-dissolved in 200μL of hexane and then
transferred to an auto sampler vial for GC–MS analysis. Fatty acid composition was
measured on an Agilent 7890A-5975C GC–MS system (Agilent Technologies, Santa
Clara, CA). A HP-5MS (Agilent Technologies) capillary column (30m, 0.25mm ID,
0.25μm film thickness) was employed with helium as a carrier gas at flow rate of 1
mL/min. Sample injection volume was 0.5μL with a pressure pulsed split ratio (1:10 split,
10 psi). The injection port and detector temperatures were 230 °C and 250 °C,
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respectively. The initial column temperature was 80 °C where it was held for 1 min and
then increased to 205 °C at a rate of 20 °C/min, and then increased to 220 °C at a rate
of 2 °C/min, and then increased to 310 °C at a rate of 15 °C/min, where it was held for 2
min. Fatty acids were quantified by comparing integrated peak areas following
normalization to the internal standards.
Protein preparation and Western blotting
Mouse liver samples were collected and frozen immediately in liquid nitrogen before
storage at −80°C, and RNA was isolated using TRI Reagent (Sigma-Aldrich). Livers
were homogenized in MENG buffer (25 mM of MOPS, 2 mM of ethylene diamine
tetraacetic acid, 0.02% NaN3, and 10% glycerol; pH 7.5) with protease inhibitors
(Sigma-Alrich) using a Dounce homogenizer with protease inhibitor cocktail (Thermo
Scientific, Rockford, IL). Whole cell lysate concentration was determined using Pierce
BCA assay (Thermo Scientific, Rockford, IL), and 50 µg of protein from each sample
was separated by SDS-PAGE and then transferred to nitrocellulose membranes.
Membranes were blocked in 5% BSA for both primary SCD1 and SREBP1 antibodies
(Santa Cruz Biotechnology) followed by mouse anti-goat IgG-HRP (sc-2354, Santa
Cruz Biotechnology, Inc., Santa Cruz, CA). Beta-actin was used as a loading control
(#4967, Cell Signaling Technology, Inc., Danvers, MA), followed by secondary antirabbit IgG, HRP-linked Antibody (#7074, Cell Signaling Technology, Inc., Danvers, MA).
Antibody complexes were visualized using super signal west femto maximum-sensitivity
substrate (Thermo Scientific, Rockford, IL). Images were obtained using Chemi Doc
XRST with image lab software (Bio-Rad Laboratories, Inc., Hercules, CA). A
measurement of the band intensity was performed using ImageJ software obtained from
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the National Institutes of Health (Scion Image computer software program, Scion
Corporation, Frederick, MD).
Liver Profiling by UHPLC-QTOF-MS
Lipid profiling of liver extracts was executed. Lipids were extracted from liver using
Folch extraction method. Briefly, liver samples (~50 mg) were homogenized using a
Precellys Tissue Homogenizer (Bertin Technologies, Rockville, MD) for 30 s at 6500
rpm in 1ml 2:1 chloroform/methanol solution with zirconium beads. For liver samples,
200 μl of HPLC grade water was added to the separated organic phase, vortexed for 30
s, and centrifuged at 2000 rpm for 5 min and the lower organic phase transferred to a
new microcentrifuge tube. The samples were then dried down (Savant speedvac,
ThermoScientific, Waltham, MA) and reconstituted in 0.1% formic acid, 10 mM
ammonium formate, and 45:35:20 isopropanol: acetonitrile: water solution. Samples (5
μl) were separated by reverse phase HPLC using a Prominence 20 UFLCXR system
(Shimadzu, Columbia MD) with a Waters (Milford, MA) CSH C18 column (100mm x
2.1mm

1.7μm

particle

size)

maintained

at
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°C

and

a

20

min

aqueous/acetonitrile/isopropanol gradient, at a flow rate of 225 μl/min15. Solvent A was
40% water, 60% acetonitrile with 10mM ammonium formate, and 0.1% formic acid; and
Solvent B was 90% isopropanol, 10% acetonitrile, 10mM ammonium formate, and 0.1%
formic acid. Initial conditions were 60% A and 40% B, increasing to 43% B at 2 min,
50% B at 2.1 min, 54% B at 12 min, 70% B at 12.1 min and 99% B at 18 min, held at
99% B until 20 min before returning to the initial conditions. The eluate was delivered
into a 5600 TripleTOF using a Duospray™ ion source (SCIEX, Framingham, MA). The
capillary voltage was set at 5.5 kV in positive ion mode and 4.0 kV in negative ion mode
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with a declustering potential of 80V used in both modes. The mass spectrometer was
operated in IDA (Information Dependent Acquisition) mode with a 100 ms survey scan
from 100 to 1200 m/z, and up to 20 MS/MS product ion scans (100 ms) per duty cycle
using collision energy of 50V with a 20V spread. MarkerView software (SCIEX) was
used for data pre-processing (data acquisition). The negative mode spectra were
separately aligned using the following parameters: minimum spectral peak width, 3
ppm; minimum retention time (RT) peak width, 4 scans; RT tolerance, 0.80 min and
mass tolerance, 25-30 ppm. The aligned spectra were normalized against total intensity.
Lipid annotation was performed based on precursor ion search using METLIN.
Multivariate statistical analysis was performed using SIMCA P+13 (Umetrics, Sweden).
Principal component analysis (PCA) analysis was performed on normalized data to
observe a general trend in the data. Following PCA, OPLSDA was performed to
maximize class separation. Statistical analysis was performed using GraphPad Prism 6.
RNA Isolation and Quantitative Gene Expression Analysis
RNA was extracted from frozen liver tissue (50mg) using TRIzol reagent (Invitrogen,
Carlsbad, CA). After extraction, the concentration of RNA was determined by NanoDrop
(ND-1000, V 3.3) and its quality was confirmed by the 260/280 and 260/230 ratios.
cDNA was synthesized from 1 μg of total RNA using Superscript II reverse
transcriptase (Invitrogen). Gene-specific primers were used in each reaction, and all
results were normalized to β-actin mRNA. Gene expression was performed on an ABI
Prism 7900HT Fast Real-Time PCR sequence detection system (Applied Biosystems,
Foster City, CA). Primer list: Cyp1a1 F: 5'-AGAGGTTGGCGACTTTGACCC TTA-3'; R:
5' ACCTCCCGAAACTGA TTGCTGAGA-3', Glut1 F: 5'-GAGTGTGGTGGATGGGATG -
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3',

R:5'-AACACTGGTGTCATCAACGC-3';SREBP1cF:5'-

TGGTTGTTGATGAGCTGGAGR-3', R:-5’ GGCTCTGGAACAGACACTGG-3, SCD1 F:
5'-CAGCCGAGCCTTGTAAGTTC-3’, R: -5’ GCTCTACACCTGCCTCTTCG-3’, R-5’
TGGCCTTACTTGGGATTGG-3’, IL-1β -5’ F:GGTCAAAGGTTTGGAAGCAG-3’, R: 5'TGTGAAATGCCACCTTTTGA-3’, TNF-α

5'-AGGCTGCCCCGACTACGT-3’, R: 5'-

GACTTTCTCCTGGTATGAGATAGCAAA-3’, Ldlr -5’ F: CTAGCGATGCATTTTCCGTC,
GTCATCGCCCTGCTCCTT,

Apob

F:

5’-AGCCATGGGCAACTTTACCT-3’

AAAGGAAATGGGCAACGATA-3’, CD36 F: 5’TCAATTCGTCTAATCATTGGAAA-3’, R:
5’-GCAAGACTCTGGAGCCAGTC-3’,

β-Actin

F:

5'-

GGCATAGAGGTCTTTACGGATCTC-3' and R: 5' TATTGGCAACGAGCGGTTCC-3'.
Data Analysis
All experimental values are presented as mean ± standard mean error (S.E.M).
Graphical illustrations and 1-way ANOVA posttest Turkey and unpaired T-test were the
statistical analysis performed with GraphPad Prism version 6.0 (GraphPad, San Diego,
CA). P-values < 0.05 were considered significant.
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3.4 Results
Metabolic Profiling by 1H NMR Analysis
Food intake for 6-8 week old mice was between 2.5-3.3 g/day, on an average around 3
g, in which the dose of BNF in the mice on the 50 ppm BNF diet would receive
approximately 100-150 µg/per day and mice on 0.5 ppm diet would receive
approximately 1-1.5 µg/per day.
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Figure 1. Effects of dietary BNF on lactational liver metabolic function. Female
Ahrb mice were given diets containing 0.5 ppm and 50 ppm BNF (0.5 mg or 50 mg per
kilogram of base diet) and control (devoid of known Ahr ligands) ad libitum. Mice
received the diets from conception until birth and were sacrificed 1-day after giving birth
to their pups. Livers were removed for extraction. Liver metabolism shifts to a more
catabolic state in BNF exposed mice treated with 0.5 ppm and 50 ppm BNF. Lactational
liver metabolic profiles of the (A) Ahrb control group (black circles) with 50 ppm (blue
squares) and 0.5 ppm (red squares), (B) Ahrd control group (black squares) and Ahrd 50
ppm (red circles) BNF groups determined by 1H NMR. O-PLS-DA scores (left) and
coefficient-coded loadings plots (right) for the models obtained from the 1H NMR
mammary spectra (n = 4-6 mice per group). This plot represents metabolites which are
showing differences in intensity by one-way ANOVA followed by Dunnett’s post
analysis. This data is a comparison between (C) Ahrb and (D) Ahrd mice treated with
BNF or control diets. n = 6 mice per group. Results are representative of two
independent experiments. Data are shown as S.E.M.
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1

H NMR spectra of aqueous liver extracts and serum were obtained from (Ahrd and

Ahrb) control mice and mice treated with BNF (Figure. 1). Liver extracts spectra were
predominantly showed amino acids (phenylalanine, tyrosine), glucose, glycogen,
choline-containing metabolites, and other metabolites such as lactate, fumarate, and
succinate. Compared with controls, mice administered dietary BNF exhibited
significantly reduced glucose and acetate and glycogen levels in the liver. There was a
significantly elevated levels of lipid in 50ppm Ahrb mice. Serum analysis revealed BNF
causes a significant reduction in HDL, PC/GPC levels compared to control. While
0.5ppm treated mice had a significant increase in 3-hydroxybuterate, VLDL/LDL. The
serum results from Ahrd 50 ppm group revealed no significant differences.
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Figure 2. Effects of dietary BNF on serum metabolome in lactating dams. Serum
from lactating mice were removed for extraction. Serum metabolism shifts to a more
altered state in BNF exposed mice treated with 0.5 ppm and 50 ppm BNF. Lactational
serum metabolic profiles of the (A) Ahrb control group (black circles) with 50 ppm (blue
squares) and 0.5 ppm (red squares), (B) Ahrd control group (black squares) and Ahrd 50
ppm (red circles) BNF groups determined by 1H NMR. O-PLS-DA scores (left) and
coefficient-coded loadings plots (right) for the models obtained from the 1H NMR
mammary spectra (n = 4-6 mice per group). This plot represents metabolites which are
showing differences in intensity by one-way ANOVA followed by Dunnett’s post
analysis. This data is a comparison between (C) Ahrb and (D) Ahrd mice treated with
BNF or control diets. n = 6 mice per group. Results are representative of two
independent experiments. Data are shown as S.E.M.

Liver Metabolome Impacted by BNF exposure:
The current study utilized a non-targeted metabolomics workflow to examine whether
exposure to BNF induced persistent alterations in liver lipid species. Tentative
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identification of eight features of interest based on accurate mass and isotopic
abundance agreement with predicted values are listed in Table 1. There was a clear
effect of BNF on lipid containing metabolites in the dam livers. In Figure 3, plots
visualizing the differences in normalized intensity values are shown for the eight
features of interest found to be significantly altered in the BNF group livers.

Figure 3. Metabolic Alterations Associated with BNF Exposure in liver. OPLS-DA
was used to help visualize any separation that occurs between the different groups. The
scores plot are in negative mode. Ahrb and Ahrd female mice were sacrificed 1-day after
giving birth to their pups. Livers were removed and metabolites were extracted for LCMS. The plot was generated using SIMCA P+ software (A) 0.5ppm BNF (B) 50ppm BNF
mode features. Table1. represents putative identification of metabolite significant
features contributing to the separation of groups in the liver metabolome profiles of
lactating dams exposed to BNF on lactation day one. Putative identifications of
structures do not include MS/MS validation of identification. All experimental data were
analyzed using either one-way ANOVA followed by Turkey post hoc. Results are shown
as mean ± SEM. n=4-6 per group. *P ≤ 0.05. Results are representative of two
independent experiments.
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Figure 4. Statistical analyses of metabolic changes associated with BNF exposure
in liver. Peak areas of metabolites extracted from livers of lactating dams exposed to
BNF were acquired by LC-MS. All experimental data were analyzed using either oneway ANOVA followed by Turkey post hoc. Results are representative of two
independent experiments. Results are shown as mean ± SEM. n=4-6 per group.
*P ≤ 0.05.
Lipid Metabolism: Fatty acid profiling
GC–MS fatty acid analysis revealed BNF exposure led to significant fatty acid
composition changes in 50 ppm Ahrb mice but not in Ahrd mice. These results showed
significant decreases in monounsaturated fatty acids (C16:1 and C18:1) (Figure. 4).
These findings suggest that AHR induced disruption in lipid metabolism in the livers of
lactating mice.
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Figure 5. Effects of BNF exposure on fatty acid profile in the livers of lactating
dams. To determine whether BNF causes any changes in the levels of fatty acids.
Samples and data were acquired by GC-MS. Peak areas of fatty acids extracted from
livers of lactating dams exposed to BNF were analyzed using either one-way ANOVA
followed by Turkey post hoc. Results are representative of two independent
experiments. Results are shown as mean ± SEM. n=4-6 per group. *P ≤ 0.05.
Dietary BNF Alters Expression Profile of Genes Associated with Lipid and
Glucose Metabolic Pathways
In order to monitor the transcriptional (and/or changes in mRNA stability/turnover)
responses associated with BNF treatment, we measured the expression of those genes
involved in xenobiotic responses, fatty acid, cholesterol, and glucose metabolism using
QPCR.
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Figure 6. BNF suppresses glucogenic and lipogenic gene expression in liver of
dams during lactation. Female Ahrb and Ahrd mice livers were removed for RNA
extraction. Gland mRNA expression was measured by QPCR (A) Cyp1a1, (B)
SREBP1c, (C) Glut1, and (D) SCD1. All experimental data were analyzed using either
one-way ANOVA followed by Turkey post hoc. Results are shown as normalized mean
± SEM, n= 4-6. *P ≤ 0.05. Results are representative of two independent experiments.

Figure 7. BNF suppresses lipogenic proteins in liver of dams during lactation. βcasein protein expression is suppressed by dietary BNF exposure. Female Ahrb mice
livers were removed for protein extraction. Immunoblots show levels of (A) SREBP1c,
and (B) SCD1, in tissue homogenates. β-actin was used as a loading control. Each lane
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represents tissue from different mice. The bar graph depicts results of densitometric
analysis. Results are shown SEM. n=3 per group. one-way ANOVA followed by Turkey
post hoc. *P ≤ 0.05 compared to control. Results are representative of two independent
experiments.
One of the transcriptional targets of AHR, Cyp1a1, which is commonly regarded
as an important marker of xenobiotic response driven by AHR, was found to be
significantly induced in the liver of both Ahrd and Ahrb in 50 ppm treated mice (Figure.
6). BNF exposure caused a significant decrease in gene and protein expression of
stearoyl coenzyme A desaturase-1 (Scd1), (the key enzyme controlling desaturation of
saturated fatty acid) (Figure. 6 & 7)., and Glut1 in Ahrb BNF-treated mouse livers
(Figure. 6). BNF exposure caused a significant decrease in gene expression of Srebp2,
Cd36, Ldlr, and Apopb (enzymes related to production of cholesterol and lipid transport
in the hepatic tissue) in 50 ppm treated Ahrd mice. Cd36, Apopb were significantly
increased in Ahrb mice.
There was an up-regulation of Il-1β expression in the hepatic tissues in 50 ppm
treated Ahrb mice. Overall, AHR activation affected genes involved in glucose
metabolism and inflammatory signaling.
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Figure 8. BNF suppresses lipogenic transporter gene expression in liver of dams
during lactation. Female Ahrb and Ahrd mice livers were removed for RNA extraction.
Liver mRNA expression was measured by QPCR (A) Apob, (B) CD36, (C) Ldlr, (D) IL1b. All experimental data were analyzed using either one-way ANOVA followed by
Turkey post hoc. Results are shown as normalized mean ± SEM, n= 4-6. *P ≤ 0.05.
Results are representative of two independent experiments.
3.5 Discussion
Lactation imposes heavy metabolic demands on the mother, especially the liver. The
liver upregulates key metabolic processes important for lactation [39]. Lipid metabolism
is highly upregulated in the liver during lactation. Our findings show AHR activation
during lactation significantly alters metabolism in the livers of nursing dams.
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Studies have shown activation of AHR by potent agonists (e.g., TCDD) leads to a
multitude of adverse effects such as liver toxicity and may be associated with the
development or exacerbation of metabolic disorders [128, 129]. However, there has
been little investigation surrounding activation of AHR in the liver during the lactation
process. In this study AHR high binding affinity (Ahrb) and AHR low binding affinity
(Ahrd) mice were used to determine the mechanism of toxicity. The objectives of the
current study were to investigate the metabolic consequences of AHR activation on
livers of lactating mice via exposure to dietary BNF. Also, we aimed to determine if AHR
plays a role in regulating liver substrate production and release to the mammary during
lactation. During lactation glucose production in the liver is controlled by the availability
of substrates for glucose. The metabolic capacity of the liver to synthesize glucose is
enhanced during lactation [130]. Yet, toxicity studies have shown that liver cells have
impaired ability to synthesize glucose from exposure to toxicants [131]. Dysregulation of
liver metabolism (e.g., glucose and other vital substrates necessary for milk production)
may be occurring in lactating human mothers.
Our global 1H NMR findings reveal that AHR activation can alter levels of
glucose, amino acids, and lipids in the livers of lactating mice (Figure 1). Specifically,
mice administered dietary BNF exhibited significantly reduced glucose and glycogen
levels in the liver. These mice had increased levels glucogenic substrates such aromatic
amino acids (phenylalanine, tyrosine), glutamine suggesting decreased utilization
(Figure1). Overall, our findings suggest that one of the consequences of BNF exposure
is inhibition of gluconeogenesis and glycogenesis. Additionally, mRNA expression of
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Glut1 a key glucose transporter was significantly decreased (Figure. 5). Overall, this
data suggest that the dysregulation is occurring due to decreased substrate availability.
Data from this study suggest that AHR activation disrupts this lipid homeostasis.
Fatty acid profiling analysis using GC-MS revealed BNF exposure led to significant fatty
acid composition changes in the 50 ppm BNF-treated Ahrb mice but not in Ahrd mice.
Monounsaturated fatty acids (C16:1 and C18:1) were significantly decreased (Figure.
4). BNF exposure caused a significant decrease in key lipid genes and proteins such as
scd1, sterol the key enzyme controlling desaturation of saturated fatty acid and
Srebp1c, important as a transcription factor and maintaining lipid homeostasis. This was
observed in 50ppm Ahrb mice but not in Ahrd mice. (Figure. 5). Next, non-targeted
lipidomics was used to determine whether exposure to BNF induced persistent
alterations in liver lipid species. There was a clear effect of BNF on lipid containing
metabolites in the dam livers (Table 1). In Figure 3, plots visualizing the differences in
normalized intensity values are shown for the eight features of interest found to be
significantly altered in the BNF group livers. The majority of the observed tentative
identifications where phospholipid.
Our results reveal that BNF caused a significant decrease in Ldlr mRNA as well
as a significant increase in serum LDL [132]. Overall, these findings suggest that BNF
exposure inhibits lipid transport in the liver during lactation. Our data NMR revealed a
significantly increased serum VLDL concentration while, QPCR reveal significate
decreases in lipid receptor such as (e.g., CD36, Ldlr, Apopb). This suggests BNF
exposure to lactating dam limited capacity of their livers to export lipids, inhibited fatty
acid oxidation or increased the capacity for lipid packaging. Our results revealed lipid
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transport gene expression of Srebp2, Cd36, Ldlr, and Apopb in the hepatic tissue of in
50 ppm treated Ahrd mice was decreased significantly.
Reports show the role of AHR in the regulation of the cholesterol biosynthesis
pathway is critical. This study also showed AHR activation disrupts lipid metabolism
with. Its activation influences key regulators of fatty acid synthesis: acetyl-CoA
carboxylase (ACC), fatty acid synthase (FAS) and stearoyl-CoA desaturase 1 (SCD1).
Synthesis of long-chain fatty acids is regulated through ACC a rate-limiting enzyme for
carboxylation of acetyl CoA into malonyl CoA. FAS is a very important enzyme that
drive the terminal catalytic step linking the synthesis of saturated fatty acids (SFAs). 16carbon long-chain fatty acid (C16:0); a key substrate for the rate-limiting enzyme SCD1,
is the major product of FAS[127]. SCD1 converses SFAs into the mono unsaturated
fatty acids like (C18:1). A recent study using transgenic DRE-binding mutant AhR, Ah
and Ah

d

b

congenic mice and a human liver showed that activation of AHR by single

Intraperitoneal injection of BNF into mice and primary human hepatocytes was found to
reduce the expression of lipogenic genes including Scd1, Acaca, and Fasn, indicating
that AHR plays a key role in the inhibition of fatty acid synthesis in mice and humans
[127]. We observed similar lipogenic gene expression changes as wells as fatty acid
profile changes. This study along with our results reveal similar findings suggesting that
this dysregulation can likely occur in lactating human female hepatocytes. This
substrate production alteration may be a major contributor to difficulty some women
have initiating or maintaining milk production.
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However, Ahrd dams exposed to BNF did show a marked increase in Cyp1a1,
indicating that AHR-independent pathways may also contribute to some metabolic
abnormalities triggered by BNF or liver toxicity.
3.6 Conclusion
These results suggest that AHR agonists (many of which are common toxicants) could
alter hepatic metabolism, substrate synthesis, and release during lactation in females.
Dietary BNF exposure induced liver dysfunction and significant alterations in several
metabolic pathways, including hepatic lipogenesis, perturbed TCA cycle, disrupted
amino acid and fatty acid metabolism. These findings indicate that Ahr possibly plays a
role in regulating substrate synthesis and export to serum during lactation. Further
studies are need to address the metabolic flux of glucogenic substrates and nutrient
transport. Our results have highlighted that an integrated global 1H NMR and targeted
GC/LC-MS analyses of multiple biological matrices provided a systemic method for
elucidating mechanisms underlying a toxic insult during lactation in the liver.
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Chapter 4
Summary and Conclusions

The AHR has been identified as regulator of the lactation process in mice. Its activation
has been associated with multiple morphological, molecular and functional defects [76,
101]. Ahr-null studies have also revealed a 50% reduction of TEB development in
mammary glands. These findings altogether suggest AHR plays a vital physiological
role in mammary gland development and lactation. Various studies using TCDD in vivo
show changes in milk production, lower levels of the milk protein b-casein, whey acid
protein, and the inability to nutritionally support their offspring. This pathological
phenotype is primarily associated with the over-activation of AHR. The ratio between
active AHR and inactive AHR in the mammary gland influences the function and
development within this organ. Studies in support of this use reciprocal transplant
studies with Ahr-null mammary glands from wild- type mice showing both indirect,
systemic effect and direct cellular consequences of AHR signaling on alveolar
differentiation [102]. AHR has been shown to regulate ER which is required for
mammary maturation. Activated AHR recruits unliganded or liganded ERα away from
ER-regulated genes to AHR regulated genes, inhibiting estrogen signaling. The
shuttling via the AHR may serve as a mechanism to control ER protein levels. Also,
ERα has been shown to modulate AHR-dependent transcription, suggesting that ERα is
an important regulator of AHR activity [133]. Activated AHR inhibits ER activity through
several mechanisms like direct inhibition by the activated AHR/ARNT heterodimer
through binding to inhibitory XRE (iXRE) present in ER target genes; saturating of
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shared coactivators, including ARNT; synthesis of an unknown inhibitory protein(s);
increased proteasomal degradation of ER; and altered estrogen synthesis/metabolism
through increase in aromatase, cytochromeP450 1A1, and 1B1 expression. Estrogens
and estrogen receptor are an indispensable component for mammary epithelium
proliferation. Under this notion, it can be inferred that AHR can directly modulate
mammary development and lactogenesis via ER interaction [134]. Therefore, AHR
activation can alter the mammary gland development at any stage of development. It
was shown that no changes were found in circulating estradiol, progesterone, and
prolactin in TCDD exposed dams. These observations suggest that AHR could cause
dysregulation at the cell surface receptor (e.g., ER, PRLR, GLUT) level [128]. With this
in mind, the morphological effect observed may be due in part to AHR dysregulating
ER. Also, the media conditions for the in vitro experiments may have been influenced by
endogenous AHR ligands and reproductive hormones (e.g., estrogen) present in the
culture media. Another example, explant studies where mammary glands were cultured
ex vivo under hormonal stimulation with TCDD, showed decreased lobuloalveolar
structures [103]. This finding suggests AHR signaling contributes to impaired
lactogenesis by directly targeting mammary tissue [103]. AHRR is a robust downstream
target of AHR signaling [135]. Further studies suggest that AHRR forms a complex with
ARNT in response to toxic stimuli, this results in blockage of lactation. Evidence shows
following induction, AHRR forms a complex with ARNT [76]. The loss of ARNT has
been demonstrated to block b-casein production in mammary epithelial cells. Recent
studies have implicated a major role for ARNT during lactation. Other studies using
ARNT knockout mice showed loss of ARNT let to incomplete alveolar development [72].
80

Our result revealed greater gene repression in the lower dose of BNF and this may be
due to AHRR in response to a great abundance of AHR activity with the high dose BNF
treatment. The continuous activation of AHR may lead to the increased AHRR activity in
the mammary gland, making it possible that the higher gene expression level in 50ppm
BNF group may be a result of this AHR repression system.
Despite these studies, the molecular and metabolic mechanism through which
AHR signaling contributes to the blockage of milk production is still largely unknown.
Cumulative effects from the build-up of ubiquitous environmental contaminant chemicals
in fatty tissues make AHR-mediated mammary dysfunction in women during pregnancy
a very likely cause for lactation difficulties currently being observed in breastfeeding
human mothers. Overall, the goal of this thesis was to identify AHR-mediated molecular
and metabolic influences on gross lactational regulation. Consequently, these findings
are relevant to human risk assessment for toxic AHR ligands.
In this study, we show that AHR mediates the metabolic and developmental
regulation in the lactation network (e.g., mammary, liver, and serum). Our findings also
suggest AHR dysregulates substrate (e.g., glucose, amino acids, lipid) synthesis in the
liver and transport into the mammary gland for milk production. Results also suggest
lipid export and synthesis may be dysregulated in the livers of lactating dams. It has
been shown that fatty acids synthesized in the liver compose a significant proportion
milk lipid vital for infant development. In this study, data suggest AHR activation
contributes to the metabolic dysregulations in the lactational network. Metabolic data
showing no significant metabolic alterations in Ahrd mice treated with BNF support this
notion. Furthermore, the development of selective AHR modulators (SAhRM) [136]
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(e.g., 3,4-dimethoxy-α-naphthoflavone [ANF]) could be beneficial in preventing lactation
inhibition progress and milk production.
In chapter 2, we sought to answer the question does AHR affect nutrient
concentration in mammary glands during lactation and can this improve gastrointestinal
health in the pups? However, we found that a diet rich in the AHR agonist, BNF,
resulted in significant death of the pups. Eventually, we demonstrated that the dietary
exposure to AHR ligand BNF induced mammary gland dysfunction in an Ahr-dependent
manner thus explaining why our pups failed to thrive. To implicate AHR we used the
Ahrb (high affinity) and Ahrd (low affinity) mice that exhibit significant differences in
ligand responsiveness. This model system is ideal for understanding metabolic
differences associated with AHR status. This model is ideal because they have fewer
defects compare to Ahr-/- mice such as organ systems development issues [95]. Also,
the Ahr alleles on the same genetic background provide an excellent model to
understand various mechanisms of AHR-mediated toxicity further [95]. Our results
demonstrate a significant change in several metabolic pathways including perturbed
citric acid cycle, disrupted carbohydrate, and amino acid metabolism. 1H NMR analyses
of mammary glands provided a novel method for elucidating mechanisms of toxicity.
Further, characterization studies of AHR activators with more sensitive analytical
methods (UPLC-MS) could lead to biomarker identification of mammary toxicity during
lactation [116]. Also the use of mammary gland specific AHR knockout system could be
ideal for more compelling results. Our data has not entirely pinpointed whether the
effects seen are due to specific signaling events or the failure of the cells to
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differentiate. Despite this issue the main conclusion from this study still stands,
highlighting the fact that AHR has a key role in the lactational network.
We have inferred with these results that AHR activation via BNF causes
dysfunction of nutrient transport (e.g., glucose, amino acids). Findings suggest amino
acid utilization in the mammary was inhibited which could be partly due to repressed
protein expression. We established a link between AHR metabolic activity in the
lactating mammary gland and began to decipher AHR and its role in lactation
homeostasis. Our experiments also suggest that the deleterious effects observed can
be reversed through antagonism or AHR inhibition. This data highlights the possibility of
AHR as a therapeutic target and that lactation difficulties can be treated or possibly
enhanced through natural or pharmacological interventions. It is well established that
lipophilic toxicants can accumulate in adipocytes that compose the fat pad portion of the
mammary gland. Therefore, comparing the mammary metabolic profiles of virgin BNFtreated and untreated mice would offer further insight into lactation specific changes in
the mammary gland. Further studies could include isolating mammary epithelial cells
from mice BNF-treated and untreated to observe metabolic differences in that particular
cellular compartment. It is also possible that toxicants could induce cellular injury in the
mammary gland. This injury response could contribute to the overall altered metabolic
profile. Therefore, further studies could include pro-inflammatory profiling and
immunohistochemistry to observe any inflammatory responses to BNF in the mammary
gland.
In Chapter 3, we investigated the role of AHR regulation of substrate production.
In this analysis, we revealed that AHR induced significant alterations in several
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metabolic pathways including perturbed TCA cycle, disrupted amino acid and fatty acid
metabolism. Other prominent changes observed show decreases in protein and gene
expression of Srebp1c and Scd1. Interestingly, we found no significant change in
cholesterol. Indeed, there could be a few reasons for this. We observed a significant
decrease in Cd36, Ldlr, and Apob (enzymes related to transport of lipid out of the
hepatic cells). The metabolic changes could be partly due to decreases in these
transporters. Previous studies have also observed reduced expression and activity of
Cd36, Apob48, and Apob100, in the liver of TCDD-treated rats from previous genomic
studies [137, 138]. There were no significant changes in the serum of Ahrd mice.
Seeing as several of these change where Ahrb specific it can be inferred that
AHR may play a role in the dysregulation of the liver and mammary gland.
Consequently, these findings imply that AHR plays a role in regulating substrate
synthesis and export during lactation in the liver. Further studies could address the
metabolic flux of glucogenic substrates and nutrient transport function. Other recent
studies using the common environmental toxicant TCDF have revealed that AHR can
directly alter metabolic function in the liver. Specifically, they analyzed TCDF-induced
changes in serum and liver extracts of wild-type and Ahr-null mice using a combination
of global 1H NMR and targeted GC/LC-MS based metabolomic approaches [79]. They
observed significantly elevated levels of lipid and unsaturated fatty acid (UFA),
LDL/VLDL and depletion of HDL and PUFA is seen in the serum of TCDF-treated mice.
Their GC-MS fatty acid analysis revealed that TCDF-induced disruption in lipid
metabolism with a significant elevation in UFA levels and depletion of saturated fatty
acids. This study implied TCDF-treatment promoted biotransformation from saturated
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fatty acids to UFA likely via activation of SCD1, which was in agreement with previous
observation [79]. TCDF decreased C18:0 while their QPCR results showed that Scd1
mRNA levels in TCDF-treated mouse [79]. This is an example of AHR ligands
modulating metabolic effect in the liver. BNF exerted opposing effects, whereas we
observed decreased levels of UFA such as (18:1). Other recent studies using BNF as
an AHR activator have revealed similar effects on fatty acid expression [126]. The work
shows metabolic responses induced by AHR activation. Overall, their results show the
AHR is directly responsible for mediating the response to these environmental
chemicals in the liver.
Our results have highlighted that integrating global 1H NMR and targeted GC/LCMS analyses of multiple biological matrices provided an excellent systemic method for
elucidating mechanisms underlying a toxic insult. These findings suggest that metabolic
dysregulation in the liver has a major effect on lactation. Further studies should include
dissecting the metabolic function of the mammary epithelial cells from the fat pad.
Therefore, in these studies we sought to provide a systems approach, using
metabolomic approaches which have been proven to be a valid method to study
metabolic changes [79, 139, 140]. It is likely that contaminants accumulate in the
mammary fat in humans and coupled with the fact that autocrine processes affect the
lactogenic process, understanding how the individual metabolic roles affect the lactation
process may add great insights to the mechanistic understanding of this dysregulation.
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Summary Schematic: This summary is a schematic diagram of AHR modulation of
metabolism in lactating mouse liver and mammary gland. Red indicates significant
decrease and green indicated significant increase compared to controls.
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1. ABSTRACT
Metabolomics can be defined as the comprehensive analysis of all small molecules
existing in a biofluid (e.g., urine, serum, plasma) or from an extract of tissue or cells.
While the definition of metabolomics may be relatively new, the concept of using small
molecules to provide mechanistic insight with respect to human health and disease or
drug efficacy and toxicity is not. Additionally, while metabolomics has its roots in the
field of proton nuclear magnetic resonance (1H NMR), the field has benefited
tremendously from rapid advances in the field of mass spectrometry. In this chapter, we
provide an overview of a typical mass spectrometry-based metabolomics experiment
and briefly introduce current efforts where metabolomics has been applied in the
identification of new drug targets, understanding variations in drug response (i.e.,
pharmacometabolomics), and in providing new insights into drug-induced toxicity. As
this field is still evolving, the limitations and future directions for mass spectrometrybased metabolomics are also presented.
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2. INTRODUCTION
Metabolomics may be considered the terminal part of the omics cascade (genomics,
transcriptomics, proteomics) representing the final output of cellular responses to
endogenous and exogenous stimuli. Metabolomics is rapidly establishing itself as an
indispensable tool for providing unprecedented views of disease processes, the
metabolic response to drug treatment, and drug-induced toxicity (Figure 1). For
example, exciting advances in understanding cancer, atherosclerosis, type 2 diabetes,
and drug-induced toxicity have all been made possible through the strategic use of
metabolomics. Below we highlight the metabolomics workflow and illustrate its value in
drug discovery and development through introduction of a several studies where a
metabolomics approach has been most impactful.
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Figure 1. Sample collection involves gathering the raw materials (e.g., tissue, plasma
and urine). (2) Raw samples are then prepared following specific protocols in order to
remove protein, particulates and to extract the desired compounds. (3) Prepared
samples are then analyzed via LC–MS or GC–MS. (4) Raw data gathered via LC–MS or
GC–MS instruments must be deconvoluted, requiring peak picking algorithms, which aid
in resolving peaks from noise as well as aligning samples. (5) The refined data are
analyzed using multivariate (or univariate) statistics, which helps in visualizing and
separating user-defined sample groups. (6) Enriched or depleted ions in each sample
group can be identified by comparison of m/z ratio and retention time characteristics
with known values in metabolomics databases, and then confirmed with authentic
chemical standards. (7) Identification of these changes in small molecules allows for a
greater understanding in drug metabolism, biomarkers of disease and biochemical
pathways.
It is important to understand the mass spectrometry-based metabolomics workflow and
the limitations and complexities associated with each step in order to obtain a greater
appreciation for its potential and limitations. Below we briefly describe several key steps
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of a typical metabolomics approach and present where appropriate the current efforts
aimed at improving and/or optimizing each step to enhance data quality and
interpretation.
3. SAMPLE PREPARATION AND METABOLITE EXTRACTION
The ultimate goal of any metabolomics experiment is to identify and quantify all
metabolites; however, at present this is a considerable challenge due to the diverse
physical and chemical properties of the metabolites being measured. Consequently, for
metabolomics there is no single platform that can detect and measure all metabolites
unlike what the microarray does for measuring global changes in gene expression.
Differences in hydrophobicity, polarity, volatility, and overall compatibility with mass
spectrometry are just a few of the factors contributing to this challenge. Further, the
metabolite extraction process itself biases towards classes of metabolites depending on
the solvent used (e.g., hexane for fatty acids, aqueous methanol for nucleosides) and
while others have attempted to develop a universal extraction approach, this has not
been fully resolved. Lastly, while seemingly trivial, the extraction step is of paramount
importance given that efficiencies of the extraction process itself can contribute
substantial variability and mask any subtle yet meaningful changes in the metabolome.
Other considerations include sampling time (e.g., diurnal variation), metabolite stability
and turnover, and contamination from laboratory reagents and equipment (e.g., the
ubiquitous nature of plasticizers).
4. ANALTYICAL PLATFORMS
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While it is indeed possible to conduct a metabolomics investigation using only highresolution mass spectrometry (i.e., direct infusion), there is no substitute for the proper
use of chromatography (e.g., liquid, capillary electrophoresis, or gas) as it greatly
improves sensitivity, aids in metabolite identification, and reduces complexity when
aligning and deconvoluting the spectra. There is an incredible array of analytical
platforms; however, here we focus here on liquid and gas chromatography coupled with
mass spectrometry given that they are the most common platforms used in
metabolomics.
5. LIQUID CHROMATOGRAPHY COUPLED WITH MASS SPECTROMETRY (LCMS)
Arguably the most significant advance in LC with respect to metabolomics came with
the development of the ultra-high pressure LC systems (UHPLC) as it improved
consistency across injections, increased throughput by shortening run times without
sacrificing separation power, and improved detection limits. However, there remains
significant challenges retaining and separating highly polar compounds but new column
chemistries are helping to facilitate more widespread use of hydrophilic interaction liquid
chromatography (HILIC). Optimization and refinement of these approaches are
important given that urine, an important biofluid for measuring drug metabolites and
conjugates (e.g., glucuronides), is highly enriched with hydrophilic, polar compounds.
Combined with quadrupole time-of-flight mass spectrometry (QTOFMS), the UHPLCQTOFMS platform represents a major workhorse in discovery-based metabolomics
investigations permitting identification of metabolites through accurate mass, isotope
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patterns, and via interpretation of tandem MS fragmentation patterns. The other mass
spectrometry workhorse, the triplequadrupole, is more amenable to quantitative,
targeted metabolite profiling and serves as a useful tool when validating the UHPLCQTOFMS discovery work. Lastly, it is worth noting that unlike the genome, the
metabolome remains poorly annotated; yet, efforts to catalogue the human metabolome
(Human Metabolome Database, www.hmdb.ca) and to develop more comprehensive
mass spectrometry-based libraries of endogenous and xenobiotic compounds (METLIN,
metlin.scripps.edu) are ongoing to facilitate metabolite identification in metabolomics
experiments.
6. GAS CHROMATOGRAPHY COUPLED WITH MASS SPECTROMETRY (GCMS)
GC is often synonymous with “good chromatography” as it very reproducible even
across laboratories (unlike LC-MS).

While not considered a high-resolution mass

spectrometer, the GC-MS platform has been integral to the advancement of
metabolomics particularly for metabolites that are not amenable to LC-MS (e.g., sugars,
volatile short chain fatty acids). GC coupled with time-of-flight mass spectrometry
particularly for accurate mass applications has not yet found its way into mainstream
metabolomics experiments but is important when attempting to identify unknowns. The
use of the GC-MS over the GC-TOF in metabolomics is largely due to the extensive
National Institute of Standards and Technology (NIST) mass spectral library that
contains over 200,000 compounds and is based on electron ionization (EI)
fragmentation patterns. One drawback is that metabolites must be derivatized (typically
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some combination of methoximation and silyliation) and while this step can greatly
improve chromatography it may introduce significant variability during the sample
preparation phase.
7. DATA ANALYSIS AND INTERPRETATION
Most instrument vendors have software tools for the analysis of metabolomics data
(Waters MarkerLynx, AB SCIEX MarkerView, Agilent Mass Profiler Professional);
however, in this chapter we discuss a commonly used tool, XCMS, as it is publicly
available and can parse data from any platform. In addition to peak picking and mass
spectra deconvolution, XCMS (and the online version XCMSOnline) provides
convenient and integrated database search tools for annotating metabolomics data.
Further it has an active user base and responsive discussion group for troubleshooting.
Like all other omics approaches, metabolomics experiments generate vast
amounts of data that create challenges for visualizing and evaluating the statistical
significance of the results (i.e., multiple comparisons adjustment). Perhaps the most
popular approaches for metabolomics data analysis are based on principal components
analysis (PCA) that allows for unbiased grouping of samples based on their qualitative
and quantitative metabolite profiles. Supervised methods where class information is
provided include projection to latent structures discriminant analysis (PLS-DA) and
orthogonal projection to latent structures discriminant analysis (OPLS-DA). These tools
may be less sensitive to low abundance metabolites and may be more prone to
modeling noise. However, machine learning algorithms such as random forests are an
attractive alternative given its classifier can operate independent of data scale and may
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be less prone to overfitting.
8. APPLICATIONS
It should be of no surprise that metabolites are useful indicators (i.e., biomarkers) of
human health and disease. In fact, this is common practice across the globe. Infants are
screened at birth for inborn errors of metabolism using targeted metabolite profiling,
clinicians routinely screen cholesterol levels, and individuals with diabetes monitor their
glucose levels. These few examples alone provide strong support for the diagnostic and
prognostic use of metabolites in the clinic—even more so than say biomarkers
developed from genomic or proteomic screens. While there are numerous and exciting
examples of where metabolomics has identified biomarkers of disease or has helped
elucidate biochemical mechanisms, we focus here on three important areas with
respect to drug discovery and development: drug targets, drug-induced toxicity, and
pharmacometabolomics.
9. DRUG TARGETS AND DRUG METABOLISM
The use of metabolomics in identifying new drug targets or understanding off target
effects of drugs has been expertly reviewed elsewhere. Here, we wish to visit the
concept of using mass spectrometry-based metabolomics to better understand drug
metabolism, a concept initially met with resistance from the metabolomics community.
The tide seems to be changing, however, as there is increasing appreciation that the
metabolome is not simply a collection of a few thousand metabolites curated from a
typical biochemistry textbook, but rather a rich source of information containing in
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Addition to those endogenous metabolites those that are reflective of diet, environment,
lifestyle (e.g., smoking), and drugs. These approaches rely heavily on high-resolution
and high mass accuracy mass spectrometers for the identification of unknowns. There
are many excellent reviews on this subject and it is worth noting that these approaches
have expanded metabolic maps for many commonly used drugs such as
acetaminophen (APAP).

Figure 2. The metabolome is a complex combination of products from both endogenous
and xenobiotic metabolism sources.

10. DRUG-INDUCED TOXICITY
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The field of toxicology was an early adopter of metabolomics and aimed to develop
signatures of select organ toxicity including liver and kidney. While this area has not
seen as dramatic growth compared to disease biomarkers, there have been several
notable advances. For example, APAP overdose remains the most common cause of
drug-induced liver damage in the United States. While much is known regarding its
toxicity via generation of the reactive electrophile, N-acetyl-benzoquinone imine
(NAPQI), several reports have identified mitochondrial dysfunction associated with
APAP overdose in animal models. Elevated serum carnitines identified via UHPLCQTOFMS and OPLS-DA were identified as reliable, early indicators of hepatotoxicity
that may even precede elevation of standard clinical enzymes including alanine and
aspartate aminotransferase (ALT and AST). Further, identification of this pathway may
represent a new therapeutic target for APAP overdose.
11. PHARMACOMETABOLOMICS
Pharmacometabolomics

is

a

relatively

new

discipline

that

extends

from

pharmacogenomics (using genetics to understand and/or predict drug response) by
incorporating metabolomics data to develop better personalized medicines. In fact, the
Pharmacometabolomics Research Network was established to bring together
metabolomics experts, pharmacologists, and pharmacogenomicists to help realize the
goal of systems pharmacology. In support of this, the group has published several
noteworthy studies including a detailed examination of the variation in response to
simvastin (from the class of medications known as HMG-CoA inhibitors). Using GCTOFMS coupled with downstream analysis by OPLS-DA, the authors were able to
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discriminate serum obtained from responders and non-responders and suggest using
that metabolomics may be useful for identifying early on those that would not benefit
from this class of drugs. Additional studies have also reported remarkable findings
understanding racial differences in drug response to antihypertensive medications such
as atenolol as well as developing better understandings of the varied response to
selective serotonin reuptake inhibitors. These studies have only begun to scratch the
surface but have already convincingly demonstrated the value of metabolomics in
understanding drug response (Figure 3).

Figure 3. Pharmacometabolomics is an emerging field with much promise in the
development of personalized medicine. Patients showing common symptoms for a
disease may all be treated with the same drug, but show different health outcomes
(e.g., responders or nonresponders). Pharmacometabolomics has made it possible to
compare the metabolome of post-treatment patients and to observe differences in
metabolites. These differences are useful in both understanding the drug metabolism as
well as developing alternative treatments for nonresponsive patients
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12. CONCLUSIONS
Mass spectrometry-based metabolomics is a powerful tool for understanding human
disease pathogenesis and progression and has been exceptionally impactful in many
phases of the drug discovery and development pipeline. It is anticipated that as the field
continues to be developed and refined, it will become increasingly more common to
utilize metabolomics in large-scale human studies and bring us closer to realizing the
promise of personalized medicine.
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