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ABSTRACT

Adipose tissue expands via differentiation of preadipocytes into adipocytes
(adipogenesis) and/or hypertrophy of existing adipocytes. A low adipogenic capacity
promotes adipocyte hypertrophy, causing inflammatory macrophage accumulation and
insulin resistance. Macrophage-conditioned medium (MacCM) inhibits adipogenesis and
promotes adipocyte inflammation, but it is unknown if these effects are altered by high
glucose (HG) versus normal glucose (NG) concentrations. The effect of HG on adipogenesis
was assessed. Human subcutaneous abdominal preadipocytes were induced to differentiate
in HG or NG conditions. HG did not affect adipogenesis. HG increased ChREBP-f mRNA
and protein levels, and increased GLUT4 mRNA, in differentiated adipocytes. It did not
change mRNA levels of ACC, SCD, and FAS. The increase in ChREBP-3 mRNA was
positively correlated with HG-induced increase in GLUT4 mRNA. The effect of HG-
MacCM versus NG-MacCM on human adipogenesis and adipocyte inflammation was
compared. Human monocyte-derived macrophages (MDM) were placed in NG or HG
glucose for 24 hours to generate MacCM. HG-MacCM, but not NG-MacCM inhibited
triacylglycerol accumulation and protein expression of PPARy during human adipogenesis.
Preadipocytes differentiated in HG-MacCM displayed a more pro-inflammatory phenotype,
as assessed by increased MCP-1 and IL-6 and reduced adiponectin mRNA expression. HG
increased phosphorylation of IKK-B and decreased protein expression of IkBa in MDMs. In
addition, HG reduced protein expression of PPARy in MDMs. The pro-inflammatory effect
of HG-MacCM on MCP-1 expression in adipocytes was partially inhibited when MDMs

were treated with sc-514 (IKKp inhibitor). My data demonstrate that HG-induced expression

of ChREBP-J in adipocytes may be associated with increased GLUT4 mRNA. The anti-



adipogenic and pro-inflammatory effects of HG-MacCM are more potent than NG-MacCM.
This suggests the possibility that adipose tissue cellular remodeling in vivo may be altered

with hyperglycemia.
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1. INTRODUCTION
1.1  Obesity
1.1.1 Definition and measurement of obesity

Obesity is an excess accumulation of body fat that can adversely affect health
(Navaneelan and Janz, 2014). We are currently in a worldwide pandemic of obesity
(Speakman and O'Rahilly, 2012). Twenty five percent of adult Canadians were reported to
be obese in 2011-2012, a 17.5% increase since 2003 (Navaneelan and Janz, 2014). The most
common method used to measure obesity is body mass index (BMI), obtained by dividing
weight by the height squared (kg/m?). A BMI equal to or greater than 25 kg/m? is considered
overweight, and a BMI equal to or greater than 30 kg/m? is classified as obese (WHO, 2004).
BMI measurement is time/cost-effective and simple to do, however it has important
limitations. For instance, BMI does not distinguish between non-fat (bone, muscle, etc.) and
fat weight. Therefore, BMI may overestimate body fat in an individual who is very
muscular, and it may underestimate body fat in an individual who has lost muscle mass.
Furthermore, body fat distribution is not provided by BMI. Other simple measurements can
be used along with BMI to assess body fat such as waist circumference. Other more
sophisticated adipose tissue assessments exist, including skin calipers, bioelectrical
impedance, hydrostatic weighing, DEXA (dual-energy x-ray absorptiometry), or air-

displacement plethysmography (Wells and Fewtrell, 2006).
1.1.2 Etiology of obesity

Obesity arises due to excess caloric intake and/or decreased energy expenditure.

Although the reasons for the development of obesity are complex, the development of



obesity strongly depends on genetic predisposition and/or environmental factors. Genetically
predisposed responses to social and environmental behaviours promote calorie-rich food
consumption and a sedentary lifestyle (Speakman and O'Rahilly, 2012). Based on twin and
adoption studies, genetic factors contribute to 40%-75% of BMI variation within a
population (Tung and Yeo, 2011). There are also monogenic forms of obesity, which usually
lead to early-onset weight gain. Of these, melanocortin 4 receptor (MC4R) deficiency is the
most common, accounting for 5.8% of early-onset severe weight gain. Stimulation of MC4R

in the hypothalamus normally leads to decreased food intake (Farooqi et al., 2003).

1.1.3 Complications of obesity

Obesity is a severe health concern, as it is associated with complications such as type
2 diabetes (T2D), cardiovascular disease, hypertension, cancer, and mental health disorders
like anxiety and depression (Krauss et al., 1998; Gariepy et al., 2010; Atlantis and Baker,
2008; Calle et al., 2003; Wilson et al., 2002). Excess adiposity can blunt the sensitivity of
insulin action in peripheral tissues causing local and systemic insulin resistance (Khan and
Fleir, 2000). Insulin resistance leads to excessive adipocyte release of non-esterified fatty
acids (NEFA), reduced glucose uptake by myocytes, and increased production of glucose
and very low density lipoproteins by hepatocytes (Jung and Choi, 2014). One of the major
causes of obesity-induced insulin resistance is chronic low-grade inflammation that occurs
due to over-production of pro-inflammatory factors within the adipose tissue and their

release into the circulation (Johnson and Olefsky, 2013).



1.2 Adipose tissue (AT)

1.2.1 Adipose tissue types: brown versus white

There are two types of adipose tissue (AT), white and brown AT (BAT). Each
possesses unique features and distinct metabolic functions. BAT contains more capillaries
and nerve supply than white AT. The brown colour of BAT is due to high vascularization
and high mitochondrial density in the brown adipocytes (Saely et al., 2012). BAT is
primarily involved in thermogenesis and is essential for the survival of small mammals in
cold environments. Brown adipocytes are uniquely enriched with uncoupling protein -1
(UCP-1) that plays a key role in heat production (Cannon, 1982, Harms and Seale, 2013).
Heat is generated when activated UCP-1 in brown adipocytes short circuits the
electrochemical gradient that normally supports adenosine triphosphate (ATP) synthesis. In
humans, it was classically thought that BAT disappeared after birth, however recent positron
emission tomography studies have found BAT in the neck region of adult humans (Cypess et
al., 2009; van Marken Lichtenbelt et al., 2009; Virtanen et al., 2009). In response to cold
exposure, circulating glucose and NEFA are taken up by BAT. Furthermore, increased
uncoupled oxidation of NEFA by BAT upon cold exposure is significantly associated with
whole body energy expenditure (Ouellet et al., 2012). BAT is therefore of great interest in
humans, as it raises intriguing possibilities for treatment or prevention of obesity.

While BAT dissipates energy as heat, white AT (referred to as AT) stores energy,
and it is the form of AT that defines obesity. Unlike brown adipocytes that store lipids in
multiple small vacuolae, white adipocytes have a large unilocular lipid droplet. Also, in
contrast to BAT, AT has fewer mitochondria and a low oxidative rate. The classical role of

AT is regulation of energy homeostasis in times of feeding and fasting. After feeding, insulin



levels rise, promoting the uptake of energy by AT. Energy is stored in AT in the form of
triacylglycerol (TG) through insulin stimulated lipogenesis (Fryan et al., 2003). During
fasting or periods of exercise, activation of the sympathetic nervous system releases
norepinephrine which stimulates lipolysis in AT and release of NEFA into circulation (Fryan

et al., 2003).
1.2.2 Adipose tissue depots

In humans, the major AT depots are intra-abdominal (visceral AT; VAT) and
subcutaneous (SAT) depots. VAT includes fat depots around the omentum, intestine, and
perirenal areas. SAT accounts for ~80% of body fat, and is located mainly in abdomen,
buttocks, and thighs (Gesta et al., 2007; Wajchenberg, 2000). AT can also be found in many
other areas such as the retro-orbital space, within the bone marrow, and on the face (Gesta et
al., 2007).

VAT compared to SAT is more vascular, innervated, and contains more
inflammatory and immune cells (Ibrahim, 2010). VAT adipocytes are also more
metabolically active than SAT adipocytes. VAT adipocytes are more responsive to
adrenergic stimulated lipolysis than SAT adipocytes. With obesity, adipocytes from VAT are
more insulin-resistant than SAT adipocytes. SAT has a greater capacity for energy storage
than VAT. These differences between VAT and SAT may contribute to the positive
correlation observed between VAT accumulation and metabolic disorders (e.g. insulin

resistance, T2D) (Ibrahim, 2010).



1.2.3 Adipose tissue endocrine function

In addition to its classical role in energy homeostasis, AT is also an active endocrine
organ, regulating many physiological processes in the body (Galic et al., 2010). As an
endocrine organ, AT releases various adipocyte-specific factors known as adipokines, with
the two most studied being, leptin and adiponectin (Galic et al., 2010). Leptin is the
polypeptide product of the ob gene, cloned in 1994 by Freidman and colleagues (Zhang et
al., 1994). The cloning of leptin solved the genetic mystery of the obese phenotype of the ob
mutant mouse, generated in 1950 (Ingalls et al., 1950). Leptin suppresses food intake by
acting on its receptor in the hypothalamus (Myers et al., 2008). Leptin also promotes energy
expenditure by acting on the central nervous system as well as peripheral tissues (Bjorbaek
and Kahn, 2004). Levels of leptin in circulation are proportional to the amount of AT (Myers
et al., 2008). Adiponectin is an anti-inflammatory adipokine that plays a major role in whole
body insulin sensitivity. It increases fatty acid (FA) oxidation in muscle and liver, and
promotes energy expenditure, and suppresses hepatic glucose production (Galic et al., 2010).
Unlike leptin, levels of circulating adiponectin are inversely related to obesity (Ukkola and
Santaniemi, 2002).

Other factors released by AT that are not adipocyte-specific include anti-
inflammatory cytokines (interleukin (IL)-10 and secreted frizzled-related protein 5) and pro-
inflammatory cytokines (IL-6, IL-1p, and tumor necrosis factor (TNF) -o), and they also act
as autocrine and/or paracrine signals (Bradley et al., 2008; Hotamisligil et al., 1995; Ouchi et
al., 2010; Turer and Scherer, 2012). These factors are produced by various cell types in the

AT including, adipocytes, preadipocytes, and immune cells.



1.2.4 Cellular components of adipose tissue

Adipose tissue is heterogeneous and is composed of many cell types, including
adipocytes, preadipocytes, fibroblasts, endothelial cells, mast cells, neurons, and immune
cells (Lee et al., 2010). Adipocytes make up about 50-70% of the AT cellular mass.
Preadipocytes comprise 20-40%, endothelial cells make up 1-10% and immune cells account
for 1-30% of AT cellular mass (Hauner, 2005). The percent composition of other cell types
in the AT is unknown but minor.

Adipocytes are mature fat cells that serve as an energy reservoir, with lipid storage
capacity of ~3 pg/cell (Danforth, 2000). Lipids are stored as TG within a single lipid droplet
in the adipocyte. The lipid droplet consists of phospholipid monolayer encapsulating a
neutral lipid core mostly composed of TG with trace amount of cholesteryl ester (Frayn et
al., 2003). Preadipocytes are progenitor cells with partial commitment to an adipocyte fate
upon differentiation (adipogenesis; discussed below). Endothelial cells and fibroblasts in AT
contribute to formation of extensive vasculature and provide structural support respectively.
Immune cells in the AT include B-cells, T-cells, monocytes, and macrophages (Lee et al.,

2010).

1.3  Adipogenesis

Adipocytes differentiate from mesenchymal stem cells (MSCs), in a process known
as adipogenesis. MSCs transition to become committed preadipocytes, which then, upon
exposure to adipogenic inducers (discussed in section 1.3.2) undergo terminal differentiation
to become mature adipocytes. Much of what is known about adipogenesis is derived from in
vitro studies using adipogenic cell lines such as mouse 3T3-L1 (embryonic fibroblasts)
preadipocytes (Green and Meuth, 1974). Although studies using 3T3-L1 preadipocytes have

6



been very valuable, they do not fully represent human cells. Primary human stromal

preadipocytes are increasingly used for translational research.

1.3.1 Adipogenic transcriptional machinery

Adipogenesis is regulated by a complex network of transcriptional activities that
gives rise to expression of various proteins involved in establishing a mature adipocyte
phenotype. At the core of this elaborate network are two key adipogenic transcription
factors, peroxisome proliferator-activated receptor y (PPARy) and CCATT-enhancer-binding
protein (C/EBP)a that oversee the process of terminal differentiation (Farmer, 2006). PPARy
is viewed as the master regulator of adipogenesis. Without it, C/EBPa alone cannot promote
adipogenesis (Rosen et al., 2002). Precursor cells deficient in C/EBPa can undergo terminal
differentiation, but these C/EBPa-deficient adipocytes lack insulin-stimulated glucose
uptake (Wu et al., 1999). These studies suggest that PPARy and C/EBPa. participate in a
single pathway in adipocyte formation; however PPARY is the dominant one.

PPARYy is a member of the nuclear hormone receptor family. It was first identified by
Spiegelman and colleagues in 1994 who were searching for the transcription factor
responsible for regulating the expression of adipocyte specific fatty acid binding protein 4
(aP2/FABA4) (Tontonoz et al., 1994). There are two isoforms of PPARy (PPARy1 and
PPARY2). The gene products are generated by differential promotor usage and alternative
splicing resulting in four distinct transcripts (PPARG1, PPARG2, PPARG3, and PPARG4).
PPARGL1, PPARGS, and PPARG4 transcripts encode the same protein product, PPARY1,
which is expressed in most tissues. PPARG2 transcript encodes the PPARy2 protein product,

expressed almost exclusively in the AT. PPARYy2 has 30 more amino acids at the N-



terminus, however otherwise it is identical to PPARy1 (Fajas et al., 1997, Mukherjee et al.,
1997). Studies using PPARY-/- mouse embryonic fibroblasts (MEFs) showed that when
PPARy1 and 2 were expressed ectopically, both isoforms could induce adipogenesis.
However, PPARYy2 was able to stimulate a more robust adipogenesis under lower ligand
concentrations than PPARy1 (Mueller et al., 2002). Also, AT selective PPARy2-/- mouse
model displayed impaired insulin sensitivity, suggesting that PPARy2 may have a selective
role in modulating insulin sensitivity (Zhang et al., 2004).

Upon adipogenic stimuli, activation of other transcription factors precedes the
expression of PPARy and C/EBPa. Work by McKnight and his research group propose that
two other members of the C/EBP family (C/EBP[3 and C/EBPJ) are expressed earlier than
PPARy and C/EBPa during adipogenesis, and that C/EBPf and C/EBP& may in fact regulate
the expression of C/EBPa (Cao et al., 1991; Yeh et al., 1995). These studies also showed
that ectopic expression of C/EBP and C/EBPS in NIH 3T3 (non-adipogenic fibroblasts)
cells could force adipogenesis without stimulating C/EBPa expression (Yeh et al., 1995). To
elucidate the link between C/EBPs and PPARY expression during the onset of adipogenesis,
other studies showed that inhibiting PPARYy activity in 3T3-L1 preadipocytes, inhibited
adipogenesis but also blocked the activation of C/EBPa. This group also showed that
ectopically expressed C/EBPf in Swiss fibroblasts induced the expression of PPARYy
independent of C/EBPa (Zuo et al., 2006). Collectively these data indicate that the onset of
adipogenesis is a single unidirectional path involving early activation of C/EBPS and

C/EBP stimulation of PPARY, which then activates C/EBPa. (Farmer, 2006).



Another transcription factor that plays a key role in adipogenesis is sterol regulatory
element-binding protein 1 (SREBP-1). An adipogenic role for SREBP-1 was suggested
when a dramatic induction of SREBP-1 mRNA expression was observed during
adipogenesis of 3T3-L1 and 3T3-F442A preadipocytes (Kim and Spiegelman, 1996). The
work by Spiegelman and colleagues showed that when a dominant-negative form of SREBP-
1 was introduced, differentiation of 3T3-L1 cells was inhibited, but this inhibition could be
overcome by addition of PPARY ligand (Kim and Spiegelman 1996; Kim et al., 1998). In
addition, overexpression of SREBP-1 in non-adipogenic NIH-3T3 cells significantly
increased the adipogenic activity of PPARy (Kim and Spiegelman 1996). Therefore, SREBP-
1 may regulate the activity of PPARy during adipogenesis. In addition to its involvement in
adipogenesis, SREBP-1 is a well-established lipogenic transcription factor that stimulates the

expression of many genes necessary for lipogenesis, such as fatty acid synthase (FAS).

1.3.2 Adipogenic inducers

Differentiation inducers include insulin (850 nM), dexamethasone (0.5 uM),
isobutylmethylxanthine (IBMX; 0.25 mM), and indomethacin (100 uM). During
differentiation, insulin acts on insulin receptors to promote Akt-dependent phosphorylation
of FoxO1, a forkhead transcription factor. Phosphorylation of FoxO1 prevents its
translocation into the nucleus, where FoxO1 would normally suppress the expression of
adipogenic genes (Farmer, 2006). Dexamethasone is a synthetic glucocorticoid that, through
binding to glucocorticoid receptor, induces the expression of C/EBP and
acetylation/binding of C/EBPf to adipogenic target genes (Cristancho and Lazar, 2011).
IBMX is a phosphodiesterase inhibitor that leads to increased levels of cCAMP. Higher levels

of cCAMP promote the activation of PKA. PKA phosphorylates and activates CREB and
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C/EBP. Indomethacin is a PPARY agonist that then leads to induction of C/EBPa.,
generating a positive feedback loop with PPARy (Gregoire, 2001; Cristancho and Lazar,

2011).

1.3.3 Lipogenesis

After a meal, lipoproteins (e.g. chylomicrons, very low-density lipoproteins) deliver
NEFA to mature adipocytes for storage. NEFA release form lipoproteins is facilitated by
adipocyte lipoprotein lipase (LPL), converting TG from lipoproteins into NEFA and glycerol
molecules. The action of LPL takes places in the lumen of AT capillaries (Lafontan, 2008).
NEFA can also be synthesized de novo from glucose entering mature adipocytes via insulin-
stimulated glucose transporter type 4 (GLUT4). Glucose can undergo glycolysis, which
converts it into two pyruvate molecules. Pyruvate molecules can undergo oxidative
decarboxylation to form acetyl-CoA, the building block for fatty acid synthesis (Reshef,
2003). Acetyl-CoA can then be carboxylated to malonyl-CoA by acetyl-CoA carboxylase
(ACC): this step is the rate-limiting step in fatty acid synthesis. At this point, FAS facilitates
the formation of palmitate using acetyl-CoA and malonyl-CoA. Palmitate may undergo
further modifications such as desaturation by stearoyl-CoA desaturase (SCD) and/or further
elongation by FAS to generate other NEFA molecules (Steinberg, 2009).

Regardless of the source, three NEFA molecules can be esterified with glycerol
phosphate, serving as the “backbone”. This esterification action is facilitated by
acyltransferases to generate monoacylglycerol phosphate, diacylglycerol phosphate, to
eventually form TG. The main source of glycerol phosphate is from the action of glycerol-
3-phosphate dehydrogenase on dihydroxyacetone-3-phosphate, a glycolysis metabolite

(Proenca et al., 2014).

10



1.4 Adipose tissue remodeling

AT remodeling occurs as a response to nutrient excess or deprivation. Angiogenic
and extracellular matrix (ECM) remodeling in the AT play a significant role in maintaining
AT plasticity. Remodeling of the AT is an ongoing process, but becomes pathologically
accelerated in the obese state, leading to reduced angiogenic capacity, ECM overproduction,
and increased immune cell infiltration, resulting in pro-inflammatory fat state (Sun et al.,
2011). AT expansion is not always linked to pathological changes; in fact, there are obese
individuals who are metabolically healthy (KI6ting et al., 2010). A recent study has shown
higher anti-inflammatory adiponectin levels are associated with better metabolic health in
obese individuals (Ahl et al., 2015). As discussed below, healthy versus unhealthy AT
expansion plays a major role in developing metabolically healthy versus metabolically

unhealthy obese individual, respectively.

1.4.1 Hyperplastic vs hypertrophic expansion

AT expansion is a dynamic process involving two distinct mechanisms: hyperplasia
(an increase in adipocyte cell number) and hypertrophy (an increase in adipocyte volume).
Hyperplastic AT expansion is mediated by recruitment and/or differentiation of
preadipocytes into mature adipocytes. Expansion by hyperplasia allows for even distribution
of energy among newly formed adipocytes, which helps maintain metabolically neutral AT.
Therefore, fat accumulation via hyperplastic AT expansion is favoured, and it is commonly
seen in metabolically healthy obese, representing about 10-25% of obese individuals
(Bluher, 2010). AT expansion through hypertrophy on the other hand, leads to excess energy

storage in existing adipocytes, resulting in enlargement of the adipocyte cell size (Sun et al.,
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2011, Heilbronn et al., 2004). Fat accumulation through hypertrophic expansion is most

commonly seen in metabolically unhealthy obese individuals (KIéting et al., 2010).
1.4.2 Adipocyte turnover

Adipocyte number increases through puberty, and remains steady in mature AT in
rodents and humans. Approximately 10% of adipocytes are renewed annually, independent
of age or body mass index (Spalding et al., 2008). The manner by which adipocytes die has
been studied by Cinti and colleagues who showed the presence of “crown like structures”
(CLS), consisting of macrophages surrounding dead adipocytes in the AT of obese rodents
and humans (Cinti et al., 2005). They also showed that CLS increase with adiposity using
different animal models of obesity (Cinti et al., 2005).

A study by Strissel and colleagues assessed VAT adipocyte cell number and diameter
of mice fed a high fat diet for 20 weeks. The study found a high fat diet led to early
adipocyte hypertrophy (by week 4), and by week 16, adipocyte cell number dropped ~80%.
Interestingly, at week 20, adipocyte cell number was restored by increased number of
smaller adipocytes, along with reduction in cell death (Strissel et al., 2007). These findings
showed the existence of temporal coordination between hyperplasia and hypertrophy in AT
remodeling. However, they also allude to the idea that adipogenesis plays a critical role in
the expansion of functional versus dysfunctional AT (discussed below). An increase in the

number of smaller functional adipocytes depends on intact adipogenic capacity.
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1.5  Adipose tissue dysfunction

If expansion by adipocyte hyperplasia cannot cope with high energy storage
demands, then excessive adipocyte hypertrophy occurs, leading to AT dysfunction
(Heilbornn et al., 2004). Impairment of hyperplastic AT expansion may be due to deficits in
adipogenic capacity and/or preadipocyte number (Danforth, 2000). A reduction in the
number of preadipocytes in AT of obese versus lean humans has been reported (Ofiate et al.,
2012; Tchoukalova et al., 2007). In addition, in adult obese humans, AT hyperplasia and
hypertrophy are strongly related to adipocyte number; a 70% reduction in adipocyte cell
number was associated with adipose hypertrophy and insulin resistance (Arner et al., 2010).
This suggests that the number of preadipocytes and their ability to differentiate may be a key
determinant of AT function.

A recent study identified an unexpected role for a local pro-inflammatory response
that allowed adipogenesis to proceed. Adipocyte-specific expression of a dominant-negative
form of TNF-o in mice fed a HFD led to a reduced capacity for healthy adipose tissue

remodeling compared to WT littermates (Wernstedt Asterholm et al., 2014).

1.5.1 Molecular basis of adipocyte dysfunction

Adipocyte hypertrophy is accompanied by alterations in adipokines, shifting towards
a pro-inflammatory phenotype, and by disruptions in lipid metabolism (Goossens and Blaak,
2015). Inappropriate release of NEFA (spill-over) from hypertrophied adipocyte results in
ectopic fat accumulation in other tissues such as liver and muscle. The intrahepatic and
intramyocytic lipid accumulation results in production of toxic lipid-derived molecules, such
as fatty acyl-CoA, DAG, and ceramides (Bremer et al., 2012). These toxic lipid metabolites

can trigger the activation of serine/threonine kinases (such as protein kinase C (PKC), c-Jun
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N-terminal kinase, (JNK), and inhibitor of kappa B kinase beta (IKKf)) involved in
inhibitory phosphorylation of insulin receptor (IR) and insulin receptor substrate 1 (IRS-1),
blocking insulin signal transduction. At the tissue/organ level, this leads to insulin resistance,
including impairment of insulin-stimulated glucose uptake in myocytes, and a reduction in

the ability of insulin to suppress hepatic gluconeogenesis (Bremer et al., 2012).
1.5.2 Macrophage infiltration into AT

The AT macrophage (ATM) population ranges between ~ 10-50% varying by 1)
degree of adiposity and 2) adipocyte size. Work by Ferrante and group in 2003 showed that
in lean mice, ATM content (assessed by reactivity with F4/80 antibody) was less than 10%
of total cell nuclei counted in AT in lean mice, but more than 50% in extremely obese mice.
This was established using leptin-deficient (ob/ob), leptin receptor-deficient (db/db), and diet
induced obese mouse models. AT from obese humans exhibited similar trends. Ferrante and
colleagues also showed that there was a positive relationship between adipocyte size and
ATM content in AT of rodents as well as humans, suggesting a link between hypertrophied
AT expansion and macrophage infiltration. (Weisberg et al., 2003). In addition to increased
adiposity, ATM content has been shown to vary with age, gender, and AT depot (Lumeng et
al., 2011; Ortega Martinez de Victoria et al., 2009; Tam et al., 2012). VAT depots have the
most ATM and are more numerous in females. ATM numbers increase with age until ~31-33
years old, and then slightly decrease overtime (Ortega Martinez de Victoria et al., 2009).

ATM numbers have also been shown to be positively correlated with the degree of
insulin resistance in human obesity (Wentworth et al., 2010). The first indications of a link
between ATM and insulin resistance was observed by Chen et al in 2003, who highlighted

that when adipocyte hypertrophy reaches a critical threshold, factors derived from adipocytes
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induce macrophage infiltration and their activation. They suggested that preadipocytes may
also participate in attracting monocytes by secreting chemokines (under stimulation of TNF-
o for example). Together, these events participate in amplifying signals that ultimately lead
to macrophage infiltration, AT inflammation, impaired adipocyte insulin signaling, and
subsequent systemic insulin resistance (Xu et al., 2003).

Bone marrow transplant studies suggested that the accumulation of ATM in diet
induced obese mice was due to an influx of bone-marrow-derived precursors (monocytes)
into AT, which then different into mature F4/80-expressing macrophages (Weisberg et al.,
2003). This was later confirmed by in vivo monocyte labeling (using PKH26 dye) (Lumeng
et al., 2007A). The monocyte influx from the circulation depends on interactions between
AT-secreted monocyte chemoattractant protein 1 (MCP-1) and chemokine C-C motif
receptor 2 (CCR2) expressed on the cell surface of monocytes in circulation (Kanda et al.,
2006; Weisberg et al., 2006). Selective overexpression of MCP-1 (under the control of aP2
gene promoter) in adipocytes increased macrophage infiltration into AT. Mice deficient in
MCP-1 exhibited reduced macrophage infiltration compared to WT under high fat diet
(Kanda et al., 2006). Other recruitment systems involving other chemokines (e.g. MCP-2,
MCP-3, or chemokine C-C motif ligand 5; CCL5) and their respective receptors (e.g. CCR1,
CCR2, and CCR5) have been reported to operate in AT of obese mice and humans (Kitade et
al., 2012; Zeyda et al., 2010).

Macrophages are versatile cells that can polarize to either pro- (M1) or anti-
inflammatory (M-2) like responses, depending on the surrounding microenvironment and
various stimuli. Human and mouse M1 macrophages express CD11c (integrin, alpha X -

complement component 3 receptor 4 subunit), nitric oxide synthase (NOS) 2, and tumor
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necrosis factor (TNFa). One study demonstrated the importance of CD11c by depleting
CD11c+ cells in an obese mouse model; insulin resistance and inflammation improved
(Patsouris et al., 2008). Human and mouse M2 macrophages express markers such as
arginase 1 (Argl), CD206 (mannose receptor), and CD301 (macrophage galactose-type C-
type lectin 1). Common inducers of an M1 macrophage are interferon y (IFNy) or
lipopolysaccharide (LPS), which lead to macrophages displaying a pro-inflammatory
phenotype (Gordon, 2003). Stimulation with IL-13 or IL-4 induces an M2 macrophage,
displaying anti-inflammatory phenotype (Ohashi et al., 2010). M2 macrophages use ATP
generated from fatty acid oxidation as their source for energy, whereas M1 macrophages use
ATP produced from glycolysis (Vats et al., 2006; Rodriguez-Prados et al., 2010). Alteration
in macrophage energy metabolism may influence M1/M2 fate. When energy metabolism
was shifted towards glycolysis in macrophages (by means of over expressing GLUT1 in
RAW 264.7 macrophages), mRNA and protein expression of inflammatory mediators was
enhanced (Freemerman et al., 2014).

Other macrophage subtypes have been recently recognized, including M3 and Mox.
M3 macrophages account for a switch phenotype that occurs between M1 and M2
macrophages undergoing phenotypic change (from M1 to M2 or vice versa) depending on
the microenvironment (Malyshev and Malyshev, 2015). Mox macrophages are initially
found in atherosclerotic lesions of LDL receptor-deficient mice. They are induced by
oxidized phospholipids and are characterized by high expression of sulforedoxin-1,
thioredoxin-1 reductase, and heme oxygenase 1 (Kadl et al., 2010).

In obesity, the M1 to M2 ratio is commonly used to describe ATMs (Dalmas et al.,

2011). Hypertrophied obesity is associated with increased M1 and decreased M2 like
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macrophage (Dalmas et al., 2011). In contrast, ATM isolated from AT of lean animals
express hallmarks of an M2 like state. Unlike the adverse effects of M1 like ATMs on the
function of AT, M2 polarized ATM participate positively in the maintenance of AT
homeostasis (Wu et al., 2011). Transition from a lean to an obese state triggers a switch in
the activation state of ATM from an M2- to M1-polarized state (Lumeng et al., 2007B). The
shift in ATM phenotype with hypertrophied obesity is due to accumulation of pro-
inflammatory ATM, rather than local transformation of resident anti-inflammatory ATM to
pro-inflammatory ATM (Lumeng et al., 2008).

It is not yet clear whether infiltrating monocytes acquire a pro-inflammatory
phenotype within the AT microenvironment, or whether they are predisposed to a pro-
inflammatory consequence. In vivo monocyte tracking studies have shown that circulating
monocytes only gain pro-inflammatory activity once they have been recruited to the AT (Oh
et al., 2012). Indeed, various factors are present in the obese AT microenvironment that may
promote the activation of recruited monocytes. Some of these factors include pro-
inflammatory cytokines, TNFa, IFNy, and IL-1p, or adipocyte derived NEFA (Ouchi et al.,
2011; Suganami et al., 2005). However, suggestions in support of pro-inflammatory
predisposition among circulating blood monocytes have been reported in rodents and
humans. For example, Grl+ (granulocyte differentiation antigen 1) murine and
CD14+CD16+ human monocytes have inflammatory properties, thus may have a propensity
to differentiate into pro-inflammatory ATM. Gr1- murine and CD149™CD16+ human
monocytes display patrolling properties, which may predispose to a more M2 macrophage

like phenotype once differentiated (van de Veerdonk and Netea, 2010).
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1.5.3 Macrophage and adipogenesis

ATM can influence AT remodeling and function via paracrine signaling. ATM
accumulation in AT is associated with hypertrophied expansion, indicating that macrophages
may decrease the adipogenic capacity, survival and/or proliferation response of
preadipocytes. Constant et al. reported that medium conditioned by human or mouse
macrophage cell lines (macrophage conditioned medium; MacCM) attenuated adipogenesis
of human and mouse 3T3-L1 preadipocytes, as assessed by protein expression of adipogenic
markers and lipid accumulation (Constant et al., 2006). An anti-adipogenic effects of
MacCM generated from LPS- activated human monocyte derived macrophage (MDMSs) and
adipose tissue derived macrophages was further established by Clement and her research
group (Lacasa et al., 2007). These authors also demonstrated that secreted factors, from LPS-
activated MDMs, enhanced gene mRNA expression and protein levels of inflammatory
markers in human preadipocytes, (Lacasa et al., 2007). Determining the particular
macrophage secreted anti-adipogenic factor(s) is a subject of ongoing investigations. Size
fractionation and heat treatment studies using human THP-1 macrophages have revealed that
the anti-adipogenic factor(s) is between 3-50 kDa in size and that it is heat sensitive (Gagnon
etal., 2013).

Several anti-adipogenic candidates released by macrophages have been proposed
such as IL-1B, TNFa, and Wnt-5a (Suzawa et al., 2003; Ruan et al., 2002; Bilkovski et al.,
2011). Using mouse 3T3-L1 preadipocytes, anti-adipogenic response of medium conditioned
by mouse J774A.1 was shown to be attenuated by growth hormone, and this correlated with

the amount of IL-1p produced by macrophages. These authors did not directly assess

whether IL-1p in MacCM was required for the anti-adipogenic effect (Lu et al., 2010).
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Others using human THP-1 macrophages and human preadipocytes showed that human
recombinant IL-1 alone was sufficient to inhibit human adipogenesis. However, when IL-
1B was immunedepleted from MacCM, the anti-adipogenic effect of MacCM was not
reversed, suggesting that IL-1 is not required for the MacCM-induced anti-adipogenic
effect (Gagnon et al., 2013). TNFa, another inflammatory cytokine has also been
investigated as a potential macrophage secreted anti-adipogenic factor.

Immunoneutralization of TNFa from LPS-treated human MacCM marginally
reversed the anti-adipogenic effect; however it did robustly attenuate MacCM-mediated
inflammatory preadipocyte responses (Lacasa et al., 2007). Recently, wnt-5a (secreted
glycoprotein; inhibitory to adipogenesis) was found to be expressed by ATM and circulating
monocytes in obese and type 2 diabetic human subjects. Functional analysis using mouse
J774A.1 macrophage and 3T3-L1 preadipocytes models showed that wnt-5a may be a
plausible macrophage secreted anti-adipogenic factor (Bilkovski et al., 2011). Our lab was
not able to detect wnt-5a in human THP-1 MacCM (unpublished data), and it remains
unclear whether this intercellular communication occurs in human systems.

Taking a different approach to understand the paracrine effects of macrophages on
preadipocytes, studies have examined activation of signaling networks in preadipocytes by
MacCM, and whether they are implicated in the anti-adipogenic action of MacCM. Medium
conditioned by human THP-1 macrophages acutely stimulated ERK1/2 phosphorylation in
mouse 3T3-L1 preadipocytes. Inhibition of MEK-ERK1/2 pathway in 3T3-L1 preadipocytes
partially blocked the anti-adipogenic effect of THP-1 MacCM (Constant et al., 2008).
Studies using human preadipocyte model systems demonstrated that the activation of NF-xB

pathway was associated with anti-adipogenic effect of MacCM (Yarmo et al., 2010; Lacasa
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et al., 2007; O’Hara et al., 2012). Sc-514, a selective inhibitor of IKKf, which is an
upstream activator of NF-kB almost fully abrogated the ability of THP-1 MacCM to inhibit
human adipogenesis (Yarmo et al., 2010).

Coincident with their action in inhibiting adipogenesis, macrophage secreted factors
also promote a profibrotic phenotype in human preadipocytes (Keophiphath et al., 2009).
Factors derived from macrophages regulate levels of collagen I/111 and fibronectin in human
preadipocytes (Gagnon et al., 2012). Fibrillar collagen 1I/111 and fibronectin make up most of
ECM surrounding preadipocytes, and upon differentiation, these proteins are down regulated
(Gregoire et al., 1998). Studies have shown that direct manipulation of ECM is sufficient to

inhibit adipogenesis (Smas and Sul, 1995; Spiegelman and Ginty, 1983).
1.5.4 Macrophages and adipocytes

Although not the focus of my thesis, it should be noted that several studies have
examined the effects of macrophage-derived factors on mature adipocytes. MacCM blocked
insulin-stimulated glucose uptake in mature adipocytes by down-regulating GLUT4 and
inhibiting insulin receptor substrate-1 (IRS-1) tyrosine phosphorylation. These results were
observed using the mouse J774A.1 macrophage and differentiated mouse 3T3-L1 adipocytes
(Lumeng et al., 2007C). Others have shown that macrophage-derived factors endocytosed by
adipocytes disrupt lipid synthesis by impairing FAS activity and concomitantly inducing
lipolysis (Kurokawa et al., 2010). Adipocyte-derived NEFA can then act on macrophages to
further activate them to release more inflammatory cytokines. These actions create a pro-
inflammatory paracrine loop between macrophage and adipocyte (Suganami et al., 2005). On

the other hand, conditioned medium from alternatively activated mouse RAW264.7
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macrophages (anti-inflammatory) can neutralize the inhibitory effect of pro-inflammatory

MacCM on mouse 3T3-L1 preadipocyte differentiation (Stienstra et al., 2008).

1.6 Diabetes

1.6.1 Definition and evaluation of diabetes

Under normal conditions, blood glucose concentration is ~5 mM, and it is tightly
regulated by release of insulin from pancreatic -cells. Normally, when glucose levels are
elevated in circulation (i.e. after a meal), insulin is released from the pancreatic p-cells, to
stimulate glucose uptake, mainly by muscle and to suppress hepatic gluconeogenesis,
bringing the circulating glucose concentrations back to ~ 5 mM. Diabetes occurs when blood
glucose levels rise (hyperglycemia) due to impaired insulin secretion, impaired insulin action
or both. A diagnosis of diabetes is made if the blood glucose concentration is>7 mM in a
fasting state, > 11.1 mM 2 hours after a glucose challenge, and/or levels of glycated
hemoglobin called A1C are > 6.5% (CDA, 2013)

There are two major forms of diabetes, type 1 (T1D) and type 2 diabetes (T2D)
representing 10% and 90% of cases respectively. Another common type of diabetes is
gestational diabetes, which occurs during pregnancy. In T1D, insulin-producing pancreatic
-cells fail to produce insulin due to autoimmune destruction, leading to absolute insulin
deficiency. In T2D, there is the loss of insulin sensitivity of insulin-target tissues, which
leads to elevated insulin secretion to compensate. This is referred to as “insulin resistance”,
meaning greater than normal levels of insulin are needed to maintain normal blood glucose.
Eventually, the hypersecretion of insulin fails, and blood glucose levels rise. Both types of

diabetes are caused by a combination of genetic and environmental risk factors (Saini, 2010).
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In gestational diabetes, it is believed that insulin resistance occurs due to pregnancy-related
hormonal changes (Agha-Jaffar et al., 2016).

In Canada, 9.3% of Canadians have diabetes (Canadian Diabetes Cost Model, 2015).
Complications of diabetes are associated with premature death. Among Canadian adults, it
was estimated that 1 in 10 deaths was attributed to diabetes in 2008-2009 (Public Health
Agency of Canada, 2011). Compared to the general population, individuals with diabetes are
4 times more likely to have cardiovascular complications, 12 times more likely to have end-
stage renal disease, and 20 times more likely to be hospitalized for a non-traumatic lower
limb amputation (CDA, 2013). T2D is strongly linked to obesity. It is estimated that about

80-90% of individuals with diabetes are obese (Lau et al., 2013).

1.7 Hyperglycemia and effects on adipose tissue functions

1.7.1 Effect of high glucose (HG) on adipogenesis

The effect of HG concentrations on adipogenesis has not been clearly established.
The standard protocol for the differentiation of 3T3-L1 mouse preadipocyte cell line uses
high glucose (25 mM; HG), and our lab reported that differentiation of these cells in normal
glucose (5 mM; NG) enhanced adipogenic insulin signal transduction and markers of
adipocyte differentiation (Gagnon and Sorisky 1998). Others subsequently noted that
differentiating these cells in 25 mM versus 5 mM glucose resulted in more inflamed, insulin-
resistant adipocytes (Lin et al., 2005). These studies suggest HG has a negative influence on
adipogenesis. However, using mouse bone marrow-derived mesenchymal stem cells, HG
promoted the adipogenic fate (Chuang et al., 2007).

There have been a few investigations of the effects of glucose concentration on
human preadipocyte models. One human preadipocyte cell line is derived from the adipose
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tissue of an infant with Simpson Golabi Behmel syndrome (SGBS), termed the SGBS cell
line. SGBS is a congenital syndrome of unknown etiology that leads to abnormal weight
gain (Wabitsch et al., 2001). Using this cell line, one study saw no effect of HG on
adipogenesis, but the duration of exposure was only 24 hours, which may not have been
enough time for any changes to be observed (Verrijn Stuart et al., 2012). Others, using
primary human adipose progenitor cells but without adipogenic inducers, reported that HG
augmented spontaneous adipogenesis (limited extent of differentiation) , as evidenced by
more lipid accumulation as well as enhanced gene expression of SREBP-1c, PPARy, LPL,
adiponectin, and GLUT4 (Aguiari et al., 2008). Another study suggests that exposure of HG
(17.5 mM) to human preadipocytes undergoing differentiation resulted in comparable TG
accumulation versus NG. Adipogenic markers were not assessed in this study. (Collins et al.,
2011).

VAT progenitor cells isolated from individuals with T2D versus non-diabetic
controls have higher levels of stemness markers CD105 and CD90, OCT4 and NANOG
(stem cell self-renewal), and reactive oxygen species (ROS). When VAT progenitor cells
were treated with HG (25 mM), ROS levels and cell proliferation increased. ROS production
and AKT activation drove proliferation of diabetic, but not non-diabetic progenitor cells
(Dentelli et al., 2013). This suggests that HG conditions may regulate the fate or functional
behaviour of preadipocytes by activating downstream signals. Adipogenesis was not
assessed by this group. HG appears to promote an adipogenic fate when non-preadipocyte
cell lines were used. When human osteoblastic MG-63 cells are placed in HG, they switch
from osteoblastic to adipogenic differentiation, through activation of the CAMP/PKA/ERK
pathway (Wang et al., 2010). HG also promotes the trans-differentiation of murine muscle

stem cells into adipocytes via ROS-activated protein kinase C (PKC) B (Aguiari et al., 2008).
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1.7.2 Hyperglycemia and ChREBP

Glucose not only serves as an energy source and a basic anabolic building block used
to synthesize different macromolecules, it can also act as a signaling molecule in the liver
and AT (Girard et al., 1997; Foufelle et al., 1992). Glucose signaling occurs via activation of
the glucose-responsive transcription factor, carbohydrate response element-binding protein
(ChREBP), which belongs to the family of basic helix-loop-helix leucine sipper transcription
factors (Yamashita et al., 2001). Glucose-regulated genes share a conserved consensus
sequence, called the carbohydrate response element (ChoRE) (Thompson and Towle, 1991).
ChREBP expression is most abundant in liver, white/brown AT, small intestine, kidney, and
pancreatic islets (lizuka et al., 2004). ChREBP possesses an obligatory functional partner,
Max-like protein X (MIx) (Ma et al., 2005). Two MIx-ChREBP heterodimers bind two E
boxes of the ChoRE motif to form a transcriptional complex regulated by glucose (Ma et al.,
2006). In hepatocytes, ChREBP regulates the expression of lipogenic enzymes, but its role in
adipocytes is less well understood, especially in the setting of obesity.

Liver biopsies from lean and obese human subjects show that ChREBP mRNA and
protein expression is enhanced in obese subjects compared to lean. In contrast, the
expression of ChREBP in VAT and SAT of these individuals was reduced in the obese
compared to lean. These data suggest that in obesity, ChREBP may be regulated differently
in the liver versus AT, which is consistent with the increased hepatic lipogenesis and
decrease AT lipogenesis seen develop with obesity. Also, ChREBP mRNA and protein
dramatically increased during differentiation of human primary preadipocytes (from obese

VAT and SAT), suggesting there may be a possible role for ChREBP in adipogenesis. The
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increase in ChREBP mRNA was much more pronounced in differentiated adipocytes from
SAT compared to VAT (Hurtado del Pozo et al., 2011).

Several phosphorylation sites have been identified on ChREBP that regulate its
activity. Under low glucose conditions, serine 196 on the N-terminus is phosphorylated by
cAMP dependent PKA, leading to sequestration of ChREBP to the cytosol, rendering it
inactive (Sakiyama et al., 2008). Also, in the cytosol, the N-terminus of ChREBP is
associated with 14.3.3 protein which stabilizes ChREBP, preventing proteolytic degradation
and maintaining an inactive state (Ge et al., 2012). The mechanism by which glucose
activates ChREBP is complicated and several models have been proposed. Three glucose
metabolites are involved, including, xylulose 5-P (Xu-5P; derived from pentose phosphate
pathway; PPP), glucose 6-phosphate (G6P; the first intermediate when glucose enters the
cell), and fructose -2, 6-P2 (F2-6P2; regulator of glycolysis and gluconeogenesis)
(Kabashima et al., 2003; Li et al., 2010; Arden et al., 2012).

There are reports that under HG concentrations, Xu-5P levels rise, leading to
activation of protein phosphatase 2A (PP2A) which in turn dephosphorylates ChREBP,
allowing its entry into the nucleus (Kabashima et al., 2003). This model has been challenged
since PPP is not active in -cells, where ChREBP is expressed and is active (Collier et al.,
2007). To address this, others have shown that G6P was sufficient to activate ChREBP in j3-
cells (Li et al., 2012). Furthermore, overexpressing G6P dehydrogenase in hepatocytes also
demonstrated that G6P, and not Xu-5P, was needed for activation and nuclear translocation
of ChREBP in response to glucose (Dentin et al., 2012). A third potential glucose metabolite

may be involved in ChREBP activation. Selective depletion of F2-6P2 was shown to inhibit
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glucose-induced recruitment of ChREBP to promoter sites of target genes (Arden et al.,
2012).

The role of ChREBP in the AT is not very well understood. A transgenic mouse
model overexpressing GLUT4 selectively in adipocytes exhibited higher levels of ChREBP
target genes (e.g. FAS, SCD, ACC, etc.) and the reverse was true when GLUT4 was deleted
in adipocytes. These authors concluded that GLUT4 regulates ChREBP activity in the AT
(Herman et al., 2012). They identified a novel ChREBP isoform, ChREBP-f (the
conventional isoform named ChREBP-a thereafter) in adipocytes. ChREBP-f is a truncated
form of ChREBP-a, missing 177 amino acids from the N-terminus, containing the low-
glucose inhibitory domain (LID). LID includes two nuclear export signal (NES) domains
and one nuclear localization signal (NLS) domain. The transcriptional activity of ChREBP-3
is 20 fold greater than ChREBP-a.. ChREBP-p is predominantly found in the nucleus,
whereas ChREBP-a is mainly found in the cytoplasm, under both low and high glucose
concentrations. Herman et al. suggested that glucose metabolites stimulate ChREBP-a
activity and lead to the induction of ChREBP-3 (Herman et al., 2012). The expression of
ChREBP-B, but not -ao mRNA, in VAT of obese and obese with T2D was significantly lower
compared to non-obese individuals. These authors observed an inverse correlation between
VAT ChREBP-3 mRNA expression and homeostasis model assessment of insulin resistance
(HOMA-IR), suggesting that ChREBP-f in AT is associated with systemic insulin
sensitivity (Eissing et al., 2013). Also, others have suggested that ChREBP-f3 in SAT is the

major isoform predicting systemic insulin sensitivity (Kursawe et al., 2013).
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1.7.3 Hyperglycemia and macrophage activation/responses

In the vast majority of patients with T2D, obesity co-exists with hyperglycemia.
Despite this fact, very little has been published on how HG concentrations might affect
macrophage-preadipocyte interactions. Studies using various macrophage models have been
used to assess the effects of HG on macrophages, in the context of macrophages, diabetes,
and atherosclerosis. Using bone marrow-derived macrophages (BMDM), HG reduced the
MRNA and protein expression of ATP-binding cassette transporter A1 (ABCAL) in a dose
and time dependant manner (Chang et al., 2013). ABCAL is an atheroprotective protein that
regulates the export of cholesterol from macrophages (Oram and Vaughan, 2006). In
BMDM cultures, HG-induced ROS production and activated the ERK pathway, which in
turn down-regulated ABCA1 mRNA and protein levels (Chang et al., 2013). Exposure of
LPS-activated RAW 264.7 mouse macrophages to HG (25 mM) versus NG (5.5 mM),
enhanced nitric oxide (NO) production, inducible NO synthase (iNOS) protein expression,
and IL-1B secretion. These effects were not seen with HG alone, suggesting that HG may
aggravate the effects of LPS (Hua et al., 2012). In another study, HG with or without LPS
impaired migration of RAW 264.7 macrophages (Moura et al., 2013). When RAW 264.7
macrophages were stably transfected to overexpress GLUT1, the rate limiting glucose
transporter in activated macrophages, increased PPP with complimentary suppression in
cellular oxygen consumption rates. Also, MRNA and protein expression of inflammatory
mediators were enhanced in these macrophages overexpressing GLUT1 compared to control
(Freemerman et al., 2014).

Others showed that THP-1 macrophages in HG increased to C-reactive protein (CRP)

protein production in a dose dependant manner (Kaplan, 2010). Human MDMs exposed to
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HG conditions produce factors that promote endothelial cell responses, including increases
in the expression and secretion of E-selectin. (Chen et al., 2011). HG treatment of human
MDMs increases the production of reactive oxygen species (ROS), leading to increased
expression of lectin-like oxidized LDL receptor-1 (LOX-1) and scavenger receptor —A (SR-
A). Antioxidants and NADPH oxidase inhibitors reverse these HG-induced effects (Li et al.,
2004; Fukuhara-Takaki et al., 2005). HG-induced ROS production activates nuclear factor-
kB (NF-xB) and activated protein-1 (AP-1) in human MDMs (Li et al., 2004). HG also
activates protein kinase C (PKC) in human MDMs, increasing expression of platelet-derived
growth factor (PDGF)- receptor. PKC inhibition reverses this effect (Ibana et al., 1996).
Other studies have shown that HG exposure to human MDMs leads to over-production of
the inflammatory cytokine, tumor necrosis factor-a (TNF-a) and reduction in mRNA
expression of anti-inflammatory peroxisome proliferator-activated receptor y (PPARY)
(Sartippour et al., 1998; Sartippour et al., 2000; Ni et al., 2010). However, others reported
that HG exposure to human MDMs did not elicit any changes in pro-inflammatory cytokine

IL-1B or PPARy mRNA expression (Kratz et al., 2014; Senanayake et al., 2007).
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RATIONALE

Adipose tissue dysfunction in obesity, associated with inadequate adipogenesis, is
linked to hypertrophic low-grade inflammation and macrophage infiltration (Sun et al.,
2011). In the vast majority of patients with T2D, obesity co-exists with hyperglycemia.
Despite this fact, very little has been published on how HG concentrations might affect
macrophage-preadipocyte interactions. Our lab and others have shown that macrophage
secreted factors inhibit adipogenesis, however the effect of HG concentrations on the anti-
adipogenic effect is yet to be investigated (Constant et al., 2006; Lacasa et al., 2007,
Keophiphath et al., 2009; Ide et al., 2011). | hypothesize that exposure of macrophages to
HG levels increases their release of anti-adipogenic factors that will inhibit human

adipogenesis. | propose to address this hypothesis with the following specific aims.

SPECIFIC AIMS:
Aim 1: Examine the effects of HG on human adipogenesis.
Aim 2: Determine mechanisms by which HG modulates the anti-adipogenic properties of
macrophages.
Aim 2A: Evaluate the effect of HG on the ability of macrophage-conditioned medium
(MacCM) to inhibit adipogenesis.
Aim 2B: Determine which macrophage factors induced by HG are responsible for the
anti-adipogenic effect.
Aim 2C: Explore signaling pathways in macrophages that are activated by HG

leading to generation of anti-adipogenic factors.
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MODEL SYSTEMS USED
Human stromal preadipocytes

Human primary preadipocytes were obtained from the stromal vascular fraction
(SVF) of human SAT (Skurk and Hauner, 2012). Adherent cells from SVF have fibroblastic
like morphology and are documented as CD14-/CD34+/CD31- (Decaunes et al., 2011).
Upon exposure to adipogenic inducers, these preadipocytes can effectively differentiate into
mature adipocytes (Skurk and Hauner, 2012). Cell responses can be variable due to donor

heterogeneity.

Monocyte-derived macrophages (MDM)

Human MDMs were isolated from the peripheral blood mononuclear cell (PBMC)
layer after Ficoll-density gradient centrifugation of whole blood (Johnson et al., 1977).
Monocytes were allowed to differentiate into macrophages (Norris et al., 1979). Human
MDM s that differentiate from adherent monocytes exhibit two morphologically distinct
subtypes, spindle and round (Eligini et al., 2012). Spindle-shaped macrophages exhibit
functional traits similar to M1 macrophages profile, whereas round-shaped MDMs show
similarities to that of M2 macrophage (Eligini et al., 2012; Eligini 2015). Human MDM

responses can be variable due to donor heterogeneity.
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2. MATERIALS AND METHODS
2.1 Isolation and culture of human abdominal subcutaneous stromal preadipocytes

Human subcutaneous abdominal adipose tissue samples were obtained from 10
weight-stable females undergoing elective abdominal surgery (approved by the Ottawa
Health Science Network Research Ethics Board). Patients on insulin or glucocorticoid
steroids were excluded. Mean age (xSD) of patients was 58+6.4 years and mean BMI (xSD)
was 3249 kg/m? (Table 1). Adipose tissue was dissected to remove connective tissue and
blood vessels, then digested with collagenase CLS type 1 (600U/g of tissue; Worthington
Biochemical Corporation, Lakewood, NJ, USA ) for 1 hour at 37°C on a rotator shaker.
Samples were filtered through 200 um nylon filters to exclude any undigested debris or
connective tissue. Filtered samples were centrifuged (200 x g) for 20 minutes. After
centrifugation, the part of the supernatant containing floating mature adipocytes was
removed and the remainder was processed by progressive size filtration through 100 um, 50
um and 25 pm nylon filters to exclude any remaining connective tissue, debris, or mature
adipocytes. Samples were then centrifuged again (200 x g) for 20 minutes to pellet the
stromal vascular fraction (SVF). The SVF was exposed to erythrocyte lysis buffer (155 mM
NH4CI, 5.7 mM K2HPO4, 0.1 mM EDTA,; pH 7.3) for 5 minutes. Preadipocytes were
grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS,
antibiotics (100 U/ml penicillin, 0.1 mg/ml streptomycin; Life Technologies Inc.,
Burlington, ON, Canada), and an antifungal agent (50 U/mL nystatin; Calbiochem,
Etobicoke, ON, CA) (designated growth medium). Preadipocytes were cultured in growth

medium and the medium was replaced every 2 days. Cells were passaged up to 3 times by
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Donor Age Sex BMI (kg/m?) Surgery
H713 61 F 44.7 Hysterectomy
H754 49 F 30.6 TRAM flap
H755 51 F 27.2 TRAM flap
H762 55 F 20.8 TRAM flap
H764 56 F 27.9 TRAM flap
H765 65 F 31.0 TRAM flap
H766 64 F 30.4 TRAM flap
H768 63 F 30.2 TRAM flap and abdominoplasty
H760 63 F 50.9 Bariatric surgery
H767 49 F 24.1 TRAM flap
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Table 1. Adipose tissue donor information chart. Human subcutaneous abdominal
adipose tissue samples were obtained from 10 weight-stable women undergoing elective
abdominal surgery (approved by the Ottawa Health Science Network Research Ethics
Board). The following table lists all fat tissue donor’s age, sex, BMI (kg/m?), and surgery
performed. TRAM flap refers to breast reconstructive surgery.
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addition of 0.5 mL 1X TrypLE reagent (Life Technologies Inc., Burlington, ON, Canada) for

3-4 minutes at 37 °C (Gagnon et al., 2013).
2.2 Isolation of human monocytes and differentiation into macrophages

Blood was obtained from 13-healthy non-diabetic volunteers (4 males and 9 females;
approved by the Ottawa Health Science Network Research Board). Mean age (£SD) of
donors was 29+10 years and mean BMI (+SD) was 24.6+3.6 kg/m?. Blood was diluted (1:2)
with PBS supplemented with 2 mM EDTA and layered onto Ficoll-Hypaque (GE
Healthcare; Uppsala, Sweden) and centrifuged (400 x g) for 30 minutes. Upon density-
gradient centrifugation, peripheral blood mononuclear cells (PBMCs) were isolated from the
buffy coat, washed with PBS, and centrifuged (300 x g) for 5 minutes. Pellets containing
PBMCs were resuspended in Roswell Park Memorial Institute 1640 medium (RPMI 1640;
Thermo Fisher Scientific) supplemented with antibiotics (100U/ml penicillin and 0.1mg/ml
streptomycin; Life Technologies Inc., Burlington, ON, Canada), designated monocyte-
derived macrophage (MDM) growth medium, with normal glucose concentration (NG; 5
mM). PBMC blood counts for donors ranged from 80-100 cells/mL. PBMCs were seeded at
a density of 1.1x10° cells/cm? and monocytes within PBMC pool were allowed to adhere for
1 hour in serum-free MDM growth medium with NG. Adherent monocytes were washed
twice with PBS and then left in MDM growth medium with NG, supplemented with 10%
FBS for 7 days. Medium was changed every day for the first 3 days and every second day
thereafter for 7 days. Mature MDMs were photographed using a Nikon Coolpix 995 digital

camera mounted on Nikon Eclipse TS-100 microscope at 200X magnification.
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2.3  Macrophage-conditioned medium (MacCM) preparation

MDMs differentiated for 7 days in MDM growth medium supplemented with 10%
FBS in NG conditions were lifted by using 0.5 mL 1X TrypLE reagent (Life Technologies
Inc., Burlington, ON, Canada) for 5-6 minutes 37°C and by subsequent gentle scraping. The
number of MDM s ranged from 1.4 x 107 - 1.8 x 107 cells per donor. About 50-60% of
MDMs were round shaped, whereas 40-50% was spindle shaped. Detached MDMs were
pooled and centrifuged (180 x g) for 5 minutes. The pelleted MDMs were resuspended in
MDM growth medium containing NG and supplemented with 10% FBS. MDMs were
enumerated using Neubauer hemocytometer and seeded at a density of 1.3 x 10° cells/cm?
and were placed in MDM growth medium (1 mL per 5 x10° cells) containing NG,
supplemented with 10% FBS for 24 hours to allow cells to adhere and recover from any
stress introduced during trypsinization/scraping. After 24 hours, medium was gently
removed and replaced with fresh MDM growth medium (1mL per 5 x10° cells)
supplemented with 10% FBS containing NG, high glucose (HG; 25 mM), or osmotic
control (OC; 5 mM glucose/20 mM mannitol) for 24 hours. For some experiments, 1 uM sc-
514 (#401485; EMD Millipore) or vehicle (DMSO) was added at the start of this 24 hour
conditioning period. After 24 hours MacCM was collected and centrifuged (180 x g) for 5
minutes to pellet any floating cells or debris. MacCM was then stored at - 20°C for later use
for adipogenesis experiments or human cytokine array analysis. Human cytokine array
analysis was performed using Human XL Cytokine Array Kit (R&D Systems, Inc.), as per
the manufacturer’s instructions (see section 2.4). Control medium, not exposed to cells was

processed in parallel.
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2.4  Human cytokine array analysis

Membranes from Human XL Cytokine Array Kit (R&D Systems, Inc) were blocked
with Array Buffer 6 for 1 hour at room temperature on a rocking platform shaker. After
blocking, membranes were incubated with NG-MacCM or HG-MacCM overnight at 4°C on
Labquake rotator. The following day, membranes were washed three times with Wash
Buffer for 10 minutes at room temperature. Membranes were then incubated with 1.5 mL
Detection Antibody Cocktail diluted in 1X Array Buffer4/6 for 1 hour at room temperature
on a rocking platform shaker. Upon incubation, membranes were washed three times with
Wash Buffer for 10 minutes at room temperature. Membranes were then incubated with 1X
Streptavidin-HRP for 30 minutes at room temperature on a rocking platform shaker and then
washed again three times with Wash Buffer for 10 minutes. After the final wash,
membranes were incubated with 1 mL Chemi Reagent Mix for one minute. Membranes were
then exposed to film, which was processed using a Feature-SRX-101A developer (Konica
Minolta, Chiyoda, Tokyo, Japan). Relative cytokine spot intensity was quantified and
expressed as integrated optical density (IOD) units using the Alphalmager imaging system

(Alpha Innotech Co., San Leandro, CA, USA).
2.5  Culture and differentiation of human subcutaneous preadipocytes

For differentiation, cells were enumerated using a Neubauer hemocytometer and
seeded at a density of 3 x 10* cells/cm? in growth medium and grown to confluence.
Differentiation was induced in growth medium containing NG, HG, or OC and
supplemented with adipogenic inducers 850 nM insulin (Roche, Laval, QC, Canada); 0.5 uM

dexamethasone (Steraloids, Newport, RI, USA); 0.25 mM isobutylmethylxanthine; and 100
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uM indomethacin (both from Sigma-Aldrich, St. Louis, MO, USA) for 14 days.
Alternatively, preadipocytes were differentiated in NG-MacCM, HG-MacCM, OC-MacCM,
or control medium with adipogenic inducers. Every 3 days 50% of medium were changed
with fresh medium (including differentiation inducers) for 14 days. After 14 days, cultures
were photographed using a Nikon Coolpix 995 digital camera mounted on Nikon Eclipse

TS-100 microscope at 200X magnification (Gagnon et al., 2013).

2.6 Triglyceride (TG) extraction and quantification

After adipocyte differentiation, medium was gently removed and cells were rinsed
with PBS (500 pL). Cellular lipids were extracted using isopropanol/heptane (2:3; v /v) ina
two-step procedure. Cells were incubated in isopropanol/heptane (500 pL) for 30 minutes at
room temperature. After incubation, the isopropanol/heptane solution containing extracted
lipid was collected in a glass test tube. This was repeated a second time: cells were incubated
in isopropanol/heptane for an additional 15 minutes at room temperature, and again, the
isopropanol/heptane solution containing extracted lipids was collected and combined with
the first batch. Samples were immediately dried under N2 stream using N-EVAP model 112
(Organomation Associates Inc., Manual, NV, USA) and lipid extracts were stored at -20°C
for quantification at a later time.

Lipid extracts were resuspended in isopropanol (300 uL). TG was quantified using
triolein (MP Biomedicals Inc., Santa Ana, CA, USA) as a standard. Samples were assayed in
triplicates and diluted using isopropanol. Sample dilutions ranged from undiluted to 1:6
dilution in a final volume of 60 uL, depending on the degree of adipocyte differentiation for
each sample. TG was quantified biochemically for some experiments and enzymatically for

others.
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Biochemically, samples were diluted when necessary (up to 1:6 dilution in a final
volume of 60 L) directly in a 96 well plate followed by addition of 60 pL saponification
solution (18 M KOH in 25% isopropanol) to each sample. Samples were incubated with
saponification solution for 10 minutes at room temperature. After incubation 60 pL of 3 mM
sodium metaperiodate solution (3 mM sodium metaperiodate, 100 mM ammonium acetate;
in 6% acetic acid) and 60 pL of acetylacetone solution were added to the plate. The plate
was incubated for 15 minutes at 65 °C and then left to cool down to room temperature.
Absorbance were read at a wavelength of 405 nm using FLUOstar Galaxy
spectrophotometer and TG in pg was normalized to protein content in mg, determined by the
modified Lowry assay.

For some experiments TG accumulation was quantified enzymatically (Infinity
Triglyceride Liquid Stable Reagent, Thermo Scientific). Sample dilutions, when necessary,
were prepared (up to 1:6 dilution in a final volume of 60 L) in 1.5 mL Eppendorf tubes and
dried using a SpeedVac (CentriVap Benchtop Vacuum Concentrators, Labconco, Kansas
City, MO, USA) for 1.5 hours at room temperature. As per manufacturer’s instructions,
dried lipid samples were resuspended in 250 pL of Infinity TG reagent and incubated on a
rotary shaker for 1.5 hours at 37 °C. Samples were loaded onto 96 well plate and absorbance
was read at a wavelength of 540 nm using FLUOstar Galaxy spectrophotometer and TG in

pg was normalized to protein content in mg, determined by the modified Lowry assay.

2.7 Modified Lowry protein assay

After TG was extracted from differentiated human adipocytes, the cellular remains
were solubilized in Laemmli buffer (2% SDS, 10% glycerol, 60 mM Tris pH 6.8, 0.002%

bromophenol blue) (Laemmli, 1970). For human MDMs, cultures were rinsed with ice cold
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PBS and then solubilized in Laemmli buffer (Laemmli, 1970) containing 1 mM sodium
orthovanadate, 50 mM sodium fluoride, 5 mM sodium pyrophosphate, and 5 mM EGTA on
ice. Lysates from either cell type were scraped, collected with a 26G syringe, and were
boiled for 5 minutes. Samples were stored at -20°C for later quantification and use for
immunoblot analysis.

Protein was quantified using the modified Lowry assay (Bio-Rad Protein Assay Kit,
Hercules, CA, USA) with bovine serum albumin (BSA) as a standard. Lysates were thawed
and assayed in triplicate. Samples were diluted using water and dilutions ranged from 1:45-
1:90 in final volume of 200 pL in 1.5 mL Eppendorf tubes. Once sample dilutions were
prepared, 20 uL deoxycholate (1.5 mg/mL) were added and mixed by vortexing followed by
a 10 minute incubation at room temperature. Subsequently, 20 L trichloroacetic acid (72%
v/v) were added to each sample and mixed by vortexing. Precipitated proteins were pelleted
by centrifugation (21 000 x g) for 10 minutes at room temperature. After centrifugation,
supernatants were removed and pellets were air dried for 1 hour. Pellets were resuspended in
Bio-Rad Reagent A’ (commercially available reagents S and A in 1:50 dilution) and
incubated for 5 minutes at room temperature, followed by 200 pL addition of Bio-Rad
Reagent B. Samples were incubated for 15 minutes at room temperature and 200 pL of
sample were transferred to 96 well microplate. Absorbance was read at wavelength of 750

nm using FLUOstar Galaxy spectrophotometer.

2.8 Nuclear and cytosolic fraction preparation

Nuclear and cytosolic fractions from differentiated human adipocytes were prepared
using Nuclear/Cytosol Fractionation Kit (BioVision, Milpitas, CA, USA). Differentiated

human adipocytes were lifted by using 0.5 mL 1 X TrypLE reagen Life Technologies Inc.,
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Burlington, ON, Canada) for 5-6 minutes at 37°C and by subsequent gentle scraping. As per
manufacturer’s protocol, detached cells were pooled and centrifuged (600 x g) for 5 minutes
at 4°C. The pelleted cells were resuspended in Cytosol Extraction Buffer A Mix (CEB-A
Mix) supplemented with DTT and Protease Inhibitors. Samples were vortexed for 15
seconds and then incubated for 10 minutes on ice. After incubation, ice-cold CEB-B was
added and samples were vortexed for 5 seconds. Samples were incubated for 1 minute on ice
and then vortexed once more for 5 seconds. Subsequently, samples were centrifuged (16 000
x g) for 5 minutes. After centrifugation, supernatants containing the cytoplasmic fraction
were transferred to new pre-chilled tubes. The remaining pellets (containing nuclei) were
resuspended in ice-cold Nuclear Extraction Buffer Mix. Samples were incubated on ice for
40 minutes, and every 10 minutes, samples were vigorously vortexed for 15 seconds.
Finally, samples were centrifuged (16 000 x g) for 10 minutes. After centrifugation, the
supernatants containing the nuclear fraction were transferred to a new pre-chilled tubes.

Samples were stored at -20°C until modified Lowry assay analysis were performed.
2.9 Immunoblot analysis

Solubilized cellular proteins (5 — 25 ug depending on the experiment) were resolved
by SDS-PAGE (7.5% — 12.5% acrylamide) at 200 V for 50 minutes to 1 hour. Gels were
then electrophoretically transferred onto a nitrocellulose membrane (Bio-Rad, Mississauga,
ON, Canada) at 70 V for 1 hour and 15 minutes to 1 hour and 45 minutes, depending on
molecular weight of protein(s) being assessed. After transfer, non-specific binding sites on
the membrane were blocked by 5% non-fat milk in PBS/0.1% Tween20 for 1 hour at room
temperature. Membranes were rinsed with PBS and probed overnight at 4°C on Labquake

rotator with the following antibodies directed against: adipocyte fatty acid-binding protein
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(aP2; 0.1 mg/ml; R&D Systems), AMP-activated protein kinase (AMPK; 1:1000),
carbohydrate-responsive element-binding (ChREBP; 1:1000; Thermo Fisher Scientific),
ERK1/2 (0.25 mg/ml; EMD Millipore), fatty acid synthase (FAS; 1:1000; BD Biosciences),
inhibitor of kB (IxB) a (1:1000), inhibitor of kB kinase (IKKf, 1:500; EMD Millipore),
peroxisome proliferator-activated receptor y (PPARy; 1:500), phospho-AMPK (Thr172)
(1:1000), phospho-IKKo/B (Ser 176/180) (1:250), phospho-ERK (Thr202/Tyr204) (1:1000),
phosphoserine PKC substrate (1:1000), sterol regulatory enhancer binding protein 1
(SREBP-1; 1:1000; Santa Cruz Biotechnology), all from Cell Signaling Technology unless
otherwise indicated. After incubation with primary antibody overnight, membranes were
washed twice with PBS/0.1% Tween20 for 15 minutes at room temperature. Membranes
were then incubated with the appropriate horseradish peroxidase (HRP)-conjugated
secondary antibodies (anti-rabbit, anti-mouse, or anti-goat, 1:5000 — 1:50,000) diluted in 5%
non-fat milk in PBS for 1 hour at room temperature. Following incubation with secondary
antibody, membranes were washed once for 15 minutes and three times for 10 minutes in
PBS/0.01% Tween20. Membranes were rinsed five times with PBS and then covered with
chemiluminescent HRP substrate detection solution (EMD Millipore, Billerica, MA, USA)
for 5 minutes at room temperature. Membranes were exposed to film, which was processed
using a Feature-SRX-101A developer (Konica Minolta, Chiyoda, Tokyo, Japan). Relative
band intensity was quantified and expressed as integrated optical density (IOD) units using
the Alphalmager imaging system (Alpha Innotech Co., San Leandro, CA, USA).
Membranes were stripped to re-probe for a second or third target on the same
membrane, as follows. First, membranes were washed twice for 10 minutes in PBS/0.01%

Tween20. Membranes were then incubated with stripping buffer (100 mM -
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mercaptoethanol, 2% SDS, 62.5 mM Tris HCI pH 6.8) at 50 °C for 30 minutes and agitated
every 5 minutes. After incubation with stripping buffer, membranes were washed three times
for 10 minutes in PBS/0.01% Tween20 at room temperature. Finally, membranes were
blocked with 5% non-fat milk in PBS/0.1% Tween20 for 1 hour at room temperature and

then re-probed with primary antibodies as described above.

2.10 RNA isolation and DNase | treatment

Human preadipocytes, differentiated human adipocytes and MDMs were lysed in 1
mL Qiazol (Qiagen, Venlo, Limburg, Netherlands) for 5-7 minutes at room temperature.
Lysed samples were collected, transferred to 1.5 mL Eppendorf tubes, and flash-frozen in
liquid nitrogen for storage at -80°C. For RNA isolation, Qiazol treated samples were thawed
at room temperature. Once samples were completely thawed, 100 pL chloroform was added
and samples were mixed by inversion for 3 minutes at room temperature. After mixing,
samples were centrifuged (10 000 x g) for 10 minutes at 4°C. After centrifugation, the upper
aqueous phase containing RNA was carefully removed and transferred to a new 1.5 mL
Eppendorf tubes containing 500 pL isopropanol. Afterwards, 500 pL isopropanol was added
to the aqueous phase and samples were mixed by inversion. Samples were then incubated for
10 minutes at room temperature and subsequently centrifuged (10 000 x g) for 10 minutes at
4°C. After centrifugation, the supernatant was removed and discarded and the remaining
pellet was washed by adding 1 mL of 75% ethanol (in DEPC-treated water), mixing by
inversion and centrifuging (7 500 x g) for 5 minutes at 4°C. After the supernatants were
removed and discarded, the pellets were air dried for 3 minutes and then resuspended in 50
pL DEPC-treated water. Samples were then incubated at 65°C for 10 minutes and then

cooled on ice, followed by DNasel treatment to remove any contaminating DNA. DNasel
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treatment was conducted using DNA Treatment & Removal kit (Life Technologies Inc.,
Burlington, ON, Canada). As per manufacturer’s protocol, 1 L rDNasel and 5 pLL 10X
DNasel buffer were added to all samples and mixed gently by tapping. Samples were then
incubated for 30 minutes at 37°C, and after incubation, 5 pL of DNasel inactivation buffer
was added to all samples. Samples were mixed by inversion for 2 minutes and then
centrifuged (7 500 x g) for 5 minutes at 4°C. After centrifugation supernatants were
transferred to new pre-chilled 1.5 mL Eppendorf tubes. DNasel-treated RNA was stored at -

80°C until later quantification analysis.

2.11 RNA guantification and quality analysis

RNA quantification was performed using Quant-it Ribogreen RNA assay kit (Life
Technologies Inc., Burlington, ON, Canada), using 16S/23S rRNA as a standard. DNasel-
treated RNA samples were thawed on ice and diluted (1:100) in 1X Tris-EDTA (TE) buffer.
Samples were assayed in triplicates: 1 pL of diluted RNA was added to 99 uL TE buffer in a
black-bottomed 96- well plate, followed by addition of 100 pL of Ribogreen reagent to each
well. Fluorescence readings (excitation: 485 nm, emission: 520 nm) were measured using a
FLUOstar Galaxy spectrophotometer (BMG Labtech, Ortenberg, Germany). For quality
control, 1 pg of RNA was run on 1 % denaturing formaldehyde agarose gel to detect any
possible RNA degradation. Ethidium Bromide was used as a visualizing agent and gels were
imaged using Chemi Doc-It TS2 Imaging System (Ultra-Violet Products Ltd., Upland, CA,

USA).
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2.12 Reverse transcription and real-time PCR analysis

Total RNA (1.5-2 pg per sample) was added to nuclease-free water to a final volume
of 25 pL. Samples were mixed by tapping, and 5 pL of 0.5 pg/uL random primers (Life
Technologies Inc., Burlington, ON, Canada) were added. Samples were mixed and incubated
at 85°C for 3 minutes and then cooled on ice. Once cooled, 12 puL of sample were added to 8
uL of reverse transcription mixture (1.25 mM dNTP, 1.4 U/uL RNase OUT, 12.5 U/uLL
MMLV-Reverse Transcriptase, in 1X RT buffer; all from Life Technologies Inc.,
Burlington, ON, Canada) or negative control mixture (missing MMLV- Reverse
Transcriptase). Samples were mixed by tapping and incubated for 1 hour at 42°C. After the
incubation, MMLV-Reverse Transcriptase was heat inactivated by incubating samples for 10
minutes at 92°C. Newly synthesized cDNA was then stored at -20°C until later use for real-
time PCR.

Real-time PCR assays were performed using the QuantiTect SYBR Green real-time
PCR kit (for target genes) or the QuantiTect Probe real-time PCR kit (for 18S rRNA used for
endogenous control) (both from Qiagen) Sample cDNA (2 puL) was added to primers (100
nM final concentration, see Table 2 for primer sequences of target genes) and QuantiTect
SYBR Green PCR master mix (Qiagen) to a final volume of 20 pL. For 18S rRNA
detection, diluted (1:1000) samples (2 puL) were added to 18S primers (Applied Life
Technologies) and QuantiTect Probe real-time PCR mix to a final volume of 20 pL. PCR
was performed using Light Cycler Carousel (Roche, Laval, QC, Canada), with the following
parameters: 10 minutes at 95°C, followed by 45 cycles each of 15 seconds at 95°C and 1
minute at 60°C. Data were analyzed with Light Cycler Software, version 3.0 (Roche, Laval,

QC, Canada) by relative quantification (RQ) using 18S rRNA as a reference.
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The real-time PCR efficiency of both methods (probe- vs SYBR-based) for IL-6,
MCP-1 and adiponectin was similar (90-95%). However, the PCR efficiency of other target
genes was not formally compared to the probe method. All real-time PCR analyses yielded a

single melting curve corresponding to expected amplicon length.

2.13 Statistical analysis

Two-way ANOVA, followed by Tukey’s post-hoc test was used when comparing
multiple means within an experiment. Student’s t-test was used when comparing two means.
Pearson R correlation was used when assessing linear dependence between two data sets
(Excel 2010, version 14.0.7; Microsoft). All data were verified to be of normal distribution.

Significance was defined as p<0.05.
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Primer sequence

Target

ACC Forward
Reverse
Adiponectin Forward
Reverse
ANG Forward
Reverse
CD36 Forward
Reverse
Forward

ChREBP-a*
Reverse
ChREBP-B* Forward
Reverse
CXCL-5 Forward
Reverse
EAS Forward
Reverse
GLUT4 Forward
Reverse
ICAM-1 Forward
Reverse
ICAM-3 Forward
Reverse
Forward
IL-1B Reverse
IL-6 Forward
Reverse
IL-8 Forward
Reverse
MCP-1 Forward
Reverse
MIF Forward
Reverse
. Forward
Perilipin 2 Reverse
sCD Forward
Reverse
SREBP-1c  orward
Reverse
TNEq Forward
Reverse

S-TTTAAGGGGTGAAGAGGGTGC-3'
5-CCAAAAAGACCTAGCCCTCAAG-3
5'-GCAGAGATGGCACCCCTG-3'
5-GGTTTCACCGATGTCTCCCTTA-3'
S-TTGTTCTGAGGCCGAGGAGC'3
S-TGTCTTTGCAGGGTGAGGTC-3'
5-ATGTAACCCAGGACGCTGAG-3'
5-GTCGCAGTGACTTTCCCAAT-3'
5’-AGTGCTTGAGCCTGGCCTAC-3’
5’-TTGTTCAGGCGGATCTTGTC-3”
5-AGCGGATTCCAGGTGAGG-3
5’-TTGTTCAGGCGGATCTTGTC-3”
S-AATCTTCGCTCCTCCAATCTCC-3'
5-TCAGGGAGGCTACCACTTC-3'
5’-CAGAGCAGCCATGGAGGAG-3’
5’-AATCTGGGTTGATGCCTCCG-3’
S5-ACTGGCCATTGTTATCGGCA-3'
5-GTCAGGCGCTTCAGACTCTT-3'
5-CAGCCAGATGCAATCAATGC-3'
5-GTGGTCCATGGAATCCTGAA-3'
5-GACCAGCCTCACGGTGGTGC-3
5-ACGGGCAGGACAAAGGTTCGG-3'
S-GATGAAGTGCTCCTTCCAGGACCT-3
5-TGCTGTGAGTCCCGGAGCGT-3'
5-TCCACAAGCGCCTTCGGTCC-3
S-TGTCTGTGTGGGGCGGCTACA-3'
5-CAGAGACAGCAGAGCACACA-3'
5'-GGCAAAACTGCACCTTCACA-3
5-CAGCCAGATGCAATCAATGC-3'
5-GTGGTCCATGGAATCCTGAA-3'
5-CCCGGACAGGGTCTACATCAAC-3'
S-CCGTTTATTTCTCCCCACCAGA-3'
5-AGTGGAAAAGGAGCATTGGA-3'
S-GTCTCCTGGCTGCTCTTGTC-3'
5-CCAGAGGAGGTACTACAAACCTG-3'
S-TGGTGGTAGTTGTGGAAGCC-3'
5'-GACCGACATCGAAGACATGC-3'
5-GGCATGGACGGGTACATCTT-3'
5-GCCCCCAGAGGGAAGAGTTCCC-3'
5'-CAGCTCCACGCCATTGGCCA-3'

*primer sets were obtained from (Herman et al., 2012)

46




Table 2. Primer sequences used for real time PCR analysis of target genes. The
following table lists forward and reverse primer sequences used to perform real time PCR
analysis to assess relative mMRNA levels of target genes. Unless otherwise indicated, primers
were obtained using NCBI primer selection software.
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3. RESULTS

3.1  Effect of high glucose (HG) on adipogenic markers

The first aim of this study was to determine if HG affects adipogenesis. Human
abdominal subcutaneous preadipocytes were induced to differentiate in the presence of
normal (5 mM; NG) or high (25 mM; HG) glucose conditions. A time course was conducted.
At days 0, 6, 10 and 14 of differentiation, triacylglycerol (TG) accumulation and adipogenic
protein levels were assessed. TG levels gradually rose upon the course of differentiation, and
this increase was similar in NG or HG (Figure 1). The protein levels of adipogenic markers,
FAS, SREBP-1, PPARY, and aP2 all increased with differentiation. PPARy showed the most
rapid rise, and aP2 had the most prolonged response. All of these proteins increased

similarly in NG or HG conditions (Figure 2).

3.2 Effect of HG on ChREBP

To assess the effects of HG on the mRNA expression of ChREBP during
adipogenesis, a time course was conducted. Human abdominal subcutaneous preadipocytes
were induced to differentiate in the presence of NG or HG for 0, 6, 10, and 14 days. At the
indicated time points, total RNA was collected, reverse-transcribed and mRNA expression of
ChREBP-a and -} isoforms were quantified by real-time PCR. Under NG conditions, the
MRNA expression of ChREBP-a increased very rapidly by day 6 of differentiation
compared to day 0. This increase of ChREBP-a. mMRNA expression under NG was
maintained until day 14 of differentiation (Figure 3A). ChREBP-B mRNA expression under

NG conditions rose gradually during adipogenesis, however this increase did not reach
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Figure 1. HG does not affect TG accumulation during human adipogenesis. Human
subcutaneous abdominal preadipocytes were induced to differentiate in 5 mM (NG) or 25
mM (HG) glucose for 0, 6, 10 and 14 days. TG was extracted, quantified, and normalized to
protein content. Results are the means + S.E.M. of 3 separate patient samples; each patient
sample was assessed in an individual experiment. **** denotes p< 0.0001 and * denotes p<
0.05 for each condition compared to day 0, as assessed by two-way ANOVA with Tukey
post-hoc tests
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Figure 2. HG does not affect adipogenic protein levels during human adipogenesis.
Human subcutaneous abdominal preadipocytes were induced to differentiate in 5 mM (NG)
or 25 mM (HG) glucose for 0, 6, 10 and 14 days. Equal amounts of solubilized cellular
protein were separated by SDS-PAGE and immunoblotted with the indicated antibodies.
ERK1/2 serves as a loading control. Immunoblots from one patient sample are shown.
Densitometric data from 3 separate patient samples, normalized to loading control, are
graphically presented as means + S.E.M. Each patient sample was assessed in an individual
experiment. ** denotes p< 0.01, and * denotes p< 0.05 for each condition compared to day
0, as assessed by two-way ANOVA with Tukey post-hoc tests.
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Figure 3. HG enhances ChREBP- mRNA expression in differentiated adipocytes.
Human subcutaneous abdominal preadipocytes were induced to differentiate in 5 mM (NG),
5 mM glucose/20 mM mannitol (OC), or 25 mM (HG) glucose for 0, 6, 10 or 14 days. RNA
was isolated, and then quantified by real-time PCR, using indicated primers. Levels were
normalized to endogenous 18S RNA, and expressed as a function of the NG control
condition at day 14. Results from 5 (A and B) or 3 (C) separate patient samples are
graphically presented as means + S.E.M. Each patient sample was assessed in an individual
experiment. ** denotes p< 0.01 for each condition compared to day O (A and B) or between
indicated pairs (C), as assessed by two-way ANOVA with Tukey post-hoc tests. RQ stands
for relative quantification.
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statistical significance (Figure 3A). When preadipocytes were differentiated in HG
conditions, ChREBP-a. mRNA expression increased very rapidly by day 6 compared to day
0, and levels remained high through differentiation (Figure 3A). ChREBP-$ mRNA
expression under HG conditions increased with differentiation, compared to day 0 (Figure
3B). The increase in ChREBP-a mRNA during adipogenesis was similar under HG versus
NG conditions (Figure 3A). However, by the last day of differentiation, ChREBP-$ mRNA
enhancement was greater under HG conditions compared to NG (Figure 3C). There was no
effect with osmolality control conditions (Figure 3C).

ChREBP-a and -B protein levels in adipocytes, differentiated under HG versus NG,
were assessed to determine if the pattern seen at the mRNA level occurs at the protein level.
Human abdominal subcutaneous preadipocytes were induced to differentiate under NG or
HG conditions for 14 days. At day 14, the nuclear and cytosolic fractions of these cultures
were extracted and protein levels of ChREBP were analysed by immunoblot.

ChREBP-a protein was detected in both cytosolic and nuclear fractions, and there
was no difference in NG versus HG conditions. Under both conditions, NG and HG,
ChREBP-p protein was detected only in the nuclear fraction, and its levels increased by 1.6
fold under HG conditions compared to NG (Figure 4).

The mRNA expression of ChREBP target genes, acetyl-CoA carboxylase 1 (ACC1),
stearoyl-CoA desaturase (SCD), and FAS were assessed in adipocytes differentiated in HG
versus NG conditions. Although ChREBP-[ gene and protein expression were enhanced by
HG (Figure 3 and 4), the mRNA expression of target genes did not change in adipocytes

differentiated in HG versus NG. (Figure 5A).
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Figure 4. HG increases ChREBP-B protein levels in nuclear fractions of differentiated
adipocytes. Human subcutaneous abdominal preadipocytes were induced to differentiate in
5mM (NG) or 25 mM (HG) glucose for 14 days. Equal amounts of solubilized nuclear and
cytosolic protein were separated by SDS-PAGE and immunoblotted with the indicated
antibodies. Immunoblots from one patient sample are shown. Densitometric data from 3
separate patient samples, normalized to loading control, are graphically presented as means +
S.E.M. Each patient sample was assessed in an individual experiment. *** denotes p< 0.001
between indicated pairs by two-way ANOVA with Tukey post-hoc tests.
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Figure 5. HG increases GLUT4 gene expression but does not affect lipogenic genes.
Human subcutaneous abdominal preadipocytes were induced to differentiate in 5 mM (NG)
or 25 mM (HG) glucose for 14 days. RNA was isolated, and then quantified by real-time
PCR, using indicated primers. Levels were normalized to endogenous 18S RNA, and
expressed as a function of the NG control condition. Results from 3 (A) or 5 (B and C)
separate patient samples are graphically presented as means + S.E.M. Each patient sample
was assessed in an individual experiment. * denotes p< 0.05 between indicated pairs, as
assessed by paired t-test (B) and Pearson R correlation (C). RQ stands for relative

quantification.
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Next, mMRNA expression of GLUT4 in adipocytes differentiated in HG versus NG
was assessed. GLUT4 mRNA expression in HG conditions was significantly enhanced (1.6
fold) compared to NG conditions (Figure 5B). Also, the fold-increase of ChREBP-f mRNA
expression was positively and significantly correlated to the fold-increase of GLUT4 mRNA

(r=0.95) (Figure 5C).

3.3  Effect of HG-MacCM on adipogenesis

The next objective was to assess whether HG modulates the anti-adipogenic effects
of MacCM. MDMs (prepared as described in section 2.2) were placed in medium
containing either NG (5 mM glucose) or HG (25 mM glucose) for 24 hours. MacCM for
either treatment (NG- or HG-MacCM) was prepared as described in section 2.3. Confluent
human abdominal subcutaneous preadipocytes were induced to differentiate for 14 days with
either control medium (NG or HG), NG-MacCM, or HG-MacCM. TG accumulation and
adipogenic protein markers, FAS, SREBP-1, PPARY, and aP2 were assessed at day 14.

HG-MacCM significantly reduced TG accumulation versus control-HG by 28%
(Figure 6). There was a weaker reduction in TG accumulation with NG-MacCM versus
control that did not reach statistical significance (Figure 6). HG-MacCM, but not NG-
MacCM, significantly reduced the protein levels of PPARYy by 50% compared to control
medium conditions (Figure 7). FAS levels were significantly decreased in NG-MacCM and
HG-MacCM by 40% and 43%, respectively, compared to control medium conditions.
SREBP-1 and aP2 levels remained stable in either MacCM condition (Figure 7). There was
a downward trend in aP2 levels under HG-MacCM compared to control that did not reach

significance. Control studies demonstrated no effect of osmolality (Figure 8).
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Figure 6. HG-MacCM inhibits TG accumulation in differentiated human adipocytes.
MDM-conditioned media (MacCM) and control media were generated over 24 hours in 5
mM (NG) or 25 mM (HG) glucose. Human abdominal subcutaneous preadipocytes were
then induced to differentiate for 14 days in control (NG or HG) medium, NG-MacCM, or
HG-MacCM (A) Representative photomicrographs from one patient sample are shown (200
X magnifications). (B) TG was extracted, quantified, and adjusted for protein content. Data,
normalized to their respective control condition, are graphically presented as means + S.E.M.
of 6 separate patient samples; each patient sample was assessed in an individual experiment.
* denotes p< 0.05 between indicated pair, as assessed by two-way ANOVA with Tukey
post-hoc tests.
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Figure 7. HG-MacCM reduces PPARYy protein expression in differentiating human
adipocytes. MDM-conditioned media (MacCM) and control media were generated over 24
hours in 5 mM (NG) or 25 mM (HG) glucose. Human abdominal subcutaneous
preadipocytes were induced to differentiate for 14 days with control (NG or HG) medium,
NG-MacCM, or HG-MacCM. Equal amounts of solubilized cellular protein were separated
by SDS-PAGE and immunoblotted with the indicated antibodies. ERK1/2 serves as a
loading control. Immunoblots from one patient sample are shown. Densitometric data from 6
separate patient samples, normalized to loading control, are graphically presented as means *
S.E.M. Each patient sample was assessed in an individual experiment. ** denotes p< 0.01,
and * denotes p< 0.05 between indicated pairs, as assessed by two-way ANOVA with Tukey
post-hoc tests.
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Figure 8. Effect of OC-MacCM on adipogenic responses. MDM-conditioned media
(MacCM) and control media were generated over 24 hours in 5 mM glucose and 20 mM
mannitol (OC)). Human abdominal subcutaneous preadipocytes were induced to differentiate
for 14 days with OC medium, or OC-MacCM. (A) TG was extracted, quantified, and
adjusted for protein content. Data, normalized to control condition. (B) Equal amounts of
solubilized cellular protein were separated by SDS-PAGE and immunoblotted with the
indicated antibodies. ERK1/2 serves as a loading control. Densitometric data from 3 separate
patient samples, normalized to loading control, are graphically presented as means + S.E.M.
Each patient sample was assessed in an individual experiment. * denotes p< 0.05 between
indicated pairs, as assessed by paired student’s t-test.
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3.4  Effect of HG-MacCM on inflammatory gene expression of differentiated
adipocytes

To assess whether HG-MacCM affects the inflammatory state of differentiated
adipocytes, human abdominal subcutaneous preadipocytes were induced to differentiate over
14 days in control medium (NG or HG), NG-MacCM, or HG-MacCM. At day 14 of
differentiation, total RNA was collected, reverse-transcribed and gene expression levels of
pro-inflammatory cytokines, IL-6, MCP-1, IL-18, IL-8 and anti-inflammatory adiponectin
were quantified by real-time PCR.

With control medium (NG versus HG), there was no effect of glucose on the
expression of these markers (Figure 9). HG-MacCM significantly enhanced the mRNA
expression level of 1L-6 by 3.6-fold, compared to control medium, whereas NG-MacCM had
no effect compared to control medium. With respect to MCP-1 mRNA expression, HG-
MacCM was a significantly more potent inducer than was NG-MacCM, with an increase of
4.5- versus 3.2- fold, respectively. IL-13 expression was not changed with MacCM at either
glucose concentration. IL-8 expression was enhanced by 5.2-fold with HG-MacCM versus
1.6-fold with NG-MacCM compared to controls; however this trend did not reach statistical
significance. The mMRNA expression of anti-inflammatory adiponectin was significantly
reduced by 57% in HG-MacCM versus control. A weaker reduction of adiponectin mRNA
expression in NG-MacCM did not reach significance compared to control was also observed

that did not reach significance (Figure 9).
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Figure 9. HG-MacCM increases pro-inflammatory gene expression in human
differentiated adipocytes. MDM-conditioned medium (MacCM) and control medium were
generated over 24 hours in 5 mM (NG) or 25 mM glucose (HG). Human abdominal
subcutaneous preadipocytes were induced to differentiate for 14 days with control (NG or
HG) medium, NG-MacCM, or HG-MacCM. RNA was isolated, then quantified by real time
PCR, using indicated primers. Levels were normalized to endogenous 18S RNA, and
expressed as a function of the NG control condition. Results from 5 (A-C, E) and 4 (D)
separate patient samples are graphically presented as means + S.E.M. Each patient sample
was assessed in an individual experiment. ** denotes p< 0.01, and * denotes p< 0.05
between indicated pairs, as assessed by two-way ANOVA with Tukey post-hoc tests. RQ
stands for relative quantification.
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35 Identifying anti-adipogenic factors secreted by MDMs upon HG exposure.

Before analysing potential secreted MDM factors, | first assessed a panel of
inflammatory and metabolic genes in response to exposure to HG. To address this, MDMs
were exposed to NG or HG for 6, 12, and 24 hours. At each time point, total RNA was
collected, reverse-transcribed and gene expression levels of adhesion (ICAM-1 and ICAM-
3), inflammatory (IL-1p, MCP-1, and TNFa) and metabolic (CD36, perilipin 2, and SREBP-
1c) genes were quantified by real-time PCR.

The mRNA expression of adhesion molecules ICAM-1 and ICAM-3 was
significantly enhanced under HG conditions after 6 hours, although only modestly by 1.1-
fold and 1.2-fold, respectively (Figure 10A). The mRNA expression of pro-inflammatory
genes, IL-1B, MCP-1, and TNF-a at 6, 12, and 24 hours did not change with HG versus NG
(Figure 10A). The expression levels of metabolic genes, CD36, perilipin 2, SREBP-1c also
did not change with HG versus NG (Figure 10B). However, anti-inflammatory PPARy
protein levels in MDMs exposed to HG for 24 hours were significantly decreased by 44%
compared to NG (Figure 11).

A human cytokine array was performed comparing HG-MacCM versus NG-MacCM,
each generated over 24 hours. A total of 30 cytokines were detected in both HG- and NG-
MacCM. Five cytokines appeared to be enhanced in HG compared to NG conditions:
angiogenin (ANG), macrophage migration inhibitory factor (MIF), C-X-C motif chemokine
5 (CXCL-5), nterleukin-18-binding protein (IL-18Bpa), and interleukin-17 (IL-17) (Figure
12A). To confirm these changes, the gene expression of these cytokines was assessed at the

MRNA level by real-time PCR at 6 and 24 hours of HG versus NG treatment of MDMs.
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Figure 10. HG modestly enhances the gene expression of ICAM-1 and ICAM-3, but it
does not affect pro-inflammatory and metabolic gene expressions in MDMs. Human
MDMs were exposed to 5 mM (NG) or 25 mM (HG) glucose for 6-24 hours. RNA was
isolated, and then quantified by real-time PCR, using indicated primers. Levels were
normalized to endogenous 18S RNA, and expressed as a function of the NG control. Results
are graphically presented as means + S.E.M. of 3-5 separate donor samples; each donor
sample was assessed in an individual experiment. * denotes p< 0.05 by paired t-test. RQ
stands for relative quantification.
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Figure 11. HG suppresses PPARYy protein expression in human MDMs. Human MDMs
were exposed to 5 mM (NG) or 25 mM (HG) glucose for 24 hours. Equal amounts of
solubilized protein were separated by SDS-PAGE and immunoblotted with the indicated
antibodies. IKK serves as loading control. Immunoblots from one donor sample are shown.
Densitometric data from 4 separate donor samples, normalized to loading control, are
graphically presented as means + S.E.M. Each donor sample was assessed in an individual
experiment. *** denotes p< 0.001 between indicated pairs, as assessed by paired t-test.
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Figure 12. Human cytokine array analysis. Human MDMs were exposed to 5 mM (NG)
or 25 mM (HG) glucose for 6-24 hours. (A) After 24 h, human cytokine array analysis was
performed on the conditioned media. Densitometric analysis for 25 detected cytokines are
shown from two separate experiments presented as means + range. (B) RNA was isolated
and quantified by real-time PCR, using indicated primers. Levels were normalized to
endogenous 18S RNA, and expressed as a function of the NG control. Results are
graphically presented as means + S.E.M. of 3 separate donor samples; each donor sample
was assessed in an individual experiment. RQ stands for relative quantification.
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Only the mRNA expression of ANG, MIF, and CXCL-5 could be detected by real-time PCR
analysis and unlike the cytokine array protein data, they did not show a significant
enhancement in HG conditions compared to NG (Figure 12B). ANG showed a 1.3-fold
trend towards enhancement in HG compared to NG at 6 and 24 hours.

To see if ANG could reduce TG accumulation and reduce the protein levels of
PPARy during human adipogenesis, a dose-response analysis using human recombinant
ANG (rANG) was performed. Confluent human abdominal subcutaneous preadipocytes
were induced to differentiate for 14 days with differentiation medium containing 0, 0.1
pg/mL, 0.3 pg/mL, 0.5 pg/mL, 1 pg/mL rANG , or vehicle (0.1% BSA in PBS) in NG or
HG conditions. TG accumulation and protein expression of PPARy were not affected by
rANG at any of the concentrations tested under NG or HG conditions (Figure 13).

Enzyme-linked immunosorbent assay (ELISA) was performed to quantify 1L-17A
protein levels in MacCM generated under NG versus HG conditions. IL-17A protein was not

detected in either NG-MacCM or HG-MacCM.

3.6  Explore signaling pathways in macrophages that are activated by HG

leading to generation of anti-adipogenic factors.

The final objective of this study was to identify possible HG-induced signaling
pathways in MDMs that may contribute to generating factors that lead to the observed
responses in differentiated adipocytes. To address this objective, MDMs were exposed to
NG or HG for 3, 6, 18, and 24 hours. At each time point, cell lysates were collected and
assessed the phosphorylation levels of IKK(3, ERK1/2, AMPK, and PKC substrates by

immunoblot analysis.
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Figure 13. Recombinant ANG (rANG) does not affect TG accumulation or PPARy
protein expression in differentiated human adipocytes. Human subcutaneous abdominal
preadipocytes were induced to differentiate in 5 mM (NG) glucose or 25 mM (HG),
supplemented with rANG (at the indicated doses) or vehicle for 14 days. (A) TG was
extracted, quantified, and normalized to protein content. Results are the means = S.E.M. of 3
separate patient samples. (B) Equal amounts of solubilized cellular protein were separated
by SDS-PAGE and immunoblotted with the indicated antibodies. ERK1/2 serves as a
loading control. Immunoblots from one patient sample are shown. Densitometric data from 3
separate patient samples, normalized to loading control, are graphically presented as means +
S.E.M. Each patient sample was assessed in an individual experiment.
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MDMs exposed to HG demonstrated significant 1.8 fold more IKK[ phosphorylation
at 3 hours compared to NG. The HG-induced enhancement of IKKf3 phosphorylation seen
after 3 hour exposure was reduced by 52% at 24 hours. Activation of IKKf3 leads to
phosphorylation and subsequent degradation of IkBa, therefore, IkBa. protein levels were
also assessed in these cultures. At the 24 hour time point, IkBa levels were significantly
decreased by 52% in MDMs treated with HG compared to NG (Figure 14). The
phosphorylation levels of ERK1/2, AMPK, and PKC substrates in MDMs exposed to HG or
NG did not change over time. The phosphorylation levels of these molecules did not change
under NG versus HG conditions (Figure 15).

Since HG led to an increase in IKK[ phosphorylation in MDMs, the effect of IKK[
inhibitor sc-514 on the HG-MacCM-induced changes in IL-6, MCP-1, and adiponectin gene
expression in differentiated adipocytes described above was assessed. Sc-514 significantly
reduced HG-MacCM-dependent enhancement of MCP-1 gene expression by 38% compared
to vehicle conditions. There was no effect of sc-514 on HG- or NG-MacCM-induced

changes in IL-6 or adiponectin gene expression in differentiated adipocytes (Figure 16).
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Figure 14. HG increases IKKp phosphorylation in human MDMs. Human MDMs were
exposed to 5 mM (NG) or 25 mM (HG) glucose for 3-24 hours. Equal amounts of
solubilized protein were separated by SDS-PAGE and immunoblotted with the indicated
antibodies. IKK serves as loading control. Immunoblots from one donor sample are shown.
Densitometric data from 4 separate donor samples, normalized to loading control, are
graphically presented as means + S.E.M. Each donor sample was assessed in an individual
experiment. * denotes p<0.05 between indicated pairs, as assessed by two-way ANOVA
with Tukey post-hoc tests.
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Figure 15. HG does not affect the phosphorylation levels of ERK1/2, AMPK, or PKC
substrates. Human MDMs were exposed to 5 mM (NG) or 25 mM (HG) glucose for 3-24
hours. Equal amounts of solubilized protein were separated by SDS-PAGE and
immunoblotted with the indicated antibodies. ERK1/2 (A and C) and AMPK (B) serve as
loading controls. Immunoblots from one donor sample are shown. Densitometric data from 4
separate donor samples, normalized to loading control, are graphically presented as means +
S.E.M. Each donor sample was assessed in an individual experiment.
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Figure 16. Sc-514 suppresses HG-MacCM-induced MCP-1 mRNA expression in
human differentiated adipocytes. MacCM was generated over 24 hours in 5 mM glucose
(NG) or 25 mM glucose (HG) in the presence of DMSO (vehicle) or 1 uM sc-514. Human
abdominal subcutaneous preadipocytes were induced to differentiate for 14 days using these
various media. RNA was isolated, then quantified by-real time PCR, using indicated
primers. Levels were normalized to endogenous 18S RNA, and expressed as a function of
the respective vehicle MacCM condition. Results are expressed as the means = S.E.M. of 4
separate experiments, where each donor sample was assessed in an individual experiment. *
denotes p< 0.05 between indicated pair, as assessed by two-way ANOVA with Tukey post-
hoc tests. RQ stands for relative quantification.
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4. DISCUSSION

4.1  Effect of HG on human adipogenesis

As explained earlier (Section 1.4), AT remodeling is a dynamic process that includes
two distinct mechanisms, hyperplasia and hypertrophy. Hyperplastic (i.e., intact
adipogenesis) and hypertrophic (i.e., reduced adipogenesis) AT expansion contributes
significantly to developing metabolically healthy versus metabolically unhealthy obesity,
respectively (Kl6ting et al., 2010). About 80-90% of individuals with diabetes are obese
(Lau et al., 2013); the effects of high glucose conditions on adipogenesis are not fully
understood, with only a few reports in the literature. To address this, | measured
differentiation parameters under NG versus HG conditions.

Using an in vitro human primary model system | showed that HG does not affect
adipogenesis, as assessed by TG accumulation and by protein expression of several standard
adipogenic genes. These data are consistent with Collins et al. who reported no difference in
TG accumulation when human preadipocytes were differentiated in 17.5 mM glucose versus
5 mM glucose (Collins et al., 2011). Another group, using the human SGBS preadipocyte
cell line, also saw no effect of HG on adipogenesis as assessed by TG accumulation (Verrijn
Stuart et al., 2012). SGBS preadipocytes, as noted in Section 1.7.1 have an unknown genetic
abnormality and may not accurately represent primary human preadipocytes. These two
reports were not as comprehensive as my studies. They were limited to assessment of TG
accumulation, and did not evaluate expression of adipogenic genes. In contrast, others have
shown that HG (25 mM) enhances the differentiation of primary human preadipocytes
compared to NG, as assessed by adipogenic gene expression. However, their experimental

approach was quite different, in that they performed their studies in the absence of usual
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differentiation inducers of dexamethasone, IBMX, and a PPARYy ligand. Therefore, the actual
rates of differentiation were very low (Aguiari et al., 2008). Overall, my findings indicate
that hyperglycemic conditions do not affect adipogenesis according to standard markers of
differentiation. The question that remained was whether HG conditions during

differentiation exerted other effects on the resulting adipocytes.

4.2  Effect of HG on ChREBP expression

Since ChREBP (discussed in section 1.7.2) is a glucose sensing transcription factor
in adipocytes, it was possible that it might be affected by HG conditions. In particular, the
regulation of the recently identified ChREBP- isoform was of interest (Herman et al.,
2012). Changes in expression of ChREBP as a function of differentiation were first analyzed
in NG versus HG conditions. ChREBP-o. mMRNA expression rapidly increased with
differentiation and to the same extent under NG or HG conditions. This is consistent with
one study that reported ChREBP mRNA increased during the differentiation of human
preadipocyte (from VAT and SAT) in NG conditions (Hurtado del Pozo et al., 2011). They
used commercially designed probes for ChREBP to quantify ChREBP mRNA. However,
since the nucleotide sequence of their probe was not provided, it is unclear whether the
MRNA they measured was only ChREBP-q, or total ChREBP (ChREBP-a. and -3 together).
They did not assess HG conditions on ChREBP gene expression during adipogenesis.
Recently, ChREBP-a. mMRNA expression was reported to increase in mouse 3T3-L1
adipocytes that were differentiated under HG (25 mM) conditions. These studies were not
performed in NG conditions; therefore direct comparison of HG versus NG cannot be made

(Witte et al., 2015).
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My studies revealed that upon differentiation, CAREBP- mRNA increased to a
greater extent under HG versus NG conditions. This is the first time ChREBP-f specifically
has been assessed in human adipocytes in this context. In contrast, ChREBP-3 gene
expression was nearly undetectable in mouse 3T3-L1 adipocytes differentiated in HG (25
mM) conditions. Studies in NG conditions were not performed, preventing further
comparisons (Witte et al., 2015). There may be a species-dependent differences in the
regulation of ChREBP-[ gene expression during adipogenesis.

Analysis of ChREBP-a protein were detected in cytoplasmic and nuclear fractions of
differentiated human adipocytes under NG and HG conditions. Total levels and relative
distribution of ChREBP-a were similar in both conditions. Herman et al. reported that
ChREBP-a protein is predominantly cytosolic (Herman et al., 2012), but assessed this with
an artificial system by transfecting HEK392T cells with Flag-tagged ChREBP-a.. With this
system, they reported no effect of HG in the levels of ChREBP-a in the cytoplasm or
nucleus. Their conclusions were drawn based on qualitative (immunofluorescent) analysis
with no quantification of ChREBP-q. protein levels (Herman et al., 2012).

ChREBP-B (under NG and HG conditions) was only detected in the nuclear fraction
of differentiated adipocytes in my studies, similar to what was reported by Herman et al.
(Herman et al., 2012). It is known that the N-terminus (including the low-glucose inhibitory
domain; LID) deletion of ChREBP-a leads to increased nuclear localization and enhanced
transcriptional activity. This is consistent with the truncated isoform ChREBP-f, which also
lacks LID, being predominantly nuclear and having higher activity than ChREBP-a (Li et

al., 2008; Herman et al., 2012).
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The nuclear ChREBP-f protein level was significantly higher in adipocytes that were
differentiated under HG versus NG conditions, in agreement with the HG-induced
enhancement of ChREBP-f at the mRNA level. It is not entirely clear what regulates the
transcription of ChREBP-f in the adipocyte. It has been suggested that the induction of
ChREBP- gene expression follows a two-step mechanism. First, glucose metabolite(s)
activate ChREBP-a.,, which in turn undergoes nuclear localization and induces the
transcription of ChREBP-3 (Herman et al., 2012). However, the levels of nuclear ChREBP-
o protein were similar in the adipocytes under HG versus NG conditions, suggesting nuclear
localization of ChREBP-a was not affected. This suggests that the higher level of ChREBP-
[ expression in differentiated adipocytes under HG conditions may be a result of enhanced
ChREBP-a activity. The current literature, based on studies using hepatocytes, suggests the
nuclear localization of ChREBP (later recognized to be the ChREBP-a isoform) is mediated
by initial dephosphorylation (at Ser 196) by PP2A (Kawaguchi et al., 2001). Once ChREBP
localizes to the nucleus, a second PP2A mediated dephosphorylation (Thr 666) occurs,
which allows binding of ChREBP to ChoRE binding site (Kawaguchi et al., 2001; Postic et
al., 2007). This suggests that translocation and activation of ChREBP-o. can be de-coupled.
Therefore, it would be useful to assess the phosphorylation levels of nuclear ChREBP-a
under HG conditions to gain more insight into its activation state. In addition to
dephosphorylation, other glucose-dependent modifications of nuclear ChREBP-a. have been
reported that enhance its activity including acetylation and O-GIcNAcylation (Bricambert et
al., 2010; Guinez et al., 2011). These processes should also be addressed in human

adipocytes in future studies, and may shed light on how nuclear ChREBP-a. is regulated.
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| investigated whether the HG-induced increase in ChREBP-f affected downstream
target genes in the differentiated human adipocytes but mMRNA expression of several
lipogenic genes that are ChREBP targets, including ACC1, SCD, and FAS (Eissing et al.,
2013) were not altered. The reason for a lack of a response is unknown, but it is consistent
with the absence of a change in TG accumulation that was observed during adipogenesis
with HG compared to NG. One possibility may be that even if the protein expression of
ChREBP-B was enhanced by HG, excess ChREBP-f alone may not be sufficient to carry out
its downstream transcriptional activities of these lipogenic target genes. As described in
Section 1.7.2, ChREBP transcriptional activity is highly dependent on transcriptional partner
Max-like protein X (MIx) (Filhoulaud et al., 2013). In hepatocytes, dominant negative form
of MIx (unable to bind to DNA but can still interact with ChREBP), can blunt 60% of
glucose-responsive genes in HG conditions; and FAS, SCD1, and ACC were among these
genes (Ma et al., 2006; Ma et al., 2005).

In addition to the lipogenic genes, a ChoRE sequence also occurs in the GLUT4 gene
promoter region (Ma et al., 2006). Enhancement of GLUT4 mRNA expression in adipocytes
differentiated in HG versus NG was observed. The fold-increase of GLUT4 mRNA
expression was positively correlated with ChREBP-B mRNA fold-increase, suggesting that
there may be a link between ChREBP-B and GLUT4 mRNA expression. A higher level of
ChREBP-p expression in AT is associated with improved systemic insulin sensitivity
(Eissing et al., 2013). Both VAT and SAT from obese and obese-diabetic subjects with
HOMA-IR scores of 4.6 and 8.6 respectively, exhibited reduced ChREBP-$ and GLUT4
gene expression, (Eissing et al., 2013; Garvey et al., 1991). These data suggest increased

ChREBP-B in the adipocyte promotes whole body insulin sensitivity, although the
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mechanism by which this occurs has not been identified. Weight loss led to enhanced
systemic insulin sensitivity, increased GLUT4, and lipogenic mRNA expression in SAT of
obese patients (Eissing et al., 2013). They also observed an increase in ChREBP-a. MRNA,;
however ChREBP-3 mRNA was below detection levels.

Furthermore, a class of endogenous lipids (palmitic-acid-9-hydroxy-stearicacid; 9-
PAHSA) with anti-diabetic and anti-inflammatory effects was enhanced in the AT of
adipocyte specific GLUT4 overexpressing mice with upregulated ChREBP expression (Yore
et al., 2014). These effects were blunted in mice lacking ChREBP, suggesting that these
lipids may be involved in ChREBP-B mediated increased insulin sensitivity (Yore et al.,
2014).

HG is known to inhibit insulin signaling and insulin-stimulated glucose uptake in
adipocytes (Gao et al., 2010; Buren et al., 2003) although this was not directly assessed in
my thesis. It is possible the higher level of GLUT4 mRNA expression, related to the increase
in ChREBP-f , could potentially be a compensatory (protective) response against these
negative effects of HG. My study is limited in that | have not determined if GLUT4 protein

is also elevated, and whether its translocation by insulin is altered.

4.3  Effect of HG-MacCM on adipogenesis

Effects of macrophages on preadipocytes are of interest, given the increase in adipose
tissue macrophages (derived from peripheral blood monocytes) that occurs in the obese state
(Weisberg et al., 2003). Various preadipocyte and macrophage cell lines have been used to
demonstrate an anti-adipogenic effect (Constant et al., 2006; Lacasa et al., 2007,

Keophiphath et al., 2009; Ide et al., 2011). Studies on human primary MDMs and primary
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human preadipocytes are less frequent, and the effect of HG on these interactions has not
been investigated.

My data show that HG-MacCM inhibits some components of the adipocyte
differentiation program more severely than does NG-MacCM. Inhibition of TG
accumulation and PPARYy protein levels occurred only with HG-MacCM, while FAS was
suppressed in NG- and HG-MacCM. Another group reported that FAS activity in 3T3-L1
mouse differentiated adipocytes was reduced upon endocytosis of a factor released by
macrophages called apoptosis inhibitor of macrophage (AIM). AIM had no effect on PPARYy
MRNA expression in these mature adipocytes (Kurokawa et al., 2010). The expression level
of FAS was not measured; therefore it is not clear whether the reduced FAS activity was due
to lower FAS expression. AIM exposure to 3T3-L1 preadipocytes during adipogenesis
however, led to reduced PPARy mMRNA expression (Kurokawa et al., 2010). Using a FAS
inhibitor, C57, one study showed reduced PPARy mMRNA expression at an early and late
stage of adipogenesis (Liu et al., 2004). It has been suggested that reduced FAS activity may
reduce the synthesis of lipids that may act as endogenous PPARYy ligands (Farmer, 2006).
However, in my studies, reduced FAS expression under NG-MacCM did not affect PPARy
expression. It may be that other regulators are involved in the relationship between FAS and
PPARYy in human primary cell cultures

An anti-adipogenic effect of MDMs on human preadipocytes was previously
reported (Lacasa et al., 2007). Their experimental protocol differed from mine in several
ways. They placed MDMs in RPML1 at a glucose concentration of 11 mM for 24 hours, and
then added 1 volume of MacCM (RPMI; 11 mM glucose) to 3 volumes of preadipocyte

medium (DMEM: F12; 17 mM glucose) containing adipogenic inducers, resulting in a final
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concentration of 15.5 mM glucose. Another difference was that this group pooled MacCM
from several donors, compared to my approach of assessing MacCM from individual donors.
Since | used MacCM from individual donors, it is possible that effect of the MacCM across
different experiments may have contributed to some of the variation | observed. With their
protocol, TG accumulation was reduced, as was mRNA expression of adipogenic markers
(PPARYy, C/EBPa, SREBP-1c, FAS, CD36, leptin, adiponectin, but not C/EBPf) (Lacasa et
al., 2007). Although these findings partially support my data in respect to the effects of
MacCM on adipogenesis, direct comparisons cannot be made since the generation of
MacCM were in different glucose concentrations.

| assessed the inflammatory profile of adipocytes differentiated in HG- versus NG-
MacCM. My data indicate HG-MacCM is a more potent inducer of adipocyte inflammation
than NG-MacCM, resulting in higher levels of IL-6 and MCP-1 mRNA, as well as lower
levels of ant-inflammatory adiponectin mMRNA. However, since protein and mRNA levels do
not always match, a limitation of my thesis is that the corresponding protein levels are not
known (Vogel and Marcotte, 2012).

This pro-inflammatory action of HG-MacCM is comparable to what has been
observed by others using MacCM generated from LPS-treated MDMs (Lacasa et al., 2007).
In this study, MacCM generated in 11 mM glucose did not elicit inflammatory responses in
the differentiated adipocytes. To achieve a pro-inflammatory response in the adipocyte,
MacCM was required to be generated with LPS treated MDMs. In my data, HG alone was
sufficient in activating macrophages and could potentially mimic the effects of LPS

treatment.
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Another interpretation for the elevated pro-inflammatory response might relate to the
stage of differentiation of the preadipocytes undergoing adipogenesis in the HG-MacCM.
Our lab has shown that human preadipocyte express more IL-6 (Antunes et al., 2006) and
MCP-1 (not published) mRNA than adipocytes. The reduction of PPARY protein levels in
HG-MacCM may have resulted in more preadipocyte like cell culture, which could have

contributed to increases in IL-6 and MCP-1 and the decrease in adiponectin.

4.4 Identifying anti-adipogenic factors secreted by MDMs upon HG exposure

The question of what factors macrophages release when they respond to HG has been
examined previously in the context of atherosclerosis. Effects on endothelial cell adhesion
markers (E-selectin) and on the expression of lipid-related and growth factors receptors have
been observed, and they could play a role in plaque progression (Chen et al., 2011; Li et al.,
2004; Fukuhara-Takaki et al., 2005; Inaba et al., 1996; Moheimaniet al., 2011). With HG
treatment of MDMs in my studies, there was a small increase in mRNA levels of ICAM-1
and ICAM-3; closely related cell adhesion molecules involved in cell inflammation
responses (Fawcett et al., 1992). HG exposure to MDMs however, did not affect the mRNA
expression of pro-inflammatory markers, IL-1, MCP-1, and TNFa. Consistent with my
findings, others reported that HG alone is insufficient to induce IL-13 mRNA expression,
and only did so when combined with high palmitate concentrations (Kratz et al., 2014).
Although another study found higher TNFa protein levels in HG-MacCM, the degree of the
elevation was not provided (Sartippour et al., 1998). Although the expression of
inflammatory genes was not increased by HG, there was a substantial reduction in PPARy
protein levels in MDMs exposed to HG compared to NG. In the macrophage, PPARYy acts an

anti-inflammatory factor that inhibits cell activation (Ricote et al., 1998). A reduction in
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PPARy in human MDMs has been seen by others at the mRNA level (Sartippour et al., 2000;
Ni et al., 2010). Whereas others reported that HG exposure to human MDMs did not elicit
any changes in PPARy mRNA expression (Senanayake et al., 2007). These differences may
possibly be due to differences in experimental conditions, such as glucose exposure times.

My investigations did not identify a cytokine(s) released from macrophages that may
be responsible for the anti-adipogenic effect of HG-MacCM. It should be noted that the
scope of my search has not been exhaustive. It remains possible to identify potential
cytokines by other means, such as performing polyA RNA sequencing or secretomic
analysis.

It is possible that the HG-mediated macrophage secreted factor(s) may not be a
cytokine(s). Other candidates could be bioactive lipids such as eicosanoids or platelet
activating factor (Nathan, 1987). For example, exposure of BMDM to HG (25 mM) led to
increased production of pro-inflammatory prostaglandin (PG) E2 and PGD, (Kanter et al.,
2012). In particular, PGE> can suppress adipogenesis by attenuating PPARy function
(Fujimori, 2012). PGE> can also inhibit adipocyte production of adiponectin (Hardwick et
al., 2014). Further studies should investigate the levels of bioactive lipids that may be
produced by MDMs under HG versus NG conditions, and assess whether these factors are
required for the HG-MacCM effects on preadipocytes.

It is also possible that factors in HG-MacCM might be stimulating PG production by
preadipocytes. PGs are produced by preadipocytes and the profile of the PGs depends on the
microenvironment of the cell (Michaud et al., 2014A). For example, PGF2q, an anti-
adipogenic PG, is synthesized by SAT and VAT preadipocytes upon pro-inflammatory

stimulation (Michaud et al., 2014B). Furthermore, production of this PG was stimulated
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when the polyol pathway was increased. Therefore, in my study, it is possible that HG-
induced macrophage secreted factors may increase anti-adipogenic PGs such as PGFq, in
preadipocytes.

Another group of potential macrophage secreted factors that should be evaluated in
the future are microRNAs (miRNAs), which are small noncoding RNAs that can modulate
the expression of many target genes (Liu and Abraham, 2013). For example, stimulated
RAW 264.7 macrophages secrete more miR-155 compared to unstimulated cultures, in a
time-dependent manner (Bala et al., 2011). Overexpression of miR-155 in preadipocytes
partially inhibited the differentiation of 3T3-L1 preadipocytes, assessed by PPARYy protein
levels and TG accumulation (Liu et al., 2011). This suggest miRNAs may affect
adipogenesis; however studies have not yet shown if inhibiting miRNAs in macrophages

would alter the effects of MacCM on adipogenesis.

4.5  Signaling pathways activated by HG in MDMs

Hyperglycemia can mediate cellular responses through five main mechanisms: (1)
aberrant activation of PKC isoforms which are upstream of IKK, (2) increased polyol
pathway, (3) increased intracellular AGE (advanced glycation end products) formation, (4)
increased RAGE (receptor for AGE) expression, and (5) hyperactivity of the hexosamine
pathway (Giacco and Brownlee, 2010).

In MDMs, HG increased ROS production and induced PKC activation (Li et al.,
2004; Inaba et al., 1996). These HG-mediated signaling events are positioned upstream of
IKK. HG stimulated IKKp phosphorylation and IxBa degradation in human MDMs, and this
could be linked to the reduction of PPARYy protein levels in MDMs exposed to HG versus
NG that | observed. Studies have suggested a mechanism involving the activation of IKK

97



(due to TNFa stimulation) followed by degradation of IkBa. and suppression of PPARy
activity in HEK293 cells. They showed PPARY activity was reduced due to increased
nuclear export of PPARy mediated by histone deacetylase 3 (HDAC3) when IxkBa was
degraded (Gao et al., 2006). Nuclear export of PPARy may lead to its proteolytic
degradation.

| determined whether HG-induced IKKf activation in MDMs was required for HG-
MacCM to augment gene expression associated with adipocyte inflammation. Sc-514, a
molecule that blocks IKK action by inhibiting the phosphorylation/degradation of IkBa
(Kishore et al., 2003), partly reduced the stimulatory effect of HG-MacCM on MCP-1
MRNA expression in differentiated adipocytes. This suggests HG-induced IKKf activation
is needed for MDMs to produce and release factors into HG-MacCM that can enhance MCP-
1 expression in differentiated adipocytes. There were no effects of sc-514 on IL-6 or
adiponectin levels, suggesting HG-induced pathways in MDMs other than IKK[3 are
operating. This work is limited in that activation of NF-«xB via IKK phosphorylation was not
determined, but should be a subject to future work. Also, it should be noted that
pharmacological inhibitors have inherent limitations of specificity. For example, although
sc514 is widely used as an inhibitor of IKK, it has been shown to also inhibit other kinases
(eg. dual specificity tyrosine-phosphorylation-regulated kinase 3 and Aurora B), although
more weakly than IKKp (Bain et al., 2007).

| also examined other potential signaling pathways in MDMs that might have been
activated by HG which could lead to release of pro-inflammatory factors. Using ERK1/2 and
PKCB: inhibitors, one study reversed HG (30 mM)-induced induction of LOX-1 expression

in MDMs. HG-mediated increase in LOX-1 may lead to increased uptake of oxidised LDL
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in macrophages. A higher uptake of oxidized LDL activates and induces pro-inflammatory
cytokine responses in macrophages (Janabi et al., 2000). | attempted to assess whether
ERK1/2 and PKCp2 are activated by HG in MDMs, but no changes in ERK1/2
phosphorylation or cPKC substrate phosphorylation were observed in MDMs treated with
HG versus NG in my studies.

Other hyperglycemia-stimulated pathways (listed above) might lead MDMs to
secrete factors that promote adipocyte inflammation. The HG conditioning period used in
this thesis (24 hours) was too short to allow AGE or RAGE formation (Brownlee et al.,
1984). In the polyol pathway, glucose is enzymatically reduced to sorbitol by aldose
reductase using NADPH as a co-factor in the reaction. Sorbitol is in turn oxidized to fructose
by sorbitol dehydrogenase, with NAD+ reduced to NADH. A decrease in cytosolic NADPH
and an increase in cytosolic NADH/NAD+ promotes ROS production and oxidative stress
(Giacco and Brownlee, 2010). The hexosamine pathway leads to increased intracellular
glycosylation of transcription factors, such as Sp1, which may alter their responses and lead
to changes in the release of macrophage secreted factors (Giacco and Brownlee, 2010).

AMPK is a known energy sensing protein complex involved in lipid metabolism
(Kahn et al., 2005). It can be activated when cellular AMP/ATP ratio rise such as the cases
of low glucose. Although HG has been shown to decrease AMPK activity in myocytes and
hepatocytes, there are no reports on whether this occurs in macrophages (Ruderman and
Prentki, 2004). When MDMs were exposed to HG, AMPK phosphorylation levels after 6
hours were reduced, although this reduction did not reach statistical significance-perhaps due
to variability between donor responses. The variability may be due in part to sex differences,

as AMPK activation was inhibited more robustly in MDMs from two male donors than the
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two female donors. Indeed, a sex specific regulation of AMPK activation was shown in
skeletal muscle; following exercise, AMPK activity increased significantly with a

concomitant increase in the AMP/ATP ratio in men but not women (Roepstorff et al., 2006).

4.6  Proposed model

Adipogenesis is not altered by hyperglycemic conditions; preadipocytes differentiate
similarly under HG (red box) versus NG (blue box) conditions (Figure 17A). HG conditions
inhibit insulin signaling and insulin stimulated glucose uptake in differentiated adipocyte
(Gao et al., 2010; Buren et al., 2003). Although preadipocytes differentiated to the same
extent, adipocytes differentiated in HG conditions expressed more ChREBP-f. It is unknown
if ChREBP-B is helping retain insulin sensitivity in the adipocytes exposed to HG by
increasing GLUT4 expression (Figure 17B).

Some macrophage secreted factors generated under HG conditions alter adipogenesis
more severely than those generated under NG. Also, HG-mediated macrophage secreted
factors promote a more pro-inflammatory phenotype in differentiated adipocytes. These
macrophage secreted factors remain unknown. Reduced adipogenic capacity and
inflammatory adipocyte phenotype are associated with hypertrophied and dysfunctional AT
expansion (KIloting et al., 2010). As such, HG conditions influencing the interactions
between macrophages and preadipocyte may lead to loss of healthy functional AT (Figure
17C).

In MDMs, HG leads to ROS production and aberrant PKC activation (Li et al., 2004;
Inaba et al., 1996). These signaling events are upstream of IKK activation leading to

subsequent degradation of IxkBa and nuclear translocation of pro-inflammatory transcription
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Figure 17. Proposed model depicting the effects of HG and HG-exposed macrophage
secreted factors on human adipogenesis. (A) Preadipocytes differentiate into mature
adipocytes similarly under normal glucose (NG) versus high glucose (HG) conditions. (B)
Adipocyte differentiated under HG conditions express higher levels of ChREBP-. The
increase in ChREBP-B may account for the increased GLUT4 mRNA expression noted in
adipocytes exposed to HG. Whether these adipocytes are more sensitive to insulin remains to
be determined. (C) Macrophages exposed to HG release factors that lead to 1) partial
inhibition of adipogenesis, and 2) a shift to a more pro-inflammatory pattern of adipocyte
gene expression. (D) HG activates IKKf in the macrophage, and this activation is partially
required for the ability of conditioned medium from HG-exposed macrophages to promote
the inflammatory effects described in (C). IKKJ is thought to be acting via NF-xB, but this
has not been confirmed.
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factor, NF-xB (Figure 17D). HG-mediated activation of IKK led to macrophage secreted

factors that partially promoted inflammatory responses in adipocytes.

CONCLUSIONS

AT remodeling (hyperplastic or hypertrophic expansion) plays an important role in
adipose tissue function (Sun et al., 2011). Impaired adipogenic capacity may lead to
dysfunctional, hypertrophic AT expansion, which is associated with inflammation and
insulin resistance (Kl6ting et al., 2010). Adipogenesis is an important part of AT
remodeling; however the effects of high glucose conditions on adipogenesis have not been
clearly investigated. Using a human primary model system, | showed that HG alone does not
affect adipogenesis. The HG-induced differentiated adipocytes have higher levels of mMRNA
and protein expression of the glucose sensing transcription factor ChREBP-p. Lipogenic
gene targets were unaffected, but GLUT4 mRNA expression was increased. More work is
needed to determine if GLUT4 protein and its insulin-stimulated translocation is altered.

Macrophages are an important component of AT remodeling in obesity (Sun et al.,
2011). A positive relationship exists between adipocyte size and ATM content in AT of
rodents and humans, suggesting a link between hypertrophied AT expansion and
macrophage infiltration (Weisberg et al., 2003). It was previously shown by us and by others
that MacCM attenuates adipogenesis; a component of AT remodeling that may tip the
balance between healthy hyperplastic to unhealthy hypertrophic expansion (Constant et al.,
2006; Lacasa et al., 2007; Torres-Leal and Fonseca-Alaniz, 2012). My work re-examined
these finding under a diabetic setting and using for the first time, human primary
preadipocytes and human primary MDMs. My data highlights an important interaction

between HG-mediated macrophage secreted factors and increased adipocyte inflammation as
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well as partially reduced adipogenic capacity, both of which are associated with hypertrophic
AT remodeling leading to dysfunctional AT (KIéting et al., 2010).

My studies indicate that HG augments the effect of MacCM to inhibit adipocyte
differentiation and to increase inflammation. They raise the possibility that macrophage
interactions with preadipocytes and adipose tissue remodeling in vivo may be modulated in
the presence of hyperglycemia (Figure 17). It should be noted also that my studies and
published work by others were all performed in an in vitro cell culture conditions which can
underestimate the complexity of adipogenesis part of AT remodelling in vivo. Future studies
should aim to identify factors released by human macrophages under HG versus NG
conditions that influence preadipocyte responses, and whether these factors can be targeted

for a therapeutic potential.
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Triacylglycerol Accumulation and Peroxisome Proliferator-Activated Receptor y
Expression in Differentiating Human Preadipocytes,

Poster presentation at American Diabetes Association 73rd Scientific Sessions,
Chicago, IL; June 21 - 25, 2013,
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V. Peshdary, A.M. Gagnon, and A. Sorisky (2013) High glucose promotes
triacylglycerol accumulation during the differentiation of human subcutaneous
abdominal preadipocytes into adipocytes.

Poster presentation at Society of Neurosciences Conference, Washington, DC; 2008

V. Peshdary, S. Imbeault, K. Wurts, L. G. Gauvin, S. A. L. Bennett, and S. Fai.
(2008) 3D modeling of connexin expression in postnatal neural progenitor cells.

Laboratory Skills

Molecular Genetics: Genetic cloning (PCR, RT-PCR, gRT-PCR, ligation,
restriction enzyme digests, recombination, transformation), primer design and
optimization, DNA and RNA purification, plasmid amplification (MINI preps), in
situ hybridization, immunofluorescence staining of frozen tissue.

In Vitro Work: Culturing and differentiating human primary preadipocytes and
macrophage cell line. Isolating and differentiating blood derived human monocytes.
Cultureing and differentitating mouse 3T3-L1 preadipocyte cells. Culturing INS-1E
rat pancreatic beta cells.

In Vivo Work: Mouse perfusion, mouse brain (hippocampus, posterior cortex, etc.)
dissection, mouse body (heart, lung, and liver) dissection, mouse brain sectioning,
mouse brain synaptosome extraction and purification, Morris water Maze (MWM)
behavior analysis

Proteomic and Lipidomic: Western blotting, protein and lipid extraction, TUNEL
assay, glucose stimulated insulin secretion (GSIS) assay

Microscopy: Light microscopy and Fluorescent microscopy
Computing: Photoshop, Clone Manager, Graph Pad In Stat, Graph Pad Prism, Delta

Graph, Pymol, Fly Lab, Microsoft word and Microsoft Excel, Autodesk Maya and
Adobe Premiere Pro CS4
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