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Obesity is one the few modifiable risk factors for breast cancer. Hence, an evaluation of
the metabolic and cancer inhibitory effects of the obesity reversing strategies, calorie
restriction (CR) and exercise, is important for breast cancer prevention. Additionally, a
better understanding of the mechanisms underlying the effects of these interventions on
cancer will provide scientific basis for therapeutic recommendations, and facilitate the
identification of therapeutic agents for breast cancer treatment in obese patients. We
found that CR is more effective than exercise in reversing the metabolic and cancer
enhancing effects of obesity. Even at comparable levels of adiposity, CR effects on
insulin resistance, energy balance related hormones levels, and metabolic genes
expression in adipose tissue were more profound than those of exercise. The mechanism
by which CR influences tumor progression is thought to involve molecules that respond
to energy balance changes and control cell growth, such as the insulin-like growth factor1 (IGF-1) and the mammalian target of rapamycin (mTOR). The mTOR inhibitor
vi

rapamycin decreased mammary tumor burden to levels comparable to CR. While
established tumors did not display decreased mTOR activity, constitutively active mTOR
was capable of overcoming some of the inhibitory effects of CR on tumor cells invasion
and migration. Effects of increasing levels of CR on gene expression indicate that 30%
and 40% CR, but not 20% CR, induce beneficial metabolic changes in the liver.
However, 40% CR also increases apoptosis of hepatic cells which appears to be
detrimental for the liver. IGF-1 infusion partially overcame the beneficial effects of CR
on expression of tumor-related genes in the mammary fat pad and on mammary tumor
growth. Taken together, our data show that CR, but not exercise, is able to reverse the
metabolic and tumorigenic effects of obesity. Furthermore, the IGF-1 and mTOR
pathways may mediate, at least in part, many of the beneficial effects of CR on
metabolism and tumor progression.
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CHAPTER 1: INTRODUCTION
1.1 Obesity
Obesity is defined as an excessive growth of adipose tissue. In addition to its lipid-storing
capacity, adipose tissue is a highly active endocrine and metabolic organ. Distribution of
adipose tissue is important to the metabolic repercussions of obesity (Jensen 2008).
Subcutaneous adipose tissue is located underneath the skin and contributes to temperature
regulation and thermal isolation. Visceral adipose tissue accumulates between organs in
the peritoneal cavity, and when significant amounts are accumulated, is specifically
associated with an abnormal metabolic profile (Vázquez-Vela 2008).
Body Mass Index (BMI) is a simple indicator of weight-to-height ratio, commonly used
in classifying overweight and obesity, and is defined as the weight in kilograms divided
by the square of the height in meters (kg/m2). The World Health Organization (WHO)
defines obesity as a BMI equal to or greater than 30 kg/m2 (World Cancer Research Fund
2007). Since abdominal visceral adipocytes are more metabolically active than
subcutaneous adipocytes, ideal measurements of adiposity would consider both the
amount and the site of deposition of adipocytes (Calle 2003). Unfortunately, methods for
estimating adiposity that distinguish subcutaneous and visceral adiposity, such as
magnetic resonance imaging (MRI) and the BOD POD, are expensive and time
consuming.

Therefore,

anthropometric

measures
1

are

predominantly

used

in

epidemiological studies, most commonly BMI measurements. Although other
anthropometric measures (eg, waist circumference, waist-to-hip ratio) could complement
BMI in predicting the detrimental health consequences of obesity, BMI is in itself, a
strong predictor of overall mortality associated with obesity (Prospective Studies 2009).
1.1.1 ECONOMIC IMPACT OF OBESITY
The United States leads the world in rates of obese individuals per capita, with 32.2% of
adult men and 35.5% of adult women considered obese in 2008 (Flegal 2010). Obesity
and its associated health consequences have a significant economic impact on the U.S.
health care system. The direct health costs of obesity have exceeded $100 billion per
year (Finkelstein 2009). The economic impact of obesity is increased even further if
indirect costs related to the work environment, such as lost productivity, absences,
underperformance, and higher insurance premia are considered (Runge 2007). These
indirect costs of obesity have been shown to be far greater than the direct medical costs,
which is a trend that is seen worldwide (Popkin 2006).
1.1.2 OBESITY AS A RISK FACTOR FOR CANCER AND OTHER CAUSES OF DEATH
Decades of epidemiological data show that environmental factors have a profound effect
on initiation, promotion and progression of some of the most common cancers in Western
countries (Kolonel 2004). More specifically, Western diet, resulting in obesity, seems to
2

play a central role in risk for several causes of death, including ischemic heart disease
(Manson 1990), stroke (Kurth 2005), and many cancers (Kushi 2006; Reeves 2007). An
estimated 15-20% of all cancer deaths in the U.S. can be attributed to overweight and
obesity (Calle 2003). Of particular relevance to my dissertation research, obesity is an
established risk factor for postmenopausal breast cancer (Morimoto 2002), and is
associated with reduced survival in both pre- and postmenopausal breast cancer patients
(Porter 2006). In the United States, approximately 30-50% of breast cancer deaths may
be attributed to excess body weight (Petrelli 2002).

1.2 Obesity and Breast Cancer
An estimated 195,000 new cases of invasive breast cancer are expected to occur among
women in the U.S. during 2010. Excluding cancers of the skin, breast cancer is the most
frequently diagnosed cancer in women. Breast cancer ranks is the second leading cause of
cancer death in women (after lung cancer) (American Cancer Society 2010). Given that
the number of obese women has been increasing in the U.S., it follows that the harmful
effects of obesity on breast cancer will continue to rise as many of these women enter the
menopausal state. In breast cancer prevention, identification of modifiable risk factors is
highly important because the majority of known breast cancer risk factors are not
amenable to change (i.e., genetic predisposition and previous diagnosis) (Key 2001).
Since obesity is one of the few modifiable risk factors for breast cancer risk (Santen
3

2007), it is of extreme importance to understand the underlying mechanisms linking
obesity and cancer, so prevention and treatment recommendations can be developed.
1.2.1 POSSIBLE MECHANISMS
The mechanisms by which obesity contributes to breast cancer formation and progression
are poorly understood. As discussed previously, adipose tissue is an endocrine organ that
can have effects on the physiology of other tissues (Rajala 2003). Adipocytes secrete
adipokines, including hormones, cytokines and other proteins with specific biological
functions (Morrison 2000). Adipocytes are actively involved in metabolic processes such
as angiogenesis, adipogenesis, extracellular matrix dissolution and reformation, steroid
hormone metabolism, immune response and energy homeostasis (Bays 2008). The
systemic effects of adipose tissue increase as the size of adipocytes and the amount of
body fat increases (Trayhurn 2005). Systemic obesity can lead to alteration of cell
proliferation, differentiation, and apoptosis, allowing cells to survive, proliferate, and
undergo malignant transformation, all critical steps in the development of cancer
(Hursting 1999). Also, local adiposity can increase adipokines and inflammatory
cytokines within the stroma of the breast, which can affect tumor development (Iyengar
2003). Therefore, it is likely that a combination of both systemic and local effects of
adiposity contribute to increased breast cancer risk.

4

1.2.1.1 Leptin
Leptin, one of the major serum hormones affected by obesity, also appears to be relevant
to breast cancer. Leptin was first identified as the protein codified by the ob gene (Zhang
1994), and has now been established as a metabolic signal for energy sufficiency. Leptin
regulates whole body energy metabolism by increasing energy expenditure, through its
action in the adipose tissue, and decreasing energy consumption (Maffei 1995) through
its action on the hypothalamus (Campfield 1995). Since plasma leptin concentrations
increase in direct proportion to adipose mass (Zhang 2005), and high plasma leptin levels
are associated with increased risk of breast cancer (Piskac-Collier 2009), leptin is likely a
candidate for the mechanistic link between obesity and breast cancer. High expression of
leptin receptor in breast cancer tissue is associated with poor prognosis (Ishikawa 2004;
Yasuo 2006). Leptin ligand is also overexpressed in breast cancer tissues, whereas it is
absent or expressed at very low levels in normal epithelium (Garofalo 2004); thus
emphasizing the importance of this energy-related hormone in breast cancer.
Leptin has been shown to stimulate proliferation, survival, and anchorage-independent
growth of breast cancer cells in vitro (Hu 2002; Garofalo 2004). The intracellular
activities of leptin are mediated through the transmembrane leptin receptor (Tartaglia
1997). After binding to its receptor, leptin is internalized to the cytoplasm (Lundin 2000),
where it can bind to and activate tyrosine kinases such as JAK2 (Sweeney 2002).
5

Activated JAK2 phosphorylates and activates transcription factors such as STAT3,
allowing them to migrate to the nucleus and interact with specific DNA elements in the
promoter of target genes (Darnell 1997). Ultimately, leptin can activate several genes
involved in cell proliferation and upregulate the expression of angiogenic factors (Zabeau
2003; Frankenberry 2004). Leptin can also activate the extracellular regulated kinase
(ERK) (Bjorbaek 2001), a member of the Mitogen-activated protein kinases (MAPK)
family of serine/threonine kinases that stimulate cell cycle progression (Meloche 2007).
Thus, the association between high leptin levels and breast cancer has been established,
and many mechanisms have been proposed in vitro, causality, and a specific mechanism
for leptin contribution to breast cancer has not been established.
1.2.1.2 Adiponectin
Adiponectin, another adipocyte secreted hormone, is thought to decrease breast cancer
risk. In contrast to leptin, adiponectin is negatively correlated with body weight, body
mass index, and body fat (Ryan 2003).

Adiponectin enhances insulin sensitivity,

decreases influx of nonesterified fatty acids (FA), increases FA oxidation in liver and
muscle, and decreases the expression of adhesion molecules within the vascular wall,
resulting in a decrease in atherogenic risk (Kershaw 2004). Lower serum adiponectin
levels are associated with increased breast cancer risk in postmenopausal women
(Mantzoros 2004), as well as more aggressive tumors (Miyoshi 2003). Additionally, in
6

vitro studies show that addition of adiponectin to human breast cancer cell lines induces
growth arrest and promotes apoptosis (Kang 2005; Wang 2006).
Adiponectin may be controlling breast cancer growth through several possible
mechanisms. There are multiple isoforms of adiponectin in plasma, which bind with
varying affinity to the two adiponectin receptors: AdipoR1 and AdipoR2 (Yamauchi
2003). AdipoR1 is expressed by a number of normal tissues including brain, heart,
kidney, liver, lung, spleen, and skeletal muscle (Yamauchi 2003). Breast cancer cell lines
have also been shown to express adiponectin receptors (Grossmann 2008). Activation of
5’-AMP-activated protein kinase (AMPK) is a well established downstream effector of
adiponectin signaling (Luo 2005). AMPK is a ubiquitously expressed heterotrimer
consisting of a catalytic subunit (α) and two noncatalytic subunits (β and γ) (Oakhill
2009). One of the downstream effectors of AMPK is Tuberous Sclerosis protein 2
(TSC2), a well established tumor suppressor (Kimura 2003). Adiponectin-driven
activation of AMPK has also been reported to inhibit fatty acid synthase (FAS), a key
lipogenic enzyme associated with breast cancer (Kuhajda 2000). Additionally,
adiponectin can influence carcinogenesis through mechanisms that do not involve
AMPK. For example, adiponectin inhibits production of reactive oxygen species (ROS),
such as superoxide, which reduces cell proliferation by blocking MAPK activation
(Goldstein 2004). Adiponectin also negatively regulates angiogenesis through apoptotic
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induction of vascular endothelial cells by activating the caspase cascade (Brakenhielm
2004).
1.2.1.3 Insulin Resistance
Insulin resistance is an important pathogenic consequence of obesity. High levels of free
fatty acids (FFA), as seen in obesity, reduce insulin-mediated glucose uptake by the
GLUT4 transporter and inhibit insulin receptor (IR) activation (Shulman 2000). Increased
insulin levels are associated with higher breast cancer risk (Lawlor 2004), as are raised
fasting glucose levels (Muti 2002). Insulin resistance is also an adverse prognostic
indicator of breast cancer-associated mortality (Goodwin 2002).
There are several proposed insulin-mediated mechanisms for obesity-related breast
cancer cell growth. Insulin could directly signal by binding insulin receptors in the
neoplastic target cells (Papa 1996), or tumorigenesis may be mediated through systemic
changes in serum hormone levels, like increased insulin like growth factor 1 (IGF-1)
(Calle 2004). In vitro studies established that both insulin and IGF-1 act as growth factors
that promote cell proliferation and inhibit apoptosis (Khandwala 2000). Insulin-deficient
animals display decreased tumor growth in both xenograft and chemical models (Cocca
2003).

Thus, insulin resistance, through increased insulin and IGF-I levels, may

contribute to both locally and systemically to breast cancer growth.
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1.2.1.4 IGF-1
In a state of insulin resistance, serum insulin levels increase to avert hyperglycemia.
Insulin up-regulates growth hormone (GH) receptors in the liver, which stimulates the
hepatic production of IGF-1 (Leung 2000). About 70–80% of the IGF-1 in circulation is
found in a high-molecular-weight complex with IGFBP-3 and most of the remainder is
bound to additional binding proteins (IGFBP1-6) (Clemmons 1998). It is presumed that
free IGF-1 in the circulation is the moiety that is relevant to tumor development
(Giovannucci 2003). Energy balance can have profound effects on the synthesis and
biological activity of IGF-1 (Thissen 1994). For example, the concentration of free IGF-1
in the serum increases as BMI increases (Frystyk 2004).
Increased levels of IGF-I can greatly impact intracellular signaling pathways. IGF-1
binds with high affinity to the IGF-1 receptor (IGF-1R) and with low affinity to the
insulin receptor (IR) (Frasca 2003). The IGF-1R is commonly overexpressed in many
cancers, including breast cancer (Leroith 2003). Downstream cellular signaling by IGF-1
contributes to tumor growth, through is mitogenic, anti-apoptotic, and pro-angiogenic
effects (Renehan 2006). Also, IGF-1 stimulates key pathways to early tumor initiation
(Desbois-Mouthon 2001), through its direct effects, via the IGF-1 receptor, which is
overexpressed in tumors, or indirectly through its effects on other cancer-related
molecules, such as p53 (Hursting 2008). Hence, serum IGF-1 levels, as well as activation
9

of the IGF-1 receptor and its downstream targets, are potential markers for increased
tumor burden associated with obesity.
1.2.1.5 Estrogen
Obesity also increases the synthesis and biovailability of sex steroids implicated in cancer
development, such as estrogens, androgens and progestins (Flototto 2001). Adipose tissue
expresses several sex-steroid metabolizing enzymes, including aromatase, the primary
contributor to postmenopausal estrogen biosynthesis (Simpson 1981). Aromatase is found
in the adipose tissue of the breast, as well as in the breast tumor itself (Miller 2006). This
local expression can lead to estrogen levels in the breast tissue as much as 10-fold higher
than those found in circulation (Van Landeghem 1985). In addition, increased circulating
insulin, occurring in obesity, reduces hepatic synthesis and blood concentrations of sexhormone-binding globulin (SHBG). Reduced SHBG results in increased biovailable
estrogen (Pugeat 1991). Not surprisingly, BMI is directly correlated with circulating
estrogen levels (Bezemer 2005). It has long been established that estrogen is an important
biological factor promoting breast cancer development (Hemsell 1974). Additionally,
postmenopausal obese women have been reported to develop Estrogen Receptor-α (ERα)
positive tumors (Rose 2004).

Therefore, increased estrogen levels associated with

obesity likely contribute to the development and growth of ERα positive breast cancer.
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1.2 Obesity Reversal
The two most commonly recommended strategies for reversing or preventing obesity in
order to reduce cancer risk are calorie restriction (CR) and increased physical activity
(World Cancer Research Fund 2007).
1.2.1 CALORIE RESTRICTION (CR)
In animal models, CR is defined as a reduction in calories consumed while maintaining
constant nutrient levels (Thompson 2003). CR is known as one of the most effective
ways to reduce tumor burden in experimental animals (Hursting 2001). It has been shown
to inhibit spontaneous, chemically and radiation induced tumors in several animal models
of cancer, including mammary tumor models (Klurfeld 1989; Thompson 2003). CR
appears to work primarily by suppressing the development of cancer rather than
eliminating transformed cells (Zhu 2002). Interestingly, adult onset of moderate (30%)
CR has also been shown to reduce cancer morbidity and mortality in non-human primates
(Colman 2009).
Attempts to achieve and maintain even modest weight loss through CR have been shown
to be very unsuccessful in humans (Ayyad 2000; Sjostrom 2000). Despite experimental
limitations involved in investigating the effects of energy restriction in humans,
epidemiologists have shown that a loosely associated equivalent, anorexia nervosa, was
11

correlated with a 53% reduction in incidence of breast cancer in women (Michels 2004).
Additionally, and weight loss in postmenopausal early breast cancer patients appears to
reduce risk of recurrence and increase survival (Harvie 2005). Hence, a mechanism of
CR-mediated longevity and breast cancer protection appears to be similar in humans and
animal models.
1.2.1.1 Mechanisms of CR
The mechanisms responsible for CR-mediated beneficial effects on cancer putatively
involve the metabolic adaptations to CR itself (Longo 2009). Improved insulin sensitivity
and decreased glucose availability are believed to underlie some of the anticancer effects
of CR (De Cabo 2003; Thompson 2003). CR has been shown to decrease insulin
resistance in humans, but the beneficial effects appear to be reversed once dieting stops
(Weinstock 1998). Additionally, acute improvements in insulin sensitivity appear to be
blunted in obese, compared to lean subjects.
CR also leads to decreased production of IGF-1 (Bordone 2005). Obese patients who
have undergone bariatric surgery displayed decreased plasma IGF-1 levels (Pardina
2010). This reduction is thought to play a key role in cancer prevention (Hursting 1999),
as CR-mediated protective effects against carcinogenesis in rodents are reversed by
exogenous IGF-1 infusion (Dunn 1997).

12

Leptin appears to be the most weight-loss sensitive molecule, being systematically
decreased in any type of CR intervention (Klimcakova 2010). For example, in humans
both long-term CR (Miyawaki 2002) and bariatric surgery decreases serum leptin levels
(Pardina 2010).
The effects of CR on serum adiponectin levels are variable. Short term CR (4 weeks) did
not change serum adiponectin levels (Garaulet 2004), while a long term intervention (2
years) increased adiponectin levels (Esposito 2003). Although modest weight loss
through medical treatment has been shown to increase adiponectin levels (Valsamakis
2004), moderate weight loss through diet or exercise does not change adiponectin levels
in postmenopausal women (Ryan 2003). Interestingly, the effects of moderate weight loss
on adiponectin levels might be dependent on insulin resistance status (Monzillo 2003;
Abbasi 2004). On the other hand, subjects who undergo bariatric surgery leading to 18%
decrease in BMI displayed increased adiponectin levels (Diker 2006), as do subjects who
receive gastric partition surgery leading to a 21% reduction in BMI (Yang 2001). It is
important to notice that the effects of bariatric surgery on weight loss and adiponectin
levels are typically seen after 6 months following the procedure (Pardina 2010).
Additionally, a multidisciplinary weight reduction program leading to a 10% reduction in
original weight increases adiponectin levels in obese premenopausal women (Coppola
2009). Taken together, these studies show that long term weight loss, higher than 10% of
body weight, appears to be necessary for increasing adiponectin levels (Madsen 2008).
13

CR reduces circulating estrogens in humans and increases circulating SHBG levels
(O'dea 1979), although the relationship of the amount of weight loss to reduction in
serum estrogens is not always proportional (Berrino 2001; Tchernof 2002). CR also
reduces estrogen secretion in rodents, inhibiting mammary tumor development (Sylvester
1981; Sarkar 1982). Overall, widespread reduction in circulating serum hormones is
thought to play a major role in the effectiveness of CR-mediated cancer prevention.
1.2.2 EXERCISE
Exercise is defined as planned, structured and repetitive bodily movements done to
improve or maintain physical fitness (Thompson 1997). Unfortunately there are several
conflicting issues with data interpretation of physical activity and cancer risk and
prognosis in humans. First, studies use many different methods to assess and quantify
physical activity in individuals. Second, questionnaires vary in their ability to assess
duration, frequency, and intensity of activities (Jacobs 1993; Thune 2000; Lamonte
2001), especially in women (Ainsworth 2000). Finally, the ability of study participants to
accurately recall activities performed, as well as to assign their activities appropriate
intensity levels, is a major problem underlying the validity of physical activity studies in
humans (Slattery 1995), including association with breast cancer risk (Ainsworth 2000).
The effects of physical activity on carcinogenesis are dependent on many different
factors, including age, gender, and adiposity, as well as type, duration, frequency and
14

intensity of physical activity. Controlled clinical trials with sufficiently powered human
exercise intervention have shown that women who exercise for 3-4 hours/week at
moderate intensity or greater have 30-40% reduced risk for breast cancer compared to
sedentary women (Mctiernan 2008). The greatest risk reduction for breast cancer was
shown in normal-weight or overweight women who increased physical activity, but little
risk reduction was shown in obese women who exercised (Mctiernan 2003).
Additionally, the protective effects of physical activity are limited to those without a
family history of breast cancer (Bernstein 2005; Dallal 2007). Exercise has also been
shown to improve breast cancer prognosis. Women who exercise at levels equivalent to
2-3 hours/week of brisk walking had a significantly lower risk of breast cancer recurrence
and mortality than women who were inactive (Holmes 2005; Pierce 2007).
The difficulties involved in measuring physical activity in humans underscore the
importance of using animal models to study the link between exercise and cancer risk.
The energy expenditure of rodents can be increased by either providing voluntary access
to an activity wheel or by treadmill running (Thompson 2004). In contrast with activity
wheel, treadmill controls the three primary components of exercise, namely: intensity,
duration, and frequency. Hence, results are focused on studies that utilized treadmill
running. Although low intensity treadmill running (<35% aerobic capacity) enhances the
carcinogenic response (Thompson 1988; Thompson 1989), treadmill running at
intensities of 35% to 70% maximal aerobic capacity protected against mammary cancer
15

(Thompson 1995; Thompson 1995). Aerobic capacity is defined as the maximum
capacity of an individual’s body to transport and utilize oxygen during incremental
exercise, which is also reported as VO2 max. Therefore, in animal studies, it appears that
exercise has to reach an intensity threshold to exert inhibitory effects on mammary
tumors.
1.2.2.1 Mechanisms of Exercise
One of the possible mechanisms by which exercise mediates breast cancer risk and
progression is through its effects on obesity. These effects include changes in circulating
adipokines and cytokines, insulin resistance and blood insulin levels, and sex hormone
production. Additionally, physical activity may affect cancer progression and risk
through its effects on skeletal muscle, and by reducing insulin resistance and
hyperinsulimia, even without changes in body composition (Frank 2005). In animal
models, IGF-1 levels appear to increase with physical activity (Colbert 2003), contrasting
with the effects of CR. Exercise does not reduce circulating levels of estrogen in animal
models (Westerlind 2002) to levels reported to inhibit mammary carcinogenesis.
Nonetheless, physical activity may decrease serum estrogen levels in postmenopausal
women (Mctiernan 2006). While difficult to measure, exercise appears to have some
positive effect on breast cancer risk in a sub-population of overweight women.
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1.3 mammalian Target Of Rapamycin (mTOR)
Interestingly, the cellular pathways regulated by energy-balance related hormones
converge at the mammalian target of rapamycin (mTOR) pathway. mTOR is an
evolutionary conserved serine/threonine kinase that integrates signals from nutrients and
growth factors to regulate cell growth and cell cycle progression (Shamji 2003). Thus, it
follows that mTOR is a strong candidate for mediating the effects of energy balance in
tumor cell growth.
1.3.1 MTOR AND IGF-1
Binding of insulin and IGF-1 to their receptors leads to activation of the phosphatydilinositol 3-kinase (PI3K) pathway (Taniguchi 2006). PI3K, through phosphorylation of
phosphatidylinositol-3, 4, 5-triphosphate, leads to the recruitment of proteins containing
pleckstrin homology (PH) domains, such as phosphatidylinositol-dependent kinase-1
(PDK1) and Akt (Cantley 2002). Akt inhibits the tuberous sclerosis complex 2 (TSC2)
tumor suppressor (Inoki 2002), a critical negative regulator of mTOR signaling
(Goncharova 2002). Interestingly, PI3K-stimulated oncogenesis is dependent on mTOR
(Vivanco 2002) and the degree of activation of PI3K in cancer cells plays an important
role in regulating sensitivity to CR (Longo 2009). Tumors that are CR resistant originate
from cancer cells with constitutive activation of the PI3K pathway, which in culture
proliferate in the absence of IGF-1 and insulin (Kalaany 2009).
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1.3.2 MTOR AND LEPTIN
The signaling pathways activated by the leptin receptor include the classic cytokine Janus
Kinase 2 / signal transducer and activator of transcription 3 (JAK2/STAT3) pathway and
the Ras / extracellular signal-regulated kinases-1/2 (Ras/ERK1/2), and the PI3K/Akt
pathway (Garofalo 2006). The interaction of growth factors (like leptin) with their
receptors, recruits PI3K to the cell membrane, where it phosphorylates PIP2 to PIP3.
PIP3 recruits Akt to the cell membrane where it is phosphorylated and activated. Akt
activates mTOR by phosphorylating and inhibiting Tuberous Sclerosis 2 (TSC2), which
releases mTOR from its inhibitory complex, allowing increased protein translation in the
cell (Manning 2002; Um 2006).
1.3.3 MTOR AND ADIPONECTIN
AMPK, the main downstream signaling target of adiponectin, also activates Tuberous
Sclerosis protein 2 (TSC2) (Inoki 2003). The TSC1/TSC2 complex inhibits mTOR
signaling in vivo (Long 2005), and phosphorylation by AMPK enhances its ability to
suppress mTOR (Kimura 2003).

Thus, mechanisms such as CR, which increases

adiponectin and subsequently increases AMPK activation can suppress cell growth and
proliferation through suppression of mTOR.
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1.3.4 DOWNSTREAM OF MTOR
The major targets of mTOR appear to be components of the translational machinery, in
particular, those responsible for ribosome recruitment to mRNA. The 5’end of all nuclear
transcribed mRNAs possess a cap structure that is specifically recognized by eukaryotic
translation initiation factor 4E (eIF4E) (Gingras 1999). Members of the eIF4E binding
proteins (4EBPs) are translational repressor proteins. mTOR phosphorylates and inhibits
4EBP-1, leading to increased protein translation levels (Burnett 1998). Another
translational regulator that is activated by mTOR is p70S6 Kinase-1 (S6K1) (Um 2006).
Activated S6K1 increases translation of 5’TOP (terminal oligopyrimidine tract) mRNAs,
which encode components of the translation machinery (Jefferies 1997). Activation of
these translational factors correlate with increased translation of a specific subset of
mRNAs (Raught 2000). These mRNAs have relatively long and structured 5’UTR, and
their protein products function in controlling cell growth and proliferation (Hay 2004).
Additionaly, mTOR targets mRNAs encoding positive regulators of cell cycle
progression, such as cyclin D1 and c-Myc (Gera 2004).
S6K1 inhibits the insulin receptor substrate 1 (IRS1), downregulating the PI3K/Akt
pathway (Takano 2001). Hence, mTOR inhibitors can activate PI3K/Akt signaling, which
might significantly diminish the anti-tumor activity of these molecules. Combination of
rapamycin with Akt inhibitors, or inhibitors of upstream regulators such as IGF-1R, has
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been shown to have greater antiproliferative effects than rapamycin alone (O'reilly 2006),
providing an alternative treatment regimen that could boost mTOR inhibitor therapy.
As tumors grow in size, the supply of nutrients and oxygen is quickly depleted. In order
to continue growing, tumors need to stimulate capillary development. Oxygen sensing
molecules control angiogenesis through the regulation and expression of hypoxiainducible factor 1 α (HIF1α), which is mediated by mTOR-dependent translation (Land
2007). HIF1α activation leads to expression and secretion of the vascular endothelial
growth factor (VEGF), stimulating angiogenesis through both autocrine and paracrine
signaling.

Conversely, rapamycin, and mTOR inhibitor, is known to suppress

angiogenesis (Guba 2002).
1.3.5 RAPAMYCIN
Rapamycin was purified from Easter Island (also known as Rapa Nui) soil extracts that
contained high antifungal activity (Sehgal 2003). Although rapamycin was isolated as an
antifungal agent, it has subsequently been shown to have antitumor/antiproliferative
activity and immunosuppressive properties. Rapamycin blocks mTOR by forming a gainof-function inhibitory complex with the immunophilin FK506 binding protein 1A
(FKBP12) (Brown 1994), diminishing the ability of mTOR to bind to its downstream
substrates (Wullschleger 2006).

An analog of rapamycin, RAD001 (Afinator) was
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recently FDA approved for second-line cancer therapy in patients with advanced renal
cell carcinoma, and many clinical trials are ongoing for further use of mTOR inhibitors.

1.4 Animal Models
1.4.1 ANIMAL MODELS OF OBESITY
There are 2 predominant classes of animal models of obesity: genetically induced obesity
and diet induced obesity (DIO) models. Genetically induced models of obesity, such as
ob/ob mice (leptin mutant) (Ingalls 1950), db/db mice (leptin receptor mutant)
(Kobayashi 2000), and zucker rats (leptin receptor mutant) (Kurtz 1989), are typically not
relevant to the current etiology of human disease, which is largely dietary in origin.
Nonetheless, these models were important for elucidating the involvement of many
neuropeptides in maintaining energy homeostasis (Augustine 1999). On the other hand,
rodent models of DIO are very informative in elucidating the development and metabolic
effects of obesity (Tschop, 2001). High fat diets that provide 30 to 60% of the calories
from fat have been used extensively to generate obesity in rodents and are associated with
insulin resistance and hyperglycemia, which mimics human obesity (Rossmeisl, 2003;
Surwit, 1995). Specifically, C57BL/6 mice are especially susceptible to DIO, which
varies greatly between mouse strains (Gallou-Kabani, 2007). Therefore, our studies have
concentrated on a C57BL/6 DIO model of obesity for all cancer and diet intervention
questions.
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1.5 Dissertation Objectives
Obesity is a growing health problem worldwide, but is one of the few modifiable risk
factors for breast cancer. A thorough evaluation of obesity-reversal interventions
(namely, CR and exercise) that may affect breast cancer risk is of great importance for
breast cancer prevention. Furthermore, a better understanding of the key mechanisms that
underlie CR and exercise mediated tumor inhibition will provide scientific basis for
therapeutic recommendations as well as the identification of new strategies for breast
cancer prevention and treatment in obese postmenopausal women.
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Figure 1.1 Overall Research Focus
The objective of this dissertation was to directly compare the effects of calorie restriction and
exercise (the two most commonly recommended strategies for reversing or preventing obesity)
on metabolism and mammary tumor burden. Additionally, we evaluated the effects of these
treatments in pathways likely to be responsible for the mechanism mediating the effects of
energy balance on tumor progression, as well as possible therapeutic agents acting on these
pathways.
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1.4.1 COMPARISON OF THE EFFECTS OF CR AND EXERCISE IN THE VISCERAL WHITE
ADIPOSE TISSUE

The effects of CR and exercise on obesity vary considerably according to the type of
intervention and model studied. Hence, we first aimed to characterize the effects of CR
and exercise in our DIO mouse model at comparable levels of energy balance. In this
study, both CR and exercise significantly decreased percent body fat compared to control.
As expected, serum leptin, the adipokine most sensitive to energy balance changes, was
decreased in both CR and exercise. Interestingly, only CR increased serum adiponectin
levels and reversed insulin insensitivity status observed in controls. To further
characterize the specific effects of each treatment, we performed a microarray analysis of
the visceral white adipose tissue, an endocrine organ of increased recognition.
Interestingly, CR altered the expression of 20 times more genes than exercise.
Furthermore, CR altered the expression of genes related to carbohydrate metabolism and
glucose transport that were not altered by exercise, consistent with our findings that only
CR was capable of altering the insulin sensitivity status. Therefore, we focused our study
on further investigation of genes in this category. Glut4 (glucose transporter 4) is one of
the most important molecules regulating insulin resistance through its ability to regulate
glucose transport into the cell. We confirmed that CR, but not exercise, increased
expression of Glut4 compared to control. Since changes in metabolism have been shown
to modulate gene expression through chromatin remodeling, we decided to evaluate if the
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changes in Glut4 expression induced by CR were associated with increases in histone
acetylation or methylation. As hypothesized, CR increased acetylation of histone H4 at
the Glut4 promoter, providing a possible mechanism by which changes in energy balance
affect the adipose tissue and lead to changes in biological markers of obesity, such as
insulin resistance. This shows that the adipose tissue is more sensitive to CR than
exercise, which may be important in the development of strategies for preventing or
reversing obesity and obesity-related breast cancer.
1.4.2 COMPARISON OF THE EFFECTS OF INCREASING CR LEVELS IN LIVER
CR has more profound effects in reversing obesity than exercise; therefore, we wanted to
further characterize changes in body composition and analyze gene expression in another
professional metabolic tissue (namely, liver) with increasing levels of CR (20%, 30% and
40% CR). We hypothesized that increasing levels of CR would lead to profound
metabolic effects in liver, which could be quantified by the number of differentially
expressed genes. 30% CR altered the expression of two times more genes than 20% CR,
while 40% CR altered the expression of approximately 7 times more genes than 20% CR.
When we further analyzed the gene lists for each group according to gene function, we
found that most genes regulated fell into the metabolic processes category. As
hypothesized, increasing levels of CR lead to increased metabolic responses in liver,

25

which provides a possible mechanism for the ability of CR to reverse the effects of
obesity.
1.4.3 METABOLIC EFFECTS OF IGF-1
The mechanism of CR-mediated tumor cell inhibition is unknown, but many have
hypothesized that altered levels of circulating serum hormones play a major role in this
inhbition. Since previous studies from our lab and others established that IGF-1 mediates
at least some of the anticancer effects of CR (Hursting, 1993; Dunn, 1997), we wanted to
evaluate the metabolic effects of increased IGF-1 in CR mice, since IGF-I is a major
signaling molecule thought to modulate the effects of tumor growth. IGF-1 levels are
lower in CR animals, but was added back in 30% and 40% CR, since these CR levels had
the greatest effect on gene expression in the liver. The addition of IGF-1 lead to the
expression of stress response genes that were not previously differentially expressed in
30% and 40% CR animals. This analysis identified of a category of genes that returned to
basal expression levels upon IGF-1 add-back. For example, among the 99 genes regulated
by 40% CR but not 40% CR + IGF-1, 3 genes were related to the maturity onset of
diabetes pathway, illustrating how reduction of IGF-1 in CR plays a major role in
reducing insulin resistance and possibly obesity-related tumor growth.
We next investigated the effects of increasing CR treatments in the microenvironment of
the mammary fat pad, where tumors develop. We hypothesized that regulated by 30%
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CR, but returned to basal expression levels following IGF-1 add-back, are involved in the
IGF-1 dependent effects of CR on tumor growth. We conducted an Insulin PCR array to
characterize the effects of 30% CR and IGF-1 add-back on gene expression in the
mammary fat pad. As expected, genes regulated by IGF-1 add-back were associated with
mammary tumorigenesis, including genes involved in the MAPK pathway, a well
established downstream target of IGF-1 involved in tumorigenesis.
1.4.4 IGF-1, CR AND MAMMARY TUMOR BURDEN
In order to further elucidate the importance of decreased IGF-1 levels in CR-mediated
tumor growth suppression, we used a syngeneic mammary tumor transplant model. We
hypothesized that added back IGF-1 would overcome the inhibitory effects of CR in
tumor growth. We injected MMTV-Wnt1 mammary tumor cells in C57BL/6 control (adlibitum fed), 30% CR and 30% CR + IGF-1 mice and measured tumor growth. At the end
of the study, mice in the 30% CR group displayed tumors that were significantly smaller
than tumors in the control group, while 30% CR + IGF-1 mice had tumors that were
intermediate in size between the two, not significantly different from control, or 30% CR.
This result underscores the importance of decreased IGF-1 CR-mediated tumor growth
suppression. Additionally, it demonstrates that IGF-1 might not be the only player in CR
effects on tumor burden, since tumor sizes were not completely restored by adding IGF1.
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1.4.5 MTOR
Finally, since mTOR is the convergence point for many of the energy balance regulated
pathways, we wanted to elucidate the role of mTOR on the effects of both CR and
exercise in mammary tumor growth during obesity reversal. We hypothesized that CR,
and possibly exercise, inhibition of tumor growth are dependent on the suppression of the
mTOR pathway. Following a DIO treatment, mice were randomized into control,
exercise, CR, or rapamycin treatment groups. Rapamycin is a well established mTOR
inhibitor, therefore, if mTOR is critical for tumor growth inhibition by CR and exercise,
we would expect mice treated with rapamycin to display tumors similar in size to CR and
exercise mice, and all smaller than control mice. We used the syngeneic mammary tumor
transplant model, and injected MMTV-Wnt1 murine mammary tumor cells into the
mammary fat pad of randomized DIO mice. Interestingly, both CR and rapamycin, but
not exercise, decreased tumor burden versus control. Immunohistochemistry analysis
showed that rapamycin effectively inhibited mTOR activation in tumors, while CR and
exercise displayed no differences in mTOR activation compared to control. This might
indicate that CR is not exerting its major actions through mTOR. However, given the
comparable reduction in tumor burden by CR and rapamycin, and the fact that established
tumors were used for immunohistochemistry analysis, it is possible that CR is acting
through mTOR at an early stage that could not be discriminated in this experiment
design. Nonetheless, the importance of mTOR as a therapeutic target for breast cancer is
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underscored in this study, given that rapamycin alone decreased tumor burden at levels
comparable to CR, a treatment involving a broad set of targets.
1.4.6 CONCLUDING REMARKS
Through direct comparison of the effects of CR and exercise on obese mice, we have
established that CR is more effective than exercise in reversing obesity, even when both
treatments significantly decrease percent body fat compared to obese controls.
Additionally, the effects of CR on the adipose tissue are more robust, leading to
qualitative and quantitative changes in expression of important metabolic genes, such as
Glut4, and these changes are thought to be regulated at the chromatin level.
Not all CR treatments are the same, since increasing levels of CR lead to unique changes
in gene expression patterns. While gene expression changes in 20% CR are not very
profound, 40% CR might be too strenuous on the liver. Hence, 30% CR appears to be
ideal for studying the effects of CR on metabolism. Infusion of exogenous IGF-1 to CR
mice is able to reverse some of the CR effects on metabolic genes, as well as partially
reversing the beneficial effects of CR on mammary tumor burden. This shows that IGF-1
is an important component of the mechanism by which CR inhibits tumor growth, but
IGF-1 levels are not sufficient in explaining the effects of CR,
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The mTOR pathway is another candidate for mediating the effects of energy balance
treatments on mammary tumor burden. During obesity reversal, CR is more efficient than
exercise in inhibiting mammary tumor growth, while Rapamycin inhibits tumor growth in
obese mice to levels comparable to those of CR. Despite the fact that established tumors
in CR mice displayed high mTOR activity, constitutively active mTOR was capable of
reversing the decrease in invasion and migration associated with CR serum treatment in
cancer cells. This corroborates our hypothesis that the effects of CR in tumor are
mediated, at least in part, through regulation of the mTOR pathway.
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CHAPTER 2: DIFFERENTIAL EFFECTS OF CALORIE
RESTRICTION AND EXERCISE ON THE ADIPOSE
TRANSCRIPTOME IN DIET-INDUCED OBESE MICE
2.1 Abstract
The prevalence of obesity in the United States exceeds 30% in most age groups.
Identifying the underlying targets for breaking the link between adiposity, insulin
resistance, and increased risk for chronic disease is crucial for mitigating the future
impact of obesity on health. To compare the effects of reversing obesity by calorie
restriction

(CR)

or

treadmill

exercise

(EX)

on

adipose

gene

expression,

ovariectomizedC57BL/6 mice were administered a diet-induced obesity regimen for 8
weeks, then randomized to either a treadmill exercise regimen or a 30% CR diet for an
additional 8 weeks. Both CR and EX reduced adiposity by 40% and serum leptin levels
by 80%, but only CR increased adiponectin. In addition, CR (but not EX) decreased
fasting glucose and insulin levels and increased insulin sensitivity. Microarray analysis
of visceral white adipose tissue (VWAT) revealed that 209 genes were responsive to both
CR and EX. However, CR altered expression of an additional 496 genes, whereas only
20 were uniquely affected by EX. Of the genes responsive to CR only, 17 genes relating
to carbohydrate metabolism and glucose transport were upregulated, including the
insulin-responsive glucose transporter 4, (Slc2a4) known as Glut4.
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Chromatin

immunoprecipitation assays of the Glut4 promoter revealed that CR significantly
increased histone 4 acetylation, consistent with previous reports from in vitro studies.
These findings show that CR and EX differentially impact insulin resistance and the
adipose transcriptome during obesity reversal.

In addition, the expression of the Glut4

transcript, which encodes the sole insulin-responsive glucose transporter, was increased
by CR (but not EX), possibly through histone code modification.

2.2 Introduction
Roughly two-thirds of all adults in the U.S. are either overweight or obese (Flegal,
2010). Obesity is associated with an increased risk of developing chronic diseases,
including atherosclerosis, type 2 diabetes, and many types of cancer (Li, 2006; Meisinger,
2006; Calle, 2003). At the crux of obesity-related diseases is insulin resistance, which is
characterized by elevated levels of circulating insulin and glucose and is directly linked
to excess adiposity. In the context of low adiposity, insulin activates signaling through
the insulin receptor, resulting in translocation of the glucose transporter 4 (Glut4) to the
cell membrane to increase glucose uptake into the adipocyte [reviewed in (Watson,
2007)]. In contrast, high levels of adiposity are marked by enlarged adipocytes which are
unresponsive to insulin levels even under conditions of hyperinsulinemia (Greenberg,
2006).

In the insulin-resistant state, adipose tissue secretes adipokines and pro-

inflammatory factors that reduce insulin sensitivity in peripheral tissues, thereby affecting
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whole-body glucose homeostasis (Crowe, 2009; Sartipy, 2003).

Unfortunately, the

mechanisms underlying these changes in insulin responsiveness in adipocytes are poorly
understood. Furthermore, mechanism-based lifestyle strategies for effectively offsetting
obesity-induced insulin resistance are lacking.
Increased energy expenditure and decreased energy intake are the two most commonly
recommended lifestyle changes to reduce adiposity and restore insulin sensitivity
(General, 2001).

Calorie restriction (CR) and exercise (EX) are both effective at

improving insulin sensitivity and decreasing both body weight and percent body fat
(Weiss, 2006; Coker, 2009). However, there are conflicting reports concerning the effect
of EX on body fat distribution and adipokine secretion, two key predictors of insulin
resistance (Weiss, 2006;Giannopoulou, 2005; Ryan, 2003; Nicklas, 2009). Furthermore,
studies on the beneficial effects of EX have focused mainly on molecular changes in the
skeletal muscle and liver, while considerably less is known about changes in adipose
tissue (Coker, 2009; Krisan, 2004; Lee, 2006). Therefore, the aim of this study was to
compare the effect of CR and EX on visceral white adipose tissue (VWAT) gene
expression, along with changes in body composition and insulin resistance, in dietinduced obese mice. We utilized an animal model of postmenopausal obesity because
postmenopausal women are especially at risk for developing diseases associated with
obesity such as Type 2 diabetes (Cowie, 2006) and breast cancer, the second leading
cause of cancer death in women (Calle, 2003).
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In the present study we show that, despite comparable reductions in adiposity, CR was
more effective than EX at improving insulin sensitivity. Although both CR and EX
qualitatively affected a set of genes related to metabolism, CR had a stronger quantitative
effect on these genes. Furthermore, CR induced a dramatic change in expression of an
additional set of genes related to carbohydrate metabolism and transport in VWAT that
was not observed in the EX mice.

2.3 Materials and Methods
2.3.1 ANIMAL STUDY DESIGN
To model the postmenopausal state, 6-week-old ovariectomized C57BL/6 mice were
used (Charles River Labs, Inc. Frederick, MD).

Ovariectomized mice exhibit

characteristics of the postmenopausal state in humans: decreased levels of circulating
estrogen, loss of bone mineral density, and cessation of estrous cycles (Haslam, 2002).
Upon arrival, mice had ad libitum access to water and chow diet, and were on a 12:12 h
light/dark cycle.
To compare the effects of CR and EX on reversal of obesity and insulin resistance, 48
mice were singly housed upon receipt and put on a diet-induced obesity (DIO) regimen
for 8 wks consisting of ad libitum access to a 60 kcal% fat diet (D12492; Research Diets,
Inc, New Brunswick, NJ), beginning one week after arrival. At week 9, the mice were
randomized into the following treatment groups (n=12/group): 1) calorie restriction (CR),
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2) exercise (EX), 3) diet control, or 4) DIO regimen. The diet control and EX groups
were switched from the DIO regimen to a 10 kcal% fat diet (D12450B; Research Diets,
New Brunswick, NJ) consumed ad libitum, which is the base diet of our CR regimen.
The diet control group was used as a feeding control for determining CR feed intake and
to ensure that EX mice were not overeating to compensate for increased energy
expenditure. We have previously shown that switching mice to the 10 kcal% fat diet
maintains adiposity at the peak level achieved during the 8 weeks of DIO (19). The CR
group consumed a modified diet (D0302702, administered in daily aliquots) providing
30% fewer calories from carbohydrates compared to the control diet, with all other
components being isonutrient when intake was limited to 70% of mean kcal consumption
of the diet control group. The EX group were run on a variable speed treadmill 5
days/wk on a 5% grade, beginning with 10 min/day at 12 m/min. Time and intensity
were increased gradually over the next two weeks until the EX group reached 40 min/day
at a maximum rate of 20 m/min. The diet control group was placed on the treadmill but
not run. Body weights and feed intake were measured weekly.
At the beginning of week 17, mice were euthanized. On the morning the mice were
killed, all mice received their respective dietary or exercise treatment, followed by a 6- hr
fast. Mice were anesthetized with isofluorane for terminal blood collection via the
retroorbital venous plexus. Whole blood was allowed to clot at room temperature for 30
min prior to centrifugation at 1000 x g for 10 min. The serum was removed and stored at
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-80◦ C for analyses. VWAT was collected and stored at -80◦ C until further analyses.
After euthanasia, carcasses were stored at -20◦ C. Percent body fat and lean mass were
determined using dual energy x-ray absorptiometry (DXA) (GE Lunar Piximus II,
Madison, WI) as described previously (Berrigan, 2008).
To further characterize the effect of CR on the histone code, 15 6-week-old
ovariectomized C57BL/6 mice (n=5/group) (Charles River Labs, Inc.) were randomized
to the DIO regimen, control diet, or the CR treatment. Mice were on diets for 8 wks.
Body composition was determined using quantitative magnetic resonance (Echo Medical
Systems, Houston, Texas). Animals were then sacrificed after an 8-hr fast and tissues
and serum collected as described above. All animal protocols were approved by the
University of Texas at Austin Institutional Animal Care and Use Committee.
2.3.2 GLUCOSE TOLERANCE TEST
To determine the effects of CR and EX on glucose regulation following weight loss,
we conducted a glucose tolerance test (GTT) at week 15. GTT was performed after a 6hour fast by administration of 20% glucose (2g/kg body weight IP). Blood samples were
taken from the tail and analyzed for glucose concentration using an Ascencia Elite XL
3901G glucose analyzer (Bayer Corporation, Mishawaka, IN). Glucose levels were
determined at baseline, 15, 30, 60, and 120 min after injection of glucose.
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2.3.3 SERUM HORMONES
Leptin, insulin, and adiponectin were measured in serum collected at the terminal
bleed, using mouse adipokine LINCOplex®Multiplex Assays (Millipore, Inc., Billerica,
MA) analyzed on a BioRad Bioplex 200 analysis system (Biorad, Inc. Hercules, CA).
2.3.4 MICROARRAY ANALYSIS
Total RNA was isolated from VWAT tissues using an organic extraction and
precipitation protocol with a DNAseI treatment step (Asuragen Inc., Austin, TX). Biotinlabeled targets were prepared using modified MessageAmp™ -based protocols (Ambion
Inc., Austin, TX) and hybridized to MOE 430A 2.0 arrays (Affymetrix, Santa Clara, CA).
The arrays were scanned on an Affymetrix GeneChip Scanner 3000 7G. A summary of
the image signal data, detection calls, and gene annotations for every gene interrogated
on the array was generated using Affymetrix Statistical Algorithm MAS 5.0 (GCOS
v1.3), with all arrays scaled to 500. Sample normalization was carried out using the
Robust Multichip Average (RMA) followed by multiple group analysis comparison using
ANOVA. Pair-wise comparisons were performed to identify expression fold differences
with false discovery rate (FDR) set at 0.05. Genes with expression differences equal or
greater than 2 fold compared to DIO, were selected to be analyzed by DAVID (Huang,
2008). The resulting Gene Ontology (GO) analysis was used to identify genes relevant to
the different effects of CR and EX in reversing obesity, some of which were selected for
further analysis. In the DAVID analysis, genes that were represented more than once in
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the microarray output were filtered. Some of the genes in the Gene Ontology analysis
belonged to more than one functional category and are tabulated accordingly. Expression
changes were verified in VWAT from a separate cohort of mice that underwent CR or
EX following DIO, as described above, using Taqman Gene Expression Assay (Applied
Bioystems Inc., Carlsbad CA). However, to control for changes in expression due to
differences in fat consumption, the diet control was used as the reference group instead of
mice on the DIO regimen. Gene expression data were normalized to the housekeeping
gene β-actin.
2.3.5 CHROMATIN IMMUNOPRECIPITATION (CHIP) ASSAY
ChIP assays were performed per manufacturer’s instructions (Millipore).

Briefly,

proteins from VWAT were formaldehyde crosslinked to DNA. After homogenization,
lysis, and sonication, proteins were incubated overnight with antibodies to acetyl-histone
H4 or tri-methyl histone H4 (Millipore). The DNA-protein complexes were washed,
DNA was eluted, and crosslinking was reversed by heating to 65◦ C overnight. DNA was
purified using QIAGEN PCR purification kit (QIAGEN, Valencia, CA). Quantitative,
real-time PCR was performed using SYBR Green (ABI) with the following Slc2a4
primers: forward primer 5'-CCCTTTAAGGCTCCATCTCC-3' and reverse primer 5'TGTGTGTATGCCCCGAAGTA-3' (ABI). GAPDH was used as the internal control for
analysis

of

acetylation

with

CATGGCCTTCCGTGTTCCTA-3'

the

following
and
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primers:
reverse

forward

primer

primer

5'5'-

CCTGCTTCACCACCTTCTTGAT-3'. For analysis of methylation, p16 was used as the
internal

control

with

the

following

ACACTCCTTGCCTACCTGAA-3'

and

primers:

forward

reverse

primer

primer

5'5'-

CGAACTCGAGGAGAGCCATC-3'.
2.3.6 STATISTICS
Values are presented as mean ± standard error (SE). One-way analysis of variance
(ANOVA) followed by Tukey’s Honestly Significant Differences test was used to assess
the effects of diet on mean weekly body weight at weeks 8 and 16, body composition
data at week 16, serum adipokine levels, and fasting glucose levels. Repeated measures
analysis was used to evaluate glucose tolerance tests. For serum insulin, mRNA levels as
measured by qRT-PCR, and relative quantification of Glut 4 in ChIP experiments means
were compared using Student’s t test. For all tests SPSS software was used (SPSS Inc.,
Chicago, IL), and P ≤ 0.05 was considered statistically significant.

2.4 Results
2.4.1 BOTH CR AND EX DECREASE ADIPOSITY, BUT ONLY CR RESTORES INSULIN
SENSITIVITY
During the first 8 weeks, the DIO regimen increased mean body weight from 20.3 ± 0.5g
to 30.7 ± 0.5 g. After 8 weeks of undergoing either a CR or EX intervention, the CR
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mice weighed significantly less than the DIO and EX mice (Table 2.1). As expected, the
EX group displayed significantly more lean mass than DIO and CR mice (Table 2.1).
Although the CR mice weighed significantly less than the EX mice, there was no
difference in percent body fat, with both groups exhibiting 40% less body fat compared
to sedentary DIO mice. Achieving equal percent body fat between CR and EX was a
goal of the study design, given that percent body fat is associated with insulin resistance
(Piche, 2005). At the end of the study we measured two serum adipokines, leptin and
adiponectin, which are positively and negatively correlated with adiposity, respectively
(Matsubara, 2002). Consistent with decreased adiposity, leptin levels were roughly 80%
lower in CR and EX mice (Fig. 2.1B). Although percent body fat in CR and EX mice
was comparable, only CR increased adiponectin levels compared to control mice (Figure
2.1C). The higher levels of adiponectin observed in the CR mice were associated with
decreased fasting insulin levels (Figure 2.1D), decreased fasting glucose levels (Figure
2.1E), and increased insulin sensitivity as indicated by significantly lower blood glucose
levels at every time point following glucose challenge (Figure 2.1E). In contrast, the EX
mice did not display increased insulin sensitivity or decreased fasting insulin levels
compared to sedentary DIO mice despite having a significantly lower percent body fat
that was comparable to CR. Taken together, these data demonstrate that CR and EX
differentially affected adipose tissue metabolism.
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Week 9

Week 16

Groups Body Weight (g) Body Weight (g)

% Fat

Lean Mass
(g)

DIO

30.3 ± 1.2a

33.2 ± 1.5 a

57.3 ± 2.9 a

11.7 ± 0.4 a

CR

31.3 ± 0.6 a

19.9 ± 0.5 b

33.7 ± 1.5 b

10.5 ± 0.3 a

EX

29.3 ± 1.0 a

26.0 ± 0.9 c

38.9 ± 1.7 b

13.6 ± 0.3 b

Table 2.1. Effect of weight loss induced by CR or EX on body composition.
Data are represented by ± SEM. Significant difference (p<0.05) is indicated by different
superscripts
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Figure 2.1. Effects of weight loss induced by calorie restriction or exercise on
serum hormones and glucose tolerance.
(A) Study design for microarray experiments. Serum (B) leptin levels, (C) adiponectin levels, (D)
and insulin levels after 8 weeks of intervention, (n=11 for DIO group; n=10 for CR group; n=10
for EX group). (E) Blood glucose concentrations during a glucose tolerance after 7 weeks of
intervention. Data shown are mean ± SE. DIO (●), EX (Δ ), CR (□), n=12/group. Significance (P ≤
0.05) between groups is denoted by different letters.
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2.4.2 TRANSCRIPTIONAL CHANGES COMMON TO CR AND EX IN VWAT
Microarray analysis was performed on VWAT collected following the 8-wk weight-loss
phase after DIO. Pair-wise comparisons of DIO vs. CR and DIO vs. EX revealed that
725 transcripts were significantly altered (± 2.0 fold, p< 0.05, Fig. 2A). Of those 725
transcripts, 209 were common to CR and EX (Fig. 2.2A), possibly representing a suite of
genes most sensitive to energy balance. GO analysis was used to categorize these genes
according to function and revealed that the majority of genes altered both by CR and EX
were related to metabolic process, immune response, and stress response (Fig. 2.2B).
Within the metabolic process category, 24 of the genes were related to lipid metabolism,
and overall the response of the genes to CR and EX was qualitatively similar. More
specifically, a number of genes involved in fatty acid synthesis and transport were
upregulated (Fig. 2.2C). These included: stearoyl-CoA desaturase (Scd1), fatty acid
synthase (Fasn), carnitine palmitoyltransferase 1 (Cpt1), and elongation of long chain
fatty acids 3 and 6 (ELOVL3 and ELOVL6). In addition, 9 genes related to glucose
metabolism were affected by CR and EX, including pyruvate dehydrogenase E1 alpha
1(Pdha1), leptin (Lep), and glycerol phosphate dehydrogenase 2 (Gpd2). As in lipid
metabolism, genes related to carbohydrate metabolism were qualitatively responsive to
both CR and EX, although CR had a stronger quantitative effect.
Reductions in adiposity are accompanied by lower levels of immune cell infiltrates
into adipose tissue, which mediate the pro-inflammatory state associated with obesity
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(Bruun, 2006). As expected, the reduced adiposity in CR and EX mice was associated
with decreased expression of genes related to immune response (Fig. 2.2B). These
immune-related genes also comprised the majority of the genes in the stress response
category, including downregulation of transcripts that code for chemokines that attract
and are produced by monocytes and macrophages, specifically Chemokine (C-C motif)
ligand (Ccl) 2, 6, 7, and 9.
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Figure 2.2. Effect of weight loss
induced by calorie restriction or
exercise on mRNA expression in
VWAT.
(A) Venn Diagram of genes differentially
expressed by CR and EX compared to DIO. (B)
Classification of genes targeted by both CR
and EX. (C) Heat map of genes related to
metabolic processes affected by both CR and
EX. (D) Classification of genes targeted
uniquely by CR (n=6/group).
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2.4.3 UNIQUE TRANSCRIPTIONAL CHANGES IN RESPONSE TO CR OR EX IN VWAT
CR uniquely affected expression of 496 genes, whereas a mere 20 genes were responsive
only to EX (Fig. 2.2A). GO analysis of the genes uniquely responsive to EX revealed
that only the grouping of genes related to mitochondrial transport was significant.
Specifically, uncoupling proteins Ucp1 and Ucp2 were both upregulated by EX. Given
the robust transcriptional response to CR, we focused our analysis on those genes whose
expression was affected by CR but not EX (Table 2.2). GO analysis showed that in every
category of genes altered by both CR and EX, CR impacted an additional set of genes
unaffected by EX. For example, in genes relating to cellular lipid metabolic processes,
the largest subset of transcripts uniquely altered by CR, soluble carrier family 27
(Slc27a1) and Acetyl-Coenzyme A carboxylase alpha (Acaca) were upregulated. CR
also uniquely increased expression of sterol regulatory element binding transcription
factor 1 (Srebp1), a master regulator for lipid metabolism in adipoctyes. With respect to
immune response and stress response, CR resulted in a downregulation of gene
expression, whereas expression of genes related to biosynthesis of steroids was
upregulated.
In addition to affecting more genes in each functional category than EX, CR affected
the transcription of genes in another category not modulated by EX, specifically 4 genes
related to glucose transport. Complementing this increase in transcription of glucose
transport genes, CR resulted in upregulation of another 14 genes related to carbohydrate
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metabolism processes. Taken together, these data are suggestive of increased glucose
flux into the adipose tissue, which may underlie the enhanced insulin sensitivity observed
in response to CR.
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A. Gene Expression changes in CR vs DIO
Gene
Symbol
Gene Title
Cellular Lipid Metabolic Process
Slc27a1
solute carrier family 27 (fatty acid transporter)
Fads2
fatty acid desaturase 2
Ces3
carboxylesterase 3
Sult1a1
sulfotransferase family 1A
Ptges
prostaglandin E synthase
Sgpp1
sphingosine-1-phosphate phosphatase 1
Echs1
enoyl Coenzyme A hydratase
Hsd11b1
hydroxysteroid 11-beta dehydrogenase 1
Apoc3
apolipoprotein C-III
Srebf1*
sterol regulatory element binding transcription factor 1
Aldh1a7
aldehyde dehydrogenase family 1
Hpgd
hydroxyprostaglandin dehydrogenase 15 (NAD)
Rdh11
retinol dehydrogenase 11
Rarres2
retinoic acid receptor responder (tazarotene induced) 2
Nsdhl*
NAD(P) dependent steroid dehydrogenase-like
Gpam
glycerol-3-phosphate acyltransferase
Hmgcs1*
3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1
Abat
4-aminobutyrate aminotransferase
Sorl1
sortilin-related receptor
Pip4k2a
phosphatidylinositol-5-phosphate 4-kinase
Acaca
acetyl-Coenzyme A carboxylase alpha
Tm7sf2*
transmembrane 7 superfamily member 2
Sc5d*
sterol-C5-desaturase
Fdft1*
farnesyl diphosphate farnesyl transferase 1
Hsd17b12* hydroxysteroid (17-beta) dehydrogenase 12
Pcx*
pyruvate carboxylase
Cellular Carbohydrate Metabolic Process
Fn3k
fructosamine 3 kinase
Chst1*
carbohydrate (keratan sulfate Gal-6) sulfotransferase 1
Dlat
dihydrolipoamide S-acetyltransferase
Pkm2
pyruvate kinase
Pmm1
phosphomannomutase 1
Ppp1r1a
protein phosphatase 1
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Fold Change
CR x DIO
2.53 up
2.18 up
2.51 up
2.22 up
2.25 up
2.73 down
2.00 up
3.28 up
5.71 up
2.98 up
2.18 up
2.09 down
4.59 up
2.61 down
2.65 up
2.06 up
3.01 down
2.88 down
2.77 up
2.02 down
4.60 up
3.69 up
2.11 up
2.68 up
2.17 up
2.88 up
4.05
2.00
2.59
2.37
2.72
2.61

up
up
up
up
up
up

Pgd
phosphogluconate dehydrogenase
Agl
amylo-1
Oxct1
3-oxoacid CoA transferase 1
Pdk1
pyruvate dehydrogenase kinase
Gpd1
glycerol-3-phosphate dehydrogenase 1 (soluble)
Taldo1
transaldolase 1
Glucose Transport
Sh2b2*
SH2B adaptor protein 2
Slc2a4
solute carrier family 2 (facilitated glucose transporter)
Pcx*
pyruvate carboxylase
Klf15
Kruppel-like factor 15

2.40
2.16
2.17
3.07
2.02
2.03

up
up
down
up
up
up

3.26
3.43
2.88
2.36

up
up
up
up

Gene
Symbol
Gene Title
Fold Change
Immune Response
CR x DIO
mucosa associated lymphoid tissue lymphoma translocation gene
Malt1
1
2.55 down
Bcl6*
B-cell leukemia/lymphoma 6
2.90 down
Clec7a*
C-type lectin domain family 7
2.89 down
Cfb
complement factor B
2.53 down
Cd55*
CD55 antigen
2.25 down
Thy1
thymus cell antigen 1
2.44 down
Biosynthesis of Steroids
Lss
Lanosterol synthase
2.13 up
Hmgcs1*
3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1
3.01 down
Tm7sf2*
transmembrane 7 superfamily member 2
3.69 up
Sc5d*
sterol-C5-desaturase
2.11 up
Fdft1*
farnesyl diphosphate farnesyl transferase 1
2.68 up
Hsd17b12* hydroxysteroid (17-beta) dehydrogenase 12
2.17 up
Nsdhl*
NAD(P) dependent steroid dehydrogenase-like
2.65 up
Sh2b2*
SH2B adaptor protein 2
3.26 up
Stress Reponse
Thbs1
thrombospondin 1
2.29 down
Tfpi2
tissue factor pathway inhibitor 2
4.32 down
Gp1bb
glycoprotein Ib
2.06 up
Taok3
TAO kinase 3
2.21 down
Sod3
superoxide dismutase 3
2.17 down
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Dusp10
Adrb3
F2r
Ccnd1
Evl
Ctsb
Ly86
Fabp4
Rad50
Tsc22d2
Ptger3
Lcp1
Pros1
Hspa12a
Anxa2
Uhrf1
Cdkn1a
Srebf1*
Chst1*
Bcl6*
Clec7a*
Cd55*

dual specificity phosphatase 10
adrenergic receptor
coagulation factor II (thrombin) receptor
cyclin D1
Ena-vasodilator stimulated phosphoprotein
cathepsin B
lymphocyte antigen 86
fatty acid binding protein 4
RAD50 homolog (S. cerevisiae)
TSC22 domain family 2
prostaglandin E receptor 3 (subtype EP3)
lymphocyte cytosolic protein 1
protein S (alpha)
heat shock protein 12A
annexin A2
ubiquitin-like
cyclin-dependent kinase inhibitor 1A (P21)
sterol regulatory element binding transcription factor 1
carbohydrate (keratan sulfate Gal-6) sulfotransferase 1
B-cell leukemia/lymphoma 6
C-type lectin domain family 7
CD55 antigen

B. Gene Expression Changes in Exercise vs DIO
Gene
Symbol
Gene Title
Exercise Unique
Mitochondrial Transport
Ucp1
uncoupling protein
Ucp2
uncoupling protein 2
* Genes represented in two different categories
Table 2.2. Gene expression changes in CR and Exercise compared to control
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2.62
2.09
2.22
2.91
2.32
2.00
2.65
2.03
2.27
2.41
2.21
3.06
2.09
2.40
2.01
2.84
2.28
2.98
2.00
2.90
2.89
2.25

down
up
down
down
down
down
down
up
down
down
up
down
down
down
down
down
down
up
up
down
down
down

Fold Change
Ex x DIO
8.94 up
2.09 down

2.4.4 REAL-TIME RT-PCR CONFIRMATION OF MICROARRAY RESULTS
Given that the DIO mice were on a high-fat diet, and the CR and EX consumed a low-fat
diet, we were concerned that the observed differences in expression of metabolic genes
might be due to differences in the macronutrient contents of the diets and not energy
balance per se. To address this concern, confirmatory analysis of mRNA expression was
done using the diet control mice as the reference group. A gene that was responsive to
both CR and EX (Lep), two genes uniquely responsive to EX (Ucp1 and Ucp2), and three
genes uniquely responsive to CR and relating to carbohydrate metabolism and transport
(Slc2a4, Acly, and Sh2b) were selected for validation. RT-PCR analysis verified that
Ucp1, but not Ucp2, was significantly increased by EX only (Fig. 2.3).

Although

according to the microarray analyses, Lep was reduced by both CR and EX, RT-PCR
analyses revealed that only CR significantly reduced Lep expression (Fig. 2.3). All three
genes relating to carbohydrate metabolism and transport, Acly, Slc2a4, and Sh2b2, were
indeed significantly increased by CR only (Fig. 2.3). Importantly, Slc2a4 codes for the
insulin-responsive glucose transporter, Glut4. Translocation of Glut4 from the cytosol to
the plasma membrane in response to insulin signaling is the rate-limiting step of glucose
transport into the adipocyte. Furthermore, downregulation of Glut4 at the messenger
RNA and protein levels has been implicated in obesity and insulin resistance. Finally,
increases in the enzyme ATP-citrate lyase (Acly), which was also upregulated by CR but
not EX, has recently been linked to increases in Glut4 mRNA levels (Wellen, 2009). For
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these reasons, we focused our analyses on elucidating how CR resulted in increased
transcription of Glut4.
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Figure 3. Confirmation of microarray data of mRNA expression in VWAT.
Expression of mRNA transcripts in VWAT from Diet Control, CR and EX mice (n=7/group). (A)
Leptin (Lep) (B) Uncoupling protein 1 (Ucp1) (C) Uncoupling protein 2 (Ucp2) (D) Solute carrier
2, family 4 (Slc2a4) (E) ATP-citrate lyase (Acly) (F) SH2B adapter protein 2 (Sh2b2) (Data shown
are mean ± SE, * (P ≤ 0.05).
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2.4.5 CR RESULTS IN ACETYLATION OF HISTONE 4 AT THE GLUT4 PROMOTER
Since regulation of acetylation of histones has been shown to be nutrient dependent
(Wellen, 2009), we hypothesized that increased Glut4 mRNA expression in CR mice may
be the result of histone modifications at the Glut4 promoter. To test this hypothesis, we
generated obese and lean mice (relative to overweight control mice) through diet
modulation. Body weight and percent body fat were positively associated with fasting
blood glucose levels and inversely related to Glut4 mRNA levels in the VWAT (Fig. 2.4
B, C, and D). Modifications to the histone code such as methylation, which can result in
decreased transcription (Tateishi, 2009) or acetylation, which can result in increased
transcription (Wellen, 2009) may account for the differences in Glut4 transcription in
VWAT. There were no differences in tri-methylation of histone 4 at the Glut4 promoter
(Fig. 2.5A). However, CR significantly increased histone 4 acetylation at the Glut4
promoter compared to control mice (Fig. 2.5B), which was associated with higher levels
of Glut4 mRNA and increased insulin sensitivity.
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Figure 2.4. Lean phenotype is associated with lower blood glucose levels and
elevated levels of Glut4 mRNA relative to control mice.
(A) Study design for ChIP experiments. (B) Average body weight of mice on DIO, Control diet, or
CR regimen to generate obese, control, or lean mice (n=5/group). Data shown are mean ± SE.
(C) Fasting blood glucose levels of mice after 8 weeks of respective dietary regimen
(n=5/group). Data shown are mean ± SE. Significance (P<0.05) between groups is denoted by
different letters. (D) Relative mRNA expression of Glut4 in VWAT (n=5/group). Significance
(p<0.05) between groups is denoted by different letters.
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Figure 2.5. CR results in acetylation of H4 at the Glut4 promoter
(A) Relative quantification of Glut4 DNA immunoprecipitated with anti-trimethyl H4 antibody.
(B) Relative quantification of Glut4 DNA immunoprecipitated with anti-acetyl H4 antibody
(n=3/group). Data shown are mean ± SE, * (P ≤ 0.05).
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2.5 Discussion
With roughly two-thirds of American adults classified as overweight or obese (Flegal,
2010), increased understanding of how best to reverse the harmful effects of obesity is
urgently needed.

Given the critical role of adipose tissue in regulating glucose

homeostasis, analysis of the changes that occur in adipose tissue after weight loss could
reveal key targets for treatment of insulin resistance. To our knowledge, this is the first
study to compare the effects of CR and EX (the two most commonly recommended
lifestyle modifications to prevent or reverse obesity) on gene expression in adipose tissue
in a model of DIO. The direct comparison of these two obesity reversal interventions
revealed the following novel findings:

1) the insulin-sensitizing effect of CR was

associated with altered expression of more than 20 times the number of genes in the
adipose tissue than were uniquely affected by EX, 2) alteration of expression of
carbohydrate transport genes was uniquely affected by CR and correlated with the
increased insulin sensitivity exhibited by CR, and 3) upregulation of Glut 4 by CR, but
not by EX, may be explained in part by our finding that CR increased acetylation of
histone 4 at the Glut4 promoter.
Both energy balance interventions resulted in significant weight loss compared to
sedentary DIO controls. Although CR and EX groups displayed comparable levels of
percent body fat at the end of the intervention, only CR significantly improved insulin
57

sensitivity. Exercise has been shown to significantly improve insulin sensitivity in mice
and humans (Frank, 2005; Vieira, 2009). The relatively short intervention in our study
may explain why EX was not as affective as CR at altering indices of insulin resistance.
In other rodent studies that showed a significant affect of EX, the intervention was either
more than 10 weeks long (Weiss, 2006; Vieira, 2009; Zarins, 2009) or the intervention
period was longer than the period of diet-induced obesity (Krisan, 2004).

These

differences in study design suggest that, in the short-term, EX may not be as effective as
CR in restoring insulin sensitivity.
CR has been shown to decrease expression of genes related to aging and
tumorigenesis in multiple tissues (Swindell, 2009). However, there is a paucity of studies
examining the effect of CR on adipose tissue following weight loss. More importantly,
there are no studies directly comparing the effect of CR and EX on gene expression in
adipose tissue. To our knowledge there are only two microarray studies comparing CR to
EX, which were performed in the mouse mammary gland (Padovani, 2009) and mouse
skin (Lu, 2007).

In these reports CR and EX exhibited distinct effects on gene

expression, with CR impacting more than 4 times the number of genes than EX. In the
present study, we found that this differential impact was more pronounced in adipose
tissue, with CR affecting more than 20 times the number of genes altered by EX.
Our results confirm that DIO downregulates multiple genes that play a role in lipid
metabolism and upregulates a profile of genes related to immune response (Moraes,
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2003; Miller, 2008). Furthermore, many of the lipid metabolism genes shown to be
decreased by DIO were increased by CR and EX in our study (Moraes, 2003). Likewise,
immune response genes that have been shown to be increased by DIO were decreased
after weight loss induced by CR or EX (Moraes, 2003). Together these data support
previous findings that in the obese state, there is diminished fatty acid synthesis and
transport, characteristic of insulin-resistant adipose tissue rich in immune cell infiltrates.
Importantly, our data show that these processes are sensitive to both CR and EX
interventions.
Many of the transcripts related to lipid and carbohydrate metabolism that were
affected by both CR and EX in the present study were also shown by Shankar et al. to be
induced by a high-carbohydrate diet (Shankar, 2010). Increased transcription of these
genes is consistent with increased uptake of glucose and fatty acids into the adipose
tissue. In the study by Shankar et al. these transcriptional changes were measured in rats
fed a high-carbohydrate diet for 4 weeks, during which time the rats gained weight and
the adipocytes hypertrophied, whereas the mice in our study first underwent DIO but then
lost weight for 8 weeks before analysis. The similarities between the two studies are
indicative of increased signaling through the insulin receptor/phosphatidylinositol 3kinase (IR/PI3K) pathway that mediates glucose uptake and the lipogenic effects of
insulin in adipose tissue.
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This conclusion is consistent with the observation that the CR mice, which displayed
increased insulin sensitivity compared to EX mice, exhibited a more robust
transcriptional effect on metabolic genes than EX. Not only did CR induce a stronger
quantitative effect than EX on genes that were qualitatively similar in their response to
both CR and EX, but CR affected an additional 48 genes related to metabolism that were
unaffected by EX. Of those genes, there was an overall upregulation of genes related to
carbohydrate metabolism and glucose transport, including Glut4.
Glucose uptake into adipose tissue is mediated by two different Glut isoforms: Glut1
and Glut4. Glut1 mediates basal uptake of glucose into adiopocytes. Although others
have reported that Glut1 mRNA increases with obesity (Talior, 2003), we did not observe
any changes in Glut1 mRNA expression in the microarray. Translocation of the GLUT4
transporter from the cytosol to the membrane is the rate-limiting step in insulin-mediated
glucose uptake in adipocytes and skeletal muscle (Karnieli, 2008). The importance of
Glut4 function in adipose tissue is underscored by the finding that overexpression of
Glut4 in adipocytes rescues insulin resistance in mice with muscle-specific knockout of
Glut4 (Carvalho, 2005).

However, expression of Glut4 in the muscle does not

compensate for lack of Glut4 activity in adipose tissue (Abel, 2001), further implicating
adipose tissue as a key metabolic organ in the etiology of insulin resistance. There is
considerable evidence that Glut4 mRNA levels in adipose tissue decrease with obesity
(Lumeng, 2007) and that increases in Glut4 mRNA in adipose tissue can ameliorate
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insulin resistance (Furuta, 2002; Tozzo, 1997). Indeed, our finding that Glut4 mRNA
levels were significantly increased by CR, but not by EX, and that this increase was
associated with improved insulin sensitivity, supports this idea. Therefore, increased
transcription of Glut4 in VWAT during weight loss may be a critical event in reversing
insulin resistance.
Studies into the transcriptional regulation of Glut4 in skeletal muscle implicate a
histone deacetylase (HDAC5) as a crucial mediator of changes to Glut4 mRNA levels in
response to exercise (McGee, 2008). Raychaudhuri et al. have also described a series of
histone modifications mediated by histone deacetylases and histone methyltransferases
that culminate in a metabolic knockdown of the Glut4 gene in the skeletal muscle of rats
that had experienced intrauterine growth restriction (Raychaudhuri, 2008). Collectively,
these studies suggest that transcriptional regulation of the Glut4 gene is highly responsive
to changes in energy balance. This led to our hypothesis that Glut4 mRNA levels in
adipose tissue could be subjected to similar transcriptional regulation. In support of this
hypothesis, Wellen et al. recently discovered that during adipocyte differentiation, levels
of global histone acetylation are dependent on glucose availability (Wellen, 2009). More
specifically, acetylation of histones 3 and 4 at the Glut4 promoter is linked to increased
Glut4 mRNA expression in response to higher concentrations of glucose during
differentiation. Our in vivo data show that increased acetylation of histone 4 at the Glut4
promoter, which was associated with higher levels of Glut4 mRNA, occurred in lean
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mice that were highly insulin sensitive as indicated by significantly decreased fasting
glucose levels. Taken together, these data suggest that insulin-responsive adipose tissue
maintains H4 acetylation. This leads to increased transcription of Glut4 to facilitate
continued glucose uptake. However, as adiposity increases so does insulin resistance
(Meisinger, 2006).

Deregulation of signal transduction downstream of the insulin

receptor results in decreased trafficking of Glut4 to the cell membrane (Emanuelli, 2001;
Friedman, 1997) and a decline in glucose flux into the adipocyte (Shao, 2000).
According to the findings of Wellen et al., limited glucose availability results in
diminished histone acetylation and decreased Glut4 mRNA expression (Wellen, 2009).
Therefore, in the context of obesity and insulin resistance, the lower levels of Glut4
mRNA expressed in adipose tissue may be a consequence of decreased insulin-mediated
uptake of glucose that results in diminished histone acetylation at the Glut4 promoter.
Future research is necessary to determine if other modifications to the histone code at the
Glut4 promoter may be mediating transcriptional repression of Glut4 mRNA in obesity.
In conclusion, these findings show that CR and EX differentially impact insulin
resistance and the adipose transcriptome during obesity reversal.

In particular, the

expression of Glut4, the gene that codes for the sole insulin-responsive glucose
transporter, was uniquely responsive to CR and found to be transcriptionally regulated
through histone code modification.
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CHAPTER 3: EFFECTS OF DIFFERENT LEVELS OF CALORIE
RESTRICTION AND IGF-1 ON METABOLISM AND MAMMARY
TUMOR BURDEN
3.1 Abstract
Although the beneficial effects of calorie restriction (CR) on tumor development and
progression are well established, the mechanisms by which CR exerts its effects are not
well understood. Levels of IGF-1decrease in response to negative changes in energy
balance, and this growth factor stimulates tumor cell proliferation. Hence, IGF-1 is a
plausible candidate for mediating the effects of CR on tumor burden. Here, we compared,
for the first time, gene expression changes in liver between increasing levels of CR (with
or without IGF-1 infusion). Increasing levels of CR increased the number of genes
differentially expressed, the number of functional categories altered by CR, the number
of genes linked to metabolic processes, and the magnitude of the changes in gene
expression of individual genes. For example, 30% CR changed the expression of 2 times
more genes than 20% CR, and 40% CR changed the expression of 7 times more genes
than 20% CR. While 20% CR did not affect expression of any particular category of
genes, 30% CR and 40% CR affected the expression of several metabolic genes.
However, 40% CR also increased the expression of apoptotic genes, which appears to be
detrimental to the liver, indicating that 30% CR is the ideal dose for the beneficial
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metabolic effects of CR on gene expression in the liver. IGF-1 infusion in CR mice
reversed gene expression changes of several metabolic genes affected by CR, as well as
the expression of tumor-related genes affected by CR in the mammary fat pad.
Furthermore, infused IGF-1 partially reversed the mammary tumor inhibitory effects of
30% CR. Taken together, our data show that 30% CR is likely the ideal dose of
restriction, and that IGF-1 levels can account, at least in part, for the effects of CR on
metabolism and mammary tumor burden.

3.2 Introduction
Calorie restriction (CR) is a well established intervention for reducing ageing and cancer
risk in animal models (Hursting, 2003). Additionally, CR is the main recommended
strategy for reversing obesity (World, 2007), an issue of growing concern in the U.S.
(Flegal, 2010). Obesity increases the risk of developing many diseases, including cancers
(Calle, 2003), is one of the few modifiable risk factors for breast cancer (Santen, 2007).
In the U.S. approximately 30-50% of breast cancer deaths may be attributed to excess
body weight (Petrelli, 2002). Since breast cancer is the most frequently diagnosed cancer
in women and ranks second as a cause of cancer death in women (American Cancer
Society, 2009), identification of intervention strategies for modifiable risk factors is
crucial.
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Although the beneficial effects of CR o mammary tumor burden are well documented
(Thompson, 2003), the mechanism by which CR exerts its effects is not established.
Insulin-like growth factor 1 (IGF-1) is an energy-balance related growth factor (Thissen,
1994) that regulates tumor cell growth (Gunter, 2009). Hence, IGF-1 is a good
mechanistic candidate for mediation of CR effects on tumor burden. In fact, elevated
serum IGF-1 levels are associated with the development of mammary gland hyperplasia
and cancer in a primate model (Ng, 1997), and free serum IGF-1 was associated with
postmenopausal breast cancer risk among overweight women (Muti, 2002). In animal
models, CR leads to decreased production of IGF-1 (Bordone, 2005).Human obese
patients who underwent bariatric surgery displayed decreased IGF-1 levels (Pardina,
2010). This indicates that CR might exert its tumor protective effects by decreasing
serum IGF-1 levels. In fact, the protective effects of CR against carcinogenesis have been
shown to be reversed by IGF-1 infusion in several rodent models (Hursting, 1993; Dunn,
1997). Additionally, liver-specific IGF-1 deficient (LID) mice, which display a 50-75%
reduction in circulating IGF-1 levels, decreased tumor burden in several models of
tumors (Moore, 2008; Olivo-Marston, 2009).
Since changes in gene expression can markedly affect the physiological state of an
organism, microarrays have been used in many studies investigating the global molecular
effects of CR in different tissues. Unfortunately, no particular set of genes common to CR
has been identified to date (Han, 2005). This study evaluates, for the first time, the effects
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of increasing levels of CR (a well established intervention for reversing obesity and
tumor burden) combined with IGF-1 infusion on hepatic gene expression. The liver was
chosen since it’s a critical metabolic tissue and the main site of IGF-1 production. More
specifically, we elucidated how these expression changes might affect susceptibility to
mammary tumor burden. Since insulin, IGF-1, and this downstream signaling molecules
play an important role in breast cancer risk (Calle, 2004), we characterized the effects of
obesity, calorie restriction, and IGF-1 add back in the mammary fat pad using an insulin
PCR Array. We also used a syngeneic transplant mammary tumor model to compare the
effects of CR with and without IGF-1 infusion on tumor burden.

3.3 Materials and Methods
3.3.1 ANIMAL STUDY DESIGN FOR MICROARRAY EXPERIMENT
For the microarray experiment, 45 five-week-old female C57BL/6NCr mice were
obtained from the NCI-Frederick Animal Production Area, and, after one week, the mice
were randomized (n=5 per group) to one of 6 groups: 1) Control, 2) 20% CR, 3) 30% CR,
4) 30% CR + IGF-1, 5) 40% CR, or 6) 40% CR + IGF-1. Control mice received AIN76A diet (Bio-Serv Corp., Frenchtown, NJ) ad libitum. Mice in the 20% CR group
received a daily aliquot of control diet equal to 80% of the mean daily control
consumption. CR mice (30% and 40%) received modified versions of the AIN-76A diet
formulated such that, when provided as daily aliquots equal to 70% or 60%, respectively,
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of the mean daily control consumption, the reduction in calorie intake was entirely due to
carbohydrates; intakes of all other nutrients were equivalent to those in the control group.
All mice received a time-release pellet (Innovative Research of America, Sarasota, FL)
containing placebo or 20 µg/day recombinant murine IGF-1 obtained from Prepotech,
Inc. (Rocky Hill, NJ). Body weight and food consumption data were recorded weekly
and at study termination, after 26 days on the diets. At the study endpoint,, mice were
sacrificed under continuous CO2/O2 anesthesia, and blood was collected. Serum, selected
tissues, and necropsied carcasses were frozen and stored at -80 C for subsequent body
composition analyses. Serum IGF-1 was measured using a rat IGF-1 radioimmunoassay
(RIA) that recognizes both rat and mouse IGF-1 (Diagnostic Systems Laboratories, Inc.,
Webster, TX) (Berrigan, 2005).
3.3.2 RNA ISOLATION
Total liver RNA was isolated using a combined Trizol/Qiagen RNeasy Midi Kit method,
as describer above, for microarray anlysis.

First tissues were homogenized, then

centrifuged at low speed, and supernatant was combined with Trizol for RNA extraction
as previously described (Takahashi, 2004).
3.3.3 HEPATIC MICROARRAY ANALYSIS
Microarray analysis was carried out using Affymetrix M430 A2.0 Array (Affymetrix,
Santa Clara, CA). cDNAs were used to synthesize biotin-labeled cRNA using the Enzo
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BioArray HighYield RNA Transcript Labeling Kit (Affymetrix). Genes that presented
consistent expression changes between the groups were further analyzed, and genes with
greater than 2-fold difference between treatments and control were selected for functional
analysis.

Gene Ontology (GO) analysis and pathway identification of differentially

expressed genes was carried out using DAVID (Huang, 2009).
3.3.4 INSULIN PCR ARRAY
RNA was extracted from mammary fat pads using the RNeasy Lipid Tissue Mini Kit
(Qiagen Inc., Valencia, CA). Mouse Insulin Signaling Pathway RT2 ProfilerTM PCR
Array was performed according to SABiosciences (Frederick, MD) instructions.
3.3.5 GENE EXPRESSION ANALYSIS
Using Multiscribe Reverse Transcriptase and TaqMan (Applied Biosystems, Branchburg,
NJ), quantitative real-time PCR was used to analyze liver and mammary fat pad mRNA
levels.
3.3.6 WNT-1 MAMMARY TUMOR STUDY
Forty-five six-week-old C57BL/6 female ovariectomized mice (Charles River Labs, Inc.
Frederick, MD) were randomized into three groups (n=15/group): 1) Control consumed a
10 kcal% fat diet (D12450B; Research Diets, New Brunswick, NJ) ad libitum, 2) CR
consumed a diet regimen (D0302702, administered in daily aliquots) providing 30%
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fewer calories from carbohydrates compared to the control diet, with all other
components being isonutrient when intake was limited to 70% of mean kcal consumption
of the control group, and 3) CR + IGF-1 consumed the same diet as the CR group but
received approximately 1 µg/hr of recombinant murine IGF-1 (PreproTech, Rocky Hill,
NJ) administered through an Alzet mini-osmotic pump model 2006 (DURECT™,
Cupertino, CA). Mice were singly housed to allow diet manipulations. Both control and
CR groups also had mini-osmotic pumps implanted but received 0.9% saline as a control.
Two weeks after the mini-osmotic pumps were inserted, mice were injected with ~50,000
syngeneic MMTV-Wnt1 mammary tumor cells as previously described (Nunez, 2008).
Five weeks after injection, serum and tissues were collected. Tumors were weighed,
measured, and fixed in 10% formalin or stored at -80°C. Fasting serum leptin and IGF-1
levels were measured in serum using mouse adipokine LINCOplex®Multiplex Assays
(Millipore, Inc., Billerica, MA) analyzed on a BioRad Bioplex 200 analysis system
(Biorad, Inc. Hercules, CA).
3.3.7 IMMUNOHISTOCHEMISTRY ANALYSIS
Tumor tissues extracted from the mouse tumor study were fixed embedded in paraffin, 4
µm sections were cut for either hematoxlin and eosin (H&E) staining or
immunohistochemical analysis. Slides were deparaffinized in xylene and rehydrated
sequentially in ethanol for immunohistochemistry analysis. In order to identify changes
in regulatory pathways, proliferation, and angiogenesis, primary antibodies specific for
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phosphorylated IGF-1 receptor (p-IGF-1R), total IGF-1 receptor (IGF-1R), angiogenesis
marker platelet/endothelial cell adhesion molecule (CD31), and antigen identified by
monoclonal antibody Ki-67 (Ki-67) were used. Horse biotynilated anti-goat IgG and SAHRP (BioGenex) were used for antigen retrieval.

3.3.8 STATISTICAL ANALYSIS
For the microarray analysis, ANOVA was performed to select for genes with consistent
expression differences between the groups, with Tukey HSD Post Hoc test, and
Benjamini Hochberg FDR multiple testing correction. For Real-Time PCR, unpaired
students t-test was used for comparisons between two groups. Tumor weight differences
were analyzed using the Mann-Whitney test.

3.4 Results
3.4.1 BODY COMPOSITION AND SERUM IGF-1 LEVELS
As previously published (Berrigan, 2005), after 26 days of dietary interventions, mean
body weight in the CR groups decreased in a linear, dose-dependent fashion with
increasing CR (20% CR weighed 20.4 ± 0.2 g, 30% CR weighed 19.4 ± 0.3 g and 40%
CR weighed 14.8 ± 0.2 g) as compared to control mice (23.8 ± 1.0 g). Serum IGF-1
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concentrations were also significantly reduced by CR as compared to the control mice,
and IGF-1 treatment partially restored these levels.
3.4.2 MICROARRAY ANALYSIS
To identify genes differentially expressed between CR and control, we compared the
expression of each CR level (20%, 30%, or 40%) to control, which produced three
overlapping networks of 59, 100, and 379 genes, respectively (Figure 3.1A). A total of
17 genes were common between all CR groups compared to control. GO analysis
showed that 10 of these genes (p value = 0.019) were related to metabolic processes, 3
genes were related to steroid metabolic processes (p value = 0.004), and 3 genes were
related to electron transport (p value = 0.036) (Figure 3.1B). Our analysis focused on the
10 genes related to metabolic processes, since these genes are potentially more relevant to
the effects of CR in the liver.
Among the 10 genes associated with metabolic processes that are common to all CR
groups, fatty acid binding protein 5 (Fabp5) and Acyl-CoA thioesterase 1 (Acot1) were
selected for further validation through quantitative Real-Time PCR. These genes were
selected because they participate in lipid metabolism and the peroxisome proliferatoractivated receptor (PPAR) signaling pathway, processes important during energy balance
changes. Real-Time PCR analysis showed that Fabp5 expression decreased in every CR
group (0.21 ± 0.83 in 20% CR, 0.09 ± 0.13 in 30% CR, and 0.04 ± 0.19 in 40% CR)
compared to control (Figure 3.1C). On the other hand, Acot1 was up-regulated by all CR
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groups (5.8 ± 0.9 in 20% CR, 3.0 ± 0.5 in 30% CR, and 27.5 ± 0.5 in 40% CR) compared
to control (Figure 3.1D).
Only 4 genes were unique to 20% CR compared to control, with no statistically
significant functional category identified. Expression of 51 genes were unique to 30%
CR compared to control, with 11 genes (p value = 0.02) related to metabolic processes.
Among these 11 genes, we chose to validate the expression of glucokinase (Gck), since it
catalyzes the first rate-limiting step in glycolysis and its transcription is regulated by
feeding and insulin treatment as well as by hepatic nuclear factor 4α HNF4α (Hirota
2008). Interestingly, when quantitative Real-Time PCR was run, both 30% CR and 40%
CR displayed significantly higher Gck expression (2.7 ± 0.6 and 4.2 ± 0.5 fold, p value =
0.004 and 0.0001, respectively) compared to control (Figure 3.1E).
In the set of 294 genes specific to 40% CR treatment, GO analysis identified 115 genes (p
value = 0.001) related to metabolic processes, 19 genes related to steroid metabolic
process (p value < 0.001), and 13 genes related to apoptosis (p value = 0.013) (Figure
3.1F). Apoptosis is critical for cellular homeostasis and has been associated with the
beneficial effects of CR (Selman, 2003), as well as being regulated by IGF-1 (Dunn,
1997).

Hence, we decided to validate the expression of Cyclin-dependent kinase

inhibitor 1A (Cdkn1a), an important regulator of apoptosis. Cdkn1a was expressed 178.7
± 0.6 fold higher in 40% CR compared to control, but it was also significantly expressed
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at higher levels in 20% and 30% CR, although with lower expression differences (4.5 ±
1.6 and 3.6 ± 0.6 fold, respectively) (Figure 3.1G).
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Figure 3.1. Regulation of gene expression by
CR
(A)Venn Diagram comparing 20, 30, and 40% CR.
(B) Gene ontology of genes common to all. (C)
Expression of Fabp5. (D) Expression of Acot1. (E)
Expression of Gck. (F) Gene ontology of genes
unique to 40% CR. (G) Expression of Cdkn1. Data
shown are mean ± SEM, n=5/group. Significance (p
< 0.05) between groups is denoted by *
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We then compared the list of genes differentially expressed in the 30% CR group with
genes differentially expressed in the 30% CR + IGF-1 group. A total of 18 genes were
unique to 30% CR, which could mean that IGF-1 treatment changed the expression of
these genes back to levels comparable to control (Figure 3.2A), but DAVID analysis
displayed no categories significantly represented in this set of genes. The 75 genes which
displayed significant expression differences between 30% + IGF-1 compared to control
(but not 30% CR and control) contained 4 genes related to steroid metabolic processes (p
value = 0.014), 12 genes related to stress response (p value < 0.001), and 34 genes related
to metabolic processes (p value = 0.03) (Figure 3.2B). This set represents genes for
which expression changes were mainly caused by added IGF-1. The 82 genes common
between 30% CR and 30% CR + IGF-1 represent genes that were significantly changed
by 30% CR, and IGF-1 did not affect expression. GO identified 4 genes significantly
represented in steroid metabolic processes (p value = 0.02) and 40 genes related to
metabolic processes (p value = 0.01) (Figure 3.2C). Using Real-Time PCR, we validated
the expression changes of Serpina12. This newly identified adipokine is important for
consequences of energy balance changes, since its expression is linked to metabolic
syndrome and insulin sensitivity (Wada, 2008). 30% CR decreased the expression of
Serpina12 (0.38 ± 0.17), and the addition of IGF-1 did not reverse the effect of CR (0.45
± 0.35) (Figure 3.2D).

75

Figure 3.2. Regulation of gene expression by 30% CR and 30% CR + IGF-1
(A) Venn Diagram comparing number of genes expressed by 30% CR and 30% CR + IGF-1
compared to control. (B) Gene ontology of genes specific to 30% CR + IGF-1. (C) Gene ontology
of genes common to 30% CR and 30% CR + IGF-1. (D) Expression of Serpina12. Data shown are
mean ± SEM. Significance (p<0.05) between groups is denoted by *.
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When comparing genes differentially expressed between 40% CR and 40% CR + IGF-1
(compared to control), 280 genes were common between the two, meaning that adding
IGF-1 back had no effect on the expression of these genes (Figure 3.3A). The 99 genes
differentially expressed by 40% CR but not 40% CR + IGF-1 are significantly
represented in the maturity onset of diabetes pathway (3 genes, p value = 0.016), the
PPAR signaling pathway (4 genes, p value = 0.017), and 50 genes were related to
metabolic processes (p value < 0.001) (Figure 3.3B). This group of 99 genes had their
expression restored to levels comparable to control when IGF-1 was added back. We
validated the expression of Hnf4α, given that this transcription factor controls lipid
metabolism in the liver, and is downregulated during hyperinsulimia (Xie, 2009).
Furthermore, Hnf4α activates the transcription of both Gck and Glucose-6-Phosphatase
(G6Pase), depending on fasingt or feeding states (Hirota, 2008). Hnf4α expression was
significantly increased by 40% CR (5.22 ± 0.21 fold). The addition of IGF-1 decreased
Hnf4α expression compared to 40% CR, although expression level was still significantly
higher than control (2.80 ± 0.38 fold) (Figure 3.3C).
191 genes were differentially expressed between 40% CR + IGF-1 and control but not
40% CR and control, representing expression differences caused by IGF-1 treatment.
These genes were significantly overrepresented by metabolic processes (98 genes, p
value < 0.001), response to stress (15 genes, p value = 0.02), electron transport (16 genes,
p value <0.001), steroid metabolic process (12 genes, p value < 0.001), and the PPAR
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signaling pathway (5 genes, p value = 0.03) (Figure 3.3D). We validated the expression
of stearoyl-CoA desaturase-1 (SCD1) because it is a critical control point in the
development of obesity and insulin resistance. Mice lacking the SCD1 enzyme are lean
and protected from diet-induced obesity and glucose intolerance (Ntambi, 2002). Scd1
expression was downregulated 0.04 ± 0.29 in 40% CR + IGF-1 (p value < 0.001)
compared to 0.38 ± 0.13 (p value = 0.03) in 40% CR relative to control (Figure 3.3E).
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Figure 3.3. Regulation of gene expression by 40% CR and 40% CR + IGF-1
A Venn diagram comparing number of genes differentially expressed for 40% CR and 40% CR +
IGF1, compared to control. (B) Gene ontology of genes uniquely differentially expressed
between 40% CR and control, but not 40% CR + IGF-1 and control. (C) Expression of Hnf4α. (D)
Gene ontology of genes unique to 40% CR + IGF-1. (E) Expression of Scd1. Data shown are mean
± SEM. Significance (p<0.05) between groups is denoted by *.
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3.4.3 GENE EXPRESSION CHANGES IN MAMMARY FAT PAD
To characterize the effects of CR and IGF-1 in the microenvironment of mammary
tumors, we ran an Insulin-PCR Super array (SABiosciences Frederick, MD) using
mRNA extracted from the mammary fat pads of control, 30% CR, and 30% CR + IGF-1
groups. We selected genes in the array that were differentially expressed between 30%
CR but not 30% CR + IGF-1 and control to be validated, since these are representative of
genes for which expression is affected by CR but returned to control levels when IGF-1 is
added. We chose to validate the expression of Dusp14, a MAPK phosphatase. 30% CR
caused a 4.5 ± 0.6 fold (p value = 0.002) increase in the expression of Dusp14 compared
to control, as validated through Real-Time PCR (Figure 3.4A).

This change in

expression was reduced in the 30% CR + IGF-1 group compared to 30% CR, being 3.5 ±
1.2 fold (p value = 0.03) higher than control, consistent with published reports showing
MAPK activation by IGF-1 (Weng, 2009). Since fructose biphosphatase 1 (Fbp1) gene
expression is controlled by insulin, we also validated its expression by Real-Time PCR.
We found that 30% CR decreased expression of Fbp1 to 0.42 ± 0.12 (p value = 0.006),
which returned to levels comparable to control when IGF-1 was added (Fig 3.4B). The
expression of Insulin receptor substrate 2 (Irs2), which is critical for insulin-stimulated
glucose uptake (Fasshauer, 2000), was also decreased in 30% CR compared to control
(0.49 ± 0.19, p value = 0.03) but displayed no differences between 30% CR + IGF-1 and
control (Fig 3.4C). Consistent with its expression in the liver, Gck was also upregulated
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in the mammary fat pad of the 30% CR mice compared to control (3.7 ± 0.9 fold, p value
= 0.03), and this difference was not observed in the 30% CR + IGF-1 group (Fig 3.4D).
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Figure 3.4. Gene expression changes between 30% CR and 30% CR + IGF-1 in
the mammary fat pad.
(A) Expression of Dusp14. (B) Expression of Fbp1. (C) Expression of Irs2. (D) Expression of Gck.
Data shown are mean ± SEM. Significance (p<0.05) between groups is denoted by *.
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3.4.4 WNT-1 MAMMARY TUMORS
To elucidate the effects of energy balance and IGF-1 in mammary carcinogenesis, we
injected MMTV-Wnt-1 mammary tumor cells in another cohort of C57BL/6 mice and
measured tumor growth in control, 30% CR and 30% CR + IGF-1 groups. Five weeks
after tumor injection, mice in the 30% CR and 30% CR + IGF-1 groups had significantly
lower levels of leptin than control (Figure 3.5A). Leptin has been shown to positively
influence breast cancer cell proliferation, invasion, and metastasis in vitro and in vivo
(Rose, 2004). There were no differences in serum insulin and adiponectin levels between
the groups (data not shown). Mice in the 30% CR group displayed significantly lower
levels of serum IGF-1 (113.7 ± 8.9) compared to control (117.0 ± 15.4), as did mice in
the 30% CR + IGF-1 group at this time point (100.8 ± 7.5) (Figure 3.5B). Since IGF-1
clears quickly in serum, as previous reported (Berrigan, 2005), serum IGF-1 levels might
not be as relevant to the effects of IGF-1 on tumor burden as activation of the IGF-1
receptor in the taget tissue. At the end of the study, tumors in the control group were
significantly heavier (p value = 0.02) than tumors in the 30% CR group, supporting the
beneficial effects of CR in mammary tumor growth (Figure 3.5C). Tumor weights in the
30% CR + IGF-1 were increased compared to 30% CR but below control weights.
However, 30% CR + IGF-1 tumors were not statistically different from either CR or
control.
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Figure 3.5. Effects of 30% CR and 30% CR + IGF-1 on mammary tumor
growth.
(A) Serum leptin levels. (B) Serum total IGF-1 levels. (C) Tumor weight at the end of the study.
Data shown are mean ± SEM for serum hormones. Significance (p<0.05) between groups is
denoted by different letters.
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We then tested whether the IGF-1 receptor (IGF-1R) was activated in the tumors of each
group.

We

measured

phosphorylated

IGF-1R

(pIGF-1R)

in

tumors

by

immunohistochemistry. The 30% CR group displayed decreased levels of activation,
while tumors in 30% CR + IGF-1 displayed levels of activation compared to control
(Figure 3.6). There were no changes in total IGF-1R, meaning that only receptor
activation, but not receptor expression, was affected by IGF-1 levels (Figure 3.6). Also,
there were no changes in activation of the main downstream target of the IGF-1 pathway,
namely, Akt or in the quantity of this protein (Figure 3.6). Furthermore, the tumors
displayed no changes in angiogenesis, as shown by staining with CD31 or proliferation
by Ki67 (Figure 3.6).
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Figure 3.6. Immunohistochemistry analysis of mammary tumors.
CR tumors showed decreased IGF-1R activation (pIGF-1R) while control and 30% CR + IGF-1
showed increase IGF-1R activation. There were no changes in total IGF-1R, pAkt, total Akt, CD31,
and Ki67 between the groups. Scale bar = 100 µm.
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3.5 Discussion
Given the association between obesity and breast cancer (Morimoto, 2002) and the
impact of these malignancies on the health of the U.S. population (American Cancer
Society, 2009), a better understanding of the factors responsible for the obesity-breast
cancer link is needed if we are to develop strategies for ameliorating both. In this study,
we used microarray analysis to identify gene expression changes in 3 increasing levels of
CR in the liver, a critical metabolic organ highly responsive to energy balance changes.
Since the liver is also the primary site for IGF-1 production, and changes in the levels of
this growth factor are thought to play a central role in the beneficial effects of CR, we
also evaluated gene expression changes in the liver of CR mice infused with IGF-1.
Additionally, gene expression changes in the mammary fat pad, the site where metabolic
changes most influence tumor development, were also analyzed. Finally, we used a
syngeneic transplant model to evaluate the effects of CR and IGF-1 add back onin
mammary tumor growth.
Many of the previous CR-related microarray studies in the liver have focused on the
effects of CR in aging (Miller, 2002; Bauer, 2004). Other studies have evaluated the
effects of CR across a time course, showing that changes in gene expression occur fairly
early after treatment has started (Cao, 2001) and that the effects of CR in aging change
depending on the time in life when treatment started (Dhahbi, 2004). To our
understanding, this is the first microarray analysis of increasing levels of CR. We
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concomitantly analyzed the effects of increasing levels of CR and IGF-1 add back on
gene expression in the liver, and identified a list of genes for which expression changes
are common to CR, a set of genes for which expression is returned to control levels when
IGF-1 is added, and a set of genes for which expression was changed with IGF-1
infusion.
First, we hypothesized that increasing levels of CR lead to CR dose dependent effects in
the liver, which could be evaluated by the number of differentially expressed genes,
number of gene ontology categories identified, number of genes in each functional
category, and fold of gene expression changes. As hypothesized, 30% CR altered the
expression of two times more genes than 20% CR, while 40% CR altered the expression
of approximately 7 times more genes than 20% CR. Also, increasing levels of CR
increased the number of genes in specific gene ontology categories, such as metabolic
processes.

For example, 40% CR displayed 115 genes associated with metabolic

processes, compared to 11 genes in 30% CR. Increasing levels of CR also increased
differences in expression of several specific genes. For example, Fabp5 was identified as
being significantly downregulated in all 3 CR groups compared to control, but 20% CR
displayed a 5 fold change, while 30% CR displayed 11 fold, and 40% CR displayed 25
fold change, compared to control. Additionally, apoptosis was identified as a functional
category significantly represented in the set of genes unique to 40% CR, which had not
been identified in the previous levels (20% and 30% CR). Higher levels of hepatic
apoptosis in CR had been previously reported, although the mechanism responsible for
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this effect, as well as the consequences, are not well established (Selman, 2003). The fact
that one of the genes present in this category, Cdkn1, is upregulated following liver
damage might mean that 40% CR is detrimental to the liver.
This study design also allowed for the identification of a set of genes for which
expression changes are common to different levels of CR. Of the 17 genes identified, 10
were related to metabolic processes. Among these we validated the expression of Fabp5
and Acot1. Fabp5 functions as an antioxidant protein by scavenging reactive lipids in the
liver (Bennaars-Eiden, 2002; Dickinson Zimmer, 2004) and has been shown to display
increased expression in hepatic cells of mice treated with Western Diets (Hoekstra,
2006). The fact that Fabp5 expression was decreased in every CR group indicates that
the levels of scavenging reactive lipids are diminished in the liver during negative energy
balance status, compared to the typical high fat Western Diet. The specific function of
Acot1 is not fully understood, but it is thought to increase fatty acid oxidation, decreasing
triglyceride formation (Hunt, 2002). It is also thought to be highly regulated at the
mRNA level under different physiological conditions by both PPAR and (HNF4α)
(Donglo, 2007).
Additionally, we were able to identify genes for which expression changes are unique to
each CR level. Interestingly, when validating expression differences between the groups,
Gck, a gene unique to 30% CR, was also differentially expressed in 40% CR. This
underscores the importance of validating microarray data before using it to draw
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conclusions. In order to identify differences between 30% and 40% CR, we focused of
the genes uniquely differentially expressed by 40% CR. Apoptosis was a functional
category identified only by 40% CR, so we validated the expression of one of the genes
in this category, namely Cdkn1a. It is noteworthy that Cdkn1a was upregulated almost
200 fold compared to control. Since Cdkn1a expression has been shown to be increased
following liver injury (Kwon, 2003), this result indicates that 40% CR might be
detrimental to the liver.
We then compared changes in expression of 30% CR with 30% CR + IGF-1 and 40% CR
with 40% CR + IGF-1. We focused on genes that were differentially expressed between
CR and control, but not different between CR + IGF-1 and control. These genes are
representative of expression changes that were returned to control levels when IGF-1 was
added back. In the 40% CR and 40% CR + IGF-1 comparison, at least two functional
categories highly relevant for the effects of obesity on breast cancer risk were identified:
maturity onset of diabetes and PPAR signaling pathway. Maturity onset of diabetes is a
malignancy associated with obesity and thought to be responsible for some of its
consequences in increasing breast cancer risk and worsening prognosis (Goodwin, 2002).
The PPAR signaling pathway is highly associated with obesity (Barish, 2006) and has
also been shown to be important in regulating tumor growth (Sporn, 2001). We validated
the expression of Hnf4α, a gene downregulated during hyperinsulimia that also
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participates in the PPAR pathway, underscoring the importance of IGF-1 to the metabolic
effects of CR.
Given that 40% CR appears to be too detrimental to the liver, and that 20% CR did not
display any unique functional category, we decided to focus on the effects of 30% CR on
mammary tumor burden. First, we evaluated gene expression changes in the normal
mammary fat pad between 30% CR and 30% CR + IGF-1. Using an insulin PCR array,
we identified genes that were differentially expressed by 30% CR, but not by 20% CR +
IGF-1, compared to control. Among these, Dusp14 was identified and its expression
validated. Dusp14 is a mitogen-activated protein kinase (MAPK) phosphatase responsible
for dephosphorylating ERK, JNK, and p38, and thus, of extreme importance as a
downstream signal in the IGF-1 pathway in regulating mammary tumor growth. That
Dusp14 inhibits the MAPK pathway and its expression was increased by 30% CR, but
not different from control when IGF-1 was added, indicates that IGF-1 is of central
importance to the beneficial effects of CR in mammary tumorigenesis. Another gene,
namely Fbp1, followed the same pattern of expression between the groups in a different
direction. Fbp1 was downregulated by 30% CR, but not by 30% CR + IGF-1 in the
mammary fat pad. Fbp1 is under the control of insulin and is one of the major regulators
of glycolysis (Marin-Hernandez, 2006). The fact that decreased expression of Fbp1 has
recently been associated with tumor growth control (Liu, 2009) agrees with the results
obtained in our study. Gene expression changes modulated by energy balance at the
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mammary fat pad and its relevance for breast cancer had been previously investigated
(Padovani, 2009), but this is the first time that analysis of the effects of IGF-1 add back
have been combined with CR.
Finally, we analyzed the effects of CR and IGF-1 on mammary tumorigenesis and
evaluated the effects of 30% CR and 30% CR + IGF-1 in tumor growth using a syngeneic
transplant mammary tumor model. The ability of IGF-1 infusion to reverse the beneficial
effects of CR had been previously investigated in chemically induced mammary tumors
in rats, although it appeared to have no effects in that model (Zhu, 2005). Possible
explanations for the lack of effects of IGF-1 in that study include the short infusion
period (8 days) as well as the fact that recombinant human IGF-1 was used. Mice in our
study followed the results published by Berrigan et al., where mice with added murine
IGF-1 display increased levels of this hormone during the initial weeks, with decreased
levels towards the end of the study (Berrigan, 2005). It is noteworthy that in our study,
30% CR decreased tumor burden, as measured by final tumor weight, compared to
control (p value = 0.02), while 30% CR + IGF-1 displayed no significant difference
between either 30% CR or control. This indicates that IGF-1 is a strong component of
the CR effects in tumor growth but is not sufficient for reversing all CR effects. That the
p-IGF-1R signal in the tumors (as displayed by immunohistochemistry) showed a
decrease in activation in the 30% CR but not in the 30% CR + IGF-1 group, compared to
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control, corroborates the findings that IGF-1 is an important component of the beneficial
effects of CR.
Here, we show that increasing levels of CR lead to increasing metabolic responses in the
liver. While 20% CR did not allow for the identification of any specific gene category,
40% CR appeared to be detrimental to the liver, indicating that 30% CR is an ideal level
of restriction. Additionally, levels of the growth factor IGF-1 also have metabolic effects,
as measured by gene expression changes in liver with IGF-1 infusion in CR groups. IGF1 was able to reverse the effects of CR in some metabolic genes and increased expression
of stress genes. In the tumor microenvironment (mammary fat pad), IGF-1 was also able
to reverse the effects of CR on the expression of genes relevant to tumor development.
Finally, IGF-1 infusion was able to partially reverse the beneficial effects of CR on tumor
growth in our syngeneic mammary tumor transplant model, underscoring the importance
of IGF-1 in the energy balance-cancer link.
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CHAPTER 4: CALORIE RESTRICTION AND RAPAMYCIN,
BUT NOT EXERCISE, INHIBIT MMTV-WNT-1 MAMMARY
TUMOR GROWTH IN A MOUSE MODEL OF
POSTMENOPAUSAL OBESITY.
4.1 Abstract
Obesity is an established breast cancer risk factor in postmenopausal women, and calorie
restriction (CR) and exercise (EX) are the two most recommended ways to prevent or
reverse obesity. The mammalian target of rapamycin (mTOR) pathway is a potential
mechanistic target underlying the effects of these interventions, and rapamycin (mTOR
inhibitor) has been shown to mimic many of the anticancer effects of CR. However, a
direct comparison of the effects of obesity reversal by CR versus EX on mammary tumor
development, as well as treatment with rapamycin in the obesity context, have not
previously been reported. Therefore, we administered a diet-induced obesity regimen to
60 ovariectomized C57BL/6 mice for 8 weeks to induce obesity. The mice were then
randomized into 4 groups (n=15/group): Control (ad libitum); CR (30% calorie restriction
relative to control); EX (ad libitum + treadmill exercise at 20m/min, 45min/day,
5days/week); and rapamycin (ad libitum + 5mg/kg injected i.p. every 48 hrs). All mice
were injected (4th mammary fat pad) with 5 x 104 MMTV-Wnt-1 mammary tumor cells at
week 12, and at week 18 tumors were extracted and analyzed by immunohistochemistry
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(IHC). At the end of the study, mice in the CR group weighed significantly less (27.6 ±
2.6 g) and displayed lower percent body fat (34.7 ± 5.2 %) than mice in the control group
(41.7 ± 2.9 g and 47.9 ± 1.8 %). There were no differences in body weight or percent
body fat in the EX (38.3 ± 3.10 g and 45.9 ± 2.6 %) and rapamycin (37.4 ± 2.7 g and 46.6
± 5.6 %) groups, compared to control. Mice in the CR and rapamycin groups had
comparable tumor weights (0.04 ± 0.02 g and 0.07 ± 0.04 g) that were significantly
smaller than those in the control and EX groups (0.3 ± 0.2 g). IHC analysis showed that
rapamycin significantly reduced p-mTOR, cyclin D1 and p-S6 ribosomal protein
(markers of mTOR activation) compared to control, exercise and CR. There were no
differences in total Akt, total mTOR, total S6, p-Akt, Ki67 (marker of proliferation), or
cleaved-caspase 3 (marker of apoptosis) between the groups. Although the mTOR
pathway was not inhibited by CR in established tumors, constitutively active mTOR
overcame the inhibitory effects of CR on mammary tumor cell invasion and migration in
vitro. To our knowledge, this is the first study directly comparing the effects of CR,
exercise and rapamycin on mammary tumor growth and mTOR signaling. We conclude
that CR is more efficient in reversing obesity and inhibiting tumor growth than exercise.
Additionally, mTOR appears to be mediating at least some of the effects of CR on tumor
growth and mTOR inhibitors should be considered in future studies for prevention and
treatment of breast cancer in obese patients.
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4.2 Introduction
Breast cancer is the most frequently diagnosed cancer in women and ranks second as a
cause of cancer death in women (American Cancer Society, 2010). Obesity is a risk
factor for postmenopausal breast cancer and is associated with reduced survival in both
pre and postmenopausal women (Petrelli, 2002). Furthermore, the number of obese adult
women has increased dramatically in the United States during the last few decades
(Flegal, 2010) indicating that the harmful impact of obesity on breast cancer will continue
to rise as many of these women enter the postmenopausal phase. Given that obesity is one
of the few modifiable risk factors for breast cancer (Key, 2001), identification of
strategies that reverse obesity and impact cancer are highly important.
The two most commonly recommended strategies for reversing or preventing obesity are
calorie restriction (CR) and exercise. CR is the term applied to diets that are formulated
so that the amount of calories consumed is decreased while nutrients levels are
maintained constant. CR is known as one of the most effective ways to reduce
spontaneous tumor occurrence in experimental animals (Hursting, 2001). Exercise is
defined as planed, structured and repetitive bodily movements done to improve or
maintain physical fitness (Thompson, 1997). Previous studies of exercise and mammary
tumorigenesis in rodents, all involving chemically induced models, have found beneficial
effects of exercise with intensities higher than 70% of maximal aerobic capacity. In
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humans, the greatest cancer risk reduction from physical activity is observed in normalweight or overweight, versus obese, postmenopausal women (McTiernan, 2003) and
increased physical activity has been shown to improve breast cancer prognosis (Holmes,
2005). Potential mechanisms related to the altered tumor burden with CR and exercise
have not been adequately examined and a direct comparison between the two, in the
context of obesity, has never been done.
Hormone alterations by weight control seem to be a critical factor for cancer prevention
due to the significant role of hormones in regulating cellular growth. Hormones such as
insulin, insulin-like growth factor (IGF)-1 and leptin have been shown to stimulate
mammary tumor cell growth in vitro. Additionally, high levels of insulin have been
correlated with increased BMI and poor breast cancer prognosis (Goodwin, 2002). Breast
tumor cells overexpress IGF-1 receptors (Shimizu, 2004) and lower levels of this
hormone delay the onset of tumors in animal models (Wu, 2003). Most cases of human
obesity result in increased levels of serum leptin and high expression of both leptin and
leptin-receptors in breast cancer tissue is associated with poor prognosis (Ishikawa, 2004;
Miyoshi, 2006). Conversely, adiponectin displays antiproliferative effects in mammary
tumor cells (Kang, 2005; Dieudonne, 2006). Adiponectin levels are negatively correlated
with body weight, BMI, and body fat (Ryan, 2003) and lower circulating adiponectin
levels are associated with increased risk of breast cancer (Tworoger, 2007).
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In intervention studies, it has been shown that either diet-induced or exercise-induced
weight loss lower insulin levels (Ross 2004; Weiss, 2006). Obese patients subjected to
bariatric surgery present decreased levels of IGF-1 (Pereira, 2007) and increased
adiponectin (Yang, 2001). Weight loss through either calorie restriction or exercise
lowers leptin levels in humans.
Interestingly, many of these hormone effects on cell growth involve signaling through the
mammalian Target of Rapamycin (mTOR) pathway. Binding of insulin and IGF-1 to
their receptors activates the PI3K/AKT pathway (Taniguchi, 2006), known to stimulate
mTOR activity (Hay, 2004). Leptin activates both the PI3K/AKT pathway and the ERK
pathway (Garofalo, 2004), which also leads to mTOR activation (Roux, 2007).
Adiponectin, on the other hand, activates AMPK (Goldstein, 2004; Luo, 2005), leading to
mTOR inhibition (Kimura, 2003). The major targets of mTOR are components of the
translational machinery, with S6K1 and 4EBP1 as its best characterized downstream
effectors (Hay, 2004). Many signaling pathways that regulate mTOR activity are
frequently activated in human cancers, which is consistent with the idea that energy
balance status affects tumor development through regulation of mTOR activity. In breast
cancer, the mTOR pathway appears to be critical for the proliferative responses mediated
by different hormones and growth factors (Carraway, 2004).
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Rapamycin is a specific mTOR antagonist which has been shown to inhibit mammary
tumor cell growth in vitro and in vivo (Inoki, 2006; Namba, 2006). An analog of
rapamycin, RAD001 (Afinator) was recently been FDA approved for second-line cancer
therapy in patients with advanced renal cell carcinoma, and many clinical trials are
ongoing for further use

of mTOR inhibitors. Unfortunately, the effects of mTOR

antagonists on breast tumor growth have not been studied in the context of
postmenopausal obesity.
To our knowledge, this is the first study to directly compare the physiological and
molecular changes, as well as tumor inhibition effects, of CR and exercise in a model of
postmenopausal obesity. Additionally, we compared to the well established tumor
inhibitory effects of Rapamycin with our obesity reversal interventions. A better
understanding of the key changes that underlie the tumor inhibitory effects of CR and
exercise will provide a scientific basis for medical recommendations as well as the
identification of new strategies for breast cancer prevention and treatment in obese
postmenopausal women.
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4.3 Materials and Methods
4.3.1. ANIMAL STUDY DESIGN
The goal of this study was to compare the effects of CR and Exercise on body
composition and energy balance-related hormones in a mouse model of postmenopausal
obesity. Ovariectomized mice were put on a diet-induced obesity (DIO) regimen
consisting of ad libitum access to a 60 kcal % fat diet (D12492, Research Diets Inc, New
Brunswick, NJ) for eight weeks. Mice were then randomized into the following treatment
groups (n=15/group): 1) Control, 2) Exercise, 3) 30% CR. The exercise and control
groups were switched from the DIO regimen to a 10 kcal % fat diet (D12450B; Research
Diets, New Brunswick, NJ) consumed ad libitum. CR consumed a diet regimen
(D0302702, administered in daily aliquots) providing 30% fewer calories from
carbohydrates compared to the control diet, with all other components being isonutrient
when intake was limited to 70% of mean kcal consumption of the control group. The
exercise group ran on a variable speed treadmill 5 days/wk on a 5% grade, beginning
with 10 min/day at 12 m/min. Time and intensity were increased gradually over the next
two weeks until 40 min/day at a maximum rate of 20 m/min was reached. The control
group was placed on the treadmill but did not run. Mice were weighed and feed intake
was measured weekly. Body composition was determined using quantitative magnetic
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resonance (Echo Medical Systems, Houston, Texas) weekly. Differences in feed intake,
body weight, and percent body fat were analyzed through ANOVA.
Another cohort of mice was used to elucidate the effects of energy balance treatments on
mammary tumor growth in a model of postmenopausal obesity. These mice were treated
as described above (8 weeks of DIO followed by randomization into the 3 different
energy balance treatments) and at week 12 were injected with ~50,000 syngeneic
MMTV-Wnt1 mammary tumor cells as previously described (Nunez, 2008). This study
had an additional treatment group, namely Rapamycin. These animals were switched to
control diet after 8 weeks (equal to control and exercise mice), injected with tumor cells
at week 12, and Rapamycin treatment started at week 14. The mice received i.p.
injections of 4 mg/kg Rapamycin in 0.1% DMSO every 48 hrs. Control, exercise, and CR
groups received i.p. injections of saline every 48 hrs. Kaplan-Meier survival analysis was
used to evaluate differences in time to palpable tumors and Mann-Whitney statistical test
was used for non-parametric comparison of final tumor weight between groups.
Mice were fasted for 12 hrs before being anesthetized with isofluorane for terminal blood
collection via cardiac puncture. Whole blood was allowed to clot at room temperature
for 30 minutes prior to centrifugation at 1000 x g for 10 minutes. The serum was
removed and stored at -80◦ C for analyses. Mammary tumors were collected and were
either fixed in 10% formalin or flash frozen in liquid nitrogen and stored at -80◦ C until
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further analyses. Body composition and energy balance-related hormones data are
displayed as average and standard error of the mean. All animal protocols were approved
by the University of Texas at Austin Institutional Animal Care and Use Committee.
SERUM HORMONE ANALYSIS
Leptin, Adiponectin, Insulin, and IGF-1 were measured in serum using mouse adipokine
LINCOplex®Multiplex Assays (Millipore, Inc., Billerica, MA) analyzed on a BioRad
Bioplex 200 analysis system (Biorad, Inc. Hercules, CA). Data are displayed as average
with standard error of the mean. Differences in serum hormone levels were analyzed by
ANOVA.
TUMOR TISSUE ANALYSIS
Fixed tissue was embedded in paraffin and then cut into 4 µm thick sections for either
hematoxlin and eosin (H&E) staining or immunohistochemical analysis. Slides were
deparaffinized in xylene and rehydrated sequentially before being incubated with the
primary antibody for immunohistochemistry analysis. In order to identify changes in the
regulatory pathways in the tumor tissue of each group, the activation of molecules that
act upstream and downstream of mTOR was evaluated, as well as proliferation, apoptosis
and angiogenesis markers, was evaluated using antibodies against pAkt, mTOR, pS6,
CyclinD1, Ki67, pHH3, PCNA3, Cleaved Caspase-3, CD31, and Vegf (Cell Signaling,
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Beverly MA) with 1:250 dilution. Horse biotynilated anti-goat IgG and SA-HRP
(BioGenex) were used for antigen retrieval.
4.3.2 CELL LINES
The MMTV-Wnt1 tumor cell suspension that was injected in the animal studies contains
a variable population of cells, including stromal, epithelial and tumor cells. We decided
to investigate the effects of CR on a pure population of tumor cells. Therefore, we used 2
cell lines derived from the MMTV-Wnt1 spontaneous tumor cell suspension, namely
WA4 and WG4. First, we sought to determine the number of cells necessary to initiate
tumor growth at approximately 4 weeks following injections, which gives adequate time
for intervention studies. For WA4 cells we injected 50, 500, 5 x 103, 5 x 104, 2 x 105, 5 x
105, 1 x 106, and 1 x 107 cells per mouse. For WG4 cells we injected 50, 500, 5 x 103, 5 x
104, 5 x 105, 5 x 106, 10 x 106, and 5 x 107 cells per mouse. We used 5 mice/group
maintained on 10% kcal fat control diet throughout the study and cells were injected
orthotopically as described above. Once the ideal number of injected cells was
established, we sought to determine if these cell lines were responsive to energy balance
treatments. 90 mice were maintained in high fat (60 % kcal fat), control (10 % kcal fat),
or 30% CR (as described above) diets for 4 weeks before being injected with 5 x 104
WA4 or 5 x 106 WG4 cells in the mammary fat pad (15 mice/group). Body composition
was measured before tumor injections (as described above) and differences between
groups were analyzed by ANOVA. Tumors were measured with a caliper 3 times/week
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and all mice were euthanized when 50% of tumors in the control group reached 100 mm2.
Differences in final tumor weight were analyzed by Mann-Whitney statistical test.
4.3.3. TRANSFECTION AND CHARACTERIZATION
In order to evaluate the effects of CR on the mTOR pathway we transfected the two cell
lines (WA4 and WG4) with wild-type (WT mTOR) and constitutively active (mTORΔ)
vectors. The mTORΔ vector has a deletion in amino acids 2430-2450 which is
responsible for mTOR repression. The vectors were acquired from Gary G Chiang, Ph.D.
(Burnham Institute for Medical Research, La Jolla, CA). Cells were transfected through
electroporation using Biorad Genepulser 2 (Biorad, Hercules, CA). Transfected cells
were selected as single clones using 800µg/ml of Geneticin (Invitrogen, Carlsbad, CA),
until stable clones reached approximately one million cells. Transfection was confirmed
by expression of the AU1 epitope-tag (antibody from Bethyl Laboratories, Montgomery,
TX) using western blots. We measured proliferation, invasion and migration in order to
characterize each cell line specific responses to serum extracted from control and CR
mice. Proliferation was measured by seeding 2,000 cells/well in 96 well plates, cells were
then serum starved for 8hrs to synchronize cell cycle and treated with either 1% control
or CR serum for 24 and 48hrs. Cells were then treated with 50 µl of 5 mg/ml of Thiazol
Blue Tetrazolium Bromide (Sigma-Aldrich, St Louis, MO) for 2 hrs, the stain was then
dissolved with 100 µl of DMSO, and the plate was read in Synergy 2 Multi-Mode
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Microplate Reader (BioTek, Winooski, VT). This experiment was performed in
triplicates. Migration was measured in 24 well plates by growing WA4 and WG4 to
confluence, scratching with a pipette tip, and immediately photographing the wells (0 hr).
Culture media were replaced with either 1% control or CR serum and wells were then
photographed at the identical location of the initial image (0 hr) at 12 and 24 hrs. This
experiment was performed in triplicate. Invasion was measured with Matrigel Invasion
Chambers (BD Biosciences, San Jose, CA) by seeding 2,500 cells/chamber, following
manufacturer’s instructions. We used 1% control or CR serum as the chemotractant.
After 18 or 30 hrs non-invading cells were wiped away from the upper part of the
membrane and invading cells were fixed with 1% Crystal Violet in 70% Methanol for 30
minutes before being assembled onto slides for counting. Significant differences between
treatments in number of invaded cells were analyzed by student’s ttest. The experiment
was performed in triplicate.
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4.4 Results
4.4.1 METABOLIC

AND PHYSIOLOGICAL EFFECTS OF

CR

AND EXERCISE IN

POSTMENOPAUSAL OBESE MICE

CR mice consumed significantly less calories than control mice (635.16 kcal and 826.94
± 3.19 kcal, respectively), while there was no difference in calorie consumption between
exercise (882.8 ± 3.76 kcal) and control (Figure 4.1A). Accordingly, at the end of the
study (week 18), CR, but not exercise mice, weighed significantly less (28.64 ± 0.57 g
and 38.3 ± 0.71 g, respectively) than control mice (39.78 ± 1.17 g) (Figure 4.1B). Also,
percent body fat in the CR group was significantly less (37.02 ± 0.97 %) than control
(48.09 ± 1.01 %), but exercise displayed no difference from control (45.71 ± 0.77 %)
(Figure 4.1C). Energy balance related-hormones correlated with the body composition
data. First, serum insulin levels were lower in CR (468.05 ± 62.54 pg/ml), but not
exercise (1209.93 ± 178.98 pg/ml), compared to control (795.04 ± 120.93 pg/ml) (Figure
4.1D). Consistent with the obesity-insulin insensitivity link, fasting glucose levels were
also lower in CR (95.85 ± 2.97 mg/dl), but not exercise (134.28 ± 3.75 mg/dl), compared
to control (137.85 ± 3.14 mg/dl) (Figure 4.1E). Second, CR decreased serum leptin levels
(4.00 ± 0.42 µg/ml), while exercise had no effect (8.95 ± 1.19 µg/ml), compared to
control (10.63 ± 1.10 µg/ml) (Figure 4.1F). Finally, serum adiponectin levels were
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increased in CR (52.32 ± 1.12 mg/ml) compared to control (26.04 ± 2.03 mg/ml), as
expected; but exercise displayed no effects (30.05 ± 2.84 mg/ml) (Figure 4.1G).
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Figure 4.1. Effects of
Exercise and CR on obesity
reversal.
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(A)Energy intake, (B) Body weight,
(C)Percent body fat, (D) Serum insulin
levels, (E) Fasting glucose, (F) Serum
leptin, (D) Serum adiponectin. Data
shown are mean ± SEM . Significance
(p<0.05) between groups is denoted
by different letters.

4.4.2 EFFECTS OF CR, EXERCISE, AND RAPAMYCIN ON MAMMARY TUMOR BURDEN
IN POSTMENOPAUSAL OBESE MICE

In another cohort of mice subjected to the same energy-balance treatments, murine
mammary tumor cells were injected orthotopically to evaluate the effects of these
treatments on tumor burden. One additional treatment group was added to evaluate the
specific contribution of the mTOR pathway in this model, namely: rapamycin. The body
composition and energy-balance related hormones in this cohort of mice followed what
was seen with the non-tumor bearing mice (data not shown). Interestingly, both CR and
rapamycin increased tumor latency (p < 0.01 for both), while exercise displayed no effect
compared to control (Figure 4.2A). Once detected, tumors in all groups grew at a similar
rate (Figure 4.2B). This is consistent with results seen in other models evaluating the
effects of mTOR inhibition on mammary tumor growth, and the most significant effects
of mTOR appear to be at the tumor initiating phase (Renehan, 2008). CR and rapamycin
follow the same pattern of tumor growth, which indicates that mTOR may play a role in
the protective effects of CR. At the end of the study, tumor weights were lower in the CR
and rapamycin groups (p < 0.01 for both), compared to control, but exercise displayed no
differences (Figure 4.2C).
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Figure 4.2. Effects of Exercise, CR, and Rapamycin on MMTV-Wnt-1
mammary tumor growth.
(A)Kaplan- Meier (log-rank) for time to palpable tumor, (B) Tumor growth, (C) Final tumor
weight. Data shown are mean ± SEM. Significance (p < 0.05) between groups is denoted by *.

110

4.4.3 MTOR SIGNALING IN DEVELOPED TUMORS
To elucidate the role of mTOR on tumor growth in different treatment groups, we used
immunohistochemistry in tumors extracted at the end of the study. Phosphorylated Akt
(pAkt) acts upstream of mTOR and was activated in all four groups (Figure 4.3).
Phosphorylated mTOR (pmTOR) and its downstream effector, phosphorylated S6
Ribosomal Protein (pS6) were both down-regulated in the Rapamycin group, but not in
CR or exercise, compared to control (Figure 4.3). Also, Cyclin-D1, a downstream
effector of mTOR and a cell-cycle regulator, was inhibited in rapamycin, but not any
other treatment, compared to control (Figure 4.3). The proliferation markers Ki67 (Figure
4.3) and PCNA (data not shown) were activated in all groups, as was the mitotic marker
phospho-Histone 3 (data not shown). There was no significant apoptosis as evaluated by
the apoptosis marker Cleaved-Caspase 3 in all groups (data not shown). Also, rapamycin
reduced angiogenesis, as identified through the blood vessel marker CD31, compared to
control, while CR and exercise had no effects. Consistently, VEGF, a downstream
effector of mTOR that stimulates angiogenesis, followed the same pattern as CD31
(Figure 4.3).

111

Figure 4.3. Rapamycin, but not CR or exercise, inhibits mTOR pathway in
developed tumors.
Rapamycin decreased mTOR (pmTOR), S6 (pS6), cyclin D1, angiogenesis (CD31) and VEGF
activation There were no changes in pAkt, total Akt, and Ki67 between the groups. Scale bar =
100 µm.

112

4.4.4

ENERGY BALANCE EFFECTS ON CELL LINES DERIVED FROM

MMTV-WNT1

TUMORS

We first sought to establish the number of cells to be injected from each clonal cell line in
a time that allows for intervention studies, before assessing if the two different cell lines
were sensitive to energy balance manipulations. For the WA4 cell line, we determined
that 50,000 cells/animal would be ideal (Figure 4.4A), while WG4 5 x 106 cells/animal
displayed similar tumor formation (Figure 4.4B). Next, we evaluated if these cell lines
were susceptible to energy balance treatments: high fat (HF), control, and CR. At the
time of injection, HF mice weighed significantly more than control for both WA4 (32.4 ±
0.5 and 25.7 ± 0.4, respectively) and WG4 (32.0 ± 0.5 and 25.5 ± 0.4, respectively)
groups (p < 0.05), while CR mice weight significantly less than control for both WA4
(17.0 ± 0.3) and WG4 (17.6 ± 0.2) groups (p < 0.05) (Figure 4.4C and D). Similarly, HF
displayed significantly higher percent body fat (42.0 ± 1.0 for WA4 and 42.0 ± 0.9 for
WG4) compared to control (26.2 ± 0.7 for WA4 and 25.9 ± 1.0 for WG4, p < 0.05 for
both), while CR displayed significantly lower (19.4 ± 1.0 for WA4 and 18.7 ± 0.5 for
WG4, p < 0.05 for both) (Figure 4.4E and F). CR significantly decreased final tumor
weight (p < 0.05) for both cell lines (Figure 4.4G and H) but HF had no effect, compared
to control.
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Figure 4.4. Mammary tumor cell lines are sensitive to energy balance
manipulations.
Determination of number of cells to be injected for WA4 (A) and WG4 (B). Body weights at time
of injection for WA4 (C) and WG4 (D). Percent body fat at time of injection for WA4 (E) and WG4
(F). Final tumor weight for WA4 (G) and WG4 (H). Data are represented as mean ± SEM for body
weight and percent body fat. Tumor weights are represented as median. Significance (p < 0.05)
between groups is noted by different letters.
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4.4.5

ABILITY OF CONSTITUTIVELY ACTIVE MTOR TO OVERCOME

CR

SERUM

EFFECTS ON INVASION AND MIGRATION

Treatment with 1% CR serum displayed no effect in proliferation for both WA4 (Figure
4.5A) and WG4 (Figure 5D) cell lines. 1% CR serum decreased cell invasion for both
WA4 and WG4 cell lines transfected with WT mTOR construct, while constitutively
active mTOR (mTORΔ) overcame the effects of CR in both cell lines (Figure 4.5B and
E, respectively). CR serum was also capable of decreasing cell migration, compared to
control in both cell lines (Figure 4.5C for WA4 and 4.5F for WG4). Similarly, cells
transfected with mTORΔ displayed no differences in migration between CR and control
serum treatments.
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Figure 4.5. Constitutively active mTOR (mTORΔ) ablates the effects of CR
serum on invasion and migration
MTT Assay for WA4 (B) Matrigel Invasion Assay for WA4 (C) Migration Assay for WA4 (D) MTT
Assay for WG4 (E) Matrigel Invasion Assay for WG4 (F) Migration Assay for WG4. Data are
represented as mean ± SD. Significance (p < 0.05) is noted by *.
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4.5 Discussion
Obesity is a risk factor for breast cancer. Given that both obesity and breast cancer are
health problems of growing concern in the U.S., identification of strategies to reverse
obesity in order to decrease breast cancer risk are of high relevance. Similarly, the
identification of therapeutic agents that are able to weaken the obesity-breast cancer
association is a field of growing importance. The fact that mTOR integrates energy
balance-related signals with cell growth control, indicates that therapeutic agents which
target this molecule are promising for breaking the obesity-breast cancer link. Here, we
directly compared the metabolic and mammary tumor inhibitory effects of the two most
recommended strategies for reversing obesity: CR and Exercise. Additionally, we
compared the tumor inhibitory effects of these obesity reversing strategies with
Rapamycin, a well established mTOR inhibitor. We hypothesized that the beneficial
effects of CR and exercise on mammary tumor burden are mediated by the mTOR
pathway. The direct comparison of these energy balance and therapeutic interventions in
breaking the obesity-breast cancer link revealed the following novel findings: 1) CR, but
not exercise, was capable of reversing obesity and its effects on mammary tumor burden,
2) rapamycin decreased mammary tumor burden in obese animals to levels comparable to
those of CR, 3) Constitutively active mTOR was capable of reversing the effects of CR
serum on mammary tumor cell invasion and migration.
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When considering strategies to reverse obesity, decreasing caloric intake or increasing
energy expenditure are usually considered to have similar effects on body composition
and metabolic parameters (Brown, 2009). Although exercise has been previously shown
to reduce body weight and increase insulin sensitivity in humans (Frank, 2005) and
rodents (Vieira, 2009), in our study only CR was capable of changing insulin sensitivity.
Additionally, only CR reduced leptin and increased adiponectin serum levels. Leptin is
the most energy balance responsive hormone and serum leptin levels have been shown to
be decreased by exercise in other studies (Morrison, 2008). Serum levels of adiponectin
more resistant to change, and although exercise has been shown to increase adiponectin
receptor levels in the muscle (Bluher, 2006), changes in serum adiponectin levels are
usually not achieved by exercise in animals (Ziemke, 2010) and humans (Ryan, 2003).
The long term (10 weeks) direct comparison between the two interventions carried out in
our study indicates that CR is a more effective way of reversing obesity and its biological
markers than exercise.
CR, but not exercise, was capable of decreasing mammary tumor burden in our syngeneic
orthotopic model, which is consistent with the obesity-cancer link. CR is a well
established tumor protective intervention in many different tumor models (Hursting,
2008). The effects of exercise on carcinogenesis are affected by many factors, including
age, gender, adiposity, as well as duration, frequency and intensity of physical activity
(McTiernan, 2008). Genetic, chemically induced, and orthotopic models of mammary
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tumors have been studied in animals, and the intensity of exercise appears to be critical
for the beneficial effects of exercise (Thompson, 1997). Exercise in chemically induced
models has displayed both beneficial (Zhu, 2008; Jiang, 2009) and detrimental effects
(Saez, 2007) on mammary tumorigenesis. The relevance of chemically induced
mammary tumor models has long been questioned for its human applicability, since the
tumorigenic steps are not comparable. At least one study has evaluated the effects of
exercise on a genetic mammary tumor model, and reported detrimental effects of exercise
compared to control (Colbert, 2009). Mice in this study were p53 deficient, a common
genetic mutation on breast cancer (Gasco, 2002), that has been largely used to study
energy-balance effects on tumors (Hursting, 2001). The p53 gene also has metabolic
functions (Matoba, 2006) that affect physiological responses to exercise (Kruse, 2006).
Additionally, p53 is responsible for mediating responses to DNA oxidative damage, one
of the mechanisms thought to be involved in the effects of exercise on tumors (Meijer,
2002). Finally, xenograft models have reported no differences in tumor burden with
exercise (Jones, 2009). In order to study the effects of exercise in human cancer cells,
these studies have used immunodefficient mice. This proves to be problematic given that
immune function is thought to be involved in the effects of both obesity and exercise on
tumors (McTiernan, 2008). We were able to overcome many of the pitfalls present in
other studies by using a syngeneic orthotopic model of mammary tumor in wild-type
mice. This allowed us to directly compare the efficacy of CR and exercise in breaking the
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obesity-breast cancer link. The fact that CR, but not exercise, display significant decrease
in tumor burden indicates that, in the obesity and cancer scenario, a decrease in energy
intake in more beneficial than an increase in energy expenditure.
mTOR integrates extracellular and intracellular metabolic environment signals to regulate
cell growth, cell division and cell survival (Gwinn 2008). The mTOR pathway is
regulated by CR in multiple epithelial tissues (Moore 2008)(Moore, 2008) and that
tumors with PI3K activation (a positive upstream regulator of mTOR activity) are
resistant to CR (Kalaany, 2009), which justifies the evaluation of mTOR as a component
of CR mechanism in decreasing tumor burden. Additionally, the mTOR pathway is also a
candidate mechanism for the positive effects of exercise on tumors (Thompson, 2009).
The use of mTOR inhibitors in cancer treatment is currently gaining recognition
(Dowling, 2010), and in our study, rapamycin treatment decreased tumor burden to levels
comparable to those of CR, indicating that mTOR inhibitors might be of importance for
cancer treatment in the obese population. The fact that established CR tumors did not
display decreased mTOR activation was intriguing, but does not refute our hypothesis,
since once detected, tumors in the CR groups grew at a rate comparable to tumors in
control group. At the time we harvested the tumors, regulation of mTOR pathway by CR
might not have been detectable. This does not mean that CR is not acting through mTOR
at other time points in tumor progression. mTOR inhibition through genetic
manipulations has been previously reported to increase tumor latency, but once detected,
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tumors displayed no differences in growth rate compared to control (Kaper 2006), similar
with the pattern of tumor development in the CR group in our study. Nonetheless, results
from this tumor study underscore the potential of mTOR inhibitors in mammary tumor
treatment.
To further elucidate the effects of CR on the mTOR pathway, we transfected 2 cell lines
derived from MMTV-Wnt1 tumors with a constitutively active mTOR construct and
tested the effects of CR mouse serum on different tumor progression markers, namely
invasion and migration. We expected that CR serum treatment would inhibit invasion and
migration when WT mTOR is present, and that mTORΔ would obliterate the effects of
CR serum treatment. Although no changes in proliferation were observed between
different treatments, CR serum decreased cell invasion and migration compared to
control in cells transfected with the WT mTOR construct. Invasion and migration are
important markers of malignancy, and changes in the mTOR pathway have previously
been associated with these markers (Taliaferro-Smith 2009). Furthermore, tumor cells are
thought to balance proliferation and migration through Akt and TSC2 activity (Liu 2004).
The fact that constitutively active mTOR was capable of overcoming the effects of CR
serum on invasion and migration are striking and justify further analysis of the
requirement of mTOR downregulation for the beneficial effects of CR on tumor
progression.
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CHAPTER 5: FUTURE DIRECTIONS
5.1 Histone modifications associated with metabolic changes in
adipose tissue

As discussed in CHAPTER 2, energy balance manipulations lead to gene
expression changes in adipose tissue that are proportional to the efficacy of the
intervention studied. Specifically, CR was more effective than exercise in reversing
obesity-associated metabolic markers, and CR was associated with a pronounced effect
on overall gene expression changes. Furthermore, we showed that these changes in gene
expression can be partially explained by chromatin remodeling through histone
acetylation of the Glut4 promoter. Histone modifications associated with metabolic
changes are a fairly new field of study. Only recently has the link between changes in
nutrient availability and histone accessibility through post-translational modifications
been characterized in vitro (Wellen 2009). Nonetheless, study of this field is of extreme
importance for a more complete understanding of the mechanisms underlying the
detrimental consequences of obesity, which would establish a more reliable background
for designing future public recommendations on obesity reversal, as well as creating new
opportunities for therapy development.
In our study, we showed that CR increases Glut4 expression in the adipose tissue
of obese mice following obesity reversal. To test the hypothesis that changes in Glut4
expression are associated with changes in histone post-translational modifications such as
acetylation and methylation, we used another cohort of mice divided into 3 groups (5
122

mice/group): diet-induced obesity, control, and CR for 10 weeks. We reasoned that
changes in histone modifications would be more readily identified if animals were
subjected to a single diet treatment, rather than an obesity reversal design. Indeed, we
identified increased histone H4 acetylation associated with the Glut4 promoter of CR
mice in this group, consistent with increased Glut4 expression displayed by CR.
Hence, we wanted to confirm that acetylation of histone H4 was also associated
with increased Glut4 expression in CR following obesity reversal. We repeated the 8
weeks treatment with diet induced obesity high-fat diet before randomizing mice into 6
groups (5-7 mice/group): DIO (previously described), Diet Control (previously
described), 10% CR, 20% CR, 30% CR, and metformin. Mice in 10% CR and 20% CR
received modified diets that were isonutrient to the control diet, as previously described
for 30% CR. Metformin (Sigma-Aldrich Corp, St. Louis, MO) was mixed in the drinking
water at 5mg/ml concentration. We added 10% and 20% CR treatment groups that were
not present in the initial study. These groups will answer ask the question of what level of
CR is sufficient for inducing the metabolic and gene expression changes we observed
with 30% CR. We also used metformin, the anti-diabetic drug of choice for obese
patients (International Diabetes Federation 2007), since we are also interested in the
effects of metformin on insulin sensitivity and gene expression changes, specifically
compared to CR. Future studies will use tissues collected from this experiment to
determine the effects of each treatment on metabolism, gene expression, and histone
modifications markers.
Additionally, we would like to identify the enzyme responsible for the histone
modifications associated with the Glut4 promoter that lead to differences in gene
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expression between groups. We expect that treating differentiated 3T3-L1 adipocytes
with serum collected from DIO, Diet Control, and 30% CR will lead to comparable gene
expression and histone modifications changes that have been observed in the mice
(concentrations and time points to be determined). After confirming increased Glut4
expression in cells treated with CR mouse serum, as well as increased H4 acetylation,
enzymes associated with the Glut4 promoter site would be identified through chromatin
immunoprecipitation (Chip). The transcription factor α-MEF2A binds to the Glut4
promoter and has previously been successfully used to immunoprecipitate proteins
associated with this promoter (Knight 2003). Therefore, α-MEF2A is a good candidate
antibody (Santa Cruz Biotechnology) for the Chip experiment. The immunoprecipitated
samples isolated from the serum treated cells will be run on 2D gels in order to identify
differences in protein complexes between treatments. These proteins would then be
isolated from the gel and identified by Mass Spectrometry. The association of this newly
identified enzyme with the Glut4 promoter will be validated in the in vivo tissue we have
already collected. The requirement of this enzyme for changes in Glut4 gene expression
can be evaluated by genetic modifications using the 3T3-L1 differentiated adipocytes. A
protocol for transfections has already been established in our lab.
Ideally, future studies would use transcriptome analysis (microarray) combined
with global histone modifications analysis (Chip on chip) to identify gene expression and
histone modification changes associated not only with obesity reversal, but also with
obesity prevention. A comparison between obese, previously obese, and never obese
mice adipose tissues would lead to a better understanding of the changes that occur
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during obesity development, as well as the identification of factors crucial for the
detrimental consequences of obesity.

5.2 CR effects on mTOR pathway in early tumor development
As discussed in CHAPTER 3, mTOR mediates some of the beneficial effects of
CR on tumor (namely invasion and migration), although developed tumors extracted
from CR mice did not display decreased mTOR activation.
In order to test the hypothesis that the mTOR pathway plays a role in the
beneficial effects of CR early in tumor growth in vivo, we need to evaluate mTOR
activation in a time course through tumor development (end points at 2, 4, and 6 weeks).
Therefore, the original mammary tumor animal study design can be repeated using 25
C57BL/6 ovariectomized mice/group. Tumor adjacent and tumor distal mammary fat
pads will be extracted at each time point (2, 4, and 6 weeks) for evaluating mTOR
pathway activation in normal mammary epithelial, as well as tumor cells. Previous
studies in our lab have established that a total of 6 weeks are necessary for half of the
animals in the control group to display tumors bigger than 100 mm2. Power analysis on
data collected from these studied determined that 6 weeks is the ideal time point for
identifying differences in final tumor weight between groups, and that 15 mice per group
are required for statistical analysis at this point. The first time point for tissue collection
should be at 2 weeks after tumor cells suspension injection, followed by collection at 4
weeks. This analysis will allow for a better understanding of the effects of CR on the
mTOR pathway during tumor development, as well as shed light on the mechanism by
which CR exerts its beneficial effects during tumor progression.
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Additionally, the characterization of our mammary tumor model relative to
human tumor classification is crucial for establishing the relevance of our studies in
breast cancer prevention. MMTV-Wnt-1 tumors have been previously classified as
containing basal/myoepithelial features (Herschkowitz 2007). Two cell clone populations
derived from these tumors (A4 and G4) were also used in our studies and are currently
being characterized using the same method. A better characterization of these new
mammary tumor cell models will allow for the identification of relevant interventions for
breast cancer prevention, as well as identification of therapeutic targets for a broader
spectrum of tumor types.
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