ABSTRACT

HOUSE, RALPH LEE. Functional Genomic Characterization of the Anti-Adipogenic
Effects of trans 10, cis 12-Conjugated Linoleic Acid (t10c12-CLA) in a Polygenic
Obese Line of Mice. (Under the direction of Jack Odle)

We analyzed gene expression during t10c12-CLA-induced body fat reduction in a
polygenic obese line of mice. Adult mice (N=185) were allotted to a 2x2 factorial
experiment consisting of a non-obese (ICR-control) and an obese (M16-selected) line of
mice fed a 7% fat, purified diet containing either 1% linoleic acid (LA) or 1% t10c12-CLA.
Body weight (BW) gain by day 14 was 12% lower in CLA compared to LA fed mice
(P<0.0001). By day 14, t10c12-CLA reduced weights of epididymal, mesenteric and brown
adipose tissues as a percentage of BW in both lines by 30, 27 and 58%, respectively, and
increased liver weight/BW by 34% (P<0.0001). Total RNA was isolated and pooled (4-5
mice per composite) from epididymal adipose (day 5 & 14) and liver (day 14) of the obese
mice to analyze gene expression profiles using Agilent mouse oligo microarray slides (4 per
tissueeday) representing >20,000 genes. Numbers of genes differentially expressed by >
two fold in epididymal adipose (day 5 & 14) and liver (day 14) were 29, 125, and 80,
respectively. Of particular interest in adipose, CLA putatively increased expression of the
uncoupling proteins (1 and 2), carnitine palmitoyltransferase (L and M), and carnitine
translocase, but decreased expression of PPAR-y, GLUT-4, perilipin, caveolin-1,
adiponectin and resistin (P<0.01). In conclusion, this experiment has revealed candidate
genes that will be useful in elucidating mechanisms underlying the potent anti-adipogenic

effects of t10c12-CLA.
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CHAPTER 1

LITERATURE REVIEW

CONJUGATED LINOLEIC ACID (CLA): DE-LIPIDATION
THROUGH GENETIC MODULATION OF LIPID
METABOLISM IN LIVER AND ADIPOSE TISSUE

Obesity and Society:
General Facts:

Over the past two decades the prevalence of obesity has risen to epidemic
proportions in the United States and the rest of the world. A recent study reported that in
2000, there were 435,000 tobacco-related deaths and 400,000 deaths associated with poor
diet and physical inactivity, which includes obesity as a subcategory (Mokdad et al. 2004).
However, this report has been controversial and obesity is still currently considered the
second leading cause of preventable deaths in the U.S. (Marshall 2004). The 1999-2000
National Health and Nutrition Examination Survey (NHANES) reported that approximately
64% of the U.S. population of adults > 20 years old are overweight or obese

(www.cdc.gov/nchs/products/pubs/pubd/hestats/obese/obse99.htm) (Hill et al. 2003). More

specifically, 31% of U.S. adults are considered obese (Body-mass index > 30 (BMI (weight
(kg)/height* (m?))), an increase from the 22.9% reported in NHANES III (1988-1994)
(Flegal et al. 2002). Amongst the population of U.S. children, 15.5% between ages 12 and
19, 15.3% between ages 6 and 11, and 10.4% between ages 2 and 5 are overweight (BMI >

25) (Ogden et al. 2002). Additionally, the 1999-2000 NHANES reported a 4% increase in



number of overweight children between 6 and 19 from 11% reported in the 1988-1994

NHANES 1III. (www.cdc.gov/nchs/products/pubs/pubd/hestats/overwght99.htm).

Prevalence of extreme obesity (BMI > 40) quadrupled between 1986 and 2000 from 1 in
200 adults to 1 in 50 (Sturm 2003). There was also an increase by a factor of 5 within the
same period of Americans with a BMI > 50, from 1 in 2000 to 1 in 400 (Sturm 2003). It
seems apparent that prevalence of clinically severe obesity will soon add significantly to the
gravity of the obesity epidemic. On a global scale, the World Health Organization reported
that in 1995 there were approximately 200 million obese adults in the world. By 2000, this

number increased to over 300 million (www.who.int/nut/obs.htm). Whilst the majority

came from industrial nations, interestingly, 115 million were from developing countries.

Obesity is an independent risk factor for a number of health problems such as
diabetes mellitus, hypertension, coronary heart disease, elevated cholesterol levels,
depression, musculoskeletal disorders, gallbladder disease, and several cancers (Kortt et al.
1998; Stunkard et al. 2003). In 1995 the total cost for treating obesity in the U.S. was
$51.64 billion (direct medical costs) (Wolf and Colditz 1998). In 2003 the total had
increased to $75 billion, half of which was paid for by Medicare and Medicaid (Finkelstein
et al. 2004). Concern within the government was seen clearly in 2003, when 140 bills
aimed directly at obesity were filed in the U.S. legislature, almost double the 72 filed in
2002 (Connolly 2003).

Therapeutic Options:

Many drugs that were or are available for the treatment and prevention of obesity
have adverse side effects; for example, the addictive nature of amphetamines and problems

with valvular heart disease using phentermine-fenfluramine (fenfluramine was withdrawn



on September 15, 1997) (Wadden et al. 1998; Pi-Sunyer 2003; Wyatt and Hill 2004). At
the time of writing this review, two drugs that have FDA approval, Meridia (sibutramine
hydrochloride) and Xenical (orlistat) have been shown to help in losing and maintaining
weight loss (Wyatt and Hill 2004). However, between 1998 and 2001, 150 people taking
Meridia were hospitalized, 29 of whom died (Gura 2003). Patients taking Xenical
experience side effects such as cramping and severe diarrhea (Gura 2003). However,
prescribing these drugs is justifiable if the risk of the treatment is not as severe as the risk of
the condition left untreated, a judgment that must be made by one’s physician (Wyatt and
Hill 2004).

The Foundation of Obesity:

It now seems apparent that there is no single contributing factor associated with
obesity; rather it is a multi-factorial problem spanning environment, physiology and
genetics (Wyatt and Hill 2004). Given the drastic increase in the prevalence of obesity
within the past two to three decades, it is probable that environment is a significant driving
force (Hill et al. 2003). Two main factors considered responsible are high caloric intake
and decreased physical exercise (Hill and Peters 1998; French et al. 2001; Peters et al.
2002). It should be noted, however, that the impact of genetics and its interactions with
these environmental factors should not be underestimated. Studies analyzing effects of
genetics and environment on BMI in identical or fraternal twins reared apart or together
have shown that genetics contributes substantially to the similarity of BMI between twins,
whilst the environment has little, if any effect (Stunkard et al. 1990; Allison et al. 1996;
Maes et al. 1997; Comuzzie and Allison 1998; Friedman 2003; Schousboe et al. 2004).

Similar results have been observed comparing adoptees with their biological parents and



full siblings (Stunkard et al. 1986; Maes et al. 1997; Sorensen et al. 1998; Comuzzie and
Allison 1998). From an evolutionary perspective, food has not historically been as readily
available or abundant as it is today, especially in industrialized societies. Our genetic
makeup has evolved in an environment that encourages storage of fat to better survive
periods of famine and starvation, but has not had to develop a strong mechanism to control
excessive reserves (Pi-Sunyer 2003). The epidemic proportions of obesity in the U.S. and
the world coupled with a deficiency in adequate medication emphasize the importance of
researching and elucidating mechanisms associated with obesity, so that we may better
formulate methods of treatment and prevention.

Genetics Associated with Obesity:

Interplay between the contributing factors of genetics, behavior and environment
have made obesity a complex phenotype (Comuzzie and Allison 1998). Gene elucidation is
further complicated by the fact that, unlike simple Mendelian disorders (single locus
mutation), many common diseases in humans, including obesity, are multifactorial and
polygenic in nature (Williamson and Kessling 1990; Pomp 1997; Rocha et al. 2004b).
There have been several genetic disorders described in humans that result in an obesity
phenotype. Examples of a few include syndromes such as Prader-Willi, Alstrom and
Bardet-Biedl. In these diseases, obesity is part of a complex disorder that includes several
other maladies that arise from genetic abnormalities (Bardet 1920; Biedl 1922; Prader et al.
1956; ALSTROM et al. 1959; Goldstein and Fialkow 1973; Steiner 1990; Holm et al.
1993).

Use of animal models, particularly mice, has proven particularly useful in

characterizing phenotypic and genotypic traits associated with obesity. Single-gene



mutants expressing the obesity phenotype, such as the obese (0b/ob), agouti, fat (fat/fat) and
tubby (fub/tub) mouse, were reported as early as the 1920s (agouti) (Danforth 1925;
Danforth 1927; Ingalls et al. 1950; Coleman and Eicher 1990). However, genes encoding
these phenotypes (obese (0b), agouti (4”), fat (cpe), and tubby (fub)) were not characterized
until recently (Bultman et al. 1992; Zhang et al. 1994; Naggert et al. 1995; Noben-Trauth et
al. 1996).

A mutation in the ob gene (as seen in the ob/0ob mouse) has been identified as the
cause of obesity in some humans, and is characterized by morbid obesity with low levels of
serum leptin (Zhang et al. 1994; Montague et al. 1997; Farooqi et al. 2002). Leptin is a
circulating hormone that is secreted by adipose tissue, it has been shown to decrease feed
intake and increase energy expenditure, resulting in de-lipidation of adipose tissue when
administered to ob/ob mice by subcutaneous injection (Pelleymounter et al. 1995; Halaas et
al. 1995; Campfield et al. 1995; Clement et al. 1998). Similarly, it was shown that obesity
in human subjects was ameliorated by subcutaneous injection of recombinant human leptin,
causing a drastic reduction in feed intake (Farooqi et al. 2002). In one example, a boy
weighing 42kg (about 93 Ibs) at three years of age lost 10 kg (about 22 1bs) after 48 months
of treatment (Farooqi et al. 2002). Other monogenic diseases have been described (see
Farooqi and O’Rahilly (2004) for further review); however, only 5 to 6% of children
considered obese suffer from a mutation at a single locus, and a majority of cases are
polygenic in nature (Friedman 2003; Farooqi and O'Rahilly 2004). Development of
polygenic mouse models, such as the mouse line M16 (described below), more closely

resemble the major human obesity condition and may, therefore, prove particularly useful



in characterizing the traits associated with obesity (Eisen and Leatherwood 1978a; West et

al. 1994; Warden et al. 1995; Rocha et al. 2004b).

The Polygenic Obese Line of Mice, M16:

The polygenic obese line of mice M16 (and an inbred line M16i formed from M16),
was developed at North Carolina State University by Dr. Eugene J. Eisen. The M16 line
was selected for rapid postweaning gain from an outbred ICR (Institute for Cancer
Research; developed by T.S. Hauschka in 1948 at Fox Chase Cancer Center, Philadelphia
PA) albino population by selecting the highest 25% (M=maximum) of males and females
within full-sib families, from a population size consisting of 16 parental pairs (hence the
nomenclature M16) (Hanrahan et al. 1973; Hanrahan and Eisen 1973; Eisen 1975).
Selection was conducted over more than 27 generations (Eisen 1975).

The M16 line exhibits positive correlated responses in body weight and percent
body fat. The mice are moderately obese and hyperphagic, and grow rapidly between 4 and
6 weeks of age (Eisen and Leatherwood 1978b; Pomp 1997). Compared to the ICR control
line, M16 mice have 60% greater body weight and larger organs, indicating a positive
correlation between these two traits (Eisen 1986; Pomp 1997) (Figure 1.1). The M16 line
also displays greater adipocyte hypertrophy and hyperplasia compared to the ICR line, and
the mice are hyperglycemic, hyperinsulinemic and hypercholesterolemic (Robeson et al.
1981). These results with M16 mice were recently verified, indicating that genetic drift
and/or inbreeding had not altered these traits (Allan et al. 2004). The M16 line also had a
higher water intake and higher plasma levels of leptin, tumor necrosis factor-a (TNF-a)

and interleukin-6 (IL-6) (Allan et al. 2004). Restricting pre-weaning energy intake by



manipulating the number of pups nursed, showed that the genetic line effect was the
predominant cause of obesity, with only a minor contribution arising from pre-weaning
energy intake (Eisen and Leatherwood 1978a; Smith et al. 1983). Limiting post-weaning
energy intake during the 4 to 6 week rapid growth period decreased body fat and adipose
cellularity in restricted animals (Eisen and Leatherwood 1978b; Smith et al. 1983).
However, at the end of the restricted feeding period, the M16 line had similar body weights
compared to the control ICR line, but had increased body fat and less water content (Eisen
and Leatherwood 1978b). Also at this time period, M16 mice were allowed to feed ad
libitum and by 16 weeks of age had attained similar body weights and fat content as mice
fed ad libitum throughout the duration of the trial (Eisen and Leatherwood 1978b).

A recent study crossed the M 16 line with a low body weight (L6) line and analyzed
the resulting F2 generation to identify quantitative trait loci (QTL) for complex traits such
as body weight and body fatness (Rocha et al. 2004a; Rocha et al. 2004b). Their results
found QTL for fatness on Chromosomes (Chr) 2, 7, 15 and 17, with the largest effects
emanating from Chr 2 (Rocha et al. 2004b). Projects such as these, utilizing a polygenic
obese model that more closely resembles the human obesity condition will certainly make
major contributions towards furthering our understanding of the genetic complexity
associated with a polygenic trait such as obesity. The M16 line of mice is an effective

animal model that will surely make a valuable contribution in furthering this endeavor.



Adipose Tissue, More Than Just Lipid Storage:

General Function:

A loose connective tissue that is made up of cells called adipocytes, adipose tissue

is surrounded by blood vessels, collagen fiber and immune cells (Ahima and Flier 2000).
In a situation where energy intake exceeds energy expenditure, adipocytes can store a
seemingly unlimited amount of energy as lipid in triglyceride form; however, adipose tissue
can increase in size as a result of hyperplasia as well as hypertrophy. Upon energy
consumption and digestion, glucose is released into the bloodstream, which triggers the
release of insulin from pancreatic -cells. In addition to promoting the storage of glucose
in the form of glycogen in the liver, insulin binds to its respective receptor on the surface of
the adipocyte, which triggers the migration of glucose transporter-4 (GLUT-4) to the cell
surface and promotes glucose uptake into the adipocyte. Carbon obtained from the glucose
molecule by the process of glycolysis can then used to make triglycerides through the
process of lipogenesis. However, in some species lipogenesis occurs predominantly in the
liver. In the event that there is a demand for energy exceeding intake, such as in a fasted
state, triglycerides undergo lipolysis (driven primarily by hormone sensitive lipase) and are
released into circulation in the form of free fatty acids (FFAs). Once released, FFAs may
be oxidized and used by various tissues and organs as a source of energy.
Adipokines:

Traditionally thought of solely as a site for lipid storage, adipose tissue has recently
gained recognition as an endocrine organ responsive to both central and peripheral
metabolic signals (Rajala and Scherer 2003). A transgenic line of mice whose white

adipose tissue had been ablated developed diabetes with fatty liver and enlarged organs, as



well as low fertility and premature death (Moitra et al. 1998). This emphasized the vital role
that adipose tissue plays in growth, reproductive function, glucose metabolism and fasting
tolerance (Moitra et al. 1998). A review written by Ahima and Flier (2000) provides a
comprehensive list of proteins secreted from adipose tissue. Recently, the hormones
secreted by adipose tissue, called adipokines, in particular leptin, adiponectin and resistin
have received much attention for their potential roles in the mechanisms associated with
obesity.

Leptin:

Briefly described earlier in this review, leptin is predominantly expressed in white
adipose tissue and controls satiety through interactions with the hypothalamus. In a fed
state, leptin concentrations increase, resulting in signals that decrease feed intake and
increase energy expenditure (Pelleymounter et al. 1995; Halaas et al. 1995; Campfield et al.
1995; Clement et al. 1998). However, leptin seems to work over a long- term period and is
not solely responsible for cessation of energy intake (Maffei et al. 1995). Upon its release,
leptin interacts predominantly with leptin receptors in the arcuate nucleus, ventral
premamillary nucleus, ventromedial, dorsomedial and lateral hypothalamic nuclei
(Schwartz et al. 1996; Mercer et al. 1996; Fei et al. 1997; Elmquist et al. 1998). These are
areas in the brain known to control feed intake and body weight.

There is a direct correlation with circulating leptin levels and BMI, and it follows
that levels tend to be high in many cases of obesity, but with no effect on energy intake
(Maffei et al. 1995; Frederich et al. 1995; Considine et al. 1996); only rare cases of obesity
arise due to a leptin deficiency (Farooqi et al. 2002). It has been proposed that this may be

due to leptin resistance; however, mechanisms that would be involved are not yet clearly



understood (see Chehab et al. (2004) for detailed review) (Ahima and Flier 2000; Chehab et
al. 2004).
Adiponectin:

Adiponectin is a hormone that is expressed solely in adipose tissue and is the most
abundant mRNA transcript therein (Scherer et al. 1995; Hu et al. 1996; Maeda et al. 1996).
Contrary to leptin, adiponectin is negatively correlated with BMI and its mRNA and plasma
concentrations are predominantly reduced in obesity (Hu et al. 1996; Arita et al. 1999;
Hotta et al. 2000; Weyer et al. 2001). By increasing fatty acid oxidation (FAO),
adiponectin decreases insulin resistance by decreasing triglyceride (TG) concentration in
liver and muscle of obese mice (Hu et al. 1996; Arita et al. 1999; Hotta et al. 2000;
Yamauchi et al. 2001; Weyer et al. 2001; Fruebis et al. 2001). A QTL analysis located a
marker for insulin resistance on human chromosome 3q27, approximating the region that
codes for adiponectin (Kissebah et al. 2000). By directly activating 5’-AMP-activated
protein kinase (AMPK), it has been proposed that adiponectin directly regulates insulin
sensitivity and glucose metabolism (Yamauchi et al. 2002). This was recently verified with
identification of two adiponectin receptors (AdipoR1 and AdipoR2) expressed in skeletal
muscle (predominantly AdipoR1) and liver (AdipoR2) (Yamauchi et al. 2003; Debard et al.
2004). Expression or suppression of these receptors showed they mediate an increase in
AMPK, FAO and glucose uptake (Yamauchi et al. 2003).

A recent study analyzed serum adiponectin and its relation to lipid and insulin
resistance profiles in young healthy men (Kazumi et al. 2004). The researchers suggested
that low circulating levels of serum adiponectin were not as closely related to insulin

resistance as to adiposity and dyslipidemia. Several independent experiments using
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adiponectin knockout mice have yielded conflicting results. Two studies showed that mice
were insulin resistant when fed a high fat (Maeda et al. 2002) or regular diet (Kubota et al.
2002). However a third study did not detect any changes on insulin action under either diet
condition (Ma et al. 2002). It has been proposed that this discrepancy may indicate that
genetic background may effectively make up for insulin resistance due to low adiponectin
levels (Havel 2004). There is further discrepancy in the literature as to whether insulin
stimulates (Bogan and Lodish 1999; Halleux et al. 2001) or inhibits (Fasshauer et al. 2002;
Tsuchida et al. 2004) adiponectin expression or secretion. It therefore remains unclear how
adiponectin is regulated and its precise mechanism of action. Tsuchida et al. (2004)
showed that insulin has a negative effect on adiponectin and expression of the adiponectin
receptors. Their results further indicate that obesity-linked insulin resistance may cause
downregulation of the adiponectin receptors, thereby leading to adiponectin resistance
(Tsuchida et al. 2004). They suggest that this may be occurring through the PI3-
kinase/Foxo1l dependent pathway (Tsuchida et al. 2004). Adiponectin’s relation to insulin
resistance makes it an intriguing target for pharmacological therapy against diabetes and
obesity, making it an adipokine that is and will continue to be the subject of intense
research.

Resistin:

Resistin was independently identified as an adipocyte secreted hormone in murine
adipose tissue by three different groups (Holcomb et al. 2000; Steppan et al. 2001; Kim et
al. 2001). In mice, the resistin gene (retn) is predominantly expressed in white adipose
tissue and the protein is found in blood and adipose tissue (Steppan et al. 2001). However,

in humans the levels of resistin in adipose tissue are controversial. Some groups report
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almost undetectable levels (Savage et al. 2001; Nagaev and Smith 2001; Janke et al. 2002),
while another group reports the opposite (McTernan et al. 2002a; McTernan et al. 2002b).
High levels have also been reported in human preadipocytes (Janke et al. 2002) and bone
marrow (Patel et al. 2003). In mice, resistin levels were almost undectable in preadipocytes
(Steppan et al. 2001), indicating that resistin localization may differ between species.
Several groups have reported that there is no correlation between BMI or body fat and
levels of resistin (Savage et al. 2001; Janke et al. 2002; Heilbronn et al. 2004), while others
have reported the contrary (Zhang et al. 2002; McTernan et al. 2002b; Degawa-Y amauchi
et al. 2003; Azuma et al. 2003; De Courten et al. 2004).

Resistin’s role in obesity and insulin resistance is also controversial. In their initial
characterization, Steppan et al. (2001) reported increased levels of circulating resistin in an
obese model of mice, and observed that administration of recombinant resistin to normal
mice caused insulin resistance. However, in contrast to these findings, a study using
several different obese models of mice (ob/ob, db/db, tub/tub, and KKA4") showed a
significant decrease in resistin expression (Way et al. 2001). It may be that serum resistin
levels do not correlate with mRNA levels (Rajala and Scherer 2003). When antibodies that
target resistin were administered to a dietary induced insulin resistant line of mice, insulin
sensitivity was improved (Steppan et al. 2001). Additionally, when 3T3-L1 adipocytes
were exposed to resistin, insulin-stimulated glucos