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Obesity is associated with many medical disorders including type 2 diabetes
and certain cancers. During obesity there is increased infiltration of classically
activated (M1) macrophages into adipose tissue which is associated with the
development of insulin resistance and eventually type 2 diabetes. Macrophages
require glutamine to survive but have limited expression of glutamine synthetase
(GS), the only enzyme capable of producing glutamine de novo, thus glutamine
must be obtained from external sources. During obesity blood flow is limited in
adipose tissue hence bringing to question where M1 macrophages obtain their
glutamine. Mature adipocytes express high amounts of GS and are known to
release glutamine. Therefore glutamine from adipocytes may contribute to the
infiltration of M1 macrophages into adipose tissue during obesity.
We found that murine RAW264.7 macrophages express low levels of GS and
have an absolute requirement for large amounts of exogenous glutamine for
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proliferation and secretion of proinflammatory cytokines MCP-1 (monocyte
chemoattractant protein-1) and MIP-1α (macrophage inflammatory protein-1α). To
determine if adipocyte-derived glutamine could support macrophage viability and
function, mature 3T3-L1 murine adipocytes and RAW264.7 cells were cocultured for
up to 48h in media without added glutamine and with a chemical inhibitor of GS.
RAW264.7 cells survived and proliferated in the absence of exogenous glutamine
when cocultured with mature 3T3-L1 adipocytes but did not survive in the absence
of added glutamine when cocultured with 3T3-L1 preadipocytes or with mature
3T3-L1 adipocytes where GS was inhibited. In addition, when mature 3T3-L1 cells
were cocultured with RAW264.7 cells in the absence of glutamine and with the GS
inhibitor, the secretion of RANTES (regulated on activation normal T cell expressed
and secreted) and Eotaxin-1 were negatively affected while secretion of MCP-1 was
slightly affected. The lower secretion of RANTES, Eotaxin-1 and MCP-1 may have
been due to RAW264.7 cells in cocultures dying in the absence of glutamine. These
findings support the notion that glutamine produced by adipocytes may contribute
to the viability and cytokine secretion of adipose tissue macrophages during obesity
which may lead to the development of insulin resistance and type 2 diabetes.
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CHAPTER 1. INTRODUCTION

1.1. Obesity and Adipose Tissue Inflammation
1.1.1. Obesity and the Obesity Epidemic
Overweight and obesity are defined as excessive body fat by the World
Health Organization (WHO). The most common method of measuring excess body
fat in adults is the body mass index (BMI). It is the ratio between an individual’s
weight in kilograms and height in meters squared (kg/m2). An adult is considered
overweight if his or her BMI is greater than or equal to 25-29.5. A person is
considered obese by having a BMI greater than or equal to 30.
In the past three decades the prevalence of obesity has nearly doubled
worldwide. The WHO estimates that in 2008 more than 10% of adults in the world
were obese. The Centers for Disease Control and Prevention (CDC) reported from
the National Health and Nutritional Examination Survey that in the United States
from 2009-2010 over one in every three adults (35.7%) was considered obese. This
trend has also been seen in children and adolescents. In the last thirty years the
number of obese children has doubled while the number of obese adolescents has
tripled (Ogden et al., 2012).
The obesity epidemic is a major health priority because obesity increases
the risk of developing numerous comorbid conditions including cardiovascular
disease, type 2 diabetes and certain cancers. Type 2 diabetes is a progressive
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condition that occurs when the body cannot produce enough insulin or cannot
respond to insulin as well as it should. Diabetes can lead to several health
complications such as heart disease, blindness and kidney failure. According to the
CDC the estimated cost of diabetes in the United States in 2008 was $147 billion.
Diabetes is the seventh leading cause of death in this country. The work presented
in this thesis focuses on experiments with fat cells (also known as adipocytes) to
study factors that may contribute to insulin resistance.

1.1.2. Type 2 Diabetes and Insulin Resistance
Blood glucose is kept in balance by the actions of the hormones insulin and
glucagon. Insulin stimulates skeletal muscle and adipose tissue to take up glucose
and also suppresses hepatic glucose output. According to the National Institute of
Diabetes and Digestive and Kidney Diseases, insulin resistance occurs when the
physiological effects of insulin on its target tissues decline. In skeletal muscle this
leads to reduced insulin-stimulated glucose uptake and less glucose oxidation and
more lactate production. Other effects of insulin resistance include a lack of
suppression of hepatic glucose output and increased lipolysis and release of fatty
acids by adipose tissue (Olefsky and Glass, 2010). The higher than normal blood
glucose concentrations stimulate beta cells of the pancreas to secrete more insulin.
Over time this compensatory mechanism fails leading to impaired glucose
intolerance and ultimately type 2 diabetes. Excessive weight has been considered
to be a primary cause of insulin resistance. With a growing obesity epidemic, much
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research has been focused on determining the cause and prevention of insulin
resistance in obese individuals.

1.1.3. Adipose Tissue as an Endocrine Tissue
Adipose tissue was classically known as connective tissue that serves as a
reservoir for energy. It is also a complex endocrine organ that secretes hormones
and cytokines, small signaling molecules (also known as adipokines) which have
effects on energy metabolism, food intake and the immune system (Trayhurn,
2013). Adipose tissue is composed of adipocytes and the stromal vascular fraction
(SVF) of cells. The SVF is made up of many types of cells including, but not limited
to, preadipocytes, fibroblasts, and immune cells such as macrophages.

1.1.4. Adipose Tissue Macrophages and Remodeling
Macrophages function as phagocytes to remove dead cells and debris. They
also perform other functions such as facilitating the immune response by signaling
other immune cells to respond to pathogens. Depending on their environment,
macrophages can become ‘activated’ meaning that they phenotypically polarize
into subsets of macrophages with specialized functions. Adipose tissue
macrophages (ATM) undergo two general types of activation. Macrophages
stimulated by interluekin-4 (IL-4), IL-3 and IL-13 become alternatively activated (also
known as M2) macrophages which secrete anti-inflammatory cytokines such as IL-
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10. However, if macrophages come in contact with interferon-γ and an appropriate
stimuli, such as bacterial endotoxin lipopolysaccharide (LPS), they become
classically activated (also known as M1) macrophages. These macrophages secrete
several proinflammatory factors such as cytokines tumor necrosis factor-α (TNF-α),
IL-6 and IL-1β. They also secrete chemokines, small molecules that induce
chemotaxis to attract other immune cells, such as macrophage inflammatory
protein-1α (MIP-1α), MIP-1β, and Regulated on Activation Normal T cell Expressed
and Secreted (RANTES) (Luster, 2002). These two types of activated macrophages
can be identified by surface markers: macrophage galactose N-acetylgalactosamine is a marker present only on M2 macrophages whereas F4/80 and
CD11b are surface markers for M1 macrophages (Lumeng et al., 2007a; Lumeng et
al., 2008).
In adipose tissue, macrophages are mostly present in clusters surrounding
single dead or dying adipocytes. When stained, these circles of macrophages
appear as crown-like structures (CLS) (Cinti et al., 2005). Typically the macrophages
in CLS are filled with lipid, reminiscent of foam cells found in atherosclerosis (West,
2009). While cell death is normal for adipocytes, in obesity the number of dying
adipocytes, indicated by the presence of CLS, is higher. The adipose tissue of lean
humans and mice has fewer CLS than obese adipose tissue. Also in obese humans
and mice approximately 90% of ATM are localized to CLS (Cinti et al., 2005).
Collectively, these findings suggest that there is a role that ATM may play in obesity.
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Adipose tissue is constantly being remodeled. It has been estimated that
every year approximately 10% of fat cells are renewed in adults regardless of BMI
(Spalding et al., 2008). Remodeling of adipose tissue is accelerated in obesity. As a
lean individual becomes obese, adipocytes increase in size due to an increase in
triglyceride storage (hypertrophy) and preadipocytes undergo differentiation into
new adipocytes (hyperplasia) (Spalding et al., 2008; Sun et al., 2011). Macrophages
play an important role in adipose tissue remodeling by removing dead adipocytes.
There are two types of adipose tissue expansion that can be classified as
healthy and unhealthy (Figure 1). Healthy expansion occurs when preadipocytes
and other stromal cells are recruited in appropriate ratios. Vascularization and
extracellular matrix remodeling also occur appropriately with minimal inflammation
(Mariman and Wang, 2010; Sun et al., 2011). On the other hand, pathological
expansion of adipose tissue is characterized by hypertrophy of existing adipocytes,
limited angiogenesis, and increased hypoxia (Sun et al., 2011). To support growth
of fat mass new blood vessels must be formed. However, there is evidence in
humans and experimental animals that adipose tissue blood flow (expressed ml per
minute per 100g tissue) is lower in obesity (West et al., 1987; Summers et al., 1996;
Ye, 2009). If angiogenesis cannot keep up with the increasing fat mass then hypoxia
occurs. Hypoxia has been shown to contribute to proinflammatory responses in
adipocytes which have been proposed to induce changes in the population of ATM
(Ye et al., 2007; Wood et al., 2009; Ye, 2009; Cinti, 2012).
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1.1.5. Adipose Tissue Inflammation during Obesity
In addition to the hypoxia, there are also changes in the ATM population
during obesity. It has been well documented that under conditions of excess fat
mass, there is an increased infiltration of macrophages in adipose tissue. Increased
adipocyte size was found to directly correlate to macrophage accumulation in the
fat tissue of obese mice (Weisberg et al., 2003).
Both M2 and M1 macrophages are normally found in lean adipose tissue.
However, during obesity there is a shift in the balance from M2 to M1
macrophages. This occurs by an increase in the recruitment of monocytes,
precursors to macrophages, to adipose tissue which then become M1 macrophages
rather than a change in polarization of resident ATM (Lumeng et al., 2008; Oh et al.,
2012). The higher prevalence of proinflammatory cytokine-secreting M1
macrophages leads to increased inflammation. In a paracrine fashion, secretion of
proinflammatory cytokines such as TNF-α and IL-6 from M1 macrophages induces
changes in the neighboring adipocytes (Figure 2). In response, adipocytes secrete
higher amounts of their own proinflammatory cytokines. Conversely, secretion of
adiponectin, an important anti-inflammatory protein produced by adipose tissue, is
decreased (Fantuzzi, 2005). The dysregulation of proinflammatory cytokine
production leads to an increase in circulating concentrations hence resulting in a
chronic state of low-grade inflammation. This kind of inflammation is important
because it may contribute to insulin resistance in obese individuals.
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1.1.6. Cytokines, Inflammation and Insulin Resistance
Low-grade inflammation present in obesity may be a root cause for insulin
resistance. Higher circulating concentrations of proinflammatory cytokines (TNF-α,
IL-6), chemokines (monocyte chemoattractant protein 1 [MCP-1], MIP-1α and
RANTES) and lower circulating levels of anti-inflammatory adiponectin are all
associated with the low-grade inflammation found in obesity and insulin resistance
(Odegaard and Chawla, 2011). IL-6 plays a role in the hepatic secretion of Creactive protein (CRP), a biomarker for inflammation, which is also increased in
obesity (Stienstra et al., 2007).
Mechanisms by which proinflammatory cytokines can affect insulin
sensitivity have been postulated. Secretion of TNF-α and IL-6 from macrophages
result in activation of serine kinases such as Jun N-terminal kinase (JNK) in adipose
tissue. These kinases phosphorylate proteins such as insulin receptor substrate
(IRS)-1 and -2 (Odegaard and Chawla, 2011). Consequently the cellular response to
insulin is disrupted, contributing to impaired insulin sensitivity. Mice lacking JNK
are protected from insulin resistance and the neutralization of TNF-α in obese
rodents has been shown to improve insulin sensitivity (Hotamisligil et al., 1993;
Hirosumi et al., 2002; Olefsky and Glass, 2010). TNF-α has been shown to lower
insulin sensitivity by directly acting upon the insulin receptor (Hotamisligil et al.,
1994). Both macrophages and adipocytes are sources of these proinflammatory
cytokines.
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Aside from TNF-α and IL-6, other cytokines may play a role in reducing
insulin sensitivity during obesity. MCP-1 (also known as CCL2) is a chemokine
produced mainly by macrophages and endothelial cells but it is also made by
adipocytes, osteoblasts and other cells. It recruits/attracts monocytes (the
precursors of macrophages) to inflamed tissue. Adipose tissue expression and
plasma concentrations of MCP-1 are higher in obese mice and humans (Tateya et
al., 2010). Acute administration of MCP-1 (in concentrations found in obese mice)
make mice more insulin resistant; administered MCP-1 also have significantly higher
macrophage infiltration into adipose tissue compared with controls (Tateya et al.,
2010). Over-expression of the MCP-1 gene in the adipose tissue of mice also results
in more M1 macrophages recruited to adipose tissue. As a result insulin resistance
is higher in these mice (Kanda et al. 2006). Deletion of the MCP-1 receptor, CCR2,
in mice has been shown to improve insulin sensitivity and decrease ATM even when
the mice are obese (Weisberg et al. 2006).
In contrast to the cytokines mentioned above, others have been shown to
reduce insulin resistance. Specifically, adipokines such as leptin and adiponectin
appear to promote insulin sensitivity (Yang et al. 2006; Yamauchi et al. 2001;
Steppan et al. 2001). Adiponectin expression is down-regulated in obese adipose
tissue but has been shown to reverse insulin resistance in the liver and skeletal
muscle of obese mice when administered in physiological doses (Yamauchi et al.,
2001; Suganami et al., 2012). M2 macrophages secrete IL-10, which has been
shown to have a protective effect against the insulin resistance effects of TNF-α
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(Figure 2) (Lumeng et al., 2007a; Nguyen et al., 2007; Olefsky and Glass, 2010).
These observations provide evidence that higher circulating concentrations of
proinflammatory cytokines from M1 macrophages and adipocytes, in addition to
lower circulating concentrations of anti-inflammatory cytokines, may contribute to
insulin resistance in obesity.

1.2. Glutamine Metabolism in Macrophages and Adipocytes
1.2.1. Glutamine and Glutamine Synthetase
Glutamine is the most abundant free α amino acid in circulation and plays
important roles in the inter-organ transport of carbon, nitrogen and energy
(Newsholme et al., 1986; Curthoys and Watford, 1995). Normal circulating
concentrations of glutamine are around 0.5-0.8mM while inside cells it is the most
abundant amino acid. In muscle, cytosolic concentrations of glutamine can vary
between 10-30mM (Taylor and Curthoys, 2004). In addition to protein synthesis,
glutamine is a substrate for many biosynthetic reactions (purines, pyrimidines, and
other amino acids) and is an anabolic signal. It is also a major fuel for rapidly
dividing cells such as the intestinal mucosa and lymphocytes (Newsholme et al.,
1986; Labow and Souba, 2000; Newsholme, 2001). In liver glutamine is a substrate
for ureagenesis while in kidney glutamine is catabolized in ammoniagenesis; in both
tissues glutamine can be used in gluconeogenesis (Curthoys and Watford, 1995).
While under normal conditions glutamine is abundant, it can be become a
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‘conditionally essential’ nutrient during catabolic stress from injury or infection
(Labow and Souba, 2000).
There are several different classes of amino acid transporters that have
affinity for glutamine. System L transporters (named for leucine-preferring) are
Na+-independent (Bode, 2001). This class of transporters, including LAT1 and LAT2,
are expressed in intestines, kidney and adipose tissue and are involved in glutamine
absorption (Bode, 2001; Ritchie et al., 2001; Taylor and Curthoys, 2004). System A
transporters (named for alanine-preferring) are Na+-dependent (Bode, 2001). The
most notable glutamine transporter in this class is ATA1 (also known as SNAT1,
human gene SCL38A1) which is involved in neuronal uptake of glutamine (McGivan
and Bungard, 2007). ATA2 (also known as SNAT2) is expressed in most tissue,
including adipose (Ritchie et al., 2001; Taylor and Curthoys, 2004; McGivan and
Bungard, 2007). System N transporters (named for preferring amino acids with
nitrogen in their side-chains) are Na+-dependent and have the highest affinity for
glutamine (Bode, 2001; Taylor and Curthoys, 2004). The SN1 transporter (also
known as SNAT3, human gene SLC38A3) is expressed in a variety of tissues (Taylor
and Curthoys, 2004; McGivan and Bungard, 2007). Its functions are to release
glutamine in perivenous heptocytes, astrocytes and skeletal muscle and to take in
glutamine in periportal hepatocytes and basolateral membrane renal cells (McGivan
and Bungard, 2007). Finally, ASCT2 (human gene SLC1A5) is also Na+-dependent; it
is expressed in epithelial cells, tumor cells and adipocytes and functions to uptake
glutamine (Bode, 2001; Ritchie et al., 2001; McGivan and Bungard, 2007).
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Due to high rates of glutamine utilization by intestinal enterocytes, there is
no net absorption of glutamine at normal dietary levels and the large glutamine
pool is synthesized de novo through the action of glutamine synthetase (GS, also
known as ATP glutamate-ammonia ligase, Enzyme Commission number 6.3.1.2)
(Windmueller and Spaeth, 1974; Watford et al., 1979; Curthoys and Watford, 1995).

Most glutamine is hydrolyzed by glutaminase (Enzyme Commission number
3.5.1.2) to glutamate and ammonia. Glutamate can be used by cells as a respiratory
fuel and is an important neurotransmitter while ammonia can be used for urea
synthesis in the liver. Glutamine is also used by a number of glutamine
amidotransferases which transfer the amide group to products such as purine and
pyrimidines.
Liver expresses both GS and glutaminase and is the main site of regulation of
plasma glutamine concentrations. In mice GS activity (expressed as µmole per gram
per min) is highest in liver, specifically pericentral hepatocytes, and over 1000 times
the activity of GS activity in muscle, but the total mass of muscle is greater than that
of liver (van Straaten et al., 2006). Skeletal muscle is believed to be the major
source of glutamine in the body, and adipose tissue has also been shown to be a
relatively minor source (Frayn et al., 1991; Kowalski et al., 1997; Patterson et al.,
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2002). However, we have seen that the activity of GS per unit protein in adipose
tissue is very high (Huang, Wang and Watford. unpublished results).

1.2.2. Macrophages Require Exogenous Glutamine
It has long been known that macrophages require glutamine. Macrophages
have high glutaminase activity and their activation leads to increased glutamine
utilization (Newsholme, 2001). Other studies have shown the importance of
glutamine as a fuel for macrophages and their precursor cells, monocytes. In
murine peritoneal macrophages it was calculated that 38% of cellular energy is
obtained from glutamine alone (Newsholme et al., 1987). In addition to survival,
murine macrophages depend on glutamine for cytokine production (Wells et al.,
1999). The addition of glutamine in media increased secretion of IL-6 from LPSactivated rat peritoneal macrophages and RAW264.7 macrophages (also from the
peritoneal cavity) and TNF-α from LPS-activated RAW264.7 cells in a dose
dependent manner (Yassad et al., 1997; Yassad et al., 2000). Similarly, in human
monocytes, exogenous glutamine was demonstrated to be essential in the
production of TNF-α and another proinflammatory cytokine IL-8 (Murphy and
Newsholme, 1999). However, it is important to note that not all of these studies
measured cell viability during the cultures. While the secretion of cytokines from
macrophages may have decreased due to a lack of exogenous glutamine, it could
simply be due to the possibility that the cells were dying from a lack of glutamine
for energy.
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We have preliminary data that shows that RAW264.7 cells, a cell line of
macrophages derived from mouse peritoneal cavity fluid, are not viable for 24h
without large amounts of exogenous glutamine provided in growth media. We also
have unpublished results that show RAW264.7 macrophages have limited
expression of GS. These findings were confirmed in the work presented in this
thesis.

1.2.3. Glutamine Synthetase in Adipose Tissue
In contrast to macrophages, adipocytes have high GS expression. Consistent
with the findings of van Straaten and colleagues (2006), expression of GS is
relatively high in liver (Figure 3). However, in adipose tissue the expression and
activity of GS per unit protein are also high (Huang, Wang and Watford.
unpublished results). Using arteriovenous differences, subcutaneous adipose tissue
from lean humans has been shown to release glutamine and take up glutamate,
one of the substrates for GS (Frayn et al., 1991; Patterson et al., 2002). This was
confirmed using a similar technique in rats; the rate at which glutamine is released
from rat adipose tissue was calculated to be one-tenth that of glutamine released
by muscle (Kowalski et al., 1997). Thus based on whole body production,
adipocyte-derived glutamine is a relatively minor contributor to circulating
glutamine.
Adipocytes themselves utilize glutamine for a variety of processes including
differentiation. During differentiation, 3T3-L1 murine preadipocytes increase
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expression of GS and the specific activity of GS is reported to increase by more than
100-fold (Miller et al., 1978; Miller and Carrino, 1980). Differentiating 3T3-L1
adipocytes also have higher intracellular concentrations of glutamine (Miller and
Carrino, 1981; Roberts et al., 2009). Roberts and colleagues attributed the higher
glutamine concentrations due to an increase in GS expression although it may be
due to changes in the import/export or degradation of glutamine in adipocytes. In
addition, increased expression of GS has also been shown in human preadipocytes
undergoing differentiation into adipocytes (Urs et al., 2004).
To investigate the role of glutamine in adipocyte differentiation, 3T3-L1
adipocytes were differentiated in media without glutamine (exogenous source) and
with methionine sulfoximine (MSO), a suicide inhibitor of GS, to inhibit endogenous
production (Wang, Huang and Watford. unpublished results). 3T3-L1 cells
differentiate in a time dependent cascade (refer to Figure 4). Glutamine is not
required for extracellular signal-regulated kinases (ERK) phosphorylation of
CCAAT/enhancer-binding protein β (C/EBPβ) and down-regulation of C/EBP
homologous protein-10 (CHOP-10). However, we discovered that glutamine was
required for monoclonal expansion and expression of transcription factors C/EBPβ,
peroxisome proliferator-activated receptor-γ (PPARγ) and C/EBPα which coordinate
the expression of genes orchestrating the differentiation of 3T3-L1 adipocytes
(Darlington et al., 1998; Gregoire et al., 1998; Farmer, 2006). Glutamine is not
required to maintain C/EBPβ expression up to 48h but when glutamine is removed
at 48h C/EBPβ protein is no longer detectable by 72h. In keeping with low C/EBPβ

15

levels, cells cultured in the absence of glutamine availability fail to express PPARγ
and C/EBPα by 72 to 96h and thus fail to differentiate. Removal of glutamine
availability after 96h has no effect on expression of these proteins and several
others involved in lipogenesis (adipocyte fatty acid-binding protein, fatty acid
synthase and perilipin A).
Aside from differentiation, glutamine is also required for maximal lipid
storage in 3T3-L1 adipocytes. Oil red O staining of lipids in 3T3-L1 cells six days
after the induction of differentiation shows that there is less lipid storage in cells
grown in media without glutamine and with GS inhibitor MSO (1mM) (Figure 5). In
addition, the carbon skeleton of glutamine can serve as a precursor for lipid
synthesis (Miller and Carrino, 1980; Curi et al., 2005). Similarly, de novo lipogenesis
in differentiating brown preadipocytes and white preadipocytes both require
glutamine as a carbon source for fatty acids and phospholipids for expanding cell
membranes; glutamine provides approximately 10% of the carbon used for de novo
lipogenesis (Yoo et al., 2008; Collins et al., 2011). Several cancer cells types have
been shown to require glutamine-derived α-ketoglutarate for fatty acid synthesis
and phospholipid membrane expansion via reductive carboxylation, a recently rediscovered pathway where the reaction catalyzed by isocitrate dehydrogenase is
reversed to form citrate in the citric acid cycle (Yoo et al., 2008; Filipp et al., 2012;
Metallo et al., 2012; Mullen et al., 2012). Our laboratory has also seen an increase
in GS expression in fat tissue of diet-induced obese mice (Patel and Watford.
unpublished results). These data show that glutamine is required for preadipocyte
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differentiation and adipose tissue remodeling which, as stated previously, is
important during obesity. The relatively high expression of GS points to an
important role of this enzyme in adipose tissue, and we believe it is due to the
requirement of glutamine for adipocytes to differentiate and synthesize and store
lipids properly. The glutamine made by adipocytes may also be utilized by
macrophages in adipose tissue.

1.2.4. Glutamine Availability to Adipose Tissue Macrophages
Because macrophages do not produce enough glutamine to survive,
glutamine availability is critical for macrophages. In mammals, dietary glutamine
normally does not contribute to the overall glutamine pool. Consequently
macrophages, including those present in adipose tissue, must depend on circulating
glutamine made by tissues that express GS (Bode et al. 2000). However, as
previously mentioned, during obesity there are changes in the remodeling of
adipose tissue that may jeopardize the availability of blood flow, and thus nutrients,
to ATM.
With hypoxia in adipose tissue during obesity, one must question where
ATM obtain glutamine. Interestingly, GS mRNA has been found to be higher in fat
tissue from obese type 2 diabetics compared with nondiabetic obese patients
(Corominola et al., 2001). However, to our knowledge glutamine availability has
never been taken into consideration in studies of macrophage and adipose tissue
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interactions during obesity. Therefore our laboratory seeks to understand the role
that glutamine plays in ATM during obesity.

1.3. Objectives
1.3.1. Objectives of the Thesis
While the role of glutamine in macrophages and in adipose tissue has been
studied, the role of glutamine in macrophage accumulation in fat tissue, to our
knowledge, is relatively unknown. Due to the observation that adipose tissue blood
flow is restricted during obesity and that GS expression is high in adipocytes, we
postulate that ATM obtain their glutamine from neighboring adipocytes. Therefore
we proposed that glutamine made by mature adipocytes (to support lipid storage
and remodeling, Figure 5) also supports ATM viability and enhances their
accumulation during obesity. If this is true, then limiting glutamine availability
would result in less ATM and subsequently less cytokines produced. A lack of
glutamine in adipose tissue may reduce proinflammatory cytokine secretion and
the development of insulin resistance associated with weight gain (Olefsky and
Glass, 2010). Therefore, we sought to elucidate the role that adipocyte-derived
glutamine plays in maintaining the survival and cytokine production of
macrophages.
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1.3.2. Experimental Design
The goal behind this thesis was to study the role that adipocyte-derived
glutamine has on macrophage viability and cytokine production. Because higher
concentrations of proinflammatory cytokines have been implicated to contribute to
the development of insulin resistance in obese individuals, we looked at
concentrations of secreted cytokines of interest in growth media.
The specific aims were:
1. To test the hypothesis that adipocytes produce a sufficient amount of
glutamine to support macrophage viability and function. Direct contact coculture of
mature 3T3-L1 adipocytes and RAW264.7 macrophages was done under conditions
where glutamine availability was removed. Glutamine availability (the presence of
glutamine) was removed by a combination of growing cells in media without
glutamine and with MSO added to inhibit production of glutamine by GS.
2. To test the hypothesis that glutamine is required for cytokine production
in cocultures of mature 3T3-L1 adipocytes and RAW264.7 macrophages.
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CHAPTER 2. METHODS
2.1. Cell Culture
3T3-L1 cells: Murine 3T3-L1 fibroblasts (ATCC) were grown in Dulbecco’s
Modification of Eagle’s growth media (DMEM; Mediatech) with 10% Fetal Bovine
Serum (FBS; Sigma) and 1% penicillin/streptomycin (100U/ml and 100µg/ml,
respectively; Invitrogen) at 37°C with 5% CO2 gas in the atmosphere. The growth
media contained 4mM L-glutamine unless otherwise noted. On reaching ~70%
confluence, 3T3-L1 cells were seeded into six well plates. Two to three days after
reaching 100% confluence, media with glutamine and 0.1mM 3-isobutyl-1methylxanthine (IBMX), 0.25µM dexamethasone (Dex) and 5µg/ml insulin was used
to induce differentiation (2.5 ml/well; Time 0). Three days later (Day 3 of
differentiation), media was changed to regular growth media with glutamine.

Creation of GSi 3T3-L1 cells: In preliminary experiments, short hairpin RNA (shRNA)
lentiviral particles (Sigma, The RNAi Consortium (TRC) number TRCN0000075983,
clone ID NM_008131.2-1530s1c1) were shown to knock down GS protein in 3T3-L1
cells (Huang and Watford. unpublished results). We found that a multiplicity of
infection (MOI, the number of transducing lentiviral particles per cell) of 10 was
enough to knock-down GS in these cells and that 4μg/ml of puromycin is enough to
select transduced 3T3-L1 cells. Predifferentiated (nondifferentiated) 3T3-L1 cells
were plated in 6-well plates. Once reaching ~70% confluence, media was changed
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with media containing lentiviral particles (MOI=10) and 8μg/ml of hexadimethrine
bromide (Sigma) to enhance transduction. In addition to GS-targeting lentiviral
particles, non-target particles were also used as a control. Approximately 18-24h
later, media was replaced with regular growth media. The next day, media was
changed to media with 4μg/ml of puromycin which remained present in media
culture to select successfully transduced preadipocytes. Media was changed every
2-3 days. Cells were induced to differentiate to ensure that the transduction was
effective in knocking down GS in mature, lipid-filled adipocytes because we wanted
to conduct experiments using mature adipocytes.

RAW264.7 cells: Plates were coated with collagen (Sigma) for 1 hour at 37°C and
then washed with PBS twice before murine RAW264.7 macrophages (ATCC) were
seeded to allow for cell adhesion. Cells were grown in DMEM with 4mM Lglutamine, 10% FBS and 1% penicillin/streptomycin at 37°C with 5% CO2 gas in the
atmosphere. Collagen coating was only used when RAW264.7 cells were grown
separately. Media without any added glutamine was also used when appropriate.

Coculture of 3T3-L1/GSi cells and RAW264.7 cells: A direct-contact coculture
procedure was based on previous 3T3-L1 + RAW264.7 cell coculture protocols
(Suganami et al., 2005; Lumeng et al., 2007a) (Figure 6).
For culture of adipocytes, 3T3-L1 cells were plated into 6-well plates (1.4 x
104 cells per well). Two to three days after reaching 100% confluence,

21

differentiation media (with IBMX, Dex and insulin) was added (2.5ml/well). When
3T3-L1 cells were fully differentiated (Day 7 of differentiation), four different kinds
of media were added: DMEM with glutamine, DMEM with glutamine + 1mM MSO,
DMEM without glutamine, and DMEM without glutamine + 1mM MSO. The activity
of GS can be irreversibly inhibited by MSO, a suicide inhibitor (Pace and McDermott,
1952; Ronzio et al., 1969). The MSO was used to knock down GS activity and thus
lower exogenous glutamine production. Cells were harvested on Day 9 and Day 10
of differentiation with media replacement every 24h.
RAW264.7 macrophages were grown in 75cm2 cell culture flasks in media
with glutamine with media changed every 2-3 days. Cells were counted, aliquoted
into four different media (DMEM with glutamine, DMEM with glutamine + 1mM
MSO, DMEM without glutamine, and DMEM without glutamine + 1mM MSO) and
then seeded into collagen coated 6-well plates (2.2 x 106 cells per well). Cells were
harvested 24h and 48h later with media replacement every 24h.
For coculture of mature adipocytes and macrophages, 3T3-L1 cells were
plated and differentiated as previously described (see Figure 6 and the Table on the
next page). On Day 7 of 3T3-L1 differentiation four different kinds of media were
added: DMEM with glutamine, DMEM with glutamine + 1mM MSO, DMEM without
glutamine, and DMEM without glutamine + 1mM MSO. On Day 8 of 3T3-L1
differentiation, RAW264.7 cells were counted, aliquoted into four different media
(DMEM with glutamine, DMEM with glutamine + 1mM MSO, DMEM without
glutamine, and DMEM without glutamine + 1mM MSO) and plated on top of
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mature 3T3-L1 cells grown in similar media (2.2 x 106 cells per well). The cells were
cocultured for 24h and 48h with media changed every 24h. Thus samples taken at
24h of coculture represent the first 24h of coculture while samples taken at 48h of
coculture represent the second 24h of coculture.

Timeline of Coculture of Differentiated 3T3-L1 and RAW264.7 cells
Time of 3T3-L1
Differentiation

Mature 3T3-L1 cells

RAW264.7 cells

Cocultures of 3T3-L1
and RAW264.7 cells

Added differentiation
Pre(D)

media (+Q). Collected
Pre(D) samples.

Day 1
Day 2
Day 3

Changed to regular
growth media (+Q).

Day 4
Day 5

Changed media (+Q).

Day 6
Day 7

Switched to -Q and
+MSO media.
RAW264.7 cells plated in

RAW264.7 cells plated

collagen coated wells.

on top of 3T3-L1 cells.

Collected mature 3T3-

Collected RAW264.7 cell

Collected coculture cell

L1 cell samples and

samples and media.

samples and media.

media. Changed media.

Changed media.

Changed media.

Collected RAW264.7 cell

Collected coculture cell

samples and media.

samples and media.

Day 8

Changed media.

Day 9
24h (first 24h)
of Coculture
Day 10
48h (second 24h)
of Coculture

Collected mature 3T3L1 cell samples and
media.
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Coculture was also done with preadipocyte [Pre(D)] 3T3-L1 cells and
RAW264.7 cells in media with and without 4mM glutamine. Preadipocytes were
plated in 6-well plates (1.4 x 104 cells per well). Once they reached 100%
confluence RAW264.7 cells were seeded on top (2.2 x 106 cells per well). The
following day media was changed and at 48h of coculture the cells were harvested.

2.2. Cell Analyses
Crystal violet staining: RAW264.7 cells were stained with crystal violet dye to
assess their viability. Cells that are alive adhere to plates, hence they can be
stained for quantification (Vega-Avila and Pugsley, 2011). RAW264.7 cells were
grown in DMEM with glutamine and 1% penicillin/streptomycin in collagen coated
6-well plates. Once cells reached 100% confluence, cells were cultured in media
with and without glutamine and stained at time points 0h, 24h, 48h and 72h.
Media was changed every 24h. At each time point growth media was removed and
cells were washed with cold phosphate buffered saline (PBS; Mediatech) twice (1ml
per well). A solution of 10% (v/v) methanol (Fisher) was slowly added (1-2ml per
well) and left for 10min. After discarding the methanol, 0.1% (w/v) crystal violet
(Sigma) in distilled water was added (1ml per well) and left to sit for 10min. The
crystal violet was removed and then wells were rinsed with diH2O three times.
Wells were air dried and then of destaining solution [10% methanol and 5% acetic
acid (v/v) in distilled water] was added (1ml per well). Plates were shaken mildly for
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10min until all of the dye was extracted. Cell extracts were diluted with destaining
solution and the OD read at 585nm.

Oil red O staining: 3T3-L1 cells were stained with oil red O to assess their lipid
storage and determine if they underwent differentiation (Ramirez-Zacarias et al.,
1992). Staining was done on Pre(D) and Days 9 and 10 after the induction of
differentiation.
Growth media was removed and adipocytes were carefully washed with PBS twice.
Cells were fixed to the culture plate with the addition of 1.5ml of 37%
formaldehyde (Fisher) per well and left for 1 hour. After six washes with PBS (2ml
per well), 1.5ml of oil red O solution [Sigma, 0.35% (w/v) oil red O in isopropanol]
per well was added to the cells and the cells were shaken for 2 hours. Wells were
washed with distilled water in two 10 minute incubations. The wells were dried and
isopropanol (1ml/well, Fisher) was added to dissolve the oil red O dye. The
isopropanol solution from each sample was pipetted and the OD read at 510nm.
The OD values from 2 wells were averaged.

Cell counting: Cell counts were performed to determine the number of 3T3-L1
cells, RAW264.7 cells and cells in cocultures during 24h and 48h of coculture. Cells
that were dead lifted off of plates, hence they were washed away with the removal
of media. The media was removed and cells were washed with PBS twice. Then
3T3-L1 cells and cocultures of 3T3-L1 and RAW264.7 cells were lifted off plates by
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adding 300µl 0.25% Trypsin-EDTA (Invitrogen) per well. Plates were tapped gently
until all cells were suspended in solution and 700µl of DMEM was added, bringing
the total volume to 1ml. RAW264.7 cells were lifted off plates by adding 1ml of
DMEM and scraping the cells with a cell scraper. Cells were transferred to tubes
and counted using a hemocytometer. Cells were counted in eight fields in three
separated aliquots and the values averaged.

2.3. Media Analyses
Media color: DMEM contains phenol red as a pH indicator; color change from
red/pink to yellow indicates that the pH has dropped. This corresponds to the
production of lactic acid from cultured cells. RAW264.7 cells at a high confluence,
as opposed to preadipocytes and differentiated 3T3-L1 cells, can change the media
color from pink to yellow in less than 24h. Therefore, we used the changes in
media color as a rapid assessment of RAW264.7 cell viability in 24h and 48h
cultures.

Media collection: Media from 3T3-L1 cells and RAW264.7 264.7 were collected at
various time points. Media was centrifuged (12,000 x g at 4°C) to remove cells and
other debris and stored at -80°C.
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Membrane-based Immunoassay: To identify cytokines that may be important in
our study, a membrane-based cytokine array capable of detecting 32 different
cytokines was used (RayBiotech). These membranes utilize the sandwich
immunoassay principle. Antibodies specific for a wide variety of cytokines were
printed on a nitrocellulose membrane which were then incubated with media
samples and processed similar to a western blot. Dots were visualized by using a
detection reagent. Digitized images were quantified using UN-SCAN-IT software
(version 6.1). This procedure was performed according to the manufacturer’s
instructions.

ELISA Immunoassay: Based on results from the membrane array, six cytokines
were selected and validated in more detail using Quantikine enzyme-linked
immunosorbant assay (ELISA) kits (R&D Systems). We detected the following mouse
cytokines (in order of their mention in this thesis): IL-6, MCP-1 (CCL3), MIP-1α
(CCL2), RANTES (CCL5), keratinocyte chemoattractant (KC, CXCL1) and eosinophil
chemotatic protein (Eotaxin-1, CCL11). Media samples from three independent
experiments were diluted when appropriate. All protocols were performed
according to the manufacturer’s instructions.
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2.4. Protein and mRNA Analyses
3T3-L1 protein sample collection: 3T3-L1 cells were washed twice with PBS and
~100µl/well of lysis buffer containing protease inhibitor (Sigma, 5µl/1ml buffer) was
added. Cells were scraped off the plate into tubes and vortexed for 22 min in 2 min
intervals. Samples were centrifuged (12,000 x g at 4°C) for 15 min. Differentiated
3T3-L1 samples contain relatively large amounts of lipids, so samples were
centrifuged twice to ensure protein samples were lipid-free. The infranatant was
transferred to a new tube and stored at -80°C.

RAW264.7 protein sample collection: Protein from RAW264.7 cells was collected
at various time points. Cells were washed with PBS twice and ~200µl/well of
homogenizing buffer containing protease inhibitor (5µl/1ml buffer) was added.
Cells were scraped into tubes, homogenized for ~12 seconds with a Tissue-Tearor
homogenizer (Cole-Parmer). Samples were centrifuged (12,000 x g at 4°C) for 15
min and the supernatant containing protein was stored at -80°C.

Western immunoblotting: Protein concentrations in 3T3-L1 and RAW264.7 cell
samples were determined by the Bradford assay using bovine serum albumin
(Sigma) as a standard. Equal amounts of protein (~4-20µg protein per well) were
run on 4-12% NuPAGE-Bis-Tris gels (Invitrogen) followed by transfer into a
nitrocellulose membrane (BioRad). The evenness of transfer was checked by
Ponceau S [0.5% (w/v) with 1% (v/v) acetic acid] staining. Membranes were
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blocked overnight in 5% (w/v) non-fat dried milk in TBS-T [20mM Tris, 120mM NaCl,
0.1% (v/v) Tween 20, pH 8.0], followed by washing with TBS-T. Membranes were
incubated with primary anti-mouse antibody, GS (dilution 1:5000 in TBS-T, BD
Biosciences Pharmingen), for one hour and then secondary antibody, goat antimouse IgG (dilution 1:5000 in TBS-T, GE Healthcare), for one hour. Bands were
visualized by using an ECL detection reagent (GE Healthcare) and Kodak MR film.
Membranes were stripped [stripping buffer: 100mM 2-mercaptoethanol, 62.5mM
Tris-hydochloric acid, 2% (w/v) sodium dodecyl sulfate] and then re-probed with
anti-mouse β-actin (1:2000, Sigma).
Digitized images were quantified using UN-SCAN-IT software. Comparisons of GS
protein between 3T3-L1 cells and RAW264.7 cells did not include β-actin since βactin expression varies in different cell types. Comparisons of GS protein between
samples of the same cell type were expressed by dividing the densitometry value of
GS by the loading control β-actin value (i.e. GS/β-actin) to correct for loading and
transfer variations.

mRNA collection and isolation: 3T3-L1 and RAW264.7 cells cultured separately
were washed twice with PBS. TRIzol (1ml, Invitrogen) was added and stored at 80°C. Total RNA was extracted with TRIzol reagent according to the protocol
provided by Invitrogen. RNA concentration was determined with a NanoDrop (a
micro-volume spectrophotometer) and then samples underwent DNase treatment
(Promega RQ1 RNase free DNase kit) according to the manufacturer’s protocol.
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RNA (0.9-5µg) was reverse transcribed to complementary DNA (cDNA) using a High
Capacity cDNA kit (Applied Biosystems) according to the manufacturer’s
instructions.

Real-Time PCR: Real-time PCR was carried out with an Applied Biosystems 7300
Real-time PCR thermocycler. Each sample was run with two types of Taqman Gene
Expression Assay primers provided by Applied Biosystems: mouse β-actin
Endogenous Control and glutamate-ammonia ligase (GS; Assay ID
Mm00725701_s1). Primers were used in separate reactions but run
simultaneously. Individual reactions were run in triplicate. The ΔΔCt method was
used to determine the fold difference of GS expression in all samples relative to GS
expression in preadipocytes (Livak and Schmittgen, 2001).

2.5. Statistical Analyses
Results from repeated experiments are presented as mean ± SEM and were
analyzed using GraphPad Prism software version 4.03 and Statistical Analysis
System software version 9.2. A paired two-tailed t-test was used for comparisons
of treatment (media with or without glutamine) between 3T3-L1 samples collected
at the time point of treatment. One-way repeated measures ANOVA was done for
comparisons of RAW264.7 cell samples grown under the same media conditions
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and samples from cocoultures collected at the same time points. Significant
differences between means were determined by Tukey’s post hoc test. To
determine the effect of time and treatment (type of media) in 3T3-L1 cells,
RAW276.4 cells and cocultures, two-way repeated measures ANOVA was used.
Bonferroni post test was used to compare individual means of samples (3T3-L1
cells, RAW264.7 cells, and cocultures) with the same media conditions at each time
point. Differences were considered significant at P < 0.05.
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CHAPTER 3. RESULTS

3.1. Glutamine Synthetase in Adipocytes and Macrophages
3.1.1. Glutamine Synthetase in 3T3-L1 cells and RAW264.7 264.7 cells
A representative western blot of GS in preadipocytes, differentiated 3T3-L1
adipocytes and RAW264.7 macrophages shows that GS protein content is much
lower in preadipocytes and RAW264.7 cells than in differentiated 3T3-L1 cells
(Figure 7).
When 3T3-L1 cells were differentiated in media with and without glutamine
for up to five days (120h) we measured GS protein and mRNA expression (Figure 8).
We found that increases in GS protein were detected early (24h) in differentiation
(Fig. 8A). At 24h GS protein was approximately two times higher in 3T3-L1 cells
when media did not have exogenous glutamine (a paired, two-tailed t-test shows
that the means are 24h are significantly different from one another, Fig. 8B). Later
during differentiation (48h to 120h), there were no statistical differences in GS
protein when cells were cultured in media with and without glutamine. However,
GS protein was slightly lower in the presence of glutamine compared with cells
cultured in the absence of glutamine. There were no significant differences
between GS mRNA expression in the absence and presence of glutamine during the
first five day of differentiation (Fig. 8B). However, similar to GS protein, GS mRNA
expression gradually increased during differentiation.
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3.1.2. Effect of Glutamine on RAW264.7 cell Viability
RAW264.7 cells were cultured in media with and without glutamine for up
to 72h. Cells were at 100% confluence at Time 0 but began to lift off the plate
shortly after glutamine was removed from media (Figure 9). RAW264.7 cells grown
in media without glutamine had significantly lower viability at 48h and 72h
compared with 24h of treatment. However, cells in media with 4mM glutamine
remained alive and thus stayed adhered to the plate. These results confirm earlier
findings that RAW264.7 cells have low GS expression as stated in the Introduction
(pg. 12-13). When RAW264.7 cells are cultured in media with glutamine
concentrations under 2mM their cell number and viability decrease (Patel and
Watford. unpublished results).

3.1.3. RNAi of GS in 3T3-L1 cells to inhibit GS Expression
We were successful in knocking down GS expression with RNA interference
(RNAi) in 3T3-L1 adipocytes (Figure 10). However, when transduced cells
underwent differentiation they did not have the same level of lipid accumulation as
normal 3T3-L1 cells by the tenth day of differentiation even when exogenous
glutamine was provided in the media [Figure 11, (D)10 for GSi +/- Q]. Hence, the
transduced cells were not suitable as model of mature adipocytes in our
experiment. We did not pursue this further since we already had a small molecule
inhibitor (methionine sulfoximine, MSO) of GS and we have seen that even with the
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inhibitor present, lipid accumulation in differentiating adipocytes can be rescued
with the addition of glutamine in media (see Figure 5, bottom right well). Thus we
found no evidence of confounding factors with the use of MSO. 3T3-L1 cells were
differentiated in media with glutamine up to Day 7 of differentiation. On Day 7 of
differentation media was changed to media minus glutamine plus 1mM MSO. On
Days 9 and 10 of differentiation there were no differences in lipid accumulation of
cells compared with cells continuously grown in media with glutamine (Figure 12).
Hence, 3T3-L1 cells cultured with MSO post Day 7 of differentiation were suitable as
a model of mature adipocytes.

3.1.4. Effect of Glutamine Availability on GS protein and mRNA in 3T3-L1
cells and RAW264.7 cells
As described in the previous section, to knock down GS in mature adipocytes 3T3-L1
cells were differentiated in media with glutamine and on Day 7 of differentiation
glutamine was removed and MSO was added. Differentiated 3T3-L1 cells and
RAW264.7 cells were cultured in the presence and absence of glutamine and MSO.
Glutamine availability had no effect on GS protein and mRNA in differentiated 3T3L1 adipocytes and RAW264.7 macrophages. As already shown in Figure 7, GS
protein (Fig. 13A and 13B) was much lower in RAW264.7 cells and preadipocytes
than in differentiated 3T3-L1 cells, and the mRNA expression of GS was similar (Fig.
13C). The GS mRNA expression, relative to expression in 3T3-L1 preadipocytes, was
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approximately 400 times greater in differentiated 3T3-L1 cells compared with GS
mRNA expression in RAW264.7 cells.

3.2. Coculture of 3T3-L1 cells and RAW264.7 cells
3.2.1. Media Color of 3T3-L1 cells, RAW264.7 cells and Cocultures
Preadipocyte 3T3-L1 cells, differentiated 3T3-L1 cells and RAW264.7 cells
were cocultured in media with/without glutamine and with/without 1mM MSO to
determine if adipocyte-derived glutamine could support RAW264.7 viability (Figure
14). Cells were also cultured individually as controls. Media color was used as an
assessment of cell proliferation because cells that proliferate produce lactic acid
which lowers the pH, and media contained a pH indicator that becomes yellow at
low pH. Media was changed every 24h, hence the media colors in Figure 14
represent the second 24h of coculture.

i. Preadipocyte 3T3-L1 cells and RAW264.7 cells
Preadipocyte 3T3-L1 cells cultured alone turned media color from pink to
orange when cultured with glutamine for 48h presumably because cells were
proliferating (Fig. 14A, left plate, upper right well). However, for 24h of culture
with glutamine the media color remained pink (results not shown). When
preadipocytes were cultured for 48h with glutamine and MSO the media color
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remained pink (Fig. 14A, right plate, upper right well). In the absence of added
glutamine the media color remained pink (Fig. 14A, lower right wells in each plate).
Preadipocytes have low expression of GS (Figures 7 and 13) so without exogenous
glutamine present in media we propose that they did not thrive. Hence, the media
color remained pink when preadipocytes were cultured without glutamine or with
glutamine and MSO.
RAW264.7 cells cultured alone thrived in media with 4mM glutamine, as
indicated by the production of large amounts of lactic acid which turned the color
to orange-yellow (Fig. 14, upper left well of each plate). However, when glutamine
was not present in media they failed to thrive presumably because they were dying,
hence the media color remained pink (bottom left well of each plate).
When RAW264.7 cells were cocultured with preadipocyte 3T3-L1 cells they
only thrived when 4mM glutamine was provided in the media (Fig. 14A, middle
wells in each plate). We have already shown (Figure 13) that 3T3-L1 preadipocytes
express low amounts of GS compared with differentiated 3T3-L1 cells. As indicated
by the pink media, we propose that preadipocytes were not able to produce
enough glutamine to support RAW264.7 cell viability in 48h of coculture since
RAW264.7 cells did survive and proliferate when exogenous glutamine was added.

ii. Mature 3T3-L1 cells and RAW264.7 cells
Mature, Day 10 differentiated 3T3-L1 cells cultured alone did not change the
pink media color regardless of glutamine availability indicating that differentiated
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cells were not proliferating (Fig. 14B, left wells in each plate). During
differentiation, 3T3-L1 preadipocytes undergo monoclonal expansion during the
early stages (0h-24h) but not during the later stages (Figure 4).
In contrast RAW264.7 cells cocultured with differentiated 3T3-L1 cells,
which express high amounts of GS, were able to thrive even when there was no
exogenous glutamine (Fig. 14B, left plate middle wells). When RAW264.7 cells were
cocultured in media lacking glutamine but with MSO, the media remained pink
presumably due to the lack of glutamine production by differentiated 3T3-L1 cells
which prevented proliferation of RAW264.7 cells (Fig. 14B, right plate, middle
bottom well). However, RAW264.7 cells cultured with MSO could be rescued with
the addition of glutamine to media (Fig. 14B, left plate, middle top well).
We propose that these findings demonstrated that mature 3T3-L1 cells were
able to provide enough glutamine to support RAW264.7 cell viability in 48h of
coculture.

3.2.2. Cell Numbers of Mature 3T3-L1 cells, RAW264.7 cells and Cocultures
Total cells numbers of differentiated 3T3-L1 cells, RAW264.7 cells and 48h
cocultures of both cells were counted as an assessment of cell proliferation (Figure
15). Cells were grown in media with/without glutamine and with/without MSO to
determine the effect of glutamine availability on cell proliferation and the media
was changed every 24h.
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There was no change in differentiated 3T3-L1 cell number between Days 9
and 10 of differentiation and when cells were grown in media with/without
glutamine and with/without MSO.
After 24h of treatment with media with/without glutamine and
with/without MSO RAW264.7 cell numbers did not differ in all four media
conditions. However, when cultured for 48h, the number of RAW264.7 cells grown
in media with glutamine and with/without MSO was twice that of cells grown in
media without glutamine and with/without MSO. The significant increase in
RAW264.7 cell number between 24h and 48h of culture was not seen when
glutamine was not provided in the media presumably because RAW264.7 cells were
dying. Cells grown in media without glutamine and with MSO also had no change in
cell number between 24h and 48h. We propose that RAW264.7 cells were not
viable and not thriving unless exogenous glutamine was provided.
In cocultures grown in media with glutamine with/without MSO, the total
combined number of cells significantly increased from 24h to 48h of coculture. The
increase in cell number was probably due to RAW264.7 cell proliferation, as seen
when they were grown alone in the presence of glutamine. Similar results were
seen when in cocultures without glutamine in media. When the media did not
contain exogenous glutamine, the total cell number significantly increased between
24h and 48h of coculture presumably due to the adipocyte-derived glutamine
providing fuel for RAW264.7 cells to thrive. However, the total number of cells
cocultured in media without glutamine and with MSO was significantly lower
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compared with the number of cells cultured in the other three media conditions at
24h and 48h of coculture. We propose the lower total cell count was due to
RAW264.7 cells dying without glutamine from media and from 3T3-L1 cells; hence
without exogenous glutamine, RAW264.7 cells were not able to proliferate.

3.2.3. Membrane Array Analysis of Cytokines Produced by 3T3-L1 cells,
RAW264.7 cells and Cocultures
A membrane based cytokine array was used to identify cytokines of
potential interest in media from 3T3-L1 cells, RAW264.7 cells and cocultures. Cells
were cultured in media with/without glutamine and with/without MSO to
determine the effect of glutamine availability on cytokine secretion. Cells were
cultured for 48h and media was changed every 24h, hence the results here
represent secretion of cytokines during the second 24h of coculture.
Figure 16 shows the membrane array blots with duplicate dots for each
cytokine listed in the Key. For each cytokine, the duplicate dots were quantified,
averaged and then normalized to the average value of the six positive control dots
on each membrane (Figure 17). Results were determined with a single observation
with the exception of media from the second 24h of coculture of 3T3-L1 and
RAW264.7 cells (n=2), thus no statistics were performed. Media with 4mM
glutamine served as a control since because it contained FBS which may contain
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cytokines (Fig. 16A). Most cytokines were below the level of detection. Others
were quantified and classified according to the cell culture system used.

Production of Cytokines by 3T3-L1 cells: Media from 3T3-L1 preadipocytes cultured
with glutamine had detectable concentrations of MCP-1 (CCL2), RANTES (CCL5),
sTNFRI (the soluble form of TNF receptor I), and TIMP-1 (tissue inhibitor of
metallopeptidase-1) (Fig. 16B). Media from differentiated 3T3-L1 cells cultured
with glutamine had the highest concentrations of Eotaxin-1 (CCL11) (Fig. 16C and
Figure 17). Concentrations of sTNFRI were also relatively high while moderate
concentrations of MCP-1 and TIMP-1 were also detected.

Production of Cytokines by RAW264.7 cells: Media from RAW264.7 cells cultured
with glutamine had detectable concentrations of MCP-1, MIP-2, RANTES and sTNFRI
(Fig. 16D). MIP-1α concentrations were the highest in media from RAW264.7 cells
compared with concentrations in all other media (Figure 17).

Production of Cytokines by Cocultures of 3T3-L1 cells and RAW264.7 cells: Media
from the second 24h of coculture of preadipocyte 3T3-L1 cells and RAW264.7 cells
grown with glutamine had detectable concentrations of MCP-1, MIP-2, RANTES,
sTNFRI and TIMP-1 (Fig. 16E).
Media from the second 24h of coculture of differentiated 3T3-L1 cells and
RAW264.7 cells grown with glutamine had detectable concentrations of MIP-2 and
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sTNFRI (Fig. 16F). This media also contained the highest concentrations of IL-6, KC,
MCP-1 and RANTES compared with all other media tested (Figure 17). Media from
differentiated 3T3-L1 cells and RAW264.7 cells cocultured in media without
exogenous glutamine had high concentrations of KC, MCP-1, RANTES and sTNFRI
but all of these concentrations were lower compared with concentrations in the
media of cocultures of differentiated 3T3-L1 cells and RAW264.7 cells with
glutamine in media (Fig. 16G and Figure 17).
The cytokine array was useful in that it detected many cytokines
simultaneously, however it had limitations. The cytokine array had a small sample
size (n=1) and it is less accurate compared with an ELISA. Thus with ELISA kits, we
validated concentrations of cytokines of interest. The cytokines IL-6, MCP-1, MIP1α, RANTES, KC and Eotaxin-1 were selected because each was present at high
concentrations in at least one media sample. In addition, several of these cytokines
are associated with insulin resistance and obesity (IL-6, MCP-1 and MIP-1α) and/or
have been previously reported be up regulated in 3T3-L1 cells when they are
cocultured with RAW264.7 cells (IL-6 and MCP-1) (Suganami et al., 2005). We also
decided to study RANTES and KC in greater detail since their secretion was higher in
media from cocultures than separately grown cells. Eotaxin-1 was examined more
closely because we found that its concentration was lower in media from mature
3T3-L1 cells cocultured with RAW264.7 cells compared with media from 3T3-L1 cells
that were cultured alone. Some cytokines of potential interest, such as TNF-α,
leptin and IL-10, were below the limit of detection on cytokine arrays in all media
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samples so we did not proceed to investigate them further. Other cytokines such as
sTNFRI were detected in relatively high concentrations; however, there was little
difference in concentrations between the different cultures so we did not
investigate them further.

3.2.4. ELISA Analysis of Cytokines Produced by mature 3T3-L1 cells,
RAW264.7 cells and Cocultures
To validate and quantify results from the cytokine array, we measured the
concentrations of several cytokines in media from mature 3T3-L1 cells, RAW264.7
cells and cocultures via ELISA in three individual experiments. Cells were cocultured
for 24h and 48h in media with/without glutamine and with/without MSO. Media
was changed every 24h so that we could compare the concentrations of cytokines
secreted during the first and second 24h of coculture.
Results for each cytokine ELISA are ordered as follows. First, secretion of
the cytokine from mature 3T3-L1 cells, RAW264.7 cells and cocultures are
described. Second, results obtained from the ELISA are compared with results from
the cytokine array.

Production of IL-6: Differentiated 3T3-L1 cells cultured alone secreted very low
concentrations of IL-6 (~20-30 pg/ml) under all media conditions. Similarly, all
media samples from RAW264.7 cells cultured alone had IL-6 concentrations below
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the limit of detection (Figure 18). In contrast, media from cocultures of 3T3-L1 cells
and RAW264.7 cells had very high concentrations of IL-6 (~200-500 pg/ml). After
24h of coculture, IL-6 concentrations were significantly higher in media without
exogenous glutamine than with glutamine in the media and with MSO. However, at
48h (the second 24h) of coculture there were no significant differences between IL6 concentrations in media from cells cultured under the four different media
conditions.
The ELISA results were slightly different from those found in the cytokine
array. Both experiments showed that the concentration of IL-6 was very high in
media from the second 24h of coculture in the presence of glutamine (Figures 17
and 18). However, when cocultures were grown in media without exogenous
glutamine the concentration of IL-6 was relatively low according to the cytokine
array (Figure 17). By contrast, results from the ELISA showed that coculture cells
secreted high amounts of IL-6 indicating that the ELISA was more sensitive in
detecting IL-6 (Figure 18).

Production of MCP-1: We found that MCP-1 was expressed in mature 3T3-L1
adipocytes. While MCP-1 was detected (~2,000-2,700 pg/ml), there were no
differences in MCP-1 concentrations in media from mature 3T3-L1 cells cultured
under all four media conditions (Figure 19).
RAW264.7 cells also expressed MCP-1. The concentration of MCP-1 in
media from RAW264.7 cells cultured with glutamine and with/without MSO
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(~1,200-2,000 pg/ml) was significantly higher compared with media from RAW264.7
cells cultured without glutamine and with/without MSO (~70-380 pg/ml) at the first
24h and second 24h of culture. These findings are consistent with the number of
RAW264.7 cells grown in media with glutamine and with/without MSO for 48h
(Figure 15). Because RAW264.7 cells were proliferating in the presence of
glutamine, they probably secreted more MCP-1. When glutamine was not provided
in media, however, the number of RAW264.7 cells was lower compared with the
number of RAW264.7 cells grown in media with glutamine possibly due to the
RAW264.7 cells dying. RAW264.7 cells cultured with glutamine and with MSO had
higher secretion of MCP-1 at the second 24h of coculture compared with the first
24h of coculture.
Media from cocultures had higher concentrations of MCP-1 (~7,200-11,000
pg/ml) compared with concentrations in media from cells cultured separately. At
24h of coculture, MCP-1 concentration was significantly lower in cells cocultured in
media without glutamine and with MSO compared with media from cells cocultured
with glutamine and with MSO. At 48h of coculture (the second 24h of coculture),
the concentration of MCP-1 was lower in media without glutamine and with MSO
compared with media from cells cultured with no glutamine and no MSO. Because
RAW264.7 cells cultured in media with glutamine proliferated (Figure 15), we
propose that the RAW264.7 cells in cocultures with glutamine in media were able to
proliferate and secrete more MCP-1 secretions compared with cocultures in media
without glutamine.
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The MCP-1 results from the ELISA were similar to the results obtained by the
cytokine array. Media from the second 24h of coculture with glutamine had the
highest concentrations of MCP-1 in both experiments (Figures 17 and 19).
However, according to the cytokine array media from RAW264.7 cells and
differentiated 3T3-L1 cells cultured individually in the presence of glutamine had
higher concentrations of MCP-1 compared with concentrations in media from
cocultured in the absence of at the second 24h of coculture. By contrast, the ELISA
results showed that MCP-1 concentrations in media from RAW264.7 cells and
differentiated 3T3-L1 cells cultured separately were lower than concentrations
found in media from cocultured cells with and without glutamine.

Production of MIP-1α: In all media samples from mature 3T3-L1 cells MIP-1α was
found to be below the level of detection (Figure 20).
In contrast, RAW264.7 had detectable expression of MIP-1α. In media from
RAW264.7 cells, at both the first and second 24h of culture MIP-1α concentrations
were significantly higher when exogenous glutamine was provided with/without
MSO (~4,000-6,700 pg/ml) compared with cells cultured in media with no
exogenous glutamine and with/without MSO (~800-1,400 pg/ml). In media from
RAW264.7 cells cultured with glutamine and with/without MSO there was
significantly higher concentration of MIP-1α between the first and second 24h of
coculture. The observation that there was more MIP-1α production by RAW264.7
cells when cultured in media with glutamine and with/without MSO is consistent

45

with the cell counts of RAW264.7 cells cultured under these same media conditions
for 48h (Figure 15). RAW264.7 cells were able to proliferate in the presence of
glutamine and presumably produce and secrete more MIP-1α.
Concentrations of MIP-1α were also detected in media from cocultures. At
the first 24h of coculture, there was less MIP-1α in media from cells cocultured
without glutamine and with MSO compared with MIP-1α in media from cells
cocultured with glutamine and with MSO. We propose that at the first 24h of
coculture RAW264.7 cells cocultured in media without glutamine and with MSO
were secreting less MIP-1α because both sources of glutamine were removed.
However, there were no significant differences in MIP-1α concentration between
the four different media at the second 24h of coculture. Cocultures in media with
glutamine and with MSO had a significantly higher amount of MIP-1α in media at
the first 24h of coculture compared with the second 24h of coculture.
Both the ELISA and cytokine array showed that concentrations of MIP-1α
were high in media from RAW264.7 cells cultured in media with glutamine and low
in media from the second 24h of cocultured with glutamine (Figures 17 and 20).

Production of RANTES: Both mature 3T3-L1 cells and RAW264.7 cells expressed
RANTES. Media from mature 3T3-L1 cells and RAW264.7 cells had detectable but
low concentrations of RANTES (Figure 21).
In contrast, high concentrations of RANTES were found in media from
cocultures (~400-14,000 pg/ml). Media from cells cocultured without exogenous
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glutamine and with MSO had the lowest concentrations of RANTES at both the first
and second 24h of coculture compared with all other media. Media from
cocultures without glutamine and without MSO had significantly higher RANTES
concentrations at the second 24h of coculture compared to the first 24h of
coculture.
The RANTES concentration results obtained by ELISA were similar with those
found in the cytokine array. Both experiments showed that concentrations of
RANTES were highest in media from cocultures (Figures 17 and 21). However,
according to the cytokine array the concentration of RANTES in media RAW264.7
cells were cultured with glutamine was similar to the RANTES concentration in
media cells cocultured without glutamine in the second 24h of coculture. In
contrast, the ELISA showed that RANTES secretion from RAW264.7 cells cultured
alone with glutamine was very low compared with secretion from cocultured cells.

Production of KC: Mature 3T3-L1 cells expressed KC while RAW264.7 cells had
limited expression of KC. All media samples from mature 3T3-L1 cells had similar
concentrations of KS (~200-230 pg/ml, Figure 22). Media from RAW264.7 cells had
lower concentrations of KC (~42-46 pg/ml) compared with concentrations in media
from 3T3-L1 cells. Glutamine availability did not have an effect on KC secretion
from mature 3T3-L1 cells and RAW264.7 cells cultured separately.
Concentrations of KC were highest in media from cocultures (~1,100-1,700
pg/ml). During the first 24h of coculture cells secreted higher amounts of KC when
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cocultured in media without both glutamine and MSO compared with cells
cocultured in media with MSO and with/without glutamine. However, during the
second 24h of cocultured, KC secretion did not differ between cells cocultured
under all four media conditions. There were no significant differences between the
same samples collected at the first and second 24h of coculture.
The ELISA results were similar with those found in the cytokine array. Both
experiments showed that the concentration of KC was higher in media from
cocultured compared with media from differentiated 3T3-L1 cells and RAW264.7
cells grown separately (Figures 17 and 22).

Production of Eotaxin-1: Eotaxin-1 was expressed in 3T3-L1 cells. Media from 3T3L1 had higher concentrations of Eotaxin-1 (~175-290 pg/ml) compared to media
from RAW264.7 cells (Figure 23). Eotaxin-1 concentrations were below the level of
detection in RAW264.7 cells cultured in all four media conditions. Eotaxin-1
concentrations were significantly higher in media from differentiated 3T3-L1 cells
cultured with glutamine and without MSO on Day 10 of differentiation compared to
Day 9 (time points 24h and 48h, respectively). Eotaxin-1 concentration was also
higher when the media did not contain both glutamine and MSO. On Day 10 of
3T3-L1 differentiation, in media without glutamine, the concentration of Eotaxin-1
was significantly lower when MSO was present.
During the first 24h of coculture, cocultured cells secreted similar amounts
of Eotaxin-1 compared with differentiated 3T3-L1 cells. However, at the second
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24h of coculture, media from cocultured cells had lower concentrations of Eotaixn-1
(~15-90 pg/ml) compared with media from differentiated 3T3-L1 cells cultured
separately. In cocultures, Eotaxin-1 concentrations were significantly higher in
media from cells cocultured without glutamine and without MSO at both the first
and second 24h of coculture. By contrast, media from cocultured cells grown
without glutamine and with MSO had the lowest concentration of Eotaxin-1.
Compared to the first 24h of coculture, concentrations of Eotaxin-1 were
significantly lower at the second 24h of coculture when cells where cocultured in all
four media conditions.
Both the ELISA and cytokine array showed that concentrations of Eotaxin-1
were highest in media from 3T3-L1 cultured alone compared with media from
RAW264.7 cells and cocultures (Figures 17 and 23). However, Eotaxin-1
concentrations in media from cocultures were higher according to the ELISA
compared with concentrations detected by the cytokine array.
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CHAPTER 4. DISCUSSION
4.1. Discussion
The Discussion is organized as follows. First, the expression of GS in
separately cultured 3T3-L1 cells and RAW264.7 cells is discussed. Then the results
from cocultures of 3T3-L1 cells and RAW264.7 cells are discussed with a section for
each cytokine measured via ELISA. Finally, the Discussion concludes with a
summary of the findings and future prospects.

4.1.1. 3T3-L1 Adipocytes
i. Glutamine Synthetase Expression During Differentiation
Sites of net glutamine synthesis within the body are muscle, liver and lung.
We and others have shown that adipose tissue is another tissue that has high
expression of GS and releases glutamine into circulation (Frayn et al., 1991;
Curthoys and Watford, 1995; Kowalski et al., 1997; Patterson et al., 2002; van
Straaten et al., 2006). However, the rate of glutamine release from adipose tissue is
relatively low compared with muscle.
Others have found that 3T3-L1 as preadipocytes express low amounts of GS
but increase their expression of GS during differentiation (Miller and Carrino, 1980,
1981). Similar observations have been confirmed in human adipocytes (Urs et al.,
2004). We found that GS protein and mRNA expression increased in differentiating
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3T3-L1 cells. At the first 24h of differentiation, the presence of exogenous
glutamine resulted in slightly lower GS protein compared to cells differentiated in
media lacking glutamine (Figure 8). However, during 48-120h of differentiation,
there were no differences in GS protein or mRNA expression when cultured in the
absence or presence of glutamine. It has been shown in all other cell types studied
to date that the presence of glutamine down-regulates GS protein (see full
references in Wang and Watford, 2007). This down-regulation was not seen in
mature 3T3-L1 adipocytes indicating that glutamine production may be important
during and after differentiation. In the early stages of differentiation preadipocytes
undergo monoclonal expansion to proliferate (Figure 4) and we have shown that
this process is glutamine dependent. Monoclonal expansion of cells and the
expression of transcription factors C/EBPβ, PPARγ, and C/EBPα, all important
regulators of early adipogenesis, require glutamine (Wang, Huang and Watford.
unpublished results). The mechanisms of glutamine action on cell proliferation in
adipocytes may be similar to mechanisms seen in other cell types. Glutamine has
been shown to increase proliferation of Caco-2 cells by promoting nucleotide
synthesis (Yamauchi et al., 2002). And glutamine may be involved in mammalian
target of rapamycin signaling to increase growth which has been seen in rat
cardiomyocytes (Xia et al., 2003; Curi et al., 2005; Wu, 2009).
Aside from cell proliferation, glutamine may have a role in lipid synthesis.
We have seen with the use of oil red O staining that inhibiting glutamine production
with MSO and removing exogenous glutamine during the early stages of
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adipogenesis prevents adipocytes from storing as much lipid as adipocytes cultured
with glutamine continuously available (Figure 5). Because glutamine may be
required for fatty acid synthesis, a lack of glutamine prevented the expansion of
lipid membranes. Others have shown that glutamine may be a precursor for de
novo synthesis of fatty acids in a number of cell types including white and brown
preadipocytes and cancer cells (Miller and Carrino, 1980; Curi et al., 2005; Yoo et
al., 2008; Collins et al., 2011; Filipp et al., 2012; Metallo et al., 2012; Mullen et al.,
2012). The mechanisms of glutamine for lipid synthesis may be similar in 3T3-L1
adipocytes. Based on our results that glutamine is necessary for monoclonal
expansion, expression of transcription factors involved in adipogenesis, and
maximal lipid storage, we have evidence that glutamine may be required for the
differentiation of preadipocytes and lipid production of adipocytes.

ii. Inhibition of Glutamine Synthetase in 3T3-L1 cells
We down-regulated GS expression in 3T3-L1 adipocytes by RNAi to study the
role of adipocyte-derived glutamine in differentiation and in cocultures with
RAW264.7 macrophages without the use of a small molecule inhibitor which may
have unknown side effects (Figure 10). Unfortunately 3T3-L1 cells transduced with
GS-inhibiting RNAi had less lipid storage, even in the presence of 4mM glutamine,
compared to normal 3T3-L1 cells and 3T3-L1 cells transduced with non-target RNAi
(Figure 11). Hence, the use RNAi was not pursued further because GSi-transduced
adipocytes were not a good model of mature adipocytes. The reason for this may
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be that differentiating preadipocytes utilize glutamine made inside the cell more
than glutamine transported from outside the cell. Instead of RNAi we used the
small molecule GS inhibitor MSO for these experiments (Pace and McDermott,
1952; Ronzio et al., 1969; Miller and Carrino, 1981; Huang et al., 2007; Ehsanipour
et al., 2013). We have found that the addition of MSO is effective in knocking down
GS expression in 3T3-L1 adipocytes and that cells can be rescued and still
differentiate with the addition of glutamine (Figure 5). RAW264.7 macrophages
cultured in media with MSO could also be rescued and proliferate with the addition
of exogenous glutamine (Figure 15). For the purposes of the coculture study
(Figure 6), differentiated 3T3-L1 cells had exogenous glutamine removed and MSO
added to media on Day 7 of differentiation, which had no effect on lipid storage, GS
protein and GS mRNA in differentiated 3T3-L1 cells two and three days later (Day 9
and 10 of differentiation, Figure 12). Thus, the use of MSO allowed us to perform
the coculture experiments with mature lipid-filled adipocytes while downregulating their GS expression.

4.1.2. RAW264.7 Macrophages
i. Glutamine Synthetase Expression
The low expression of GS protein and mRNA in RAW264.7 macrophages was
evident in this study (Figures 7 and 13). These findings are similar with previous
observations in our laboratory with RAW264.7 cells and thioglycollate-elicited
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peritoneal macrophages from mice (Patel and Watford, unpublished results).
Macrophages are known to require glutamine for energy, and RAW264.7 cells in
particular have been shown to require glutamine for cytokine production, such as
TNF-α (Newsholme et al., 1987; Wells et al., 1999; Newsholme, 2001; Liang et al.,
2009), and such cells must rely on exogenous glutamine due to their limited
expression of GS. Removing exogenous glutamine from media resulted in
significantly lower RAW264.7 cell viability within 24h (Figure 9). The lack of
glutamine may have prevented nucleotide synthesis as was seen in other cell types
and/or glutamine may have been required as a fuel (Yamauchi et al., 2002; Curi et
al., 2005). Hence, RAW264.7 cells were probably dying without glutamine.
RAW264.7 cells grown in media with 4mM glutamine and with/without MSO tripled
in number by the second 24h of culture (Figure 15). Cells thrived and proliferated
when grown with exogenous glutamine possibly because they used the glutamine
as a fuel and to synthesize nucleotides. It is clear that without exogenous
glutamine provided by media, RAW264.7 macrophages fail to thrive and proliferate.

4.1.3. Coculture of 3T3-L1 Adipocytes and RAW264.7 Macrophages
i. Cell Number and Viability
To determine if adipocyte-derived glutamine could support macrophage
viability, we cocultured mature 3T3-L1 and RAW264.7 cells in media with/without
glutamine and with/without GS inhibitor MSO (Figure 6). Cells cocultured in media
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with glutamine and with/without MSO and in media without glutamine and no MSO
had significant increases in the total combined cell number compared to cell
numbers of cocultures in media without glutamine and with MSO (Figure 15). The
increases in cell number were probably due to the proliferation of RAW264.7 cells,
as seen when they are cultured separately in media with glutamine. Differentiated
3T3-L1 adipocytes, as opposed to preadipocytes, have much higher GS expression
than RAW264.7 cells (Figures 7 and 13). So we presume that the glutamine
produced by 3T3-L1 adipocytes was utilized by the RAW264.7 cells. Hence,
RAW264.7 cells were able to thrive and proliferate because glutamine is an import
fuel and may be required for their proliferation, as previously discussed.
Ehsanipour and colleagues (2013) have recently reported that adipocytederived glutamine may support immune cell viability. They cocultured preadipocyte
and mature 3T3-L1 adipocytes with acute lymphoblastic leukemia cells both by
direct contact coculture and by indirect-contact coculture with the use of transwell
inserts. They found that glutamine produced by mature 33-L1 adipocytes protected
acute lymphoblastic leukemia cells from asparagine and glutamine depletion and
that the protection was reduced with treatment of 1.5mM MSO. Acute
lymphoblastic leukemia cells were not protected when cocultured with
preadipocytes 3T3-L1 cells. While we only performed a direct contact coculture
with 1mM MSO, our results were similar in that glutamine from adipocytes can
support immune cell (macrophage) viability. Even if exogenous glutamine was
removed, 3T3-L1-derived glutamine was enough to allow RAW264.7 cells to
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proliferate. Taken together, these results support the hypothesis that adipocytederived glutamine is able to support macrophage viability.

ii. Cytokine Array Analysis
To identify cytokines in media from 3T3-L1 cells, RAW264.7 cell and
cocultures, we measured their concentrations by using a membrane based cytokine
array. All cells were cocultured for 48h but the media was changed every 24h;
hence, the amounts of cytokines detected in the cytokine array were secreted
during the second 24h of coculture. Six cytokines that were detected in high
amounts in at least one media sample in the cytokine array were selected. We
confirmed and validated the secretion of these six cytokines using ELISA kits and
these results are discussed in detail below.
Cytokines that were not selected for further analysis via ELISA were
detected at either 1. very low or undetectable concentrations [most of the
cytokines including tumor necrosis factor- α (TNF-α) and leptin) or 2. similar
concentrations in all samples tested [cutaneous T cell-attracting chemokine
(CTACK), tissue inhibitor of metalloproteinases-1 (TIMP-1), and soluble TNF
receptor-I (sTNFRI)]. The cytokine MIP-2 was detected at lower concentrations than
MIP-1α so we opted to examine just MIP-1α further. Several of the other cytokines
not examined further are briefly discussed below.
The proinflammatory cytokine TNF-α was the first adipose tissue-derived
cytokine to be implicated to play a role in insulin resistance during obesity (Coelho
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et al., 2013). We saw that concentrations of TNF-α were relatively low in all media
samples tested in the cytokine assay, therefore we did not examine TNF-α further
via ELISA. However, soluble TNF receptor-I, sTNFRI, was detected in all cell culture
media samples. Our results do not agree with other findings. Others have seen a
significant increase of TNF-α secretion in media of cocultures of 3T3-L1 with
RAW264.7 or SVF cells from epididymal fat from obese mice (Suganami et al., 2005;
Lumeng et al., 2007b). Media from RAW264.7 cells stimulates 3T3-L1 TNF-α mRNA,
and media from 3T3-L1 adipocytes also promotes TNF-α mRNA expression in
RAW264.7 cells (Suganami et al., 2005). Weisberg and colleagues and others
determined that ATM are the predominant source of TNF-α from adipose tissue
(Weisberg et al., 2003; Suganami et al., 2005). One possible reason for the lack of
TNF-α secretion from cells in our study may have been due to a limitation with the
cytokine array such as the small sample size of n=1 and/or false positives. Another
reason may be that in our experiments cells were not in contact with inflammatory
stimuli such as bacterial endotoxin LPS, which has been shown to increase TNF-α
production in a variety of cell types including 3T3-L1 and RAW264.7 cells (Yamashita
et al., 2008). Cytokines that drive inflammatory responses, like TNF-α and IL-1β, are
expressed at low levels under resting conditions (Olefsky and Glass, 2010). Even
though others have found that TNF-α secretion increases when 3T3-L1 and
RAW264.7 are cocultured, we found no significant secretion of TNF-α in our
experiments according to the cytokine array.
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We expected leptin to be detected in media from cultures with adipocytes
because it is a hormone mainly secreted by adipose tissue and its secretion is
increased during obesity (Harwood, 2012). However, concentrations of leptin were
below the level of detection according to the cytokine array. 3T3-L1 cells express
very low amounts of leptin, less than 1% of the expression seen in mouse adipose
tissue (MacDougald et al., 1995). Because leptin was detected in very low amounts
in our study we did not further investigate it.
Cytokines such as CTACK, TIMP-1 and sTNFRI were detected in most of the
cell culture media tested in the cytokine array. In media alone, CTACK was detected
so its presence was probably due to FBS added to all growth media used in our cell
cultures. Concentrations of TIMP-1 did not vary considerably between all samples.
The soluble form of TNF receptor-I was high in media from cultures. Serum
concentrations of sTNFRI and sTNFRII have been found to be higher in obese
subjects compared with lean subjects and positively correlate with insulin
resistance in humans (Adamska et al., 2012). Therefore, we did not study these
three cytokines further.

iii. ELISA Analysis
In cell cultures for the ELISA experiment we did not use preadipocytes. Only
mature adipocytes were cultured separately and together with RAW264.7 cells
because they express high amounts of GS. Cocultures were done for 24h and 48h
and the media was changed every 24h. Hence, in the ELISA results we show the
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secretion of six cytokines during the first and second 24h of coculture (24h and 48h
of coculture, respectively). We stress that all other studies with cocultures of
mature 3T3-L1 and RAW264.264.7 cells mentioned below used media with
glutamine.

1. Cytokine Production in Differentiated 3T3-L1 cells
We studied the secretion of several adipokines from differentiated 3T3-L1
adipocytes cultured alone on the ninth and tenth day of differentiation. These two
days correspond with the first and second 24h of coculture, respectively.
Proinflammatory cytokine IL-6 (interleukin- 6) reduces insulin sensitivity in
adipose tissue and liver and in obesity and type 2 diabetes IL-6 concentrations in
plasma are elevated (Harwood, 2012). In the ELISA analysis we found
concentrations of IL-6 in media from mature 3T3-L1 cells to be low (Figure 18)
confirming results that others have found. The expression and secretion of IL-6
from mature 3T3-L1 cells cultured alone have been shown to be low (Suganami et
al., 2005; Lumeng et al., 2007b; Xie et al., 2010).
Chemokine MCP-1 (monocyte chemoattractant protein-1, CCL2) recruits
monocytes to sites of inflammation and injury and has been linked to insulin
resistance while KC (keratinocyte chemoattractant, CXCL1) may have a role in
angiogenesis (Luster, 2002; Yamashita et al., 2008; Samaras et al., 2010; Odegaard
and Chawla, 2011). 3T3-L1 cells secreted detectable amounts of MCP-1 and KC
(Figures 19 and 22). Differentiated 3T3-L1 cells have been previously shown to
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have relatively low expression and secretion of MCP-1 while KC is secreted by
mature 3T3-L1 cells (Suganami et al., 2005; Lumeng et al., 2007b; Melloni et al.,
2013). Glutamine availability with and without MSO had no effect on IL-6, MCP-1
and KC concentrations in media from differentiated 3T3-L1 cells. The reason may
be that mature adipocytes do not utilize glutamine for the production secretion of
these three cytokines. Another reason may be that adipocytes cultured without
glutamine and with MSO in our experiments had enough reserves of glutamine to
secrete the same amount of these cytokines compared with adipocytes that were
cultured with glutamine in media and/or were able to make glutamine.
Eotaxin-1 (eosinophil chemotatic protein, CCL11) is a chemokine that
attracts eosinophils which mediate allergic responses and asthma. While this
chemokine may or may not have a role in promoting insulin resistance, it does have
an association with obesity. The mRNA expression of Eotaxin-1 in visceral fat has
been shown to increase in mice fed a high-fat diet and decrease when mice lose
weight (Kim et al., 2011). Others have shown that it is expressed in mature 3T3-L1
adipocytes (Melloni et al., 2013). In our study, we found that Eotaxin-1 secretion
from differentiated 3T3-L1 cells was relatively high compared with concentrations
in media from RAW264.7 cells and cocultures (Figure 23). Between the ninth and
tenth day of differentiation, secretion of Eotaxin-1 was significantly higher when
adipocytes were cultured in media with glutamine and with MSO and media
without glutamine and with MSO. Glutamine availability (glutamine from media or
from GS) did not have an effect on Eotaxin-1 secretion but the presence of MSO
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may have prevented a significant increase of Eotaxin-1 secretion by mature 3T3-L1
cells by blocking synthesis of glutamine.
Chemokine MIP-1α (macrophage inflammatory protein-1α, CCL3) attracts
immune cells to sites of inflammation and has been implicated to involved in insulin
resistance while RANTES (regulated on activation normal T cell expressed and
secreted, CCL5) is proposed to function in recruiting T cells into adipose tissue and
higher circulating concentrations have been linked to the low-grade inflammation
see in insulin resistance and obesity (Yamashita et al., 2008; Skurk et al., 2009;
Surmi et al., 2010; Odegaard and Chawla, 2011). The RANTES receptor, CCR5, has
significantly higher expression in the subcutaneous tissue of obese patients
compared with lean controls (Harford et al., 2011). The concentrations of MIP-1α
and RANTES were relatively low or below the level of detection in media from
mature 3T3-L1 cells (Figures 20 and 21).

2. Cytokine Production in RAW264.7 cells
High concentrations of MCP-1 and MIP-1α were detected in media from
RAW264.7 cells cultured alone (Figures 20 and 21). Glutamine availability had a
positive effect on the production of both chemokines in RAW264.7 cells. Without
glutamine in media RAW264.7 cells had significantly lower secretion of MCP-1 and
MIP-1α compared with cells cultured in media with glutamine at both the first 24h
and second 24h of culture. These findings point to an important role of glutamine
in MCP-1 and MIP-1α secretion in RAW264.7 cells. We have already shown that
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RAW264.7 cells have significantly lower cell viability by 24h of culture in media
without exogenous glutamine (Figure 9). And by the second 24h of culture without
glutamine, the number of RAW264.7 cells is significantly lower compared with the
number of cells grown in the presence of glutamine (Figure 15). The reason for the
high secretion of MCP-1 and MIP-1α from RAW264.7 cells cultured in media with
glutamine and with/without MSO may be that the cells were using the glutamine
for proliferation and nucleotide synthesis. More RAW264.7 cells were present so
higher amounts of MCP-1 and MIP-1α were secreted compared with amounts
secreted from cells grown in the absence of glutamine. RAW264.7 cells cultured
without glutamine and with/without MSO were probably not proliferating and
instead dying.
In comparison to concentrations of MCP-1 and MIP-1α, the concentrations
of IL-6, RANTES, KC and Eotaxin-1 in media from RAW264.7 cells were relatively low
or below the level of detection (Figures 18, 21, 22 and 23). Glutamine availability
had no effect on the secretion of these cytokines from RAW264.7 cells.

3. Cytokine Production in Cocultures
a. IL-6
Proinflammatory cytokine IL-6 has a role in the development of insulin
resistance. It is known that 3T3-L1 cells have higher IL-6 mRNA expression when
cultured in media from RAW264.7 cells, and media from 3T3-L1 cells can induce
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RAW264.7 cells to increase their expression of IL-6 mRNA (Suganami et al., 2005).
With the higher mRNA expression of IL-6 there were significantly higher
concentrations of IL-6 in media from cocultures compared to concentrations in
media from separately cultured adipocytes and macrophages. Our results
confirmed these findings; IL-6 concentrations in media from cocultures were higher
than concentrations in media from cells cultured separately (Figure 18). At the first
24h of coculture the concentration of IL-6 was significantly higher in media from
cocultures without exogenous glutamine compared with concentrations in media
from cells cocultured under the other three media conditions. The reason for the
high secretion of IL-6 without exogenous glutamine at the first 24h of coculture may
be because free-fatty acids, which are known to increase IL-6 mRNA and secretion
from RAW264.7 cells, were present at high concentrations under these media
conditions (Nguyen et al., 2007).
By the second 24h of coculture, glutamine availability had no effect on IL-6
concentrations in cocultures. However, total combined cell numbers remained low
in cocultures in media without glutamine and with MSO (Figure 15), presumably
because RAW264.7 cells were dying. Others have found that glutamine availability
is crucial for IL-6 production in macrophages (Yassad et al., 1997; Yassad et al.,
2000). We found that IL-6 concentrations did not differ in media from cocultured
cells at the second 24h of coculture. In contrast to the findings of others, our
findings indicate that possibly mature 3T3-L1 cells, not RAW264.7 cells, were the
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main source of IL-6 during the second 24h of coculture. Our results may reflect
different culture conditions.

b. MCP-1
There is much evidence that the chemokine MCP-1 and its receptor CCR2
are important for macrophage accumulation in adipose tissue (Kanda et al., 2006;
Weisberg et al., 2006; Oh et al., 2012). Secretion of MCP-1 has also been shown to
significantly increase in media from cocultures of differentiated 3T3-L1 cells and
RAW264.7 cells compared with media from cells cultured individually (Suganami et
al., 2005). We confirmed these finding; the concentrations of MCP-1 were much
higher in media from cocultures than in media from separately cultured
differentiated 3T3-L1 and RAW264.7 cells (Figure 19). Media from RAW264.7 cells
is known to increase mRNA expression of MCP-1 in differentiated 3T3-L1 cells but
media from differentiated 3T3-L1 cells does not induce MCP-1 expression in
RAW264.7 cells (Suganami et al., 2005). We speculate that the increase in MCP-1
concentrations in coculture media is due to increased production by mature 3T3-L1
cells and RAW264.7 cells. Coculture had more than an additive effect on the
amount of MCP-1 secreted in separately cultured cells. These results imply that a
secreted factor(s) from both cell types was responsible for the higher MCP-1
secretions from cocultured cells.
At the first 24h of coculture, MCP-1 secretion was significantly lower from
cells cultured in media without glutamine and with MSO compared with cells
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cultured in media with glutamine and with MSO. And at the second 24h of
coculture, again MCP-1 secretion was the lowest in cells cultured in media without
glutamine and with MSO. The slightly lower secretion of MCP-1 under conditions
where both source of glutamine were removed may reflect a contribution of
RAW264.7 cells. As shown in Figure 15, the total number of cocultured cells was
low under the same media conditions. RAW264.7 cells were probably dying
without glutamine from media and/or from differentiated 3T3-L1 cells therefore a
lower number of cells resulted in a slight decrease in MCP-1 secretion under these
media conditions.

c. MIP-1α
Expression of MIP-1α has been shown to be higher in the white adipose
tissue of humans and several mouse models of obesity. In addition, the expression
of MIP-1α and its receptor, CCR1, in white adipose tissue are directly associated
with fasting insulin levels in humans indicating that MIP-1α may play a role in
insulin resistance (Samaras et al., 2010; Surmi et al., 2010). We found that in media
from the first 24h of coculture, MIP-1α secretion was significantly higher in media
from cells cocultured with glutamine and with MSO compared with cells cocultured
in media without glutamine and with MSO (Figure 20). These findings indicate that
during the first 24h of coculture, MIP-1α secretion from cells cocultured without
glutamine and with MSO may have decreased slightly due to lower production by
RAW264.7 cells which may have been dying. However, by the second 24h of
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coculture the concentrations of MIP-1α did not different between all media
conditions. Even when cells were cocultured in media with glutamine, MIP-1α
concentrations were lower than concentrations at the first 24h of coculture. When
glutamine was available to RAW264.7 cells when cultured alone, they secreted
significantly higher amounts of MIP-1α at the second 24h of culture compared with
the first 24h of culture. But secretion of MIP-1α in cocultures did not increase in a
similar manner even when glutamine was present. Therefore, we propose that a
factor(s) from mature 3T3-L1 cells other than glutamine may have been responsible
for the lower MIP-1α secretion between the first and second 24h of coculture.

d. RANTES
We found that concentrations of RANTES were relatively high in media from
cocultures compared with concentrations in media from differentiated 3T3-L1 and
RAW264.7 cells cultured separately (Figure 21). In contrast to our results,
Yamashita and colleagues (2008) found no differences between the RANTES
concentrations in media from mature 3T3-L1 cells and RAW264.7 cultured
separately or cultured together. We saw that under media conditions where both
sources of glutamine were removed, RANTES secretion from cocultured cells was
significantly lower compared with all other media conditions at both the first and
second 24h of coculture. In these media conditions, cell death of RAW264.7 cells
may have been the reason for the lower secretion of RANTES. A factor(s) secreted
by mature 3T3-L1 and/or RAW264.7 is probably responsible for the higher secretion
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of RANTES in cocultures. Hence, we can conclude that glutamine availability is
important for RANTES secretion from cocultured RAW264.7 cells and mature 3T3-L1
cells.

e. KC
There were also higher concentrations of KC in media from cocultures
compared with concentrations in media from individually cultured cells, indicating
that a compound(s) secreted by differentiated 3T3-L1 cells and/or RAW264.7 cells
was responsible for the higher KC secretion (Figure 22). Our results do not agree
with results from Yamashita and colleagues (2008). They found that KC
concentrations in media from mature 3T3-L1 cells cocultured with RAW264.7 cells
were not significantly higher than concentrations in media from separately grown
cells. We found that at the first 24h of coculture KC concentrations were higher in
media from cocultures with no glutamine or MSO compared with media from
cocultures with MSO and with/without glutamine. However, by the second 24h of
coculture, KC concentrations were similar in media from cells cocultured under all
four media conditions. RAW264.7 cells were most likely dying by the second 24h of
coculture without glutamine and with MSO, as indicated by the low number of cells
in Figure 15. In contrast to the number of cocultured cells, KC secretion was
unaffected by glutamine availability at the second 24h of coculture, leading us to
propose that 3T3-L1 cells, not RAW264.7 cells, may have been the major source of
KC in cocultures.
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f. Eotaxin-1
To our knowledge, this is the first study to measure Eotaxin-1
concentrations in media from cocultures of 3T3-L1 and RAW264.7 cells. Mature
3T3-L1 cells secreted high amounts of Eotaxin-1. By contrast, when mature 3T3-L1
cells were cocultured with RAW264.7 cells Eotaxin-1 concentrations were
significantly lower between the second 24h of coculture compared to the first 24h
of coculture under all four media conditions (Figure 23). Presumably one or more
compounds secreted from RAW264.7 cells had a negative effect on differentiated
3T3-L1 cell Eotaxin-1 secretion. However, when cells were cocultured without
glutamine and with MSO, Eotaxin-1 secretion was significantly lower compared with
secretion from cells cocultured in the other three media conditions at both the first
and second 24h of coculture. Without glutamine from media and from 3T3-L1 cells,
RAW264.7 cells were probably dying, therefore the lower Eotaxin-1 secretions
under these media conditions may have been due to a lack of production by
RAW264.7 cells. It has been observed that the number of eosinophils in adipose
tissue is decreased during obesity (Osborn and Olefsky, 2012). We found that
Eotaxin-1 secretion was lower in cocultures of mature 3T3-L1 cells and RAW264.7
cells so the decrease in eosinophils may be attributed to a decrease in Eotaxin-1
secretion (presumably from adipocytes when cocultured with macrophage)s which
recruits eosinophils.
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g. Summary of Cytokine Findings from ELISA Analysis
Our hypothesis that glutamine would be necessary in cytokine production,
was not completely supported. We demonstrated that glutamine from mature 3T3L1 adipocytes had some effects on RAW264.7 macrophages but other factors may
be involved. Clearly glutamine availability had an negative impact on the secretion
of MCP-1 and MIP-1α from RAW264.7 cells cultured alone. Secretion of IL-6, MCP1, KC and Eotaxin-1 from mature 3T3-L1 cells cultured alone was not affected by
glutamine availability. When mature 3T3-L1 cells and RAW264.7 cells were
cocultured in the absence of glutamine and with MSO the secretion of RANTES and
Eotaxin-1 were significantly lower compared with secretions from cells cocultured
in the other media conditions. Concentrations of MCP-1 in media from cocultures
were also slightly affected by the lack of glutamine. The lower production of
RANTES, Eotaxin-1, and MCP-1 from cocultured cells may possibly be attributed to
RAW264.7 cells dying. Cells cocultured in the absence of glutamine and with MSO
had significantly lower total cell numbers compared with cells cocultured under the
other media conditions. Taken together, the lower secretion of RANTES, Eotaxin-1
and MCP-1 may have been because RAW264.7 cells in cocultures were dying
without glutamine from media or from differentiated 3T3-L1 cells.
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4.2. Conclusion
We have shown that adipocytes are able to produce a sufficient amount of
glutamine to support macrophage viability and function. When mature adipocytes
and macrophages were cocultured in media without glutamine with an inhibitor of
GS, there was no increase in cell number between the first and second 24h of
coculture. In addition, the pH of the media did not decrease, indicating that
macrophages were not proliferating. A recent publication has found that
adipocyte-derived glutamine protects glutamine- and asparagine-depleted acute
lymphoblastic leukemia cells meaning that these leukemia cells require glutamine
for their viability and proliferation (Ehsanipour et al., 2013). A similar hypothesis
has been proposed in a textbook (Newsholme and Leech, 2010). The authors state
that glutamine from adipose tissue is utilized by lymphocytes and other immune
cells. Thus adipocyte-derived glutamine supports the viability of immune and
cancer cells. Specifically, macrophages in adipose tissue may depend on glutamine
from neighboring adipocytes for their viability and production of proinflammatory
cytokines during obesity because blood flow is restricted in obese adipose tissue.
By limiting the availability of glutamine to ATM, their proliferation and
proinflammatory cytokine production may decrease which could improve insulin
sensitivity in obese individuals.
There were several limitations with this study. First, with direct contact
coculture we were not able to discern which cell type secreted how much of each
cytokine into the media because we did not physically separate cocultured cells for
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protein and mRNA analysis. Other studies have overcome this issue by doing
indirect contact cocultures of cells with transwell inserts, therefore cells can be
separately processed for analysis. A negative of indirect coculture is that there are
no cell-to-cell interactions, as would be the case in vivo.
Second, we did not measure glutamine concentrations in media, which
would have confirmed if glutamine concentrations in media increased due to GS
expression in mature 3T3-L1 adipocytes. Knowing the glutamine concentrations in
media would allow us to compare how much glutamine was utilized and/or
produced by mature 3T3-L1 and RAW 264.7 cells in separate cultures and in
cocultures.
Third, the use of a small molecular inhibitor, MSO, has the potential to have
unknown side-effects on cells. All conditions with the use of MSO were also done
without MSO as controls to see if there were any direct or other effects. The use of
MSO had no effect on 3T3-L1 differentiation when it was added on the seventh day
of differentiation. MSO also had no effect on the protein and mRNA levels of GS in
mature 3T3-L1 and RAW264.7 cells cultured separately. In addition, cells numbers
were not affected by MSO in media, except when glutamine was not provided to
RAW264.7 cells. We have shown in differentiating 3T3-L1 cells and in RAW264.7
cell proliferation that the GS-inhibiting effects of MSO can be overcome with the
addition of glutamine to media.
Future studies are required to elucidate the role of adipocyte-derived
glutamine in ATM viability and function. Cocultures of 3T3-L1 and RAW264.7 cells
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can be done indirectly with the use of transwell inserts so that cells may be
collected and processed separately so that GS expression can be determined in
each cell type. Changes in mRNA expression of cytokines in 3T3-L1 cells and
RAW264.7 cells could also be determined by indirect contact coculture. The use of
fluorescence-activated cell sorting may also provide a means to separately analyze
cocultured cells. Finally, the generation of an adipose tissue-specific GS knockout
mouse and high-fat feeding of such mice would allow us to determine the role of
adipocyte-derived glutamine in ATM viability during obesity in vivo. A global
knockout of GS in mice has shown that GS is essential in the early stages of
embryonic development (He et al., 2007). If adipose tissue-specific GS knockout
mice were not viable, then we could generate mice with a tamoxifen-dependent
DNA recombinase and administer tamoxifen to induce GS knockdown in adipose
tissue in adult mice. Another option would be to inject adipocyte selective adenoassociated viral particles (containing GS-inhibiting shRNA or microRNA) directly into
an epididymal fat pad of male mice to knock-down GS expression in adipocytes near
the injection site. Adeno-associated viral particles containing non-target, scramble
shRNA would be injected into the other epididymal fat pad of the same mouse to
serve as a negative control. After being fed a high-fat diet, comparisons in GS
expression, adipose tissue size and histology, and inflammation can be made
between the two epididymal fat pads of the same mouse. We expect such mice will
still maintain GS expression in adipose tissue except for adipocytes near the
injection region. Therefore, mice will still become obese upon high-fat feeding but
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have less M1 macrophages and CLS in the epididymal fat pad injected with GSinhibiting adeno-associated viral particles.
The findings presented in this thesis support the idea that glutamine
produced and released by adipocytes may contribute to the viability and cytokine
secretion of macrophages in adipose tissue during obesity. We believe that our
results will contribute to a greater understanding of the molecular mechanisms
involved in the development of insulin resistance in obese individuals.
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Figure 1

Figure 1. Healthy and pathological expansion of adipocytes. A. Healthy expansion
is characterized by recruitment of preadipocytes and other stromal cells in
appropriate ratios, induction of vascularization and extracellular matrix remodeling.
Alternatively activated (M2) and classically activated (M1) adipose tissue
macrophages are present around dying adipocytes.

B. Pathological expansion

occurs when existing preadipocytes rapidly expand and angiogenesis is limited
subsequently leading to increased hypoxia.

M1 macrophage recruitment also

increases, which increases inflammation. Modified from Sun et al., 2011.
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Figure 2
M1

Figure 2.

Adipose tissue macrophages.

M2

Adipose tissue from lean individuals contains M2

(alternatively activated) macrophages that promote the secretion of anti-inflammatory cytokines.
Under conditions of obesity, adipose tissue contains M1 (classically activated) macrophages that
secrete proinflammatory cytokines which can promote insulin resistance (Olefsky and Glass. 2010).

Figure 3

Figure 3. Glutamine synthetase expression in mouse tissue. A representative western blot is shown.
All lanes were loaded with 30µg of protein (Patel and Watford. unpublished results).
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Figure 4

Figure 4. Timeline of the differentiation of 3T3-L1 preadipocytes into mature
adipocytes. Preadipocytes are differentiated according to a time dependent
cascade (Darlington et al., 1998; Gregoire et al., 1998; Farmer, 2006). In order to
identify where glutamine was required, experiments were carried out with
glutamine available (GS active) for various times followed by culture in the absence
of available glutamine (addition of MSO).

Steps that require glutamine are

indicated in green. (Wang and Watford. unpublished results).
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Figure 5

Figure 5. Oil red O staining of differentiated 3T3-L1 adipocytes cultured under
different media conditions. Adipocytes were stained with oil red O six days after
the induction of differentiation.

Three different media were used: without

glutamate (E) and glutamine (Q), without glutamine but with glutamate, and
without glutamate but with glutamine. Methionine sulfoximine (MSO; 1mM) was
added to inhibit GS activity in the three lower wells (Wang, Huang, and Watford.
unpublished results).
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Figure 6

Figure 6. Timeline of coculture experiment with mature 3T3-L1 cells and RAW264.7
cells. First 3T3-L1 preadipocytes were differentiated into mature adipocytes in
media with 4mM glutamine (Q). On Day 7 of differentiation four different media
were used: +Q -MSO, +Q +MSO, -Q -MSO, and -Q +MSO. On Day 8 of
differentiation, RAW264.7 cells were seeded on top of adipocytes. Cells were
harvested at endpoints 24h and 48h (the first 24h of coculture and second 24h of
coculture, respectively) and media was replaced every 24h.
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Figure 7

Figure 7. Expression of GS in 3T3-L1 preadipocytes [Pre(D)], mature 3T3-L1
adipocytes after 10 days of differentiation [(D)10] and RAW264.7 cells.
representative western blot is shown. All lanes were loaded with 20µg protein.

A
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Figure 8
A

B

C

Figure 8. Expression of GS during the first five days of differentiation of 3T3-L1 cells in media with
and without 4mM glutamine (Q). 3T3-L1 cells underwent differentiation in media with and without
4mM glutamine for up to five days. A. A representative western blot of GS and β-actin. B.
Quantified results of GS:β-actin from the western blot with predifferentiation (0h of differentiation)
set to a value of 1.0. C. Relative expression of GS mRNA with values of predifferentiation set to a
value of 1.0. Results are expressed as the mean ± SEM from three independent experiments.
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Figure 9

Figure 9. RAW264.7 cell viability in media with and without 4mM glutamine (Q).
RAW264.7 macrophages were grown in media with 4mM glutamine or without
glutamine for up to three days. Media was changed every 24h. The optical density
(OD) at 585nm represents cell viability. * indicates that the viability of RAW264.7
cells grown in media with and without glutamine at the same time point were
significantly different from one another. Letters indicate significance between the
viability of RAW264.7 cells grown under the same media conditions (lowercase for
cells grown with glutamine, uppercase for cells grown without glutamine). Values
with a common superscript indicate no difference. Results are expressed as the
mean ± SEM from three wells from the same experiment.
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Figure 10

Figure 10. Expression of GS in normal and transduced 3T3-L1 cells differentiated for nine
days. Preadipocyte 3T3-L1 cells were transduced with GSi lentiviral particles. Puromycin
(4µg/ml) was added to growth and differentiation media continuously to select transduced
cells. NT, 3T3-L1 cells transduced with non-target short hairpin DNA as a negative control;
GSi, 3T3-L1 cells transduced with GS-inhibiting short hairpin DNA.

A representative

western blot is shown. Each lane was loaded with 13µg of protein.

Figure 11

Figure 11. Oil red O staining of normal and transduced 3T3-L1 cells during differentiation.
Regular 3T3-L1, NT and GSi cells underwent differentiation in media with and without 4mM
glutamine (Q) up to 10 days. The OD at 510nm represents the staining of lipids, an
indication of differentiation of adipocytes. NT, 3T3-L1 cells transduced with non-target
RNAi as a negative control; GSi, 3T3-L1 cells transduced with GSi RNAi. Results are
expressed as the mean ± SEM from four independent experiments.
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Figure 12

Figure 12. Oil red O staining of 3T3-L1 cells during differentiation. Cells underwent
differentiation in media with 4mM glutamine (Q) and stained at predifferentiation,
Day 9 and Day 10 of differentiation [Pre(D), (D)9 and (D)10, respectively]. On Day 7
of differentiation, the media was switched to minus glutamine plus 1mM MSO.
Results are expressed as OD 510nm mean ± SEM from three independent
experiments.
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Figure 13
A

B

C

Figure 13. Expression of GS in 3T3-L1 cells and RAW264.7 (RAW) cells. Cells were grown separately
in similar media. 3T3-L1 cells were differentiated in media with 4mM glutamine (Q). On Day 7 of
differentiation some plates of 3T3-L1 cells had media switched to media without glutamine and with
1mM MSO (M). At the same time of Day 8 of 3T3-L1 differentiation, RAW264.7 cells were plated
into 6-well plates in media with and without 4mM glutamine and with and without 1mM MSO and
cultured for 24h and 48h. A. A representative western blot of GS and β-actin with 20µg protein
loaded into each lane. The exposure time of RAW264.7 cell protein was >2X that of 3T3-L1 protein
to ensure bands were visible. B. Quantified results of GS from the western blots (A). C. GS mRNA
expression relative to expression in preadipocytes [Pre(D)]. Results are expressed as mean ± SEM
from three independent experiments.
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Figure 14
A

B

Figure 14. Media colors of 3T3-L1 preadipocytes (PA), mature 3T3-L1 adipocytes differentiated for
10 days [(D)10], RAW264.7 (RAW) macrophages, and 48h coculture of PA or differentiated 3T3-L1
cells with RAW264.7 cells (Fig. 14A and 14B, respectively). Media color was used as a pH indicator to
show when cells proliferated and produced pH-lowering lactic acid. Cells were cultured in media
with and without 4mM glutamine(Q) and with and without 1mM MSO and media was changed every
24h. When cocultured with preadipocyte 3T3-L1 cells (Fig. 14A, middle wells), RAW264.7 cells only
thrived when exogenous glutamine was provided in media. When RAW264.7 cells were cocultured
with mature 3T3-L1 adipocytes in media lacking glutamine and with MSO, RAW264.7 cells did not
thrive (Fig. 14B, middle wells) (Patel and Dori. unpublished results).
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Figure 15

Figure 15. Total cell count from differentated 3T3-L1 adipocytes, RAW264.7 (RAW)
macrophages and cocultures (CC). Cells were grown in media with and without
4mM glutamine (Q) and with and without 1mM MSO (M). Results are expressed as
mean ± SEM from four independent experiments. * indicates samples collected at
24h and 48h were significantly different from one another (P<0.05).

Letters

indicate significance between the four different culture media for the three
different cell cultures (3T3-L1 cells, coculutres of 3T3-L1 with RAW264.7 cells, and
RAW264.7 cells) at each time point (lowercase 24h, uppercase 48h). Values with a
common superscript indicate no difference.
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Figure 16

Figure 16. Membrane based cytokine array of cytokines in media from cultures of 3T3-L1
preadipocytes [Pre(D)], mature 3T3-L1 adipocytes differentiated for 10 days [(D)10], RAW264.7
macrophages grown in media with 4mM glutamine (Q) and 48h cocultures grown in media with and
without glutamine. Antibodies that are specific to a variety of cytokines (indicated in the Key) were
printed in duplicate spots on membranes. After incubation with media, membranes were processed
similar to a western blot and dots were visualized with chemiluminescence detection on film. A.
Control, media with glutamine. B. Preadipocytes grown in media with glutamine. C. Differentiated
3T3-L1 cells in media with glutamine. D. RAW264.7 macrophages grown in media with glutamine. E.
Coculture of preadipocytes and RAW264.7 (RAW) cells (48h) in media with glutamine. F. Coculture
of differentiated 3T3-L1 and RAW264.7 cells (48h) in media with glutamine. G. Coculture of
differentiated 3T3-L1 and RAW264.7 cells (48h) in media without glutamine. Coculture media was
changed every 24h. Red cytokines in the Key were examined further via ELISA. Pos, positive control,
are in columns A+B row 12 and columns G+H rows 1+2. Neg, negative control, are in columns G+H
and rows 3+4.
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Figure 17

Figure 17. Quantitative densitometric results from the cytokine array blots in Figure 16. Cytokines
are presented in alphabetical order (how they were arranged on the cytokine array blot, Figure 16
Key from columns H to C). All blots were standardized to the positive control (Pos Con). PA-CC,
Preadipocyte coculture with RAW264.7 cells; Q, glutamine; CC, coculture of differentiated 3T3-L1
cells with RAW264.7 cells. * Media from the 48h coculture of differentiated 3T3-L1 cells with
RAW264.7 cells was collected from two independent experiments and averaged.
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Figure 18

Figure 18.

Concentration of IL-6 in media from differentiated 3T3-L1 cells,

RAW264.7 cells and cocultures (CC). Results are expressed as pg/ml and are mean ±
SEM from three independent experiments. Letters indicate significance between
the four different culture media for cocultures at each time point (lowercase for
24h). Values with a common superscript indicate no difference.
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Figure 19

Figure 19. Concentration of MCP-1 (CCL2) in media from differentiated 3T3-L1 cells,
RAW264.7 cells and cocultures (CC). Results are expressed as pg/ml and are mean ±
SEM from three independent experiments. * indicates RAW264.7 cell samples
collected at 24h and 48h were significantly different from one another. Superscript
# and superscript ## indicate coculture samples collected at 24h and 48h,
respectively, were significantly different from one another.

Letters indicate

significance between the four different culture media for the three different cell
cultures (3T3-L1 cells, cocultures of 3T3-L1 with RAW264.7 cells, and RAW264.7
cells) at each time point (lowercase for 24h, uppercase for 48h). Values with a
common superscript indicate no difference.
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Figure 20

Figure 20. Concentration of MIP-1α (CCL3) in media from differentiated 3T3-L1
cells, RAW264.7 cells and cocultures (CC). Results are expressed as pg/ml and are
mean ± SEM from three independent experiments.

* indicates coculutre and

RAW264.7 cell samples collected at 24h and 48h were significantly different from
one another. Superscript # indicates coculture samples collected at 24h were
significantly different from one another. Letters indicate significance between the
four different culture media for RAW264.7 cells at each time point (lowercase for
24h, uppercase for 48h). Values with a common superscript indicate no difference.
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Figure 21

Figure 21. Concentration of RANTES (CCL5) in media from differentiated 3T3-L1
cells, RAW264.7 cells and cocultures (CC). Results are expressed as pg/ml and are
mean ± SEM from three independent experiments. * indicates coculture samples
collected at 24h and 48h were significantly different from one another. Letters
indicate significance between the four different culture media for cocultures at
each time point (lowercase for 24h, uppercase for 48h). Values with a common
superscript indicate no difference.
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Figure 22

Figure 22. Concentration of KC (CXCL1) in media from differentiated 3T3-L1 cells,
RAW264.7 cells and cocultures (CC). Results are expressed as pg/ml and are mean ±
SEM from three independent experiments. Letters indicate significance between
the four different culture media for cocultures at each time point (lowercase for
24h). Values with a common superscript indicate no difference.
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Figure 23

Figure 23. Concentration of Eotaxin-1 (CCL5) in media from differentiated 3T3-L1
cells, RAW264.7 cells and cocultures (CC). Results are expressed as pg/ml and are
mean ± SEM from three independent experiments.

* indicates 3T3-L1 and

coculture samples collected at 24h and 48h were significantly different from one
another. Superscript # indicates 3T3-L1 samples collected at 48h were significantly
different from one another. Letters indicate significance between the four different
culture media for the cocultures at each time point (lowercase for 24h, uppercase
for 48h). Values with a common superscript indicate no difference.
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