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ABSTRACT

Myostatin, a member of the transforming growth factor-p superfamily, is a highly
conserved negative regulator of muscle growth which undergoes post-translational
modification to yield the active form. We have demonstrated that transgenic over-
expression of myostatin propeptide dramatically enhanced skeletal muscle development
and decreased fat mass. By feeding the transgenic mice either a high-fat diet or normal-
fat diet we found that transgenic, high-fat diet mice had improved insulin sensitivity,
normal fat deposition, enhanced muscle growth, and significantly higher levels of
circulating adiponectin compared to wild-type mice. Adiponectin is known to ameliorate
insulin resistance and increase fatty acid oxidation. We theorized that the interaction
between high-fat diet and myostatin propeptide would increase adiponectin mRNA
expression in fat tissue depots and corresponding adiponectin receptor mRNA expression
in muscle and liver. Results from real-time PCR analysis indicated transgenic mice fed a
high-fat diet displayed increased adiponectin mRNA expression in epididymal fat by 2-
fold over wild-type littermates. These mice also displayed increased expression of PPAR-
a and PPAR-y above the other three groups in epididymal fat. The wild-type mice fed a
normal-fat diet expressed the most AdipoR1 and R2 in liver tissue, 1.03-fold and 1.32-
fold over the other groups, respectively. The transgenic mice fed a high-fat diet did not
show increased mRNA level of either receptor in muscle or liver tissue. The increase in
expression of adiponectin mRNA may partially explain why the high-fat diet did not

cause obesity and insulin resistance in transgenic mice.
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CHAPTER 1
LITERATURE REVIEW

INTRODUCTION

The prevalence of adult obesity is steadily increasing throughout the country as
reported by the Behavioral Risk Factor Surveillance System (BRFSS) and the Centers for
Disease Control (CDC). The most recent data indicates that among the American
population surveyed 60.5% were overweight, 23.9% were obese, and 3% were extremely
obese (Blanck et al. 2006). In 2005, there were three states (Louisiana, Mississippi, and
West Virginia) with an obesity prevalence over 30% (Blanck et al. 2006). Many different
factors affect the development of obesity and, therefore, it is thought to be a polygenic
disorder associated with excess caloric intake along with a sedentary lifestyle. Genetic
differences may play a role in the location and the extent to which adipose tissue
accumulates and how energy is utilized, but ultimately energy which is not expended will
be stored. Energy balance is the key to maintaining a healthy body weight. When less
energy is expended than consumed, the excess energy will be stored in adipose tissues.
Obesity is a risk factor for development of several different chronic diseases such as type
2 diabetes, cardiovascular disease, and some types of cancer (Kissebah et al. 2000;
Grundy et al. 2004). As Americans are becoming more overweight and obese, the
prevalence of type 2 diabetes and other chronic diseases are increasing. Diabetes
increases risk for coronary heart disease, stroke, and hypertension. The health
complications of diabetes are potentially serious and include nephropathy, neuropathy,
amputation of limbs, and blindness (Anonymous 2005). A precursor to diabetes is
insulin resistance which is defined as a weaker-than-expected response to insulin which
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leads to hyperglycemia and excess insulin secretion by pancreatic cells. This state is
termed pre-diabetes (Gil-Campos et al. 2004). Factors produced by adipose tissue may
play a large role in obesity and the development of insulin resistance or diabetes. The
intention of this literature review is to discuss the function of adiponectin and its effects
on chronic disease, the functions of nuclear transcription factors PPAR-a and PPAR-y
and their effects on adiponectin secretion, and the factors which may induce or inhibit the
expression of adiponectin receptors AdipoR1 and AdipoR2.
ADIPOCYTES AND ADIPOCYTOKINES

Adipocytes - Adipocytes can vary in size from 20-200 pm (Fruhbeck et al. 2001),
and their size can have an impact on their ability to respond to insulin and to secrete
adipocytokines such as adiponectin (Hotta et al. 2001). One study by Okuno et a/, 1998,
involved obese Zucker rats and found that the adipocytes in obese rats with insulin
resistance were bigger than those in lean rats without insulin resistance. Treatment with
troglitazone, a thiazolidinedione (TZD) used to treat type 2 diabetes, increased the
number of adipocytes present, but did not significantly alter the total fat mass.
Investigators discovered that troglitazone induced differentiation of the adipocytes which
lead to a decrease in the individual adipocyte mass. The decrease in adipocyte size was
accompanied by lower levels of free fatty acids, tumor necrosis factor-a (TNF-at), and
leptin. This was also accompanied by increased insulin sensitivity in the rats (Okuno et
al. 1998). Small white adipocytes are able to take up and oxidize more glucose and are
more sensitive to the anti-lipolytic action of insulin. This leads to lower levels of
circulating free fatty acids and triglycerides, which is thought to improve insulin
sensitivity. Another key finding of Okuno ez al’s 1998 experiment was that mRNA
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expression levels of TNF-a were elevated in mesenteric and retroperitoneal adipose
tissues but not in subcutaneous or epididymal adipose tissues. This supports the theory
that different adipose tissues display different patterns of gene expression within the same
subject (Okuno et al. 1998). Other studies reinforce this theory, noting that a high-fat diet
can induce adipocyte hypertrophy which induces factors such TNF-a and free fatty acids
to be released that can then lead to insulin resistance and obesity (Kadowaki et al. 2003).
Visceral obesity, or accumulation of adipose tissue in the abdominal area, has
been highly associated with increased risk for insulin resistance, hyperglycemia,
dyslipidemia, hypertension, and type 2 diabetes. Several studies indicate that the
anatomical location of the adipose tissue can affect its endocrine function. Visceral
adipose tissue hormones are secreted into the hepatic portal vein which leads directly to
the liver and can have a greater effect on liver function than hormones secreted by the
subcutaneous fat. Visceral adipose tissue is metabolically very active and releases its free
fatty acids into portal circulation. This can enhance lipid synthesis in the liver and lead to
insulin resistance, hyperlipidemia, and atherosclerosis (Matsuzawa et al. 1995; Funahashi
et al. 1999; Grundy et al. 2004; Kershaw et al. 2004). A study done by Surwit et al,
1995, demonstrated that the genotype of the C57BL/6J mouse made them more
susceptible to development of severe obesity, particularly mesenteric obesity, than the
control strain when on the same diet. Researchers investigated the different effects a
high-sucrose or a high-fat diet would have on the mice. This experiment determined that
fat intake had a greater impact on the development of obesity and diabetes than sucrose
intake (Surwit et al. 1995). The high-fat diet induced hyperplasia and hypertrophy of
adipocytes, particularly in the mesenteric and epididymal fat pads compared to animals
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on the control or high-sucrose diets. The researchers theorized that the ability to store fat
is more important in the development of obesity than the actual contribution of ingested
calories from the high-fat diet (Surwit et al. 1995). A more recent study done on
C57BL/6J mice found that body weights increased more in mice fed a high-fat diet than
mice fed a high-sucrose diet (Sumiyoshi et al. 2006). The mice on the high-fat diet had
higher plasma levels of triglycerides, cholesterol, and free fatty acids. Also, the livers of
the high-fat diet mice accumulated more trigiycerides, and the number and the diameter
of the adipocytes also increased. The high-fat diet mice also showed an increase in
visceral fat mass compared to the high-sucrose diet mice. Researchers concluded that a
high-fat diet in mice produces characteristics more closely related to metabolic syndrome
than a high-sucrose diet (Sumiyoshi et al. 2006).

Adipocytokines - Adipose tissue was originally believed to be a relatively inert
storage depot for energy, however it is now seen as a highly active and regulated
secretory organ which can affect energy homeostasis. There are many factors preduced
by the adipose tissue which have been found to regulate energy balance, glucose levels,
and lipid levels. Adipocytes are thought to play a critical role in energy regulation and
homeostasis with the factors they release being termed adipocytokines or adipokines
(Fruhbeck et al. 2001; Gil-Campos et al. 2004). These factors include leptin, adiponectin,
resistin, angiotensin, and others, and are credited for the endocrine function of adipose
tissue (Ahima 2006). The modification in expression of the adipocytokines may lead to
the development of obesity and obesity-related disorders (Boucher et al. 2005).

Since the identification of leptin, many researchers have begun to investigate
many of the regulatory and signaling molecules secreted by adipose tissue (Maeda et al.
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1997; Juge-Aubry et al. 2005). Leptin acts as a satiety signal which regulates appetite
and weight in rodents and humans by stimulating energy expenditure and suppressing
food intake. Animals and humans which lack functional leptin become extremely obese,
but common forms of obesity are also characterized by high levels of circulating leptin.
There has not been much indication that administration of leptin in humans would
decrease food intake or increase energy expenditure to the degree which would be
necessary to stimulate weight loss (Koerner et al. 2005). High levels of circulating leptin
have also been associated with increased pathogenesis of cancer (Kershaw et al. 2004;
Koermer et al. 2005). Researchers have found the association between obesity and cancer
to be of interest and consequently have discovered that leptin acts as a mitogen which is
able to enhance proliferation of esophageal, breast, and prostate cancer cell lines.
(Somasundar et al. 2003) Leptin has been found to stimulate fatty acid oxidation through
activation of AMP-activated protein kinase (AMPK) and increase glucose uptake by
increasing GLUT-4 content on cellular membranes (Dyck et al. 2006). Zhang et al, 2002,
demonstrated that the rates of leptin mRNA translation and protein secretion were
markedly different in three distinct adipose tissues. They concluded that the differences
in leptin secretion were primarily due to the differences in adipocyte volume among the
fat depots (Zhang et al. 2002). Guo et al, 2004, also found significant differences
between leptin mRNA expression and adipocyte volume between distinct fat depots.
They also examined the differences in leptin expression relative to adipocyte volume.
The ratio of leptin expression to adipocyte volume was significantly lower in epididymal

and retroperitoneal fat compared to subcutaneous fat in obese subjects (Guo et al. 2004).



Researchers concluded that obesity has differential effects on leptin gene expression in
the three fat depots described above (Guo et al. 2004).

TNF-g and interleukin-6 (IL-6) are pro-inflammatory cytokines which are
involved in the body’s defense mechanisms. They stimulate glucose uptake into
adipocytes and inhibit lipoprotein lipase (LPL) activity (Mohamed-Ali et al. 1998).
Adipose tissue increases expression of TNF-a. in states of obesity and insulin resistance.
TNF-a has been implicated in insulin resistance because of its ability to interfere with
insulin receptor signaling, decrease fatty acid oxidation, stimulate lipolysis, and down
regulate expression of GLUT-4 in fat and muscle (Kershaw et al. 2004; Kokta et al.
2004). Feeding of a high-fat diet has been reported to significantly increase expression of
TNF-a mRNA in fat pads of rats (Fruhbeck et al. 2001). Serum levels of IL-6 have been
reported to increase in type 2 diabetes and metabolic syndrome and decrease after weight
loss. Circulating levels of 1L-6 have also been shown to strongly correlate with body
mass index (BMI), and there have been depot-specific differences in regards to
quantitative contribution of secreted IL-6 to the serum pool. IL-6 impairs insulin
signaling through decreased phosphorylation of IRS-1 and protein kinase B (PKB/Akt)
and has also been shown to increase hepatic friglyceride secretion which may contribute
to the hypertriglyceridemia seen in visceral obesity (Fruhbeck et al. 2001; Juge-Aubry et
al. 2005).

Some of the other adipocytokines released by adipose tissue are resistin, acylation
stimulating protein (ASP), plasminogen activator inhibitor-1 (PAI-1), and adiponectin.
Resistin also has been associated with increased insulin resistance and reduced glucose
tolerance. ASP promotes triglyceride synthesis by increasing glucose uptake and
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stimulation of translocation of glucose receptors to the cell surface. PAI-1 is known to
cause vascular thrombosis, and its levels are strongly correlated with factors associated
with metabolic syndrome such as dyslipidemia, visceral obesity, and insulin resistance. It
is also known to be stimulated by TNF-a which is also associated with insulin resistance
(Fruhbeck et al. 2001; Gil-Campos et al. 2004; Juge-Aubry et al. 2005).

Adipocytokines can have endocrine, autocrine, or paracrine function depending
on their identity and target tissues. They enable adipose tissue to regulate metabolism
and energy homeostasis (Mohamed-Ali et al. 1998). Boucher et al, 2005, found that
adipose tissue exhibits strong heterogeneity in gene expression depending on the
anatomical location. They concluded that depot-specific variations in adipocytokine
expression may contribute to obesity-associated diseases (Boucher et al. 2005).
Researchers have begun to recognize that many of the consequences of obesity, such as
diabetes, hypertension, and cardiovascular disease are greatly influenced by the actions of
these adipocytokines (Ouchi et al. 2001; Koemer et al. 2005). Therefore, the actions and
targets of these adipocytokines are being studied as possible therapeutic targets for the
prevention of obesity and its associated disorders.

Adipose Tissue and Muscle Tissue Interaction - The interactions that occur
between skeletal muscle and adipose tissue play a significant role in growth and
development which include utilization of energy substrates, muscle growth, and energy
storage. As the main location for storage of energy for metabolism, adipose tissue
releases energy at necessary times for use by muscle and other parts of the body. Free
fatty acids serve as a highly energetic fuel, important signaling molecules, and their
availability is an important factor influencing glucose utilization in muscles. The adipose
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tissue has a role in buffering the fatty acid fluxes that occur during the post-prandial
period or during fasting, If the buffering function is impaired, then other tissues, such as
liver or muscle, are exposed to excessive fluxes of lipid fuels which may lead to
impairment of normal regulation mechanisms (Cahova et al. 2006). The adipocytokines
released from fat also play a large role in utilization and partitioning of energy substrates.
The anatomical location of the fat depot can also determine the actions the adipose tissue
has on the muscle. Fat depots which are located close to muscle, such as intermuscular or
subcutaneous depots, have a different effect than those located further away, such as
mgsenteric or peri-renal depots. The utilization of lipid, carbohydrate, and protein for
energy depends on many intrinsic and extrinsic factors such as temperature, stress,
nutritional status, age, sex, and exercise. Insulin has been reported to inhibit lipolysis by
enzymes such as lipoprotein lipase (LPL) and to induce the movement of fatty acid
transport proteins (FATP/CD36) and receptors to the plasma membrane. The
translocation of these transporters increases the flux of fatty acids into the cells and
favors the storage of triacylglycerol in intermuscular fat depots and leading to a decrease
in fatty acid oxidation. Leptin may counter these actions by increasing diacylglycerol
synthesis, reducing insulin-stimulated insulin receptor substrate (IRS-1) associated
phosphatidylinositol 3-kinase (PI3-kinase) activity, and inhibiting glucose transport and
phosphorylation (Kokta et al. 2004).

Adipose tissue releases free fatty acids into circulation following lipolysis, and
high levels of circulating free fatty acids have been associated with obesity and type 2
diabetes. Visceral fat releases these free fatty acids directly into the hepatic portal vein;
consequently, high levels of fatty acids accumulate in the liver and can contribute to
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dyslipidemia and hepatic insulin resistance leading to increased gluconeogenesis. In the
skeletal muscle, the high concentrations of circulating free fatty acids can lead to fatty
acids being preferentially oxidized over glucose leading to increased serum glucose
levels (Amer 2002). Several different theories have been proposed for the mechanism by
which high circulating levels of free fatty acids induce insulin resistance. Randle et al,
1963, proposed that increased free fatty acid levels increase mitochondrial acetyl-
CoA/CoA ratios which inhibits pyruvate dehydrogenase activity and increases citrate
levels. The increased citrate level in turn inhibits phosphofructokinase activity which
leads to increased glucose-6-phosphate concentrations. The high concentration of
glucose-6-phosphate inhibits hexokinase and reduces glucose transport and
phosphorylation (Randle et al. 1963). Griffin ez al, 1999, found that acute elevation of
plasma FFA concentrations reduced the rate of muscle glycogen synthesis and the
relative rate of muscle glucose oxidation. These findings indicated a defect in glucose
transport and phosphorylation. PI3-kinase regulates the translocation of GLUT4 in
muscle, and elevation of circulating FFA levels was associated with decreased PI3-kinase
activity. The decrease in PI3-kinase activity may have occurred as a result of reduced
IRS-1 phosphorylation (Griffin et al. 1999). Roden et al, 1996, reported that elevation of
free fatty acid concentrations caused inhibition of glucose phosphorylation and transport
which lead to a reduction in the rate of glucose oxidation and muscle glycogen synthesis.
The reduction in insulin-induced glucose transport/phosphorylation is similar to the
insulin resistance seen in type 2 diabetes (Roden et al. 1996). Boden et a/, 2001, found
that intramyocellular triglyceride increased dose-dependently with increasing plasma
FFA concentrations and the triglyceride accumulation ted to an increase in whole-body
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insulin resistance (Boden et al, 2001). Hulver ef @/, 2003, examined the oxidation rate of
palmitate in skeletal muscle of extremely obese, overweight/obese, and normal
individuals. They discovered that palmitate oxidation was lower, palmitate incorporation
into intramyocellular triacylglycerols was higher, and long-chain fatty acyl-CoAs were
significantly higher in the muscle tissue of extremely obese individuals. This group
theorized that the reduced oxidation of fatty acids may result in the accumulation of
intramyocellular triacyiglycerols in skeletal muscle of extremely obese subjects, and this
could then lead to development of insulin resistance (Hulver et al. 2003). Dobbins et al,
2001, found that an increase in dietary fat intake caused a strong reduction in whole-body
insulin sensitivity which was reflected in impairment of both insulin-medicated glucose
disposal and suppression of endogenous glucose production during the hyperinsulinemic-
euglycemic clamp (Dobbins et al. 2001). Other researchers summarized that the most
important mechanisms underlying the development of insulin resistance is the impaired
ability of skeletal muscle to oxidize fatty acids due to elevated glucose oxidation and
metabolic inflexibility. Metabolic inflexibility is defined as the impaired ability to switch
between utilization of glucose and fat for energy in response to homeostatic signals.
Researchers describe studies which show a decrease in fat oxidation with increases in
glﬁoose availability. Intramyocellular accumulation of fatty acid metabolites and long
chain acyl-CoA (LC-AcCoA) induces insulin resistance. The accumulation of LC-
AcCoAs decreases phosphorylation of insulin receptor substrates. As a result, P13-kinase
is not activated and this leads to decreased activation of glucose transport in both muscle

and adipose tissue (Cahova et al. 2006).

10



ADIPONECTIN

Adiponectin was discovered between 1995-1996 by several different research
groups and is consequently known by several different names; Acrp30, apM1, GBP28,
and adipoQ. It is a 30-kDa adipocytokine hormone secreted primarily by the adipose
tissue. Recently, it has been reported that the adiponectin gene is also expressed by the
liw}cr, pituitary gland, diencephalon, kidney, and skeletal muscle (Scherer et al. 1995; Hu
et al. 1996; Maeda et al. 1996, Nakano et al. 1996; Maddineni et al. 2005). There is
significant homology between the adiponectin gene of humans, mice, rats, cows, and
monkeys (Berg et al. 2002). Adiponectin has been mapped to an area of chromosome
3927 which contains a diabetes and metabolic syndrome susceptibility locus which is
associated with an increase in total adiposity, abdominal obesity, and insulin resistance
(Kissebah et al. 2000; Takahashi et al. 2000). Adiponectin is a relatively abundant serum
protein and can account for between 0.01-0.03% of total serum protein in humans
(Scherer et al. 1995; Berg et al. 2002; Stumvoll et al. 2002). Qi ef al, 2004, demonstrated
that adiponectin is able to cross the blood-brain barrier from the serum and enter the
cerebrospinal fluid. Once it enters the spinal fluid, adiponectin decreases body weight by
acting in the brain to increase energy expenditure (Qi et al. 2004). Adiponectin has been
getting a lot of attention from researchers because increased serum levels of this protein
are associated with increased insulin sensitivity, increased fatty acid oxidation, and
decreased hepatic glucose production (Berg et al. 2001; Combs et al. 2001; Fruebis et al.
2001; Berg et al. 2002).

Structure - The protein is comprised of 244 amino acids and has an amino-
terminal signal sequence, a collagenous region, and a globular domain at the carboxylic
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acid-terminus (Scherer et al. 1995; Hu et al. 1996; Maeda et al. 1996). The globular
domain of adiponectin shares homology with similar domains of collagens VIII and X,
and complement factor C1q. Members of this family share the characteristic of forming
homotrimers or heterotrimers between different isoforms, such is the case with Clq.
Full-length adiponectin (fAd) is secreted primarily by adipocytes and undergoes post-
translational modification to form globular adiponectin (gAd). Once secreted, the C-
terminal region is cleaved off, and the globular domain is able to interact with other
globular domains to form a tightly associated homotrimer. The homotrimer can then
interact with other trimers to form hexamers and higher molecular weight complexes of
12-1 8 subunits by linking via disulfide bonds at cysteine-39. Both the hexamers and
higher molecular weight complexes are stable and do not spontaneously interconvert
while present in serum (Shapiro et al. 1998; Pajvani et al. 2003).

In order to investigate the possibility of different actions of globular (gAd) and
full-length adiponectin (fAd) in the body, one study injected both forms and observed
different target sites for gAd and fAd (Yamauchi et al. 2002). The study found that gAd
had a higher binding affinity to the skeletal muscle membranes and had a more
pronounced effect on AMP-activated protein kinase (AMPK) activation in the skeletal
muscle than fAd, but both forms of adiponectin had some degree of effect in vitro and in
vivo. The researchers also found that fAd had a higher binding affinity for the hepatocyte
membranes, and only fAd was able to activate and induce phosphorylation of AMPK ir
vitro and in vivo. The different responses in skeletal muscle and liver to the fAd and gAd
indicated that there may be two different receptors functioning at the two sites (Yamauchi

et al. 2002).
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Adiponectin Gene Regulation - The molecular mechanisms that regulate the
expression of the adiponectin gene are still under investigation and poorly understood. A
PPAR-y response element has been found in the promoter region of adiponectin and
TZDs, which are PPAR-~y agonists, have been shown to increase adiponectin expression
(Maeda et al. 2001). TNF-u has been shown to inhibit expression of adiponectin
(Fasshauer et al. 2002). Kita et al, 2005, reported that the inhibitory effect TNF-a has on
adiponectin transcription may be due to the inactivation of CCAAT/Enhancer binding
proteins (C/EBP) (Kita et al. 2005). C/EBPs and PPAR-y are key regulators of adipocyte
differentiation and have been reported to activate the promoter region of adiponectin and
in some cases be required for full activation of adiponectin gene transcription (Park et al.
2004; Qiao et al. 2005). Neschen et al, 2006, reported that dietary fish oil, a possible
PPAR-y ligand, increases plasma adiponectin concentrations and that transcription of the
adiponectin gene was increased in the epididymal fat mice fed fish oil (Neschen et al.
2006). These are a few of the proposed mechanisms for the activation and inhibition of
adiponectin gene expression which exist, but many factors are still under investigation.

Adiponectin Alters Carbohydrate Metabolism - Adiponectin has been known to
ameliorate insulin resistance by enhancing hepatic insulin action and by decreasing
hepatic glucose production. See Figure 1 for mechanisms of action of adiponectin in
hepatocytes (Gil-Campos et al. 2004; Dyck et al. 2006). Injection of adiponectin into
wild-type and diabetic mouse models (both type 1 and type 2 diabetes) led to decreased
serum glucose levels. No significant change in insulin levels was noted, but glucagon

levels were increased. Since injection of adiponectin produced a decrease in basal
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FIGURE 1. Actions of adiponectin in hepatocytes

Adiponectin

AMPK () > AMPK-P (+)

ACC (+) ACC-P () G6Pase l
Acetyl -CoA  Malonyl-CoA | ﬂ

Gluconeogenesis l

Adapted from Dyck et al, 2006. AMPK: AMP-kinase; ACC: Acetyl-CoA carboxylase;
PEPCK: Phosphoenolpyruvate carboxykinase; G6Pase: Glucose-6-phosphatase; CPT-1:
Carnitine palmitoyl transferase-1; FFA: Free fatty acids. This figure portrays the signal
transduction mechanism by which adiponectin increases fatty acid oxidation and
decreases hepatic gluconeogenesis.
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glucose levels without increasing insulin levels, researchers concluded that adiponectin
itself was able to suppress hepatic glucose production (Berg et al. 2001). Combs et al,
2ﬁ01, demonstrated that short-term intravenous infusion of adiponectin into conscious
mice produced a significant decrease in hepatic glucose production. They also noted
significantly lower activity of the gluconeogenic enzyme phosphoenolpyruvate
carboxykinase (PEPCK) in mice which were infused with adiponectin. The decrease in
activity of PEPCK was accompanied by significantly lower mRNA expression of PEPCK
and glucose-6-phosphatase (G6Pase) in liver tissue (Combs et al. 2001). Yamauchi et al,
2002, independently confirmed that administration of fAd, which is primarily active in
the liver, reduced the expression levels of the PEPCK and G6Pase in mice. Activation of
AMPK was necessary for adiponectin to reduce the activity of the gluconeogenic
enzymes. This study also demonstrated that adiponectin was able to increase glucose
uptake through a PI3-kinase independent pathway (Yamauchi et al. 2002). The same
group of researchers created transgenic mice with elevated plasma concentrations of gAd
which showed reduced triglyceride content in skeletal muscle and in the liver even when
on a high-fat diet. These mice showed improved insulin sensitivity and increased glucose
tolerance even though there was no significant change in body weight. The transgenic
mice with elevated gAd were mated with Lep®® mice and the offspring showed a
significant increase in food intake over non-transgenic/Lep®™® littermates, but there were
no differences in body weight between the two groups. This indicates that the
transgenic/Lep®® mice had an increased energy expenditure which prevented excess
weight gain even though they consumed more calories. The transgenic/Lep™® mice
showed significantly increased insulin sensitivity and glucose tolerance along with
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increased insulin immunoreactivity and insulin content. There was amelioration of
diabetes in the transgenic ob/ob mice fed a high-fat or high-carbohydrate diet. This was
most likely due to the increased expression of molecules involved in fatty acid oxidation
such as acetyl-CoA oxidase and increased fatty acid oxidation in the skeletal muscle.
The transgenic/Lep™*® mice showed decreased serum and tissue triglyceride content as
well as decreased levels of serum free fatty acids (Yamauchi et al. 2003).

Adiponectin also affects glucose uptake into adipocytes. Treatment of mature
adipocytes with gAd increased basal glucose uptake and enhanced insulin-stimulated
glucose uptake in a dose-dependent manner (Morris et al. 2006). gAd was also able to
decrease the inhibitory effect TNF-¢ had on insulin-stimulated glucose uptake. TNF-q is
able to initiate the inflammatory cascade in obesity and insulin resistance states. TNF-a
and adiponectin produce opposite effects in the body and are thought to serve as
inhibitors of each other (Morris et al. 2006). TNF-a has also been shown to mediate
insulin resistance by decreasing activity of IRS-1 and GLUT-4, inhibit LPL, and display
increased levels in obesity (Mohamed-Ali et al. 1998; Hotta et al. 2001). gAd had no
direct effect on insulin-receptor and IRS-1 phosphorylation which indicates the increase
in glucose uptake is through an insulin-independent mechanism. Furthermore, it was
noted that when adipocytes were incubated with gAd, phosphorylation of AMPK and
ACC were increased indicating that AMPK. may mediate the increase in glucose uptake
into adipocytes (Wu et al. 2003).

Adiponectin Increases Fatty Acid Oxidation - Along with its ability to decrease
the activity of hepatic gluconeogenic enzymes, adiponectin is thought to improve insulin
sensitivity by decreasing the concentration of circulating triglycerides and free fatty
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acids. One method adiponectin is thought to improve blood lipid levels is by increasing
the levels of fatty acid oxidation. Freubis et al, 2001, reported that injection of gAd into
mice after feeding a high-fat’/high-sucrose meal significantly decreased the levels of
plasma free fatty acids, glucose, and triglycerides compared to mice injected with a
placebo. Injection of fAd only slightly improved plasma free fatty acids and glucose but
had no significant effect on plasma triglyceride levels. The investigators deduced that
gAd was promoting cellular uptake of free fatty acids and that gAd led to a significant
inéreasc in oleate oxidation in isolated EDL, soleus muscles, and C2C12 muscle cell
culture (Fruebis et al. 2001). Another study found that injection of adiponectin into mice
prevented the increase in serum triglycerides which typically occurs after feeding (Berg
et al. 2001). Adiponectin is also able to accelerate free fatty acid clearance by increasing
fatty acid transport protein 1 (FATP-1) mRNA expression (Maeda et al. 2002).
Adiponectin also increases expression of FATP-1 by counteracting TNF-a’s inhibitory
effect on FATP-1 (Maeda et al. 2002). Yamauchi et al, 2002, found that both gAd and
fAd increased phosphorylation of AMPK and ACC in C2C12 myocytes and skeletal
muscle in vivo in a dose-dependent manner, but gAd produced a more significant effect.
In order to better understand the mechanism by which adiponectin activates AMPK, the
research group measured the cellular AMP content, an activator of AMPK, in C2C12
myocytes and soleus muscle cells. They found that the concentration of AMP was
increased by 2-fold after treatment with adiponectin. The researchers concluded that the
activation of AMPK seen afier treatment with adiponectin may result because of an
increase in the cellular content of AMP (Yamauchi et al. 2002). In a study using cell
culture of skeletal muscle from lean and obese subjects, it was found that gAd stimulated
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AMPK and ACC phosphorylation and subsequently stimulated fatty acid oxidation in
lean skeletal muscle, but the effects seen in obese skeletal muscle were much lower. The
muscle cell cultures from obese subjects required much higher levels of gAd to induce
fatty acid oxidation. This is discouraging because adiponectin levels are already typically
lower in obese individuals, and an increase in the amount of adiponectin needed to
stimulate obese muscle would further depress fatty acid oxidation (Chen et al. 2005).
Tomas et al, 2002, showed that incubation of EDL muscle with gAd led to a 2-fold
increase in the activity of AMPK and that glucose transport in the absence of added
insulin was increased by 50%. After the serum AMPK levels were increased, ACC
phosphorylation and fatty acid oxidation also increased. I vivo studies done on
C57BL/6J mice showed similar results; the AMPK and ACC phosphorylation increased,
and a decrease in serum malonyl-CoA levels followed. The sequential events of AMPK
phosphorylation and activation, ACC deactivation, decline in malonyl-CoA levels, and an
increase in fatty acid oxidation indicate that adiponectin produces its effects on serum
lipid levels by first acting on AMPK (Tomas et al. 2002).

AMP-activated protein kinase - Several studies have shown that adiponectin
stimulates beta-oxidation and glucose uptake via AMPK activation (Hayashi et al. 2000;
Yamauchi et al. 2001; Park et al. 2002; Tomas et al. 2002; Yamauchi et al, 2002; Kokta
et al. 2004). AMPK is ubiquitous and senses the amount of fuel, in the form of ATP,
present in tissues or cells. Cells monitor the AMP/ATP ratio. In instances where there is
a decline in energy levels, an increase in the AMP/ATP ratio, AMPK is phosphorylated
by an AMPK kinase (Tomas et al. 2002). Once AMPK is activated, it in turn
phosphorylates a variety of proteins to increase ATP generation, such as acetyl CoA
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carboxylase (ACC) and malonyl-CoA decarboxylase (MCD). ACC is the rate limiting
enzyme in the formation of malonyl-CoA and phosphorylation de-activates it. MCD is
activated by phosphorylation and it degrades malonyl-CoA. The combination of
deactivation of ACC and activation of MCD decreases the cellular concentration of
malonyl-CoA. Malonyl-CoA is an inhibitor of camitine palmitoyl transferase 1 (CPT-1).
CPT-1 is the enzyme which regulates the rate of transfer of long chain fatty acyl-CoA
into the mitochondria for oxidation. High concentrations of malonyl-CoA in the body are
linked to insulin resistance because it restricts the entrance of long chain fatty acyl-CoAs
into the mitochondria. The fatty acyl-CoAs would accumulate in the cytosol and muscle
as triglycerides, and this fatty acid accumulation could contribute to insulin resistance
(Ruderman et al. 1999; Park et al. 2002). Once ACC is phosphorylated and inactivated
by AMPK, concentrations of malonyl-CoA decrease, and since CPT-1 is no longer
inhibited, fatty acid oxidation is stimulated. AMPXK is able to produce effects in many
tissues such as liver, skeletal muscle, adipocytes, and pancreatic islets (Winder et al.
1999). Adiponectin has been shown to increase AMPK activity and subsequently
increasing fatty acid oxidation in the mitochondria both in vitro and in vivo (Yamauchi et
al. 2001; Tomas et al. 2002; Yamauchi et al. 2002).
ADIPONECTIN AND CHRONIC DISEASE

There has been a strong negative correlation shown between plasma adiponectin
levels and BMIs of men and women. Obesity tends to increase the plasma concentrations
of most proteins produced by adipose tissue because of the increase in total fat mass, but
plasma levels of adiponectin were found to be much lower in obesity (Arita et al. 1999).
Plasma adiponectin concentration was reported to be significantly lower in individuals
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with essential hypertension, coronary artery disease (CAD), and type 2 diabetes,
especially in people with type 2 diabetes and CAD, than in the control subjects. (Ouchi et
al. 1999; Hotta et al. 2000; Adamczak et al. 2003).

Obesity & Type 2 Diabetes - Many murine models of obesity and type 2 diabetes
have shown low levels of adiponectin which coincide with development of insulin
resistance. Overfeeding and obesity lead to decreased serum adiponectin concentrations,
but calorie restriction can increase adiponectin levels and increase insulin sensitivity
(Maddineni et al. 2005). Significantly lower levels of adiponectin were observed in fat
tissues from obese mice and obese humans (Hu et al. 1996). Weyer et al, 2001,
confirmed previous findings that obesity and type 2 diabetes are closely associated with
low plasma adiponectin levels. They found that plasma adiponectin nepatively correlated
with BMI, percent body fat, waist-to-thigh ratio, fasting plasma insulin, and glucose
toierance. They determined that plasma adiponectin concentration was most closely
related to insulin sensitivity and fasting insulinemia rather than adiposity and glycemia
(Weyer et al. 2001). Degawa-Yamauchi et al, 2005, found that expression of adiponectin
mRNA negatively correlated with the BMI of individuals. It was also reported that a
reduction in serum adiponectin also highly correlated with increasing accumulation of
intra-abdominal fat mass (Degawa-Yamauchi et al. 2005).

In situations where over-nutrition exists, such as a high-fat diet, reduced mRNA
levels of adiponectin in adipose tissue and corresponding lower serum adiponectin levels
have been observed in concert with hyperglycemia and hyperinsulinemia. When globular
adiponectin was administered intravenously, hyperglycemia and hyperinsulinemia were
ameliorated. At the same time, increased expression of molecules involved in fatty acid
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transport and combustion such as acetyl-CoA oxidase, uncoupling protein-2, and fatty
acid translocase/CD36 was observed. This led to a decrease in muscle triglyceride
content, The decrease in tissue triglyceride levels may improve insulin signal-
transduction and thus reverse the insulin resistance of obese mice. Serum adiponectin
levels of genetically obese KKAy mice on a high-fat diet were much lower than the
adiponectin levels of KKAy mice on a high-carbohydrate diet, and administration of
adiponectin was able to ameliorate the insulin resistance and high triglyceride levels in
these mice (Yamauchi et al. 2001). Decreased plasma adiponectin has been shown to
correspond with or precede insulin resistance in both murine and primate models (Hotta
et al. 2001; Yamauchi et al. 2001). Rhesus monkeys are good primate models for human
type 2 diabetes since they spontaneously develop obesity and subsequent diabetes. Hotta
et al, 2001, were able to detect metabolic changes which preceded the development of
diabetes in these monkeys. The plasma concentration of adiponectin in obese monkeys
was significantly lower than levels in lean monkeys and stayed significantly lower after
the monkeys developed diabetes. The reduction of plasma adiponectin coincided with
the early stages of obesity, the decrease in insulin sensitivity, and development of insulin
resistance (Hotta et al. 2001).

One class of drugs used to treat diabetes is the thiazolidinediones (TZDs). These
drugs are PPAR-y agonists which have been reported to increase the number of small
adipocytes and induce normalization of plasma lipids, leading to the amelioration of
insulin resistance (Okuno et al. 1998). Maeda et al, 2001, found that TZDs are able to
enhance the expression and secretion of adiponectin by activation of its promoter. They
also found that TNF-u had a suppressive effect on adiponectin expression, but that TZDs
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were able to alleviate this suppression (Maeda et al. 2001). Inukai ez al, 2005, found that
adiponectin mRNA expression in epidydimal fat from obese mice was significantly
decreased compared to lean mice, but treatment with pioglitazone, a TZD, improved
adiponectin mRNA expression and protein secretion (Inukai et al. 2005). Phillips et al,
2003, also found that plasma adiponectin levels were highest in lean, non-diabetic
subjects and significantly lower in obese type 2 diabetics. After 3-4 months of treatment
with troglitazone, a TZD, there was a significant increase in the average serum
adiponectin level of these subjects and the change in serum adiponectin levels was
positively correlated with improvement in whole-body insulin action. Treatment with
troglitazone also improved the circulating lipid profile with increases in HDL (Phillips et
al. 2003). Iwaki et al, 2003, reported the existence of a PPAR-response element (PPRE)
in the human adiponectin promoter. The PPAR-y/RXR heterodimer was found to bind
specifically to the human adiponectin PPRE in the promoter region. This discovery
partially explains the increase in serum adiponectin levels seen when patients are treated
with PPAR-y agonists like TZDs (Iwaki et al. 2003).

Cardiovascular Disease - Similar to the decreased adiponectin levels observed in
obesity and type 2 diabetes, serum adiponectin levels have been shown to be lower in
patients with cardiovascular disease. Plasma adiponectin levels are especially low in
people with type 2 diabetes and coronary artery disease. Serum triglyceride level was
negatively correlated, and serum HDL was positively correlated with the plasma
adiponectin levels in participants of one study (Hotta et al. 2000). Ouchi e al, 1999, also
found that plasma adiponectin levels were much lower in patients with coronary artery
disease compared to age- and BMI-adjusted controls. TNF-a has been reported to
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enhance adhesion of the human monocytic cell line THP-1 cells to human aortic
endothelial cells (HAEC), and this action was dose-dependently suppressed by incubation
of the HAECs with adiponectin. Dose-dependent suppression of TNF-a-induced surface
expression of vascular cell adhesion molecule-I (VCAM-I), endothelial-leukocyte
adhesion molecule-I (E-selectin-I), and intracellular adhesion molecule-1 (ICAM-1) was
also observed when HAECs were pre-treated with adiponectin. These molecules have
been detected in human atherosclerotic lesions, and abnormal leukocyte adhesion to the
vascular wall is considered to be crucial for the development of atherosclerosis. The
main finding of this study was that physiological concentrations of adiponectin were able
to significantly inhibit TNF-g-induced monocyte adhesion and adhesion molecule
expression (Ouchi et al. 1999). TNF-g stimulates VCAM-I, E-selectin-1, and ICAM-I
through activation of nuclear transcriptional factor- kB (NF-xB). Ouchi et al, 2000, also
reported that adiponectin was found to suppress TNF-a-induced NF-xB activation
through a cAMP-dependent pathway. This caused researchers to believe that adiponectin
acts as an endogenous modulator of the endothelial inflammatory response (Ouchi et al.
2000). The decrease in plasma adiponectin seen in patients with coronary artery disease
may directly correlate with the development of vascular disease. The same research
group conducted further studies related to the ability of adiponectin to inhibit TNF-a-
induced events which lead to coronary artery disease. Treatment of macrophages with
physiological concentrations of adiponectin significantly reduced cholesteryl ester
contents; this indicates that adiponectin is able to suppress the transformation of
macrophages to foam cells (Ouchi et al. 2000). Treatment with adiponectin was also able
to dose-dependently suppress type I and II class A macrophage scavenger receptor
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(MSR) mRNA expression levels. Adiponectin was also found to be abundant in the
endothelium and sub-endothelial space in lesions of injured human aorta. This indicated
that adiponectin may accumulate in the vascular wall when the endothelium is damaged
and modulate the transformation of macrophages to foam cells transformation (Ouchi et
al. 2001). Apo-E deficient mice exhibit hypercholesterolemia and spontaneously develop
severe atherosclerosis. Yamauchi ef a/, 2003, mated Apo-E deficient mice with
transgenic mice expressing high levels of gAd and found that the offspring who were
positive for the transgene developed lesions which were significantly smaller than those
in non-transgenic littermates. The over-expression of adiponectin also ameliorated
hyperlipidemia without changing body weight, lipoprotein profiles, levels of serum total
cholesterol, HDL cholesterol, free fatty acids, or triglycerides. This indicated to
researchers that gAd may have a protective effect which directly acts on the vascular wall
and/or macrophages rather than indirectly improving circulating lipids and proteins
(Yamauchi et al. 2003). Adiponectin has demonstrated ability to inhibit foam cell
formation, down-regulate vascular adhesion molecules and immune cell activation, and
reduce cholesteryl ester contents and lipid droplets in human monocyte-derived
macrophages (Hotta et al. 2000; Ouchi et al. 2001; Adamczak et al. 2003; Koerner ¢t al.
2005; Okamoto et al. 2006). Hypoadiponectinemia has been associated with low HDL
cholesterol, high TNF-o concentrations, high plasma triglycerides, obesity, and type 2
diabetes (Weyer et al. 2001; von Eynatten et al. 2004). Low levels of plasma adiponectin
are also associated with patients who have essential hypertension irrespective of gender.
A significant negative correlation was found between blood pressure and plasma
adiponectin concentration (Adamczak et al. 2003).

¥
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ADIPONECTIN RECEPTORS

Yamauchi et al, 2002, are credited with discovering a differential response to gAd
and fAd. They were also able to isolate cDNA for the two different types of adiponectin
receptors. The receptors are AdipoR1 (42.4 kDa) and AdipoR2 (35.4 kDa), and found
that human and mouse adiponectin receptors shared up to 96% homology. It was also
noted that AdipoR1 was ubiquitously expressed, but most predominantly in the skeletal
muscle and AdipoR2 was primarily expressed in the liver. The two receptors are
structurally similar and contain seven trans-membrane domains. Expression of
AdipoR1/R2 in C2C12 myoctyes was associated with increased PPAR-u ligand activity,
fatty acid oxidation, and glucose uptake. Suppression of AdipoR1 expression with
siRNA greatly reduced the binding of gAd but only slightly reduced the binding of fAd.
It also greatly decreased PPAR-u ligand activity, fatty acid oxidation, and glucose uptake.
Conversely, suppression of AdipoR2 expression with siRNA significantly reduced the
binding of fAd but only moderately reduced the binding of gAd and only partially
reduced PPAR-a ligand activity and fatty acid oxidation. A Scatchard plot analysis
showed that AdipoR1 is a high-affinity receptor for gAd but a very low-affinity receptor
for fAd, and that AdipoR2 is an intermediate affinity receptor for both gAd and fAd.
Both receptors mediate the actions of adiponectin to increase fatty acid oxidation and
glucose uptake (Yamauchi et al. 2003).

Adiponectin Receptor Expression - Due to the relatively recent discovery of
adiponectin receptors, the factors regulating their expression have not been completely
elucidated. The mechanisms for signaling of adiponectin receptors are still under
investigation, as are the factors which control their expression. Inukai et al, 2005, found
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that insulin has an inhibitory effect on AdipoR1 both in vivo and in vitro, and its
expression was also significantly suppressed in genetically obese and diabetic mice,
while AdipoR2 expression remained unchanged (Inukai et al. 2005). Fang et al, 2005,
found that both hyperglycemia and hyperinsulinemia caused a significant reduction in
AdipoR1 expression, but that hyperinsulinemia increased AdipoR2 expression in muscle
tissue of rats. They also found that gAd, but not fAd, increased glucose uptake mainly by
increasing the amount of GLUT4 located on the cell membrane surfaces. Although both
gAd and fAd had the ability to increase fatty acid oxidation, hyperglycemia significantly
decreased fatty acid oxidation levels, and hyperinsulinemia reduced basal fatty acid
oxidation levels. This group noted that myoblasts express six times more AdipoR1
mRNA than AdipoR2 mRNA (Fang et al. 2005). Another feature of AdipoR1 is that it
has been shown to interact with insulin receptors which enhance insulin signal
transduction and possibly decrease insulin resistance (Koerner et al. 2005). Several other
research groups found AdipoR1 mRNA expression to be significantly greater than
AdipoR2 mRNA expression in muscle cells (Chen et al. 2005; Fang et al. 2005).

Chen et al, 2005, found that adiponectin receptor expression is not significantly
different in muscle cells from lean and obese subjects, but Kadowaki ef al, 2005, found
that expression of both adiponectin receptors were greatly decreased in muscle and
adipose tissue of insulin resistant Lep™ > mice (Chen et al. 2005; Kadowaki et al. 2005).
Tsuchida et al, 2004, found significantly higher levels of AdipoR1 and AdipoR2 mRNA
expression in liver and skeletal muscles after fasting, and the levels were restored to
normal after re-feeding. Plasma insulin levels can also be affected by fasting and re-
feeding. Insulin levels are typically decreased with fasting and tend to increase with
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feeding., Because of the opposite trends of adiponectin receptor expression and insulin
levels, researchers hypothesized that insulin has the ability to inhibit the expression of
AaipoRl and AdipoR2. They elucidated that high levels of insulin significantly
decreased the mRNA expression of both adiponectin receptors. They also found that
expression of both adiponectin receptors was significantly down-regulated in Lep®®/°®
mice compared to control mice. Binding affinity of adiponectin was much lower in
skeletal muscle of Lep®™® mice than in wild-type mice. It was also noted that although
adiponectin was able to activate AMPK in skeletal muscle from wild-type mice, it was
uriable to activate AMPK in the skeletal muscle of Lep®®°® mice (Tsuchida et al. 2004).
Similarly, if chronic overfeeding leads to increased insulin levels, based on the
results of this study, it makes sense that there would be decreased expression of
adiponectin receptors in skeletal muscle and hepatocytes. The decrease in receptors
would lead to less adiponectin binding sites and consequently less activation of the
AMPK pathway, decreased fatty acid oxidation, and decreased glucose utilization would
result. In contrast to the effect insulin had on mRNA expression of AdipoR1/R2 in the
previous study, another group found no significant effect of insulin on AdipoR1 mRNA
expression (Staiger et al. 2004). They did find that myotubes expressed AdipoR1 1.8-
fold higher than AdipoR2, and the expression levels of AdipoR1/R2 are positively
correlated with each other and also correlated to plasma triglyceride concentrations
(Staiger et al. 2004). Tsuchida et a/, 2005, found that administration of PPAR-o and
PPAR-y agonists enhanced the action of adiponectin in white adipose tissue by increasing
adiponectin levels and increasing the expression of its receptors (Tsuchida et al. 2005).
Another group found that AdipoR1 and AdipoR2 had different mechanisms for
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improving diabetes in leptin deficient (Lep”) mice. They found that AdipoR1
significantly increased activation of AMPK in the liver, but AdipoR2 did not. The
activation of AMPK in the liver also was accompanied by decreased expression of
gluconeogenic enzymes. AdipoR2 was found to significantly increase the expression of
the gene encoding glucokinase in the liver which is involved in glucose uptake, but
AdipoR1 did not. AdipoR2 activation increased the expression of the gene encoding
PPAR-o and its target genes Acoxl and Ucp2, but activation of AdipoR1 had little effect
on these genes. These results indicate that AdipoR2 may be more involved in the
activation of PPAR-a than AdipoR1. Mice which had either AdipoR1 or AdipoR2 genes
“knocked-out” showed increased plasma glucose and insulin levels indicating these mice
developed insulin resistance. The combination of AdipoR1/R2 knock-out mice
significantly reduced adiponectin binding and effects. Consequently, these mice
appeared to be significantly more insulin resistant and glucose intolerant than mice which
had only the AdipoR1 or AdipoR2 gene knocked-out (Yamauchi et al. 2007). There are
many factors which may affect the expression of adiponectin receptors AdipoR1 and
AdipoR2, and these mechanisms may become future drug targets in order to improve
chronic diseases such as diabetes and cardiovascular disease.
PEROXISOME PROLIFERATOR-ACTIVATED RECEPTORS (PPAR-a, PPAR-Y)
PPARs are ligand-activated transcription factors which are part of the nuclear
hormone receptor superfamily. They bind to DNA elements called PPAR response
elements (PPREs) and form a heterodimer with 9-cis-retinoic acid receptors (RXRs) in
the promoter region of many genes. The binding of these elements to the DNA sequence
can either promote activation or induce repression of gene expression (Ferre 2004). Both
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PPAR-o and PPAR-y are able to lower circulating lipid concentrations and are therefore
able to ameliorate insulin resistance via different mechanisms (Muoio et al. 2002).

PPAR-a - PPAR-c is widely expressed in the liver, muscle, kidney, and intestine,
but is also expressed to a small degree in adipose tissue. The activation of PPAR-a
stimulates uptake, binding, and oxidation of fatty acids in mitochondria, peroxisomes,
and microsomes resulting in decreased tissue content of free fatty acids (Ye et al. 2001;
Kersten 2002). Natural ligahds for PPAR-o include unsaturated fatty acids and saturated
fatty acids, but saturated fatty acids have a lower affinity for PPAR-u (Ferre 2004).
Synthetic ligands for PPAR-u include fibrates such as fenofibrate and clofibrate (Ferre
2004). In the liver, activation of PPAR-u stimulates the expression of fatty acid transport
proteins and key enzymes involved in peroxisomal beta-oxidation. One possible target of
PPAR-g is camitine palmitoyl transferase 1 (CPT-I) which is the rate-limiting step of
mitochondrial beta-oxidation (Ferre 2004). By stimulating pyruvate dehydrogenase
kinase 4 (PDK4) gene expression, PPAR-q facilitates the phosphorylation of pyruvate
dehydrogenase. The deactivation of pyruvate dehydrogenase by phosphorylation induces
glucose carbon sparing in the skeletal muscle and favors the use of fatty acids as fuel
(Ferre 2004). Ye et al, 2001, found that treatment of high-fat fed rats with PPAR-o.
agonists ameliorated whole-body insulin resistance. They found that the improved
muscle insulin action was associated with a reduction in circulating and intramuscular
long-chain acyl-CoAs. The decrease in muscle lipid accumulation may be the
mechanism by which PPAR-a agonists improve insulin sensitivity (Ye et al. 2001).
Muoio et al, 2002, also found that treating human skeletal muscle cells with a PPAR-a
agonist increased fatty acid oxidation by 3-fold and also decreased fatty acid
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esterification into myocyte triglyceride. They also noted a 45-fold increase in PDK4
mRNA levels which indicates that the gene is extremely responsive to PPAR-u
activation. This strengthens Ye et al’s argument that an increase in PDK4 promotes fatty
acid oxidation and leads to glucose carbon sparing (Muoio et al. 2002). Activation of
PPAR-a in genetic models of insulin resistance has been found to increase insulin
sensitivity and reduce accumulation of visceral fat {(Guerre-Millo et al. 2000; Chou et al.
2002). This was primarily due to the role PPAR-z plays in the increase in oxidation of
fatty acids in the liver and the heart which decreases levels of serum and tissue fatty acids
(Ferre 2004). Studies have also shown that conjugated linoleic acid decreases body fat in
animals (Whigham et al. 2000) and it has also been demonstrated that conjugated linoleic
acid is a ligand for PPAR-o (Moya-Camarena et al. 1999). Consequently, researchers
concluded that one mechanism by which conjugated linoleic acid has been able to
decrease body fat is through activation of PPAR-c.

PPAR-y - PPAR-y is important regulator of gene expression and fat cell
diff‘erentiation, triggering conversion of pre-adipocytes to adipocytes and regulating
activation of lipopolysaccharide lipase, acyl-CoA synthase, fatty acid translocase (CD36),
and fatty acid transport protein. PPAR-y increases the number of small adipocytes which
have been shown to be more insulin sensitive than large adipocytes (Rosen et al. 2001;
Kersten 2002; Walczak et al. 2002; Ferre 2004). It stimulates storage of triglycerides by
increasing the storage capacity of adipocytes and also increasing the fatty acid flow into
the adipocytes. This reduces the amount of fatty acids present in the muscle and
circulation which improves insulin sensitivity (Ferre 2004). Natural ligands for PPAR-y
include unsaturated fatty acids such as oleate, linoleate, eicosapentenoic, and arachidonic
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acids, but they have been shown to have low affinity for PPAR-y and scientists are still
trying to identify natural, high-affinity PPAR-y ligands (Rosen et al. 2000; Rosen et al.
2001; Ferre 2004). TZDs are synthetic, high-affinity PPAR-y ligands used to treat
diabetes which stimulate adipocyte differentiation, lower serum glucose levels, and
improve the lipid profiles of people with type 2 diabetes. Fatty acid transporters FATP
and CD36 are targets of PPAR-y and stimulate the uptake of FFAs into adipose tissue
thereby decreasing circulating concentrations of FFAs (Walczak et al. 2002). In a study
by Vidal-Puig et al, 1996, it was shown that PPAR-~y mRNA expression levels were
increased by feeding normal mice a high-fat diet, but expression levels in obese mice
were not increased by the high-fat feeding (Vidal-Puig et al. 1996). This led to the
conclusion that fatty acid ligands may be able to stimulate PPAR-y only up to a certain
threshold. Fu ef al, 2003, proposed the idea that TGF-B may decrease PPAR-y by
decreasing its transcriptional activity (Fu et al. 2003). Zheng and Chen, 2007,
demonstrated that TGF-f may have an inhibitory effect on PPAR~y expression and
activation. They found that TGF-B dose dependently reduced the activity of the PPAR-y
promoter (Zheng et al. 2007). They concluded that interruption of TGF-p signaling may
alleviate the inhibitory effect on the PPAR-y promoter region leading to an increase in
PPAR-y expression. If myostatin propeptide is able to bind and inactivate myostatin, a
similar effect of increased PPAR-y gene expression may occur.

Researchers have found that there is a PPAR-response element in the adiponectin
promoter region so it correlates that the expression of adiponectin would be related to the
expression of PPAR-y (Iwaki et al. 2003). Other groups have also reported that
stimulation of PPAR-y by TZDs increases adiponectin expression and corresponds to
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increased insulin-sensitivity in these subjects (Maeda et al. 2001; Phillips et al. 2003;
Inukai et al. 2005). Muoio ef al, 2002, also found that PPAR-o also increased expression
of muscle CPT1 and MCD. CPT1 catalyses the rate-limiting step in the transport of fatty
acids into the mitochondria, and MCD decreases concentrations of the CPT-1 inhibitor
malonyl-CoA (Muoio et al. 2002). Both MCD and CPT-1 are involved in the mechanism
by which adiponectin increases skeletal muscle fatty acid oxidation and therefore, it is
likely that adiponectin may increase the activity of PPAR-0. Yamauchi et al, 2007,
demonstrated that the over-expression of AdipoR2 increased the expression of the gene
encoding PPAR-u and its target genes. Conversely, AdipoR2 KO mice showed a
decrease in activity of PPAR-o and its target genes (Yamauchi et al. 2007).
MYOSTATIN

Myostatin, also known as growth/differentiation factor-8 (GDF-8), is a member of
the transforming growth factor-f (TGF-B) superfamily. The TGF-f superfamily is made
up of growth and differentiation factors which maintain tissue homeostasis. It is highly
conserved among species and undergoes post-translational modification to yield the
active form of the molecule. The sequences of murine, rat, human, porcine, chicken, and
turkey myostatin are 100% identical at the C-terminal region which is active after
undergoing proteolytic cleavage (McPherron et al. 1997). The active C-terminus region
is 15kDa and has a highly conserved pattern of cysteine knots (Kocamis et al. 2002). The
faét that there is considerable homology in the sequence of myostatin among many
different animals indicates that both function and genetic sequence have been conserved.
Myostatin produces its effects by specifically binding to ActRIIB. Smad proteins are the
signal transducers which transmit signals from cell surface receptors to the nucleus where
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they regulate transcription and translation (Lee et al. 2001; Tsuchida 2004). Myostatin is
also negatively regulated by follistatin, which binds the C-terminal dimmer and prevents
it from binding to receptors. Once myostatin is released from follistatin it is able to bind
the ActRIIB receptors (Lee et al. 2001).

Effects of Myostatin - Animals which possess one or more mutations in the
myostatin gene are much heavier than wild-type animals and display a significant
increase in skeletal muscle mass. McPherron ef @/, 1997, found that the increase in
skeletal muscle mass primarily resulted from muscle cell hyperplasia, but hypertrophy
also contributed to the increase in total skeletal muscle mass (McPherron et al. 1997).
Therefore, adult mice which have a mutation in the myostatin gene are up to 25-30%
heavier than wild-type littermates, and their individual muscles can weigh 2-3 times as
much, indicating that myostatin is a negative regulator of skeletal muscle growth (Lee et
al. 1999). Significant differences in food intake were not observed between myostatin
knockout mice and wild-type littermates at most stages of development. Body weights
were significantly higher at most ages in myostatin knockout mice although fat-pad mass
was lower in knockout mice than the wild-type mice. The increase in weight seen in the
myostatin knockout mice was attributed to their greater skeletal muscle mass (Lin et al.
2002). A study of mice with a dominant negative myostatin mutation, which had 23-40%
less active myostatin due to a lack of the normal cleavage site, confirmed findings that
mice with disrupted myostatin function had more developed skeletal muscles than wild-
type littermates. Contrary to the study of McPherron ef al, 1997, Zhu et al, 2000, found
that the increase in skeletal muscle mass in mice with a dominant negative myostatin
mutation was due to hypertrophy and that hyperplasia was not a significant contributor
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(Zhu et al. 2000). Mice are not the only species which exhibit extreme muscle mass
when disruption of myostatin function occurs. Several breeds of cattle such as the
Belgian Blue and the Piedmontese exhibit double-muscling which causes an increase in
muscle mass of about 20-25%. Both of these double-muscled breeds exhibit increased
feed efficiency and are able to produce an increased percentage of the most desirable cuts
of meat (Kambadur et al. 1997). The myostatin mutation in cattle generally leads to a
reduction in size of internal organs, lower viability of offspring, and decreased fertility in
females. These difficulties have not been seen in the mice with the myostatin mutation
(McPherron et al. 1997).

Myostatin has also been shown to have similar effects in humans. One study
which looked at patients after bariatric surgery found that there was a significant
reduction of myostatin mRNA expression in muscles of obese subjects after surgery.
Although bariatric surgery is accompanied by significant weight loss of both fat free
mass and fat mass, after the initial rapid weight loss, body fat reduction continues to
decrease but lean body mass does not seem to decrease further(Milan et al. 2004). The
decrease in myostatin activity observed after surgery may prevent the further loss of lean
body mass (Milan et al. 2004). In a case study involving a child who was born with a
spontaneous mutation in the myostatin gene, researchers described the child’s
extraordinarily muscular thighs and upper arms at birth. At the age of 4!% he continues to
have increased muscle mass and size. Ultrasound imaging showed that the cross-section
of the quadriceps muscle was 7.2SD above the mean value for children his age, and the
thickness of his subcutaneous fat pad was 2.88SD below the mean value., Genetic and
serum protein analyses strongly indicate that the child has a loss-of-function mutation in
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the myostatin gene. Researchers are continuing to follow the development of this child
as he ages (Schuelke et al. 2004).

Mpyostatin Expression & Fat Accumulation - As mentioned above, myostatin is
expressed primarily in the skeletal muscle and to some degree in adipose tissue. Mice
with a mutation in the myostatin gene have a significant increase in skeletal muscle mass
throughout their body (McPherron et al. 2002). Diabetes mellitus is characterized by
insulin resistance and disrupted glucose absorption in skeletal muscle. Since myostatin
triggers increased muscle mass and has shown the ability to slow or prevent fat
accumulation, it has been a target for possible pharmacological treatment of diabetes
(Tsuchida 2004). McPherron and Lee, 2002, showed that loss of myostatin function
prevents age-related adipose tissue accumulation and positively affects serum glucose
and insulin levels. The myostatin mutation was also able to partially attenuate obese and
diﬁbetic phenotypes of two mouse models, Lep ob/ob and KK Ay, used to study obesity
and diabetes. There are two theories presented in the paper as to how loss of myostatin
affects fat deposition and accumulation. One theory is that myostatin has a direct effect
on adipose tissue. The second theory is that the myostatin mutation has an indirect effect
by causing an increase in skeletal muscle mass therefore utilizing more fuel. The
secondary effect is that less energy is available to be stored as fat. The other explanation
for an indirect effect of myostatin is that the lack of myostatin in muscle affects the
activity of a theoretical second messenger (McPherron et al. 2002).

Myostatin has been shown to have an inhibitory effect on differentiation of pre-
adipocytes (Kim et al. 2001). One proposed mechanism for its inhibitory effect is by
inhibition of PPAR-y and CCAAT/enhancer binding proteins (C/EBP), which are key
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transcription factors necessary for adipocyte differentiation. Kim et @/, 2001,
demonstrated that treatment of 3T3-L1 (mouse pre-adipocytes) cells with myostatin
inhibited adipocyte differentiation in a dose-dependent manner. Expression of PPAR-y
and C/EBP-a in 3T3-L1 cells were significantly reduced when myostatin was added to
the cell cultures (Kim et al, 2001). This led to the conclusion that the mechanism by
which myostatin inhibited differentiation in pre-adipocytes was by decreasing the
expression levels of PPAR-y and C/EBP-a. However, conflicting reports on the action of
myostatin on pre-adipocytes exist. Another study by Artaza er al, 2005, demonstrated
that recombinant myostatin promoted the differentiation of the multipotent C3H 10T(1/2)
cells into adipogenic cells by up-regulating C/EBP-u in a dose-dependent manner (Artaza
et al. 2005). In support of this study, Lin ef al, 2002, reported that myostatin knockout
mice had significantly lower fat pad weights, increased muscle mass, and decreased
circulating levels of PPAR-y and C/EBP-a (Lin et al. 2002). Authors theorized that the
mechanism by which myostatin knock-out mice decreased fat accumulation was by
decreasing adipogenesis which was reflected in the decrease in concentration of
adipogenic factors PPAR-y and C/EBP-a. In conclusion, the mechanism by which
myostatin affects adipogenesis and differentiation of pre-adipocytes remains unclear and
is still under investigation.

Mpyostatin Propeptide - The active or mature form of myostatin is generated by
cleavage of the precursor protein at the tetrapeptide (RSSR) site. The remaining N-
terminal peptide is termed the propeptide (prodomain). The N-terminal propeptide is
able to bind the C-terminal and maintain it in a latent dimer in vitro and in vive (Wolfinan
etal. 2003). Other members of the TGF-f§ superfamily form the biologically active

36



molecules through cleavage from the precursor protein. In several cases, TGF-B1, -p2,
and —P3, the secreted propeptide remains non-covalently bound to the active protein and
inactivates it. Thies ez al, 2001, investigated whether or not the GDF-8 propeptide would
be able to bind and inactivate GDF-8. They found that the GDF-8 propeptide was able to
cdmplex with GDF-8 when incubated together at a neutral pH, and this greatly reduced
the biological activity of GDF-8 mostly through an inhibitory effect on GDF-8 receptor
binding (Thies et al. 2001). We and others have demonstrated that over-expression of
myostatin propeptide cDNA dramatically enhanced skeletal muscle development, most
likely by maintaining myostatin in its latent form (Zhu et al. 2000; Yang et al. 2001;
Wolfman et al. 2003; Zhao et al. 2005). The increased muscle mass in the transgenic
mice was most likely due to hypertrophy, or increase in muscle cross-sectional size,
rather than hyperplasia. Also noted is that the transgenic mice demonstrated much lower
epididymal fat pad weights than their wild-type littermates (Yang et al. 2001).

Earlier analyses of transgenic and wild-type mice on a normal-fat or high-fat diet
were conducted by our lab (Zhao et al. 2005; Yang et al. 2006). Similar to other studies
we found that the transgenic males were heavier than the wild-type animals on the normal
diet. We also found that transgenic mice on the high-fat diet showed further
cﬁhancement of growth beyond that of the transgenic mice fed a normal-fat diet. Both
groups of transgenic mice consumed more kilocalories per day than their wild-type
counterparts. Since the majority of the increased weight in transgenic animals was due to
increased muscle mass, it indicates that these excess calories were partitioned into muscle
mass instead of fat mass. The adipose tissue mass of both transgenic mice was similar to
the white adipose tissue mass of the wild-type mice fed the normal-fat diet, but as would
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be expected, the wild-type mice on the high-fat diet had much higher fat mass than the
other groups. One of the main conclusions of this previous study was that there was a
shift of dietary fat utilization toward muscle tissue where dietary fat served as an energy
resource for muscle protein synthesis and maintenance, so less energy was stored as fat.
This was one of the first studies to show that mice with enhanced muscle mass show
minimal fat deposition when they were fed a high-fat diet (Yang et al. 2006).

Prior to the current experiment, transgenic and wild-type animals were weaned at
4 weeks of age and given free access to a normal-fat diet until 9 weeks of age. At this
point they were randomly assorted into groups and either fed a normal-fat diet or a high-
fat diet with four animals per group. The body weights of the transgenic and wild-type
mice were significantly different at 9 weeks of age and at 18 weeks of age; transgenic
mice showed increased muscle mass while their wild-type littermates fed a high-fat diet
had excessive adipose tissue mass. Muscle triglyceride content of the gastrocnemius
muscle from both groups of transgenic mice was significantly lower than those of wild-
type mice. The transgenic mice demonstrated similar levels of fat deposition regardless
of their dietary fat content, and they had significantly higher daily energy intake than
wild-type mice. Fasting blood glucose levels, response to a glucose tolerance test, and
insulin sensitivity were similar in transgenic mice fed a high-fat diet, transgenic mice fed
a normal-fat diet, ‘a.nd wild-type mice fed a normal diet. The wild-type mice fed a high-
fat diet had significantly higher fasting blood glucose levels, abnormal response to the
glucose tolerance test, and insulin resistance when challenged with insulin. The
concentrations of the metabolic hormones insulin, leptin, and resitin were similar among
transgenic mice fed either a normal-fat or high-fat diet. The hormone concentrations in
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the transgenic animals were slightly higher but not significantly different from the wild-
type mice fed a normal fat diet. The wild-type mice fed a high-fat diet had significantly
higher circulating levels of insulin, leptin, and resistin. One anomaly noticed by
researchers was that the transgenic mice fed a high-fat diet had much higher levels of
serum adiponectin than the wild-type mice and the transgenic mice fed a normal-fat di_et.
The key findings of this experiment were that the propeptide transgene enhanced muscle
growth and also prevented dietary-fat-induced obesity and insulin resistance,
Researchers suspect that the enhanced muscling induced by the transgene channeled
nutrients into muscle for utilization and affected energy partitioning and storage. Since
adiponectin has demonstrated the ability to increase fatty-acid transport and oxidation in
skeletal muscle, the increased adiponectin levels may enable the transgenic mice fed a
high-fat diet to utilize excess triglycerides in skeletal muscle and prevent accumulation of
adipose tissue in fat pads (Zhao et al. 2005).
OBJECTIVES & HYPOTHESIS

Based on the findings of the previous experiment that the transgenic, high-fat diet
mice displayed a significant increase in serum levels of adiponectin, as compared to the
other three groups of mice, the purpose of this experiment was to determine which fat
tissue was expressing the most adiponectin mRNA in each of the four groups. Tissues
from the prior experiment were used to determine expression of adiponectin mRNA. We
theorized that the combination of the myostatin propeptide transgene and a high-fat diet
would demonstrate significant differences in adiponectin mRNA expression among fat
dgpots. Since information on enhancers and inhibitors of adiponectin receptor expression
are still under investigation, we also wanted to determine the effects of diet and myostatin
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propeptide expression on the mRNA expression levels of the adiponectin receptors
(AdipoR1 & AdipoR2) in muscle and liver tissue. We theorized that an increase in
adiponectin mRNA expression would correlate to higher mRNA expression levels of
AdipoR1 and AdipoR2. PPARs are thought to play a significant role in the expression
and actions of adiponectin. We also chose to investigate the expression levels of PPAR-a
and PPAR-y to see if they correlated to the increased serum adiponectin levels. A PPAR
response element (PPRE) was discovered in the promoter region of adiponectin, and so
we theorized that an increase in adiponectin mRNA expression would correlate to an
increase in mRNA expression of PPAR-y. Since PPAR-u has been thought to increase p-
oxidation, we also theorized that the increase in expression of adibonectin mRNA would

also increase the expression of PPAR-¢ mRNA.



CHAPTER 2
CHANGES IN THE mRNA EXPRESSION OF ADIPONECTIN, ADIPONECTIN
RECEPTORS, PPAR-qa, and PPAR-y DUE TO DIETARY FAT CONTENT AND
MYOSTATIN PROPEPTIDE TRANSGENE EXPRESSION

INTRODUCTION

The expression of myostatin propeptide was able to ameliorate the effects of a
high-fat, diet-induced obesity in the transgenic mice. Wild-type mice fed a high-fat diet
developed symptoms of obesity and insulin resistance (Zhao et al. 2005). In previous
experiments we detected a significant difference in the serum levels of adiponectin,. We
found that the transgenic, high-fat diet mice had significantly higher levels of circulating
adiponectin(Zhao et al. 2005). Degawa-Yamauchi et al, 2005, found that expression of
adiponectin mRNA negatively correlated with the BMI of individuals and also
demonstrated that the serum levels of adiponectin protein were correlated to mRNA
expression (Degawa-Yamauchi et al. 2005). In this experiment, we tried to determine
which adipose tissue depot was expressing the highest amount of adiponectin mRNA and
if there was differential expression of adiponectin, PPAR-a, and PPAR-y among fat pads
from the same animals. Since there is evidence of a PPAR response element (PPRE) in
the promoter region of adiponectin (Iwaki et al. 2003), we wanted to determine if the
secretion mRINA expression of adiponectin and PPAR-y were correlated. Also, since
Yamauchi ez al, 2007, demonstrated that the adiponectin receptor AdipoR1 stimulated the
expression of PPAR-a (Yamauchi et al. 2007), we wanted to determine if an increase in
expression of adiponectin mRNA would also correspond to the increased expression of
PPAR-a mRNA in the adipose tissue. We tested the fat tissues from four groups of mice
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described below and compared the expression levels of adiponectin, PPAR-a, and PPAR-
v. An increase in the expression of adiponectin would not have significant effects such as
ilﬁpmved insulin sensitivity, decreased hepatic glucose production, or increased fatty acid
oxidation if the expression of the receptors were not also increased . We also examined
the mRNA expression levels of the adiponectin receptors in the gastrocnemius muscle
and the liver tissues of these 16 mice to determine if the increase in serum adiponectin
was paralleled by an increase in expression of AdipoR1 and AdipoR2 mRNA.
MATERIALS AND METHODS

Animals - Transgenic mice expressing myostatin propeptide were obtained from
Dr. Jinzeng Yang (University of Hawai‘i, Manoa) and used in this experiment (Yang et
al. 2001). Transgenic and wild-type offspring from the propeptide transgenic mice were
mated with B6SJL F1. The animals were housed in cages with a constant temperature
and 12h light/dark cycle. The animals were weaned at 4 weeks of age and given un-
restricted access to a normal fat diet (10% kcal fat, Laboratory Rodent Diet 5001,
metabolizable energy 3.04kcal/g, W.F. Fisher & Son, Somerville, NJ) until 9 weeks of
age. At this time the male mice were randomly assigned to one of two types of diet
(normal fat, 10% kcal fat, Laboratory Rodent Diet 5001; or high fat, 45% kcal fat,
Formula D12451, metabolizable energy 4.73 kcal/g, Research Diets) based on genotype
(transgenic and wild-type). The mice consumed the respective diets from the age of 9
weeks until the age of 15 weeks. More information on the macronutrient compositions of
the diet is available in Appendix 1 (Zhao et al. 2005)

Nine weeks of age in mice is representative of adolescence in humans, and 16-18
weeks of age in mice is representative of adulthood in humans (Zhao et al. 2005). The
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mice were given free access to the respective diets and water from weeks 9-15. There
were four groups of animals with four animals per group, wild-type/normal-fat diet
(WT/NF), transgenic/normal-fat diet (TG/NF), wild-type/high-fat diet (WT/HF), and
transgenic/high-fat diet (TG/HF)." All animal experiments were approved by the
Institutional Animal Care and Use Committee of the University of Hawai‘i.

Tissue Sampling - The mice were killed at 18 weeks of age after an overnight
fast. Gastrocnemius, biceps, triceps, longissimus dorsi (D), and semitendinosus (ST)
muscles were dissected and weighed. Liver tissue was dissected and weighed.
Subcutaneous, epididymal, mesenteric, and retroperitoneal adipose tissue fat pads were
dissected and weighed. The % white adipose tissue (%WAT) mass with respect to the
carcass mass given in the results section includes the four fat pads mentioned above.
Retroperitoneal fat was not present in all animals and therefore was not used for mRNA
expression assays. (Zhao et al. 2005) All tissues were stored at -80°C prior to use.

RNA Extraction and cDNA Preparation - Total RNA was isolated from tissues
mentioned above using TRIzol reagent (Invitrogen, Carlsbad, CA) and chloroform.
Approximately 0.1g of each tissue was used for the total RINA extraction and prepared on
dry ice using forceps and a scalpel. Tissue was then homogenized in TRIzol reagent
using a Polytron homogenizer at maximum speed for 60 seconds. In adipose tissue
samples, after homogenization and prior to RNA isolation, a layer of insoluble fat was
remove as described in the TRIzol protocol. Concentration of total RNA was
determined by measuring absorbance at 260 and 280 nm using a Smart Spec 3000
(BioRad, Hercules, CA) Prior to the reverse transcriptase reaction, RNA was treated with
1uL Deoxyribonuclease I (Invitrogen) and the appropriate buffers according to protocol
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to remove any residual genomic DNA. ¢cDNA was then synthesized using 2ug total
RNA, 1 puL amplification grade SuperScript II Reverse Transcriptase (Invitrogen), and
the appropriate reaction buffers to a final volume of 20 pL per reaction tube according to
the protocol set by Invitrogen. The cDNA was stored at -80°C until use.

Validation - In order to verify purity of cDNA and specificity of adiponectin,
adiponectin receptor 1&2, PPAR-a, PPAR-y, and GAPDH primers, PCR was conducted
using Platinum Taq DNA Polymerase (Invitrogen) and iCycler (BioRad). Amplified
cDNA was visualized by using 2% agarose gel electrophoresis, staining with ethidium
bromide, and a FluorS Multi-imager (BioRad). (Appendix 2) A standard curve was run
using pooled cDNA from mesenteric and retroperitoneal fat to determine adequacy of
0.05pg CDNA sample size for real-time PCR runs (Appendix 3).

Quantitative Real-Time PCR - The relative expression of adiponectin,
adiponectin receptor 1, adiponectin receptor 2, PPAR-a, and PPAR-y were determined,
using the appropriate primers (Table 1), by quantitative real-time PCR using the SYBR
Green reagent in an ABI 7300 Sequence Detection System (Applied Biosystems, Forrest
City, CA). Primers were designed using OligoPerfect Designer (Invitrogen;

http://www.invitrogen.com). Each well of the 96-well reaction plate contained a total

volume of 50 pL. 0.5 pL of cDNA solution was combined with 1.5uL each of forward
and reverse primers (10 pmol/uL), 21.5 pL distilled water, and 25 uL. SYBR Green PCR
Master Mix (Applied Biosystems). Plates were mixed gently, sealed with optical tape,
centrifuged for 10 minutes at 2000 rpm, and placed in the 7300 Real-Time PCR system
(Applied Biosystems). Optimal annealing temperatures for the primers used was

determined to be 60°C and 45 cycles were run. The abundance of each mRNA transcript
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was measured and expressed in comparison to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) which is a steady state enzyme which catalyzes the sixth step
of glycolysis. Relative expression of mRNA was determined using calculations based on
threshold cycle (Ct) according to protocol set by Applied Biosystems and were expressed
as fold change compared to wild-type/normal-fat diet mice. Fold change was calculated
by subtracting the Ct number of the gene of interest from the Ct of the endogenous
control gene, in this case GAPDH. The result of this calculation was termed ACt. The
ACt values for adiponectin, PPAR-a, and PPAR-y are presented in Appendix 4. The ACt
values for the adiponectin receptors AdipoR1 and AdipoR2 are presented in Appendix §.
The ACt of the treatment group was subtracted from the ACt of the control group, in this
case the WT/NF mice. The result of this was termed AACt. The fold change was
calculated as 2°*4“ (Livak et al. 2001).

Statistical Analysis - The data for mean comparisons were analyzed by using the
JMP program. (SAS Inst., Cary, NC). Significant differences between the mass of the
main muscles and adipose tissue mass were analyzed by ANOVA and Student’s t-test.
The effects of genotype, diet, and fat pad location on the mRNA expression levels of
adiponectin, adiponectin receptors, PPAR-a, and PPAR-y were analyzed by ANOVA,
two-tailed Student’s t-test, and Tukey’s HSD test. Least square means and their standard
errors are reported. Significance was determined at p <0.05.
RESULTS

Carcass weights, muscle mass, and fat pad mass - The two groups of transgenic
mice, normal-fat and high-fat diet, displayed the largest carcass weights of the four
groups, 16.23+1.09g and 15.72+0.36p, respectively. Carcass weights for the two
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transgenic groups were significantly higher than the carcass weights of the two wild-type
groups. Mean carcass weight for the wild-type/normal-fat (WT/NF) diet group was
10.68+0.28g and 12.13x0.32g for the wild-type/high-fat diet (WT/HF) group. The
transgenic/normal-fat (TG/NF) mice had significantly heavier muscle masses
(ggstrocnemius, biceps, triceps, LD, and ST) than the other three groups of animals. The
transgenic/high-fat (TG/HF) diet group had significantly heavier gastrocnemius, biceps,
triceps, and LD muscles than both wild-type groups. The WT/HF group had heavier
biceps and triceps than the WT/NF group. There was no significant difference among the
wild-type animals with respect to the gastrocnemius, LD, or ST muscles. The value of
WAT as percent of carcass mass for the WT/HF group was 25.96+2.20% which was
significantly higher than the other three groups of mice. The mass of the subcutaneous,
epididymal, and retroperitoneal pads in the WT/HF group were significantly higher than
the TG/HF group. Muscle and fat pad weights are presented in Table 2.

Adiponectin mRNA Expression in Adipose Tissues - The mRNA expression
level of adiponectin was determined by using the ACt values to calculate fold change
using the subcutaneous fat of the WT/NF mice as the reference tissue. The adiponectin
expression level was the highest in the epididymal fat of the TG/HF group of mice with a
value of 3.10+0.70-fold. The adiponectin expression level of the TG/HF group in
epididymal fat was significantly higher than the expression level in the three fat pads of
all other groups in this experiment except for the epididymal fat of the TG/NF group
which was 2.07+0.15-fold. Within the epididymal fat pad, the WT/HF group had the
lowest expression of adiponectin at 0.25+0.09-fold. There were no significant
differences in adiponectin expression between groups noted in the subcutaneous and
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mesenteric fat pads. Statistical analysis showed that the location of the fat pads and the
genotype of the animals had significant effects on the expression of adiponectin. There
was also evidence of an interaction between the genotype and fat pad location which
increased adiponectin expression. Although there was an interaction among all three
factors to produce effects on levels of adiponectin expression there was no indication that
diet alone had any effect. Fold change results are presented in Table 3 and Figure 2.

PPAR-a mRNA Expression in Adipose Tissues - The epididymal fat of the
TG/HF group expressed the highest levels of PPAR-o0 mRNA with an expression level of
8.1640.81-fold higher than the reference group (WT/NF, subcutaneous fat). There was
no significant difference in PPAR-o expression within the subcutaneous fat, and the
expression levels in this tissue were lower than expression levels in the other two tissues,
epididymal and mesenteric fat. The WT/HF group expressed the lowest levels of PPAR-
a w1th1n both the epididymal and mesenteric fat pads, at levels of 1.7420.72-fold and
1.31+0.54-fold respectively. Statistical analysis showed that the location of the fat pad,
the genotype of the animals, and the fat content of the diet had significant effects on the
expression of PPAR-a mRNA. There were also significant effects shown on mRNA
expression by interactions between fat pad location and genotype, genotype and diet, and
fat pad location and diet. All three factors played a role in the differences in levels of
PPAR-o mRNA expression between the four groups of animals and the locations of the
adipose tissue stores. Fold change results are presented in Table 3 and Figure 3

PPAR-y mRNA Expression in Adipose Tissues - The expression level of PPAR-y
mRNA was highest in the epididymal fat of the TG/HF group at 2.56+0.26-fold
compared to the reference group (WT/NF, subcutaneous fat), When all three fat pads
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were compared, the level of PPAR-y mRNA expression by the epididymal fat of the
TG/HF group was significantly higher than the level of the expression by the
subcutaneous fat of the TG/NF and WT/HF group, the epididymal fat of the WT/HF
group, and the mesenteric fat of the TG/NF and TG/HF groups by approximately 2-fold.
With respect to the mesenteric and subcutaneous fat pads, there was no significant
difference in expression of PPAR-y mRNA. Statistical analysis showed the location of
the fat pad alone had significant effects on PPAR-y mRNA expression. There were
significant effects of the interaction between fat pad location and genotype, and genotype
and diet. Fold change results are presented in Table 3 and Figure 4.

Adiponectin Receptor 1 & 2 mRNA Expression in Muscle and Liver Tissue -
There were no significant differences in adiponectin receptor mRNA expression in the
muscle tissue of all four groups, but according to statistical analysis there was an effect of
diet on the expression of AdipoR2 in the muscle. In the liver, the expression of AdipoR1
was highest in the WT/NF group. The expression of AdipoR1 mRNA in the WT/NF
group was significantly higher than the expression levels of the other three groups by
approximately 1-fold. Statistical analysis demonstrated that the effect of genotype and
diet on the expression of AdipoR1 in the liver was significant. The interaction between
diet and penotype also had a significant interaction on the expression of AdipoR1 mRNA.
The two wild-type groups also had significantly higher levels of Adipoill expression in
the liver, but only by about 0.5-fold above the transgenic groups. Statistical analysis
showed a significant effect of genotype and diet separately as well as an interaction
between the genotype and diet on the expression of PPAR-y mRNA. Fold change results

are presented in Table 4 and Figure 5.
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DISCUSSION

In the previous experiment by Yang and Zhao, the transgenic, high-fat diet mice
did not display obesity which was seen in the wild-type mice fed the high-fat diet. The
transgenic mice fed the high-fat diet had a phenotype similar to the transgenic, normal-fat
diet mice (Yang et al. 2006). The two groups of transgenic mice (TG/NF and TG/HF)
had significantly higher carcass masses than the wild-type groups. The TG/NF mice had
significantly heavier muscles than the TG/HF mice, but both transgenic groups had
significantly heavier individual muscles than the wild-type groups. In the study by Zhao
et al, 2005, the consumption of a high-fat diet led to obesity, high fasting glucose levels,
and insulin resistance in the WT/HF group, but the transgenic mice fed the high-fat diet
did not become obese or display symptoms of insulin resistance or obesity (Zhao et al.
2005). In a smaller subset of animals from the previous experiment we also found that
the WT/HF mice had an obese phenotype, while the TG/HF mice did not. The % WAT
(white adipose tissue) compared to the carcass mass of the WT/HF group was
significantly higher than the percentage of WAT in the other three groups. The mass of
the individual fat pad weights of the WT/HF group were also significantly higher than the
fat pad weights of the other three groups. A previous experiment using the same subjects
démonstmted that the TG/HF mice had significantly higher serum adiponectin
concentrations than the other groups (Zhao et al. 2005). The increase in serum
adiponectin may be one mechanism by which the TG/HF mice were able to prevent
increased fat accumulation that occurred in the WT/HF group. The expression of the
myostatin propeptide transgene may have increased the skeletal muscle accumulation of
the TG/HF mice above the wild-type animals and this required more energy for
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maintenance and growth. The increase in energy utilization by skeletal muscle in the
transgenic mice may have used the energy provided by the high-fat diet and prevented the
storage of energy in adipose tissue seen in the WT/HF mice. Since adiponectin has been
found to increase beta-oxidation (Tomas et al. 2002); the increase in serum adiponectin
seen in the TG/HF group may have occurred in response to an increased need for energy
by the skeletal muscles for growth and maintenance.

Adiponectin has been associated with many beneficial properties both in humans
and in animal models. Due to the positive associations of adiponectin with improved
insulin sensitivity and glucose tolerance and increased fatty acid oxidation, researchers
have been concentrating on determining the factors which may induce expression of
adiponectin and adiponectin receptors (Tomas et al. 2002; Yamauchi et al. 2002). The
role of adipocytes in the development of chronic diseases such as diabetes, cardiovascular
disease, and hypertension has not been completely elucidated. Expression of many
adipocytokines increases with obesity because the total fat mass and number of
adipocytes has increased. Adiponectin is one of the few adipocytokines whose levels
have been shown to decrease with obesity (Hu et al. 1996). The mechanism by which
obesity decreases adiponectin levels is still unclear. Researchers have shown that
different adipose tissue fat pads express genes at varying levels, meaning that certain
genes are more actively transcribed than others (Okuno et al. 1998). Fisher e? al, 2002,
found that expression of adiponectin mRNA and protein secretion was different in
distinct fat depots and much lower in human diabetic subjects and those with insulin

resistance (Fisher et al. 2002). We found that the obese WT/HF mice expressed the
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lowest levels of adiponectin in epididymal fat which correlates to the findings of Fisher et
al.

We also demonstrated adipose tissue-specific variation in expression of
adiponectin in the same mice. The epididymal fat pad appears to be the most active with
respect to mRNA expression of adiponectin. This supports the conclusion that all
adipose tissue is not the same; fat pads in different anatomical locations may have
different functions and play different roles in maintaining energy homeostasis (Guo et al.
2004). Our findings correlate with this because the three fat pads we analyzed had
different patterns of expression for adiponectin. Transgenic mice fed a high-fat diet
showed the highest expression of adiponectin mRNA in epididymal fat and the
expression level was significantly greater than adiponectin mRNA expression in the two
wild-type groups (WT/NF and WT/HF). When the adiponectin mRNA expression levels
of the three fat pads were examined we found that the epididymal fat was secreting the
highest levels of adiponectin mRNA of the three fat pads. Statistical analysis showed
that the location of the fat pad had a significant effect on the expression of adiponectin
mRNA. There was no significant difference in adiponectin mRNA expression among the
subcutaneous and mesenteric fat pads; leading us to believe that the variations seen in
serum adiponectin is not likely due to differential mRNA expression in either the
mesenteric or the subcutancous fat tissue. Fisher et al, 2002, and Degawa-Yamauchi e?
al, 2005 both demonstrated that the expression of adiponectin mRNA strongly correlated
to protein expression and serum concentration of adiponectin (Fisher et al. 2002;
Degawa-Yamauchi et al. 2005). Comparison of the three fat pads demonstrated that the
fad pad that is most likely leading to the increase in serum adiponectin observed in the
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previous experiment is the epididymal fat since we found variations in expression among
the four groups with the TG/HF group having the highest expression level, The increase
in adiponectin mRNA expression correlates to the increased serum adiponectin found in
the previous experiment by Zhao et al, 2005 (Zhao et al. 2005).

Abdominal fat pads are known to be particularly metabolically active and tend to
have the greatest effect on the liver and other visceral organs because of its close
proximity to them, and also because the secretions are released directly into the hepatic
portal vein which can directly influence metabolic processes in the liver (Matsuzawa et
al. 1995; Funahashi et al. 1999; Kershaw et al. 2004). The epdidymal and mesenteric fat
pads are located within the abdominal cavity and adipocytokines released from these
tissues should have a greater effect in the liver than factors released from the
subcutaneous fat. In the case of adiponectin, secretion into the hepatic portal vein by
visceral fat tissue would have a beneficial effect because of its ability to decrease hepatic
gluconeogenesis and increase fatty acid oxidation (Berg et al. 2001; Combs et al. 2001;
Yamauchi et al. 2002). Another possible explanation for the increase in adiponectin
mRNA expression of epididymal fat of the TG/HF mice is the size of the adipocytes in
the epididymal fat of the TG/HF mice. Several studies have shown that smaller
adipocytes are more metabolically active (Okuno et al. 1998; Kadowaki et al. 2003). If
the size of the adipocytes in the epididymal fat of the TG/HF mice is smaller than the
other three groups this could explain the difference in adiponectin mRNA expression we
observed. Although we did not have data on size of adipocytes in the four groups of

animals it is something we could investigate in future studies.
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Activation of PPAR-u induces the expression of fatty acid transport proteins and
key enzymes involved in beta-oxidation such as FATP/CD36 and acyl-CoA oxidase.
PPAR-u also induces glucose sparing possibly by directly inducing the expression of
pyruvate dehydrogenase kinase 4 or indirectly by synthesizing ketone bodies and
increasing fatty acid oxidation (Ferre 2004). Yamauchi et al, 2007, reported that
AdipoR2 activation increased the expression of the gene encoding PPAR-a while
AdipoR1 activation had no effect on these genes(Yamauchi et al. 2007). If AdipoR2 is
able to increase activity of PPAR-q, then theoretically an increase in expression of
adiponectin should also lead to an increase in PPAR-a expression. We found that the
epididymal fat of the TG/HF mice was expressing the highest level of PPAR-0c mRNA.
This correlated to the increased expression of adiponectin mRNA found in the
epididymal fat of these mice. Since adiponectin is thought to enhance expression of
PPAR-a, it makes sense that the tissue of the TG/HF which expressed the most
adiponectin mRNA would also express the most PPAR-a mRNA. Two possibilities exist
to explain the increase in expression of PPAR-o mRNA in the epididymal fat of the
TG/HF mice. One is that the increase in fat-content of the diet led to increased serum
levels of linoleic acid, a PPAR-u ligand, that triggered the increase in expression of
PPAR-¢ mRNA. Although this may have happened to some extent, if this were the only
reason PPAR-a expression increased then the WT/HF group would also have been
expected to have increased PPAR-a mRNA expression, which was not the case. Another
argument against the increased fat-content of the diet leading to the increase in PPAR-o.
mRNA expression is that fatty acids are low-affinity PPAR-a ligands. More likely is the
second possibility that the increased serum concentration of adiponectin and the
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increased expression of adiponectin mRNA stimulated the activation of PPAR-0. by
binding to AdipoR2 and led to the increased PPAR-0 mRNA expression which was
oﬁserved in the epididymal fat of the TG/HF mice.

One of the primary functions of PPAR-y is to induce pre-adipocytes to
differentiate into adipocytes (Ferre 2004). This function can explain the increase in
PPAR-y expression in the animals fed the high-fat diet. Animals fed a high-fat diet are
more likely to store excess energy in the adipocytes because of the increase in serum
concentrations of fatty acids and increased energy content of the diet. Adipose tissue
mass results from either an increase in the volume of the existing adipocytes,
hypertrophy, or from an increase in the number of adipocytes, hyperplasia (Kokta et al.
2004). If the adipocytes are not able to increase in volume any more, new adipocytes are
needed and PPAR-y is one of the signal molecules which mediate their conversion from
pre-adipocytes. The high-fat diet mice had higher circulating free fatty acids, which are
PPAR-y ligands, and in order to clear these free fatty acids it would be necessary to
increase differentiation of pre-adipocytes. This is reflected in the increase in expression
of PPAR-y seen in most tissues of the high-fat diet mice. It is possible that the increase
in dietary fat content led to increased circulating concentrations of fatty acids which
bound to and activated PPAR~y. Kim et al, 2001, reported that myostatin is able to
inhibit adipocyte differentiation and inhibit PPAR-y (Kim et al. 2001). This leads to
another possibility for the increase in PPAR-y mRNA expression. Possibly, the
myostatin propeptide inactivated myostatin and consequently decreased any inhibitory

effect myostatin may have had on PPAR-y expression.
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In this experiment we found that there was a correlation between the expression
of adiponectin and the expression of PPAR-y. We found PPAR-y expression levels were
significantly higher in the epididymal fat of TG/HF mice than the WT/HF mice. This
corresponds with the finding of significantly higher expression level of adiponectin in the
epididymal fat of the TG/HF mice than the WT/HF mice. One possible explanation for
the increase in PPAR-y expression in the transgenic, but not the wild-type mice fed the
high-fat diet is that the adipocyte size in the fat pads of the WT/HF mice were larger than
the adipocytes of the TG/HF mice leading to less secretion or activity of the
adipocytokines in this group. The results of our study strengthen reports that PPAR-y
agonists may improve insulin sensitivity by activating adiponectin. Also, it strengthens
the evidence that supports the presence of a PPRE in the promoter region of adiponectin
(Iwaki et al. 2003). The increased levels of PPAR-y mRNA expression observed in the
epididymal fat of TG/HF mice could be due to the interaction between myostatin
propeptide and dietary fat content. The expression of the myostatin propeptide led to
increased muscle mass which needed more energy for growth and maintenance of
skeletal muscle. The increased concentrations of fatty acids in the serum led to activation
of PPAR-y which led to the binding and activation of the PPRE in the promoter region of
adiponectin causing the increase in adiponectin mRNA expression in the epididymal fat
pad. The high-fat diet may induce the expression of PPAR-y because of the increase in
circulating free fatty acids and triglycerides which are ligands of PPARs. This increase
in concentration of circulating fatty acids and triglycerides may create the need to store
these energy-rich molecules making the conversion of pre-adipocytes to adipocytes
nécessary. PPAR-v is required for the initiation of conversion of adipocytes and a
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secondary result of an increase in PPAR-y may be increased adiponectin expression
because of the PPRE present in its promoter region. Since PPAR-y agonists are able to
stimulate expression of adiponectin, it scems that the increase in adiponectin mRNA
expression and protein secretion is preceded by and induced by the increase in PPAR-y
expression (Maeda et al. 2001; Phillips et al. 2003). Whether the increase in PPAR-y
expression is due to the presence of increased fatty acid ligands or the decrease in
inhibition by myostatin, this experiment indicates that one possible mechanism by which
PPAR-y may be able to ameliorate insulin resistance is by increasing adiponectin
expression that leads to increases in fatty acid oxidation, increased glucose uptake, and
decreased hepatic gluconeogenesis.

There was a significant effect of diet on the expression of the adiponectin
receptors, AdipoR1! and AdipoR2. Other studies have found the expression of
adiponectin receptors to be reduced in animals which are obese, hyperinsulinemic, or
hyperglycemic (Fang et al. 2005; Inukai et al. 2005). Increased concentrations of plasma
FFAs and triglycerides along with accumulation of triglycerides and long-chain acyl-
CoAs in muscle and liver tissue are associated with increased insulin resistance and
obesity (Roden et al. 1996; Griffin et al. 1999; Boden et al. 2001; Hulver et al. 2003;
Cahova et al. 2006). Chronic intake of a high-fat diet would lead to increased circulation
of FFAs and thus a high-fat diet could correspond with decreased adiponectin receptor
expression. Our results showed that a high-fat diet independently decreased the
expression of AdipoR1 and AdipoR2 in liver and decreased expression of AdipoR2 in
muscle. One possibility for the decreased insulin sensitivity in individuals on a high-fat
diet is the decrease in expression of adiponectin receptors related to increased triglyceride
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and long-chain fatty-acyl-CoAs in circulation and accumulating in these muscles.
Chronic high-fat diet has been associated with the development of obesity and insulin-
resistant states. Adiponectin levels are inversely correlated with obesity and insulin
resistance, and if adiponectin receptor expression is also decreased in these states, this
could lead to perpetuation of the obesity cycle (Arita et al. 1999). The decrease in both
adiponectin and adiponectin receptor expression in obese and/or insulin resistant states
would promote a decrease in fatty acid oxidation leading to further accumulation of
triglycerides and free fatty acids in muscle leading to a further decline in insulin
sensitivity. Also, a decrease in activity of adiponectin and adiponectin receptors would
be associated with decreased glucose uptake and increased hepatic gluconeogenesis.
These actions would further increase hyperglycemia and hyperinsulinemia, further
pushing individuals into an insulin-resistant state.
LIMITATIONS

One of the most significant limitations of this experiment is the small sample size
of animals used. Each group of animals, wild-type/normal-fat diet, wild-type/high-fat
diet, transgenic/normal-fat diet, transgenic/high-fat diet, only had 4 subjects, and in most
cases there was an outlier which was removed for statistical analysis. Consequently, for
most of the genes examined it was difficult to elicit statistically significant results.
Another limitation was that in some cases the RNA extraction from tissue consumed all
the fat tissue which was removed from the individual animals, and the tissue could not be
used for other analyses. Along the same lines, the fact that the tissue was frozen
prevented antibody-staining analysis to back up results gathered from real-time PCR
analysis. Another limitation of the use of frozen tissues was that we were not able to

57



examine the size of the adipocytes to determine if they were different between the four

groups of animals,
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TABLE 1. Primer sequences for adiponectin, adiponectin receptor 1, adiponectin
receptor 2, PPAR-a, PPAR-y, and GAPDH

Amplicon
Gene name (murine) Forward (5'-3") Reverse (5'-3") size (bp)
Adiponectin geaacttgtgcaggtigeat cgaatgggtacattgggaac 273

Adiponectin Receptor 1  acgttggagagtcatccegtat  agtgtggaagagccaggaga 287
Adiponectin Receptor 2 ggatgtggaagtegtgtets acctggtcaaacgagacace 230
PPAR-a ctccagacgaaccatccagat  tgtacgagctgepgeatget 101
PPAR-y 100
GAPDH 171
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TABLE 2. Mass of carcass, main muscles, and fat pads.

NORMAL-FAT DIET HIGH-FAT DIET

WILD-TYPE TRANSGENIC WILD-TYPE TRANSGENIC

Carcass 10.68+0.28b  16.23x1.092  12.13+032b 15.72+0.36a
Gastrocnemius 0.13£0.02 ¢ 0.44+0.02 a 0.16£0.02c¢ 0.27+0.02b
Biceps femoris 0.16+0.01d 0.50+0.01 a 0.24+0.02c¢ 0.31+0.02b
Triceps brachii 0.13+0.02d 0.62+0.02 a 0.22+0.02c¢ 0.34+0.02b
Longissimus dorsi 0.38+0.03 c 0.96+0.12a 0.55:0.05b,c 0.643:0.06b
Semitendinosus 0.22+0.04 b 0.47+0.01 a 0.20£0.04b 0.20+0.01b
Subcutaneous fat 0.42+0.05 b 0.52+0.07b 1.12£0.04a 0.42+0.13b
Epididymal fat 0.44+£0.07 b 0.67+0.110b 1.11£0.11a  0.51£0.10b
Mesenteric fat 0.21£0.05 b 0.45+0.04a  0.39+£0.03a,b 0.22+0.04b
Retroperitoneal fat ~ 0.04+£0.02b  0.24+0.08ab  0.52+0.06a 0.21+0.08b
WAT % carcass wt  10.39+1.18b  11.73+x1.01b | 25.96+2.20a 8.61+2.23b

Muscle and fat pad weights and % white adipose tissue (WAT) are expressed as means
+ SEM. Within each row, levels not connected by the same letter are significantly

different.
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TABLE 3. Fold change results for Adiponectin, PPAR-a, and PPAR-y in adipose tissues.

SUBCUTANEOUS EPIDIDYMAL MESENTERIC
NORMAL FAT HIGH-FAT NORMAL FAT HIGH-FAT NORMAL FAT HIGH-FAT
WT TG WT TG WT TG WT TG WwT TG WT TG

Adiponectin 1.10+£0.12 0.41+0.38 1.27+£0.56 1.08+0.15 0.87+0.34 2.07+0.15 0.25+0.09 3.10+0.70 0.144+0.01 0.37+0.03 0.74+023 0.11+0.02
b, c b,c b,c b,c ab c a ¢ c b, c

PPAR-ox 1.0140.55 1.03+£0.49 1.0240.36 1.51+0,70 4.6410.60 6.08+0.98 1.74+0.72 8.16+£0.81 5.60+0.33 4.18+0.45 1.3140.54 3.56+1.50
c c c ¢ a,b,c ab c a ab b.c c b,c

PPAR-y 1.68%1.17 0.69+0.47 0.4020.13 1.49+0.38 1.46x0.19 1.91+0.31 0.55+£0.23 2.5620.26 1.42+0.22 0.2740.22 1.68+0.17 0.74x0.23
ab,c b,c c a,b,c ab,c a,b b,c a ab.c c ab,.c b,c

WT=Wild-type, TG=Transgenic. Data is presented as means + SEM. Within the same row, levels not connected by the same letter are significantly
different. Fold change was calculated as 2-AACt and quantified by Real-Time PCR.

Statisctical Significance
FP GEN DIET FP*GEN GEN*DT FP*DT FP*GEN*DT

Adiponectin  #we* » P -
PPAR-o e T * " . ™
PPAR-y " ik %

FP = fat pad location, GEN = genotype, DT = diet.
Significance was determined at * p <0.05, ** p <0.01, ***p <0.001, **** p <0.0001



9

TABLE 4. Fold change results for AdipoR1 and AdipoR1 in gastrocnemius muscle and liver tissue.

NORMAL FAT HIGH FAT SIGNIFICANCE

Wild-Type Transgenic Wild-type Transgenic GENOTYPE DIET  GENOTYPE*DIET

MUSCLE AdipoR1 1.53 a 2622 1.25a 0.152
(0.18-2.88) (2.14-2.85) (1.02-1.48) (0.14-0.16)
AdipoR2 .16 a 1482 0.59 a 027a »
(0.57-1.75) (2.15-3.11) (1.02-1.48) (0.14-0.16)
LIVER  AdipoR1 1.03a 0.11b 0.08b 0.46b * * ok
(0.85-1.21) (0.07-0.15) (0.06-0.10) (0.33-0.59)
AdipoR2 1.32a 0.71b 1.18a 0.50b Ll * "

(1.29-1.35) (0.70-0.72) (1.05-1.31) (0.49-0.51)

Data is presented as means (ranges). Muscle tissue sampled was gastrocnemius muscle. Within the same row,
levels not connected by the same letter are significantly different. Fold change was calculated as 2-AACt by Real-Time PCR.
Significance was determined at * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001



FIGURE 2. Expression of adiponectin mRNA as fold change in subcutaneous, epididymal, and mesenteric fat.
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FIGURE 3. Expression of PPAR-a mRNA expression as fold change in subcutaneous, epididymal, and mesenteric fat.
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FIGURE 4. Expression of PPAR-y mRNA as fold change in subcutaneous, epididymal, and mesenteric fat.
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FIGURE 5. Expression of adiponectin receptor 1 & 2 mRNA in muscle & liver tissue as fold change.
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CHAPTER 3
CONCLUSIONS & SIGNIFICANCE

The potential for adiponectin and adiponectin receptors to be targets for drugs
which would treat diabetes, metabolic syndrome, coronary artery disease, and stroke is
great. The current generation is more greatly affected by obesity and chronic diseases
associated with obesity than previous generations. A combination of increased caloric
density, food availability, and decreased energy expenditure in the general population has
pushed the energy balance scale towards the accumulation of energy in adipose tissues.
Adiponectin appears to have the potential to increase energy expenditure through
increased fatty acid oxidation, decrease adhesion of leukocytes associated with
cardiovascular disease, decrease the amount of triglycerides stored within muscle tissue
which improves insulin sensitivity, and decrease hepatic glucose production (Ouchi et al.
1999; Yamauchi et al. 2002; Cahova et al. 2006). These factors make adiponectin a
possible target for treatment of diabetes and insulin resistance. PPAR-y agonists such as
TZDs have been shown to increase circulating adiponectin concentrations and also
improve insulin sensitivity among subjects with diabetes. Diabetes increases risk for
cardiovascular disease, and both CVD and diabetes are associated with low circulating
plasma adiponectin levels especially in those who have both conditions (Funahashi et al.
1999; Ouchi et al. 1999).

Our research demonstrates that there is significant interaction between skeletal
muscle tissue and adipose tissue depots which can lead to amelioration of insulin
resistance resulting from chronic high-fat feeding. The interactions between the
myostatin propeptide transgene and high-fat feeding led to an increase in expression of
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adiponectin in one of the larger abdominal adipose tissue accumulation sites, the
epididymal fat pad. The increase in adiponectin expression of transgenic mice on the
high fat diet was accompanied by increased muscle mass similar to transgenic mice on a
normal-fat diet and accumulation of fat similar to wild-type animals on a normal-fat diet.
The wild-type mice on a high-fat diet showed increased insulin resistance and decreased
serumn adiponectin in a previous experiment (Zhao et al. 2005). Adipose tissue from the
same animals in the prior experiment by Yang and Zhao which showed high serum
adiponectin in TG/HF mice was used for the current experiment. From the current
experiment we conclude that the increased expression of adiponectin mRNA seen in the
epididymal fat pad of the TG/HF mice is most likely responsible for the increased serum
adiponectin observed in the animals in the previous experiment. The findings of
diﬁ’créntial secretion of adiponectin by specific fat pads is supported by studies which
also showed that different fat pads secrete and express adipocytokines to varying degrees
and that the size of the adipocytes in the fat pads may play a role in this differing
expression (Zhang et al. 2002; Guo et al. 2004).

We were able to demonstrate increased mRNA expression of both PPAR-o and
PPAR-y in the epididymal fat of the TG/HF mice which showed increased adiponectin
mRNA expression. The correlation observed between adiponectin and PPAR-y mRNA
levels is most likely related to the presence of the PPRE in the promoter region of
adiponectin. We found that animals which showed increased levels of PPAR-y mRNA -
expression also demonstrated increased levels of adiponectin expression. This leads to

the conclusion that some of the effects PPAR-y agonists have on improvement of insulin
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sensitivity may be partially due to the increase in adiponectin expression and the
subsequent positive actions of adiponectin.

The decrease in adiponectin receptors seen in the high-fat diet group is disturbing
because even if circulating adiponectin levels did not decrease, the lower number of
receptors on the membranes available to bind adiponectin would decrease the possible
positive actions seen if adiponectin was administered exogenously. It may not be
sufficient to increase circulating concentrations of adiponectin, but it may be necessary to
find ways to stimulate expression of adiponectin receptors in order to increase fatty acid
oxidation, increase insulin sensitivity, and decrease hepatic gluconeogenesis.

Finally, as far as we know, we are the first group to demonstrate the interaction
between fat content of the diet and the effects of the myostatin propeptide transgene.
Muscle tissue is an important location for the utilization of energy, and the transgene
expression affects the partitioning of energy towards the muscle tissue allowing a
significantly higher proportion of total energy expenditure to go towards development
and maintenance of skeletal muscle. If we can increase the skeletal muscle mass in
obesity or insulin resistant states, we may be able to mimic the partitioning of energy
away from storage in adipose tissues and towards building and maintenance of lean body

mass.

69



REFERENCES

Adamczak, M., A. Wiecek, T. Funahashi, J. Chudek, F. Kokot and Y. Matsuzawa (2003).
"Decreased plasma adiponectin concentration in patients with essential
hypertension." Am J Hypertens 16(1): 72-5.

Ahima, R. S. (2006). "Metabolic actions of adipocyte hormones: focus on adiponectin."
Obesity (Silver Spring) 14 Suppl 1: 9S-158.

Anonymous. (2005, October 6, 2005). "Prevalence of Diabetes." Retrieved February 16,
2007, from http://www.cdc.gov/diabetes/statistics/prev/national/figpersons.htm.

Arita, Y., S. Kihara, N. Ouchi, M. Takahashi, K. Maeda, J. Miyagawa, K. Hotta, I.
Shimomura, T. Nakamura, K. Miyaoka, H. Kuriyama, M. Nishida, S. Yamashita,
K. Okubo, K. Matsubara, M. Muraguchi, Y. Ohmoto, T. Funahashi and Y.
Matsuzawa (1999). "Paradoxical decrease of an adipose-specific protein,
adiponectin, in obesity." Biochem Biophys Res Commun 257(1): 79-83.

Arner, P. (2002). "Insulin resistance in type 2 diabetes: role of fatty acids." Diabetes
Metab Res Rev 18 Suppl 2: S5-9.

Artaza, J. N., S. Bhasin, T. R. Magee, S. Reisz-Porszasz, R. Shen, N. P. Groome, M. F.
Meerasahib and N. F. Gonzalez-Cadavid (2005). "Myostatin inhibits myogenesis
and promotes adipogenesis in C3H 10T(1/2) mesenchymal multipotent cells."
Endocrinology 146(8): 3547-57.

Berg, A. H., T. P. Combs, X. Du, M. Brownlee and P. E. Scherer (2001). "The adipocyte-
secreted protein Acrp30 enhances hepatic insulin action." Nat Med 7(8): 947-53.

Berg, A. H., T. P. Combs and P. E. Scherer (2002). "ACRP30/adiponectin: an adipokine
regulating glucose and lipid metabolism." Trends Endocrinol Metab 13(2): 84-9.

Blanck, H., W. Dietz, D. Galuska, C. Gillespie, R. Hamre, L. K. Khan, M. Serdula, E.
Ford, W. Garvin, A. Mokdad and D. Densmore. (2006, 1/30/2007). "State-
Specific Prevalence of Obesity Among Adults --- United States, 2005." MMWR
Weekly Retrieved 55(26), from
http://www.cdc.gov/immwr/preview/mmwrhtml/mmS5536al.htm.

Boden, G., B. Lebed, M. Schatz, C. Homko and S. Lemieux (2001). "Effects of acute
changes of plasma free fatty acids on intramyocellular fat content and insulin
resistance in healthy subjects." Diabetes 50(7): 1612-7.

Boucher, J., I. Castan-Laurell, D. Daviaud, C. Guigne, M. Buleon, C. Carpene, J. S.
Saulnier-Blache and P. Valet (2005). "Adipokine expression profile in adipocytes
of different mouse models of obesity." Horm Metab Res 37(12): 761-7.

70



Cahova, M., H. Vavrinkova and L. Kazdova (2006). "Glucose-fatty acid interaction in
skeletal muscle and adipose tissue in insulin.” Physiol Res.

Chen, M. B, A. ]. McAinch, S. L. Macaulay, L. A. Castelli, E. O'Brien P, J. B. Dixon, D.
Cameron-Smith, B. E. Kemp and G. R. Steinberg (2005). "Impaired activation of
AMP-kinase and fatty acid oxidation by globular adiponectin in cultured human
skeletal muscle of obese type 2 diabetics.”" J Clin Endocrinol Metab 90(6): 3665-
72.

Chou, C. J., M. Haluzik, C. Gregory, K. R. Dietz, C. Vinson, O. Gavrilova and M. L.
Reitman (2002). "WY 14,643, a peroxisome proliferator-activated receptor alpha
(PPARalpha ) agonist, improves hepatic and muscle steatosis and reverses insulin
resistance in lipoatrophic A-ZIP/F-1 mice." ] Biol Chem 277(27): 24484-9,

Combs, T. P., A. H. Berg, S. Obici, P. E. Scherer and L. Rossetti (2001). "Endogenous
glucose production is inhibited by the adipose-derived protein Acrp30." J Clin
Invest 108(12): 1875-81.

Degawa-Yamauchi, M., K. A. Moss, J. E. Bovenkerk, S. S. Shankar, C. L. Morrison, C.
J. Lelliott, A. Vidal-Puig, R. Jones and R. V. Considine (2005). "Regulation of
adiponectin expression in human adipocytes: effects of adiposity, glucocorticoids,
and tumor necrosis factor alpha.” Obes Res 13(4): 662-9.

Dobbins, R. L., L. S. Szczepaniak, B. Bentley, V. Esser, J. Myhill and J. D. McGarry
(2001). "Prolonged inhibition of muscle carnitine palmitoyltransferase-1 promotes
intramyocellular lipid accumulation and insulin resistance in rats.” Diabetes
50(1): 123-30.

Dyck, D. J.,, G. J. Heigenhauser and C. R. Bruce (2006). "The role of adipokines as
regulators of skeletal muscle fatty acid metabolism and insulin sensitivity." Acta

Physiol (Oxf) 186(1): 5-16.

Fang, X., R. Palanivel, X. Zhou, Y. Liu, A. Xu, Y. Wang and G. Sweeney (2005).
"Hyperglycemia- and hyperinsulinemia-induced alteration of adiponectin receptor
expression and adiponectin effects in L6 myoblasts." J Mol Endocrinol 35(3):
465-76.

Fasshauer, M., J. Klein, S. Neumann, M. Eszlinger and R. Paschke (2002). "Hormonal
regulation of adiponectin gene expression in 3T3-L1 adipocytes.” Biochem
Biophys Res Commun 290(3): 1084-9.

Ferre, P. (2004). "The biology of peroxisome proliferator-activated receptors:

relationship with lipid metabolism and insulin sensitivity.” Diabetes 53 Suppl 1:
$43-50.

71



Fisher, F. M,, P. G. McTernan, G. Valsamakis, R. Chetty, A. L. Harte, A. J. Anwar, J.
Starcynski, J. Crocker, A. H. Barnett, C. L. McTernan and S. Kumar (2002).
"Differences in adiponectin protein expression: effect of fat depots and type 2
diabetic status.” Horm Metab Res 34(11-12): 650-4.

Fruebis, J., T. S. Tsao, S. Javorschi, D. Ebbets-Reed, M. R, Erickson, F. T. Yen, B. E.
Bihain and H. F. Lodish (2001). "Proteolytic cleavage product of 30-kDa
adipocyte complement-related protein increases fatty acid oxidation in muscle and
causes weight loss in mice." Proc Natl Acad Sci U S A 98(4): 2005-10.

Fruhbeck, G., J. Gomez-Ambrosi, F. J. Muruzabal and M. A. Burrell (2001). "The
' adipocyte: a model for integration of endocrine and metabolic signaling in energy
metabolism regulation." Am J Physiol Endocrinol Metab 280(6): E827-47.

Fu, M., J. Zhang, Y. Lin, X. Zhu, L. Zhao, M. Ahmad, M. U. Ehrengruber and Y. E.
Chen (2003). "Early stimulation and late inhibition of peroxisome proliferator-
activated receptor gamma (PPAR gamma) gene expression by transforming
growth factor beta in human aortic smooth muscle cells: role of early growth-
response factor-1 (Egr-1), activator protein 1 (AP1) and Smads." Biochem J
370(Pt 3): 1019-25.

Funahashi, T., T. Nakamura, I. Shimomura, K. Maeda, H. Kuriyama, M. Takahashi, Y.
Arita, S. Kihara and Y. Matsuzawa (1999). "Role of adipocytokines on the
pathogenesis of atherosclerosis in visceral obesity." Intern Med 38(2): 202-6.

Gil-Campos, M., R. R. Canete and A. Gil (2004). "Adiponectin, the missing link in
insulin resistance and obesity." Clin Nutr 23(5): 963-74.

Griffin, M. E., M. J. Marcucci, G. W. Cline, K. Bell, N. Barucci, D. Lee, L. J. Goodyear,
E. W. Kraegen, M. F. White and G. 1. Shulman (1999). "Free fatty acid-induced
insulin resistance is associated with activation of protein kinase C theta and
alterations in the insulin signaling cascade.” Diabetes 48(6): 1270-4.

Grundy, S. M., H. B. Brewer, Ir., J. L. Cleeman, S. C. Smith, Jr. and C. Lenfant (2004).
"Definition of metabolic syndrome: Report of the National Heart, Lung, and
Blood Institute/American Heart Association conference on scientific issues
related to definition.” Circulation 109(3): 433-8.

Guerre-Millo, M., P. Gervois, E. Raspe, L. Madsen, P. Poulain, B. Derudas, J. M.
Herbert, D. A. Winegar, T. M. Willson, J. C. Fruchart, R. K. Berge and B. Staels
(2000). "Peroxisome proliferator-activated receptor alpha activators improve
insulin sensitivity and reduce adiposity.” J Biol Chem 275(22): 16638-42.

Guo, K. Y., P. Halo, R. L. Leibel and Y. Zhang (2004). "Effects of obesity on the
' relationship of leptin mRNA expression and adipocyte size in anatomically
distinct fat depots in mice." Am J Physiol Regul Integr Comp Physiol 287(1):
R112-9,

72



Hayashi, T., M. F. Hirshman, N, Fujii, S. A. Habinowski, L. A. Witters and L. J.
Goodyear (2000). "Metabolic stress and altered glucose transport: activation of
AMP-activated protein kinase as a unifying coupling mechanism." Diabetes
49(4): 527-31.

Hotta, K., T. Funahashi, Y. Arita, M. Takahashi, M. Matsuda, Y. Okamoto, H. Iwahashi,
H. Kuriyama, N. Ouchi, K. Maeda, M. Nishida, S. Kihara, N. Sakai, T. Nakajima,
K. Hasegawa, M. Muraguchi, Y. Ohmoto, T. Nakamura, S. Yamashita, T.
Hanafusa and Y. Matsuzawa (2000). "Plasma concentrations of a novel, adipose-
specific protein, adiponectin, in type 2 diabetic patients." Arterioscler Thromb
Vasc Biol 20(6): 1595-9.

Hotta, K., T. Funahashi, N. L. Bodkin, H. K. Ortmeyer, Y. Arita, B. C. Hansen and Y.
Matsuzawa (2001). "Circulating concentrations of the adipocyte protein
adiponectin are decreased in parallel with reduced insulin sensitivity during the
progression to type 2 diabetes in rhesus monkeys." Diabetes 50(5): 1126-33.

Hu, E., P. Liang and B. M. Spiegelman (1996). "AdipoQ is a novel adipose-specific gene
dysregulated in obesity." J Biol Chem 271(18): 10697-703.

Hulver, M. W., I. R. Berggren, R. N. Cortright, R. W. Dudek, R. P. Thompson, W. J.
Pories, K. G. MacDonald, G. W. Cline, G. I. Shulman, G. L. Dohm and J. A.
Houmard (2003). "Skeletal muscle lipid metabolism with obesity." Am J Physiol
Endocrinol Metab 284(4): E741-7,

Inukai, K., Y. Nakashima, M. Watanabe, N. Takata, T. Sawa, S. Kurihara, T. Awata and
S. Katayama (2005). "Regulation of adiponectin receptor gene expression in
diabetic mice." Am J Physiol Endocrinol Metab 288(5): E876-82.

Iwaki, M., M. Matsuda, N. Maeda, T. Funahashi, Y. Matsuzawa, M. Makishima and I.
Shimomura (2003). "Induction of adiponectin, a fat-derived antidiabetic and
antiatherogenic factor, by nuclear receptors." Diabetes 52(7): 1655-63.

Juge-Aubry, C. E., E. Henrichot and C. A. Meier (2005). "Adipose tissue: a regulator of
inflammation.” Best Pract Res Clin Endocrinol Metab 19(4): 547-66.

Kadowaki, T., K. Hara, T. Yamauchi, Y. Terauchi, K. Tobe and R. Nagai (2003).
"Molecular mechanism of insulin resistance and obesity."” Exp Biol Med

(Maywood) 228(10): 1111-7.

Kadowaki, T. and T. Yamauchi (2005). "Adiponectin and adiponectin receptors." Endocr
Rev 26(3): 439-51.

Kambadur, R., M. Sharma, T. P. Smith and J. J. Bass (1997). "Mutations in myostatin
{GDF8) in double-muscled Belgian Blue and Piedmontese cattle.” Genome Res
7(9): 210-6.

73



Kershaw, E. E. and J. S. Flier (2004). "Adipose tissue as an endocrine organ." J Clin
Endocrinol Metab 89(6): 2548-56.

Kersten, S. (2002). "Peroxisome proliferator activated receptors and obesity.” Eur J
Pharmacol] 440(2-3): 223-34.

Kim, H. S., L. Liang, R. G. Dean, D. B. Hausman, D. L. Hartzell and C. A. Baile (2001).
"Inhibition of preadipocyte differentiation by myostatin treatment in 3T3-L1
cultures.” Biochem Biophys Res Commun 281(4): 902-6.

Kissebah, A. H., G. E. Sonnenberg, J. Myklebust, M. Goldstein, K. Broman, R. G. James,
J. A. Marks, G. R. Krakower, H. J. Jacob, J. Weber, L. Martin, J. Blangero and A.
G. Comuzzie (2000). "Quantitative trait loci on chromosomes 3 and 17 influence
phenotypes of the metabolic syndrome." Proc Natl Acad Sci U S A 97(26):
14478-83.

Kita, A., H. Yamasaki, H. Kuwahara, A. Moriuchi, K. Fukushima, M. Kobayashi, T.
Fukushima, R. Takahashi, N. Abiru, S. Uotani, E. Kawasaki and K. Eguchi
(2005). "Identification of the promoter region required for human adiponectin
gene transcription: Association with CCAAT/enhancer binding protein-beta and
tumor necrosis factor-alpha.” Biochem Biophys Res Commun 331(2): 484-90.

Kocamis, H. and J. Killefer (2002). "Myostatin expression and possible functions in
animal muscle growth." Domest Anim Endocrinol 23(4): 447-54.

Koemer, A., J. Kratzsch and W. Kiess (2005). "Adipocytokines: leptin--the classical,
resistin—the controversical, adiponectin—the promising, and more to come." Best
Pract Res Clin Endocrinol Metab 19(4): 525-46.

Kokta, T. A., M. V. Dodson, A. Gertler and R. A. Hill (2004). "Intercellular signaling
between adipose tissue and muscle tissue.” Domest Anim Endocrinol 27(4): 303-
31.

Lee, S. J. and A. C. McPherron (1999). "Myostatin and the control of skeletal muscle
mass." Curr Opin Genet Dev 9(5): 604-7.

Lee, S. J. and A. C. McPherron (2001). "Regulation of myostatin activity and muscle
growth." Proc Natl Acad Sci U § A 98(16): 9306-11.

Lin, J., H. B. Amold, M. A. Della-Fera, M. J. Azain, D. L. Hartzell and C. A. Baile
(2002). "Myostatin knockout in mice increases myogenesis and decreases

adipogenesis." Biochem Biophys Res Commun 291(3): 701-6.

Livak, K. J. and T. D. Schmittgen (2001). "Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method." Methods
25(4); 402-8.

74



Maddineni, S., S. Metzger, O. Ocon, G. Hendricks, 3rd and R. Ramachandran (2005).
"Adiponectin gene is expressed in multiple tissues in the chicken: food
deprivation influences adiponectin messenger ribonucleic acid expression.”
Endocrinology 146(10): 4250-6.

Maeda, K., K. Okubo, 1. Shimomura, T. Funahashi, Y, Matsuzawa and K. Matsubara
(1996). "cDNA cloning and expression of a novel adipose specific collagen-like
factor, apM1 (AdiPose Most abundant Gene transcript 1)." Biochem Biophys Res
Commun 221(2): 286-9.

Mﬁeda, K., K. Okubo, I. Shimomura, K. Mizuno, Y. Matsuzawa and K. Matsubara
(1997). "Analysis of an expression profile of genes in the human adipose tissue."
Gene 190(2): 227-35.

Maeda, N., 1. Shimomura, K. Kishida, H. Nishizawa, M. Matsuda, H. Nagaretani, N.
Furuyama, H. Kondo, M. Takahashi, Y. Arita, R. Komuro, N. Ouchi, 8. Kihara,
Y. Tochino, K. Okutomi, M. Horie, S. Takeda, T. Aoyama, T. Funahashi and Y.
Matsuzawa (2002). "Diet-induced insulin resistance in mice lacking
adiponectin/ACRP30." Nat Med 8(7): 731-7.

Maeda, N., M. Takahashi, T. Funahashi, S. Kihara, H. Nishizawa, K. Kishida, H.
Nagaretani, M. Matsuda, R. Komuro, N. Ouchi, H. Kuriyama, K. Hotta, T.
Nakamura, I. Shimomura and Y. Matsuzawa (2001). "PPARgamma ligands
increase expression and plasma concentrations of adiponectin, an adipose-derived
protein.” Diabetes 50(9): 2094-9,

Matsuzawa, Y., T. Nakamura, 1. Shimomura and K. Kotani (1995). "Visceral fat
accumulation and cardiovascular disease." Obes Res 3 Suppl 5: 645S-6478S.

McPherron, A. C., A. M. Lawler and S. J. Lee (1997). "Regulation of skeletal muscle
mass in mice by a new TGF-beta superfamily member." Nature 387(6628): 83-90.

McPherron, A. C. and S. J. Lee (1997). "Double muscling in cattle due to mutations in
the myostatin gene.” Proc Natl Acad Sci U S A 94(23): 12457-61.

McPherron, A. C. and S. J. Lee (2002). "Suppression of body fat accumulation in
myostatin-deficient mice.”" J Clin Invest 109(5): 595-601.

Milan, G., E. Dalla Nora, C. Pilon, C. Pagano, M. Granzotto, M. Manco, G. Mingrone
and R. Vettor (2004). "Changes in muscle myostatin expression in obese subjects
after weight loss." J Clin Endocrinol Metab 89(6): 2724-7.

Mohamed-Ali, V., J. H. Pinkney and S. W. Coppack (1998). "Adipose tissue as an
endocrine and paracrine organ.” Int J Obes Relat Metab Disord 22(12): 1145-58.

75



Morris, A. M., J. A. Sennello, R. A. Fayad, R. H. Eckel, C. A. Dinarello and G. Fantuzzi
(2006). "T cell-mediated hepatic inflammation modulates adiponectin levels in
mice: role of tumor necrosis factor alpha." Metabolism 55(4): 555-9.

Moya-Camarena, S. Y., J. P. Vanden Heuvel, S. G. Blanchard, L. A. Leesnitzer and M.
A. Belury (1999). "Conjugated linoleic acid is a potent naturally occurring ligand
and activator of PPARalpha.” J Lipid Res 40(8): 1426-33.

Muoio, D. M., J. M. Way, C. J. Tanner, D. A. Winegar, S. A. Kliewer, J. A. Houmard,
W. E. Kraus and G. L. Dohm (2002). "Peroxisome proliferator-activated receptor-
alpha regulates fatty acid utilization in primary human skeletal muscle cells.”
Diabetes 51(4): 901-9.

Nakano, Y., T. Tobe, N. H. Choi-Miura, T. Mazda and M. Tomita (1996). "Isolation and
characterization of GBP28, a novel gelatin-binding protein purified from human

plasma." J Biochem (Tokyo) 120(4): 803-12,

Neschen, S., K. Moring, J. C. Rossbacher, R. L. Pongratz, G. W. Cline, S. Sono, M.
Gillum and G. I. Shulman (2006). "Fish oil regulates adiponectin secretion by a
peroxisome proliferator-activated receptor-gamma-dependent mechanism in
mice." Diabetes 55(4): 924-8.

Okamoto, Y., S. Kihara, T. Funahashi, Y. Matsuzawa and P. Libby (2006). "Adiponectin:
a key adipocytokine in metabolic syndrome." Clin Sci (Lond) 110(3): 267-78.

Okuno, A., H. Tamemoto, K. Tobe, K. Ueki, Y. Mori, K. Iwamoto, K. Umesono, Y.
Akanuma, T, Fujiwara, H. Horikoshi, Y. Yazaki and T. Kadowaki (1998).
"Troglitazone increases the number of small adipocytes without the change of
white adipose tissue mass in obese Zucker rats.” J Clin Invest 101(6): 1354-61.

Ouchi, N., S. Kihara, Y. Arita, K. Maeda, H. Kuriyama, Y. Okamoto, K. Hotta, M.
Nishida, M. Takahashi, T. Nakamura, S. Yamashita, T. Funahashi and Y.
Matsuzawa (1999). "Novel modulator for endothelial adhesion molecules:
adipocyte-derived plasma protein adiponectin.” Circulation 100(25): 2473-6.

Ouchi, N., S. Kihara, Y. Arita, M. Nishida, A. Matsuyama, Y. Okamoto, M. Ishigami, H.
Kuriyama, K. Kishida, H. Nishizawa, K. Hotta, M. Muraguchi, Y. Ohmoto, S.
Yamashita, T. Funahashi and Y. Matsuzawa (2001). "Adipocyte-derived plasma
protein, adiponectin, suppresses lipid accumulation and class A scavenger
receptor expression in human monocyte-derived macrophages." Circulation
103(8): 1057-63.

Ouchi, N., S. Kihara, Y. Arita, Y. Okamoto, K. Maeda, H. Kuriyama, K. Hotta, M.
Nishida, M. Takahashi, M. Muraguchi, Y. Ohmoto, T. Nakamura, S. Yamashita,
T. Funahashi and Y. Matsuzawa (2000). "Adiponectin, an adipocyte-derived
plasma protein, inhibits endothelial NF-kappaB signaling through a cAMP-
dependent pathway." Circulation 102(11): 1296-301.
76



Pajvani, U. B., X. Du, T. P. Combs, A. H. Berg, M. W. Rajala, T. Schulthess, J. Engel,
M. Brownlee and P. E. Scherer (2003). "Structure-function studies of the
adipocyte-secreted hormone Acrp30/adiponectin. Implications fpr metabolic
regulation and bioactivity." J Biol Chem 278(11): 9073-85.

Park, H., V. K. Kaushik, S. Constant, M. Prentki, E. Przybytkowski, N. B. Ruderman and
A. K. Saha (2002). "Coordinate regulation of malonyl-CoA decarboxylase, sn-
glycerol-3-phosphate acyltransferase, and acetyi-CoA carboxylase by AMP-
activated protein kinase in rat tissues in response to exercise." J Biol Chem
277(36): 32571-7.

Park, 8. K., S. Y. Oh, M. Y. Lee, S. Yoon, K. S. Kim and J. W. Kim (2004).
"CCAAT/enhancer binding protein and nuclear factor-Y regulate adiponectin
gene expression in adipose tissue." Diabetes 53(11): 2757-66.

Phillips, S. A., T. P. Ciaraldi, A. P. Kong, R. Bandukwala, V. Aroda, L. Carter, S. Baxi,
S. R. Mudaliar and R. R. Henry (2003). "Modulation of circulating and adipose
tissue adiponectin levels by antidiabetic therapy.” Diabetes 52(3): 667-74.

Qi, Y., N. Takahashi, S. M. Hileman, H. R. Patel, A. H. Berg, U. B. Pajvani, P. E.
Scherer and R. S. Ahima (2004). "Adiponectin acts in the brain to decrease body
weight.” Nat Med 10(5): 524-9.

Qiao, L., P. S. Maclean, J. Schaack, D. J. Orlicky, C. Darimont, M. Pagliassotti, J. E.
Friedman and J. Shao (2005). "C/EBPalpha regulates human adiponectin gene
transcription through an intronic enhancer." Diabetes 54(6): 1744-54.

Randle, P. J., P. B. Garland, C. N. Hales and E. A. Newsholme (1963). "The glucose
fatty-acid cycle. Its role in insulin sensitivity and the metabolic disturbances of
diabetes mellitus." Lancet 1: 785-9.

Roden, M., T. B. Price, G. Perseghin, K. F. Petersen, D. L. Rothman, G. W. Cline and G.
1. Shulman (1996). "Mechanism of free fatty acid-induced insulin resistance in
humans.” J Clin Invest 97(12): 2859-65.

Rosen, E. D. and B. M. Spiegelman (2001). "PPARgamma : a nuclear regulator of
metabolism, differentiation, and cell growth." J Biol Chem 276(41): 37731-4.

Rosen, E. D., C. J. Walkey, P. Puigserver and B. M. Spiegelman (2000). "Transcriptional
regulation of adipogenesis." Genes Dev 14(11): 1293-307.

Ruderman, N. B., A. K. Saha, D. Vavvas and L. A. Witters (1999). "Malonyl-CoA, fuel
sensing, and insulin resistance." Am J Physiol 276(1 Pt 1): E1-E18.

Scherer, P. E., S. Williams, M, Fogliano, G. Baldini and H. F. Lodish (1995). "A novel
serum protein similar to C1q, produced exclusively in adipocytes." J Biol Chem
270(45): 26746-9.

77



Schuelke, M., K. R. Wagner, L. E. Stolz, C. Hubner, T. Riebel, W. Komen, T. Braun, J.
F. Tobin and S. J. Lee (2004). "Myostatin mutation associated with gross muscle
hypertrophy in a child." N Engl J Med 350(26): 2682-8.

Shapiro, L. and P. E. Scherer (1998). "The crystal structure of a complement-1q family
protein suggests an evolutionary link to tumor necrosis factor." Curr Biol 8(6):
335-8.

Somasundar, P., A. K. Yu, L. Vona-Davis and D. W. McFadden (2003). "Differential
effects of leptin on cancer in vitro." J Surg Res 113(1): 50-5.

Staiger, H., S. Kaltenbach, K. Staiger, N. Stefan, A. Fritsche, A. Guirguis, C. Peterfi, M.
Weisser, F. Machicao, M. Stumvoll and H. U. Haring (2004). "Expression of
adiponectin receptor mRNA in human skeletal muscle cells is related to in vivo
parameters of glucose and lipid metabolism." Diabetes 53(9): 2195-201.

Stumvoll, M., O. Tschritter, A. Fritsche, H. Staiger, W. Renn, M. Weisser, F. Machicao
and H. Haring (2002). "Assocciation of the T-G polymorphism in adiponectin
(exon 2) with obesity and insulin sensitivity: interaction with family history of
type 2 diabetes.” Diabetes 51(1): 37-41.

Sumiyoshi, M., M. Sakanaka and Y. Kimura (2006). "Chronic intake of high-fat and
high-sucrose diets differentially affects glucose intolerance in mice.” J Nutr
136(3): 582-7.

Surwit, R. S., M. N. Feinglos, J. Rodin, A. Sutherland, A. E. Petro, E. C. Opara, C. M.
Kuhn and M. Rebuffe-Scrive (1995). "Differential effects of fat and sucrose on
the development of obesity and diabetes in CS7BL/6J and A/J mice." Metabolism
44(5): 645-51.

Takahashi, M., Y. Arita, K. Yamagata, Y. Matsukawa, K. Okutomi, M. Horie, 1.
Shimomura, K. Hotta, H. Kuriyama, S. Kihara, T. Nakamura, S. Yamashita, T.
Funahashi and Y. Matsuzawa (2000). "Genomic structure and mutations in
adipose-specific gene, adiponectin.” Int J Obes Relat Metab Disord 24(7): 861-8.

Thies, R. S., T. Chen, M. V. Davies, K. N, Tomkinson, A. A. Pearson, Q. A. Shakey and
N. M. Wolfman (2001). "GDF-8 propeptide binds to GDF-8 and antagonizes
biological activity by inhibiting GDF-8 receptor binding." Growth Factors 18(4):
251-9.

Tomas, E., T. S. Tsao, A. K. Saha, H. E. Murrey, C. Zhang Cc, S. 1. Itani, H. F. Lodish
and N. B. Ruderman (2002). "Enhanced muscle fat oxidation and glucose
transport by ACRP30 globular domain: acetyl-CoA carboxylase inhibition and
AMP-activated protein kinase activation." Proc Natl Acad Sci U S A 99(25):
16309-13,

78



Tsuchida, A., T. Yamauchi, Y. Ito, Y. Hada, T. Maki, S. Takekawa, J. Kamon, M.
Kobayashi, R. Suzuki, K. Hara, N. Kubota, Y. Terauchi, P. Froguel, J. Nakae, M.
Kasuga, D. Accili, K. Tobe, K. Ueki, R. Nagai and T. Kadowaki (2004).
"Insulin/Foxol pathway regulates expression levels of adiponectin receptors and
adiponectin sensitivity." J Biol Chem 279(29): 30817-22.

Tsuchida, A., T. Yamauchi, S. Takekawa, Y. Hada, Y. Ito, T. Maki and T. Kadowaki
(2005). "Peroxisome proliferator-activated receptor (PPAR)alpha activation
increases adiponectin receptors and reduces obesity-related inflammation in
adipose tissue: comparison of activation of PPARalpha, PPARgamma, and their
combination.” Diabetes 54(12): 3358-70.

Tsuchida, K. (2004). "Activins, myostatin and related TGF-beta family members as novel
therapeutic targets for endocrine, metabolic and immune disorders." Curr Drug

Targets Immune Endocr Metabol Disord 4(2): 157-66.

Vidal-Puig, A., M. Jimenez-Linan, B. B. Lowell, A. Hamann, E. Hu, B. Spiegelman, I. S.
Flier and D. E. Moller (1996). "Regulation of PPAR gamma gene expression by
nutrition and obesity in rodents."” J Clin Invest 97(11): 2553-61.

von Eynatten, M., J. G. Schneider, P. M. Humpert, G. Rudofsky, N. Schmidt, P. Barosch,
A. Hamann, M. Morcos, J. Kreuzer, A. Bierhaus, P. P, Nawroth and K. A. Dugi
(2004). "Decreased plasma lipoprotein lipase in hypoadiponectinemia: an
association independent of systemic inflammation and insulin resistance."
Diabetes Care 27(12): 2925-9.

Walczak, R. and P. Tontonoz (2002). "PPARadigms and PPARadoxes: expanding roles
for PPARgamma in the control of lipid metabolism.” J Lipid Res 43(2): 177-86.

Weyer, C., T. Funahashi, S. Tanaka, K. Hotta, Y. Matsuzawa, R. E. Pratley and P. A.
Tataranni (2001). "Hypoadiponectinemia in obesity and type 2 diabetes: close
association with insulin resistance and hyperinsulinemia.” J Clin Endocrinol
Metab 86(5): 1930-5.

Whigham, L. D., M. E. Cook and R. L. Atkinson (2000). "Conjugated linoleic acid:
implications for human health." Pharmacol Res 42(6): 503-10.

Winder, W. W. and D. G. Hardie (1999). "AMP-activated protein kinase, a metabolic
master switch: possible roles in type 2 diabetes." Am J Physiol 277(1 Pt 1): E1-
10.

Wolfman, N. M., A. C. McPherron, W. N. Pappano, M. V. Davies, K. Song, K. N.
Tomkinson, J. F. Wright, L. Zhao, S. M. Sebald, D. S. Greenspan and S. J. Lee
(2003). "Activation of latent myostatin by the BMP-1/tolloid family of
metalloproteinases.” Proc Natl Acad Sci U S A 100(26): 15842-6.

79



Wu, X., H. Motoshima, K. Mahadev, T. J. Stalker, R. Scalia and B. J. Goldstein (2003).
"Involvement of AMP-activated protein kinase in glucose uptake stimulated by
the globular domain of adiponectin in primary rat adipocytes.” Diabetes 52(6):
1355-63.

Yamauchi, T., J. Kamon, Y. Ito, A. Tsuchida, T. Yokomizo, S. Kita, T. Sugiyama, M,
Miyagishi, K. Hara, M. Tsunoda, K. Murakami, T. Ohteki, S. Uchida, S.
Takekawa, H. Waki, N. H. Tsuno, Y. Shibata, Y. Terauchi, P. Froguel, K. Tobe,
S. Koyasu, K. Taira, T. Kitamura, T. Shimizu, R. Nagai and T. Kadowaki (2003).
"Cloning of adiponectin receptors that mediate antidiabetic metabolic effects."”
Nature 423(6941): 762-9.

Yamauchi, T., J. Kamon, Y. Minokoshi, Y. Ito, H. Waki, S. Uchida, S. Yamashita, M.
Noda, S. Kita, K. Ueki, K. Eto, Y. Akanuma, P. Froguel, F. Foufelle, P. Ferre, D.
Carling, S. Kimura, R. Nagai, B. B. Kahn and T. Kadowaki (2002). "Adiponectin
stimulates glucose utilization and fatty-acid oxidation by activating AMP-
activated protein kinase." Nat Med 8(11): 1288-95.

Yamauchi, T., J. Kamon, H. Waki, Y. Imai, N. Shimozawa, K. Hioki, S. Uchida, Y. Ito,
K. Takakuwa, J. Matsui, M. Takata, K. Eto, Y. Terauchi, K. Komeda, M.
Tsunoda, K. Murakami, Y. Ohnishi, T. Naitoh, K. Yamamura, Y. Ueyama, P.
Froguel, S. Kimura, R. Nagai and T. Kadowaki (2003). "Globular adiponectin
protected ob/ob mice from diabetes and ApoE-deficient mice from
atherosclerosis.” J Biol Chem 278(4): 2461-8.

Yamauchi, T., J. Kamon, H. Waki, Y. Terauchi, N. Kubota, K. Hara, Y. Mori, T. Ide, K.
Murakami, N. Tsuboyama-Kasaoka, O. Ezaki, Y. Akanuma, O. Gavrilova, C.
Vinson, M. L. Reitman, H, Kagechika, K. Shudo, M. Yoda, Y. Nakano, K. Tobe,
R. Nagai, S. Kimura, M. Tomita, P. Froguel and T. Kadowaki (2001). "The fat-
derived hormone adiponectin reverses insulin resistance associated with both
lipoatrophy and obesity.” Nat Med 7(8): 941-6.

Yamauchi, T., Y. Nio, T. Maki, M. Kobayashi, T. Takazawa, M. Iwabu, M. Okada-
Iwabu, S. Kawamoto, N. Kubota, T. Kubota, Y. Ito, J. Kamon, A. Tsuchida, K.
Kumagai, H. Kozono, Y. Hada, H. Ogata, K. Tokuyama, M. Tsunoda, T. Ide, K.
Murakami, M. Awazawa, L. Takamoto, P. Froguel, K. Hara, K. Tobe, R. Nagai,
K. Ueki and T. Kadowaki (2007). "Targeted disruption of AdipoR1 and AdipoR2
causes abrogation of adiponectin binding and metabolic actions." Nat Med.

Yang, J., T. Ratovitski, J. P. Brady, M. B. Solomon, K. D. Wells and R. J. Wall (2001).
"Expression of myostatin pro domain results in muscular transgenic mice." Mol
Reprod Dev 60(3): 351-61.

Yang, J. and B. Zhao (2006). "Postnatal expression of myostatin propeptide cDNA
maintained high muscle growth and normal adipose tissue mass in transgenic
mice fed a high-fat diet.” Mol Reprod Dev 73(4): 462-9,

80



Ye, J. M., P. J. Doyle, M. A. Iglesias, D. G. Watson, G. J. Cooney and E. W. Kraegen
(2001). "Peroxisome proliferator-activated receptor (PPAR)-alpha activation
lowers muscle lipids and improves insulin sensitivity in high fat-fed rats:
comparison with PPAR-gamma activation." Diabetes 50(2): 411-7.

Zhang, Y., K. Y. Guo, P. A. Diaz, M. Heo and R. L. Leibel (2002). "Determinants of

leptin gene expression in fat depots of lean mice." Am J Physiol Regul Integr
Comp Physiol 282(1): R226-34.

Zhao, B., R. J. Wall and J. Yang (2005). "Transgenic expression of myostatin propeptide
prevents diet-induced obesity and insulin resistance." Biochem Biophys Res
Commun 337(1): 248-55.

Zheng, S. and A. Chen (2007). "Disruption of transforming growth factor-beta signaling
by curcumin induces gene expression of peroxisome proliferator-activated
receptor-gamma in rat hepatic stellate cells." Am J Physiol Gastrointest Liver
Physiol 292(1): G113-23.

Zhu, X., M. Hadhazy, M. Wehling, J. G. Tidball and E. M. McNally (2000). "Dominant
negative myostatin produces hypertrophy without hyperplasia in muscle." FEBS
Lett 474(1): 71-5,

81



APPENDIX 1. Feed composition analysis

Laboratory Rodent Diet 5001 Research Diet #D12451
gm% kcal% gm% kcal%
Protein 23 28 24 20
Carbohydrate 72.5 60 41 35
Fat 4.5 12 24 45
Total 100 100
keal/g 3.04 4.73

Nutritional analysis for Laboratory Rodent Diet 5001 (normal-fat diet) obtained from
W.F. Fisher & Son, ingredient list available at http://www.labdiet.com/5001.htm.
Nutritional analysis for Research Diet # D12451 (high-fat diet) obtained from Research
Diets Inc, ingredient list available at http://www.researchdiets.com.
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APPENDIX 2. Agarose gel electrophoresis of cDNA and PCR primers

Lane 1: 100kb Ladder

Epididymal Fat Tissue:
Lane 2: Adiponectin; 273bp
Lane 3: PPAR-a; 101bp
Lane 4: PPAR-y; 100bp
Lane 5: GAPDH; 171bp
Liver Tissue:
Lane 6: AdipoR1; 287bp
Lane 7: AdipoR2; 230bp
Lane 8: GAPDH; 171bp

2% agarose gel electrophoresis gel stained with ethidium bromide demonstrating the
specificity, appropriate product size, and purity of the real-time PCR primers and cDNA
from epididymal fat tissue and liver tissue.
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APPENDIX 3. Standard curve showing delta Ct value vs.

ug cDNA

3.5

3
2.5 /

N AEmEAs F

1.5

Delta Ct value

0.5

T

0.05

ug cDNA

1

0.1

0.15

¢ Series1
— Linear (Series1)

y = 20.732x + 1.7312
R? = (0.772

Depicts the standard curve which was run to determine the adequacy of 0.05 pg cDNA
for the real-time PCR reaction. Samples were run in duplicate and are presented as the

mean of the samples.
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APPENDIX 4. A Ct values for Adiponectin, PPAR-u, and PPAR-y in adipose tissues.

SUBCUTANEOUS EPIDIDYMAL MESENTERIC
NORMAL FAT HIGH FAT NORMAL FAT HIGH FAT NORMAL FAT HIGH FAT
WT TG WT TG WT TG WT TG WT TG WT TG

Adiponectin 0.94£0.21 4.32+1.71 0.84+0.53 0.42+0.13 1.96+0.50 -0.54+0.11 2.93+0.22 -1.05£0.26 3.67+0.01 2.26+0.13 1414044 4.12+0.37
b,c,d,e a b,cde cde ab,c,d de ab,c e ab abed abecde a

PPAR-ox 4,43+0,69 3.48+0.94 4.42+0.27 5.03+1.30 6.63+0.42 4.48+0.58 5.30£0.39 5.2240.10 2.38+0.08 2.81+0.15 4.76+0.67 2.75+0.25
a,b b ab ab a ab ab ab a,b abed abede a

PPAR-y 3.18+0.63 1.73£1.81 4.71+0.58 2.00+0.28 2.67+0.18 2.29+0.24 4.31+0.49 1.84+0.15 2.71+£0.22 6.13+1.23 2.93+0.45 2.93+0.0.45
ab b ab ab ab b ab b ab a a,b ab

Data is presented as means + SEM, Within the same row, levels not connected by the same letter are significantly different
A Ct was quantified by Real-Time PCR.

Statisctical Significance
FP GEN DIET FP*GEN GEN*DT FP*DT FP*GEN*DT
Adiponectin  *** el . e
PP AR_a L.t 2 ]
PPAR-y L * .

FP = fat pad location, GEN = genotype, DT = diet.
Significance was determined at * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001
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APPENDIX 5. A Ct value for adiponectin receptors in gastrocnemius muscle and liver tissue.

NORMAL FAT HIGH FAT SIGNIFICANCE

Wild-Type  Transgenic Wild-type Transgenic GENOTYPE DIET GENOTYPE*DIET

MUSCLE AdipoR1 6.92b 6.62b 6.68 a,b 10.69 a ¥
(5.39-8.45) (6.37-6.87) (7.43-7.93) (10.59-10.79)
AdipoR2 8.20 ¢ 8.58 ¢ 9.90b 11.12a * #ahn
(7.84-8.56) (8.43-8.73) (9.79-10.01) (10.76-11.48)
LIVER  AdipoR] 7.50 ¢ 10.83 ab 1120 a 8.77 b,c W
(7.24-7.76) (10.31-11.35) (10.89-11.51) (8.25-9.29)
AdipoR2 4.61c 55b 478 ¢ 6.00 a A *

(4.58-4.64) (5.48-5.52) (4.63-4.93) (5.96-6.04)

Data is presented as means (ranges). Muscle tissue sampled was gastrocnemius muscle. Within the same row,
levels not connected by the same letter are significantly different. A Ct was quantified by Real-Time PCR. Significance was
determined at * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001



