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Obesity is a risk factor for type 2 diabetes, cardiovascular diseases, and other
diseases as well. It has been recognized that adipose tissue is an active
endocrine organ that secrets many adipokines to regulate energy metabolism and
inflammation. Our group has identified omentin as among the first omental
fat-specific adipokine in humans and has shown that omentin can enhance
insulin-mediated glucose transport and AKT phosphorylation in adipocytes. Here,

| have further characterized the role of omentin in metabolism and inflammation.

In this study, | first expressed omentin protein in High-Five insect cell expression

system and then purified it with a galactose-conjugated affinity column.

In C2C12 myocytes, omentin increases AMP-activated protein kinase (AMPK)
phosphorylation, which is known to be important for energy metabolism.
Downstream target of AMPK, acetyl-CoA carboxylase (ACC), is also
phosphorylated in a dose-dependent manner. Accordingly, fatty acid oxidation
was increased with omentin treatment dose-dependently. Omentin inhibits
phosphorylation of another downstream target of AMPK, p70S6K, and increases
insulin-mediated glucose uptake, indicating that omentin may enhance insulin

activity by this mechanism. Moreover, administration of omentin in mice increases



ACC phosphorylation in muscle and liver, and improves glucose disposal in an

intra-peritoneal glucose tolerance test.

In endothelial cells, omentin activates AMPK and eNOS phosphorylation. | also
demonstrate that omentin increases cell migration with human primary
mesothelial cells and breast cancer cell line MCF-7. Finally, I show that IL-6
induces omentin secretion in endothelial cells and mesothelial cells. These

findings suggest that omentin may participate in immune response.

To explore possible mechanism of omentin signaling, | used yeast two hybrid
system and identified a possible omentin interactive protein, Loc401397. The full
length gene has not been cloned yet, probably due to the upstream GC-rich

region which might jeopardize the reverse transcription.

In summary, in this study | have demonstrated that omentin activates AMPK and
regulates energy metabolism in vitro and in vivo. Moreover, omentin activates
AMPK-eNOS pathway and promotes migration of mesothelial cells to defend host
during infection. These findings suggest that omentin is a multifunctional protein

that plays a role in both energy metabolism and inflammatory response.
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CHAPTER 1: GENERAL INTRODUCTION



1.1 Insulin resistance syndrome

Insulin resistance syndrome, also referred to as the metabolic syndrome and
syndrome X, syndrome affects 1 in 3 to 4 adults older than 20 years. The incidence
of this morbid syndrome is expected to continue to grow both in the United States
and worldwide. It consists of a clustering of metabolic abnormalities including
obesity, type 2 diabetes, cardiovascular disease, dyslipidemia and hypertension,
which are usually associated with insulin resistance. Insulin resistance is a
physiological condition where insulin becomes less effective at lowering blood
sugars. The resulting increase in blood glucose may cause adverse health effects,
namely glucose toxicity, leading to cell and organ dysfunction or apoptosis. For
example, B-cell death in the pancreas, malfunction of endothelial cells in blood
vessels and the heart directly contribute to the pathogenesis of diabetes and
cardiovascular diseases. With the prevalence of obesity, diabetes has rapidly
become a global epidemic and WHO projects that diabetes death will increase by
more than 50% worldwide in the next 10 years. Cardiovascular disease (CVD) is

the world's number one cause of death, killing 17 million people each year.

1.1.1 Obesity is becoming an epidemic and is the ma jor risk factor for

insulin resistance

Obesity is the result of more energy intake than expenditure. The body
usually manages to match the energy expenditure to intake and stores excess
energy mainly as fat in adipose tissue for later use. Adipose tissue is dynamic and
fat is stored and hydrolyzed constantly. In adults, normally, body weight is
maintained stably in the long run. However, in modern life there has been a
general shift in diet towards the increased intake of energy-dense foods that are
high in fat and sugars. The intake of these foods provides the body with more
energy calories. On the other hand, there is also a trend towards decreased

physical activity, which simultaneously reduces energy expenditure. The
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over-nutrition and exercise deficit allow people to store more and more energy,
leading to overweight and obesity [1]. Obesity is affecting about 300 million
people worldwide and it is projected that by 2015, approximately 2.3 billion adults
will be overweight and more than 700 million will be obese [2]. It has been
increasing rapidly for the last twenty years and is a serious health problem in
western society, such as U.S. (Figure 1.1) Once considered a problem only in
high-income countries, obesity is now dramatically on the rise in low- and

middle-income countries.

Obesity is a chronic pathological condition and is a major risk factor for
diabetes, cardiovascular diseases, atherosclerosis, hypertension, and
dyslipidemia. For example, obesity poses an independent risk factor for
cardiovascular disease, and weight gain conveys an increased risk of CVD in both
genders that cannot be attributed either to the initial weight or the levels of the risk

factors that result from weight gain [3].



Obesity Trends* Among U.S. Adults
BRFSS, 1990, 1999, 2009

(*BMI 230, or about 30 Ibs. overweight for 5’4" person)

1990 1999

’ [ |NoData []<10% [ 10%-14% [ 15%-19% [ ] 20%-24% [ 25%-29% [ 230%

Source: Behavioral Risk Factor Surveillance System, CDC.

Figure 1.1 U.S. Obesity Trends by State 1990-2009

During the past 20 years there has been a dramatic increase in obesity in the
United States. In 2009, only Colorado and the District of Columbia had a
prevalence of obesity less than 20%. Thirty-three states had prevalence equal to
or greater than 25%; nine of these states (Alabama, Arkansas, Kentucky,
Louisiana, Mississippi, Missouri, Oklahoma, Tennessee, and West Virginia) had a

prevalence of obesity equal to or greater than 30%. [4]



1.1.2 Pathogenesis of insulin resistance

There are many proposed mechanisms explaining the correlation between
obesity and insulin resistance, including lipotoxicity, inflammation, mitochondrial

dysfunction, ER stress and so on.

1.1.2.1 “Lipotoxicity” in insulin resistance

The notion that lipid induces high plasma glucose was first raised by Randle
et al. [5]. He proposed that obesity-associated insulin resistance could be
explained by elevated fatty acids concentrations in obese individuals, resulting in
competition with glucose as an oxidative metabolite in insulin-responsive cells
and leading to high glucose concentrations inside cells and in blood. Robert
Unger and collaborators first coined the term “lipotoxicity” after they found that
high concentrations of plasma fatty acids caused B-cell abnormalities before and
after onset of non-insulin dependent diabetes [6]. This hypothesis is supported by
the fact that plasma FFAs are commonly elevated, mainly due to increased FFA
release associated with the expansion in fat mass [7]. More recently, glucose
uptake rather than intracellular glucose metabolism has been implicated as the
rate-limiting step for FFA-induced insulin resistance [8, 9]. It has been established
that FFAs can increase cellular metabolites, such as diacylglycerol (DAG) and
ceramides, which in turn can activate protein kinase C (PKC) and c-Jun
N-terminal kinase (JNK) leading to inhibitory serine phosphorylation of insulin
receptor substrates 1/2 (IRS1/2)[10-12]. IRS1 and 2 are the key mediators of
insulin receptor signaling and inhibition can decrease phosphatidylinositol
3-kinases (PI3K)-AKT pathway activity, which ultimately decreases glucose
transporter 4 (GLUT4) translocation to membrane and glucose uptake by
insulin-responsive cells. FFAs have been shown to increase hepatic
gluconeogenesis and pancreatic insulin secretion and to cause a decrease in
insulin clearance from circulation by the liver[13], all of which contribute to the

high blood glucose and insulin in the obese and diabetic patients.
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1.1.2.2 Inflammation in insulin resistance

Inflammation is receiving more and more attention recently in studies of
obesity-related insulin resistance [14-16]. Obesity has been recognized as a
systemic chronic inflammatory state. Inflammation biomarkers such as tumor
necrosis factor a (TNFa), interleukin 6 (IL-6), plasminogen activator inhibitor-1
(PAI-1), and C-reactive protein (CRP) are present at increased concentrations in
insulin-resistant and obese individuals and these biomarkers predict the
development of type 2 diabetes. The revolutionary idea that proinflammatory
factors can affect metabolism locally or systematically was developed at the late
1980s and early 1990s when TNFa was found to have metabolic effects [17-19].
Later, TNFa is found to be produced in adipose tissue and increased with obesity.
[20, 21, 22]. These studies propose that adipose TNFa causes insulin resistance
and is the link between obesity and diabetes. Following up these studies, many
other factors have been added to the list of inflammatory markers, including IL-1,
IL-6, resistin, monocyte chemoattractant protein-1 (MCP-1), PAI-1,
angiotensinogen, visfatin, retinol-binding protein 4 (RBP4), serum amyloid A
(SAA), and others. These inflammation factors can be induced by activation of the
IKKB/NF-kB pathway through classical receptor-mediated mechanisms, or
through pattern recognition receptors, such as Toll-like receptors (TLRs) and the
receptor for advanced glycation end products (RAGE). For example, TNFa and
IL-6 can act through classical receptor-mediated processes to stimulate
inflammatory mediators that can lead to insulin resistance. TLRs recognize LPS
and lipopeptides derived from bacteria or fatty acids, and RAGE binds a variety of
ligands, including endogenous advanced glycation end products (AGEs) and a
distinct set of microbial products. Activation of inflammatory pathways in
hepatocytes is sufficient to cause both local [23] as well as systemic insulin
resistance [24]. These inflammatory factors also inhibit the IRS-PI3K-AKT
pathway to decrease insulin sensitivity and glucose uptake. White adipose tissue

is a major site producing most of these inflammatory factors, which can be
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produced by adipose tissue macrophages (ATMs) and other cells that populate
adipose tissue in addition to adipocytes. There is infiltration of macrophages into
adipose tissue in obesity [25, 26], which however, is sparse in lean individuals.
Inflammatory factors produced by these macrophages are speculated to play a
vital role in dysregulation of the fat storage and insulin resistance. Studies showed
that inhibition of macrophage recruitment in obesity ameliorates the insulin
resistance seen in animal models [27-29], supporting that adipose inflammation is

a mechanism of insulin resistance (Figure 1. 2).[16].
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Figure 1. 2 Potential cellular mechanisms for activating inflammatory

signaling.

Obesity and high-fat diet activate IKKB/NF-kB and JNK pathways in
adipocytes, hepatocytes, and associated macrophages. Stimuli that have been
shown to activate these pathways during metabolic dysregulation include ligands
for TNF-a, IL-1, Toll, or AGE receptors (TNFR, IL-1R, TLR, or RAGE,
respectively), intracellular stresses including ROS and ER stress, ceramide, and
various PKC isoforms. Obesity-induced IKKB activation leads to NF-kB
translocation and the increased expression of numerous markers and potential
mediators of inflammation that can cause insulin resistance. Obesity-induced JNK
activation promotes the phosphorylation of IRS-1 at serine sites that negatively
regulate normal signaling through the insulin receptor/IRS-1 axis. Examples
include serine-302 (pS302) and serine-307 (pS307). By contrast, evidence has
not been reported for obesity-induced effects on transcription factors such as
AP-1 that are regulated by JNK. IKK@ and/or NF-kB are inhibited or repressed by
the actions of salicylates, TZDs, and statins. (From Dr. Steven E. Shoelson, 2006)

[16].



1.2 Adipose tissue in insulin resistance

For all these models, the release of FFAs may be the single most critical
factor in modulating insulin sensitivity, although FFAs and inflammation factors
may play interactive roles in the complex etiology of insulin resistance. FFA has
been demonstrated to bind to TLR leading to production of inflammatory factors
and insulin resistance [30]. High plasma FFA concentrations and ectopic storage
of triglyceride in some insulin responsive tissues or organs, such as muscle, liver,
and heart, lead to high levels of reactive oxygen species (ROS), mitochondrial
dysfunction, ER stress, and eventually insulin resistance and its related diseases.
In any case, adipose tissue plays a pivotal role in development of insulin

resistance and metabolic syndrome in the above aspects.

1.2.1 Adipose tissue as a fat storage depot

One obvious function of adipose tissue is to store energy for long term use.
There are two kinds of adipose tissue: brown adipose tissue (BAT) and white
adipose tissue (WAT). BAT is prominent in newborns, comprises up to 5% of the
body weight, and diminishes with age. As its name indicates, its color varies from
dark red to tan, reflecting lipid content. It has more vasculatures, nerves, and
mitochondria than WAT, and is ready to convert fat directly to heat by
non-shivering thermogenesis, which is its main function. So, BAT increases
energy expenditure, and the ablation of BAT has been shown to increase
obesity[31]. WAT is the source of most weight gain under obesity. Hereafter, the
term adipose tissue refers to white adipose tissue unless otherwise specified in
this thesis. WAT can be found in two major depots (subcutaneous and visceral)
and consists of a number of sub-depots in each major category throughout the
human body. Adipose tissue is comprised of several types of cells including
adipocytes, preadipocytes, fibroblasts, endothelial cells, and some other cells. It

has the lifelong potential for hyperplasia through preadipocyte replication and



differentiation into adipocytes. Fat tissue is the major depot for storage of extra

energy.

1.2.2 Adipose tissue as an endocrine organ.

Nowadays, the adipose tissue has been recognized as more like an
endocrine organ rather than a passive energy storage depot [32, 33]. It releases
fatty acid, adipokines and hormones, and regulates energy homeostasis and
inflammation locally and systematically [34-36]. Apart from the FA and
inflammatory factors that induce insulin resistance as discussed above, adipose
tissue also expresses some anti-inflammation and anti-insulin resistance factors.
Leptin is the first adipokine cloned from adipose tissue and controls food intake
and body weight [35, 37]. Its expression is proportional to the fat mass. Knockout
of leptin (ob/ob) or its receptor (db/db) in mice, and mutation in human leads to
massive obesity[38]. Adiponectin is another pivotal adipokine that is secreted by
adipocytes, and its expression is decreased with obesity. Studies show that
adiponectin can serve as an insulin sensitizer and reduce insulin resistance [39,
40]. Mice over-expressing adiponectin do not develop insulin resistance with
obesity [41]. Adiponectin gene expression is also decreased by beta-adrenergic
agonists and TNFa, and is increased by leanness and activation of the nuclear
receptor PPAR-y (peroxisome proliferator-activated receptor gamma) [42].
Studies indicate that adiponectin stimulates fatty acid oxidation in an AMP
activated protein kinase (AMPK) and peroxisome proliferator activated receptor-a

(PPAR-0)-dependent manner [43].

Insulin resistance is not only related to fat mass, but also fat location. It has
been found that visceral fat is more closely associated with insulin resistance than
subcutaneous fat [44]. TZD treatments ameliorate insulin resistance, while the fat
storage location is changed to subcutaneous adipose tissue rather than reducing
fat mass [45]. Visceral adipose tissue is more sensitive to lipolysis [46]. For
example, it has more B-adrenergic receptors and fewer a2-adrenergic receptors.
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The insulin receptor is also much less expressed in the visceral fat. Thus, the
inhibition of lipolysis is weak and more FFAs are released in this type of adipose
tissue. Moreover, visceral adipose tissue, especially omental and mesenteric
adipose tissue, is drained by the portal vein. The increased FFAs concentration in
the liver will increase VLDL and glucose production, and decrease insulin
clearance from the liver [47]. This may explain partially why visceral obesity is
more associated with insulin resistance, hyperglycemia, dyslipidemia,

hypertension, and inflammation (Figure 1.3).
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Figure 1.3 Visceral obesity is associated with higher risk of type 2 diabetes

and cardiovascular diseases.

The expression and secretion of insulin-resistant, pro-inflammatory and
proatherogenic factors, such as TNF-q, IL-6, leptin, resistin, RBP-4 and PAI-1, are
shown to be increased as visceral adipose tissue expands. On the other hand, the
secretion of the insulin-sensitizing and anti-inflammatory adipokine adiponectin is
decreased. The altered secretion of adipokines may cause local inflammation,
contributing to insulin resistance and dysregulation of adipocyte metabolism.
Consequently, dyslipidemia, altered glucose transport, and vascular and
metabolic dysfunctions may happen, leading to type 2 diabetes, cardiovascular

disease and hypertension. Extracted and adapted from Goralski et al, 2007 [48].
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1.3 Omentin is a new adipokine

In order to understand the molecular difference between the visceral/omental
fat and subcutaneous fat, a cDNA library was sequenced from the visceral
adipose tissue and a gene was cloned that is abundantly expressed in human
omental fat rather than subcutaneous fat, and is so named omentin [49]. Omentin
has also been independently cloned from intestine by another group under the

name, intelectin [50].

1.3.1 Molecular and cell biology of omentin

Human omentin is located at chromosome 1 and has 8 exons and 7 introns
[51]. It is conserved in fish, frog, mouse, sheep, bovine, and humans. The gene
encodes a 313 aa (38KDa) secreted protein and can form homotrimers. It is
expressed by endothelial cells [52], epithelial cells [53], goblet cells [54], Paneth
cells [50], small intestinal enterocytes [55] and mesothelial cells (de Souza
Batista, McLenithan et al. unpublished data), and its expression was reported to
be STAT6-dependent [56]. It is also a GPI-linked protein, and the linker can be
cleaved by phosphatidylinositol-specific phospholipase C (PI-PLC) [57]. A
homolog of omentin with 88% aa identity has been reported and named omentin2
[58, 59]. Omentin3 has been cloned from different tissues of sheep, including lung
and lymph node, with high homology to omentinl and 2 [60]. These three
isoforms have a high degree of homology and their functionalities are yet to be

studied.

1.3.2 Role of omentin in energy metabolism

Energy homeostasis is the process that the body holds the energy level
constant and matches the energy intake to expenditure by storing extra energy for
later needs. Insulin is a major regulator in energy homeostasis. For example, it

stimulates fuel, such as glucose and fatty acid, to enter adipocytes for storage and
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muscle cells for oxidation. In adipocytes, omentin increases AKT phosphorylation
and insulin-mediated glucose transport suggesting its role in glucose metabolism
and regulation of insulin sensitivity [49]. One of the most important functions of
insulin is to increase glucose uptake into responsive cells, such as liver, muscle
and fat cells for oxidation or storage. This process is realized by a cascade of
phosphorylation. Under normal conditions, after a meal, insulin is secreted and
binds to insulin receptor on the cell surface, which activates the insulin receptor
(IR). The IR then binds to its substrate (IRS1/2), which activates PI3K. PI3K in
turn activates AKT by phosphorylating AKT at threonine 308 and serine 473.
Upon activation, AKT translocates glucose transporter 4 (GLUT4) onto the cell
surface to transport glucose into cells. The sensitivity of cells to insulin is finely
regulated. IRS is one of the most important enzymes in this system, with several
potential tyrosine phosphorylation sites and about 50 potential serine/threonine
phosphorylation sites, which can be regulated by positive and negative feedback
loops to control glucose transport [61]. For example, AKT can activate
MTOR-p70S6K pathway leading to serine phosphorylation and decreased activity
of IRS. Likewise, some other cytokines or molecules can increase IRS activity by
inhibiting mMTOR-p70S6K pathway through another major regulator in energy
homeostasis, AMP-activated protein kinase (AMPK). AMPK acts as a metabolic
sensor of the cellular energy status [62]. It's activated by phosphorylation of its
Thrl72 residue and its activation inhibits the rate-limiting enzymes in cholesterol
and fatty acid synthesis, 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase
and acetyl CoA carboxylase (ACC) which saves ATP. AMPK-activation promotes
fatty acid oxidation and glucose uptake in myocytes, reduces gluconeogenesis in
hepatocytes, and inhibits lipogenesis in adipocytes. In our following study, we find

that omentin activates AMPK and play a role in energy metabolism.

Omentin is decreased with obesity[59, 63] and increased with weight loss
[64] and exercise [65]. Insulin and glucose can decrease omentin mMRNA, protein
expression, and secretion in omental adipose tissue explants [63]. Human plasma
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omentin 1 levels are decreased in Type 1 Diabetes Mellitus subjects [66].
Preliminary studies of omentin genetics have indicated association of omentin
polymorphisms with metabolic syndrome traits [58]. These results indicate that

omentin plays a role in energy metabolism.

1.3.3 Role of omentin in immune response

1.3.3.1 Introduction of immune system

Immune system is a set of biological structures and processes within an
organism that protects against disease by identifying and killing pathogens,
damaged cells and tumor cells. It detects and distinguishes a wide variety of
agents, such as virus, bacteria, parasites, and abnormal cells from the organism's
own healthy cells in order to function properly. Multiple mechanisms have evolved
to make sure a host can survive challenges from different pathogens. These
include physical barriers, the innate immune system, and the acquired immune
system. Physical barriers prevent pathogens such as bacteria and viruses from
entering the organism. If a pathogen breaches these barriers, the innate immune
system provides an immediate, but non-specific response. If pathogens
successfully evade the innate response, vertebrates possess a third layer of
protection, the adaptive immune system, which is activated by the innate
response. Adaptive immune system can retain the ability to recognize a pathogen
in the form of an immunological memory and allows for the mounting of faster and

stronger attacks each time this pathogen is encountered.

The innate immune system is dominant in host defense and it consists of
many types of proteins, cells, tissues and organs that interact in an elaborate and
dynamic network to recognize specific pathogens more efficiently. When
pathogens invade the host’s physical barrier, they can be identified by proteins,
which recognize components that are conserved among broad groups of

microorganisms, such as pattern recognition receptors (PRRs). These proteins
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can opsonize, agglutinate, neutralize, or kill the pathogen or attract other proteins

or cells, such as complement proteins and leukocytes, to kill the pathogen.

1.3.3.2 Regulation of omentin during infection.

Inflammation is one of the first responses of the immune system to infection.
Inflammation is produced by cytokines and some other factors, such as
eicosanoids. Eicosanoids include prostaglandins, which can produce fever and
the dilation of blood vessels associated with inflammation, and leukotrienes which
attract certain white blood cells (leukocytes). Common cytokines include
interleukins that are responsible for communication between white blood cells;
chemokines that promote chemotaxis; and interferons that have anti-viral effects,
such as shutting down protein synthesis in the host cell. Growth factors and
cytotoxic factors may also be released. These cytokines and other metabolites
recruit immune cells to the site of infections and promote healing of any damaged
tissue following the removal of pathogens. The inflammatory response is
orchestrated by proinflammatory cytokines such as tumor necrosis factor (TNF),
interleukin (IL)-1, and IL-6. These cytokines are pleiotropic proteins that regulate
the cell death of inflammatory tissues, modify vascular endothelial permeability,
recruit blood cells to inflamed tissues, and induce the production of acute-phase

proteins.

It's noteworthy that a body of literature has reported omentin, also known as
intelectin, is increased during parasite infections [67-71], bacterial infection [52,
72], asthma [73], and mesothelioma [74], so it is thought that omentin may play a
role in innate immunity and inflammation. Consistent with the suggested role,
omentin is a calcium-dependent lectin and binds to galactofuranose, a component
of many parasites and bacteria but is rare in vertebrates including human [52].
Tsuji et al. reported that omentin is bound to Mycobacterium and facilitates the

clearance of the bacteria by macrophages [75]. Additionally, Pemberton et al.
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(2008) have shown that the SNP rs2274910 in omentin 1 intron 3 is associated
with risk of Crohn’s disease [76, 77]. Considering that Crohn’'s disease is
associated with intestinal inflammation, a change of omentin level may lead to an
altered immune response to infection, facilitating the process of trans-mural
inflammation. Additionally, Kuperman et al. (2005)[73] reported that omentin gene
expression was highly up-regulated in murine airways over-expressing IL-13.
Other studies have also demonstrated that omentin mRNA levels from human and
sheep goblet cell lines were increased in response to IL-13 [78]. However, it is still
not clear what role this cytokine may play in obesity and in the regulation of
omentin in visceral adipose tissue. Omentin contains a fibrinogen domain, which
is also found in some other proteins including fibrinogen, ficolin, and peroxisome
receptor-y angiopoietin-related (PGAR) [52]. This domain is important for

structure formation in fibrinogen; however, it binds carbohydrate in ficolin.

1.3.3.3 Omentin belongs to lectin family.

Lectins are a diverse group of proteins which bind carbohydrates and other
ligands such as proteins, lipids, and nucleic acids. Many lectins function in the
immune system by recognizing pathogens and acting in prevention of
autoimmune reactions. Lectins recognize differences between the carbohydrates
of the host and non-host because of differences between the carbohydrates
expressed on the surfaces of vertebrate and microbial cell membranes.
Vertebrate oligosaccharides rarely end with fucose, mannose, or GIcNAc residues
as do those of many microbes. Sialic acids are often located at the distal end of
the membrane oligosaccharides of microbes and thus represent good recognition
targets. C-lectins bind carbohydrates in a calcium dependent fashion. They
share a conserved region within the 130 amino acid carbohydrate recognition
domain (CRD). Some possess fibronectin domains. Most C-lectins cause the
endocytosis of glycoproteins. Collectins form a subgroup of C-type lectins with

collagen-like domains. Five collectins are known in mammals: mannose binding
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lectins (MBL), lung surfactant proteins sp-A and sp-D, conglutinins, and serum
collectin-43. Collectin molecules often form homotrimers in which their
collagen-like domains interact. There are also many other types of lectins playing
similar roles. After a pathogen has been identified, some professional immune
cells (leukocytes) are usually called upon to kill the pathogen. Leukocytes act like
independent, single-celled organisms and are the second arm of the innate
immune system. The innate leukocytes include the phagocytes (macrophages,
neutrophils, and dendritic cells), mast cells, eosinophils, basophils, and natural
killer cells. These cells identify and eliminate pathogens, either by attacking larger
pathogens through contact or by engulfing and then killing microorganisms.
Innate cells are also important mediators in the activation of the adaptive immune
system. During this process, many cytokines or other factors may be released to
coordinate the defense. It is also noteworthy that non-professional cells, such as
epithelial and endothelial cells, are also an important source of the

pathogen-recognizing proteins and cytokines.

1.3.3.4 Omentin as a lactoferrin receptor.

Omentin has also been identified as an intestinal lactoferrin receptor [79, 80].
Lactoferrin is an 80 kDa protein with suggested functions in the gastrointestinal
tract such as iron absorption, modulation of mucosal immunity, and stimulation of
mucosal differentiation. The multiple biological functions of lactoferrin depend on
its target cells and on the presence of specific lactoferrin receptors at their
surfaces. Some lactoferrin receptors have been reported to mediate some
functions of lactoferrin, such as modulation of immune responses and promotion
of pro- and anti-inflammatory factors[79]. Omentin has been reported to be
associated with bacterial and parasite infections and it is also expressed in
intestine. . It will be interesting to know whether omentin plays a role in effects of
lactoferrin. In this study, we attempted to identify omentin-interacting protein(s) or

omentin receptor besides known omentin interacting protein like lactoferrin.
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1.4 Goals of the dissertation.

Previous studies have demonstrated that omentin is expressed specifically in
omental but not subcutaneous adipose tissue and may potentially serve as an
insulin sensitizer. Its expression decreases with obesity and insulin resistance
conditions. On the other hand, its expression is increased in response to infection
and asthma, and is induced by IL-13. Based on these information, this project was
to explore omentin’s possible functions in respects of energy metabolism and

immune response. The work was carried out with the following aims:

Specific Aim 1: To produce and purify recombinant o mentin

Specific Aim 2: Study of omentin’s function in ener gy metabolism in muscle

Hypothesis: Omentin enhances energy metabolism by activating AMPK in

muscle

2.1: Determine whether omentin activates AMPK-ACC pathway and

increases fatty acid oxidation in muscle

2.2: Determine whether omentin increases insulin mediated glucose

transport in muscle

2.3: Determine mechanism by which omentin increases energy

expenditure in muscle

Specific Aim 3: Study on the regulation and functio n of omentin during

inwnuneresponse

Hypothesis: Omentin is a multifunctional protein and plays a role in immune

response.

3.1: Determine whether omentin is regulated by inflammatory factors.
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3.2: Determine whether omentin increases AMPK and eNOS

phosphorylation in endothelial cells.

3.3: Determine whether omentin increases mesothelial cell migration.

Specific Aim 4: Identify omentin-interacting protei n using yeast-2 hybrid

system

Hypothesis: Omentin signals through protein-protein interaction.
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CHAPTER 2: PRODUCTION AND PURIFICATION OF RECOMBINA NT
HUMAN OMENTIN FOR FUNCTIONAL STUDY

=21 -



2.1 INTRODUCTION

Protein production and purification are essential for functional and structural

characterization of a protein of interest.

2.1.1 General considerations

Protein isolation steps are usually based on size, shape, charge,
hydrophobicity, and biological activity. Choosing a starting material is the key to
the success of purification. The starting material is usually a biological tissue, a
microbial or cellular culture. Choosing a material with high abundance of the
protein of interest usually will save steps, time, and efforts toward the goal of
yielding sufficient protein for further analysis. This can be especially important for
some proteins that easily lose activity during purification. Recombinant technology
has enabled us to get a high amount of protein expressed in a chosen system,
and to make proteins purification easier and faster. The choice of purification
platform should also take into consideration the purpose of the subsequent work.
Purification may be preparative or analytical. Preparative purifications aim to
produce a relatively large quantity of purified protein for subsequent use.
Analytical purification produces a relatively small amount of a protein for a variety
of research or analytical purposes, including identification, quantification, and
studies of the protein's structure, post-translational modifications and function. In
general, the preparative methods can be used in analytical applications, but not
the other way around. The crude starting protein preparation should first be
extracted and solubilized in a solution that is favorable for both the integrity of the
protein itself (i.e., soluble, stable, and without loss of function) and the following
purification steps. So the temperature, pH, proteases, ion constitution and
concentration, solvent type and concentration, process duration, and so on should
all be taken into consideration. The samples should be processed as soon as

possible. In bulk protein purification, a common first step to isolate proteins is
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precipitation with ammonium sulfate (NH4).SO,4. This is performed by adding
increasing amounts of ammonium sulfate and collecting the different fractions of
precipitate protein. One advantage of this method is that it can be performed

inexpensively with very large volumes.

2.1.2 Purification methods

There are many purification methods including electrophoresis,
ultracentrifugation, and chromatographic methods, although the processes are
not the same for all the proteins due to their different properties. In other words, a
special procedure should be designed for each protein to be purified.
Chromatographic methods are now widely used and usually a protein purification
protocol contains one or more chromatographic steps. The basic procedure in
chromatography is to flow the solution containing the protein through a column
packed with various materials. Different proteins interact differently with the
column material, and can thus be separated by the time required to pass the
column, or the conditions required to elute the protein from the column. Usually
proteins are detected as they are coming off the column by their absorbance at
280 nm. There are different columns with different separation properties to

choose from, including size exclusion, ion exchange, affinity, and so on.

2.1.2.1 Size exclusion chromatography

Size exclusion chromatography applies the principle that proteins of a certain
range in size will require a variable volume of eluent (solvent) before being
collected at the other end of the column of porous gel. lon exchange
chromatography separates compounds according to the nature and degree of
their ionic charge. The column to be used is selected according to its type and
strength of charge. Anion exchange resins have a positive charge and are used to
retain and separate negatively charged compounds, while cation exchange resins

have a negative charge and are used to separate positively charged molecules.
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2.1.2.2 Affinity chromatography

Affinity chromatography is a separation technique based upon molecular
conformation, which frequently utilizes application-specific resins. These resins
have ligands attached to their surfaces that are specific for the compounds to be
separated. Most frequently, these ligands function in a fashion similar to that of
antibody-antigen interactions. This "lock and key" fit between the ligand and its
target compound makes it highly specific, frequently generating a single elution
peak, while all else in the sample is un-retained. A common technigue involves
engineering a sequence of 6 to 8 histidines into the N- or C-terminal region of the
protein. The polyhistidine binds strongly to divalent metal ions such as nickel and
cobalt. The protein can be passed through a column containing immobilized nickel
ions, which binds the polyhistidine tag. All untagged proteins pass through the
column. The protein can be eluted with imidazole, which competes with the
poly-histidine tag for binding to the column, or by a decrease in pH (typically to
4.5), which decreases the affinity of the tag for the resin. There are also many
other tags or FLAGs for this purpose. Many membrane proteins are glycoproteins
and can be purified by sugar-binding lectin affinity chromatography.
Detergent-solubilized proteins can be allowed to bind to a chromatography resin
that has been modified to have a covalently attached lectin. Proteins that do not
bind to the lectin are washed away and then specifically bound glycoproteins can
be eluted by adding a high concentration of a sugar that competes with the bound
glycoproteins at the lectin binding site. Vise versa, for some lectin protein
purification, sugar can be conjugated onto resin and the lectin can be pulled down
from the mixture. High performance liquid chromatography or high pressure liquid
chromatography is a form of chromatography applying high pressure to drive the
solutes through the column faster. This means that the diffusion is limited and the

resolution is improved.

2.1.3 Characterization of purified protein
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After purification, the protein can be tested, quantitated, concentrated,
lyophilized, and stored, according to its properties and the research needs. The
protein purity and concentration can be roughly measured with a SDS-PAGE
system. If the protein has a distinguishing spectroscopic feature or enzymatic
activity, this property can be used to detect and quantify the specific protein, and
thus to select the fractions of the separation that contain the protein. If antibodies
against the protein are available, then western blotting and ELISA can specifically

detect and quantify the amount of desired protein.

2.1.4 Production and purification of recombinant om entin

To purify recombinant human omentin for following functional studies, we first
tried to express his-tagged omentin in E.coli. Omentin expression was high in the
bateria, but it was in inclusion body and insoluble. We extracted omentin from
inclusion body with 8 M urea and purified it with nickel affinity column. Purified
omentin precipitated when we tried to change the buffer to PBS buffer or Tris.HCI
buffer without urea. We tried to resolubilize omentin, but it didn’t work well. Thus,
omentin produced and purified in the bacteria is not good for functional study.
Next, we tried to express omentin in mammalian cells, HEK293. The expression
level was low and we first used ammonium sulfate to precipitate omentin and then
ion exchange chromatography to purify it. In this way, a small quantity of omentin
was purified, but it was not pure enough for functional study. Finally, we
expressed omentin in High-Five insect cells and omentin was secreted into the
culture medium at a high level. Omentin was then purified with
galactose-conjugated affinity column by taking advantage of the fact that omentin
is a lectin and can bind to galactose. The purified omentin was then tested and

used for later structural and functional studies.
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2.2 RESEARCH DESIGN AND METHODS

Human omentin cDNA was cloned into baculovirus transfer vector and
recombinant baculoviruses with omentin gene was generated and amplified. The
viruses were then used to infect High-Five insect cells to express and secrete
omentin. The secreted omentin in the medium was then diluted with binding buffer

and loaded onto a galactose-conjugated column for purification.

2.2.1 Vector construction
Human omentin gene without secretion signal was first cloned into pVL1392
vector (Invitrogen) at Bglll/Notl site and then into pAcGP67-C baculovirus transfer

vector (BD Biosciences).

2.2.2 Generation of human omentin recombinant bacul  oviruses in Sf9 insect
cells.

Spodoptera frugiperda Sf9 insect cells were grown in TNM-FH medium
(SAFC Biosciences, KS, USA) supplemented with 10% FBS and 50 pg/ml
gentamicin at 27C. To generate omentin baculovirus, 1.5 pg of omentin
baculovirus transfer vector was transfected into Sf9 insect cells with 200 ng of
linearized BaculoGold Bright DNA (BD Biosciences, San Diego, CA) using
Cellfectin (Invitrogen) transfection reagent according to the manufacturer’s
protocol. Four to five days after transfection, recombinant baculoviruses were
harvested from the cell culture medium and stored at 4C and named generation
1 virus, which was sequentially amplified by infecting more Sf9 cells until
generation 4. As the recombinant virus carries green fluorescence protein (GFP),
the virus titer was determined by the method of end point dilution through counting
the numbers of infected green cells under fluorescence microscopy 48 h after

infection.

2.2.3 Expression and purification of recombinant om entin protein in

High-Five insect cells
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Two liters of High-Five insect cells (1-2 X 10° cells/ml, Invitrogen) were
grown in Ex-cell 405 medium (SAFC Biosciences) and infected by the generation
4 virus at a multiplicity of infection (MOI) of 5 to express human omentin
recombinant protein by shaking (150 rpm/min) at 27°C. Forty-eight hours after
infection, the medium was centrifuged at 5,000g for 5 minutes and the
supernatant was collected. The supernatant was then centrifuged at 20,000 x g
for 30 minutes and filtered through 0.2 pum filter. The culture medium was added
20X Tris-buffer saline (TBS, pH7.4) (USB cat. 75892) to final 1X, and CaCl; to
final 50 mM. 3 ml of D-galactose-conjugated resin (Pierce Inc.) was packed into
the column and equilibrated with 50 ml binding buffer (1X TBS, 50 mM CacCl,).
The culture medium was kept on ice and loaded to the column continuously with
an AKTA FPLC system (GE Healthcare) at a flow rate of 2 ml/min. After the
sample loading, the column was washed first with 60 ml binding buffer and then
40 ml of 10 mM Tris.HCI buffer (pH 8.0). Finally the column was eluted with a
gradient of elution buffer (10 mM Tris, 0 to 20 mM EDTA, pH 8.0). Omentin was
eluted out as soon as the elution buffer passed through the column. The elution
peak was at about 20% elution buffer (4 mM of EDTA). The eluent was collected 3
ml/tube and tested for protein quantity and purity with SDS-PAGE. The fractions
with pure omentin were diluted with 10 mM Tris.HCI buffer to remove EDTA
before omentin was concentrated and measured with protein assay (Bio-rad).
Typically, 1-2 mg of omentin was purified for 1 liter of culture medium. Omentin

was stored at 4<C for short time use or at —20<C.
2.2.4 Electrophoresis

For SDS-PAGE, the total monomer concentration of the stacking gel was 3%
(w/v) and the separation gel was 10% (w/v). Dimensions of the gel immersed in
running buffer (0.1% SDS, 0.05 M Tris/0.384 M glycine buffer, pH 8.3) were 8 x 8
x 0.1 cm. Samples in loading buffer (1% SDS, 1% mercaptoethanol, 20% glycerol,
0.02% bromophenol blue, 0.01 M Tris-HCI, pH 8.0) were incubated at 100<C for

5 min before electrophoresis. Electrophoresis was performed at room
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temperature for approximately 2 h, and the system was programmed to a
two-step mode with applying constant current 10 mA in stacking gel and 20 mA in
the separation gel. Gels were stained with Coomassie Blue R-250 (Fluka,

Germany) overnight and were then washed in de-staining solution for 4 h.

For native gel electrophoresis, the total monomer concentration of the stacking
gel was 3% and the separation gel was 10%. The electrophoretic program was
set as for SDS-PAGE except that the running buffer was 0.05 M Tris/0.384 M
glycine buffer (pH 8.3) and the loading buffer was 40% sucrose solution
containing 0.1% bromophenol blue. Gels were stained with 0.05% Coomassie
Blue R-250 solution containing 20% sulfosalicylic acid for 1 h and were then

washed in destaining solutions for 2 h. [81]
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2.3 RESULTS

2.3.1 Cloning and expression of omentin cDNA in the insect cell expression

system.

Human omentin cDNA without the secretion signal is in-frame cloned into the
baculovirus transfer vector, pAcGP67-C, right after the gp67 secretion signal
under polyhedron promoter. (Figure 2.1). The vector was then transformed into
sf9 cells to generate viruses, which were used to infect High-Five cells to express
omentin. Omentin was secreted into the culture medium and confirmed with

western blotting.
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Figure 2.1 Omentin expression vector map.

Human omentin cDNA without secretion signal (first 17 Amino acids) was
in-frame linked to baculovirus vector pAcGP67-C at Notl and Smal sites. The

vector has its own secretion signal and can secret protein linked to this site.
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2.3.2 Purification of omentin with galactose-conjug ated resin column with

FPLC.

Omentin is a lectin and binds to galactose in a Ca®* dependent manner. We
took advantage of this property to purify the protein. Omentin-containing culture
medium was supplemented with TBS buffer and Ca** to facility omentin’s binding
to a column of galactose-conjugated resin with FPLC. The sample loading took
about 16 hours. The flow-through culture medium was collected at the beginning
and end of the loading. Omentin in the flow-through medium was tested with
SDS-PAGE. There was a small fraction of omentin passing through the column
without binding and it slightly increased with the loading. After loading, the column
was then washed with binding buffer and 10 mM Tris buffer sequentially, none of
which resulted in significant loss of the omentin. Omentin was then eluted out with
increasing EDTA, which chelated Ca®*, with a clear peak at 4 mM EDTA. The
whole process is showed on chromatographic figure (Figure 2.2). Samples from
different stages were then analyzed on SDS-PAGE to monitor purification efficacy
(Figure 2.3). Omentin was effectively purified with this protocol. Majority of
omentin bound to the column and was eluted at a high concentration with high
homogeneity as revealed by SDS-PAGE (Figure 2.4A ) and protein assay (Figure
2.4B).

2.3. 3 Functional tests of purified recombinant ome ntin.

Purified omentin forms trimer on native gel electrophoresis (Figure 2.5). It
also increases AMPK phosphorylation and fatty acid oxidation (Chapter 3).
Indirectly, the purified protein was used to form crystal for crystallographic

investigation and needle-like crystal was observed (Figure 2.6).
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Figure 2.2 Purification process of omentin.

Two liters of High-Five insect cell culture medium (transduced with
baculovirus expressing omentin for 2 days) was supplemented with Tris.HCI
buffer and Ca** before it was loaded onto a galactose-conjugated affinity column
(Loading). Chromatographic figure (UV280) shows sample loading onto the
column (2000ml), washing and eluting. Omentin bound to galactose residual on
the column is washed with binding buffer (60 ml) and 10 mM Tris.HCI (40 ml),
and eluted with increasing concentration of EDTA. Omentin was eluted out at

about 0.8 mM EDTA.
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Figure 2.3 SDS-PAGE for omentin purification with affinity column.

Omentin was purified as shown in Figure 2.2. Fractions from different steps
were collected and 10 ul of each fraction was loaded on to 10% SDS-PAGE. From
left to right: Protein Marker (M), Input Sample (IS), Flow-through 1 (FT1, collected
at the beginning of sample loading), Flow-through 2 (FT2, collected at the end of
sample loading), Wash 1 (W1, with binding buffer), Wash 2 (W2, with 10 mM
Tris.HCI buffer), Elution fractions 1-4 (E1-4). As showed with the arrows, omentin
concentration was high in IS and much less after it passed the affinity column
indicating omentin bound to the column. Omentin was eluted out with high

concentration and purity.
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Figure 2.4 Quantification of omentin with SDS-PAGE.

A. 5 ul of purified omentin was run on SDS-PAGE with 5 pl of different
concentrations of BSA, respectively. Densitometric comparison of omentin with
BSA determines its concentration; B. 4 pl of omentin and 4 pl of different
concentrations of BSA were separately mixed with 96 pl of Bradford protein assay
buffer in 96 well plate and absorbance (590) was measured. Here shows the BSA
curve. Concentration of omentin is determined according to BSA curve. 3 mg of

omentin was obtained for two liters of culture medium.
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Figure 2.5 Omentin forms trimer on native gel electrophoresis.

5 ug of native omentin were run on 10% native gel (without mercaptoethanol

and SDS). Native omentin formed trimer as showed on the gel (Arrow).
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Figure 2.6 Needle-like omentin crystals

About 15 mg of purified omentin was sent to Dr. Selby at University of Central

Florida for crystallographic study. Different conditions were tried to form crystals.

Image from Dr. Selby at University of Central Florida
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2.4 DISCUSSION
2.4.1 Different approaches taken to purify recombin  ant omentin

Purification of omentin is the first step in studying its structure and function.
We first cloned and expressed omentin with a His-tag in E. coli. However, omentin
remained in the inclusion body and insoluble. This could be due to three reasons:
one is that the positively charged His-tag could affect omentin’s structure and
correct folding; another is that the protein is toxic to E. coli and bacteria tend to
separate themselves from it; a third reason is that omentin is a secreted matrix
protein with glycosylation modification and bacteria do not have the proper
glycosylation, so the protein is not folded properly. To overcome the insoluble
problem, an attempt was made to use mammalian cells (HEK293) to express
secreted omentin without his-tag. The protein was soluble, but the expression
levels were relatively low, which could partly be explained by the fact that omentin
is a GPI linked protein and a large part of the protein may be attached to cell
membrane. Another reason could be that 1% FBS was used in the culture
medium in order to facilitate the purification process, and the cells were not very
healthy. We tried ammonium sulfate to precipitate omentin and MonoQ
chromatography for purification. Using this process, some pure omentin was
obtained. However, this protocol took a long time with low yield and may decrease
the biological activity. Finally, we employed the insect expression system. In this
system, the cells were cultured in suspension and infected with the
omentin-producing virus. The supernatant was then collected and centrifuged for
purification. Galactose-conjugated resin was used to pack an affinity column and
linked that to an HPLC in order to process a large quantity of sample. The
galactose-conjugated resin was used to purify omentin beforehand since omentin
is a lectin and can bind to galactose. The supernatant was diluted in a Tris buffer
with Ca®* since Ca®" is needed for omentin’s galactose-binding activity. For the
same reason, a PBS buffer was not used because phosphate can bind Ca** to
precipitate and that is also true for the case of PBS buffers, which worked poorly
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in omentin purification. After purification, when changing the buffer to PBS was

attempted, the majority of omentin precipitated.

2.4.2 Development of an effective protocol for reco  mbinant omentin

purification

With this method, omentin was produced in a shorter time period and at
higher concentration in the insect expression system and omentin can be purified
in one day. Up to two liters of diluted sample was used for a column with about 2.5
ml of resin. The protein was pure and roughly 1-2 mg could be obtained from 1
liter of supernatant. | noticed that about one third of the omentin passed through
the column without binding. This could be caused by loss of binding activity or
limited accessibility to galactosyl group in the short column. Unbound omentin
percentage increased with loading. The columns could be reused at least for
several preparations; however, the efficacy decreased considerably even with
thorough washing. This could occur because of the loss of galactosyl group or

accumulation of the cell debris in the column.

The purified omentin was concentrated to 2 mg/ml without precipitation in
0.01 M Tris.HCI buffer (pH7.5). It forms a trimer on native PAGE and increases
AMPK phosphorylation and fatty acid oxidation in C2C12 myocytes (Chapter 3).
The purified omentin was also sent to one of our collaborators, Dr. Selby at
University of Central Florida for crystallography. Needle-like crystals were formed
under certain conditions, although crystal structure study was not pursued later.
These data show this protocol is effective to produce enough active omentin for

our structural and functional studies.
| found that the purified recombinant omentin lost its AMPK-activating activity
after 24 hours at room temperature. Thus, we routinely aliquot and keep omentin

at -20C or -80<C.
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CHAPTER 3: FUNCTIONAL STUDY OF OMENTIN IN ENERGY ME TABOLISM
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3.1 INTRODUCTION

Obesity is the result of an imbalance of more energy intake than expenditure.
In obese individuals, in addition to adipose tissue, a high amount of excess
energy in the form of triglyceride is stored in liver, muscle, and other organs,
which impedes glucose uptake and metabolism. So the capacity of adipose tissue

to store and utilize fat is an important element in insulin resistance pathogenesis.

3.1.1 Energy metabolism is regulated by AKT and AMP K pathways.

Glucose is one of the major molecules in energy intake. The main glucose
transport pathway is mediated by the IR-IRS-PI3K-AKT-GLUT4 pathway. AKT is
a molecule that controls cell survival, growth, proliferation, migration,
angiogenesis, and metabolism, and activates glucose uptake in the presence of
insulin. At the same time it can negatively regulate IRS activity by phosphorylating
IRS at S612 and S632 through the mTOR-S6K pathway [82]. IRS is a major
regulating site for glucose transport and the inhibition of IRS has been linked to

insulin resistance.

The other side of energy metabolism is energy expenditure. AMP-activated
protein kinase (AMPK) plays an important role in regulating food intake, body
weight, and glucose and lipid homeostasis [83]. AMPK is considered to be an
“energy gauge”, which senses energy level in cells. Once the energy level is low,
AMPK is then activated. It can also be activated by exercise, contraction, hypoxia,
hyperosmotic, AICAR, and adiponectin. Activated AMPK can increase
energy-generation and inhibit energy—consuming processes. AMPK can inhibit
fatty acid synthesis and increase fatty acid oxidation to raise energy levels in cells
by phosphorylating ACC1 and 2, respectively. At the same time, it increases
glucose transport into cells. One mechanism is to increase glucose transport by
crosstalk with the IR-IRS-PI3K-AKT-GLUT4 pathway. It has been identified that

AMPK can activate IRS by phosphorylating S789 and/or de-phosphorylating S612
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and S632, which antagonize negative feedback of AKT to IRS and sensitize

insulin’s action [82].

3.1.2 Role of omentin in energy metabolism

Adipose tissue has also been well recognized as an endocrine organ
secreting adipokines and regulating energy homeostasis. For example, leptin is
secreted by adipocytes, and it effectively monitors obesity and regulates energy
homeostasis at different levels. It inhibits food intake and increases glucose and
fatty acid utilization. Another example is adiponectin, which is also secreted by
adipocytes and has been demonstrated to increases glucose uptake and fatty
acid oxidation. Both leptin and adiponectin have been reported to activate AMP

activated protein kinase.

Previous studies show that omentin increased AKT phosphorylation and
insulin-mediated glucose uptake in adipocytes. However, the mechanism is not
well understood. Another observation is that omentin expression, like adiponectin,
is decreased with obesity. In the present study, | examined whether omentin plays
a role in energy uptake and metabolism in muscle cells, the major energy utilizing

cells. The possible mechanism is addressed.
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3.2 RESEARCH DESIGN AND METHODS

3.2.1 Animals

The animal protocol was approved by IACUC of University of Maryland at
Baltimore, school of medicine. Male C57BL/6 mice (aged 4-6 wk) were
purchased from NCI, Frederick. The mice were maintained in University of

Maryland at Baltimore animal facility.

For the in vivo AMPK and ACC phosphorylation assay, mice were
intraperitoneally injected with omentin (2 mg/kg body weight) one hour before the
mice were sacrificed. Skeletal muscle and liver were collected. The tissues were
then lysed with lysis buffer ( 10 mM Tris.HCI, pH 7.5, 10 mM NaCl, 1 mM EDTA,
1% Triton-100, 50 mM NaF, 5 mM pyrophosphate, 1 mM PMSF, 1.5 mM NazVOy,
proteinase inhibitor (Sigma, P8340), 1 mM DTT ) and AMPK and ACC

phosphorylation were analyzed with Western blotting.

IPGTT: The mice were feed with high fat diet for four weeks. The mice were
fasted overnight, and 2 mg/kg mouse weight of omentin was intraperitoneally
injected one hour before the glucose (2 g/kg body weight) was injected. Blood
glucose was then measured by tail vein with glucose meter thereafter for two

hours.

3.2.2 Reagents

Different sources of omentin were used in the following functional study and
are listed below. The omentin concentration used for study may vary due to the

observed difference in potency for different omentin lots.
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3.2.3 Cell culture

C2C12 (from the American Type Culture Collection (ATCC), Manassas, VA)
were grown in DMEM supplemented with 10% fetal bovine serum and 1%
penicillin—streptomycin. C2C12 myotubes were induced by growing the cells in
low-serum differentiation medium (98% DMEM, 2% (v/v) horse serum, 4.0 mM
glutamine, 25 mM HEPES). The medium was changed daily and multinucleated

myotubes were normally observed by days 5-7.

3.2.4 Western blotting

The expression and phosphorylation levels of various proteins were
detected by western blot of cell lysates or immunoprecipitates with specific
antibodies. (AMPK, ACC, AKT, pAMPK, pACC, AKT, pAKT, p70S6K were all from
Cell signaling.) Quantification of the relative increase in protein phosphorylation
(expressed as percentage of basal phosphorylation; arbitrarily set as 1.0) was
performed by analyzing western blots and was normalized for the amount of

protein expressed in each experiment.

3.2.5 Fatty acid oxidation

Differentiated C2C12 myotubes were serum-starved for 2 h and incubated

with preincubation buffer (DMEM, 12 mM glucose, 4 mM glutamine, 25 mM
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HEPES, 1% free fatty acid (FFA)-free BSA and 0.25 mM oleate) for 1 h in 24-well
plates as previously described [84]. Following addition of **C-oleic acid (0.5 uCi
/ml; American Radiolabeled Chemicals, St Louis, MO), cells were incubated for
1.5 h at 37 T in the presence or absence of omenti n. Each well was covered with
a piece of filter paper (Whatman paper #3; Whatman, Florham Park, NJ). After
incubation, 0.1 ml of 70% perchloric acid (Sigma) was injected into the wells with
a syringe and 0.2 ml of 3 M NaOH was injected onto the Whatman paper. The
filter paper was removed from the wells after collection of CO; for one hour. The

amount of **C-radioactivity was determined by a liquid scintillation counter.
3.2.6 Glucose uptake

2-deoxylglucose (DG) uptake measurements were carried out as described
previously [85] with minor modifications. C2C12 cells were cultured and
differentiated in 12-well plates. Differentiation medium was then aspirated and
cells were washed twice with PBS before 0.5 ml of serum-free medium was
replaced. The cells were first pre-incubated with 10 pg / ml of omentin for 20 min
at 37 €. Then some wells were added 100 nM insulin for another 20 minutes.
The cells were then washed twice with HBS (Hepes-buffered saline: 20 mM
Hepes-Na, pH 7.4, 140 mM NacCl, 5 mM KCI, 2.5 mM MgSO,4, 1 mM CacCl,). 500
gl of transport medium (0.1 pCi/ml 2-DG tracer (American Radiolabeled
Chemicals, NEC495A250UC) in HBS with or without 100 nM insulin) was then
added. Uptake was allowed at room temperature for 10 min. Cells were
subsequently washed with cold PBS for three times and lysed in 0.5 ml of 0.2%
SDS + 0.2 N NaOH.for one hour. The solution was then transferred into
scintillation tube and radioactivity was counted. The non-specific uptake was
measured in the presence of 10 yM cytochalasin B (Sigma) and subtracted as

background.
3.2.7 Analysis.

Statistical evaluation of the data was done using student’s t-test.
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3.3 RESULTS:

3.3.1 Omentin increases AMPK and ACC phosphorylatio n in C2C12

myocytes.

Previous studies have demonstrated that omentin can increase
insulin-induced glucose uptake in adipocytes [86]. Many adipokines, such as
adiponectin and leptin, regulate glucose uptake through AMPK, so we
hypothesize that omentin may play a role in energy metabolism in muscle through
AMPK pathway. C2C12 cells were differentiated for 3 days in DMEM medium
supplemented with 2% horse serum and 100 nM insulin and then changed to
medium without insulin for one day. The cells were then serum-starved for 6 hours
and treated with different doses of omentin. Omentin (b) was used in this assay.
PBS was added as negative control and AICAR as positive control. C2C12
myocytes were incubated with omentin for 5 minutes before they were lysed and
western blots were carried out. As expected, AMPK phosphorylation was
increased with omentin treatments (1.8 fold at 2 pg/ml versus control) and so was
its downstream target, ACC (2 fold at 2 pg/ml versus control), which was
comparable to effect of 2 mM AICAR. Omentin increases AMPK phosphorylation
and ACC in a dose dependent manner and reached its peak at 2 ug/ml (Figure

3.1).
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Figure 3.1 Omentin increases AMPK and ACC phosphorylation in C2C12

myocytes.

A. Representative images for AMPK and ACC phosphorylation; B. Densitometric

analysis of P-AMPK; C. Densitometric analysis of P-ACC.

Data from three independent experiments with duplicates. *, p < 0.05 vs. control;

** p < 0.01 vs. control.

-45 -



3.3.2 Omentin increases fatty acid oxidation in C2C 12 myocytes.

ACC phosphorylation decreases intracellular malonyl-CoA levels and
stimulates carnitine palmitoyl transferase 1 (CPT1), which ultimately increases the
influx of long-chain fatty acids into the mitochondria where they are oxidized. So
we next tested whether omentin treatments increased fatty acid oxidation in
C2C12 myocytes using a modified method described before [84]. Several known
reagents that increase fatty acid oxidation were used for comparison. 2 mM of
AICAR robustly increases fatty acid oxidation by one fold. 10 uM of Wy14643 and
1 pg/ml of globular adiponectin usually resulted in 30% increase of fatty acid
oxidation, which are consistent with previous results from other groups and
comparable to 1 pg/ml of omentin’s effect on fatty acid oxidation (Figure 3.2A).
Omentin (omentin (a) and (c)) increased fatty acid oxidation in a dose-dependent

manner (0.01 to 1 pug/ml) (Figure 3.2B).
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Figure 3.2 Omentin increases fatty acid oxidation in C2C12 myocytes.

A. Differentiated C2C12 cells were incubated with AICAR (2 mM), globular
adiponectin (1 pg/ml) Wy14643 (10 uM, preincubated for 16 hours before assay)
and omentin (1 pg/ml) together with C** labeled oleate for 2 hours before the
generated CO; from fatty acid oxidation was collected and radioactivity was read.
Omentin increased fatty acid oxdidation.

B. Differentiated C2C12 cells were incubated with different doses of omentin
(ng/ml) showing that omentin increased fatty acid oxidation in a dose dependent
manner.

Data were repeats of three independent assays. For each assay, each treatment

had 3 or 4 samples. * p < 0.05 vs. control.
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3.3.3 Omentin inhibits p70S6K phosphorylationin C2 ~ C12 myocytes.

AMPK has been shown to inhibit mTOR- p70S6K pathway. We then tested
whether omentin could inhibit p70S6K phosphorylation. Differentiated C2C12
myotubes were serum starved for 1 hour, and then treated with omentin (2 pg/ml,
omentin (b)) for 5 minutes and insulin (10 nM) for another 5 minutes. Western
blotting results show that omentin decreases p70S6K phosphorylation by 20%, in
the presence of 10 nM insulin. Without insulin, we didn’'t detect p70S6K
phosphorylation (Figure 3.3).
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Figure 3.3 Omentin inhibits P70S6K phosphorylation in C2C12 cells.

A. C2C12 cells was incubated with omentin (2 ug/ml) or PBS control (CTL) for 5
minutes and then insulin (10 nM) for another 5 minutes. P70S6K phosphorylation
was decreased with omentin and AICAR treatments. B. Densitometric analysis of
p70S6K phosphorylation. Experiments were repeated 3 times. *, p < 0.05 vs.

insulin.
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3.3.4 Omentin increases AKT phosphorylation in C2C1 2 cells.

P70S6K has been demonstrated to increase serine phosphorylation and
decrease tyrosine phosphorylation in IRS-1 leading to decreased AKT
phosphorylation and activity. We then examined whether omentin increases AKT
phosphorylation. Differentiated C2C12 myotubes were serum-starved with DMEM
medium. The cells were first treated with omentin (ug/ml, omentin (b)), AICAR (2
mM) and PBS separately for 5 minutes, and then insulin (10 nM) for another 5
minutes before the cells were lysed and Western blotting was performed. Omentin

(1 pg/ml) increases AKT phosphorylation by 20% (Figure 3.4).
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Figure 3.4 Omentin increases AKT phosphorylation in C2C12 cells.

C2C12 cells were first treated with different doses of omentin (ug/ml) for 5
minutes, and then insulin (10 nM) for another 5 minutes before the cells were
lysed and Western blotting was performed. Experiments were repeated 3 times. *,

p < 0.05 vs. PBS control.
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3.3.5 Omentin increases glucose uptake in C2C12 myocytes.

Activation of AKT increases Glut4 translocation onto cell membrane and
hence increases glucose uptake by insulin-responsive cells. We then examined
whether omentin can enhance glucose uptake in C2C12 myocytes. As expected,
omentin (omentin (a)) treatment increased the insulin-stimulated glucose uptake

(Figure 3.5).

Glucose Transport (arbitrary unit)

Control omentin Insulin Ins + omentin

Treatments

Figure 3.5 Omentin increases glucose uptake in C2C12 myocytes.

C2C12 cells were serum-starved and treated with omentin (10 pg/ml) for one
hour. Glucose uptake assay was then performed as describe in methods.
Representative results for three independent experiments. Each treatment had

guadruplicates. *, p <0.05 vs. control.
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3.3.6 Omentin increases ACC phosphorylation in live r and muscle of

omentin-injected mouse.

Finally, we tested whether omentin can increase AMPK and ACC
phosphorylation in vivo. 8-10 week old mice (C57BL/6) were intraperitoneally
injected with recombinant omentin (2 mg/kg body weight, omentin (c)) or PBS
(Control). One hour later, the mice were sacrificed, and serum, liver and muscle
were collected. The tissues were lysed and used for Western blotting. Western
blotting shows that phosphorylation of ACC in both liver (Figure 3.6.2b) and
muscle (Figure 3.6.1b ) is increased with omentin injection. There is no significant
difference for AMPK phosphorylation between omentin and PBS injected mice in

both liver (Figure 3.6.2c ) and muscle (Figure 3.6.1c).
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Figure 3.6.1 Omentin increases ACC phosphorylation in muscle in mouse.

2 mg/kg body weight of omentin was injected intraperitoneally one hour
before the mice were sacrificed and skeletal muscle was collected. The muscle
was lysed and 100 pg of protein was used for Western blotting. n = 4 for control, 6

for omentin, *, p < 0.05 vs. control.
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Figure 3.6.2 Omentin increases hepatic ACC phosphorylation in mice.

2 mg/kg body weight of omentin was injected intraperitoneally one hour
before the mice were sacrificed and livers were collected. The liver was lysed and
50 ug of protein was used for Western blotting. n = 4 for control, 6 for omentin, **,

p < 0.01 vs. control.
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3.3.7 Omentin improves glucose disposal in mice.

8 to 10 week mice were intraperitoneally injected with recombinant omentin
(2 mg/kg body weight) or PBS (Control). One hour later, 2 g/kg body weight of
glucose was injected. Glucose was measured thereafter for two hours. Data

showed that omentin significantly improved glucose disposal at 60 and 90

minutes after glucose injection. . (Figure 3.7)
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Figure 3.7 Omentin improves glucose disposal in mic e.

IPGTT assay was performed with omentin- (red) or vehicle- (green) injected

mice (n = 5). Serum glucose was monitored for 2 hours after injection of glucose.

* p < 0.05 vs. control.
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3.4 DISCUSSION
3.4.1 Activation of glucose uptake and fatty acid o  xidation by omentin

In this study, we find that omentin activates AMPK pathways. AMPK is the
major regulator of energy homeostasis and its activation increases energy
expenditure including glucose and fatty acid oxidation. Ectopic storage of fat in
muscle and hepatocytes has been proposed to induce insulin resistance, which
could be explained by high fatty acids levels competing with glucose as oxidation
substrate. More recently, glucose transport has been shown to be the rate-limiting
step in glucose oxidation, and fatty acids decrease glucose transport pathway
activity. Whichever the mechanism is, AMPK can improve insulin resistance by
crosstalk to AKT through p70S6K or by decreasing fatty acid levels. So omentin is
an insulin sensitizing adipokine. This is supported by that omentin increases AKT
phosphorylation and glucose uptake in C2C12 myocytes. At the same time,
omentin increases ACC phosphorylation and fatty acid oxidation in C2C12
myocytes. Consistently, omentin increases glucose disposal and ACC
phosphorylation in vivo. Since muscle is the major energy-utilizing site, omentin
may contribute considerably to energy expenditure and improve insulin resistance.
AMPK might have been activated by omentin in mouse liver and muscle because
ACC phosphorylation is increased. But we didn’t detect the increase of AMPK
phosphorylation in tissues of the omentin-injected mice, which is probably due to
that AMPK phosphorylation is transient and it returns to baseline one hour after
treatment. Activation of AMPK in the liver leads to the stimulation of fatty acid
oxidation and inhibition of lipogenesis and glucose production [87]. So omentin

treatment could have a beneficial effect on lowering blood glucose by decreasing
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gluconeogenesis. Increased oxidation of fatty acids could also improve insulin

sensitivity and insulin clearance by liver.
3.4.2 Possible role of omentin as an insulin sensit izer in visceral fat

Omentin is decreased with obesity and is inversely correlated to insulin
resistance. It has been shown that omentin activates AKT and increases
insulin-mediated glucose uptake in adipocytes indicating that omentin may serve
as an insulin sensitizer. Omental fat has less insulin receptors and higher lipolysis
in comparison to subcutaneous fat. It has been proposed that free fatty acids that
released from visceral adipose tissue can decrease insulin clearance and
increase gluconeogenesis by liver. If omentin serves as an insulin sensitizer, it
would inhibit lipolysis and have beneficial functions in insulin resistance. This is
important especially because as an insulin sensitizer, adiponectin, is expressed
less in omental fat where omentin could compensate it in maintaining fatty acid
storage and mobilization. Activation of AMPK by adiponectin or AICAR has been
shown to inhibit lipolysis. In this study, | find that omentin also increases AMPK
phosphorylation in adipocytes, suggesting that omentin may inhibit lipolysis.
Omentin’s correlation to obesity and its function in energy metabolism resemble
adiponectin except that omentin is expressed in stromal vascular cells rather than
in adipocytes. This could be of advantage in evolution under some condition, such
as in omental fat, where adiponectin expression is inhibited while omentin from
stromal vascular cells can still fulfill its function in energy metabolism. This could
also be true during infection when adiponectin expression is decreased while
omentin is increased, so the host can still maintain energy homeostasis. Our
result showed that IL-6, an inflammatory cytokine, increased omentin secretion

whereas it decreases adiponectin expression (See Chapter 4).
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3.4.3 Omentin activates AMPK phosphorylation in oth  er cell types.

In addition to myocytes and adipocytes, | found that omentin could also
increase AMPK phosphorylation in hepatocytes, cardiomyocytes and endothelial

cells suggesting more broad biological functions (data not shown).
3.4.4 Possible signaling mechanism of omentin

Omentin increases AMPK and ACC phosphorylation in a rapid and dose
dependent manner, suggesting that a receptor may mediate the signal into a cell.
Omentin has been reported to bind lactoferrin. However, in our in vitro system,
lactoferrin is likely not present. So whether omentin acts through
omentin-lactoferrin complex or omentin has its own unidentified interacting protein
or receptor is a subject of further investigation. We tried to identify omentin
interacting protein (Chapter 5) with yeast two hybrid system. However, lactoferrin
was not identified with Y2H. This could be due to that lactoferin is a secreted
protein and could not be identified by Y2H system. We also cannot rule out the

existence of other omentin receptor(s).
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CHAPTER 4: REGULATION AND FUNCTION OF OMENTIN IN IM MUNE
RESPONSE.
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4.1 INTRODUCTION

4.1.1 Omentin as an acute phase protein.

A body of literature has shown that omentin is increased in parasite or
bacterial infections and asthma, all of which indicate that omentin may play a role
in immune defense responses. Omentin is reported as one acute phase protein
that participates in host defense. IL-6 is the major inducer of acute phase proteins
and can induce a number of acute phase proteins including CRP, SAA,
mannose-binding protein and fibrinogen. These proteins can either opsonize,
agglutinate, neutralize the pathogen, or attract other proteins/cells, such as
complement proteins and leukocytes, to kill the pathogens. Omentin is a lectin
and binds to galactofuronosyl group, which is present in parasites and bacteria
rather than mammals. Omentin binds to Mycobacteria[75]. So | hypothesized that
omentin is an acute phase protein which can be induced by inflammatory
cytokines, such as IL-6, and as a result, omentin then binds to pathogen and play

a role in host defense.

In this study, | used human primary endothelial and mesothelial cells, two
types of cells known to participate inflammatory and immune response, for
studying possible function of omentin in the respect. | found that IL-6 could induce
omentin secretion in both types of cells. Moreover, omentin activated the
AMPK-eNOS pathway in endothelial cells, whose product nitric oxide (NO) could
kill pathogens or attract immune cells to eliminate pathogens. Omentin increased
mesothelial and breast cancer MCF-7 cell migration, indicating that omentin may

help mobilize cells to eliminate pathogens.
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4.2 RESEARCH DESIGN AND METHODS

4.2.1 Cell lines and conditions.

MCEF-7 cells were cultured in RPMI 1640 (Invitrogen) supplemented with
10% heat-inactivated fetal bovine serum (Hyclone), 2 mmol/L L-glutamine
(Invitrogen), nonessential amino acids, 1,000 units/mL penicillin and 10,000
Mg/mL  streptomycin. Endothelial cells were purchased from ATCC and

mesothelial cells were a gift from Dr. McLenithan.

4.2.2 Reagent
Omentin: All the omentin used in this chapter is omentin (c).
4.2.3 AKT, eNOS, and AMPK phosphorylation after ome  ntin treatments.

Human aortic endothelium cells (HAECs) were cultured in endothelial cell
growth medium-2 (). Before each experiment cells were placed in endothelial cell
basal medium-2 with 0.5% fetal bovine serum for 16 h for serum starvation. Cells
were then changed into medium without FBS for 4 hours. Experiments were
performed by the addition of 2 mM of AICAR (positive control), omentin (1 pug/ml),
and vehicle for 10 minutes. Cell lysates were resolved by SDS-PAGE. The
membranes were immunoblotted with the antibodies at a 1:1000 dilution followed
by the secondary antibody conjugated with horseradish peroxidase at a 1:5000

dilution.
4.2.4 Mesothelial cell migration assay.

5 X 10* of mesothelial cells (passage 2 or 3) in 0.1 ml of culture medium were
plated in the upper chamber of the transwell (5 um pores, Costar Inc). 0.5 ml of
culture medium with omentin, IL-13 (Millipore) or vehicle was added into the lower
chamber. The cells were allowed to migrate for 24 hours at 37<C. The cells on the

upper side of the filter was removed with a cotton swab and stained for one hour
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with crystal violet (Sigma) in 2% ethanol before it was rinsed in water. Gently cut
the filter from the chamber and extract crystal violet with 10% acetic acid
extraction buffer and transfer to wells of a 96-multiwell plate, and the absorbance
was read at 595 nm in each well. Experiments were repeated three times with

triplicate samples.

4.2.5 Effect of omentin on proliferation of breast cancer cell line MCF-7.

MCF-7 cells were grown in 24-well plates (2.5 X 10* cells / well). Cells were
then treated with estrogen (1 ng/ml) and omentin (10 pug/ml ) for 24 hours. Cells
were stained with crystal violet in 2% ethanol and washed. Crystal violet in cells
was extracted with 10% acetic acid extraction buffer and transfer to wells of a
96-multiwell plate, and the absorbance was read at 595 nm in each well.

Experiments were repeated three times with triplicate samples.

4.2.6 Scratch/wound assay with MCF-7 cells.

MCF-7 cells were grown in 12-well plates to 100% confluence. Cells were
then cultured in a medium containing 1% charcoal/dextran treated FBS for 12
hours. Cells were scratched with a 10 yL pipette tip and cultured with hFGF (20
ng/ml, Millipore), omentin (10 pg/ml) or vehicle for 24 hours. The cells were then
stained with crystal violet in 2% ethanol and pictures were taken under

microscope.

4.2.7 Analysis.

Statistical evaluation of the data was done using student’s t-test.
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4.3 RESULTS

4.3.1 IL-6 induced omentin secretion in HAEC cells and mesothelial cells.
Omentin is expressed in endothelial cells, which are an important component
of immune system. During bacterial infection, host immune system secretes
inflammatory cytokines to stimulate more downstream proteins, such as acute
phase proteins. IL-6 and TNFa are two major inducers of acute phase proteins,
such as SAA, CRP, fibrinogen, fibronectin, ferritin and mannose-binding protein.
More importantly, both TNFa and IL-6 are expressed in omental adipose tissues,
in which omentin is abundantly expressed. We tried to test whether these
cytokines regulate omentin expression in endothelial cells. Confluent HAECs cells
were incubated in same amount of culture medium with IL-13 (positive control),
TNFa, IL-6 or LPS, respectively, for 24 hours and the media were collected for
western blotting. With IL-6 treatments, omentin was greatly induced to the extent
as with IL-13 treatment. However, with TNFa and LPS treatments, omentin
expression was decreased. (Figure 4.1) This experiment was also reproduced
in human mesothelial cells. IL-6 and IL-13 increased omentin secretion and TNFa

decreased omentin secretion in mesothelial cells (data not shown).
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Figure 4.1 IL-6 induces omentin secretion in HAEC cells.

HAECs were incubated in 1 ml of culture medium in 12 well plates with
different doses of IL-13, IL-6, TNFa (ng/ml) for 2 days. The media were collected
and 30 ul each was run on 10% SDS-PAGE.

A. Western blotting of omentin in endothelial cell culture media with different

treatments (unit in ng/ml). Om: 2 ng of omentin as positive control,

B. Densitometric analysis of omentin secretion by HAECs. IL-13-10: 10 ng/ml of
IL-13, IL-13-50: 50 ng/ml of IL-13; TNFal10: 10 ng/ml of TNFa, TNFa50: 50 ng/ml
of TNFa. Data were means £ SD. n=3-5,*, p <0.05, ** p <0.01.
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4.3.2. Omentin increases AMPK phosphorylation in HA  EC cells.

We have demonstrated that omentin increases AMPK phosphorylation in
C2C12 cells. | tested other types of cells including HepG2 cells and rat
cardiomyocytes and obtained similar results (data not shown). Thus, | speculated
that omentin might have an autocrine function. So we tested AMPK
phosphorylation in endothelial cells. Indeed, omentin activates AMPK in a

time-dependent manner (Figure 4.2).
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Figure 4.2 Omentin increases AMPK phosphorylation in HAEC cells

HAECs were cultured in a media containing 0.5% serum overnight. The cells
were then incubated with 1 pg/ml of omentin for indicated time periods: 5 (Om5),
15 (Om15), 30 (Om30) and 60 (OM60) minutes. The cells were then lysed and
AMPK phosphorylation was assayed with Western blotting.

A. AMPK phosphorylation; B. Densitometric analysis of AMPK phosphorylation. *,
p <0.05, **, p <0.01 vs. control.
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4.3.3 eNOS phosphorylation by omentin in HAEC cells

AMPK directly phosphorylates eNOS, which produces nitric oxide (NO).
HAEC cells were grown to confluence and then serum-starved before incubated
with omentin (1pg/ml) or vehicle for different time periods. Cells were then lysed
and western blot was performed. eNOS phosphorylation increased after omentin
treatments for 5, 15 and 30 minutes and returned to control level after 60 minute
treatment. (Figure 4.3) Activation of eNOS in endothelial cells leads to production
of nitric oxide (NO), which has many beneficial functions including its bactericidal
activity. However, we didn’t detect significant increase in NO production with

omentin treatment.
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Figure 4.3 Omentin increased eNOS phosphorylation in HAEC cells

HAECs were starved with media containing 0.5% serum overnight. The cells
were then incubated with 1 pg/ml of omentin for different time periods: 5 (Om5),
15 (Om15), 30 (Om30) and 60 (Om60) minutes. The cells were then lysed and

eNOS phosphorylation was assayed with western blotting.
A. eNOS phosphorylation. Representative of three independent experiments.

B. Densitometric analysis of eNOS phosphorylation. *, p < 0.05, **, p < 0.01
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4.3.4 Omentin increases mesothelial cell migration.

Omentin or omentin-induced molecules, such as NO, may also promote cell
migration during infection for pathogen defense or injury repair. Study on the
effect of omentin on mesothelial cells was conducted in the transwell migration
assay system. Both omentin and IL-13 treatments increased mesothelial cell
migration (Figure 4.4a and b ). Omentin increased mesothelial cell migration in a

dose-dependent manner (Figure 4.4c).
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Figure 4.4 Omentin increases mesothelial cell migra  tion.

5 X 10* of mesothelial cells were cultured with 1L-13 (100 ng/ml) or indicated
doses of omentin (ug/ml) for 24 hours in transwell plate. The cells in the upper
side of the inserts were removed and cells on the lower side were stained with
crystal violet, taken photos and measured as described in the methods.

A. Representative images of migrated mesothelial cells treated with vehicle, IL-13
(100 ng/ml) or omentin (2 pg/ml). B & C. Quantification of mesothelial cell
migration with 1L-13 or different doses of omentin. Results are means + SD, n = 3,

*p < 0.05, * p < 0.01.
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4.3.5 Omentin increases breast cancer cell prolifer  ation and migration.

Omentin is a circulating protein and appears multifunctional. | then tested
whether omentin could regulate migration or growth in other type of cells. Breast
cancer cell line, MCF-7, was treated with estrogen, omentin or combination of
estrogen and omentin. Omentin or estrogen treatment increased MCF-7 cell
growth. Combination of estrogen and omentin did not additively increase MCF-7
growth. (Figure 4.5A) Scratch/wound healing assay was used to test MCF-7
migration. Confluent cells were scratched with a line of approximate 0.9 mm by a
20 ul pipette tip and then incubated with vehicle (Figure 4.5B), human FGF2
(Figure 4.5C) and omentin (Figure 4.5D) for 24 hours. Omentin incubation

significantly reduced the width of scratch.
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Figure 4.5 Omentin increases MCF-7 cell growth and migration.

A. Omentin increases MCF-7 cell proliferation. MCF-7 cells were incubated with
estrogen (1ng/ml), omentin (10 pg/ml), estrogen+omentin (Est+Om) or vehicle for
24 hours. The cells were then stained with crystal violet and concentration of
crystal violet was measured for cell proliferation. n =6; *, p < 0.05 vs. control.

B, C, D. Omentin increases MCF-7 cell migration.

MCEF-7 cells were cultured to confluence and scratched with 20 pl pipette tip
before incubated with vehicle, human FGF and omentin for 24 hours. Narrowing

of the scratch line indicates an increased cell migration.
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4.4 DISCUSSION

4.4.1 1L-6 stimulates omentin secretion in endothel ial cells.

Omentin is specifically expressed in omental fat rather than subcutaneous fat.
What makes the difference is an important question. One possible reason is that
omental fat is wrapped by omentum, in which exist some special cells that may
produce omentin, such as mesothelial cells. A second factor is that there are
many more lymph nodes in omental than subcutaneous fat. Omentin may be
produced by some cells in lymph nodes or induced by some cytokines in lymph
node. A third possibility is omentin may be induced by some cytokine expressing
more highly in the omental fat than the subcutaneous fat. For example, IL-6 was
reported to be expressed much more highly in omental fat than in subcutaneous
fat [88]. In addition, there are some other differences, such as the fact that
omental fat has a high lipolysis rate due to the presence of more B-adrenergic

receptors and the lower number of insulin receptors.

We first tested omentin secretion in mesothelial cells and endothelial cells.
However, the secretion from cultured primary cells was found to be very low. Next,
| speculated that omentin may be regulated by cytokines in omental fat. Two
common cytokines, TNFa and IL-6, were tested together with IL-13 as a positive
control in human aortic endothelial cells. A dose of 100 ng/ml of IL-6 dramatically
increased omentin secretion as measured by Western blotting, and the response
was comparable to the result for 50 ng/ml of IL-13. TNFa treatments decreased
omentin production versus controls. Dr. McLenithan’s group has demonstrated
that omentin is expressed in mesothelial cells rather than other cell types in
omental fat tissue (de Souza Batista, McLenithan et al., unpublished data).
Primary mesothelial cells were used to repeat the experiment and the same
results were obtained. | also noticed that, in both HAECs and mesothelial cells,
the basal expression is relatively low, whereas IL-6 or IL-13 treatment greatly

increased omentin secretion, indicating that high omentin concentrations in
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omental fat could be in part due to higher IL-6 levels at the location. These results

establish that omentin as another IL-6 induced protein.

4.4.2 IL-6, omentin and inflammatory reactions.

It is expressed in paneth cells, goblet cells, endothelial cells, epithelial cells,
all of which play a role in immune responses. IL-6 expression is upregulated by
IL-13, an anti-inflammatory cytokine secreted by T helper cells responding to
parasite infection. Voehringer et al. (2007) compared STAT6-deficient mouse
gene expression to wild type mouse results, and found that omentin expression is
STAT6-dependent. IL-13 is known to activate IL-6 expression through STATSG,
whereas IL-6 usually activates APP expression through C/EBP or STAT3. There
are several C/EBP binding site in omentin promoter region. So | reason that, in
this case, IL-13 induces IL-6 expression, which in turn induces omentin
expression and that upregulation of omentin during infections and inflammation

can be at least partly explained by the induction of IL-6.

IL-13 is known to be found at higher levels in omental fat than in subcutaneous fat
and has been shown to increase omentin expression. However, I1L-13 is mainly
produced by Th2 cells in response to infection and cannot explain why omentin is
increased with weight loss and aerobic training. On the other hand, IL-6 acts as
both pro-inflammatory and anti-inflammatory cytokine. It can be secreted by T
cells, macrophages, endothelial cells, and many other cell types to stimulate
cellular response to trauma, especially burns or other tissue damage leading to
inflammation. IL-6 has been shown, in mice, to be required for resistance against
the bacterium Streptococcus pneumoniae infection. IL-6 is also a "myokine,” a
cytokine produced from muscle, and is elevated in response to muscle contraction.
It is significantly elevated with exercise, and precedes the appearance of other
cytokines in the circulation. Omentin is increased with exercise, which may be
explained by induction of omentin in cells such as endothelial cells by IL-6 during
exercise. Another puzzle is that omentin is decreased with obesity while IL-6 is
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increased. | reasoned that this could be due to the balance between IL-6 and
TNFa, and/or some other factors. TNFa decreases omentin expression (Figure
4.2 and also from the Dr. McLenithan group’s unpublished data). TNFa itself
increases IL-6 expression in endothelial cells; however, the cells treated with
TNFa express less omentin. So it is possible that the ratio of TNFa/IL-6 may
determine omentin expression. Weight loss induced omentin expression may be

explained by decreased TNFa.

4.4.3 The fact that omentin is induced by IL-6 shed s light on omentin’s

possible function(s).

IL-6 has also been reported as anti-inflammatory cytokine under some
circumstances by inhibiting TNFa and IL-1, or activating IL-1ra and IL-10 [89].
Omentin has been thought as an anti-inflammatory cytokine and IL-6’s effects
could be mediated by omentin. TNFa can induce IL-6 expression and IL-6’s
inhibition on TNFa expression can be recognized as a negative feedback. We
also tested the relationship between IL-6 and omentin in pleural effusions of
mesothelioma patients and, to our surprise, omentin is inversely correlated to IL-6
(data not shown). | speculate that omentin may act as negative feedback on IL-6

expression.

IL-6 is one of the most important mediators of fever. It is capable of crossing
the blood brain barrier and initiating synthesis of PGE2 in the hypothalamus,
thereby changing the body's temperature set point. In the muscle and fat tissue,
IL-6 stimulates energy expenditure which leads to increased body temperature.
Combining the results presented earlier concerning omentin-induced increases in
fatty acid oxidation and glucose uptake in myocytes, | speculate that omentin may

also participate in the fever after infection by helping to provide more fuel to cells.

4.4.4 Omentin activates eNOS and promotes cell migr  ation and proliferation.
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Our results showed that omentin increased AMPK in multple cell types. In
endothelial cells, AMPK has been reported to activate eNOS to produce nitric
oxide (NO). NO can directly kill bacteria during infection, which could be an
important function of omentin. At the same time, NO also has vasodilating and
anti-inflammatory effects. So omentin may be involved in cardiovascular diseases.
Epicardial adipose tissue expresses omentin and could be beneficial to the heart.
eNOS is expressed in and is important for cardiomyocyte function. NO can
promote cell migration, including in endothelial cells and macrophages and
mesothelial cells per se express NO The present study has also investigated and
demonstrated that omentin promotes migration of mesothelial cells which are
known to play pivotal roles in antigen presentation, inflammation and tissue repair,
coagulation, fibrinolysis and tumor cell adhesion. Moreover, Thus, omentin may
serve as a chemoattractant to attract immune cells to attack pathogens in

response to infection.

Omentin is a circulating protein and likely to be multifunctional and cytokine. |
then hypothesized that it may have a broader effect on remote cells from omental
adipose tissue. MCF7 breast cancer cells were used as a test model. | found that
omentin increased MCF7 migration with a scratch assay. Moreover, omentin can
also promote cancer proliferation. The mechanism by which omentin increases
cancer cell growth is not known. As omentin can activate both AKT, a key survival
factor, activation of AKT could be a mechanism of omentin-mediated cell
proliferation. Collectively, these findings indicate that omentin is a cytokine with

broad functionality.

4.4.5 Summary

In summary, omentin is a new target of IL-6. It can activate eNOS, which may
in turn produce NO to kill pathogens or attract other cells to kill the pathogen.
Omentin promotes cell migration and proliferation, supporting that omentin is a

new multifunctional cytokine.
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CHAPTER 5: IDENTIFYING OMENTIN-INTERACTING PROTEIN(S)
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5.1 INTRODUCTION

To identify a protein or receptor that interacts with a secreted protein or ligand
is an important step towards the understanding of the mechanism of a biological
function that the ligand exerts. There are many methods to identify protein-protein
interaction, such as pull downs by immuno-coprecipitation, lambda-phage library

screening and yeast two-hybrid system.

Immuno-coprecipitation is a simple, fast, widely-used method to identify
interacting protein(s). Its principle is that the interacting protein can be
co-precipitated by the antibody of the protein of interest. Usually the antibody is
covalently conjugated to resin, and then a mixture of protein of interest with solute
containing the possible interacting protein passes through the resin. The antibody
can capture the protein of interest with its interacting protein. The protein can then

be identified by sequencing or MALDI-TOF.

Yeast two-hybrid screening (Y2H) is a powerful molecular technique to
discover protein-protein interactions and clone the interacting protein by testing
for physical interactions (such as binding) between two proteins. It uses
transcriptional reporters in yeast to indirectly reflect the interaction between two
proteins. The principle is that a transcription factor can activate the reporter gene
when its DNA binding domain (DBD) and activation domain (AD) are in close
proximity, even though the transcription factor is split into two fragments. The term
two-hybrid derives from the two classes of chimeric, or "hybrid," proteins used in
each screen. The first, commonly referred to as the "bait," is a fusion of a protein
of interest "x" with a DBD. The second, called the "prey," is a fusion of a cDNA
library "y" to an AD. In a Y2H system, usually the two chimeras are transformed
into two different strains of yeast. When these two strains of yeast mate and bring
the two hybrid proteins together, they will activate the reporter gene expression if
these two proteins interact. Then the gene encoding the interacting protein can be

extracted, cloned, and identified. In our study, a Y2H system3 was used. The

-80 -



cDNA library was cloned into the vector with activation domain and transformed
into yeast strain Y187. The protein of interest, omentin, was cloned into another
vector with the DNA binding domain and transformed into another yeast strain,
AH109. When these two kinds of yeast mate, the yeast with omentin and its
interacting protein will survive the selection process and form a colony. These
yeast strains were genetically engineered and the biosynthesis of certain amino
acids is lacking for selection purposes. Y187 cannot grow on medium without
leucine and AH109 can not grow without tryptophan. However, the vectors can
enable them to grow the media lacking leucine and tryptophan, respectively. The
diploid with the two kinds of vectors can grow on medium without both leucine and
tryptophan. If the two proteins interact, the diploid can also grow on
Leucine-/tryptophan-/histidine-/Adenine- medium and can catalyze a-gal to turn to
it blue. Otherwise, the diploid can not grow. The gene can then be extracted from
the growing colony and identified by PCR and sequencing. Most of the time, the
gene is not complete and the full sequence must be obtained by some other

method, such as 5 RACE, to obtain the encoding for the 5’ end of the gene.
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5.2 RESEARCH DESIGN AND METHODS
5.2.1 Cell culture

Yeast culture was according to the manual for Y2H system 3 (Clontech).
5.2.2 Omentin cDNA cloning into pGBKT7

Omentin without secretion signal sequence was previously cloned in plasmid
G6646. G6646 was cut with enzyme Hindlll for one hour and then filled with
Klenow polymerase. The fragment was then cut with Ndel before it was run on the
0.8% agarose gel for purification. pGBKT7 was first cut with Smal and then Ndel.
The vector fragment was then dephopsphorylated and run on the gel for
purification. These two purified fragments were then ligated and transformed
into E. coli. Growing colonies on Kan" plate were picked and grown in LB medium
and plasmids were extracted and confirmed with sequencing. The correct plasmid
was then transformed into yeast strain, AH109, using the lithium acetate-based
method. Fusion proteins from yeast lysates were then verified with

omentin-specific antibody by Western blotting.
5.2.3 Yeast two hybrid protocol

Matchmaker cDNA library derived from human skeletal muscle (or
normalized library from different tissues, Clontech Cat. 630480) was screened via
yeast mating by incubating 1 ml of the library culture with the AH109-omentin bait
culture in YPDA/kan overnight at 30C with shaking at 30 rpm. Mating cultures
were checked under phase-contrast microscopy for the presence of zygotes after
20 h, and allowed to mate for a further 4 h after which they were collected by
centrifugation at 1,000 x g for 10 min. The mating flask was rinsed twice with
YPDA/kan and cells were collected by centrifugation, and combined with the first
pellet. The cell pellet was then resuspended in 10 ml of YPDA/kan. Take 200 pl of
the cells and make serial dilution (1:10,000, 1: 1,000, 1:100 and 1:10). 100 ul was
plated on SD/-Leu, SD/-Trp and SD/-Leu/-Trp plates to assay for mating efficiency,

-82 -



while the remaining mating mixture was spread onto SD/-Ade/-His/-Leu/-Trp
(QDO) plates (200 pl each). The plates were then incubated at 28T for 21 days,
colony appearance was checked every 3 days, and colonies were subcultured on
fresh QDO plates. The genes in each colony were amplified with PCR and
sequenced. The sequences were BLASTed against GenBank’'s EST database

and identified.
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5.3 RESULTS
5.3.1 Omentin expresses in yeast with no toxicity or auto-activation.

Omentin was in-frame cloned into pGBKT7 bait vector (Figure 5.1A) and
omentin expression by yeast, AH109, was confirmed by Western blotting. (Figure
5.1B) The omentin-expressing yeast grew well and did not activate MEL1 gene,
which catalyzed X-a-gal to turn blue. So yeast with omentin vector is suitable for

yeast two-hybrid assay.
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Figure 5.1 Omentin expression in yeast, AH109

A. Bait vector pGBKT7
B. Yeast cells, AH109, with vector expressing omentin were culture and
collected before they were lysed and run on 10% SDS-PAGE. Western blot

was performed with anti-omentin antibody. Image shows two colonies

expressing omentin protein.
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5.3.2 Yeast two hybrid with a library derived from skeletal muscle.

Since we found that omentin increased AMPK phosphorylation in C2C12
myocells, we reasoned that there were omentin-interacting protein(s) or
receptor(s) in muscle cells. We performed the yeast two-hybrid with a library
derived from human skeletal muscle (Clontech) according to the manual. The
genes identified by Y2H were listed in Table 5.1. The genes with multiple hits

were ferritin light chaing (FTL), creatine kinase, ACTAL, crystalline and telethonin.
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Gene name Hit

ferritin, light polypeptide (FTL) 16
creatine kinase 16
actin, alpha 1, skeletal muscle (ACTA1) 9
crystallin, alpha B (CRYAB)

titin-cap (telethonin) (TCAP)

hydroxypyruvate isomerase

guanidinoacetate N-methyltransferase (GAMT)

eukaryotic translation elongation factor 1 gamma (EEF1G)

eukaryotic translation initiation factor 4 gamma, 1 (EIF4G1)

endoglin (Osler-Rendu-Weber syndrome 1) (ENG)

signal transducer and activator of transcription 5B (STAT5B)

ADP-ribosylation factor GTPase activating protein 2 (ARFGAP2)

L P, R RPN DN N DN NN

methylenetetrahydrofolate dehydrogenase (NADP+ dependent) 1
macrophage migration inhibitory factor (glycosylation-inhibiting
factor) (MIF)

ferritin heavy chain (FTH)

proteasome (prosome, macropain) subunit, beta type, 1 (PSMB1)
postmeiotic segregation increased 2-like 4 (PMS2L4)
phytanoyl-CoA dioxygenase domain containing 1 (PHYHD1)

mitofusin 2 (MFN2), nuclear gene encoding mitochondrial protein

N T = T

enolase 3 (beta, muscle) (ENO3)

WW domain binding protein 2 (WBP2) 1

Others 20

Total 96
Table 5.1 Gene identity from the first Y2H
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5.3.3 Yeast two hybrid with a normalized library de rived from different

tissues.

We expected to discover some protein on cell surfice such as trans-membrane
signaling protein by the Y2H screening. However, all the proteins were known to
be present either inside or outside (secreted) of a cell. Moreover, Jeanne M. M.
Tan and Vincent T. K. Chow have reported similar group of genes that interacted
with another protein, MOST-1, which made me suspect that the isolated genes
could be false positive. So we performed another Y2H assay using a normalized
library from multiple tissue source (Clontech). This time, we got a total different
set of genes (Table 5.2). 12 out of 42 hits were from one possible gene,
Loc401397. There are two isoforms of this gene (Figure 5.2A), however, all the
EST data only have the 3 sequence, and the 5 sequencing is missing.
Interestingly, all the EST cloned stopped at the same or around the site we got
(Figure 5.2B). It had been hypothesized that there were two other upstream
extrons and the gene encoded a protein with two trans-membrane motifs. We
made several attempts to clone the full length gene using a 5’ RACE kit (Clontech)

and only obtained the same sequence.
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Gene name

Homo sapiens misc_RNA (LOC401397)

Homo sapiens zinc finger protein 350 (ZNF350)

Rho-related BTB domain containing 1 (RHOBTB1)

proteasome (prosome, macropain) subunit, beta type, 1 (PSMB1)
transmembrane protein 126A (TMEM126A)

transmembrane protein 199 (TMEM199)

transmembrane protein 120A (TMEM120A)

endothelial differentiation, sphingolipid G-protein-coupled
receptor, 1 (EDG1)

B-cell receptor-associated protein 29 (BCAP29)

corticotropin releasing hormone binding protein (CRHBP)
leukemia inhibitory factor (cholinergic differentiation factor) (LIF)
lactate dehydrogenase A (LDHA)

ataxin 1 (ATXN1)

asparagine-linked glycosylation 2 homolog (ALG2)

RUN and FYVE domain containing 2 (RUFY2)

elongation factor Tu GTP binding domain containing 2 (EFTUD2)
Notch homolog 2 (Drosophila) N-terminal like (NOTCH2NL)
zona pellucida binding protein 2 (ZPBP2), transcript variant 2
LAG1 homolog, ceramide synthase 2 (LASS2)

valosin containing protein (p97)/p47 complex interacting protein 1
(VCPIP1)

others

Total

Table 5.2 Gene identity from the second Y2H
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Figure 5.2 Loc401397 EST

A. Two variants of Loc401397 in NCBI data base.

The gene with the most hits from the second Y2H was searched against in NCBI
database with BlastN. The sequence is identical to variant 2 of Loc401397.

B. Loc401397 ESTs alignment

A comparison of the sequence with GenBank’s EST database did not yield longer

5’-end upstream sequence.
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A

Exonl Exon2 Exon3 Exon4 Exon5
. —_— . «—
p2718 p2719 p2715 p2057
B cDNA 1 cDNA 2

p2718 p2719 p2715 p2718 p2719 p2715
p2057 p2057 p2057 p2057 p2057 p2057

5'GGGGGAACGCGCCGGGGCATCATAGGAGTCGGCGGCGGCAGGGATTGTG

GGAAATGTAGTTTGGAGACTCCGCCCTCCTCGCCATTCCTGTAATGGCTGS'

Figure 5.3 Cloning of the upstream fragments of Loc ~ 401397.

A. Schematic map of hypothetical Loc401397 cDNA. Bold lines represent the
exons clones; Arrows represent primers. B. Different combinations of primers
were used to clone the upstream fragment with two cDNA libraries from adipose
stromal vascular cells. Arrow shows the right size PCR products with p2715/2057.
C. GC-rich region upstream of the fragment we cloned. red: fragment we cloned;
black and blue: genomic sequence upstream; blue: GC-rich region; underline:

Primer2715.
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5.4 DISCUSSION

In this study, we performed two yeast two-hybrid screenings with two
independent libraries and identified a possible omentin-interacting protein
(Loc401397) with the second screening. This gene was hypothesized by other
group to code a transmembrane protein and have 5 exons. However, only 3
exons have been cloned by our study and other groups. Most of the EST data in
the database start from the same base at the 3’ as the sequence we got, but there
is no start codon. The existing 5’-end sequence is very GC-rich, which could have

jeopardized the cloning of the gene in full length.
5.4.1 Isolation of possible omentin-interacting fra ~ gment.

Omentin has been reported to be a lactoferrin receptor. In our study we have
found that omentin activates AMPK in many cell types including C2C12 myocytes,
cardiomyocytes, hepatocytes, and endothelial cells. This could not be explained
by lactoferrin receptor activity, although lactoferrin has been reported to activate
AMPK. So it is important to identify an omentin-interacting protein to understand

the signaling mechanism of omentin.

Two rounds of the Y2H screening were performed. The first screening, which
a cDNA library from human skeletal muscle was used, led to identification of
several genes. Disappointly, these genes were related to ion absorption, energy
metabolism, or muscle functionand are unlikely to serve as interacting proteins
with omentin. Moreover, another group [90] has reported the same group of
genes in their Y2H using totally different bait but same cDNA library, suggesting
that the omentin Y2H results could be false positives. The second screening was
carried out using a normalized cDNA library from a mixture of human tissues. This
time, the result was different from the first screening. We did not identify
lactoferrin in either of Y2H assays probably due to that lactoferrin is a secreted
protein and Y2H assay can’t well detect interaction of secreted protein. 12 out of a

total of 42 hit on one gene suggest that the Y2H interaction is likely real. With
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Blast search, the gene was found to be Loc401397 in the database. This gene
was hypothesized to have 5 exons and the encoding protein has two variants with
two trans-membrane regions. However, it is only a partial EST. Actually, there are
many ESTs from different sources in the database, although most of them stop at
the same 5’ nucleotide. Some of the ESTs can be transcribed all the way to the
5’-end, indicating there may be some other upstream part of this gene undefined.
A 5" RACE kit (clontech) was used to try to clone the 5’ portion and this attempt
failed. Later, from the genomic sequence, we found there is a GC-rich region just
upstream where the EST sequence stops (Figure 5.3C). The GC-rich region can
form some secondary structure whch may prevent a cDNA extension to the very
5’-end during cDNA library construction or jeopatize the 5’ RACE cloning. A PCR
using a primer from the upstream region and another primer downstream can
amplify a fragment at the expected size from our homemade cDNA library (Figure
5.3A and B), indicating that the gene has an upstream region beyond the EST

sequence.
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CHAPTER 6: CONCLUDING REMARKS
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In this dissertation, | have addressed purification and functions of omentin,
underlying mechanism and possible interacting protein in detail. In this chapter, |
will summarize the results and describe the significance of these findings and

discuss future research directions
6.1 Summary of the dissertation.

Omentin is a novel adipokine and it was not commercially available when we
started the project. Thus, | have established a protocol, discussed in Chapter 2, to
purify recombinant human omentin: the human omentin cDNA is cloned into
baculovirus vector and expressed by infecting High-Five insect cells with these
viruses. Omentin is secreted into culture medium and purified with affinity column
packed with galactose-conjugated resin. Using this protocol, | can purify 1 to 2 mg
of omentin from one liter of culture medium in one day. The purified omentin forms
trimer on native PAGE and has been used for consequent functional studies with

biological activities.

In Chapter 3, | have shown that omentin stimulates AMPK phosphorylation in
myocytes. ACC, a downstream target of AMPK, is inhibited and as a result, |
found that fatty acid oxidation is increased in response to omentin treatment.
Another target of AMPK, p70S6K, is also inhibited by omentin treatment, leading
to enhanced insulin signaling pathway including increased AKT phosphorylation
and glucose uptake in myocytes. | also show that omentin increases liver and
muscle ACC phosphorylation in mice, and administration of omentin improves
glucose disposal in an IPGTT assay with mice. Functions of omentin in myocytes

are diagrammed in Figure 6.1 .

In Chapter 4, | have shown that omentin increases AMPK phosphorylation in
HAEC cells. Further study shows that downstream target of AMPK, eNOS, is
activated. Since eNOS play an important role in cell migration, | tested effect of
omentin on cell migration. | have found that omentin treatment increases

mesothelial cell migration in a transwell cell migration assay, and MCF7 cell
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migration in a wound healing assay. | have also found that omentin secretion is
increased in response to IL-6 treatment in HAEC. Regulation and function of

omentin in HAEC is diagrammed in Figure 6.2 .

In Chapter 5, | have identified a possible omentin-interacting protein,
Loc401397, using a yeast two-hybrid system. This gene is located at
chromosome 7 and three exons are identified by the Y2H. This gene is predicted
to encode a transmembrane protein, although the full length has not been cloned

probably due to the GC-rich region at the 5’ end of the gene.
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Figure 6.1 Function of omentin in myocytes.

Omentin activates AMPK (probably through Loc401397). Two downstream
targets of AMPK, ACC and p70S6K, are inhibited. ACC inhibition by
phosphorylation leads to increase of fatty acid oxidation. Inhibition of p70S6K
leads to decrease of IRS-AKT pathway activity and decrease of glucose uptake.
Thus, inhibition of p70S6K can be a new mechanism of insulin-sensitizing effect

of omentin.
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Figure 6.2 Function of omentin in endothelial cells

IL-6 is increased during infection and tissue damage, and induces omentin
production in endothelial cells (and mesothelial cells). Omentin activates AMPK
(probably through Loc401397) in endothelial cells in an autocrine or paracrine
fashion. eNOS is activated by AMPK and produces nitric oxide, which can directly
kill bacteria or parasite, or attract other cells, such as mesothelial cells, to the
infection site to kill the pathogen (for example, mesothelial can secrete defensin to

kill bacteria).
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6.2 Significance of research findins in this disser tation.
6.2.1 Purification of omentin for functional and ot her studies.

Purification of omentin is the first step for its functional study. The protocol we
developed is effective in producing a large quantity of functional omentin in a short
time period. Thus, it makes possible functional and structural studies, such as
crystallography. We have used it for functional studies and the derived results are
similar with those obtained by using the commercial omentin that produced in
mammalian cells. Nevertheless, it should keep in mind that our purified omentin is
produced with insect cells and there might be some structural or functional

difference (e.g., post-transcription modification) to the natural protein.
6.2.2 Beneficial role of omentin in insulin resista nce

Our studies have shown that omentin enhances AKT phosphorylation and
glucose uptake in myocytes and improves insulin-mediated glucose disposal in
mice, which suggest omentin enhances insulin sensitivity and has beneficial role
in metabolic syndrome including obesity and diabetes. Serum omentin decreases
with obesity and increases with weight loss, which correlate with insulin sensitivity,

indicating that omentin may contribute to insulin sensitivity in humans.

Free fatty acid is a major risk factor for insulin resistance and ectopic fat
storage in muscle has been proposed to induce insulin resistance. Our studies
show that omentin increases fatty acid oxidation in myocytes, suggesting that

omentin can enhance insulin sensitivity by promoting fat oxidation.

Our results also show that omentin activates AMPK in several cell types
including myocyte, heptocyte, adipocyte, cardiomyocyte and endothelial cell,
indicating that omentin has more broad functions. For example, activation of
AMPK in endothelial cells leads to eNOS activation and nitric oxide production,

which is important in blood vessel function and integrity. Decreased serum
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omentin level in insulin resistance syndrome could partially contribute to

cardiovascular disease pathogenesis.
6.2.3 Possible role of omentin in pathogen clearing

Omentin is increased with bacterial and parasite infection, mesothelioma,
asthma, and some other diseases. The mechanism is not known. Our studies
show that omentin secretion is induced in endothelial cells by IL-6, one of the
major cytokines in response to infection and tissue damage, which may explain-
why omentin is increased with the diseases. Omentin binds to bacteria [75], so
one of the possible functions of omentin is to capture the pathogen after infection.
Omentin also stimulates eNOS, another target of AMPK, in endothelial cells.
Product of eNOS, NO, has bactericidal activity and can kill pathogen during
infection. Moreover, NO can mobilize other immune cells to tackle pathogen or
repair damage. Our results show that omentin increases migration of mesothelial
cells, which play a role in host defense. In response to infection, mesothelial cells
can secrete cytokines, such as -defensin-2, to tackle the pathogen [91]. So |
propose that omentin is produced by endothelial cell or mesothelial cells in
response to infection and binds to pathogen. At the same time, omentin may
activate endothelial cells to produce NO to kill the pathogen or attract mesothelial
cells to clear the pathogen in an autocrine or paracrine fashion. Thus, our studies
have discovered a new mechanism for omentin to participate in immune response
to infection. Further studies are needed to characterize the pathway. It would also
be interesting to examine whether over-expression of omentin would improve

pathogen clearing in animal model.
6.2.4 Loc401397 could be a link between omentin and AMPK activation.

We have identified an omentin-interacting protein, Loc401397, despite we
have not been able to clone the gene in full-length. Further identification and
characterization of this gene would help to understand omentin signaling pathway

and clarify its functions in insulin sensitivity and immune response.
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