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ABSTRACT

Obesity is characterized by chronic oxidative and inflammatory stress, and
adipose tissue is a significant source of inflammatory cytokines. Previous studies
demonstrated that dairy products (rich in calcium and leucine) can alleviate obesity-
associated inflammatory stress through suppression of 1, 25-dihydroxycholecalciferol
(calcitriol) with calcium and the high leucine content in dairy. We have also shown
leucine treatment increases anti-inflammatory adiponectin expression and decreases pro-
inflammatory cytokines TNF-a [alpha], MCP-1, and IL-6 expression in adipocytes.
Therefore, we sought to determine if these alterations in inflammatory cytokine
production could have a functional effect on the inflammatory process, specifically
monocyte — endothelial cell adhesion as this is one of the initial events of the
inflammatory process. We demonstrate that leucine treatment of adipocytes reduces
monocyte CD11b expression, endothelial cell ICAM-1 expression and, consequently,
monocyte — endothelial cell adhesion in vitro while calcitriol exerted the opposite effects.
Furthermore, plasma samples from obese individuals consuming high dairy diets (>
[greater than] 3.5 servings/day) over a 12-week period reduced monocyte — endothelial
cell adhesion, ex vivo. Recently, adipocyte derived microvesicles (ADMs) have been
suggested to play a role in communication between adipose tissue and systemic
circulation, so we sought to determine if adiponectin present on ADMs was responsible
for the anti-inflammatory effects we have observed when treating adipocytes with
leucine. Therefore, after adipocytes were treated for 48 hrs with leucine, the whole
conditioned media (CM), purified ADMs, and remaining supernatant were applied to

human peripheral blood to measure monocyte CD11b expression. Compared to control,
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leucine CM and the isolated ADMs both reduced monocyte CD11b expression while the
supernatant fraction did not. Knocking down adiponectin with siRNA attenuated these
effects, suggesting adiponectin associated with ADMs plays a role in mediating the anti-
inflammatory effects we have observed. Collectively, these data suggest that dairy
products can provide beneficial effects at reducing obesity-associated inflammation, and

ADMs, in part, mediate some of these effects.
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CHAPTERI:

INTRODUCTION



Overweight and obesity, defined as having a body mass index >25 kg/m? and >30
kg/m?, respectively, is a growing problem in both the United States and worldwide.
According to the World Health Organization in 2008, 1.4 billion or 35% of the world’s
population age 20 and older were overweight (1). Approximately 500 million or 11% of
the world’s population are obese, and in the United States in 2012, nearly 35% of adults
age 20 and older are obese (1, 2). Obesity is associated with increased risk factors for
multiple chronic diseases including cardiovascular disease, cancer, and type 2 diabetes
(3), and the cost to treat obesity related diseases was estimated to be $147 billion in the
United States in 2008 (4).

Adipose tissue is a significant source of both reactive oxygen species (ROS) and
inflammatory cytokines (5, 6). In obesity, enlarged adipocytes produce more pro-
inflammatory cytokines such as tumor necrosis factor alpha (TNF o) and interleukin 6
(IL-6), and less anti-inflammatory factors such as adiponectin (7, 8). The regulation of
ROS production and interactions among ROS, cytosolic Ca?* signaling and mitochondrial
uncoupling have been intensively investigated, and we have shown that calcitriol (1,25-
Dihydroxycholecalciferol) increases ROS production in both murine and human
adipocytes by inhibiting adipocyte UCP2 expression, thereby increasing mitochondrial
potential, and increasing cytosolic Ca®* signaling (9). Accordingly, since dietary calcium
suppresses calcitriol, high calcium diets may correspondingly decrease adipose tissue
ROS production and systemic oxidative stress. Consistent with this concept, increasing
dietary calcium decreases pro-inflammatory cytokine production and increases

adiponectin production in mice (10, 11).



These data provide a framework to explain a protective effect of dietary calcium
against oxidative and inflammatory stress. However, milk also contains high
concentrations of leucine and bioactive peptides that may further protect against
oxidative and inflammatory stress. Leucine has been shown to increase mitochondrial
UCP2 expression and adiponectin production in differentiated 3T3-L1 adipocytes, and
promote fatty acid oxidation in C2C12 muscle cells, while calcitriol exerted the opposite
effects (12). Furthermore, we have recently confirmed that dairy exerts a significantly
greater effect on suppressing both local adipose tissue and systemic oxidative and
inflammatory stress compared to supplemental calcium in mice (11). Additionally, our
human data demonstrate that dairy-rich diets result in suppression of oxidative and
inflammatory biomarkers (11). In a recent follow-up randomized crossover study in
overweight and obese subjects, we found that dairy supplementation suppressed both
oxidative and inflammatory stress within seven days of initiation of supplementation, and
that these effects increased in magnitude with increased duration of supplementation (13).
Similar results were found in a 12-week study of metabolic syndrome patients (14).

The adipose tissue cytokines we have demonstrated to be regulated by calcitriol
and dairy components include several which affect vascular endothelial and smooth
muscle cells (e.g. MCP-1, MIF, CD14, TNF-a, IL-6, IL-8, VEGF) and vascular
infiltration by monocytes (15). Accordingly, the purpose of this work was to: a)
determine if the modulation of adipocyte cytokine production observed with leucine and
dairy treatment has a functional effect on the inflammatory process, b) determine which
cytokine plays the most prominent role in this process, and c) determine if adipocyte

derived microparticles can play a role in this process.
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CHAPTER II:

LITERATURE REVIEW



2.1.0 Adipose Tissue Overview:

The term adipose tissue (AT) refers to loose connective tissue in the body where
fat is stored (1). AT is interspersed throughout the body where it can serve a variety of
functions and play multiple roles. Various forms of AT are present throughout the body.
These forms include white adipose tissue (WAT), brown adipose tissue (BAT), and
beige/brite adipose tissue (1). Each of these forms are critically important for energy
metabolism and their functions are tightly regulated (1). The sections below will discuss
the various aspects of adipose tissue including the specific cellular components and the

role those components play in regulating energy metabolism.

2.1.1 Adipocytes:

The two primary forms of adipose tissue are white adipose tissue (WAT) and
brown adipose tissue (BAT), whose primary functions are energy storage and
thermogenesis, respectively (2). These two distinct forms of AT are comprised of
different cell types that serve specific roles in each of their respective tissues. In humans,
WAT can typically make up 15-20% of the total body mass of a healthy, young adult (1).
WAT can be found dispersed throughout the body including under the skin
(subcutaneous), in the abdominal cavity, and around bodily organs (visceral) (1). The
most abundant cell type present in WAT is the white adipocyte, or more commonly
known as the fat cell. White adipocytes are large (typically 30-70 um in diameter),
spherical cells filled with a single, large lipid droplet that constitutes ~65% of the cell
mass (3). The lipid droplet, due to its size, causes the mitochondria and nucleus to be

forced up against the cell wall of the plasma membrane (3).



The primary function of the white adipocyte is to store energy in the body as fat
until a demand for energy increases, where the stored fat is mobilized and used
throughout the body as a source of fuel (1, 3). Like many other cell types, adipocytes
have an active glycolytic metabolism, are capable of oxidizing pyruvate and fatty acids
via the citric acid cycle, and also carry out oxidative phosphorylation (3). During periods
of high carbohydrate intake, white adipocytes can convert glucose to fatty acids, which
are stored in the adipocyte’s lipid droplet as triacylglycerol (TAG) (3). White adipocytes
can also store lipid exported from the liver (1, 3). When fuel sources become scarce,
lipase enzymes in the adipocyte hydrolyze the stored TAGs and release them as free fatty
acids into the blood stream to be used as fuel (1, 3).

BAT is less abundant in adults and more abundant in newborn infants, where it is
involved in thermogenesis (4). In adult humans, BAT can be found deep in the neck and
close to muscle tissues (5, 6). The predominant cell type present in BAT is the brown
adipocyte, which is structurally and functionally distinct from white adipocytes (3).
Compared to white adipocytes, brown adipocytes are typically smaller (20-40 um in
diameter), polygonal shaped cells that store triglycerides (TAGS) in several, smaller lipid
droplets per cell (3). Furthermore, brown adipocytes have more mitochondria and the
surrounding tissue has a richer supply of capillaries, thus causing the cells to appear
brown in color (3). One key genetic difference between white and brown adipocytes is
the expression of mitochondrial uncoupling protein 1 (UCP1) by brown adipocytes (7).
UCP1 is a 32 kDa transmembrane protein located on the inner mitochondrial membrane
that promotes the uncoupling of the mitochondrial electron transport chain from ATP

synthesis during oxidative phosphorylation and -oxidation of fatty acids, resulting in the



dissipation of the mitochondrial membrane potential and allowing the energy to be
dissipated as heat (4). This controlled exothermic release of stored energy occurs during
periods of cold exposure in order to increase the core body temperature, a process known
as non-shivering thermogenesis (3). Upon exposure to a cold environment, the
sympathetic nervous system activates [s-adrenergic receptors in brown adipose tissue to
initiate lipolysis and activation of UCP1, which will use the mitochondrial membrane
potential generated during electron transport from lipolysis to bypass ATP synthase, thus
allowing the stored energy to be dissipated as heat to warm the body (8). Consequently,
BAT is highly metabolically active and can be detected as hot spots of radiolabeled
glucose uptake by positron emission tomography — computed tomography (PET-CT) (2).
Both white and brown adipocytes are believed to be from a mesodermal origin,
but different mesenchymal stem cell (MSC) lineages (2). Although the number of steps
and cell types remain unclear, it is believed that MSCs give rise to a common early
precursor, known as the adipoblast, which in turn develops into the committed white and
brown pre-adipocyte and under specific stimulatory conditions will differentiate into
mature white and brown adipocytes (2, 9). The process of pre-adipocytes differentiating
into mature adipocytes is collectively known as adipogenesis (9). The transition from
pre-adipocyte to mature adipocyte is thought to occur in four stages: growth arrest,
clonal expansion, early differentiation, and terminal differentiation (9). These stages are
organized by a cascade of transcriptional regulators involving the nuclear receptor
peroxisome proliferator-activated receptor gamma (PPARY) and members of the
CCAAT-enhancer-binding-protein (C/EBP) family (9). PPARY activates a variety of

genes that regulate fatty acid storage and glucose metabolism, and thus is required for



adipogenesis, as PPARy knockout mice fail to generate adipose tissue when fed a high fat
diet (10, 11). PPARYy has two isoforms, namely PPARy1 and PPARY2, in which PPARYy2
seems to be more dominant for adipocyte differentiation (8, 9). The C/EBP family
consists of five different members: C/EBPa, C/EBPf, C/EBPS, C/EBPy, and CHOP (2).
During differentiation, these various members are sequentially expressed and help drive
the differentiation process. For example, early expression of C/EBP and C/EBPS
promote the expression of C/EBPa and PPARYy2 later on during the adipogenic program
(12). Although both white and brown adipocytes appear to be of a common lineage,
studies have shown that traditional brown adipocytes are derived from myoblasts and are
positive for the Myf5 protein while white pre-adipocytes do not express this protein (13).
Furthermore, two key transcriptional regulatory factors involved in the brown adipogenic
program are C/EBP and the PR domain-containing protein-16 (PRDM16) (5, 8, 13).
PRDM16 binds and co-regulates C/EBPf, PPARY, PPARa, and PGC-1a to promote
brown fat-specific gene induction (5, 13). PGC-1a, or peroxisome proliferator-activated
receptor gamma coactivator 1-a, is involved in regulating mitochondrial biogenesis,
oxidative metabolism, and thermogenesis (14, 15). The primary physical characteristic of
adipocyte differentiation is lipid droplet accumulation. Although many cell types can
accumulate lipids, adipocytes collect the lipids into either a unilocular lipid droplet
(WAT) or in smaller multilocular droplets (BAT) surrounded by the protein, perilipin
(16).

Although white and brown adipocytes have distinct structural features,
characteristics and functions, recent evidence suggests a third type of adipocyte known as

the beige adipocyte (also called inducible brown, brown-in-white, or brite) (17, 18). The



accumulation of beige adipocytes in WAT is often referred to as “browning” of WAT,
and occurs after extended cold exposure, from Bz-adranergic receptor agonists, or from
exercise-induced myokines, including irisin and meteorin-like. (7, 19). Recent evidence
has shown that these beige adipocytes that arise in WAT are not of the traditional Myf5
positive precursor lineage that give rise to traditional brown adipocytes present in BAT
depots (20, 21). Although the exact mechanism of “browning” of white adipose tissue
remains unclear, some groups claim that the “browning” process arises via the
transdifferentiation of white adipocytes into beige/brite adipocytes (20, 21).
Interestingly, “paucilocular” adipocytes (UCP1-positive cells containing lipid droplet
distribution that is intermediate between brown and white adipocytes) have been reported
and further suggest an intermediate form of adipocyte that is transitioning from white to
beige/brite adipocytes (22, 23). Furthermore, recent data based on genetic labeling of
adipose cells support the existence of bidirectional interconversion between beige/brite
and white adipocytes (24). The “browning” process has become a popular area of
research due to its therapeutic potential of expending energy without the production of

ATP and warrants further investigation (7).

2.1.2 Stromal/Vascular Fraction of Adipose Tissue:

In addition to adipocytes, adipose tissue is comprised of other cell types
commonly referred to as the stromal/vascular fraction, which consists of blood vessels
containing endothelial cells, leukocytes such as monocytes/macrophages, and cells that
exhibit characteristics of progenitor cells (25). The stromal/vascular fraction supplies the

tissue with blood, nutrients and energy to support growth and for energy storage (25).
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Endothelial cells line the blood vessels wall and play a role in the extravasation of
leukocytes from blood circulation into the adipose tissue (25). Specifically, monocytes
and macrophages are the most prominent leukocyte present in adipose tissue, and can
secrete a variety of cytokines and chemokines that generate cross-talk between

adipocytes and the stromal/vascular fraction (26).

2.1.3 Endocrine Function of Adipose Tissue:

In addition to its role in energy storage, adipose tissue is an active endocrine
organ that expresses and secretes a variety of peptides and hormones into circulation (27,
28). The peptides and hormones produced in adipose tissue are collectively referred to as
adipokines (29). Adipokines can act locally, via an autocrine or paracrine action, or
systemically, via an endocrine action to carry information about the adequacy of the
energy reserves (TAGSs) stored in adipose tissue to other tissues and to the brain (3).
Under normal conditions, adipokines cause changes in fuel metabolism and feeding
behavior that will reestablish adequate fuel reserves and, thus, maintain body mass (3). If
adipokines are over or under produced, it can result in life-threatening altercations that
increase the risk for a variety of diseases (3). The three classic adipose tissue derived
hormones are leptin, resistin and adiponectin (3).

The first adipokine, discovered in 1994 by Zhang et al., was the peptide hormone
leptin, which is a 167 amino acid peptide that, upon reaching the brain, acts on receptors
in the hypothalamus to change appetite (30). Leptin essentially messages to the body that
fat reserves are sufficient, and it promotes a reduction in food intake and increases energy

expenditure (31). The leptin receptor is expressed in regions of the brain that are known
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to regulate feeding behavior called the arcuate nucleus of the hypothalamus (3). The two
types of neurons in the arcuate nucleus control fuel intake and metabolism (3). The first
type known as orexigenic neurons, stimulate eating by producing and releasing
neuropeptide Y, which is suppressed by leptin (3). Furthermore, leptin stimulates the
second type of neuron called anorexigenic neurons to produce a-melanocyte-stimulating
hormone (a-MSH; also called melanocortin), which suppresses appetite (3). Therefore,
as adipose tissue mass decreases, leptin levels also decrease (3).

A second adipose tissue specific adipokine is resistin, which plays a role in
obesity related insulin resistance, as depletion of circulating resistin by neutralizing
antibodies in obese mice resulted in improved insulin action (32) and resistin knockout
mice fed a high fat diet show signs of improved glucose metabolism (33). The third

classic adipokine is adiponectin, and will be discussed in detail in subsequent sections.

2.1.4 Adipose Tissue and Inflammation:

Adipose tissue can produce multiple factors that can directly interact with the
immune system, both locally and systemically, to alter the inflammatory response (27).
Inflammation is a complex biological process by which an organism’s immune system
responds to an infectious stimuli, pathogen or tissue damage through the recruitment of
activated immune cells to repair or heal the tissue (34). Inflammation can be classified as
either acute or chronic inflammation, where acute inflammation typically refers to an
initial immune response to a site of infection or damage while chronic inflammation is a
prolonged version and typically occurs systemically in the organism (1, 3). Classic signs

of inflammation are pain, redness, swelling and heat and are typically present at a
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localized site of tissue damage or infection (35). Upon stimulation, resident immune
cells in the tissue will recognize pathogens or tissue damage through expression of
pattern recognition receptors (PRRs) that recognize molecular patterns of invading
pathogens or tissue damage (35). These patterns are distinguishable from host patterns
and are collectively referred to as pathogen-associated recognition patterns (PAMPS)
(35). The activation of these receptors initiates the release of inflammatory mediators by
the immune cells, which result in vasodilation and subsequent increased blood flow to the
sites of inflammation (35). The inflammatory mediators also cause increased adhesion
molecule expression on the surface of endothelial cells lining the blood vessel to recruit
additional immune cells to the site, resulting in migration of immune cells through the
endothelial layer into the tissue to begin repairing the damaged tissue or eliminating the
pathogen (35). The following sections will describe the role of the various adipose tissue
inflammatory mediators, how they are involved in altering the inflammatory response,
and how obesity alters this process.

Obesity is a condition characterized by an excess of adipose tissue that results in
adverse effects on health by increasing risk for a type 2 diabetes mellitus, cardiovascular
disease, cancer, sleep apnea, and many others (36). Obesity, defined as a body mass
index greater than or equal to 30 kg/m?, is caused primarily by excess energy intake, lack
of physical activity, and genetic susceptibility, which ultimately leads to an alteration of
energy balance resulting in excessive weight gain (36).

Adipose tissue can produce multiple components, such as inflammatory
cytokines, that can alter inflammation (27), and enlarged or obese adipocytes produce

more pro-inflammatory cytokines and less anti-inflammatory cytokines compared to non-
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obese adipocytes (27, 36). This excess production of pro-inflammatory cytokines can
result in a feed forward cycle that ultimately leads to chronic, systemic inflammation,
which contributea to obesity related diseases (27, 36). Furthermore, the transition from
normal to obese adipose tissue is accompanied by an increase in macrophage infiltration
in response to the increased production of pro-inflammatory cytokines (37).
Additionally, obesity also causes a shift in polarization of adipose tissue macrophages
from an anti-inflammatory state (M2) to a pro-inflammatory state (M1) (38, 39). Itis
believed that the link between obesity, inflammation, and metabolic complications is
directly related to the failure of adipose tissue to expand and meet storage demands,
causing lipid spilling from adipocytes (40, 41). The free lipids are taken up by resident
macrophages leading to formation of foam cells, which are then inhibited from
scavenging the apoptotic adipocytes and can further increase insulin resistance (40, 41).
The first inflammatory cytokine demonstrated to be released by adipose tissue is
tumor necrosis factor alpha (TNF-a) (42). TNF-a is a potent pro-inflammatory cytokine
that is primarily produced by macrophages present in adipose tissue (42). TNF-a. is
involved in recruitment of additional immune cells through activation of various cell
signaling pathways, such as NF-xB and MAPK, that lead to transcriptional activation of
various proteins and cytokines involved in inflammation (29). TNF-a. interferes with
insulin signaling, leading to obesity-induced insulin resistance (43). This is believed to
occur through activation of INK1, which phosphorylates and inactivates insulin receptor
substrate-1 (IRS1) and, thus, blocks the signal from the insulin receptor to the
intracellular signaling pathway PI13K/Akt (43). Conversely, mice lacking TNF-a or its

receptors are protected from obesity-induced insulin resistance and hyperglycemia (43).
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Free fatty acids can promote TNF-a production in macrophages, which can in turn
promote lipolysis to increase free fatty acid release from adipocytes, causing a feed-
forward cycle of further insulin resistance (44).

Additionally, adipose tissue secretes monocyte chemotactic protein 1 (MCP-1), a
pro-inflammatory chemokine involved in the recruitment of monocytes, memory T cells,
and dendritic cells to the site of inflammation (45). MCP-1 production and secretion by
adipose tissue resident macrophages and adipocytes is positively correlated with the
expansion of adipose tissue, and increased MCP-1 expression in adipose tissue results in
increased macrophage infiltration, insulin resistance, and hepatic steatosis associated with
obesity in mice (45).

Interleukin 6 (IL-6) is a pro-inflammatory cytokine produced by multiple cell
types including immune cells, fibroblasts, endothelial cells, skeletal muscle, and adipose
tissue, and it is positively associated with obesity and insulin resistance (46). 1L-6 is
primarily involved in fever production and the acute phase response, thus leading to
production of acute phase proteins, such as C-reactive protein, that is considered a
clinical marker of systemic inflammation(47). Although IL-6 seems to be involved with
glucose metabolism and insulin resistance, the exact mechanism of its actions is currently
unknown (47).

The interleukin 1 (IL-1) family of inflammatory cytokines include 11 different
members that play a role in the immune and inflammatory response (29). IL-1 cytokines
are produced primarily by monocytes, macrophages, fibroblasts, and dendritic cells, and
they are involved in increasing adhesion molecule expression on the surface of

endothelial cells to promote immune cell migration from blood to the inflamed tissue
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(29). Like most other pro-inflammatory cytokines, IL-1 in adipose tissue is positively
correlated with the development of obesity.

Macrophage inflammatory protein 1 o and  (MIF-1a and -18), also known as
CCL3 and 4, respectively, are pro-inflammatory chemokines produced by macrophages
to initiate the immune response by activating neutrophils to fight infection or
inflammation (29). As with most other pro-inflammatory factors, MIF is also positively
correlated with the development of obesity. One of the only anti-inflammatory cytokines
produced by adipose tissue is adiponectin and will be discussed in detail in the next

section.

2.2.0 Adiponectin:

Adiponectin is one of the most abundant adipokines secreted by adipocytes, with
circulating plasma levels ranging from 2-20 ug/mL in humans with a half-life of 2.5-6
hours (48). The gene encoding the adiponectin protein is located on chromosome 3927,
which is a locus associated with susceptibility to diabetes and cardiovascular disease
(49). Adiponectin is a 247 amino acid protein with an NH2-terminal hyper-variable
region, a conserved collagen-like domain comprising 22 Gly-X-Y repeats and a COOH-
terminal C1g-like globular domain (50). Adiponectin is secreted from adipocytes as
three different oligomeric complexes, which include a trimer, hexamer, and a high
molecular weight (HMW) multimer consisting of at least 18 monomers (Figure 2-1) (51).
The trimeric form of adiponectin is assembled through hydrophobic interactions within
the globular head domain and is stabilized by the non-covalent interactions of the

collagen-like domains in the triple-helix stalk (52). The subsequent assembly of the
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higher ordered structure requires the formation of an intermolecular disulfide bond
between highly conserved cysteine residues within the hyper-variable region (53). The
cysteine residue is located at amino acid 22 (numbering starting after the signal sequence
domain) and site directed mutagenesis to an alanine residue (C22A) prevents formation
of the higher ordered oligomeric structures (53).

The three forms of adiponectin have been shown to possess different biological
activities, and the HMW form is considered the major active form in circulation,
providing the insulin-sensitizing and cardiovascular protective effects observed with
adiponectin (55, 56). The synthesis and secretion of adiponectin oligomers in adipocytes
are tightly regulated by multiple molecular chaperones in the endoplasmic reticulum (ER)
(52), which include ER protein of 44 kDa (ERp44) (57), ER oxidoreductase 1-La. (Erol-
La) (58), and disulfide-bond A oxidoreductase-like protein (DsbA-L) (59). ERp44 will
inhibit the secretion of adiponectin oligomers through a thiol-mediated retention (57).
Conversely, Erol-La releases HMW adiponectin that becomes trapped by ERp44 (58),
while DsbA-L promotes the intracellular assembly and secretion of HMW adiponectin
(59).

Adiponectin exerts its signaling actions through two receptors, adiponectin
receptor 1 and 2 (AdipoR1 and AdipoR2) (60). AdipoR1 and AdipoR2 are both seven-
transmembrane receptors that share a 67% homology with one another but differ
significantly at the amino terminus (52, 61). Compared to other traditional 7
transmembrane receptors, the adiponectin receptors have the opposite orientation with the
carboxyl terminus residing outside the cell and the amino terminus located in the

cytoplasm (61). AdipoR1 is ubiquitously throughout the body with the highest
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expression levels in skeletal muscle, while AdipoR2 is predominantly expressed in the
liver (60, 61). Activation of the adiponectin receptors leads to intracellular
communication through activation of serine/threonine kinases such as AMPK and Akt2,
increased phospholipase C activity, and small G-proteins such as Rab5, ultimately
leading to increased magnitude of insulin signaling on target cells to facilitate glucose

uptake and energy homeostasis (62).

2.2.1 Adiponectin and AMPK Signaling:

One way adiponectin sensitizes target tissue to insulin actions is through
increasing 5’-adenosine monophosphate kinase (AMPK) activity, which stimulates fatty-
acid oxidation, increases PPARa expression, and increases glucose uptake while
simultaneously inhibiting glycolysis, lipogensis and gluconeogenesis (62). AMPK is
activated by factors that signal the need to shift metabolism away from biosynthesis and
towards energy generation through the increased production of AMP, and is therefore
considered a key nutrient sensor in the cell (1, 3). Activation of AMPK occurs during
periods of nutrient deprivation and exercise, causing the upregulation of ATP-producing
processes such as fatty acid oxidation (1, 3). Furthermore, AMPK can directly increase
insulin sensitivity through phosphorylation of peroxisome proliferator-activated receptor
y co-activator 1 alpha (PGC-1a), a transcription co-activator that plays a critical role in
mediating mitochondrial biogenesis and oxidative phosphorylation (63). AMPK is a
heterotrimeric protein composed of a, B and y subunits that stabilize and activate the
protein kinase upon interaction of AMP to Bateman repeats of the y subunit (64). AMPK

can be phosphorylated on threonine-172 by upstream targets liver kinase B1 (LKB1) and
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Calcium/calmodulin kinase kinase 3 (CaMKKJ) through action of an adaptor protein
APPL1, which binds to the N-terminus of AdipoR1 (52, 63, 65). APPL1 also binds to the
protein kinase Akt2 and the catalytic subunit of phosphoinositide-3-kinase (PI3K) leading
to increased translocation of GLUT4 to the plasma membrane to transport glucose inside
the cell for utilization (65).

Adiponectin can also exert anti-atherosclerotic effects through modulation of
multiple points of the inflammatory process (66). For example, adiponectin prevented
atherosclerosis by increasing cholesterol efflux from macrophages (67). Furthermore, in
human monocyte-derived macrophages, which express the adiponectin receptor,
adiponectin induced upregulation of 1L-10 (68, 69). Adiponectin also increased
expression of CD36, acetyl CoA oxidase, and uncoupling protein 2 in skeletal muscle,
while causing a decrease in CD36 in the liver (70). In the endothelial cell, adiponectin
was shown to inhibit the production of inflammatory cytokines and adhesion molecules
such as intracellular adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule
(VCAM) and E-selectin (71). Furthermore, adiponectin has been shown to increase
endothelial nitric oxide synthase (eNOS) production leading to the production of nitric
oxide (NO) in the vasculture to stimulate vasodialation (72). Additionally, adiponectin
inhibited TNF-o induced activation of NF-kB (73). These results suggest that
adiponectin can play a protective role against key processes associated with

atherosclerosis.
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2.3.0 Modulation of Adipose Tissue Function and Energy Balance with

Dairy Products:

Fat mass expansion and accumulation occur through adipocyte hypertrophy, or
the increase in size of the adipocyte, and adipocyte hyperplasia, or the increase in
adipocyte number (74). Typically, adipocyte hyperplasia occurs by proliferation and
subsequent differentiation of pre-adipocytes, while adipocyte hypertrophy results from
excessive lipid storage within adipocytes. Adipocyte hypertrophy is frequently seen in
obese adipose tissue and is often associated with the remodeling of adipose tissue,
inflammatory and oxidative stress, all of which contribute to metabolic abnormalities at
both the local and systemic levels (75). The sections below will discuss how dairy
products and specific dairy bioactive components are involved in altering obesity with

regards to weight management, oxidative stress, and inflammation.

2.3.1 Dairy Overview:

The term, dairy products, refers to food products that are produced from the milk
of mammals. According to the current MyPlate guidelines, it is recommended that
children between ages 2-3 years old consume 2 cups of dairy daily, children between 4
and 8 should consume 2.5 cups per day, while all individuals above the age of 9 should
consume 3 cups per day (choosemyplate.gov). All fluid milk products and many foods
made from milk are considered to be apart of this group, and it is recommended that food
choices be made from the low-fat or fat free dairy category.

Many studies have shown that consumption of dairy products can provide

multiple health benefits, specifically related to bone health (76). Dairy products are rich
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in minerals such as calcium, potassium and vitamin D that are vital to overall health, as
well as being rich in protein (76). Calcium is beneficial for building and maintaining
bone mass and teeth; potassium is beneficial for maintaining a healthy blood pressure;
vitamin D helps maintain circulating levels of calcium and phosphorous, thereby helping

maintain healthy bone mass (76).

2.3.2 Dairy and Weight Loss:

Although multiple studies have been performed to investigate the relationship
between dairy consumption and weight loss, the findings from these studies are
somewhat conflicting. According to the most recent meta-analysis of randomized
controlled trials by Chen et al., which focused on the effects of dairy intake on body
weight and fat in 29 randomized control trials which included 2,441 participants, there is
not a beneficial effect of increasing dairy consumption on body weight and fat loss in
long-term studies or studies without energy restriction (77). However, the meta-analysis
did find that dairy products may have a modest effect in facilitating weight loss in short-
term or in energy-restricted randomized controlled trials (77). Specifically, the clinical
trials discussed in this meta-analysis concluded that increasing dairy intake (1.8-3.3
servings per day versus 1-2.7 servings of dairy per day for the control group) without
energy restriction does not significantly affect weight, body fat mass, lean mass, and
waist circumference (77). However, the majority of clinical studies with an energy-
restriction diet indicated that dairy-rich diets augment weight loss, fat loss, and reduce
adiposity. Specifically, the meta-analysis showed that increased consumption of dairy

with an energy-restriction diet (500 kcal less than maintenance) led to 1.29 kg greater
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weight loss, 1.11 kg greater reduction in body fat mass, 0.72 kg gain in body lean mass
and 2.43 cm additional reduction in waist circumference compared with control groups.
Wennersberg et al. reported no change in body weight or body fat during 6 months of 3-5
portions/day of dairy products consumption (78). However, they did observe positive
effects on waist circumference in subjects with a low baseline calcium intake (78). This
demonstrates the possibility of a threshold in relation to effects on body composition.
Overall, these studies suggest that the inclusion of 3-5 portions/day of dairy products may

have modest benefits in facilitating weight 