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ABSTRACT
YANG, TIANXU, M.S., November 2010, Human and Consumer Sciences, Food and
Nutrition

Diet-Induced Obesity in Growth Hormone Receptor Antagonist Mice

Director of Thesis: Darlene E. Berryman

Growth hormone receptor antagonist (GHA) mice, with partial repression of GH
signaling, have not been challenged with high fat (HF) feeding; therefore, both genders of
GHA mice and wild type (WT) controls were fed a HF and a low fat (LF) diet to
investigate the susceptibility to diet-induced obesity as well as examine gender
differences. Body composition, body weight, and energy intake were measured weekly
from 10-21 weeks of age. HF feeding increased body weight, fat mass and percent fat
mass for all mice as compared to LF feeding. The body weight gain was due solely to
increases in adiposity. Both female GHA and female WT mice exhibited a striking
ability to resist fat mass gain as compared to males. Euglycemia was observed in GHA
mice when exposed to a HF diet. GHA mice stored more fat mass especially in the
subcutaneous pad even though most other organ weights decreased in GHA mice.
Overall, GHA male mice were hyperphagic and more sensitive to diet-induced obesity

than WT littermates.
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CHAPTER 1: INTRODUCTION

Growth hormone (GH), like the name implies, is a vital hormone in the human
body that regulates longitudinal bone growth (Greenspan, Li, Simpson, & Evans, 1949).
Other important functions of GH include:

1. Modulating the metabolism of lipid (Raben & Hollenberg, 1959), carbohydrate
(Goodman, 1965a), and nitrogen (Goodman, 1978);

2. Promoting the secretion of insulin-like growth factor-1 (IGF-1) from target
organs such as liver, bone, muscle, and adipose tissue (Entingh-Pearsall & Kahn, 2004);

3. Regulating bone mineral and vitamin D metabolism (Gomez, 2006);

4. Maintaining the normal functioning of the immune system (Chen, Schuler, &
Schultz, 1998), neurologic system (Higham & Trainer, 2008; Y oshizato, Fujikawa, Soya,
Tanaka, & Nakashima, 1998), and cardiac development (Isgaard, Nilsson, Vikman, &
Isaksson, 1989; Mathews, Enberg, & Norstedt, 1989).

The GH/IGF-1 axis exerts a profound impact on metabolism and body
composition. Overall, GH profoundly increases lean mass (Florini, Ewton, & Coolican,
1996) and decreases fat mass (Felig, Marliss, & Cahill, 1971; Henneman & Henneman,
1960). It should also be noted that GH exerts its impact to some degree by blocking the
effects of insulin. Indeed, a previous report revealed that elevated levels of GH can lead
to hyperinsulinemia and insulin resistance; consequently, patients with high GH have a
greater susceptibility of developing type 2 diabetes (Sonksen, Salomon, & Cuneo, 1991).

Acromegaly is a disease caused by excessive GH secretion, typically due to an

adenoma of the anterior pituitary gland (Crushing, 1909). It is diagnosed later than its
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onset by several years (Rajasoorya, Holdaway, Wrightson, Scott, & Ibbertson, 1994).
The accompanying problems of the disease include rheumatologic (Waine, 1945),
cardiovascular (Wahlander, Isgaard, Jennische, & Friberg, 1992), respiratory (Grunstein,
Ho, & Sullivan, 1991), and metabolic consequences; there is also an increase in mortality
(Bates, Van't Hoff, Jones, & Clayton, 1993). Although surgery, radiology, and
somatostatin analogues drugs can be used to treat the condition, a growth hormone
receptor antagonist (GHA), called pegvisomant and marketed under the brand name
Somavert, has gained widespread acceptance as a highly selective and efficacious
treatment for acromegaly.

Growth hormone deficiency (GHD) is an acquired pathophysiologic condition of
pituitary gland, such as trauma, infection, pituitary tumors, and radiation treatment (Agha
et al., 2004; Carpinteri, Patelli, Casanueva, & Giustina, 2009; Ronchi et al., 2009) and an
idiopathic problem in childhood (Hindmarsh, Smith, Brook, & Matthews, 1987) with
markedly decreased serum GH levels. This disease is also termed as hypopituitarism,
which exhibits a series of features. There are abnormalities in body composition in GHD
including reduced lean body mass (Salomon, Cuneo, Hesp, & Sonksen, 1989), increased
fat body mass with a strikingly abdominal (increased waist circumference) and
subcutaneous adiposity (Binnerts et al., 1992), reduced body water (Rosen, Bosaeus,
Tolli, Lindstedt, & Bengtsson, 1993), reduced bone mineral density (Beshyah et al.,
1995), increased fasting glucose and insulin levels (Johansson, Fowelin, Landin, Lager,
& Bengtsson, 1995), and shortened lifespan (McGauley, 1989). In addition, other

clinical symptoms include impaired cardiovascular and endothelial functioning (Rosen &



17
Bengtsson, 1990), reduced muscle strength (Cuneo, Salomon, Wiles, & Sonksen, 1990),
reduced skin thickness (Black, Shuster, & Bottoms, 1972), and psychological complaints
(Rosen, Wiren, Wilhelmsen, Wiklund, & Bengtsson, 1994). Thus, in many ways,
decreased serum GH levels with GHD appears to be opposite to the status of acromegaly.

The GHA was first discovered by Chen, Wight, Wagner, and Kopchick in 1990.
These researchers designed a mutant bovine GH gene that changed three critical amino
acids in GH and that, when produced by transgenic mice, resulted in a dwarf animal
(Chen, Wight, Wagner, & Kopchick, 1990). Subsequently, further studies revealed that
only changing the glycine at position 119 of bGH and 120 of hGH was needed for the
same antagonistic effect (Chen, Wight, Mehta, Wagner, & Kopchick, 1991). Failing to
stimulate any intracellular signaling pathway, the GHA competes with normal GH for
binding to the GH receptor, effectively antagonizing or blocking a large portion of GH
function. Due to the effective suppression of GH function, a slightly modified version of
the GHA, which has a longer half-life, has been approved by the FDA to treat
acromegaly. The name of the FDA approved drug is pegvisomant.

GHA transgenic mice produce GHA continually and have a phenotype
characteristic of GH deficiency. Since GH promotes fat breakdown and muscle gains, a
decrease in GH action should result in fat accumulation and less muscle and bone. As
expected, GHA transgenic mice exhibit an obese and dwarf phenotype (Berryman et al.,
2004). The GHA mice also show a preferential accumulation of fat mass in the
subcutaneous region (Berryman et al., 2004). However, GHA mice appear to have fairly

normal insulin sensitivity and lifespan despite their obesity (Coschigano et al., 2003).
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Further, serum leptin is significantly increased in GHA mice, while these mice exhibit
increased food consumption when normalized to body weight, indicating that GHA mice
may have some level of leptin resistance (Berryman et al., 2004). In addition, higher
levels of serum free fatty acids (FFA) and triglycerides (TAGs) have been found in GHA
mice (Yakar et al., 2004). Finally, in the GHA transgenic mice, although the
concentration of GH in the blood circulation is high, the chronic and continued
expression of GHA results in lower IGF-1 levels than normal (Chen et al, 1990). Overall,
the GHA mouse model is similar to a clinic state of GHD.

Surwit and colleagues (1995) reported that the C57B1/6J background mouse strain
is susceptible to diet-induced obesity and diabetes when fed a high fat (HF) diet, which is
similar to what occurs with humans. In addition, C57Bl/6J become hyperinsulinemic and
hyperglycemic on HF diets, while mice on low fat (LF) diets remain euglycemic and lean
(Surwit, Kuhn, Cochrane, McCubbin, & Feinglos, 1988). Thus, transgenic or gene
disrupted mice maintained under this background strain provide a means to assess the
impact of a particular gene on diet-induced obesity.

Previous studies have illustrated that other strains of mice with altered GH (GH
receptor knockout or GHR™ and bovine GH transgenic or bGH mice) have altered
susceptibility to diet-induced obesity. Bovine GH or bGH mice, a transgenic mouse
model expressing bovine GH, have high GH and IGF-1 levels with a giant stature
(Palmiter et al., 1982), increased lean mass, reduced fat mass (Bengtsson, Brummer,
Eden, Bosaceus, & Lindstedt, 1989), insulin resistance (Foss et al., 1991; Oscarsson,

Wiklund, Jakobsson, Petruson, & Bengtsson, 1994), and disturbed lipoprotein
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metabolism (Nikkila & Pelkonen, 1975; Oscarsson et al., 1994). Importantly, these mice
have a striking ability to resist diet-induced obesity, despite hyperphagia, dyslipidemia,
and diabetes when fed a HF diet (Olsson et al., 2005). Similar results were also reported
by another group that further showed that energy expenditure was not responsible for the
resistance to diet-induced obesity (Berryman et al., 2006; Dominici, Arostegui Diaz,
Bartke, Kopchick, & Turyn, 2000; Hauck, Hunter, Danilovich, Kopchick, & Bartke,
2001; Trainer et al., 2000). In contrast to bGH mice, the GH receptor gene disrupted
model or GHR”" mice have high GH but low IGF-1 levels with a short stature and
slightly reduced glucose levels and severely reduced insulin levels (Coschigano,
Clemmons, Bellush, & Kopchick, 2000; Dominici, Arostegui Diaz, Bartke, Kopchick, &
Turyn, 2000; Hauck, Hunter, Danilovich, Kopchick, & Bartke, 2001; Zhou et al., 1997).
These mice exhibit a dramatic increase in susceptibility to diet-induced obesity and have
increased insulin levels and islet cell mass when challenged by a HF diet (Berryman et
al., 2006; Robertson, Kopchick, & Liu, 2006).

GHA transgenic mice exhibit an increased fat mass starting as early as 6-weeks of
age and a decreased lean mass at later phases when fed a standard diet. Again, this
mouse line is capable of maintaining a normal glucose level and higher levels of leptin
(Magon, 2009). However, GHA transgenic mice have never been challenged with a non-
standard diet, so their susceptibility to diet-induced obesity has not been tested. Thus, the
purpose of this study is to determine how GHA mice (previously characterized as obese
with normal insulin sensitivity) in the C57Bl/6J strain (known to be susceptible to diet-

induced obesity and diabetes) respond to a HF and a LF diet, which may facilitate an



20
understanding how humans treated with GHA respond to the drug. Further, because
GHA models also can be considered similar to GHD obese state, these results may
provide insights into diet-induced obesity in GHD.

Statement of Problem

The study of GHA transgenic mice is clinically relevant to humans for two
reasons. First, transgenic mice for GHA can provide information about the chronic use of
this drug in humans. GHA has been used to treat patients with acromegaly because this
drug can drastically decrease IGF-1 level as well as glucose and insulin concentrations;
thereby, some clinical symptoms are improved (Holly et al., 1991; Trainer et al., 2000).
Despite its widespread use, little is understood about its long term impact. Further, as
GHA mice are essentially in a state of GH deficiency throughout life, these mice also
provide insight into the long-term outcomes of a GH deficient state. Current studies
about GHA mice show that these transgenic mice develop an increased fat mass and a
lower lean mass. Also, this trend is evident in early life, and male mice have more fat
mass than females suggesting gender specific effects. GHA mice maintain a lower or
normal glucose and insulin level (Chen et al., 1990). However, all previous data
collected are based on a standard diet; there is no information showing the susceptibility
of these mice to diet-induced obesity. In humans, obesigenic diets are more common
than the LF diets fed to these mice, making it important to determine how these mice will
respond to a high calorie diet. In studies with humans, there are many uncertain factors
that are difficult to control; for example, complex genotypes and multiple unpredicted

exogenous factors including uncontrolled diet, activity, and medical treatment. Unlike
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humans, the GHA mice have a uniform genotype and environmental factors, such as diet,
are more easily controlled.

Research Questions
In this study, male and female GHA transgenic mice and littermate controls in the
C57Bl/6J background strain were exposed to a HF or a LF feeding regimen for 11 weeks.
For all studies, GHA male and female mice were compared with age- and gender-
matched littermate control mice. The research questions addressed were:

1. How will the body composition (lean mass, fat mass, and body fluid) change in
GHA mice (male and female) in comparison to littermate controls when exposed
to a HF versus a LF diet?

2. How will calorie intake change in GHA mice (male and female) in comparison to
control mice when fed on a HF versus a LF diet?

3. How will the levels of fasting glucose and glucose tolerance change for GHA mice
(male and female) and littermate controls when fed on a HF diet versus a LF diet?

4. How will the tissue and fat depot weights change in GHA mice (male and female)
in comparison to controls when challenged with a HF diet versus a LF diet?

Purpose of the Study
The C57B1/6] mouse strain is susceptible to diet-induced obesity and diabetes
when fed a HF diet, which is similar to how humans develop obesity and diabetes. Male
transgenic GHA mice in the C57B1/6J genetic background exhibit a dwarf and obese
phenotype at least by 6 months of age on a LF diet. However, GHA transgenic mice

maintain a normal glucose and insulin level with lower level of IGF-1. The purpose of
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this study is to challenge this strain with a higher fat, higher calorie diet to test the
susceptibility of GHA mice to diet-induced obesity and diabetes. While previous studies
focused on susceptibility to diet-induced obesity in other mouse lines (GHR™ and bGH
transgenic mice), no dietary manipulation study has yet been done in the GHA mouse
line. Studies with humans are difficult for ethical reasons. Since the transgenic GHA
mice produce GHA continually, it is a good model to explore how the different diets
affect progression of obesity and diabetes without any harm to clinical populations. GHA
mice in the C57B1/6J background strain are also similar to the clinical state of GHD in
humans; therefore, the results from this study may also provide insight into the treatment
of this condition.

Limitations/Delimitations

1. Inherent errors of measurements made with specific equipment, such as nuclear
magnetic resonance (NMR) exist; these factors cannot be avoided completely.

2. Some stress to the animals is inevitable during particular manipulations, such as
measuring body composition and collecting blood. This may change the data to some
extent. Wherever possible, attempts were made to minimize stress to the mice during
the dietary manipulation phase of the study.

3. Since two or three mice were located in one cage and mice can obtain food freely, it
was hard to calculate the food consumed accurately by each mouse in the same cage.

4. The data from mice cannot be fully extrapolated to the human’s condition due to

species differences.
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Definitions of Terms

Acromegaly. Acromegaly is an acquired progressive condition due to excessive
GH in the body, which is caused by a benign pituitary somatotroph adenoma. The typical
features are broadened and thickened bones of extremities and face. Many physiologic
systems, endocrine, theumatic, neurotic, cardiac systems, are also disrupted, which lead
to increase mortality (Chanson & Salenave, 2008; Crushing, 1909).

Adipocyte. Adipocyte is the lipid laden cell of adipose tissue, and it secrets a
variety of cytokine-like factors (Unger & Orci, 2002).

Adipokines. A group of cytokine-like factors that are secreted and that take part in
various metabolic activities such as regulation of energy homeostasis, steroid conversion
and sexual maturation, insulin-lipid-glucose metabolism, dietary behavior, insulin
sensitivity, vascular remodeling, coagulation, and other relevant vascular behaviors
(Berti, Kellerer, Capp, & Haring, 1997; Kubota et al., 2002; Ravussin et al., 1997;
Steppan et al., 2001).

Bovine GH mice. Bovine GH or bGH mice are a transgenic mouse line. These
mice were made by using a metallothionein transcriptional regulatory element linked to
the first exon and intron of the bGH cDNA. These mice have excessive levels of GH.
Features of these mice are similar to the acromegalic state including characteristics such
as a giant stature, high level of IGF-1 and insulin, normal glucose, short lifespan, and
insulin resistance (Berryman et al., 2004).

Growth hormone receptor antagonist (GHA) mice. GHA mouse is a transgenic

engineered mouse line that expresses GHA. The antagonist mice have a mutated glycine
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119 of bGH constitutively expressed under a metallothionein promoter. These GHA
mice exhibit a dwarf stature and obese phenotype, low levels of IGF-1, yet normal levels
of glucose, insulin, and lifespan (Chen, White, Wagner, & Kopchick, 1991; Coschigano
et al., 2003). Most excess fat mass is accumulated in the subcutaneous region (Berryman
et al., 2004; Chen, White et al., 1991).

Growth hormone deficiency (GHD). A clinical state characterized by altered body
composition, bone mineralization, serum lipids, glucose tolerance, and insulin-induced
hyperglycemia. GHD individuals are short and obese (Coschigano et al., 2003; Murray,
Adams, & Shalet, 2004).

Growth hormone receptor knockout (GHR"') mice. These are mice with a
deletion of most of the fourth exon and part of the fourth intron of the GH receptor.

These mice have essentially no functional GH signaling through the receptor despite
having the ability to make GH. These mice exhibit severe postnatal growth retardation,
absence of GHR and GH binding protein, low level of IGF-1, glucose, and insulin, high
levels of GH, extreme insulin-sensitivity, and long lifespan (Coschigano et al., 2003;
Zhou et al., 1997).

Hyperglycemia. Hyperglycemia is a pathological high level of glucose in the
blood, which occurs with diabetes, results in multiple microvascular and microvascular
complications, and increases morbidity and mortality (Capes, Hunt, Malmberg, Pathak, &

Gerstein, 2001).
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Hyperinsulinemia. This is the clinical condition of having excess levels of
circulating insulin in the blood. It is a common feature of people with diabetes mellitus
type 2, insulin resistance, and obesity (Ginsberg, Kimmerling, Olefsky, & Reaven, 1975).

Insulin-like growth factor-1 (IGF-1). It is a member of the insulin-like growth
family and is a major protein upregulated by GH. Thus, many of the effects of GH are
due to IGF-1, which plays a crucial role in postnatal normal growth (Jones & Clemmons,
1995).

Insulin resistance. Insulin resistance is associated with type 2 diabetes and
excessive adipose tissue. This pathophysiological condition suggests that insulin fails to
effectively promote glucose uptake and storage in tissues especially in muscle and fat
cells. In order to maintain the normal serum glucose levels, the pancreas secretes much
more insulin than normal (Campfield, Smith, Guisez, Devos, & Burn, 1995; Goodyear et
al., 1995; Kahn & Flier, 2000).

Leptin. Leptin is a cytokine secreted mainly from adipocytes. Leptin alters food
intake, energy expenditure, body weight, lipid and glucose metabolism, insulin sensitivity
and resistance, hypertension, and immunity (Campfield, Smith, Guisez, Devos, & Burn,
1995; Rondinone, 2006).

Somatostatin analogue. Somatostatin analogues are pharmaceutical agents that
can be used to treat acromegaly. They are growth hormone releasing hormone
antagonists. They act at the central nervous system to suppress GH hypersecretion in

acromegaly by binding to somatostatin receptors. Analogs are used because the analogs
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are more stable and effective than somatostatin to treat acromegaly (Newman et al., 1995;

Vance & Harris, 1991).
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CHAPTER 2: REVIEW OF LITERATURE

GH influences a number of important physiologic functions. Both overproduction
and deficiency of GH lead to metabolic abnormalities. A relatively new pharmaceutical
agent, the GHA, inhibits the action of GH. Mice transgenic for GHA show a dwarf
stature and relatively normal insulin and glucose levels. However, the GHA mice are
also obese. It is well known that diet is an important factor that affects body
composition, yet no research has explored the impact of diet on GHA mice. This
literature review will provide an overview of GH, adipose tissue, and the GHA. In
addition, this review will explain the interaction between GH and adipose tissue, and
compare several mice models with altered GH levels.

Growth Hormone
History of Growth Hormone

GH has a long research history. In 1886, Pierre Marie discovered that
acromegalic patients had enlarged pituitary glands (Kopchick & Andry, 2000). Since
then, in 1910, some animal experiments further revealed that growth factors existed in the
pituitary gland (Crowe, Cushing, & Homans, 1910). According to Evans and Long’s
research (1921) on the anterior lobe of the pituitary, an extract from the anterior lobe of
the pituitary stimulated rats to exhibit a greater rate of growth than was first assumed
(Evans & Long, 1921). The year of 1944 marked a milestone in GH research in which
bovine GH was first isolated from the ox anterior lobes in a lab at the University of
California, Berkeley (Li & Evans, 1944). Subsequently, advances in genetic technology

allowed for the cloning and expression of GH in Escherichia coli bacteria (Martial,
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Hallewell, Baxter, & Goodman, 1979). With the successful discovery of the GHR in
rabbits and humans, the high affinity between GHR, GH binding protein, and GH were
recognized as important factors for growth in 1987; not only was GHR on liver
membranes and GH binding protein recently purified, but also the rabbit GH receptor
clone was subsequently isolated (Leung et al., 1987). During the same period, the three-
dimensional structure of porcine GH, which includes four antiparallel a-helices arranged
in a left twisted helical bundle, was revealed; this structure has facilitated additional
research on the characteristics of GH (Abdel-Meguid et al., 1987).
Growth Hormone Gene and Protein

GH is a member of the large hormone family that includes prolactins (PRLs),
placental lactogens (PLs), and more recently discovered members such as PRL-like
protein-B, PLP-C (Roby et al., 1993), mouse proliferin, somatolactin, and other
molecules. Having evolved approximately 350 million years, this ancient GH gene
consists of 5 exons and 4 introns and is located on the long arm of chromosome 17 in
humans (Owerbach, Rutter, Martial, Baxter, & Shows, 1980). Human GH (hGH) spans
3000 nucleotides and consists of five closely related genes including GH-N (growth
hormone-normal gene), CS-L (chorionic somatomammotropin-like gene), CS-A
(chorionic somatomammotropin-A), GH-V (growth hormone-variant), and CS-B (the
chorionic somatomammotropin-B) genes (Hirt et al., 1987), which have a high identity
in coding and flanking regions (Seeburg, 1982). GH is synthesized as a precursor
protein; subsequently, the signal peptide attached to the amino terminal is cleaved when

GH is secreted. GH-N encodes both a 22-kDa GH and a 20kDa GH isoform. The former
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is the most abundant in plasma while the latter only comprises about 5-10% in plasma
(Lewis et al., 1980). The GH amino acid sequences have approximately 75-77%
similarity among humans, rats, and bovine species (Nicoll, Mayer, & Russell, 1986).
Therefore, research in animal models provides new insights and avoids ethical problems
that may emerge by conducting experiments with humans.

Structure of Growth Hormone

GH is composed of 191 amino acids and the molecular mass of GH is about
22,000 Daltons. The three-dimensional structure of porcine and human GHs was
determined in 1987 and 1992, respectively (Abdel-Meguid et al., 1987; de Vos, Ultsch, &
Kossiakoff, 1992). Both species of GH have similar structures, consisting of four a-
helices with 21-30 amino acids in length each (Abdel-Meguid et al., 1987; de Vos,
Ultsch, & Kossiakoff, 1992). The three-dimensional structure shows some similarity in
an unusual up-up-down-down topology with a left-handed bundle orientation. There are
highly conserved Cys residues evident in GH, PRLs, and PLs (Nicoll et al., 1986),
suggesting some basic structural similarity between these family members as well as their
importance in maintaining the three-dimensional structure of the molecule.

Regulation and Secretion of Growth Hormone

GH secretion is regulated by multiple mechanisms. Two antagonistic acting
hormones, growth hormone-releasing hormone (GHRH) and somatostatin (somatotropin
release-inhibiting factor), control the majority of GH secretion by somatotrophs cells in
the anterior pituitary gland (Brazeau et al., 1973; Tannenbaum, 1991; Tannenbaum &

Ling, 1984). As the name suggests, GHRH stimulates somatotroph cells to synthesize
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GH while somatostatin inhibits GH secretion (see Figure 1). Other factors, such as
ghrelin, physical activities, stress, fasting, or nutrition intake, also influence GH

secretion.
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Figure 1. GH secretion and action. From “Growth hormone (GH), GH receptor, and
signal transduction,” by J. J. Kopchick and J. M. Andry, 2000, Molecular Genetics and
Metabolism, 71, p. 295. Copyright 2000 by Academic Press. Adapted with permission of
the author.

Numerous studies show that GH is released in a pulsatile manner and most GH
secretion happens at night, particularly after the onset of deep sleep (Quabbe, Schilling,
& Helge, 1966). The peak of GH secretion is due to the action of maximal concentration
of GHRH and the minimal level of somatostatin (Tannenbaum & Ling, 1984). Once

secreted, the clearance rate of serum GH is very rapid, only lasting less than 20 minutes.
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The rapid clearance is due to most GH being degraded and cleared by the kidney and
liver (Thompson, Rodriguez, Kowarski, & Blizzard, 1972).
Growth Hormone Receptor

The binding of GH to its receptor is the first step of multiple actions of GH. GHR
is located on the cell surface in which the level of GHRs varies depending on the tissue.
At least in rats, liver and adipose tissue express a very high amount of GHR, while
moderate levels are reported for skeletal muscle, intestine, kidney, and other organs. In
contrast, there is no GHR existing in the testis, thymus, and spleen (Tiong & Herington,
1991). In humans, GHRs are expressed in several tissues but mainly located in liver and
adipose tissue (Esposito, Paterlini, Kelly, Postel-Vinay, & Finidori, 1994; Sobrier,
Duquesnoy, Duriez, Amselem, & Goossens, 1993; Werther, Haynes, & Waters, 1993).
The GHR gene is located on chromosome 5 (5p13-p14) (Arden, Boutin, Djiane, Kelly, &
Cavenee, 1990) and GHR protein is a transmembrane glycoprotein of 620 amino acids
(Leung et al., 1987).

Growth Hormone Binding Protein

GH binding protein (GHBP) is a soluble extracellular domain of the GHR that is
found in the serum of vertebrates (Hadden & Prout, 1964). The molecular mass of
GHBP is approximately 55 kDa. The means by which GHBP is generated depends on
species; that is, in mice and rats, GHBP is due to alternative splicing of the mRNA while
in humans, GHBP is generated through proteolytic digestion.

The biological function of GHBP remains controversial although it is clear that

GHBP binds to GH in serum. GHBP binding of GH has been suggested to maintain
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appropriate levels of functional GH in serum (Baumann, Amburn, & Shaw, 1988) or
function to antagonize of GH from binding to the GHR.

Growth Hormone-Mediated Signal Transduction

GH binds to a GHR dimer located on the cell membrane to elicit a cascade of
intracellular signals that is responsible for the biological impact of GH. Two GHRs bind
asymmetrically to sites on the GH. With the hGH-(GHR) , complex formed, the second
GHR will move relative to the first receptor; specifically, the second GHR undergoes a
rotation and a vertical movement (Brown et al., 2005). The conformational change of
GHR leads to a rotation of the transmembrane domain, which further activates Janus
kinases (JAK2) by transphosphorylation in the cytoplasmic domain (Brown et al., 2005).
Thus, the GH-dependent signal cascade is initiated. Activated JAK2 induces signal
transducers and activators of transcription (STATs) phosporylation that causes STATS to
translocate to the nucleus, where they bind to DNA and promote or block the
transcription of GH responsive genes including IGF-1 (Rosenfeld & Hwa, 2009). Thus,
GH binding to GHR induces a cascade of signal transduction, which results in IGF-1
gene expression, synthesis, and output (see Figure 2) (Madsen, Friberg, Roos, Eden, &
Isaksson, 1983; Murphy & Friesen, 1988). GH also activates other signaling pathways,
such as the phosphoinositide (PI) 3-kinase signaling pathway, to induce insulin resistance
in adipocytes (Takano et al., 2001). The mechanism likely involves a subunit of p85a.
That is, overexpression of p85a, an isoform of the PI 3-kinase subunit, inhibits PI 3-
kinase signaling and insulin action (Ueki, Algenstaedt, Mauvais-Jarvis, & Kahn, 2000).

For example, excess GH increases p85a expression in white adipose tissue (WAT)
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inducing insulin resistance in bGH mice; however, reduced p85a expression in GH

deficient lit/lit mice results in hypoinsulinemia (del Rincon et al., 2007).
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Figure 2. GH-mediated signal transduction.

Biological Effects of Growth Hormone

GH acts on a variety of tissues in the body and plays a significant role in
metabolism. One main action of GH is to promote postnatal longitudinal growth.
Longitudinal skeletal growth is mediated by GH in a dose dependent manner that causes
the proliferation of chondrocytes in the epiphyseal growth plate in which GH stimulates
DNA synthesis and differentiation as well as clonal proliferation (Casanueva, 1992;
Madsen, Friberg, Roos, Eden, & Isaksson, 1983). Based on the theory of GH’s dual
effects (Green, Morikawa, & Nixon, 1985), not only does GH lead to differentiation of
precursor cells, but it induces these cells to synthesize IGF-1 locally, which also

influences differentiation through autocrine and paracrine mechanisms (Casanueva,
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1992). Unbalanced GH secretion leads to abnormal body growth; that is, over-expression
results in gigantism or acromegaly while GH deficiency results in dwarfism.

GH plays a crucial role in reducing fat mass. In mature adipose cells, GH exhibits
a lipolytic effect approximately 1-2 hours after administration, thus increasing the
hydrolysis of TAGs and release of FFA and glycerol while decreasing FFA re-
esterification (Van Vliet et al., 1987). This lipolytic process is independent of IGF-1
(Casanueva, 1992). Clinical studies further support a lipolytic function of GH on adipose
tissue (Dietz & Schwartz, 1991). For example, patients with GH deficiency present a
mildly obese phenotype (Bonnet, Vanderschueren-Lodeweyckx, Eeckels, & Malvaux,
1974) while patients with acromegaly are very lean (Katznelson, 2009). Animal models
with altered GH levels consistently show similar trends in adipose tissue. For example,
in bGH transgenic mice, a mouse model with excess GH, total body fat mass is
significantly decreased compared to control littermates, while models with deficiencies
are relatively obese (Berryman et al., 2004)

Skeletal muscle is also an important GH-target tissue, where GH enhances amino
acid uptake and increases protein synthesis. Accordingly, athletes abusing GH and
patients with acromegaly have elevated amounts of lean tissue (Katznelson, 2009;
Khaleeli et al., 1984; Rennie, 2003). Using mice, it has been shown that GH increases
muscle-specific IGF-1 that stimulates myotube hypertrophy (Clark, Schuenke, Keeton,
Staron, & Kopchick, 2006; Sotiropoulos et al., 2006), leading to an increased myonuclear

number and facilitating fusion of myoblasts (Sotiropoulos et al., 2006), thus increasing
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muscle mass. Consistent with GH’s effect on the muscle, bGH mice also exhibit larger
muscle fibers (Dudley & Portanova, 1987).

GH also influences carbohydrate metabolism, but its actions are dependent on
timing. During the first few hours of GH administration, GH exerts an insulin-like effect,
enhancing glucose utilization, lipogenesis, and amino acid metabolism. However, after
three hours, an anti-insulin effect occurs, thus inducing opposite effects, including
lipolysis, hyperglycemia, and hyperinsulinemia. Overall, the overriding effect is to
antagonizes insulin’s actions (Campbell & Rastogi, 1969; Davidson, 1987; Rizza,
Mandarino, & Gerich, 1982).

GH has other functions. For example, GH increases total body extracellular
fluids. Other GH actions include regulating immune systems (Murphy, Durum, Anver,
Frazier, & Longo, 1992), modulating psychological reactions (Yoshizato et al., 1998),
and prompting cardiac development and hypertrophy (Cittadini et al., 1996). Overall, as
an important endocrine mediated factor in the body, GH regulates many aspects of
growth, metabolism, and nutrient partitioning.

Insulin-Like Growth Factor-1

As mentioned above, GH is derived from the anterior pituitary and acts on distant
target sites such as bone, muscle, reproductive organs, immune and nervous systems
(Martini et al., 1995; Ohlsson et al., 1993). However, many of the actions of GH are
mediated through IGF-1. Similar to GH, IGF-1 plays a crucial role in postnatal somatic
growth (Stewart & Rotwein, 1996), especially during pubertal growth spurts (Yakar, Liu,

& Le Roith, 2000; Yakar et al., 1999).
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IGF-1 is a member of a family of insulin-related peptides such as IGF-1, IGF-2,
and insulin (Rinderknecht & Humbel, 1978). Structurally, IGF-1 is a small peptide that
contains 70 amino acids and that has a molecular weight of 7649 Da. IGF-1 and insulin
share a common ancestor of the proinsulin gene (Rinderknecht & Humbel, 1978), and
IGF-1 has the ability to bind to the insulin receptor (Ullrich et al., 1986) albeit with
weaker affinity than insulin.

IGF-1 binds to the IGF-1 receptor (IGF-1R) on cell membranes and assorted IGF
binding proteins (IGFBPs) in the serum. The latter behaves as protection for IGF-1 from
degradation in the serum (Kato, Faria, Stannard, Roberts, & LeRoith, 1993; Zapf, Hauri,
Waldvogel, & Froesch, 1986). IGF-1 binds to IGF-1R on cell surfaces to activate
intercellular signaling pathway, leading to cellular proliferation and differentiation among
other functions (Kato et al., 1993). The IGF-1R is a member of the tyrosine kinase
growth factor receptor family (Kato et al., 1993) and is present in almost all tissues,
whereas IGF-1 expression is the highest in the liver. In addition, IGF-1 has functions in
an autocrine or paracrine manner by most tissues (Yakar et al., 1999).

Growth Hormone/Insulin-Like Growth Factor-1 Axis

Animal and clinical evidence support that GH enhances IGF-1 expression in the
liver and nonhepatic tissues (Lowe, Lasky, LeRoith, & Roberts, 1988). On the other
hand, IGF-1 forms a negative feedback on GH secretion through acting on the
hypothalamus and the anterior pituitary. Therefore, GH and IGF-1 work collectively to

balance the expression of the other.
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Growth Hormone/Insulin-Like Growth Factor-1 Axis and Adipose Tissue

Acute and chronic effects of growth hormone on adipose tissue. As stated
previously, GH exerts an overall lipolytic effect although timing is important. However,
GH was proposed to possess an opposing role in regulating lipid metabolism (Honeyman
& Goodman, 1980). That is, GH plays an insulin-like role favoring antilipolytic and
lipogenic processes in the early stage (Adamafio & Ng, 1984). For instance, in rat
adipocytes, glucose uptake and inhibition of lipolysis are increased with added GH at the
first hour (Carter-Su, Rozsa, Wang, & Stubbart, 1988; Goodman, 1965b). The acute
effects of GH are attributed to increased uptake of carbohydrate by the adipocytes
(Henderson, Morgan, & Park, 1961). However, 3-4 hours after injection of GH, the
glucose utilization in adipose tissue is apparently reduced in vitro. Again, the chronic
effect of GH is lipolytic through inhibiting lipoprotein lipase and enhancing hormone-
sensitive lipase activity (Dietz & Schwartz, 1991), which stimulates TAG breakdown.
For example, GH treatment reduces abdominal obesity (Kamel, Norgren, Elimam,
Danielsson, & Marcus, 2000).

Effects of growth hormone on gender difference and adiposity. GH levels are
different between genders, which influences growth and body composition. Female rats
and mice have lower GH levels than male animals and exhibit an irregular interval. Male
rats and mice have a higher GH peak, which causes or at least contributes to a muscular
phenotype (Eden, 1979; MacLeod, Pampori, & Shapiro, 1991). In acromegalic men, total
mass, lean mass, and bone mineral content are greater than female patients while fat mass

is lower in men and negatively related to GH and IGF-1 levels, suggesting males are
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more affected than females (Sucunza et al., 2008). It has been well documented that
abdominal fat mass is negatively related to testosterone (Seidell, Bjorntorp, Sjostrom,
Kvist, & Sannerstedt, 1990) and GH levels (Hansen, Vahl, Jorgensen, Christiansen, &
Hagen, 1995; Vahl, Jorgensen, Jurik, & Christiansen, 1996). Therefore, the sexual
dimorphism of GH interacts with gonadal hormone in regulating adiposity.

Depot-specific effect of growth hormone. Interestingly, GH has a fat-depot-
specific effect (Bengtsson et al., 1993; Rosenbaum, Gertner, Gidfar, Hirsch, & Leibel,
1992). In humans, fat mass weight and adipocyte size in the abdominal region is
strikingly reduced when patients with GHD were treated by GH (Bengtsson et al., 1993;
Rosenbaum et al., 1992). In mice, reduced GH causes a two- to three-fold fat mass
increase in epididymal and subcutaneous sites (Pomp, Oberbauer, & Murray, 1996).
Several mouse models with reduced GH action also exhibit an increased, but non-
uniform distribution of fat mass (Berryman et al., 2004). Both GHR™ and GHA mouse
exhibit a disproportionate amount of fat mass in the subcutaneous depot (Berryman et al.,
2004; Berryman et al., 2010; Magon, 2009).

Growth hormone receptor in adipose tissue. It is well known that GHR plays an
important role in mediating effects of GH in adipose metabolism. As mentioned before,
GHR is widely expressed in many tissues, being highest in liver and adipose tissue in rats
(Tiong & Herington, 1991). GHR expression varies according to different fat depots and
species. The number of GH binding sites in rats is greater in epididymal than
subcutaneous and retroperitoneal adipocytes (LaFranchi, Hanna, Torresani, Schoenle, &

Illig, 1985). As compared to perirenal and subcutaneous depots, GHR mRNA is highly



39
expressed in omental fat in pigs (Brameld et al., 1996). In women, GHR mRNA is
expressed in subcutaneous and intraabdominal fat mass (Fisker et al., 2004). In addition,
diet and GH interaction influences GHR expression. That is, GH treated pigs fed with
low protein have increased GHR expression in adipose tissue (Brameld et al., 1996). GH
treatment in GHD patients increases truncated GHR mRNA expression in the abdominal
subcutaneous adipose tissue (Fisker et al., 2001). Additionally, another study reported
that GHR mRNA expression was up-regulated during the process of preadipocyte-
adipocyte differentiation in 3T3-L1 mouse cells (Fleenor, Arumugam, & Freemark, 2006;
Zou, Menon, & Sperling, 1997).

Growth hormone on adipocyte differentiation and proliferation. GH has an effect
on adipogenesis including preadipocytes differentiation and proliferation depending on
the cells used in studies (Doglio, Dani, Grimaldi, & Ailhaud, 1986; Morikawa, Nixon, &
Green, 1982; Vassaux, Negrel, Ailhaud, & Gaillard, 1994; Yarwood, Kilgour, &
Anderson, 1998). With regard to 3T3-F442A preadipocytes, GH stimulates the
differentiation process (Morikawa et al., 1982) while inhibiting proliferation (Tang,
Jeoung, & Sonenberg, 1995). When using primary preadipocytes (Vassaux et al., 1994)
and 3T3-L1 cells (Tominaga, Morikawa, & Osumi, 2002), GH inhibits preadipocyte
differentiation; however, it promotes proliferation in primary cultures (Wabitsch et al.,
1996). In later stage, GH inhibits the terminal differentiation in primary rat
preadipocytes (Hansen, Madsen, Teisner, Nielsen, & Billestrup, 1998). In children with
GH deficiency, GH treatment increases the subcutaneous adipocytes number while

decreasing size dramatically (Bonnet et al., 1974). Overall, GH promotes preadipocytes



40
differentiation into mature adipocytes, while reducing the volume of mature adipocytes
and body fat (Wabitsch, Hauner, Heinze, & Teller, 1995).

Effects of insulin-like growth factor-1 on adipose tissue. IGF-1 plays a lipogenic
role in vivo. Since IGF-1 is a member of the insulin family and can bind to insulin
receptors, it impacts adipose tissue in a manner similar to insulin. That is, high levels of
IGF-1 promote lipogenesis and inhibit lipolysis. IGF-1 stimulates expression of sterol
response element-binding protein-1 (Smith, Cong, Gilliland, Clawson, & Thiboutot,
2006) through activating mitogen-activated protein kinase, phosphoinositide 3-kinase
(PI3K), and Akt pathway, thus promoting lipogenesis (Smith, Gilliland, Clawson, &
Thiboutot, 2008). IGF-1 decreases non-esterified fatty acid concentration (Schmitz,
Hartmann, Stumpel, & Creutzfeldt, 1991) and stimulates lipogenesis in epididymal fat
pats (Guler, Zapf, & Froesch, 1987). Generally, GH and IGF-1 have opposite effects on
body fat metabolism.

Region-specific expression of insulin-like growth factor-1. As reported
previously, IGF-1 mRNA is highly expressed in WAT and liver. GH treatment will
restore the IGF-1 levels in WAT for hypophysectomized rats (Peter, Winterhalter, Boni-
Schnetzler, Froesch, & Zapf, 1993). Like fat-specific effects of GH, IGF-1 mRNA is
expressed in a site-specific manner. IGF-1 mRNA is high in retroperitoneal and
epididymal fat pads but lower in mesenteric and subcutaneous depots (Villafuerte et al.,
2000). IGF-1 is regulated by GH, e.g., porcine GH increases the amount of IGF-1

mRNA expressed in the subcutaneous fat depot in growing swine (Wolverton, Azain,
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Duffy, White, & Ramsay, 1992). Region-specific distribution of IGF-1 mRNA is related
to adipogenesis.

Insulin-like growth factor-1 and adipocyte differentiation. IGF-1 promotes
preadipocyte differentiation and proliferation (Christoffersen et al., 1998; Sekimoto &
Boney, 2003). IGF-1 plays a role in clonal expansion in adipose tissue because
preadipocytes are sensitive to IGF-1 (Zezulak & Green, 1986). A previous study
revealed that IGF-1 mRNA is localized in both adipocytes and stromal-vascular cells
which also includes preadipocytes, thus sufficient concentration of IGF-1 can induce
adipocytes differentiation in vitro and in vivo (Peter et al., 1993). A subsequent study
finds that IGF-1 alone regulates the early preadipocytes differentiation in mesenteric and
subcutaneous depots and synergistically with insulin improves maturation of adipocytes
in vivo (Sato et al., 2008). Therefore, GH/IGF-1 axis cooperates to regulate adipogenesis.
Growth Hormone/Insulin-Like Growth Factor-1 Axis and Glucose Homeostasis

The GH/IGF-1 axis plays a profound role in regulating glucose metabolism. GH
and IGF-1 have opposite functions on glucose metabolism. GH antagonizes action of
insulin while IGF-1 has a similar function to insulin. The mechanism how GH and IGF-1
affect glucose homeostasis is still unclear.

GH is viewed as a diabetogenic factor. In the 1930s, researchers found that
hypophysectomy-reduced hyperglycemia in diabetic dogs (Houssay & Biasotti, 1930).
GH stimulated hepatic gluconeogenesis and glycogenolysis while peripheral glucose
utilization declined (Bak, Moller, & Schmitz, 1991; Fowelin, Attvall, von Schenck,

Smith, & Lager, 1991; Press, Tamborlane, & Sherwin, 1984). In adipocytes studies,
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PI3K pathway regulates GH induced insulin resistance. Excess GH causes increased
p85a (the subunit of PI 3-kinase) expression in adipose tissue, thus leading to insulin
resistance (del Rincon et al., 2007). With regard to the diabetogenic properties of GH, it
was found that nonesterified fatty acids (NEFA) are produced by GH prompting hepatic
glucose output and decreasing peripheral glucose oxidation in glucose-fatty acid cycle
(Ferrannini, Barrett, Bevilacqua, & DeFronzo, 1983; Sjogren et al., 2001). In summary,
GH induces a high level of serum glucose, and the glucose cannot be normally utilized by
the tissue.

It still remains unclear how IGF-1 influences glucose homeostasis. When IGF-1
gene is disrupted, serum IGF-1 levels dramatically decline to 15-25%. However, GH
increases approximately six-fold. In spite of IGF-1 deficiency, there is no apparent
difference in glucose concentration, whereas the liver IGF-1-deficient animal exhibits
hyperinsulinemia and insulin resistance (Sjogren et al., 2001). In humans, both the
intravenous (Zenobi, Graf, Ursprung, & Froesch, 1992) and subcutaneous infusion of
IGF-1 cause hypoglycemia by increasing peripheral glucose uptake, oxidation, and
suppressed hepatic glucose production (Boulware, Tamborlane, Rennert, Gesundheit, &
Sherwin, 1994). Hence, IGF-1 decreases glucose concentration, like insulin. Overall,
IGF-1 is considered an insulin sensitizer while GH antagonizes insulin function
(Goodman, 2009).

Transgenic animals with GH over expression develop insulin resistance,
significant hyperinsulinemia, and hyperglycemia (Valera et al., 1993). In humans,

patients with acromegaly also develop the above symptoms, and up to 40% of patients
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become diabetic (Colao et al., 2000; Ezzat et al., 1994). Interestingly, adults with GHD
appear to have hyperglycemia, severe insulin resistance and hyperinsulinemia due to
increased central fat mass. The molecular mechanisms involved are not clear (Alford,
Hew, Christopher, & Rantzau, 1999).

Mouse Models with Altered Levels of Growth Hormone Action

Mouse models with altered GH action have proven a valuable means to study the
physiological impact of GH in the whole animal. Many features of these mouse models
share striking features with human clinical conditions of altered GH function and have
begun to provide insight into the molecular mechanisms responsible for the some of the
reported clinical phenotypes associated with altered GH action. The specific mouse
model that will be the focus of this thesis, GHA transgenic mice, will not be discussed
here but will be more thoroughly addressed in subsequent sections.
bovine Growth Hormone Transgenic Mice

The bGH transgenic mice overproduce circulating GH. These mice exhibit
features similar to acromegaly: gigantism, organomegaly, increased lean mass, and
reduced fat mass. Interestingly, bGH mice have more fat mass than wild type (WT) mice
before 6 weeks of age. The body composition changes during aging are gender-specific.
For example, the changes of lean and fat mass in females occur later than in males
(Palmer et al., 2009). In terms of specific fat depots, percentage of retroperitoneal,
epididymal (Berryman et al., 2004), subcutaneous, and mesenteric (Palmer et al., 2009)
fat masses are lower in bGH versus WT mice. This reduced mass is unique as the

absolute weights of almost all organs are greater in bGH than siblings especially kidney,
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liver, and heart (Berryman et al., 2004; Palmer et al., 2009). Furthermore, bGH mice
have the ability to resist diet-induced obesity, although these mice exhibit hyperphagia,
suggesting altered nutrient partitioning (see Table 1). Indeed, a HF diet has been shown
to induce weight gain but half of that weight gain is attributed to gains in lean mass
(Berryman et al., 2006) (see Figure 3). When feeding bGH mice a HF diet, all fat pads
increase but are still lower than controls, whereas kidney and liver weights are still higher
than control groups (Berryman et al., 2006; Olsson et al., 2005). In addition,
concentrations of glucose, insulin, and lipids also show significant alterations. On a LF
diet, the bGH mice are insulin resistant with slightly impaired (Berryman et al., 2006;
Kopchick et al., 1999) or normal glucose tolerance (Balbis, Dellacha, Calandra, Bartke,
& Turyn, 1992; McGrane et al., 1990) (see Table 1). Also on a LF diet, the levels of
very-low-density lipoprotein (VLDL), free fat acids (FFA) and hepatic TAG dramatically
decreased, whereas high-density lipoprotein, low-density lipoprotein (LDL), and total
cholesterol levels increased in bGH mice compared to controls (Frick et al., 2001; Olsson
et al., 2005). As a result, bGH mice have a better lipoprotein profile and maintain
relevant good lipoproteins in circulation. However, bGH mice have markedly decreased
lifespan in comparison to their siblings (Wolf et al., 1993).

Growth Hormone Receptor/Binding Protein Knockout Mice

The GHR/binding protein (GHR/BP) knockout (GHR™) mouse is generated by
disrupting the GHR/BP gene via homologous recombination (Zhou et al., 1997). Absent
GHR produces a dwarf stature as well as strikingly low IGF-1 and high GH levels in

circulation. IGF-1 and IGFBP-3 (main form of IGFBP) levels in GHR ™ mice sharply
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decrease to approximately 20% and less than 10% of the controls, respectively
(Coschigano et al., 2003). Meanwhile, both insulin and fasting glucose levels are
reduced to 26-10% and 65-86% compared to controls, respectively, whereas insulin
sensitivity increase remarkably (Coschigano et al., 2003). Again, this mouse line has a
higher percentage of fat mass as well as excess fat mass accumulated in the subcutaneous
region (see Table 1). In particular, GHR™ mice exhibit higher retroperitoneal and
subcutaneous fat mass when normalized to body weight; whereas epididymal mass is not
significantly different (Berryman et al., 2004) or decreases compared to littermates
(Coschigano et al., 2003). Furthermore, percentage of lean mass dramatically decreases
with aging (Bonkowski et al., 2006; Egecioglu et al., 2005). Consistent with their smaller
body size, all organs weights are less than controls (Berryman et al., 2004). Interestingly,
leptin levels are drastically increased 4.8 times, as might be expected with their excess fat
mass (Egecioglu et al., 2005). Additionally, GHR™ mice tend to be more sensitive to
diet-induced obesity as compared to littermate controls, again suggesting unique nutrient
partitioning. In one HF feeding study, GHR™ mice was the largest in percent weight
change among GHR™", bGH, and WT littermates (see Figure 3). Specifically, when
challenged with a HF diet, GHR™" mice appear to increase all fat mass especially in
epididymal, retroperitoneal, subcutaneous, and scapula compartments (Berryman et al.,
2006; Robertson, Kopchick, & Liu, 2006) (see Table 1). GHR™" mice with the C57B1/6J
background live nearly 26% longer than control littermates (Coschigano et al., 2003).
The GHR™ mouse model is comparable to a clinical disease in humans called Laron

syndrome (growth hormone insensitivity syndrome), in which individuals exhibit a
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severe postnatal growth retardation and deranged metabolism including a very short
stature, facial dysmorphism, truncal obesity, delayed puberty, and recurrent

hypoglycemia (Li et al., 1990; Zhou et al., 1997).
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Figure 3.Comparison of percent body weight among male WT, bGH, and GHR™" mice in
a HF diet feeding. From “Effect of growth hormone on susceptibility to diet-induced
obesity,” by D. E. Berryman, E. O. List, D. T. Kohn, K. T. Coschigano, K. T. Seeley, and

J. J. Kopchick, 2006 [Unpublished PowerPoint presentation]. Reprinted with permission
of the author.




Table 1

Summary Diet Manipulation of bGH and GHR™ Mouse Data
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Age Food Intake, Body composition Glucose Insulin
Reference Gene Diet (Duration) Energy Intake,
and EE
Olsson et al., bGH HF' 6m e On HF: food e bGH mice are lean and resistant to diet- tin HF induced ~ HF & LF led to
2005 LF*  (8wk intake was not induced weight gain diabetic insulin resistance
feeding) changed, but e Retro & BAT weights were not changed; condition and
energy intake Epi | hyperinsulinemia
and EE 1
¢ On LF: NS in
intake but EE 1
Berryman bGH HF® 10 wk bGH mice o bGH mice are lean HF and LF Either diet
et al., 2006 LF* (12 wk consumed more o HF: all absolute weights of fat pads 1, but increased stimulated higher
feeding) food & were relatively less than controls, suggesting that glucose insulin levels
hyperphagic when protecting from excess fat storage
feeding HF
Berryman GHR™ HF 10 wk When fed HF, e GHR™" mice were relatively obese whether ~ Glucose <WT in  Insulin levels were
et al., 2006 LF* GHR™" mice on HF and LF either diet lower and
(12 wk consumed more e On HF, BW gain was attributed to gains in exhibiting
feeding) energy with no fat mass insulin sensitivity
increase in food e Fad pads significantly increased 2- to 2.7- in HF & LF
intake fold in all depots
e On LF, GHR™" had greater proportional Sc
Robertson GHR™ HF’  3.5m NR o GHR™ mice are obese on HF Dramatically | | on HF, but no
etal., 2006 (17 wk o Fat pads increased in visceral, leg, and insulin resistance
feeding) scapula with HF or prompt insulin

o No change in perirenal with HF feeding

sensitivity




48

Note. EE: energy expenditure; Epi: epididymal fat mass; Intra: intraabdominal fat mass; Retro: retroperitoneal fat mass; Sc: subcutaneous fat mass; BW: body
weight; WT: wild type mice.
NR: not reported. NS: no significantly statistical difference.
1. HF diet (R-638, AnalyCen Nordic AB, Lidkoping, Sweden) (in energy percent): 39.9% fat, 17% protein, 0.7% fiber, and 42.3% nonfat energy.
2. LF diet (R-34, Lactamin, Vadstena, Sweden) (in energy percent): 9.4% fat, 20.2% protein, 0.8% fiber, and 69.6% nonfat energy.
3. HF diet: Dyets (Bethlehem, PA); 20g of fat (19g butter oil and 1g soybean oil) per100g of diet, provided 4.54kcal/g of diet.
4. LF diet: Dyets (Bethlehem, PA); 3g butter oil and 1g soybean oil per100g of diet, provided 3.81kcal/g.
5. HF diet (Research Diets, New Brunswick, NJ), no details are provided.
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Adipose Tissue

In the past, adipose tissue was regarded as a simple energy warehouse where
excess energy was stored. Nearly two centuries ago, researchers began to hypothesize
that adipose tissue was also an endocrine gland (Lindberg, 1970). When leptin was
discovered in 1994, adipose tissue became more widely recognized as an endocrine organ
(Zhang et al., 1994). Adipose tissue has broad physiological functions. In addition to
energy storage, insulation, and thermoregulation, it also has a role in reproduction,
inflammation, angiogenesis, hypertension, immunity, regulation of proliferation, and
others (Fruhbeck, 2008). Many of these various actions are conducted by secreting a
variety of enzymes, hormones, growth factors, adipokines, and other factors. Many
receptors of these factors are also found in adipocytes, suggesting adipose tissue regulates
local and systemic metabolism by cross talking (Fruhbeck, 2008).

Physiology of Adipose Tissue

Types of Adipose Tissue

In mammals, based on the morphological structure, distribution, and function,
adipose tissue consists of two main types: brown adipose tissue (BAT) and white adipose
tissue (WAT). Both types of adipose tissues have the capacity to store energy to varying
degrees; however, BAT also has a role in regulating body temperature (Louis Casteilla,
2008; Matthias et al., 2000). BAT secretes a less amount of adipokines as compared to
WAT, suggesting that WAT has more endocrine functions (Farmer, 2008; Vazquez-Vela,

Torres, & Tovar, 2008).
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Adipose tissue, both WAT and BAT, is composed of a specialized loose
connective tissue with lipid-laden adipocytes. Besides adipocytes, other cells such as
macrophages, fibroblasts, blood cells, endothelial cells and pericytes are found in this
tissue and account for around 50% of total cell population (Fruhbeck, 2008). Therefore,
adipose tissue is a complex and heterogeneous tissue.
Brown Adipose Tissue

BAT is a reddish brown adipose tissue that contains numerous multilocular cells.
The brown adipocyte size varies from 15um to 50pm, which is smaller than white
adipocytes. Structurally, the nucleus is located in the center of brown adipocytes
surrounded by multiple small lipid droplets. BAT is filled with a large amount of blood
vessels and abundant mitochondria and lysosomes. BAT appears brown in color due to a
high level of cytochromes in the mitochondria and hemoglobin in the vascular system
(Malina, 2004). Abundant mitochondria in BAT cells conduct an oxidative
phosphorylation which releases heat (Fruhbeck, 2008). Therefore, the major function of
BAT is to facilitate newborn babies and small animals to adjust to cold weather by
converting fat mass to heat through thermogenesis (Mouroux, Bertin, & Portet, 1990;
Rafael & Heldt, 1976) and to maintain the constant body temperature when hibernating
(Nedergaard, Connolly, & Cannon, 1986). In an acute cold challenge, the sympathetic
nervous system stimulates thermogenesis through the oxidation of BAT lipids and by
increasing the number of mitochondria and blood flow (Lindberg, 1970). Also, the
proliferation and differentiation of the precursors into BAT adipocytes help with adapting

body’s metabolic need when exposed to an acute cold acclimation (Himms-Hagen,
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1990). Unlike WAT, BAT is distributed only in several regions in humans, including
depots around the kidneys, in the back of the neck, and in the interscapular region of the
back (iBAT) in newborn infants. Unexpectedly, a recent study find that BAT still exists
in adult humans rather than reducing after infancy (Truong et al., 2004). The
hypermetabolic BAT is detected in the cervical, supraclavicular, paravertebral,
mediastinal, para-aortic, and suprarenal regions (but not interscapular) by
fluorodeoxyglucose positron emission tomography (Nedergaard, Bengtsson, & Cannon,
2007).
White Adipose Tissue

Structure. WAT is a white-yellowish mass made up of countless unilocular
signet-ring cells (Napolitano, 1963). White adipocytes are apparently larger than brown
adipocytes, with the average diameter of white adipocytes ranging from 25um to 150um.
WAT adipocytes are composed of a single, large TAG lipid vacuole and a compressed
nucleus and cell organelles, which are squeezed in the narrow area between the lipid
droplet and the cell membrane (Malina, 2004). It is reported that the lipid content
accounts for 89-90 percentage of the cell volume (Hull, 1966). Apart from adipocytes,
precursors cells, preadipocytes (Hauner, Wabitsch, & Pfeiffer, 1988; Weisberg et al.,
2003), macrophages, fibroblasts, and endothelial cells are found in WAT filtrating the
aperture of adipocytes (Weisberg et al., 2003). It is well known that there is a vast
network of capillaries that exist among the interconnected adipose tissue cells, making

adipose tissue a well-innervated and highly vascularized structure. In contrast to BAT,
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WAT is evident throughout the body. The majority is located at subcutaneous areas, and
the rest partly gathers around the viscera, kidneys, liver, and other organs (Malina, 2004).

Physiology and function. Not surprisingly, the amount of WAT is far more than
BAT at birth. Approximately 16% of total body weight is WAT compared to BAT (2-
5%, as stated above) (Fruhbeck, 2008). With aging, WAT dramatically increases in both
size (from 30-40um at birth to 80-100um in adulthood) and in cell number (from 5 billion
at birth to 30-50 billion in adulthood). The basic function of WAT is to be the source and
reservoir of energy as lipids for the organism (Himms-Hagen, 1990). When excess food
is taken in, TAGs are formed and stored in WAT. On the other hand, when the body is in
a state of hunger, TAGs in fat depots are mobilized and broken down into free fatty acids
that are released into the circulation in order to provide enough metabolic fuel (Cahill,
1976). In addition, the subcutaneous WAT provides thermal protection from cold
temperature (Mohamed-Ali, Pinkney, & Coppack, 1998; Wang, Mariman, Renes, &
Keijer, 2008).

Since leptin was discovered, WAT has been regarded as a multifunctional organ
through autocrine, paracrine, and endocrine pathways rather than only a repository site
for energy (Fruhbeck, Aguado, & Martinez, 1997; Mohamed-Ali et al., 1998).
Adipocytes secrete various hormones, growth factors, enzymes, cytokines, complement
factors, and matrix proteins, termed adipokines, which are involved in fat metabolism,
vascular system, inflammation and the immune system (Fruhbeck, 2008; Fruhbeck et al.,
1997; Hotamisligil, Shargill, & Spiegelman, 1993; Kintscher et al., 2008; Rondinone,

2006; Tordjman, Guerre-Millo, & Clement, 2008). Many target organs or systems,



53
including the brain, bone (Ducy et al., 2000), pancreas (Morton, Emilsson, de Groot,
Pallett, & Cawthorne, 1999), liver (Cohen, Novick, & Rubinstein, 1996), skeletal muscles
(Kellerer et al., 1997), immune system (Lord et al., 1998), and blood vessels (Sierra-
Honigmann et al., 1998), are regulated by adipokines (Rajala & Scherer, 2003).

Adipokines play a role in inflammation, obesity, and insulin resistance. For
example, tumor necrosis factor-o (TNF-a), interleukin 6 (IL-6), IL-8, plasminogen
activator inhibitor-1 (PAI-1), angiotensinogen, and others are directly or indirectly
involved in blood pressure, inflammation, atherogenesis, fibrinolysis, angiogenesis,
apoptosis and immunity. Epidemiological studies allude that there is an association
between inflammation and insulin resistance (Festa et al., 2000). In addition, some
adipokines also take part in immunity and energy balance regulation (Fruhbeck, 2008).
For instance, adiponectin reduces body weight (Matsuzawa, 2005; Yamauchi et al., 2001)
and decreases insulin resistance (Yamauchi et al., 2001). However, TNF-a, resistin, and
IL-6 play opposite roles in obesity-associated insulin resistance and the pathogenesis of
type 2 diabetes (Hotamisligil, Murray, Choy, & Spiegelman, 1994; Senn et al., 2003;
Steppan et al., 2001). That is, TNF-a regulates inflammatory response and impairs
insulin signaling via serine phosphorylation triggered by obesity (Peraldi, Hotamisligil,
Buurman, White, & Spiegelman, 1996). In the current review, leptin will be discussed
further due to its relevance to this thesis.

Leptin
Structure and its receptor. Leptin is a 16-kDa polypeptide consisting of 167

amino acid residues and is predominantly produced by adipocytes. This protein is
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encoded by the ob gene that was first discovered by a naturally occurring mutation in
leptin-deficient obese mice (Campfield et al., 1995; Fei et al., 1997; Lee et al., 1996;
Mercer et al., 1996; Stephens et al., 1995; Tartaglia et al., 1995; Zhang et al., 1994). The
central nervous system plays an important role in reducing weight, and leptin receptors
are found in the hypothalamus (Campfield et al., 1995; Stephens et al., 1995). The leptin
receptor, ObRa, is produced in the choroid plexus and in microvessels (Mercer et al.,
1996; Tartaglia et al., 1995). Leptin receptors are also expressed in a number of
peripheral tissues, such as the lungs, kidney, lymph nodes, liver, adipose tissue and
skeletal muscle (Fei et al., 1997; Lee et al., 1996; Tartaglia et al., 1995). Thus, leptin has
the ability to impact a variety of tissues.

Mechanism of function. In the brain, leptin acts on two pathways: one is the
anorexigenic pathway in which leptin stimulates on pro-opiomelanocortin neurons,
cocaine, and amphetamine-related transcript neurons; the other is to inhibit the orexigenic
pathway which is controlled by neuropeptide Y and agouti-related protein (Beales,
Farooqi, & O'Rahilly, 2009). Through these pathways in the brain, elevated leptin
decreases appetite and increases energy expenditure. In contrast, decreased leptin
stimulates food intake and decreases energy consumption (Friedman, 2002; Rondinone,
2006).

Leptin has additional functions in the body. In terms of glucose metabolism,
leptin down-regulates glucose transport into adipocytes and stimulates muscle cells to
utilize glucose indirectly (Fruhbeck et al., 1997; Haque et al., 1999; Kahn, Alquier,

Carling, & Hardie, 2005; Kamohara, Burcelin, Halaas, Friedman, & Charron, 1997).
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Regarding insulin sensitivity, leptin promotes translocation of fatty acids into
mitochondria and accelerates beta-oxidation in the mitochondria, thus improving insulin
sensitivity (Kahn, Alquier, Carling, & Hardie, 2005) and lypolysis (Fruhbeck et al.,
1997). Overall, leptin decreases food intake, increases energy expenditure, and causes
weight loss (Beales et al., 2009; Clement et al., 1998; Farooqi et al., 2002; Pelleymounter
et al., 1995). Other less well-characterized functions of leptin in other tissues will not be
discussed here.

Leptin deficiency. A homozygous mutation on the ob gene and leptin receptor
gene (lepr) leads to a severe obese phenotype in both humans and mice (Montague et al.,
1997; Zhang et al., 1994). Symptoms include severe hyperphagia, intensive food-seeking
behavior, aggressive behavior without food, and hyperinsulinemia (Farooqi et al., 2002).
Leptin deficiency can be improved by injecting recombinant human leptin (Bluher, Shah,
& Mantzoros, 2009).

Leptin resistance. Generally, plasma leptin levels are positively correlated with
the proportion of body fat mass; therefore, obese individuals have higher levels of leptin
(Considine et al., 1996; Van Heek et al., 1997). However, high leptin levels should result
in decreases in body weight based on the known function of leptin. Since approximately
90-95% of obese individuals have high concentrations of leptin, it has been suggested
that obesity in most cases is due to leptin resistance (Maffei et al., 1995). Two probable
mechanisms cause leptin resistance. One is reduced leptin transport across the blood
brain barrier, which decreases sensitivity to peripheral leptin signaling and develops

peripheral leptin resistance (Van Heek et al., 1997). The other mechanism is reduced
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leptin signaling in target neurons (Hommel et al., 2006). Thus, leptin resistance results in
failed regulation of food intake, lipid, and glucose metabolism.

Plasticity of Adipose Tissue

Adipose tissue is not a static organ, but rather has the capability of remodelling
itself with the appropriate stimuli. For example, there is some evidence that adipocytes
can convert between WAT and BAT phenotypes. In rats, some brown adipocytes can be
found in white adipose depots (Cousin et al., 1992). Transforming from brown into
WAT occurs after birth (Gemmell, Bell, & Alexander, 1972). Adipocytes have a
potential ability to transform depending on different fat pads: WAT has more plastic
ability than BAT; in particular, the subcutaneous fat appears more plastic than the
internal fat (Guerra, Koza, Yamashita, Walsh, & Kozak, 1998; Prunet-Marcassus et al.,
2006). This transformation occurs based on physiological, pharmacological,
pathophysiological conditions, and genetic backgrounds (Cousin et al., 1992; Guerra,
Koza, Yamashita, Walsh, & Kozak, 1998). In addition, the preadipocytes within adipose
tissue are a pool of somatic stem cells (Tomii et al., 2005). Mesenchymal stem cells from
adipose tissue show self-renewal and multipotentiality, implying that preadipocytes has
ability to convert to multiple cell lines (Guilak et al., 2006; Zuk et al., 2002).
Furthermore, adipokines produced by adipose tissue play in role in inflammation and
immunity (Hotamisligil et al., 1993; Mohamed-Ali et al., 1997; Sawdey & Loskutoff,
1991), indicating that adipose tissue has enormous plasticity in functional properties.

Overall, plasticity in adipose tissue can influence proliferation (Cousin et al., 1993),
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differentiation (Klaus, Cassard-Doulcier, & Ricquier, 1991), transdifferentiation, and
apoptosis (Prins, Walker, Winterford, & Cameron, 1994).

As stated before, adipose tissue contains multiple cells, including blood,
endothelial, adipose precursor, and fibroblasts cells (Geloen, Roy, & Bukowiecki, 1989).
Adipose adult stem cells as mentioned above have capacity to convert into multiple cell
lineages. In particularly, adipose stem cell is pluripotent stem cell that acts on
differentiation into macrophage-like (Charriere et al., 2003), angiogenic (Planat-Benard,
Silvestre et al., 2004), osterogenic (Birk et al., 2006), haematopoietic (Corre et al., 2006),
neurogenic cells (Safford et al., 2002), cardiomyocytes (Planat-Benard, Menard et al.,
2004), and myotubes (Zuk et al., 2002) besides adipogenic cells (Vazquez-Vela et al.,
2008; Zuk et al., 2002).

Adipose Depots

Fat depots are metabolically different according to locations. In humans, adipose
tissue can generally be divided into subcutaneous and visceral (mesenteric and omental)
depots (Vazquez-Vela et al., 2008). In small mammals, such as rats and mice, adipose
tissue includes subcutaneous (upper and lower), mesenteric, perigonadal, and
retroperitoneal fat masses (Cinti, 2001). Functions of adipose tissue vary depending on
different locations. Subcutaneous adipose tissue, as the name implies, is located
underneath the skin and maintains body temperature. Visceral adipose fills the room
between viscera (Vazquez-Vela et al., 2008) protecting internal organs from mechanical
injury. Further, while all depots can produce adipokines, differing depots produce them

at varying amounts. For example, IL-6 (Fried, Bunkin, & Greenberg, 1998), PAI-1
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(Alessi et al., 1997), and resistin (McTernan et al., 2002) are secreted higher in visceral
than in subcutaneous adipose tissue; however, leptin (Van Harmelen et al., 1998) is
produced greater in subcutaneous than in visceral fat mass. There are other functional
differences besides adipokine production. For example, lipolytic rate is also depot-
specific and highly correlating with the size of fat depots. For instance, free fatty acid
(FFA) release is also depot dependent with higher rates in upper-body than in lower-body
adipose tissue in vivo studies (Jensen & Johnson, 1996; Martin & Jensen, 1991) and more
FFA mobilization from subcutaneous, mesenteric, and retroperitoneal fats pads (Tan,
Goossens, Humphreys, Vidal, & Karpe, 2004).

Disease risk is related to the location of the fat mass. For example, incidence of
insulin resistance and metabolic syndrome are greater with increased visceral fat mass
(Bays, 2009; Carey et al., 1997; Lottati, Kolka, Stefanovski, Kirkman, & Bergman,
2009). Further, leptin levels decline upon surgical removal of visceral fat in rat models,
thus improving insulin sensitivity in the liver (Barzilai et al., 1999). Thus, the visceral fat
pad seems to be particularly problematic for the complications that accompany excess
adipose tissue.

Subcutaneous fat depots also contribute to metabolic abnormalities although its
role is more controversial. Researchers found that the visceral and deep subcutaneous
adipose tissue in obese patients have similar effects on obesity, dyslipidemia, and other
chronic diseases (Smith et al., 2001). In addition, most metabolic actions occur in intra-
abdominal and subcutaneous depots including deep subcutaneous and posterior

subcutaneous depots. In these depots, multiple adipokines are secreted in response to the
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pathogenesis of insulin resistance (Abate, Garg, Peshock, Stray-Gundersen, & Grundy,
1995; Cnop et al., 2002; Hube, Birgel, Lee, & Hauner, 1999), glucose intolerance
(Weyer, Foley, Bogardus, Tataranni, & Pratley, 2000), cardiovascular risk (Tai, Lau, Ho,
Fok, & Tan, 2000), and other metabolic abnormalities, indicating a role for the
subcutaneous fat pad in the pathophysiology associated with obesity (Kelley, Thaete,
Troost, Huwe, & Goodpaster, 2000).

Pathophysiology of Adipose Tissue

Obesity

Obesity is a state of excessive adipose tissue. Currently, obesity has become a
worldwide problem, with approximately 400 million people in the world being classified
as obese (World Health Organization, 2006). Obesity increases morbidity as well as rates
of diabetes, nonalcoholic fatty liver disease, cardiovascular disease, pulmonary disease,
metabolic syndrome, and cancer (Beales et al., 2009). Genetics is unlikely the sole cause
for such a significant and rapid increase. Many consider changes in diet and energy
expenditure as major causes of the increased obesity rate (Vazquez-Vela et al., 2008).
Both hyperplasia (increase in adipocytes cell number) and hypertrophy (increase in
adipocytes cell size) contribute to obesity (Spalding et al., 2008). Consequently,
increased fat mass results in numerous metabolic complications, including elevated FFAs
(Jensen, Haymond, Rizza, Cryer, & Miles, 1989; Roust & Jensen, 1993) and increased
inflammatory molecule production (Fontana, Eagon, Trujillo, Scherer, & Klein, 2007).
In addition to the metabolic disturbances that accompany obesity, the endocrine function

of adipose tissue is also disrupted with obesity. For example, leptin levels are increased
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and leptin resistance is observed in obese humans and mouse models (Berryman et al.,
2004; Maffei et al., 1995).

Growth Hormone Deficiency and Obesity

Obesity is also influenced by GHD and lower levels of IGF-1. Patients with GHD
tend to have obesity, abnormal body composition (Rosen et al., 1993), disorders of lipid
metabolism (al-Shoumer, Cox, Hughes, Richmond, & Johnston, 1997; de Boer, Blok,
Voerman, Phillips, & Schouten, 1994) and glucose intolerance (Johansson et al., 1995).
That is, GHD patients exhibit an increased fat mass (Beshyah et al., 1995), decreased lean
mass (De Boer, Blok, Voerman, De Vries, & van der Veen, 1992), reduced body water
(Beshyah et al., 1995) and bone mineral mass (Beshyah et al., 1995). Adult patients with
GHD are also insulin-resistant (Johansson et al., 1995) due to inhibition of the glucose
storage pathway and glycogen synthase activity in peripheral tissues (Hew et al., 1996).
A previous study found that the increased fat mass was accumulated at subcutaneous
depot on the trunk (De Boer et al., 1992). The subsequent study reveals that increased fat
mass is accumulated at upper limbs whereas lean mass is reduced at lower limbs and
trunk (Murray et al., 2004). Disorder of lipid includes highly increased total cholesterol,
LDL cholesterol, and apolipoprotein B (Colao et al., 1999; de Boer et al., 1994).
Consequently, GHD patients appear to suffer from a reduced lifespan (Bates, Van't Hoff,
Jones, & Clayton, 1996; Rosen & Bengtsson, 1990).
Obesity and Diabetes

Numerous studies report obesity and type 2 diabetes have a close relationship.

Some propose of an “adipo-insulin axis” in which insulin resistance and
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hyperinsulinemia may be derived from obesity and/or lead to further obesity (Kahn &
Flier, 2000). Insulin has a critical role in glucose and fatty acids metabolism, such as
stimulating glucose transport into muscles and adipose tissue, promoting lipogenesis, and
inhibiting lipolysis. It still maintains controversial for the causal relationship between
obesity and insulin resistance. Possible mechanisms include: (a) insulin secretion is
impaired when excess fat mass is deposited (Borkman et al., 1993); (b) enlarged
adipocytes are less capable to take up excessive lipids, causing much more lipids to be
deposited in ectopic sites, which increases the risk of insulin resistance (Hennes, Dua, &
Kissebah, 1997; Wiesenthal et al., 1999); and (c) increased intraportal FFA levels may
increase levels of insulin, which causes insulin resistance (Griffin et al., 1999). Further,
hypoxia caused by impaired blood flow in enlarged adipose tissue promotes macrophage
infiltration which induces insulin resistance (Cinti et al., 2005). In 1998, Ikeda and
colleagues further elucidated that fat deposition occurred prior to the onset of
hyperinsulinemia, hyperglycemia, and hyperlipidemia in mice, indicating that obesity
causes diabetes (Ikeda et al., 1998). Therefore, it is likely that obesity causes insulin
resistance which eventually results in type 2 diabetes.

Growth Hormone Receptor Antagonist
Review of Growth Hormone Receptor Antagonist
History and Structure
GH has four a-helices, which are joined by disulfide bridges as mentioned
previously. In 1990, Chen et al. discovered three amino acids positioned at 117, 119, and

122 in the third a-helix that play a crucial role in GH action (Chen et al., 1990). It was



62
noted that the amino acids of bGH positioned at 109-126 consisted of an imperfect
arrangement of hydrophobic and hydrophilic residues. The amphipathic a-helix was
transformed from Glu-117, Gly-119, and Ala-122 to Leu (E117L), Arg (G119R), and
Asp (A122D), thus generating a new “more perfect” amphipathic third helix called bGH-
MS8. bGH-MS had a similar affinity to bind to GHR while causing a marked retardation
on growth (Chen et al., 1990). This mutated GH inhibits PLbGH binding to the liver
cell membrane, thus leading to significantly decreased concentrations of IGF-1, elevated
GH levels, and a dwarf stature (Chen et al., 1990). Thus, bGH-M8, the mutated GH, was
the first reported GHR antagonist (Chen et al., 1990; Harding et al., 1996; Ross et al.,
2001).

While bGH-MS was able to prevent receptor activation and a functional signal
transduction (Harding et al., 1996; Ross et al., 2001), it was not clear whether all three
amino acids changes were necessary to elicit the antagonistic behavior. In 1991, Chen et
al. found that the amino acid at position 119 was the critical amino acid substitution to
induce the dwarf phenotype, making the glycine amino acid at position 119 the critical
amino acid substitution to induce the dwarf phenotype and antagonistic properties. A
single amino acid replacement of glycine 119 for arginine (Arg) resulted in a comparable
dwarf stature (Chen, Wight et al., 1991), and alteration at the homologous site in human
GH of Gly-120 to Arg (Chen, Chen, Yun, Wagner, & Kopchick, 1994) also resulted in a
functional antagonist. Therefore, a single mutated amino acid residue in GH, Gly-119 in
mice and Gly-120 in humans, created a significant milestone in GH history as a growth

hormone receptor antagonist was now available.
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The mutated GH is referred to as growth hormone receptor antagonist (GHR
antagonist or GHA). The molecular mass of GHA, approximately ~22kDa, is similar to
native GH. Structurally, there is a cleft located in the center of the third a-helix due to
Gly being the smallest amino acid and lacking a side chain. However, GHA fills up the
cleft by changing the smaller side chain of the glycine reside with an amino acid with a
large side group. Apparently, this change of this single cleft is sufficient to render the
GH molecule’s full antagonistic function (Chen, Wight et al., 1991). Therefore, the
alteration of GH structure leads to the failure of functional GHRs. In hGH, any amino
acids larger than Ala or Gly (e.g. lysine or arginine) at the position 120 (G120K and
G120R mutants) (Chen et al., 1994; Fuh et al., 1992) prevent signal transduction, creating
the GH antagonist (Fuh et al., 1992).
Mechanism of Growth Hormone Receptor Antagonist Action

GH binds to two GHRs at two asymmetric sites, forming a GHR/GH/GHR
heterotrimeric complex. Site 1 has markedly greater affinity than site 2 (de Vos, Ultsch,
& Kossiakoff, 1992). The conformational change of the GHR homodimer due to GH
binding induces a functional intracellular signal that results in the expression of IGF-1 as
mentioned previously. When GHA competes with GH to bind to GHR, site 1 binding is
still proper; however, binding to site 2 is not proper and blocks functional signal
transduction in the cell. It is still unclear how GHA binding to site 2 blocks signaling.
However, without the proper intracellular signal transduction, intracellular actions due to

GH are blocked (Okada et al., 1992).
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Pegvisomant

GHA is now a commercially available drug for treating conditions caused by
excess GH such as acromegaly and gigantism, but also has the potential to treat other
conditions such as diabetes (Flyvbjerg, Bennett, Rasch, Kopchick, & Scarlett, 1999;
Goffin et al., 1999), diabetic retinopathy (Flyvbjerg et al., 1999), and nephropathy
(Esposito et al., 1996). For the commercial drug, other than replacing glycinel20, eight
amino acid additional residues are mutated at site 1 in hGH, including H18D, H21N,
R167N, K168A, D171S, K172R, E174S, and I179T, improving the competition of GHA
with the native GH to bind to the GHR (Cunningham & Wells, 1991; Goffin et al., 1999;
Pradhananga, Wilkinson, & Ross, 2002). In order to lengthen the half-life of the GH
analog, an addition of N-hydroxysuccinimide ester of polyethylene glycol (PEG)-5000, a
5-kDa reagent, is conjugated to primary amino groups to increase the molecular mass
(Clark et al., 1996) and prevent excretion by the kidney. These eight amino acids
mutations aforementioned plus lysine substitution (the original G120K substitution) and
the PEG-5000 form a high potency of GH analog, known as pegvisomant with a trade
name Somavert. This drug has an increased half-life and has been successfully used to
treat acromegaly (Clark et al., 1996).
Acromegaly

Acromegaly is an adult onset, acquired, and chronic GH disorder caused by the
excessive production of GH from a benign pituitary adenoma in most cases. Symptoms
include enlargement of the face, extremities, and organs. Other symptoms are related to

excess secretion of GH such as lean, soft tissue swelling, hyperhydrosis, diabetes
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mellitus, hypertension, sleep apnea, and other conditions (Nabarro, 1987). Again,
rheumatologic, neuropathies, cardiovascular, and metabolic tissues are impaired to
different degrees. This disease has an insidious onset and slowly progresses for many
years. Although acromegaly is very rare, approximately one in 140,000-250,000, rates
are increasing with three to four new cases on an annual incidence (Bengtsson &
Johannsson, 1998; Orme, McNally, Cartwright, & Belchetz, 1998). Primary causes of
mortality are cardiovascular complications and malignancies, such as colonic
adenomatous polyps and colonic cancer (Bengtsson, Eden, Ernest, Oden, & Sjogren,
1988; Orme et al., 1998).

Pegvisomant for Treatment of Acromegaly

A major goal in treatment of acromegaly is to decrease IGF-1 levels.
Pegvisomant administration is an effective means to decrease IGF-1 levels (Trainer et al.,
2000; van der Lely et al., 2001). Numerous clinical data show that the decreasing IGF-1
occurs 2 weeks after beginning pegvisomant treatment; subsequently, IGF-1 maintained a
constant, lower levels (Trainer et al., 2000; van der Lely et al., 2001).

As might be expected, pegvisomant also apparently improves symptoms of
acromegaly. It improves soft-tissue swelling, excessive perspiration, and fatigue (Trainer
et al., 2000). Moreover, this medicine improves metabolic abnormalities, such as
lowering serum total cholesterol, LDL, and apo-lipoprotein B levels. In addition, insulin
levels decrease and insulin resistance is improved (Parkinson et al., 2002). These

changes improve patients’ symptoms.
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Growth Hormone Receptor Antagonist Mouse Model
Genetic Background of C57BI/6J

The C57BI1/6J mouse strain is an obese mouse line (Seldin et al., 1994). In
previous studies, C57B1/6J mice tend to exhibit a state of severe obesity, hyperglycemia,
and hyperinsulinemia when exposed to a HF, high-sucrose diet, suggesting that this
mouse line tends to develop type 2 diabetes (Surwit et al., 1988). In contrast, on a LF
diet, mice gain less weight and showed normal levels of glucose and insulin (Surwit et
al., 1995). When challenged to a HF diet, their adipose tissue distribution (increased in
visceral fat mass and mesenteric regions) is similar to patients with central obesity
(Rebuffe-Scrive, Surwit, Feinglos, Kuhn, & Rodin, 1993). Therefore, the C57Bl/6J
genetic background strain of mice is considered a good model to study factors such as
diet for human progression of obesity, insulin resistance and diabetes.

Physiological Characters of Growth Hormone Receptor Antagonist Mice Line

GHA transgenic mice that express the GHA transgene have been well studied.
The majority of studies have utilized mice that have been backcrossed into the C57B1/6]
mice background (99.99% congenic) (Coschigano et al., 2003). The basic physiological
characteristics of GHA mice are summarized below in Table 2.

Growth hormone and insulin-like growth factor-1 levels. GHA transgenic mice
overexpress GHA, so they maintain low levels of IGF-1 throughout their lifespan. In
fact, IGF-1 levels in GHA mice are drastically decreased to approximately 75-80% of
nontransgenic mice (Coschigano et al., 2003). Consistent with IGF-1 alteration, IGFBP-

3 levels are also reduced to 30% of littermates (Coschigano et al., 2003). Likewise,
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because this GH analog has a strong ability to compete with endogenous GH, liver GH
receptors and GH binding proteins are elevated in GHA mice (Chen, White et al., 1991).
Serum GH levels are significantly increased, which may be attributed to no inhibition by
the negative feedback in the hypothalamus-pituitary-GH axis (Chen, White et al., 1991;
Trainer et al., 2000).

Body weight. Previous studies show consistently that at least male GHA mice
weigh less than counterparts in earlier ages and then catch up to the weight of littermate
controls at older ages. For example, GHA mice have been reported to have only 61% of
the weight of littermates at 4 weeks of age; however, the male GHA mice catch up with
littermate controls in body weight by 44-46 weeks of age (Coschigano et al., 2003).
Other studies show other time points in which weight is similar, but in all cases male
GHA mice eventually catch up to littermate controls (Magon, 2009). Importantly, gender
influences weight gain. Unlike male mice, female GHA mice increase body weight with
aging, but at least by 80 weeks of age, have yet to reach the weight of littermate controls
(Magon, 2009).

Body composition. In 1992, Okada and colleagues report that GHA has the ability
to inhibit mouse 3T3-F442A preadipocyte differentiation and insulin-like response and
reduce its lipolytic properties in rat primary adipocytes (Okada et al., 1992). Itis
therefore assumed that GHA in vivo suppresses the lipolytic action of GH, resulting in
obesity. As we expect, GHA mice exhibit a higher percent fat mass relative to
nontransgenic controls (Berryman et al., 2004). The fat mass accumulation is gender-

specific in GHA mice. While GHA mice exhibited more fat mass in both genders at
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earlier ages (6 weeks of age) than counterparts, males start to increase fat mass (at 8
weeks of age) faster than females (at 20 weeks of age). At most ages, absolute fat mass
and lean mass in male GHA mice are higher than in female GHA mice (Magon, 2009).

The increase in fat mass in GHA mice is not uniformly distributed among the
various depots. Rather, GHA mice preferentially increase absolute and normalized
subcutaneous fat mass weight (Berryman et al., 2006); however, there is no significant
difference in other depots such as epididymal and retroperitoneal pads (Berryman et al.,
2004). Additionally, BAT in the interscapular region (GHR/BP mRNAs located) in GHA
mice increases due to repression of GH (Li, Knapp, & Kopchick, 2003). Therefore,
different sites of adipose tissues have different changes in response to GH and
antagonism of GH.

With regard to fluid mass, both genders of GHA mice have lower absolute fluid
than WT counterparts. However, when the fluid weight is normalized to body weight,
there is no significant difference between genotypes (De Boer et al., 1992; Magon, 2009).
Overall, GHA mice exhibited more fat mass, but less lean mass with lower body fluid.

Insulin and glucose levels. GHA mice maintain slightly lower or normal insulin
and glucose levels and normal insulin sensitivity in contrast to littermates (Chen et al.,
1994; Chen, White et al., 1991; De Boer et al., 1992). Coschigano et al show that insulin
levels in GHA mice is lower in early ages, but gradually increases in later ages.
Specifically, insulin levels in GHA mice increased approximately 8-fold from 1 to 11
months of age. Likewise, blood glucose levels at several time points (1, 1.5, 5, and 7

months of age) are significantly lower than WT mice (Coschigano et al., 2003). In
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contrast to this result, recent results show that there is no significant difference between
GHA mice and nontransgenic mice, or between genders on fasting glucose levels (Magon,
2009).

Food consumption. Male GHA mice display hyperphagia compared to controls.
Although GHA and WT mice consume the same amount of food at 2 months of age, male
GHA mice consume 43% more than WT mice when normalized to body weight. With
aging, the trend decreases: GHA and control mice consume similar food in proportion to
their body weight at 8 or 9 months of age (Coschigano et al., 2003). Berryman et al
showed that less absolute food weight was consumed by GHA mice from 3 to 5 months
of age; however, much more food was consumed when normalized to their body weight
(Berryman et al., 2004).

Leptin and adiponectin levels. Since previous studies show that leptin levels are
positively related to the quantity of fat mass (Berryman et al., 2004; Considine et al.,
1996), it was not surprising that Berryman et al. found that leptin levels were higher in
GHA mice than nontransgenic mice. Consistent with this result, female GHA mice
displayed higher leptin levels than age-matched littermates (Magon, 2009). Interestingly,
the higher level of leptin did not suppress food intake, indicating that there may be some
level of leptin resistance in these mice (Berryman et al., 2004). Leptin levels are
genotype-and gender-specific; that is, leptin levels are higher in GHA mice than in WT
mice, and higher in males than females, reflective of the amount of fat mass in these

animals. This significant difference between genotypes occurs after 13 weeks of age.
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Like leptin, previous studies revealed that adiponectin is also positively correlated
to fat mass (Berryman et al., 2004). Interestingly, Berryman et al show that adiponectin
levels are elevated in GHA and GHR” obese mice while reduced in lean bGH mice,
implicating that there is a positive association between adiponectin and body fat mass in
multiple mouse models with altered GH action (Berryman et al., 2004). This is in
contrast to what is commonly reported for adiponectin and fat mass (Yamauchi et al.,
2001).

Tissue weight. Most absolute organ weights for GHA mice are decreased,
especially kidney, liver, and heart compared to counterparts, whereas the brain is similar
to littermates (Berryman et al., 2004). Likewise, Coschigano and colleagues reported that
gastrocnemius muscle and heart weights are also decreased (Coschigano et al., 2003).
Again, when normalized to body weight, almost all organ weights are less than controls
(Berryman et al., 2004). It is worthy to note that GHA mice are protected from
glomerulosclerosis that causes damage and increases in kidney size (Esposito et al.,
1996). In contrast to GHA mice, bGH mice show a severe glomerulosclerosis,
presumably resulting from high levels of GH (Chen, Chen, Striker, Striker, & Kopchick,
1997). Female GHA mice have a similar trend in the absolute weight of kidney and liver;
however, there is no significant difference in normalized tissue weights in female GHA
mice and WT mice. Only the spleen does not show a lower weight in GHA compared to
WT mice. In terms of adipose tissue, both the absolute and percent adipose tissue weight
is greater in male GHA mice than control groups at both subcutaneous and

retroperitoneal depots (Magon, 2009). Also, female GHA mice have more absolute
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subcutaneous fat pad in contrast to controls (Magon, 2009; Paolisso, Barbieri, Bonafe, &
Franceschi, 2000; Suh et al., 2008).

Lifespan. Excess signaling through the GH/IGF axis has a negative effect on
lifespan, and reduced GH and/or IGF-1 action may extend lifespan. The extended
lifespan of dwarf mice with blocked GH/IGF-1 pathway may be caused by enhanced
stress resistance and reduced age-related diseases (Paolisso, Barbieri, Bonafe, &
Franceschi, 2000; Suh et al., 2008). Interestingly, although GHA mice exhibit low levels
of IGF-1, GHA mice do not have longer life expectancy, implicating that not all mice
with a reduction in GH/ IGF-1 levels exhibit an increase in life expectancy. The lifespan
of GHA mice is equal to littermate controls (Coschigano et al., 2003). Though a previous
study showed a slight increase in lifespan for female GHA mice, these data do not
demonstrate a statistically significant difference (Coschigano et al., 2003). It is still not
clear how the GH/IGF-1 axis influences life expectancy, a possible explanation includes
that GHA mice have no significant improvement in insulin sensitivity, a factor repeatedly

correlated with improvements in longevity (Coschigano et al., 2003).
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Summary GHA Mouse Data from Studies Using Standard Chow Diets
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Reference Age Gender Food intake Body weight Body composition Tissue weight Glucose and Leptin and
insulin adiponectin
level
Lietal., 10-52 39 NR 32=WT JQ1]Iat e 3 iWAT and iBAT 1 NR NR
2003 wk posterior e 3> Q iniAT
e Q1 in normalized
epididymal WAT
Coschigano  4wk- 39 Consumed J increase NR e Absolute weight of all e Insulin levels NR
etal., 2003  death more food BW with organs significantly | 1 with age
than WT in aging and compare to controls e GHA <
normalized reached except Epi fat littermates in
food at the o Gastrocnemius muscle and glucose
earlier ages controls heart weights|; Epi. fat levels
and by 44-46 mass?
consumed =  week
WT at later

ages
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Reference Age Gender Food intake Body weight Body composition Tissue weight Glucose and Leptin and
insulin adiponectin
level
Berryman  3-6m 3 Consumed <controls e Higher percent of fat mass e Normalized organ weights NR Leptin 1
et al., 2004 less absolute e Absolute weight > | but heart =WT Adiponectin
food; higher controls in Sc fat; = WT e Absolute brain = controls, )
food mice in Epi and kidney, liver and heart |
consumption retroperitoneal pads
when e 1 Sc fat in Normalized
normalized data
to BW
Magon, 6-80wk 39 NR Jd catchup e Absolute fat mass: 1 in e &' 1 in absolute and NS in glucose o ' 1 earlier
2009 WT while 3Q; &> and & gained percent fat pads on Sc and e 4 >Qin
Q do not earlier retroperitoneal leptin
o Normalized fat mass: e Q 1 absolute fat mass levels

39 >WT

e 4'Q have lower absolute
lean mass

e 4Q have low absolute

fluid mass

¢ 3'Q have low absolute
fluid mass, but NS when
normalized to BW

particularly in Sc

e & | absolute and percent

e organ weights except for
spleen

e Q | absolute organ
weights besides kidney
and liver; NS in percent of
tissue weight in @

Note. Standard rodent chow: Prolab RMH 3000, Brentwood, NJ; 14% of k calories from fat, 16% from protein and 60% from carbohydrates.
Epi: Epididymal fat pat; Sc: subcutaneous fat pad; iAT: interscapular adipose tissue; iBAT: interscapular BAT; iWAT: interscapular WAT; iAT = iBAT +
iIWAT. WT: wild type mice; BW: body weight. NR: not reported. NS: no significantly statistical difference compared to controls.
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Summary
The GH/IGF-1 axis exerts a profound impact on regulating lipid, carbohydrate,

and mineral metabolism. Overall, GH improves longitudinal growth, growth of lean
mass while decreasing fat mass, and promotes retention of body fluid. GH in three
mouse lines, transgenic bGH, transgenic GHA, and gene-disrupted GHR™, exhibit a
distinct effect on body composition. Both GHA and GHR™™ mice are dwarf with excess
fat mass, normal or lower glucose and insulin levels. Unlike GHA and GHR™", bGH
mice are giant, have more lean mass with less fat mass, and higher levels of glucose and
insulin. bGH, GHR'/', and GHA mice have shorter, longer, and unchanged lifespan,
respectively, compared to WT controls. Recent reports in our lab detected differences in
body composition dependent on gender and genotype throughout 80 weeks of age in
GHA mice. GHA mice are obese since early life (6 weeks of age) and accumulate excess
fat in the subcutaneous region. Male GHA mice have greater body weights, leptin levels,
and fat mass than females. Previous studies revealed that GHR”™ mice were more
susceptible to diet-induced obesity while bGH were protected from gaining excess fat
mass and an incomplete resistance to diet-induced obesity. These studies did not address
gender differences and did not look at the impact of GHA on susceptibility to diet-
induced obesity. Thus, the purpose of this study is to investigate the susceptibility to

diet-induced obesity in male and female GHA mice as compared to control mice.
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CHAPTER 3: MATERIALS AND METHODS

Previous studies have studied the susceptibility of diet-induced obesity in mice
with altered GH function (bGH and GHR™ mice). The primary aim in this study was to
explore the susceptibility to diet-induced obesity and diabetes in another mouse model
with altered GH function, GHA transgenic mice. Measurement of body weight, body
composition, food intake, and blood glucose were recorded and analyzed in order to
understand the diet’s impact on obesity and diabetes.

Animals

The GHA mice used in this study had been described previously (Chen, Wight et
al., 1991) and had been backcrossed into the C57B1/6J background strain. The C57BI1/6J
strain of mice has been shown to be susceptible to obesity when fed a HF diet (Surwit et
al., 1995). Twenty male and 20 female GHA C57Bl/6J mice were used for this study.
The same age-matched 44 controls were treated in the same manner as the GHA mice.
Ten-week old mice were genotyped at Edison Biotechnology Institute of Ohio University
to ensure that the mice are properly identified. These mice then were divided into two
groups which were fed a HF or a LF diet. Two to 4 mice were housed per cage in a room
with controlled light (12h light/dark circle) and controlled temperature (22 + 2 °C). All
procedures were approved by the Ohio University Institutional Animal Care and Use
Committee; all activities in this study abide by federal, state and local law and policies.

Dietary Manipulation
One group of 11 GHA male mice and one group of 12 male WT mice were

provided a HF diet; this HF diet consisted of 20g fat/100g (19g butter oil and 1g soybean



76
oil), which resulted in 4.54kcal/g energy. The other 9 GHA male mice and 12 male WT
mice were given a LF diet that had 3g butter oil and 1g soybean 0il/100g and offered
3.8kcal/g energy. All experimental diets were pelleted, fully nutritional and were
provided by Dyets (Bethlehem, PA). Females were similarly divided into four groups:
HF GHA (n=9), LF GHA (n=11), HF WT (n=9) and LF WT (n = 11). Overall, 84
mice were divided into eight groups according to the feeding regimen as described above.
Mice were maintained on these diets and monitored for 11 weeks.

Measurements

It was necessary to monitor various parameters relative to obesity and diabetes
during the dietary manipulation. A timeline for the study and these experimental
measurements were provided in Figure 4 and Figure 5. Timing relative to measurements
of food consumption, weight, body composition, and glucose (blood glucose, glucose
tolerance test [GTT]) were included.

Food Consumption

Food intake and kilocalories consumed were calculated weekly during the 11-
week period. The food consumed was calculated by subtracting the remaining food
amount from the originally added amount at the beginning of every week. Calories
consumed were calculated based on the known energy content of these defined diets.
Food intake and calorie intake were divided by the number of mice in the same cage, to
represent the food consumption for each mouse.

Weight Gain and Body Composition Measurement

Measurement of weight and body composition was done weekly. A Mettler
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Toledo PL 202-S balance was used to measure the body weight. All mice were measured
twice before conducting body composition measurements; all data were recorded to two
decimal places. Averages of the data were calculated and included in all analyses.

For body composition, a desktop Minispec system, a custom-designed rodent
quantitative nuclear magnetic resonance (NMR) machine, was used to measure body
composition in live, awake mice as previously described (Palmer et al., 2009). Each
mouse was put in the sample tube and inserted in the NMR’s chamber maintained at
37°C. Every mouse was touched to excrete urine and feces prior to every measurement
in order to minimize the measure error. All data, such as fat, lean, and fluid mass, were
recorded. Measurements were started prior to the initiation of the HF diet in 10-week old
mice till the end of the study (21-week old). This study design is to mimic the previous
feeding study using the exact same diet and aged mice (Berryman et al., 2006) and to

compare our results to the male bGH and GHR™™ mice.
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Figure 4. Male mice feeding manipulation during the 11-week diet study.
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Figure 5. Female mice feeding manipulation during the 11-week diet study.

Glucose Tolerance Test
A glucose tolerance test was done at 20 weeks of the feeding study. Measurement
begun at 10:00 am prior to fasting 13 hours for all mice. For this test, glucose
measurements were done before and after injection of a 15% glucose solution in
phosphate buffered saline according to 0.01mL/g body weight. The glucose solution was
injected to each mouse’s interperitoneal cavity and additional blood glucose readings
were taken at 20-, 60-, 90-, and 120-minutes after the injection. The One Touch Life Scan

Glucometer, as mentioned previously, was used to test the glucose levels.
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Area Under the Curve

Previous studies summarized that area under the curve (AUC) is a more efficient
means to represent glucose tolerance status (Potteiger, Jacobsen, & Donnelly, 2002).
Specifically, in this study, values of positive AUC (y = 0) were used to analyze glucose
tolerance. A free calculation tool on the website
http://amchang.net/StatTools/AUC_Pgm.php was used to calculate AUC (y = 0) using
the glucose concentrations from the five time points during the process of GTT.

Tissue Weights and Distribution of Fat

At the end of the 11-week feeding study, all mice were sacrificed by cervical
dislocation. Organs were collected and weighed. Tissues that were collected included 5
distinct fat depots (inguinal, retroperitoneal, epididymal, mesenteric, and BAT), kidney,
liver, heart, spleen, muscle, and lung. All tissues were flash frozen in liquid nitrogen and
stored at -80° C for later use.

Note

One of the LF-fed GHA mice had yellow malformed teeth, which drastically
affected eating. Compared to the others in the same group, this mouse showed a very low
body weight with low indices of body composition. Therefore, data for this mouse were
excluded from all data analyses. In addition, a wrong dose of glucose injection occurred
in another male LF fed GHA mouse during the GTT, so data for this mouse were not

included in the analyses.
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Statistical Analysis

All measurement data including food intake, body weight, body composition,
blood glucose (AUC, y = 0), and tissue weights were analyzed using the Statistical
Package for the Social Sciences software (SPSS version 17.0, Chicago, IL). Eight groups
were reported as HF-GHA male (HF diet, GHA male mice), HF-GHA female (HF diet,
GHA female mice), LF-GHA male (LF diet, GHA male mice), LF-GHA female (LF diet,
GHA female mice), HF-WT male (HF diet, WT male mice), HF-WT female (HF diet,
WT female mice), LF-WT male (LF diet, WT male mice), and LF-WT female (LF diet,
WT female mice). All the variables and group means were calculated as mean + standard
error of the mean (SEM). Univariate three-way ANOVA (2 x 2 x 2) was used to identify
the effects of genotype, gender and diet as well as the interactions among them on the
variables mentioned above. Body weights and body composition were conducted by
three-way repeated ANOVA. For repeated measures, three-way ANOVA was used to
identify differences at each time point, and paired t-test was used to examine differences
between the beginning and end time points. Pearson correlation was used to analyze the
relationship between fat mass (absolute and percent fat mass) and AUC/fasting glucose
levels. Tissue/organ weights were analyzed by using three-way ANOVA. The result of p

< .05 was used as cutoff for statistical significance.
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CHAPTER 4: RESULTS

This study assessed the impact of LF versus HF feeding on male and female GHA
mice relative to littermate controls. Body weight, body composition, and food
consumption were measured weekly from 10- to 21-week of age. Glucose tolerance tests
and a glucose measurement were taken at 20 weeks of age. Mice were sacrificed at 21
weeks of age and tissue weights were recorded. All data are shown in two different ways
to better reveal the genotype differences as well as the gender differences although
statistics were run on the entire data set. That is, for most data, graphs are first presented
to reveal genotype differences such that groups of the same gender are plotted together
(so male GHA LF/HF versus male WT LF/HF on one graph and female GHA LF/HF
versus female WT LF/HF on another graph). In addition, a second graph is provided to
show the data set with both genders and dietary treatments on one graph, but genotypes
separated into separate graphs (WT male and female LF/HF on one graph with GHA
male and female LF/HF on the other graph).

Body Weight

All mice showed an increased trend in body weight during the 11-week feeding
study. The mean body weight of all GHA mice was less than the age-, gender-, and diet-
controlled WT mice throughout the entire study (see Figures 6a and 6b). This substantial
difference can be seen at the first and the last points of measurement (see Table 3 and
Appendix D). At the beginning of the feeding study, all male and female GHA mice
were approximately 63-67% of diet- and gender-controlled WT littermates. By the end

of the feeding study, the body weights of all mice increased and the relative values of
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GHA mice increased to 73-79% of gender- and diet-matched WTs (see Table 3 and
Appendix D; see Figures 6a and 6b). Overall, the trends of mean body weight between
different genotypes were parallel on the same diet. HF fed animals weighed more than
their LF fed counterparts. In contrast to HF, LF fed groups had only a modest increase in
body weight.

Regarding gender differences, all female mice weighed less than genotype- and
diet-controlled males from the beginning to the end of this diet study (see Table 4 and
Appendix E; see Figures 7a and 7b). Again, a parallel trend between genotype- and diet-
controlled males and females was noticed. Furthermore, male HF fed GHA and WT
mice showed a steeper trend in weight gain than the diet- and genotype-matched females.
Interestingly, in female GHA mice, there was no notable difference between the weight
gain trends in HF and LF diet feeding.

Three-way repeated ANOVA revealed significant main effect for genotype
(F(1,76) = 135.360, p = 1.49E-18), gender (F(1,76) = 152.489, p = 7.57E-20), and diet
(F(1,76) =47.564, p = 1.37E-09) as well as gender x diet interaction (F(1,76) =5.824, p
=.018218) (see Appendix B). A three-way ANOVA for the data from each time point
revealed significant differences between gender, genotype, and diet for all weeks except
at the beginning of the feeding study on week 10 (p > .05, see Appendix C). Thus, the

randomly chosen groups started the feeding study at similar weights, as one would hope.
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Figure 6. Body weights of male and female mice over the 10- to 21-week feeding study. Data are expressed as mean + SEM. WT
male on LF (n=12), WT male on HF (n =12), GHA male on LF (n =9), GHA male on HF (n=11), WT female on LF (n=11), WT
female on HF (n =9), GHA female on LF (n = 11), GHA female on HF (n =9).
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Figure 7. Body weights of GHA and WT mice over the 10- to 21-week feeding study. Data are expressed as mean £+ SEM. WT male
on LF (n=12), WT male on HF (n=12), GHA male on LF (n =9), GHA male on HF (n=11), WT female on LF (n=11), WT
female on HF (n = 9), GHA female on LF (n = 11), GHA female on HF (n =9).



Table 3

Genotype Comparison: Percent Values in Body Weight and Body Composition of GHA Mice as Compared to WT Controls of the

Same Diet and Gender at the Beginning and End of the Feeding Study

86

Absolute Weight Normalized Weight
Body Weight
Genotype Fat Lean Fluid Fat Lean Fluid
Comparison

10wk 21wk 10wk 21wk 10wk 21wk 10wk 21wk 10wk 21wk 10wk 21wk 10wk 21wk
Male LF GHA vs. WT 63%  74%  210%  182% 57%  64%  S0%  S$2%  332% 243% 91%  87%  126%  112%
Female LF GHA vs. WT 00 2500 17000 100%  61%  65%  72%  82%  252% 244% 91%  87%  101%  109%
Male HF GHA vs. WT 64%  T9%  229% 102% 58%  69%  83%  92%  356% 133% 91%  87%  130%  117%
Female HF GHA vs. WT  64%  73%  142% 102% 59%  65%  67%  68%  217% 146% 92%  88%  105%  96%

Note. Bold values highlight drastic changes between the beginning (10 weeks) and end (21 weeks) of the feeding study.

(See supporting statistics provided in Appendix D.)



Table 4

Gender Comparison: Percent Values in Body Weight and Body Composition of Female Versus Male Mice of the Same Diet and

Genotype at the Beginning and End of the Feeding Study
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Gender Comparison

Absolute Weight
Body Weight

Percent Weight

Lean

Fluid

10wk 21wk

21 wk

WT LF
Female vs.Male

GHA LF
Female vs.Male

WT HF
Female vs.Male

GHA HF
Female vs.Male

97% 102%

98% 102%

97% 112%

98% 114%

108%

105%

128%

105%

Note. Bold values highlight drastic changes between the beginning (10 weeks) and end (21 weeks) of the feeding study.
(See supporting statistics in Appendix E.)
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Body Composition
Absolute Fat Mass

Three-way repeated ANOVA revealed significant differences in gender (F(1,76)
=26.189, p =.000002) and diet (F(1,76) = 51.243, p = 4.4E-10) but not genotype (F(1,76)
=3.897, p =.052) in absolute fat mass. Three-way repeated ANOVA also revealed a
significant difference in gender x diet interaction (F(1,76) = 8.589, p =.004 (see
Appendix F). Significant differences between week 10 and 21 of the feeding study in
each group were shown by using paired t-test (see Appendix G).

Regarding genotype differences, only LF fed GHAs were statistically larger in
absolute fat mass than age-, diet-, and gender-controlled WT mice throughout the entire
feeding period, unlike HF fed GHA and WT counterparts that showed no statistical
difference in absolute fat mass (see Figures 8a and 8b). Thus, despite their dwarf size,
the male GHA LF males were relatively obese as compared to the WT littermates on the
same diet. The mean absolute fat mass of male HF fed GHA mice was greater than
gender- and diet-controlled WT mice at the beginning of the feeding study; however, by
the end of the feeding study, there was no significant difference in fat mass on the HF fed.
WT males caught up with the GHA males by 21 weeks on the HF diet. Absolute fat mass
of female HF GHA and WT mice showed a similar trend. In contrast, both genders in LF
groups did not have large increases; rather, they showed a slight increase (see Figures 8a
and 8b). The gap in absolute fat mass between different genotypes decreased from 10

weeks to 21 weeks. For example, at the beginning of the feeding study, male GHA HF
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mice were 229% of WT controls in fat mass versus slightly increased fat mass by 21
weeks (102%) (see Table 3 and Appendix D).

With respect to gender differences, males had greater absolute fat mass than
females. HF fed males of both genotypes had markedly higher absolute fat mass than HF
fed females. However, LF fed GHA and WT males had relatively greater absolute fat
mass than females compared to HF diet (see Figure 9a and 9b). Overall, females of both
genotypes had a lower fat mass gain as compared to males from 76-123% at 10 weeks of
age to 49-63% at the end of diet study as compared to their male genotype controls (see
Table 4). Again, the gap of absolute fat mass between female GHAs on different diets
was small. Three-way ANOVA for each time point are provided in Appendix H.
Genotype differences were only seen from week 10 to 14 during the feeding study, while
gender and diet differences were seen in most time periods except at the beginning of the

study.
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Figure 8. Absolute fat mass of male and female mice over the 10- to 21-week feeding study. Data are expressed as mean + SEM. WT
male on LF (n=12), WT male on HF (n = 12), GHA male on LF (n =9), GHA male on HF (n=11), WT female on LF (n=11), WT
female on HF (n =9), GHA female on LF (n=11), GHA female on HF (n=9).
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Figure 9. Absolute fat mass of GHA and WT mice over the 10- to 21-week feeding study. Data are expressed as mean + SEM. WT
male on LF (n = 12), WT male on HF (n = 12), GHA male on LF (n =9), GHA male on HF (n=11), WT female on LF (n=11), WT

female on HF (n =9), GHA female on LF (n=11), GHA female on HF (n =9).
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Normalized Fat Mass

Because the GHA mice are dwarf, it is important to normalize the values to body
weight to determine the relative proportion of fat mass to total body weight. Unlike
absolute fat mass in which GHA mice were similar to WT mice, GHAs were statistically
larger in percent fat mass than WTs at all time points (see Figures 10a and 10b); thus, a
larger proportion of body weight in GHA mice is due to fat mass. Again, trends of
percent fat mass between GHA mice and WT controls were parallel. Consistent with
absolute fat mass, GHA mice showed a lower percent fat mass gain than gender- and
diet-matched WT littermate mice during the feeding period. In other words, the gap in
percent fat mass between GHA and diet- and gender-matched counterparts decreased (see
Table 3 and Appendix D). The greatest change in normalized fat mass was seen in male
HF GHAs as compared to HF WT littermates, which decreased from 356% at 10 weeks
to 133% by 21 weeks of age.

Significant differences in genotype (F(1,76) = 45.863, p = 2.35E-09), gender
(F(1,76) = 10.491, p =.001780), diet (F(1,76) = 45.055, p = 3.04E-09), and gender x diet
interaction (F(1,76) = 4.299, p = .041524) were noticed by three-way repeated ANOVA
(see Appendix I). Furthermore, there were statistical differences in genotypes for each
specific time point using three-way ANOVA (p <.001) (see Appendix J).

Regarding gender differences, females had less percent fat mass than the males
when fed the same diet (see Figures 11a and 11b). Overall, all females had less change in
percent fat mass as compared to genotype- and diet-matched males during the entire

feeding study. Females in the HF fed WT group had the lowest gain in percent fat mass,
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as compared to their diet- and genotype-controlled male mice, which decreased from 154%
to 66% of the percent fat mass by the end of the study (see Table 4 and Appendix E). No
gender difference was seen in LF fed WT mice. The notable difference between female
GHAs s on both diets was not observed until the later stages of this feeding study (see

Figures 11a and 11b).
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Figure 10. Percent fat mass of male and female mice over the 10- to 21-week feeding study. Data are expressed as mean + SEM. WT
male on LF (n=12), WT male on HF (n = 12), GHA male on LF (n =9), GHA male on HF (n=11), WT female on LF (n=11), WT
female on HF (n =9), GHA female on LF (n=11), GHA female on HF (n=9).
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Figure 11. Percent fat mass of GHA and WT mice over the 10- to 21-week feeding study. Data are expressed as mean = SEM. WT
male on LF (n=12), WT male on HF (n = 12), GHA male on LF (n =9), GHA male on HF (n=11), WT female on LF (n=11), WT
female on HF (n =9), GHA female on LF (n = 11), GHA female on HF (n =9).
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Lean Mass

There were significant differences in gender (F(1,76) = 499.867, p = 3.70E-35),
genotype (F(1,76) = 1162.652, p = 8.17E-48), diet (F(1,76) = 21.751, p =.000013), and
gender x genotype interaction (F(1,76) = 24.746, p = .000004) by three-way repeated
ANOVA (see Appendix K).

Regarding genotype differences, GHA mice had less absolute lean mass than WT
mice (see Figures 12a and 12b). Mean absolute lean mass of GHA mice were around
only half of WT controls (57-61 %) at the onset of diet study. GHA mice also only
slightly increased absolute lean mass as compared to littermate controls (64-69%) by
week 21 (see Table 3 and Appendix D). All trends in GHA and gender- and diet-
controlled genotype littermate mice were parallel and slightly ascended throughout the
feeding period. Again, genotype differences at specific time points throughout the entire
feeding study were detected by three-way ANOVA (see Appendix L).

Regarding gender differences, males had greater absolute lean mass than females
(see Figures 13a and 13b). All groups maintained relatively stable trends during the diet
study, with only a modest increase. Females of both genotypes had no marked change in
absolute lean mass from approximately 73-78% of control males at 10 weeks to around
71-76% by the end of the feeding. Overall, female GHA animals had very little change

in absolute lean mass, unlike male GHAs.
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Figure 12. Absolute lean mass of male and female mice over the 10- to 21-week feeding study. Data are expressed as mean £ SEM.
WT male on LF (n=12), WT male on HF (n = 12), GHA male on LF (n=9), GHA male on HF (n=11), WT female on LF (n=11),
WT female on HF (n =9), GHA female on LF (n = 11), GHA female on HF (n =9).
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Figure 13. Absolute lean mass of GHA and WT mice over the 10- to 21-week feeding study. Data are expressed as mean = SEM.
WT male on LF (n=12), WT male on HF (n = 12), GHA male on LF (n =9), GHA male on HF (n=11), WT female on LF (n=11),
WT female on HF (n =9), GHA female on LF (n=11), GHA female on HF (n=9).
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Normalized Lean Mass

As for genotyped differences, and in contrast to absolute lean mass, the percent
lean mass gradually declined for all groups except female LF fed WTs, which fluctuating
slightly (see Figures 14a and 14b). All GHA mice were lower in percent lean mass than
WT mice. When gender- and diet-controlled WT mice were compared to all GHA mice,
percent lean mass did not change (see Table 3). Again, percent lean mass in all HF
groups decreased more sharply than LF groups, most likely because of the gain in fat
mass. Three-way repeated ANOVA revealed significant differences in gender (F(1,76) =
7.771, p=.006704), genotype (F(1,76) = 59.192, p = 4.24E-11), diet (F(1,76) = 42.042,
p = 8.09E-09), and gender x diet interaction (F(1,76) = 4.500, p = .037159) but not for
other interactions (see Appendix M). Three-way ANOVA also confirmed genotype
differences at each week (p <.001) and gender differences each week except for 11
weeks of age (see Appendix N). Although there was no significant difference in percent
lean mass of female LF fed WTs between at the onset and the conclusion of feeding study,
all other groups showed statistically significant differences by the end of the study by
paired t-test (see Appendix G).

Regarding gender differences, females were greater in percent lean mass than
male mice, most likely because of their reduced fat mass as compared to males. In
addition, there was no gender difference in LF fed GHAs and WT mice (see Figure 15a

and 15b or Appendix E).
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Figure 14. Percent lean mass of male and female mice over the 10- to 21-week feeding study. Data are expressed as mean = SEM.
WT male on LF (n=12), WT male on HF (n = 12), GHA male on LF (n =9), GHA male on HF (n=11), WT female on LF (n=11),
WT female on HF (n =9), GHA female on LF (n = 11), GHA female on HF (n =9).
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Figure 15. Percent lean mass of GHA and WT mice over the 10- to 21-week feeding study. Data are expressed as mean = SEM. WT
male on LF (n=12), WT male on HF (n = 12), GHA male on LF (n =9), GHA male on HF (n=11), WT female on LF (n=11), WT
female on HF (n =9), GHA female on LF (n = 11), GHA female on HF (n =9).
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Fluid Mass

When comparing different genotypes in absolute fluid mass, GHA mice had a
lower mean absolute fluid mass than WT littermate mice (see Figures 16a and 16b).
GHA and diet- and gender-matched WT mice showed parallel trends with fluctuating
values. GHA mice had slightly increased fluid mass (1-10%) versus WT controls by the
end of feeding study (see Table 3 and Appendix D). No significant changes were seen
between week 10 and 21 of the diet study in either female HF or LF fed WT mice
(p > .05, see Appendix G). Three-way repeated ANOVA revealed significant differences
in each group with differences in gender (F(1,76) = 30.815, p = 3.98E-07), genotype
(F(1,76) =41.012, p = 1.14E-08), and diet (F(1,76) = 8.446, p = .004791) but not for any
interactions (see Appendix O). Genotype differences were present at each time point in
three-way ANOVA (see Appendix P).

Concerning gender differences, female mice had lower absolute fluid mass than
male mice (see Figures 17a and 17b). Female WT mice and female GHA mice decreased
in fluid versus males (week 10 and 21, see Table 4 and Appendix E). Three-way
ANOVA revealed gender differences each week, except at the beginning of the feeding

study during weeks 10 and 11(see Appendix P).
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Figure 16. Absolute fluid mass of male and female mice over the 10- to 21-week feeding study. Data are expressed as mean = SEM.
WT male on LF (n=12), WT male on HF (n = 12), GHA male on LF (n=9), GHA male on HF (n=11), WT female on LF (n=11),
WT female on HF (n =9), GHA female on LF (n = 11), GHA female on HF (n =9).
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Figure 17. Absolute fluid mass of GHA and WT mice over the 10- to 21-week feeding study. Data are expressed as mean = SEM.
WT male on LF (n=12), WT male on HF (n = 12), GHA male on LF (n =9), GHA male on HF (n=11), WT female on LF (n=11),
WT female on HF (n =9), GHA female on LF (n = 11), GHA female on HF (n =9).
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Normalized Fluid Mass

Three-way repeated ANOVA revealed significant differences in gender (F(1,76)
=40.721, p = 1.25E-08), genotype (F(1,76) = 19.629, p = .000031), and diet (F(1,76) =
10.138, p =.002106) but not for any interactions (see Appendix Q). No significant
changes were seen in male LF WTs, male LF GHAs, and female LF GHAs between the
beginning and the end of the feeding study (in weeks 10 and 21, p > .05, see Appendix G).
However, GHA animals showed greater percent fluid mass than WT counterparts during
the study. All mice showed fluctuating trends in percent fluid mass (see Figures 18a and
18b). Again, statistically significant genotype differences at specific time points were
seen and are provided in Appendix S.

When comparing females to males, all female mice were slightly and statistically
greater in percent fluid mass than male mice (see Figures 19a and 19b). Modest changes
were seen in percent fluid mass when comparing females to males between week 10 and
21 of the regimen study (see Table 4). Again, apart from week 13 of the study, gender

differences for every week were present by three-way ANOVA (see Appendix S).
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Figure 18. Percent fluid mass of male and female mice over the 10- to 21-week feeding study. Data are expressed as mean + SEM.
WT male on LF (n=12), WT male on HF (n = 12), GHA male on LF (n =9), GHA male on HF (n=11), WT female on LF (n=11),
WT female on HF (n =9), GHA female on LF (n=11), GHA female on HF (n=9).
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Figure 19. Percent fluid mass of GHA and WT mice over the 10- to 21-week feeding study. Data are expressed as mean = SEM. WT
male on LF (n = 12), WT male on HF (n = 12), GHA male on LF (n =9), GHA male on HF (n=11), WT female on LF (n=11), WT
female on HF (n =9), GHA female on LF (n=11), GHA female on HF (n =9).
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Food Consumption
Energy Consumption

As metabolic cages weren’t available, food consumption data were collected for a
cage containing several mice and then divided to determine food consumed per mouse.
Thus, the data for food consumption was not as accurate as it could have been and
because of this, we only considered consumption over the entire 11-week feeding study
time period instead of weekly measurements. This limitation should be considered when
interpreting these results, because the data for individual mice provide only an estimate of
energy consumption. Despite this, three-way ANOV A revealed significant differences in
genotype (F(1,76) =22.926, p = .000008), gender (F(1,76) = 113.712, p = 9.35E-17), diet
(F(1,76) = 314.480, p = 9.91E-29), gender x diet (F(1,76) = 11.771, p =.000976), and
genotype x gender x diet (F(1,76) =23.225, p =.000007) (see Appendix T).

When comparing different genotypes, male LF fed GHA mice consumed
significantly less energy (see Figures 20a and 20b) than the same diet fed male WT mice
while HF fed male GHA and WT animals consumed equal amounts of energy. However,
female GHAs consumed similar levels to WT mice when fed the LF diet, but less when
fed the HF diet. Regardless of gender or genotype, all mice consumed more energy on
the HF diet than the LF diet.

Regarding gender differences, male mice ingested more energy than female mice,
when ignoring diets and genotypes (see Figures 21a and 21b). Female both genotypes
mice consumed less energy than male mice in HF diet while only female WT showed the

same trend but not in GHA when fed a LF diet.
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Figure 20. Energy consumption of male and female mice over the 10- to 21-week feeding study. Data are expressed as mean + SEM.
WT male on LF (n=12), WT male on HF (n = 12), GHA male on LF (n =9), GHA male on HF (n=11), WT female on LF (n=11),

WT female on HF (n =9), GHA female on LF (n=11), GHA female on HF (n=9).
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WT male on LF (n=12), WT male on HF (n = 12), GHA male on LF (n =9), GHA male on HF (n=11), WT female on LF (n=11),

WT female on HF (n =9), GHA female on LF (n=11), GHA female on HF (n=9).
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Blood Glucose and Glucose Tolerance Test

At week 20, fasting glucose levels were taken. Three-way ANOVA revealed
significant differences in genotype (F(1,75) = 13.294, p = .000489), and diet (F(1,75) =
21.885, p =.000013); however, no significant differences were seen in gender or in any
interactions (see Appendix U). Regarding genotype difference, GHAs were lower in
fasting glucose than WT controls at least on the HF diet (see Figures 22a and 22b). With
regard to gender differences, no significant difference between female and male mice in
blood glucose levels were seen in either the HF or LF diet groups (see Figures 23a and
23b). As expected, mice in the HF diet had higher glucose levels than in the LF feeding.

As previously mentioned, glucose tolerance tests reveals how the body responds
to a glucose challenge. Area under the curve data (AUC) summarize the glucose
readings over the entire test and provide a gauge of the level of glucose tolerance. No
significant difference was revealed by three-way ANOVA in gender (F(1,75) =3.348, p
=.071241), genotype (F(1,75) = .157, p =.693130), or diet (F(1,75) = .961, p = .330189);
however, statistical differences in genotype x diet (F(1,75) = 6.687, p=.011653) and
gender x genotype x diet (F(1,75) =4.443, p = .038388) were noticed (see Appendix V).

Regarding genotype difference, as mentioned above, no significant difference was
seen (p < .05, see Figures 24a and 24b). Male GHA mice had less AUC trend when fed a
HF diet as compared to WTs while an opposite trend was seen in LF fed diet in which
GHA mice were greater in AUC than the same gender WT controls. No genotype or diet

differences were seen in female mice.
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Likewise, no statistical difference was noticed between different genders when
diets and genotypes were calculated (p < .05, see Figures 25a and 25b). Only female WT
on the HF diet showed a lower trend in AUC than diet- and genotype-matched male
controls.

Correlations between fasting glucose levels or AUC and absolute fat mass or
percent fat mass were analyzed to determine if these glucose parameters could be
explained by the level of adiposity. Pearson correlations revealed fasting glucose levels
were positively correlated with absolute fat mass and percent fat mass respectively (1(83)
=.447, p =.000023 and r(83) = .297, p = .006409). Similarly, positive relationships
between AUC and fat mass (absolute and percent) existed (r(83) = .286, p =.008871 and

r(83)=.264, p=.016010, respectively) (see Table 5).
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Figure 22. Fasting glucose of male and female mice at week 20 of feeding study. Data are expressed as mean = SEM. WT male on
LF (n=12), WT male on HF (n = 12), GHA male on LF (n =9), GHA male on HF (n=11), WT female on LF (n=11), WT female
on HF (n =9), GHA female on LF (n=11), GHA female on HF (n =9).
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Figure 23. Fasting glucose of GHA and WT mice at week 20 of feeding study. Data are expressed as mean + SEM. WT male on LF
(n=12), WT male on HF (n =12), GHA male on LF (n=9), GHA male on HF (n=11), WT female on LF (n=11), WT female on

HF (n=9), GHA female on LF (n =11), GHA female on HF (n=9).
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Figure 24. Area under the curve of male and female mice over the 10- to 21-week feeding study. Data are expressed as mean = SEM.
WT male on LF (n=12), WT male on HF (n = 12), GHA male on LF (n =9), GHA male on HF (n=11), WT female on LF (n=11),
WT female on HF (n =9), GHA female on LF (n=11), GHA female on HF (n=9).
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Figure 25. Area under the curve of GHA and WT mice over the 10- to 21-week feeding study. Data are expressed as mean = SEM.
WT male on LF (n=12), WT male on HF (n = 12), GHA male on LF (n =9), GHA male on HF (n=11), WT female on LF (n=11),
WT female on HF (n =9), GHA female on LF (n = 11), GHA female on HF (n =9).
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Correlation of Glucose/AUC and Absolute Fat/Percent Fat Mass
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Glucose AUC Absolute Fat  Percent Fat

Pearson

Corrlation 1 379%* AQTF* 297*
Glucose .

Sig . (2-tailed) 000417 .000023 .006409

Pearson

Corrlation 379%* 1 .286** .264*
AUC

Sig . (2-tailed) .000417 .008871 .016010

Pearson

Corrlation Q4T .286** 1 919*
Absolute Fat

Sig . (2-tailed) .000023 .008871 .000000

Pearson

Corrlation 297 * .264* 919** 1
Percent Fat

Sig . (2-tailed) .006409 .016010 .000000

Note. ** Correlation is significant at the 0.01 level (2-tailed).
*Correlation is significant at the 0.05 level (2-tailed).

Bold values represent significant difference.
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Absolute Tissue/Organ Weights

Data from five fat depots (subcutaneous, perigonadal, retroperitoneal, mesenteric,
and BAT) and six organs (liver, kidney, spleen, heart, muscle, and lung) were analyzed
by three-way ANOVA to compare differences in gender, genotype, diet, and interactions.
There were significant differences in gender, diet, and gender x diet interaction in all fat
depots (see Table 6). In addition, the perigonadal depot had a significant interaction
between genotype x diet. Interestingly, genotype differences were not seen for
retroperitoneal, mesenteric, or BAT depots. Only subcutaneous and perigonadal fat
masses were significantly different between genotypes (see Table 6) with GHA mice
having more subcutaneous fat mass but less perigonadal fat mass than WT littermate
mice (see Figures 26a and 26b). In fact, the subcutaneous pad in all GHAs was the
largest among all fat pads dissected even including WT controls. In contrast, perigonadal
mass was the smallest pad for GHA mice when compared to WT mice.

Concerning gender differences, male mice were greater in all absolute fat masses
than female mice (see Figures 27a and 27b). Not surprisingly, fat depots in HF groups
were greater than LF groups.

Significant differences were noticed in absolute organ weights of all organs with
regard to gender, genotype, diet, and there was a significant interaction for spleen (gender
x genotype) as well as for liver (gender x diet) (see Table 6). GHA mice were lower in
each absolute organ weights than same gender and diet controlled WT mice (see Figures

28a and 28b).
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As expected, females had lower organ weights than males, due to the females’
lower body weights (see Figures 29a and 29b). Consistently, organ weights of females

were less than genotype- and diet-matched male animals with the exception of spleen.



Table

Factorial ANOVA Results of Absolute Tissue/Organ Weight in GHA and WT Mice
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Absolute Wt Gender Genotype Diet Gender x Gender x Diet Genotype x Diet ~ Gender x Genotype
Genotype x Diet
Depots
SubQ F(1,76) =23.32, F(1,76) = 6.48, F(1,76) = 60.47, F(1,76) = .13, F(1,76) = 8.18, F(1,76) = .13, F(1,76) = .08,
p <.001 p<.05 p <.001 p>.05 p <.05 p>.05 p>.05
Peri  F(1,76) = 51.50, F(1,76) = 12.00, F(1,76) = 69.58, F(1,76) = .92, F(1,76) = 11.45, F(1,76) = 5.26, F(1,76) = .21,
p <.001 p <.001 p <.001 p >.05 p <.05 p<.05 p>.05
Retro F(1,75) = 76.82, F(1,75) = .95, F(1,75) = 66.38, F(1,75)= .73, F(1,75) = 16.84, F(1,75)=2.59, F(1,75) = .54,
p <.001 p>.05 p <.001 p>.05 p <.001 p>.05 p>.05
Mes F(1,76) = 40.48, F(1,76) = 1.15, F(1,76) = 46.88, F(1,76) = .17, F(1,76) = 14.65, F(1,76) =1.93, F(1,76) = .61,
p <.001 p>.05 p <.001 p>.05 p <.001 p>.05 p>.05
BAT F(1,76) =107.91, F(1,76)=.16, F(1,76) = 64.54, F(1,76)=1.57,  F(1,76) = 24.65, F(1,76) = .19, F(1,76) = .97,
p <.001 p>.05 p <.001 p>.05 p <.001 p>.05 p>.05



Table 6 (continued)
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Absolute Wt Gender Genotype Diet Gender x Gender x Diet Genotype x Diet ~ Gender x Genotype
Genotype x Diet
Organs
Liver F(1,76) =32.10, F(1,76) = 20.20, F(1,76) = 26.84, F(1,76) = .01, F(1,76) =9.03, F(1,76) =2.25, F(1,76) = .04,
p <.001 p <.001 p <.001 p>.05 p<.05 p>.05 p>.05
Kidney F(1,76)=228.37, F(1,76)=319.20, F(1,76)=17.94, F(1,76) =2.05, F(1,76) = 1.50, F(1,76) = .25, F(1,76) = .00,
p <.001 p <.001 p <.001 p>.05 p>.05 p>.05 p>.05
Spleen  F(1,76) =4.61, F(1,76) = 51.50, F(1,76) = 28.17, F(1,76)=9.01,  F(1,76)=.58, F(1,76) = 1.48, F(1,76) = .00,
p<.05 p <.001 p <.001 p<.05 p>.05 p>.05 p>.05
Heart F(1,76) = 45.46, F(1,76) = 149.02, F(1,76) =38.28, F(1,76) = .35, F(1,76) = .01, F(1,76) =1.92, F(1,76) = .57,
p <.001 p <.001 p <.001 p>.05 p>.05 p>.05 p>.05
Muscle F(1,76) =151.82, F(1,76)=358.72, F(1,76) =20.92, F(1,76)=2.32, F(1,76)=.11, F(1,76) = .54, F(1,76) =2.31,
p <.001 p <.001 p <.001 p>.05 p>.05 p>.05 p>.05
Lung F(1,76) =74.13, F(1,76) = 70.34, F(1,76) = 12.82, F(1,76)=2.44, F(1,76)=1.76, F(1,76) = 1.74, F(1,76) = 1.46,
p <.001 p <.001 p <.001 p>.05 p>.05 p>.05 p>.05

Note. Bold values represent significant difference of absolute tissue/organ weights. SubQ: subcutaneous; Peri: epididymal in males and parametrial in females;
Retro: retroperitoneal; Mes: mesenteric; and BAT: brown adipose tissue.
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Figure 26. Absolute fat depot weights of male and female mice over the 10- to 21-week feeding study. Data are expressed as mean =+
SEM. WT male on LF (n=12), WT male on HF (n = 12), GHA male on LF (n =9), GHA male on HF (n=11), WT female on LF (n
=11), WT female on HF (n =9), GHA female on LF (n=11), GHA female on HF (n=9).
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Figure 27. Absolute fat depot weights of GHA and WT mice over the 10- to 21-week feeding study. Data are expressed as mean +
SEM. WT male on LF (n=12), WT male on HF (n = 12), GHA male on LF (n =9), GHA male on HF (n=11), WT female on LF (n
=11), WT female on HF (n =9), GHA female on LF (n=11), GHA female on HF (n=9).
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Figure 28. Absolute organ weights of male and female mice over the 10- to 21-week feeding study. Data are expressed as mean =
SEM. WT male on LF (n=12), WT male on HF (n = 12), GHA male on LF (n =9), GHA male on HF (n=11), WT female on LF (n
=11), WT female on HF (n =9), GHA female on LF (n=11), GHA female on HF (n=9).
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Figure 29. Absolute organ weights of GHA and WT mice over the 10- to 21-week feeding study. Data are expressed as mean + SEM.
WT male on LF (n = 12), WT male on HF (n = 12), GHA male on LF (n =9), GHA male on HF (n=11), WT female on LF (n=11),
WT female on HF (n =9), GHA female on LF (n = 11), GHA female on HF (n =9).



126
Normalized Tissue/Organ Weights

Because of the difference in body weight, it was valuable to view the differences
in tissue mass relative to body weight. Three-way ANOVA revealed statistical
differences in gender and diet for all fat depots as well as significant differences in
genotype for subcutaneous, retroperitoneal, and BAT fat depots. Several depots, but not
all depots, also showed significant interactions (see Table 7).

Regarding genotype differences, all percent depot weights in GHA mice were
greater, except the perigonadal depot (see Figures 30a and 30b). Consistent with absolute
subcutaneous fat depot, GHA mice showed a markedly greater normalized subcutaneous
fat depot than WT littermates (p <.05). Likewise, the subcutaneous pad was the biggest,
while perigonadal was the smallest when comparing GHAs to diet- and gender- matched
WT siblings. Interestingly, GHA mice had greater percent BAT fat than WT littermates.

Regarding gender difference in normalized depot weights, all female mice had
lower fat depot weights than male mice (see Figures 31a and 31b). Moreover, HF fed
mice had greater fat depots.

GHA s showed a statistically lower percent organ weights than WT counterparts
except liver and lung (p > .05, see Table 7 or Figures 32a and 32b). Again, as compared
to diet- and gender-controlled WT mice, GHAs overall had less normalized organ
weights except for the liver and spleen in male LF feeding.

Regarding gender differences, male mice were lower or equal in percent organ
weight than female mice (see Figures 33a and 33b). In the HF group, female GHAs and

female WTs had lower percent liver weight than genotype- and diet-controlled males. In
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the LF group, female WT mice were lower than male controls in percent kidney weight.
HF fed GHA mice were lower in percent organ weights than LF fed gender- and
genotype-controlled mice, most likely due to the fat mass gains (see Figures 32a and 32b).
Again, no statistically significant differences were observed for gender in liver, kidney,

and lung.
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Factorial ANOVA Results of Percent Tissue/Organ Weight in GHA and WT Mice
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Percent Wt Gender Genotype Diet Gender x Gender x Diet Genotype x Diet Gender x
Genotype Genotype x Diet
Depots
SubQ F(1,76) =5.44, F(1,76) = 46.78, F(1,76) = 48.42, F(1,76) = .00, F(1,76) =2.72, F(1,76) = .01, F(1,76) = .19,
p<.05 p <.001 p <.001 p>.05 p>.05 p>.05 p>.05
Peri  F(1,76) =37.68, F(1,76) = 1.72, F(1,76) = 62.23, F(1,76) = .00, F(1,76) =4.77, F(1,76) =2.34, F(1,76) = .00,
p <.001 p>.05 p <.001 p>.05 p<.05 p>.05 p>.05
Retro F(1,75)="71.21, F(1,75)=4.51, F(1,75) = 61.08, F(1,75) = .00, F(1,75) =8.16, F(1,75)= .71, F(1,75) = .16,
p <.001 p<.05 p <.001 p>.05 p<.05 p>.05 p>.05
Mes F(1,76) =35.66, F(1,76) = 2.87, F(1,76) = 47.45 F(1,76) = .18, F(1,76) = 11.07, F(1,76) = .50, F(1,76) = .39,
p <.001 p>.05 p <.001 p>.05 p<.05 p>.05 p>.05
BAT F(1,76) =81.45, F(1,76) = 35.65, F(1,76) = 39.73, F(1,76) =8.62,  F(1,76) =13.79, F(1,76) = .03, F(1,76) = .02,
p <0.001 p <.001 p <.001 p<.05 p <.001 p>.05 p>.05
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Percent Wt Gender Genotype Diet Gender x Gender x Diet Genotype x Diet Gender x
Genotype Genotype x Diet
Organs
Liver F(1,76) =1.80, F(1,76) = 2.61, F(1,76) = 6.01, F(1,76)=1.61, F(1,76) =6.01, F(1,76) = 1.75, F(1,76) = .05,
p>.05 p>.05 p<.05 p>.05 p<.05 p>.05 p>.05
Kidney F(1,76) = .45, F(1,76) = 22.09, F(1,76) =16.19, F(1,76) = .89, F(1,76) = 2.40, F(1,76) = .00, F(1,76) = 41,
p>.05 p <.001 p <.001 p>.05 p>.05 p>.05 p>.05
Spleen  F(1,76) =30.83, F(1,76) = 4.96, F(1,76) = .10, F(1,76) =16.96, F(1,76)=1.46, F(1,76) = .22, F(1,76) = .92,
p <.001 p<.05 p>.05 p <.001 p>.05 p>.05 p>.05
Heart F(1,76)=16.18, F(1,76) = 13.33, F(1,76) = .88, F(1,76) = .27, F(1,76) = 6.70, F(1,76) = .39, F(1,76) = .00,
p <.001 p <.001 p>.05 p>.05 p <.05 p>.05 p>.05
Muscle F(1,76) = 8.88, F(1,76) = 28.37, F(1,76) = 25.76, F(1,76) = .27, F(1,76) =17.21, F(1,76) = .02, F(1,76) = .16,
p <.05 p <.001 p <.001 p>.05 p<.05 p>.05 p>.05
Lung F(1,76)=3.29, F(1,76) = .18, F(1,76) = 9.56, F(1,76) = .82, F(1,76) = .58, F(1,76) = 1.85, F(1,76) = .21,
p>.05 p>.05 p<.05 p>.05 p>.05 p>.05 p>.05

Note. Bold values represent significant difference of percent tissue/organ weights. SubQ: subcutaneous; Peri: epididymal in males and parametrial in females;
Retro: retroperitoneal; Mes: mesenteric; and BAT: brown adipose tissue.
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Figure 30. Normalized fat depot weights of male and female mice over the 10- to 21-week feeding study. Data are expressed as mean
+ SEM. WT male on LF (n=12), WT male on HF (n = 12), GHA male on LF (n =9), GHA male on HF (n=11), WT female on LF
(n=11), WT female on HF (n =9), GHA female on LF (n=11), GHA female on HF (n=9).
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Figure 31. Normalized fat depot weights of GHA and WT mice over the 10- to 21-week feeding study. Data are expressed as mean +
SEM. WT male on LF (n=12), WT male on HF (n = 12), GHA male on LF (n =9), GHA male on HF (n=11), WT female on LF (n
=11), WT female on HF (n =9), GHA female on LF (n=11), GHA female on HF (n=9).
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Figure 32. Normalized organ weights of male and female mice over the 10- to 21-week feeding study. Data are expressed as mean +
SEM. WT male on LF (n=12), WT male on HF (n = 12), GHA male on LF (n =9), GHA male on HF (n=11), WT female on LF (n
=11), WT female on HF (n =9), GHA female on LF (n=11), GHA female on HF (n=9).
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Figure 33. Normalized organ weights of GHA and WT mice over the 10- to 21-week feeding study. Data are expressed as mean +
SEM. WT male on LF (n=12), WT male on HF (n = 12), GHA male on LF (n =9), GHA male on HF (n=11), WT female on LF (n
=11), WT female on HF (n =9), GHA female on LF (n=11), GHA female on HF (n=9).
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CHAPTER 5: DISCUSSION

The 11-week feeding study was designed to investigate diet-induced obesity in
GHA mice. As compared to previous studies in which we assessed diet-induced obesity
in other GH-modified mouse models (bGH and GHR ™" mice), females were included in
this study and we observed significant gender differences with HF exposure. Namely,
the females were relatively resistant to diet-induced obesity as compared to males.

Because this is the only study to date that has manipulated diet in GHA mice,
much of this discussion will compare how the results from the LF fed GHA mice in this
study compare to LF fed GHA mice in other studies. However, this discussion will also
evaluate the genotype differences in this study as compared with other studies in which
mouse models with altered GH signaling have been fed similar HF diets (bGH mice with
excess GH signaling and GHR ™ mice with no growth hormone signaling as compared to
GHA with reduced GH signaling). This discussion also focuses on the sexual dimorphic
response to HF feeding for both GHA and WT mice.

Growth Hormone Receptor Antagonist Mice Comparison on the Low Fat Diet

In this section, all comparisons are made between GHA and their gender-matched
WT controls unless otherwise indicated. When fed a LF diet, GHA mice had lower body
weights than WT siblings. Interestingly, several studies report that the dwarf male GHA
mice have lower body weight than WT controls at early ages, while they catch up in body
weight with WTs by older ages (at 44-46 weeks of age in Coschigano et al; by 52 weeks
of age in Li et al; and by 60 weeks of age in Magon) (Coschigano et al., 2003; Li et al.,

2003; Magon, 2009). These growth patterns do not occur for female GHA mice, which
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remain dwarf relative to WT females throughout lifespan (Magon, 2009). The mice in
this study were only five months old by the end of the feeding study; thus, our data are
consistent with these other studies, because our mice were too young to experience the
“catch up” growth reported in other studies.

When assessing body composition, the GHA mice were relatively obese with
lower percent lean mass. This is consistent with several previous studies, where GHA
male mice have a much greater percent fat mass than WTs (Berryman et al., 2004), and
female GHA mice are also relatively obese (Magon, 2009). In this study, most fat mass
was localized to the subcutaneous depot, which was disproportionally enlarged, while the
perigonadal fat pad was relatively small. Although there is some discrepancy in fat
depots sizes in these mice, previous studies have shown specific enlargement of the
subcutaneous fat depot in GHA male mice (Berryman et al., 2004; Magon, 2009). In
addition, BAT increased in GHA mice in our study. In this regard, BAT is known to be a
GH-responsive tissue (Li et al., 2003).

In this study, male GHA mice are hyperphagic on a LF diet as compared to male
WT mice, consistent with previous studies assessing mice of a similar age as in this study
(Berryman et al., 2004; Coschigano et al., 2003). Our report is the first to suggest that
GHA females are also hyperphagic on a LF diet. Without energy expenditure
measurement data, we can only assume that the body weight and fat mass gain in obese
GHA mice is due, at least in part, to excess energy consumption.

Previous studies show that GHA mice have a normal lifespan even though they

are obese (Coschigano et al., 2003; Magon, 2009). A normal lifespan despite obesity
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could be due to lower or normal glucose and insulin levels in GHA mice compared to
WT mice (Coschigano et al., 2003; Magon, 2009). Consistent with the previous studies,
male GHA mice in this study exhibited lower blood glucose levels on the LF diet than
male WT mice, suggesting reduced GH signaling protects from diabetes, despite obesity.

Diet-Induced Obesity in Growth Hormone Receptor Antagonist Mice

This feeding study is the first to address the HF diet-induced obesity of GHA
mice. When compared to the LF diet, the HF diet drastically increased body weight and
fat mass as well as slightly increased lean mass of both male GHA and WT mice.
Nevertheless, male GHA were more obese than WT males on the HF diet.

Obesity is a result of a positive energy balance with energy intake exceeding
energy expenditure. As stated before, energy expenditure was not assessed in this study.
The increased obesity in HF GHA mice was associated with an even greater energy
intake than LF male GHA mice, again suggesting hyperphagia contributed to the greater
fat mass gains in HF fed GHA mice. The HF diet accelerated the gain in fat mass in
GHA mice of both genders. The hyperphagia exists despite elevated leptin levels in these
mice (Berryman et al., 2004). It is well documented that leptin reduces food intake and
increases energy expenditure through specific target neurons in the brain (Schwartz,
Woods, Porte, Seeley, & Baskin, 2000). Leptin is secreted from adipose tissue and is
secreted in proportion to adipose tissue mass (Frederich et al., 1995; Kearns, McKeever,
Roegner, Brady, & Malinowski, 2006), making it a good signal to indicate adiposity.
Previous studies find that leptin is increased by months of age in male obese GHA mice

as compared to littermates (Berryman et al., 2004; Magon, 2009), and male GHA mice
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consume more food when normalized to body weight (Berryman et al., 2004), suggesting
leptin resistance in male GHA mice. Further measurement of leptin levels or leptin
receptor responsiveness would help resolve how this hormone regulates food intake and
energy expenditure in GHA mice.

Unlike male GHA mice, female GHA mice were less responsive to the HF diet.
Female GHA mice did not increase body weight as significantly as male GHA mice when
challenged with the HF diet, with a longer lag period in the fat mass gain and no dramatic
changes in lean mass. WT females show a similar trend with GHA females having only a
slightly higher fat mass gain than WT females, suggesting female GHA mice are no more
sensitive to the HF diet than WT female mice. Female GHA mice consumed less total
energy than female WT mice, while they tended to be hyperphagic when food intake was
normalized to their dwarf body size.

Altered GH signaling in bGH, GHR™", and GHA mice results in different
outcomes on a HF diet. Male GHA mice gained more body weight (55% gain) than male
GHR™ (31% gain), bGH (15% gain) or WT (18% gain) mice (Berryman et al., 2006).
Male bGH mice exhibit a resistance to gaining fat mass when fed a HF diet (Berryman et
al., 2006; Olsson et al., 2005). That is, in one report, half of the body weight gain in bGH
is due to gains in lean mass while the other half of the body weight gain is due to fat mass
gain on a HF diet, suggesting a level of resistance to diet-induced obesity (Berryman et
al., 2006). However, another study using another strain of 6 months old bGH mice
showed that male bGH mice did not gain any body weight or fat mass when fed a HF

diet, showing a full resistance to diet-induced obesity (Olsson et al., 2005). Overall,
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overexpression of GH apparently influences energy partitioning, redirecting some of the
excess energy to lean tissue and away from fat tissue (Berryman et al., 2006). In contrast,
previous studies have shown that male GHR”™ mice are more vulnerable to diet-induced
obesity and their entire weight gain induced by HF feeding is attributed to fat mass gain
with no gains lean mass (Berryman et al., 2006; Robertson et al., 2006). It is interesting
that GHA male mice are even more susceptible to fat gain with HF feeding than GHR™
mice; thus, a decrease in GH function promotes more fat mass gain than absence of GH
function.

GH has ability to affect food intake to some degree (Malmlof, Din, Johansen, &
Pedersen, 2002) although the impact of GH on food intake is varies with experimental
manipulation. For example, in bGH mice, overexpressed GH in the central nervous
system stimulates food consumption (Bohlooly et al., 2001), while local injection of GH
suppresses food intake (Malmlof et al., 2002). GHR™™ mice also appear to have either
increased food intake (Coschigano et al., 2003; Furuhata, Hirabayashi, Yonezawa,
Takahashi, & Nishihara, 2002; Furuhata et al., 2000) or no change in food consumption
(Berryman et al., 2004; Berryman et al., 2006). Similarly, when bGH and GHR™ mice
are challenged with a HF diet, they also increase food intake (Berryman et al., 2006;
Olsson et al., 2005). Previous studies show male GHA mice dramatically consumed
more food on a LF diet (Berryman et al., 2004). Not surprisingly, in our feeding study,
male GHA mice also exhibited hyperphagia on the HF diet. Because no energy
expenditure data are available for GHA mice on the HF diet, how antagonizing GH

influences energy balance with HF feeding is unknown.
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Fat Depots and Organ Weight Differences

Several reports show that GH impacts adipose distribution in a site-specific
manner (Berryman et al., 2004; Berryman et al., 2006; Donahue & Beamer, 1993; Flint &
Gardner, 1993; Kadim, McCutcheon, Purchas, & Wickham, 1996; Knapp, Chen, Turner,
Byers, & Kopchick, 1994). Likewise, specific fat depots in both genders of GHA mice
on HF diet are also disproportionally enlarged similar to the trend with LF feeding. That
is, the subcutaneous fat depot is the largest whereas intraabdominal fat mass
(perigonadal, retroperitoneal, and mesenteric) are relatively smaller as compared to WT
littermates in either LF or HF diet. Consistent with the studies by Berryman et al. in
2004 and Magon et al. in 2009, the subcutaneous depot is also notably large when
normalized to the dwarf body size in this study, regardless of diet. This further suggests
that reduced GH action has the ability to redirect the fat pad distribution. A previous
study suggests that GH influences the differentiation of adipocytes in vivo in a depot
dependent manner (Flint & Gardner, 1993). In their study, the subcutaneous depot
doubled in size with short-term treatment with anti-rat GH whereas the number of
differentiated fat cells were drastically reduced in intraabdominal depots with the long-
term anti-rat GH treatment (Flint & Gardner, 1993). It is therefore possible that reduced
GH has the capability to influence differentiation and lipolysis differently depending on
the depot studied. In addition, Okada et al. showed that increased fat mass in GHA mice
was due to decreased differentiation and proliferation from preadipocytes to mature
adipocytes as well as reduced lipolysis resulting in fewer but larger fat cells (Okada et al.,

1992). Likewise, in humans, GH decreases the abdominal adipocyte size while
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increasing the responsiveness of gluteal subcutaneous fat depots to the lipogenic actions
of insulin (Rosenbaum et al., 1992). Further studies addressing other depot differences,
such as measurement of adipocyte size and number, may help explain the depot
differences observed in this study.

Interestingly, consistent with a previous study on interscapular BAT (Li et al.,
2003), GHA mice in this feeding study also had a greater percent BAT mass than WT
counterparts. BAT is a GH-responsive tissue (Li et al., 2003) and negatively correlates to
GH levels; moreover, the HF diet increased the percent BAT mass in our study. Few
studies have explored the relationship between HF diet and BAT. Only one paper
reported that the BAT fat depot did not increase in lambs when fed a HF diet (Encinias,
Lardy, Encinias, & Bauer, 2004). The different results may due to the species difference.
However, it is worthy noted that HF feeding increases uncoupling protein 1 (UCP1)
mRNA expression in BAT of rats (L1, Zhang, Wilsey, & Scarpace, 2004) or mice (Fink et
al., 2007). UCP1 is the thermogenic protein that is highly expressed in BAT (Kozak,
Britton, Kozak, & Wells, 1988). Increased UCP1 levels in BAT may suggest that BAT
fat pad is sensitive to the HF diet. Measuring UCP1 levels in BAT in samples collected
in this study may be of interest.

Overall, absolute organ weights in both genders of GHA mice were smaller while
normalized weights of kidney, spleen, heart, and muscle were lower than WT littermates
on either diet. Absolute and percent liver weights in male GHA and WT mice were
greater on a HF diet than on a LF diet, suggesting the HF influence on lipid metabolism

in liver.
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Glucose Homeostasis

Both genders of GHA mice on the HF diet had lower fasting glucose levels and
no change in glucose intolerance compared to WT mice on the HF diet, suggesting some
level of protection in glucose homeostasis with reduced GH signaling when challenged
with a HF diet. A positive correlation between glucose or glucose intolerance and fat
mass was found in this study. Others have shown that reduced fat mass can improve
blood glucose levels as well as insulin levels in C57BL/6J mice (Hemmeryckx et al.,
2010). This relationship is also apparent in humans, where weight loss and percent fat
mass loss decrease the fasting glucose levels (Matsuo et al., 2010). It is noteworthy that
GHA mice had better glucose homeostasis despite having greater adiposity, suggesting
that reduced GH signaling has a positive impact on glucose sensitivity which supersedes
the deleterious effects of the excess fat mass. However, these data differ from GHD in
humans. Patients with GHD have impaired glucose metabolism presumably due to
obesity (Johansson et al., 1995). The difference among data may be attributed to species
differences or the distinct causes of the lower GH function in GHA mice versus GHD.

The unique distribution of fat mass also likely plays a role in regulating glucose
metabolism. As previously mentioned, many chronic disorders associated with obesity
are attributed to high levels of visceral fat (Carey, Jenkins, Campbell, Freund, &
Chisholm, 1996; O'Shaughnessy et al., 1995). However, subcutaneous fat can improve
insulin sensitivity (Tran, Yamamoto, Gesta, & Kahn, 2008). Here, both genders of GHA
mice had more subcutaneous fat mass but less intraabdominal fat mass on either diet,

which may account for improved glucose metabolism. Other studies also suggest the
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protective influence of subcutaneous fat mass on homeostasis. In a study by Tran and
colleagues, transplanted subcutaneous fat mass in either subcutaneous or intraabdominal
regions improved insulin sensitivity and decreases glucose and insulin levels (Tran et al.,
2008). Thus, subcutaneous fat may have inherent properties protective for glucose
metabolism. In addition, over-expressed adiponectin in the subcutaneous depot may
improve metabolic disorders (Kim et al., 2007) due to the insulin sensitizing effect of
adiponectin (Tschritter et al., 2003; Yamauchi et al., 2001). In contrast, excess
epididymal fat pad mass in bGH mice may attribute to their hyperinsulinemia
(Coschigano et al., 2003). Glucose clamping studies or insulin tolerance tests may
provide more information to explain how glucose metabolism varies when challenged
with the HF diet in these mice.

Adipocyte cell size and number are also related to insulin sensitivity. Although
one study revealed that fat distribution was a better indicator of metabolic disorders than
adipocyte size (Mundi et al.), another study showed that adipocyte size was positively
correlated with insulin levels and glucose tolerance in middle-aged men whereas fat cell
numbers were negatively related with insulin levels (Bjorntorp et al., 1971). Adipocyte
size has been measured in mouse models with altered GH signaling fed a LF diet (Kelder
et al., 2007). Kelder et al. (2007) reported that the change in adipocyte size was site-
specific with the epididymal fat depot showing the least change in adipocyte size with
altered GH levels and with greatest changes in the subcutaneous fat depots. So even
though cell size decreased for all depots in bGH mice and increased in most depots for

GHA and GHR™ mice, the subcutaneous depot was most significantly altered by the
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change in GH signaling at least on a LF diet. This change again suggests that the
significantly increased fat cell size in subcutaneous fat depot of GHA mice may play a
role in a better regulation of glucose metabolism. Measuring adipocyte cell size and
number may help the interpretation of the insulin sensitivity of GHA mice.

Leptin and adiponectin help regulate glucose metabolism (Pelleymounter et al.,
1995; Yamauchi et al., 2002). Normal levels of leptin are able to acutely reduce
gluconeogenesis in liver (Ceddia et al., 1999). However, a feature of leptin resistance is a
loss of regulation in glucose metabolism (Seufert et al., 1999). Leptin levels are
positively related to total fat mass (Berryman et al., 2004; Magon, 2009). GHA mice
with a similar age, as reported previously, have greater amount of leptin levels and are
probablely leptin resistant (Berryman et al., 2004; Magon, 2009). However, GHA mice
had a lower glucose concentration and without glucose intolerance even though
challenged on the HF diet. In addition, adiponectin improves insulin sensitivity and
negatively correlates with fat mass (Tschritter et al., 2003; Yamauchi et al., 2001) and
male GHA mice have been shown to have elevated adiponectin levels (Berryman et al.,
2004). Measuring leptin and adiponectin levels from the samples collected in this study
will provide insight into how both hormones regulate fat mass and glucose homeostasis.
Indeed, maintaining glucose homeostasis is a complex mechanism and much crosstalk
exists.

Gender Differences
Gender differences are well known regarding obesity and insulin sensitivity. It

has been shown that female WT mice on a HF diet are protected from hyperglycemia,
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hyperinsulinemia, hypercholesterolemia, hyperleptinemia, hypertriglyceridemia (Hwang
et al., 2009) and glucose intolerance (Gallou-Kabani et al., 2007) as compared to obese
male mice. In this study, both GHA and WT female mice exhibited a lower body weight
and fat mass gain than male mice on either diet, suggesting female mice, regardless of
genotype, were relatively more resistant to diet-induced obesity. Less energy
consumption in females when challenged with a HF diet may be a part of the reason why
they gain less weight and fat mass. Fat depots weights and absolute organ weights of
female mice were proportional to body size on either diet. No gender differences in
fasting glucose levels were seen on the LF diet in the feeding study which was
inconsistent with the GHA longitudinal study in which female GHA mice had lower
blood glucose levels than males at 13 and 26 weeks of age (Magon, 2009).

The sexual dimorphism for much of the data collected may be a result of several
factors. GH itself acts in a gender-specific way. That is, male rats and mice have similar
GH levels with females but a higher amplitude of pulsatile GH secretion, whereas
females have more constant levels of GH in circulation (Jansson, Albertsson-Wikland,
Eden, Thorngren, & Isaksson, 1982; Tannenbaum & Martin, 1976).

Estrogen also plays a crucial role. First, estrogen prevents weight gain in female
mice (Hong, Stubbins, Smith, Harvey, & Nunez, 2009). Female mice gain less body
weight than male mice till 9-12 months old (Hwang et al., 2009). Ovariectomy in female
mice abolishes the protection of estrogen, causing ovariectomized female mice to exhibit
a similar trend with male mice in body weight gain (Hong et al., 2009). Second, several

previous studies have shown that estradiol inhibits energy intake in different species
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(Czaja & Goy, 1975; Eckel, Houpt, & Geary, 2000; Friend, 1971; Gong, Garrel, &
Calloway, 1989; Houpt, Coren, Hintz, & Hilderbrant, 1979). Ovarectomized female rats
increase food intake but this overeating behavior is decreased by estrogen replacement
treatment (Asarian, 2006). Sex hormones affect feeding behavior in part via leptin.
Leptin levels are inversely related to testosterone but positively related to estrogen in
humans (Isidori et al., 1999; Luukkaa et al., 1998; Vettor et al., 1997) as well as in rats
(Kristensen, Pedersen, & Richelsen, 1999). Dihydrotestosterone decreases leptin mRNA
expression in adipose tissue but improves action in women (Kristensen et al., 1999).
Injection of leptin in the brain reveals that leptin reduces food intake in female but not in
male rats (Clegg, Riedy, Smith, Benoit, & Woods, 2003), suggesting female rats are more
sensitive to catabolic action of leptin in brain than males. Third, estrogen inhibits GH
action mediated through JAK-STAT pathway and suppressors of cytokine signaling-2
(Leung et al., 2003). For example, estrogen replacement therapy in postmenopausal
women reduces IGF-1 levels (Cano, Castelo-Branco, & Tarin, 1999; Vestergaard,
Hermann, Orskov, & Mosekilde, 1999; Weissberger, Ho, & Lazarus, 1991). Fourth,
estrogen increases sensitivity to insulin and lowers insulin resistance through stimulation
of Akt (an extracellular signal related kinase), increases expression of glucose and lipid
metabolism genes (Macotela, Boucher, Tran, & Kahn, 2009), and increases resistance to
fatty acid-induced insulin resistance when exposure a HF diet (Hevener, Reichart, Janez,
& Olefsky, 2002; Macotela et al., 2009). An estrogen receptor-o. knockout mouse model
developed insulin resistance and glucose tolerance (Heine, Taylor, Iwamoto, Lubahn, &

Cooke, 2000). Lastly, male mice express more inflammatory genes with macrophage
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infiltration increased in perigonadal fat depots as compared to females when exposure to
a HF diet (Grove, Fried, Greenberg, Xiao, & Clegg, 2010). This study also suggested
that the perigonadal fat is considered the most sensitive fat depot with exposure to the HF
diet (Grove et al., 2010). This is consistent with what we found in male WT mice on the
HF diet in which male WT mice dramatically increased perigonadal fat weights with an
impairment in glucose tolerance. GHA mice in this study differ from WT mice due to a
greater subcutaneous fat deposition. We suggest that the normal glucose tolerance in
female mice on the HF diet is due to the less inflammatory gene expression or
macrophage infiltration. Therefore, measuring proinflammatory markers in fat tissues
and revealing the relationship between fat distribution in both genders of GHA mice and
lipid or glucose metabolism will shed more light on the mechanism of the adipose-related
gender difference.

Catecholamines, sympathomimetic hormones released from adrenal glands, are
able to trigger a lipolytic cascade via membrane-bound a- and B-adrenoceptors (Carpene,
Bousquet-Melou, Galitzky, Berlan, & Lafontan, 1998). The lipolysis is stimulated by
inhibiting a,-adrenoceptors and stimulating 33-adrenoceptors (Carpene et al., 1998).
Since females have a lower ratio, females have more lipolytic capacity to decrease fat
mass than males (Llado et al., 2002). HF diet changes the ratio of a,/Bs-adrenoceptor in
both genders in which males are greater than females, thus accumulating fat in males

rather than in females (Llado et al., 2002).
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Conclusion
. A HF diet increased the body weight of all mice and male HF fed GHA mice had
the greatest percent body weight change. However, HF diet did not strikingly
increase weight in female GHA mice compared to LF diet. Both GHA and WT
male mice had greater body weights than the females on the same diet.
. HF diet caused male GHA and WT mice to gain more fat mass than the LF diet.
Both female GHA and WT mice had lower fat mass than male mice.
. HF diet had no apparent effect on lean mass gain. All body weight gain was
attributed to fat mass gain.
. Both genders of GHA and WT mice increased energy intake when fed a HF diet
versus a LF diet. GHA mice consume less energy than WT mice; however, when
normalized to body weight, GHA mice consume more energy, suggesting
hyperphagia in GHA mice. Again, male mice consumed more energy than female
mice.
. Both genders of GHA mouse had lower fasting glucose levels than WT mice
especially when exposed to a HF diet. Both female GHA and WT mice had
similar fasting glucose levels as their male counterparts.
. Both genders of GHA mice did not show impaired glucose tolerance when fed a
HF diet. Male WT mice tended to be glucose intolerant on HF diet.
The largest fat pad was the subcutaneous fat pad in GHA mice both in absolute

and relative weight. Males had greater fat depot weights than female mice.
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8. Both genders of GHA had lower organ weights (absolute: all organs; percent:
kidney, spleen, heart, and muscle) than WT mice on either diet. Females had

lower absolute organ weights but greater percent organ weights.

This feeding study—the first study to address the impact of a HF diet on GH
antagonist mice—demonstrated that male GHA mice were more vulnerable to diet-
induced obesity than WT mice. Male GHA mice also exhibited a higher sensitivity to HF
diet than bGH and GHR ™" mice. Their increased susceptibility to diet-induced obesity is
in part due to the hyperphagia seen in male GHA mice. Importantly, both GHA and WT
female mice were relatively resistant to diet-induced obesity when challenged with a HF
diet, demonstrating an interesting gender difference that should be further explored.
Although LF and HF fed GHA mice were relatively obese, both genders of GHA mice
had lower fasting glucose levels and did not show decreased glucose tolerance with HF
feeding as compared to WT mice. This feeding study provides valuable insight into how
GH deficiency in mice regulates body composition, fat distribution, and metabolic
homeostasis when they are exposed to HF diets. Overall, GHA mice were more
susceptible to diet-induced obesity but without a significant impairment in glucose
homeostasis. These results may provide insight regarding how diet affects GH deficient

patients.

Future Studies
In this feeding study, the male GHA mice were more sensitive to HF diets
whereas female mice were not. Additional issues raised by the present study should be

addressed in the future.
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Assessing energy expenditure, such as through indirect calorimetry (VO; or basic
metabolic temperature), and more accurately measuring energy intake, such as through
the use of metabolic cages, would elucidate how GHA and WT mice regulate energy
balance. Examining BAT in GHA mice would be of interest as this tissue was increased
in GHA mice, increased in all mice with HF feeding, and plays a significant role in
determine the energy expenditure. Since UCP1 gene has previously been reported to be
highly expressed in GH deficient mice, such as GHR™ and GHA (Li et al., 2003), closer
evaluation of this adipose depot would be of interest.

Determining adiponectin and leptin levels would help in the interpretation of the
data, because these hormones are oppositely related to fat mass and glucose homeostasis.

Determining insulin levels and insulin sensitivity with a HF diet would provide a
better understanding of how the HF diet influences glucose homeostasis. Although we
have data for glucose levels and glucose tolerance, insulin data would offer insight into
how GH deficiency alters glucose metabolism when challenged with a HF diet.

Assessing liver TAGs in GHA mice who are fed a HF diet may be of interest.
Previous studies found that the GH deficiency causes severe dyslipidemia (Makimura et
al., 2009; Verhelst & Abs, 2009) and liver TAG have been shown to be elevated in both
male and female GHA mice (unpublished data). In the present feeding study, no
genotype differences were found in percent liver weight, but there still may be

differences in liver TAGs, which would influence the overall health of the mice.
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Determining adipocyte size and number in all the fat depots would help establish
whether altered increased adipocyte size or increased adipocyte number contributed to
the greater adiposity with HF feeding.
Evaluating estrogen levels may help the interpretation of the gender differences in
fat distribution, body composition, and metabolic homeostasis. An ovariectomized GHA

female mouse challenged with HF diet may help to resolve these issues.
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APPENDIX A: GHA AND WT MICE IN 11 WEEKS OF FEEDING STUDY

MALES
LF WT and GHA HF WT and GHA
FEMALES
LF WT and GHA HF WT and GHA

A¢ 29
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APPENDIX B: THREE-WAY REPEATED ANOVA RESULTS OF BODY WEIGHT IN GHA AND WT MICE

Source Type III Sum of df Mean Square F Sig.
Squares
Intercept 500385.815 1 500385.815 5471.720 .000000
Gender 13945.018 1 13945.018 152.489 .000000
Genotype 12378.612 1 12378.612 135.360 .000000
Diet 4349.663 1 4349.663 47.564 .000000
Gender * Genotype 203.778 1 203.778 2.228 139642
Gender * Diet 532.601 1 532.601 5.824 .018218
Genotype * Diet 52.509 1 52.509 574 450942
Gender * Genotype * 59.622 1 59.622 .652 421932
Diet
Error 6950.159 76 91.449

Note. Bold values represent significant difference.
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Weeks Gender Genotype Diet Gender x Gender x Diet Genotype x Diet Gender x
Genotype Genotype x Diet
10 F(1,76) =329.84, F(1,76) =1008.46, F(1,76)=".09, F(1,76) = 24.76, F(1,76) = .22, F(1,76) = .35, F(1,76) = .56,
p <.001 p <.001 p>.05 p <.001 p>.05 p>.05 p>.05
11 F(1,76) =227.39,  F(1,76) =334.83, F(1,76) = 17.29, F(1,76) = 13.37, F(1,76) =1.92, F(1,76) = .06, F(1,76) = .10,
p <.001 p <.001 p <.001 p <.001 p>.05 p>.05 p>.05
12 F(1,76) = 184.64, F(1,76) =203.34, F(1,76) = 22.99, F(1,76) =17.25, F(1,76) = 5.00, F(1,76) = .00, F(1,76) = .34,
p <.001 p <.001 p <.001 p<.05 p<.05 p>.05 p>.05
13 F(1,76) =165.86, F(1,76) =154.70, F(1,76) = 26.82, F(1,76) =2.53, F(1,76) = 5.68, F(1,76) = .08, F(1,76) = .47,
p <.001 p <.001 p <.001 p>.05 p <.05 p>.05 p>.05
14 F(1,76) =151.45, F(1,76) =139.85, F(1,76) =31.78, F(1,76) =2.07, F(1,76) =4.78, F(1,76) = .22, F(1,76) = 1.45,
p <.001 p <.001 p <.001 p>.05 p <.05 p>.05 p>.05
15 F(1,76) =127.52, F(1,76) =116.84, F(1,76) = 45.47, F(1,76) = 1.09, F(1,76) = 6.37, F(1,76) = .88, F(1,76) = 1.69,
p <.001 p <.001 p <.001 p>.05 p<.05 p>.05 p>.05
16 F(1,76) =120.93, F(1,76) =106.21, F(1,76) = 45.03, F(1,76) = .67, F(1,76) =4.81, F(1,76) = .42, F(1,76) =1.22,
p <.001 p <.001 p <.001 p>.05 p<.05 p>.05 p>.05
17 F(1,76) =120.83, F(1,76) = 83.89, F(1,76) = 50.95, F(1,76) = .95, F(1,76) =5.45, F(1,76) = .57, F(1,76) = .71,
p <.001 p <.001 p <.001 p>.05 p<.05 p >.05 p>.05
18 F(1,76)=117.68, F(1,76) =79.96, F(1,76) = 60.10, F(1,76) = .74, F(1,76) =5.71, F(1,76) = .96, F(1,76) = .62,
p <.001 p <.001 p <.001 p>.05 p <.05 p>.05 p>.05
19 F(1,76) =120.12, F(1,76) =73.84, F(1,76) = 58.16, F(1,76) = 1.31, F(1,76) = 6.51, F(1,76) =1.21, F(1,76) = .54,
p <.001 p <.001 p <.001 p>.05 p <.05 p>.05 p>.05
20 F(1,76) = 115.96, F(1,76)=72.11, F(1,76) =63.90, F(1,76) = .89, F(1,76) = 6.39, F(1,76) = 1.47, F(1,76) = .31,
p <.001 p <.001 p <.001 p>.05 p<.05 p>.05 p>.05
21 F(1,76) =122.63, F(1,76) =71.43, F(1,76) = 67.37, F(1,76) = 1.00, F(1,76) =9.25, F(1,76) = .73, F(1,76) = .13,
p <.001 p <.001 p <.001 p>.05 p<.05 p>.05 p>.05

Note. Bold values represent significant difference.
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APPENDIX D: GENOTYPE COMPARISON: PERCENT VALUES IN BODY WEIGHT AND BODY COMPOSITION OF GHA
MICE AS COMPARED TO WT CONTROLS OF THE SAME DIET AND GENDER AT THE BEGINNING AND END OF THE

FEEDING STUDY

Absolute Weight Normalized Weight
Genotype Body Weight
Comparison Fat Lean Fluid Fat Lean Fluid
10 21 10 21 10 21 10 21
wk wk 10wk 21wk wk wk wk wk 10wk 21wk wk wk 10wk 21wk

Male LF GHA vs. WT 63% 74% 210% 182% 57% 64% 80%  82%  332% 243% 91% 87% 126% 112%

Female LF GHA vs. WT = 67%  75% 171% 190% 61% 65% 72% 82%  252% 244% 91% 87% 101% 109%

Male HF GHA vs. WT 64%  79%  229% 102% 58% 69% 83% 92% 356% 133% 91% 87% 130% 117%

Female HF GHA vs. WT = 64%  73%  142% 102% 59% 65% 67% 68% 217% 146% 92% 88% 105% 96%

Note. Bold values highlight drastic changes between the beginning (10 weeks) and end (21 weeks) of the feeding study.
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APPENDIX E: GENDER COMPARISON: PERCENT VALUES IN BODY WEIGHT AND BODY COMPOSITION OF FEMALE

VERSUS MALE MICE OF THE SAME DIET AND GENOTYPE AT THE BEGINNING AND END OF THE FEEDING STUDY.

Absolute Weight Percent Weight
Gender Body Weight
Comparison Fat Lean Fluid Fat Lean Fluid
10wk 21wk 10wk 21wk 10wk 21wk 10wk 21wk 10wk 21wk 10wk 21wk 10wk 21wk
WT LF 76% 73% 95% 60% 73% 75% 104%  78% 128% 85% 97% 102% 137% 108%
Female vs.Male
GHA LF 80% 41% 78% 63% 78% 76% 87% 79% 97% 86%  98% 102% 109% 105%
Female vs.Male
WT HF 78% 68% 123% 49% 76% 76% 104%  88% 154% 66% 97% 112%  132% 128%
Female vs.Male
GHA HF 79% 63% 76% 49% 77% 71% 83% 65% 94%  73%  98% 114% 106% 105%

Female vs.Male

Note. Bold values highlight drastic changes between the beginning (10 weeks) and end (21 weeks) of the feeding study.
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APPENDIX F: THREE-WAY REPEATED ANOVA RESULTS OF FAT MASS IN GHA AND WT MICE

Type III Sum of

Source Squares Df Mean Square F Sig.
Intercept 15235.723 1 15235.723 291.118 .000000
Gender 1370.588 1 1370.588 26.189 .000002
Genotype 203.931 1 203.931 3.897 052017

Diet 2681.836 1 2681.836 51.243 .000000
Gender * Genotype 26.302 1 26.302 503 480546
Gender * Diet 449.523 1 449.523 8.589 .004464
Genotype * Diet 62.174 1 62.174 1.188 279179
Gender * Genotype * 1.323 1 1.323 .025 .874104
Diet
Error 3977.480 76 52.335

Note. Bold values represent significant difference.
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APPENDIX G: PAIRED T-TEST RESULTS OF BODY WEIGHT AND BODY COMPOSITION IN GHA AND WT MICE AT

WEEK 10 AND 21 OF FEEDING STUDY

3 WTLF & GHA LF 4 WT HF & GHA HF Q WT LF ©Q GHA LF Q WT HF Q GHA HF

BW p <.001 p <.001 p <.001 P <.001 p <.001 P <.001 P <.05 p <.001
Fat Mass p<.05 p<.05 p <.001 p <.001 p <.001 p <.001 p<.05 p<.05
Percent Fat p<.05 p<.05 p <.001 p <.001 p <.001 p <.001 p<.05 p <.001
LeaMnal\S/[sass p <.001 p <.001 p <.001 p <.001 p <.001 p <.001 p<.001 p <.001
Percent Lean p<.05 p<.05 p <.001 p <.001 p>.05 p<.05 p <.05 p<.05
Fluli\glals/iass p <.05 p <.001 p <.001 p <.001 p>.05 p<.05 p>.05 p <.001
Percent Fluid p>.05 p>.05 p <.05 p <.001 p <.05 p>.05 p <.001 p <.001
Mass

Note. Bold values represent significant difference.



APPENDIX H: THREE-WAY ANOVA RESULTS OF FAT MASS IN GHA AND WT MICE

216

Weeks Gender Genotype Diet Gender x Genotype Gender x Diet Genotype x Diet Gender x Genotype
x Diet

10 F(1,76) =2.59, F(1,76) = 44.27, F(1,76) = .02, F(1,76) = 4.87, F(1,76) = .18, F(1,76) = .11, F(1,76) = .27,
p>.05 p <.001 p>.05 p<.05 p>.05 p>.05 p>.05

11 F(1,76) =20.91, F(1,76) =29.08, F(1,76) = 37.05, F(1,76) = 41, F(1,76) = 3.84, F(1,76) = .04, F(1,76) = .19,
p<.001 p <.001 p <.001 P>.05 p>.05 p>.05 p>.05

12 F(1,76) =22.62, F(1,76) = 11.90, F(1,76) =27.64, F(1,76) = .45, F(1,76) =6.78, F(1,76) = .11, F(1,76) = .01,
p <.001 p <.001 p <.001 p>.05 p<.05 p>.05 p>.05

13 F(1,76) =22.86, F(1,76) =5.81, F(1,76) =26.92, F(1,76) = .94, F(1,76) = 8.81, F(1,76) = .46, F(1,76) = .00,
p<.001 p<.05 p <.001 p>.05 p<.05 p>.05 p>.05

14 F(1,76) =21.03, F(1,76)=4.21, F(1,76) =28.15, F(1,76) = .78, F(1,76)=17.81, F(1,76) = .54, F(1,76) = .11,
p <.001 p<.05 p <.001 p>.05 p<.05 p>.05 p>.05

15 F(1,76) = 20.67, F(1,76)=2.61, F(1,76) = 40.74, F(1,76) = .67, F(1,76) =9.33, F(1,76)=1.22, F(1,76) = .21,
p <.001 p>.05 p <.001 p>.05 p<.05 p>.05 p>.05

16 F(1,76) =20.38, F(1,76) =2.21, F(1,76) =43.21, F(1,76) = .94, F(1,76) =7.46, F(1,76) = .93, F(1,76) = .06,
p <.001 p>.05 p <.001 p>.05 p<.05 p>.05 p>.05

17 F(1,76) = 23.26, F(1,76) =2.31, F(1,76) = 50.35, F(1,76) = .60, F(1,76) =7.32, F(1,76)=1.12, F(1,76) = .04,
p<.001 p>.05 p <.001 p>.05 p<.05 p >.05 p>.05

18 F(1,76) =25.26, F(1,76) = 1.54, F(1,76) = 58.08, F(1,76) = .42, F(1,76) =7.66, F(1,76)=1.73, F(1,76) = .06,
p<.001 p>.05 p <.001 p>.05 p<.05 p>.05 p>.05

19 F(1,76) =29.42, F(1,76) =1.73, F(1,76) =61.32, F(1,76) = .12, F(1,76) =8.91, F(1,76) = 1.98, F(1,76) = .05,
p<.001 p>.05 p <.001 p>.05 p<.05 p>.05 p>.05

20 F(1,76) =30.11, F(1,76)=1.71, F(1,76) = 68.27, F(1,76) = .20, F(1,76) = 8.43, F(1,76) =2.64, F(1,76) = .02,
p <.001 p>.05 p <.001 p>.05 p<.05 p>.05 p>.05

21 F(1,76) = 30.80, F(1,76) =2.02, F(1,76) =76.21, F(1,76) = .09, F(1,76) = 12.06, F(1,76)=1.47, F(1,76) = .06,
p <.001 p>.05 p <.001 p>.05 p <.001 p>.05 p>.05

Note. Bold values represent significant difference.
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APPENDIX I: THREE-WAY REPEATED ANOVA RESULTS OF PERCENT FAT MASS IN GHA AND WT MICE

Type III Sum of

Source Squares df Mean Square F Sig.
Intercept 257434.531 1 257434.531 554.994 .000000
Gender 4866.371 1 4866.371 10.491 .001780
Genotype 21273.551 1 21273.551 45.863 .000000
Diet 20898.821 1 20898.821 45.055 .000000
Gender * Genotype 369.725 1 369.725 797 374787
Gender * Diet 1994.087 1 1994.087 4.299 .041524
Genotype * Diet 223.955 1 223.955 483 489268
Gender * Genotype * 58.307 1 58.307 126 723912
Diet
Error 35252.698 76 463.851

Note. Bold values represent significant difference.
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Weeks Gender Genotype Diet Gender x Genotype Gender x Diet Genotype x Diet Gender x Genotype
x Diet
10 F(1,76) = 47, F(1,76) = 142.83, F(1,76) = .10, F(1,76) = 2.44, F(1,76) = .03, F(1,76) = .18, F(1,76) = .21,
p>.05 p <.001 p>.05 p>.05 p>.05 p>.05 p>.05
11 F(1,76) = 4.83, F(1,76) = 130.54, F(1,76) = 39.89, F(1,76) = .39, F(1,76) =1.12, F(1,76) = .86, F(1,76) = .18,
p<.05 p <.001 p<.001 P>.05 p>.05 p>.05 p>.05
12 F(1,76) = 8.70, F(1,76) = 74.65, F(1,76) = 27.10, F(1,76) = .88, F(1,76) = 3.94, F(1,76) = .00, F(1,76) = .14,
p<.05 p <.001 p <.001 p>.05 p>.05 p>.05 p>.05
13 F(1,76) = 8.725, F(1,76) = 47.408, F(1,76) =21.813, F(1,76) = 1.715, F(1,76) = 6.286, F(1,76) = .275, F(1,76) = .145,
p<.05 p <.001 p <.001 p>.05 p<.05 p>.05 p>.05
14 F(1,76)=8.61, F(1,76) = 38.64, F(1,76) =22.72, F(1,76)=1.29, F(1,76) =5.55, F(1,76) = .31, F(1,76) = .33,
p<.05 p <.001 p <.001 p>.05 p<.05 p>.05 p>.05
15 F(1,76) = 8.56, F(1,76) = 32.89, F(1,76) = 35.25, F(1,76) = .90, F(1,76) = 6.25, F(1,76) = .69, F(1,76) = .50,
p <.001 p <.001 p <.001 p>.05 p<.05 p<.05 p>.05
16 F(1,76) =9.41, F(1,76) = 29.88, F(1,76) = 40.24, F(1,76) = 1.30, F(1,76) = 4.51, F(1,76) = .35, F(1,76) = .10,
p<.05 p<.001 p<.001 p>.05 p<.05 p>.05 p>.05
17 F(1,76) = 11.30, F(1,76) = 30.32, F(1,76) = 48.30, F(1,76) = .97, F(1,76) = 3.55, F(1,76) = .58, F(1,76) = .12,
p<.05 p<.001 p<.001 p>.05 p>.05 p >.05 p>.05
18 F(1,76) = 12.45, F(1,76) = 28.53, F(1,76) = 56.91, F(1,76) = .74, F(1,76) = 3.43, F(1,76) = 1.02, F(1,76) = .23,
p <.001 p <.001 p <.001 p>.05 p>.05 p>.05 p>.05
19 F(1,76) = 13.81, F(1,76) = 32.16, F(1,76) = 57.89, F(1,76) = .19, F(1,76) = 3.86, F(1,76) = 1.12, F(1,76) = .20,
p<.001 p <.001 p <.001 p>.05 p>.05 p>.05 p>.05
20 F(1,76) = 13.77, F(1,76) = 33.60, F(1,76) = 63.15, F(1,76) = .29, F(1,76) = 3.30, F(1,76)=1.62, F(1,76) = .13,
p <.001 p <.001 p <.001 p>.05 p>.05 p>.05 p>.05
21 F(1,76) = 12.22, F(1,76) = 34.69, F(1,76) = 73.76, F(1,76) = .11, F(1,76) = 5.23, F(1,76) = .40, F(1,76) = .03,
p <.001 p <.001 p <.001 p>.05 p<.05 p>.05 p>.05

Note. Bold values represent significant difference.
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APPENDIX K: THREE-WAY REPEATED ANOVA RESULTS OF LEAN MASS IN GHA AND WT MICE

Type III Sum of

Source Squares df Mean Square F Sig.
Intercept 267425.057 1 267425.057 24411.237 .000000
Gender 5476.042 1 5476.042 499.867 .000000
Genotype 12736.856 1 12736.856 1162.652 .000000
Diet 238.287 1 238.287 21.751 .000013
Gender * Genotype 271.091 1 271.091 24.746 .000004
Gender * Diet 5.509 1 5.509 503 480397
Genotype * Diet 420 1 420 038 .845266
Gender * Genotype * 41.626 1 41.626 3.800 .054952
Diet
Error 832.580 76 10.955

Note. Bold values represent significant difference.
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Weeks Gender Genotype Diet Gender x Genotype Gender x Diet Genotype x Diet Gender x Genotype
x Diet

10 F(1,76) = 503.16, F(1,76) =1770.13, F(1,76) = .54, F(1,76) = 53.23, F(1,76) = .14, F(1,76) = 31, F(1,76) = .67,
p <.001 p <.001 p>.05 p<.05 p>.05 p>.05 p>.05

11 F(1,76) = 391.36, F(1,76) =1090.11, F(1,76) = 1.70, F(1,76) = 36.54, F(1,76) = .11, F(1,76) = .65, F(1,76) = 1.18,
p <.001 p<.001 p>.05 P <.001 p>.05 p>.05 p>.05

12 F(1,76) = 403.57, F(1,76) = 1052.71, F(1,76) = 3.89, F(1,76) = 32.48, F(1,76) = .79, F(1,76) = .68, F(1,76)=1.72,
p <.001 p <.001 p>.05 p <.001 p>.05 p>.05 p>.05

13 F(1,76) = 465.84, F(1,76) = 1094.89, F(1,76) = 14.93, F(1,76) =27.61, F(1,76) = .08, F(1,76)= .71, F(1,76) = 3.52,
p<.001 p<.001 p <.001 p <.001 p>.05 p>.05 p>.05

14 F(1,76) = 464.66, F(1,76) = 1059.56, F(1,76) = 16.57, F(1,76) = 23.58, F(1,76) = .03, F(1,76) = .104, F(1,76) = 5.80,
p <.001 p <.001 p <.001 p <.001 p>.05 p>.05 p<.05

15 F(1,76) = 442.14, F(1,76) = 1067.42, F(1,76) = 30.52, F(1,76)=17.72, F(1,76) = 1.08, F(1,76) = .01, F(1,76) = 8.76,
p <.001 p <.001 p <.001 p <.001 p>.05 p>.05 p>.05

16 F(1,76) = 455.18, F(1,76) = 1032.15, F(1,76) = 29.43, F(1,76) = 17.96, F(1,76) = .01, F(1,76) = .03, F(1,76) = 6.45,
p <.001 p<.001 p<.001 p <.001 p>.05 p>.05 p>.05

17 F(1,76) = 416.86, F(1,76) = 845.16, F(1,76) = 32.97, F(1,76) = 15.39, F(1,76) = .83, F(1,76) = .00, F(1,76) = 3.70,
p <.001 p<.001 p<.001 p <.001 p>.05 p >.05 p>.05

18 F(1,76) = 495.28, F(1,76) =997.51, F(1,76) = 38.31, F(1,76) = 16.73, F(1,76) = .38, F(1,76) = .05, F(1,76) = 3.76,
p <.001 p <.001 p <.001 p <.001 p>.05 p>.05 p>.05

19 F(1,76) = 467.29, F(1,76) = 955.25, F(1,76) = 38.78, F(1,76) = 17.78, F(1,76) = 1.61, F(1,76) = .04, F(1,76) = 4.46,
p <.001 p <.001 p <.001 p <.001 p>.05 p>.05 p<.05

20 F(1,76) = 388.44, F(1,76) = 810.25, F(1,76) = 30.83, F(1,76) = 12.74, F(1,76) = 1.04, F(1,76) = .00, F(1,76) = 2.60,
p <.001 p <.001 p <.001 p <.001 p>.05 p>.05 p>.05

21 F(1,76) = 430.75, F(1,76) = 852.98, F(1,76) = 24.92, F(1,76) = 12.14, F(1,76) = 1.95, F(1,76) = .03, F(1,76) = 1.75,
p <.001 p <.001 p <.001 p <.001 p>.05 p>.05 p>.05

Note. Bold values represent significant difference.
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APPENDIX M: THREE-WAY REPEATED ANOVA RESULTS OF PERCENT LEAN MASS IN GHA AND WT MICE

Type III Sum of

Source Squares df Mean Square F Sig.
Intercept 5453689.900 1 5453689.900 16662.113 .000000
Gender 2543.469 1 2543.469 7.771 .006704

Genotype 19374.160 1 19374.160 59.192 .000000
Diet 13760.877 1 13760.877 42.042 .000000
Gender * Genotype 119.596 1 119.596 365 547328
Gender * Diet 1472.833 1 1472.833 4.500 .037159
Genotype * Diet 253.090 1 253.090 773 381988
Gender * Genotype * 13.724 1 13.724 .042 .838304
Diet
Error 24875.623 76 327.311

Note. Bold values represent significant difference.
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APPENDIX N: THREE-WAY ANOVA RESULTS OF PERCENT LEAN MASS IN GHA AND WT MICE

Weeks Gender Genotype Diet Gender x Genotype Gender x Diet Genotype x Diet Gender x Genotype

x Diet

10 F(1,76) = 18.99, F(1,76) = 189.21, F(1,76) = .81, F(1,76) = .80, F(1,76) = .00, F(1,76) = .14, F(1,76) = .00,
p <.001 p <.001 p>.05 p>.05 p>.05 p>.05 p>.05

11 F(1,76) = .81, F(1,76) =179.17, F(1,76) = 38.12, F(1,76) = .02, F(1,76) = 1.81, F(1,76) = .01, F(1,76) = .44,
p>.05 p <.001 p <.001 p>.05 p>.05 p>.05 p>.05

12 F(1,76) = 8.18, F(1,76) = 100.27, F(1,76) = 35.46, F(1,76) = .19, F(1,76) = 4.16, F(1,76) = .33, F(1,76) = .01,
p<.05 p <.001 p <.001 p>.05 p<.05 p>.05 p>.05

13 F(1,76) = 9.86, F(1,76) = 54.01, F(1,76) = 17.60, F(1,76) = 1.62, F(1,76) =7.87, F(1,76) = .77, F(1,76) = .02,
p<.05 p <.001 p <.001 p>.05 p<.05 p>.05 p>.05

14 F(1,76) =5.49, F(1,76) = 57.26, F(1,76) = 23.68, F(1,76) = .70, F(1,76) = 6.03, F(1,76) = .55, F(1,76) = .20,
p<.05 p <.001 p <.001 p>.05 p<.05 p>.05 p>.05

15 F(1,76) = 8.32, F(1,76) = 41.46, F(1,76) = 34.47, F(1,76) = .54, F(1,76) = 4.69, F(1,76) = .99, F(1,76) = .13,
p<.05 p <.001 p <.001 p>.05 p<.05 p>.05 p>.05

16 F(1,76) = 6.67, F(1,76) = 36.90, F(1,76) = 33.89, F(1,76) = .92, F(1,76) = 5.85, F(1,76) = 47, F(1,76) = .11,
p<.05 p <.001 p <.001 p>.05 p<.05 p>.05 p>.05

17 F(1,76) = 10.47, F(1,76) = 39.89, F(1,76) = 42.74, F(1,76) = .40, F(1,76) =3.79, F(1,76) = .83, F(1,76) = .14,
p<.05 p <.001 p <.001 p>.05 p>.05 p >.05 p>.05

18 F(1,76) = 8.90, F(1,76) = 34.95, F(1,76) = 52.25, F(1,76) = .36, F(1,76) = 4.00, F(1,76) = .77, F(1,76) = .15,
p<.05 p <.001 p <.001 p>.05 p<.05 p>.05 p>.05

19 F(1,76) =11.73, F(1,76) =39.61, F(1,76) = 48.30, F(1,76) = .05, F(1,76) = 3.08, F(1,76) = 1.20, F(1,76) = .04,
p<.001 p <.001 p <.001 p>.05 p>.05 p>.05 p>.05

20 F(1,76) =12.12, F(1,76) = 39.46, F(1,76) = 59.69, F(1,76) = .10, F(1,76) =3.18, F(1,76)=1.77, F(1,76) = .03,
p <.001 p <.001 p <.001 p>.05 p>.05 p>.05 p>.05

21 F(1,76) =10.72, F(1,76) = 43.77, F(1,76) = 73.63, F(1,76) = .00, F(1,76) = 5.08, F(1,76) = .55, F(1,76) = .00,
p<.05 p <.001 p <.001 p>.05 p<.05 p>.05 p>.05

Note. Bold values represent significant difference.
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APPENDIX O: THREE-WAY REPEATED ANOVA RESULTS OF FLUID MASS IN GHA AND WT MICE

Type III Sum of

Source Squares df Mean Square F Sig.
Intercept 1722.730 1 1722.730 3222.395 .000000
Gender 16.474 1 16.474 30.815 .000000

Genotype 21.925 1 21.925 41.012 .000000
Diet 4.515 1 4.515 8.446 .004791
Gender * Genotype .040 1 .040 075 785509
Gender * Diet 265 1 265 496 483523
Genotype * Diet 013 1 013 024 .876397
Gender * Genotype * 484 1 484 906 344214
Diet
Error 40.630 76 535

Note. Bold values represent significant difference.
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Weeks Gender Genotype Diet Gender x Genotype Gender x Diet Genotype x Diet Gender x Genotype
x Diet
10 F(1,76) = 1.78, F(1,76) =73.87, F(1,76) = .00, F(1,76) = 6.88, F(1,76) = .10, F(1,76) = .11, F(1,76) = .04,
p>.05 p <.001 p>.05 p<.05 p>.05 p>.05 p>.05
11 F(1,76) = 2.36, F(1,76) =26.29, F(1,76) = 1.14, F(1,76) = .07, F(1,76) = 1.05, F(1,76) = .40, F(1,76) = .09,
p>.05 p <.001 p>.05 p>.05 p>.05 p>.05 p>.05
12 F(1,76) = 10.86, F(1,76) = 19.13, F(1,76) = 1.58, F(1,76) = .00, F(1,76) = .11, F(1,76) = .06, F(1,76) = .00,
p<.05 p <.001 p>.05 p>.05 p>.05 p>.05 p>.05
13 F(1,76) = 40.46, F(1,76) =26.81, F(1,76) =4.29, F(1,76) = .09, F(1,76) = 3.55, F(1,76) = .00, F(1,76) = .10,
p<.001 p <.001 p<.05 p>.05 p>.05 p>.05 p>.05
14 F(1,76) = 15.74, F(1,76) =29.05, F(1,76) = 6.44, F(1,76) = .06, F(1,76) = .16, F(1,76) = .00, F(1,76) = .73,
p<.001 p <.001 p<.05 p>.05 p>.05 p>.05 p>.05
15 F(1,76) =26.45, F(1,76) = 26.62, F(1,76) = 8.79, F(1,76) = .01, F(1,76) = .01, F(1,76) = .66, F(1,76) = 43,
p <.001 p <.001 p<.05 p>.05 p>.05 p>.05 p>.05
16 F(1,76) =20.97, F(1,76) = 20.40, F(1,76) = 7.00, F(1,76) = .23, F(1,76) = .50, F(1,76) = .21, F(1,76) = 1.29,
p <.001 p <.001 p<.05 p>.05 p>.05 p>.05 p>.05
17 F(1,76) =29.29, F(1,76) = 18.83, F(1,76) = 8.36, F(1,76) = .34, F(1,76) = 43, F(1,76) = .28, F(1,76) =3.28,
p <.001 p <.001 p <.001 p>.05 p>.05 p>.05 p>.05
18 F(1,76) =31.31, F(1,76) =22.07, F(1,76) = 13.82, F(1,76) = .16, F(1,76) = .38, F(1,76) = .02, F(1,76) = .69,
p <.001 p <.001 p <.001 p>.05 p>.05 p>.05 p>.05
19 F(1,76) = 34.80, F(1,76) =39.47, F(1,76) =17.15, F(1,76) = .57, F(1,76) = .33, F(1,76) = .17, F(1,76) =2.26,
p<.001 p <.001 p <.001 p>.05 p>.05 p>.05 p>.05
20 F(1,76) =24.99, F(1,76) =31.25, F(1,76) = 7.50, F(1,76) = .03, F(1,76) = .04, F(1,76) = .04, F(1,76) = .39,
p <.001 p <.001 p<.05 p>.05 p>.05 p>.05 p>.05
21 F(1,76) = 35.23, F(1,76) =22.36, F(1,76) =5.21, F(1,76) = 1.30, F(1,76) = .34, F(1,76) = .17, F(1,76) =3.22,
p <.001 p <.001 p<.05 p>.05 p>.05 p>.05 p>.05

Note. Bold values represent significant difference.
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APPENDIX Q: THREE-WAY REPEATED ANOVA RESULTS OF PERCENT FLUID MASS IN GHA AND WT MICE

Type III Sum of

Source Squares df Mean Square F Sig.
Intercept 36239.731 1 36239.731 8951.811 .000000
Gender 164.851 1 164.851 40.721 .000000

Genotype 79.463 1 79.463 19.629 .000031
Diet 41.041 1 41.041 10.138 .002106
Gender * Genotype 2.089 1 2.089 516 474713
Gender * Diet 3.297 1 3.297 814 369698
Genotype * Diet 273 1 273 .068 795651
Gender * Genotype * 011 1 011 .003 957881
Diet
Error 307.672 76 4.048

Note. Bold values represent significant difference.
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Weeks Gender Genotype Diet Gender x Gender x Diet Genotype x Diet Gender x
Genotype Genotype x Diet
10 F(1,76) = 37.31, F(1,76) = 19.72, F(1,76) = .00, F(1,76) =11.97, F(1,76) = .33, F(1,76) = .42, F(1,76) = .01,
p <.001 p <.001 p>.05 p <.001 p>.05 p>.05 p>.05
11 F(1,76) = 30.14, F(1,76) = 6.23, F(1,76) = 91, F(1,76) = .66, F(1,76) = 1.05, F(1,76) = 1.67, F(1,76) = .23,
p <.001 p<.05 p>.05 p>.05 p>.05 p>.05 p>.05
12 F(1,76) = 12.00, F(1,76) = 7.08, F(1,76) = 1.00, F(1,76) = .32, F(1,76) = .40, F(1,76) = .22, F(1,76) = .38,
p <.001 p<.05 p>.05 p>.05 p>.05 p>.05 p>.05
13 F(1,76) =2.27, F(1,76) = 7.34, F(1,76) =1.32, F(1,76) = .03, F(1,76) = .49, F(1,76) = .00, F(1,76)=1.12,
p>.05 p<.05 p>.05 p>.05 p>.05 p>.05 p>.05
14 F(1,76) = 19.34, F(1,76) =5.37, F(1,76) = .32, F(1,76) = .14, F(1,76) = .97, F(1,76) = .01, F(1,76) = .06,
p <.001 p<.05 p>.05 p>.05 p>.05 p>.05 p>.05
15 F(1,76) = 10.20, F(1,76) =9.30, F(1,76) =2.62, F(1,76) = .00, F(1,76) = 5.28, F(1,76) = .49, F(1,76) = .88,
p<.05 p<.05 p>.05 p>.05 p<.05 p>.05 p>.05
16 F(1,76) = 18.12, F(1,76) = 14.38, F(1,76) = 5.94, F(1,76) = .03, F(1,76) = .23, F(1,76) = .32, F(1,76) = .01,
p <.001 p <.001 p<.05 p>.05 p>.05 p>.05 p>.05
17 F(1,76) = 22.03, F(1,76) = 19.20, F(1,76) = 11.75, F(1,76) = 1.40, F(1,76) = .22, F(1,76) = .15, F(1,76) =191,
p <.001 p <.001 p <.001 p>.05 p>.05 p>.05 p>.05
18 F(1,76) =37.32, F(1,76) = 25.95, F(1,76) = 18.65, F(1,76) = .08, F(1,76) =2.03, F(1,76) = .11, F(1,76) = .47,
p <.001 p <.001 p <.001 p>.05 p>.05 p>.05 p>.05
19 F(1,76) = 28.57, F(1,76) =2.33, F(1,76) =9.37, F(1,76) = .35, F(1,76) =1.98, F(1,76) = .01, F(1,76) = 1.18,
p <.001 p>.05 p <.05 p>.05 p>.05 p>.05 p>.05
20 F(1,76) = 26.13, F(1,76) = 4.25, F(1,76) = 21.93, F(1,76) = .14, F(1,76) = 4.53, F(1,76) = .01, F(1,76) = .36,
p <.001 p<.05 p <.001 p>.05 p<.05 p>.05 p>.05
21 F(1,76) = 13.44, F(1,76) = 8.01, F(1,76) = 33.82, F(1,76) = 3.21, F(1,76) =141, F(1,76) = 1.28, F(1,76) =1.97,
p <.001 p<.05 p <.001 p>.05 p>.05 p>.05 p>.05

Note. Bold values represent significant difference.
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THREE-WAY ANOVA RESULTS OF ENERGY EXPENDITURE IN GHA AND WT MICE

Source Type III Sum of Squares df Mean Square F Sig.
Corrected Model 2.326E+06 7 332312.145 73.627 .000000
Intercept 5.779E+07 1 5.779E+07 12803.041 .000000
Gender 513235.754 1 513235.754 113.712 .000000
Genotype 103476.244 1 103476.244 22.926 .000008
Diet 1.419E+06 1 1.419E+06 314.480 .000000
Gender * Genotype 4893.587 1 4893.587 1.084 301056
Gender * Diet 53128.566 1 53128.566 11.771 .000976
Genotype * Diet 3983.917 1 3983.917 .883 350446
Gender * Genotype * Diet 104825.937 1 104825.937 23.225 .000007
Error 343022.383 76 4513.452
Total 6.190E+07 84
Corrected Total 2.669E+06 83

Note. Bold values represent significant difference.
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Source Type III Sum of Squares Df Mean Square F Sig.
Corrected Model 34366.528" 7 4909.504 6.273 .000008
Intercept 3185656.642 1 3185656.642 4070.216 .000000
Gender 2526.007 1 2526.007 3.227 .076442
Genotype 10405.032 1 10405.032 13.294 .000489
Diet 17128.534 1 17128.534 21.885 .000013
Gender * Genotype 523.251 1 523.251 .669 416150
Gender * Diet 1008.575 1 1008.575 1.289 259916
Genotype * Diet 1102.914 1 1102.914 1.409 238942
Gender * Genotype * Diet 194.325 1 194.325 248 .619744
Error 58700.629 75 782.675
Total 3358890.000 83
Corrected Total 93067.157 82

a. RSquared =.369 (Adjusted R Squared =.310)

Note. Bold values represent significant difference.
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Source Type III Sum of Squares df Mean Square F Sig.
Corrected Model 1.985E+09 7 2.835E+08 2.658 .016393
Intercept 1.629E+11 1 1.629E+11 1527.183 .000000
Gender 3.571E+08 1 3.571E+08 3.348 .071241
Genotype 1.674E+07 1 1.674E+07 157 .693130
Diet 1.025E+08 1 1.025E+08 961 .330189
Gender * Genotype 4.663E+07 1 4.663E+07 437 510488
Gender * Diet 9.392E+07 1 9.392E+07 .881 351061
Genotype * Diet 7.132E+08 1 7.132E+08 6.687 011653
Gender * Genotype * Diet 4.739E+08 1 4.739E+08 4.443 .038388
Error 7.999E+09 75 1.067E+08
Total 1.760E+11 83
Corrected Total 9.984E+09 82

Note. Bold values represent significant difference.
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authorized pursuant to this license.
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11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written
permission.

12. No Amendment Except in Writing: This license may not be amended except in a
writing signed by both parties (or, in the case of publisher, by CCC on publisher's
behalf).

13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and
Payment terms and conditions. These terms and conditions, together with CCC's Billing
and Payment terms and conditions (which are incorporated herein), comprise the entire
agreement between you and publisher (and CCC) concerning this licensing

transaction. In the event of any conflict between your obligations established by these
terms and conditions and those established by CCC's Billing and Payment terms and
conditions, these terms and conditions shall control.

14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions
described in this License at their sole discretion, for any reason or no reason, with a full
refund payable to you. Notice of such denial will be made using the contact information
provided by you. Failure to receive such notice will not alter or invalidate the denial. In
no event will Elsevier or Copyright Clearance Center be responsible or liable for any
costs, expenses or damage incurred by you as a result of a denial of your permission
request, other than a refund of the amount(s) paid by you to Elsevier and/or Copyright
Clearance Center for denied permissions.

LIMITED LICENSE

The following terms and conditions apply only to specific license types:

15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights
you may only translate this content into the languages you requested. A professional
translator must perform all translations and reproduce the content word for word
preserving the integrity of the article. If this license is to re-use 1 or 2 figures then
permission is granted for non-exclusive world rights in all languages.

16. Website: The following terms and conditions apply to electronic reserve and author
websites:

Electronic reserve: If licensed material is to be posted to website, the web site is to be
password-protected and made available only to bona fide students registered on a relevant
course if:

This license was made in connection with a course,
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This permission is granted for 1 year only. You may obtain a license for future website
posting,

All content posted to the web site must maintain the copyright information line on the
bottom of each image,

A hyper-text must be included to the Homepage of the journal from which you are
licensing at http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier
homepage for books at http://www.elsevier.com , and

Central Storage: This license does not include permission for a scanned version of the
material to be stored in a central repository such as that provided by Heron/XanEdu.

17. Author website for journals with the following additional clauses:

All content posted to the web site must maintain the copyright information line on the
bottom of each image, and

he permission granted is limited to the personal version of your paper. You are not
allowed to download and post the published electronic version of your article (whether
PDF or HTML, proof or final version), nor may you scan the printed edition to create an
electronic version,

A hyper-text must be included to the Homepage of the journal from which you are
licensing at http://www.sciencedirect.com/science/journal/xxxxx , As part of our normal
production process, you will receive an e-mail notice when your article appears on
Elsevier’s online service ScienceDirect (www.sciencedirect.com). That e-mail will
include the article’s Digital Object Identifier (DOI). This number provides the electronic
link to the published article and should be included in the posting of your personal
version. We ask that you wait until you receive this e-mail and have the DOI to do any
posting.

Central Storage: This license does not include permission for a scanned version of the
material to be stored in a central repository such as that provided by Heron/XanEdu.

18. Author website for books with the following additional clauses:
Authors are permitted to place a brief summary of their work online only.
A hyper-text must be included to the Elsevier homepage at http://www.elsevier.com

All content posted to the web site must maintain the copyright information line on the
bottom of each image

You are not allowed to download and post the published electronic version of your
chapter, nor may you scan the printed edition to create an electronic version.
Central Storage: This license does not include permission for a scanned version of the
material to be stored in a central repository such as that provided by Heron/XanEdu.

19. Website (regular and for author): A hyper-text must be included to the Homepage of
the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx. or for books to the Elsevier
homepage at http://www.elsevier.com
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20. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may
be submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand,
of the complete thesis and include permission for UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission.

21. Other Conditions:
vl.6

Gratis licenses (referencing $0 in the Total field) are free. Please retain this
printable license for your reference. No payment is required.

If you would like to pay for this license now, please remit this license along with
your payment made payable to "COPYRIGHT CLEARANCE CENTER"
otherwise you will be invoiced within 48 hours of the license date. Payment should
be in the form of a check or money order referencing your account number and this
invoice number RLNK10868889.

Once you receive your invoice for this order, you may pay your invoice by credit
card. Please follow instructions provided at that time.

Make Payment To:
Copyright Clearance Center
Dept 001

P.O. Box 843006

Boston, MA 02284-3006

If you find copyrighted material related to this license will not be used and wish to
cancel, please contact us referencing this license number 2532651466203 and noting
the reason for cancellation.

Questions? customercare@copyright.com or +1-877-622-5543 (toll free in the US) or
+1-978-646-2777.
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