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ABSTRACT

Adipose tissue (AT) expansion and remodeling that maintains healthy function relies on
stromal preadipocytes capable of differentiating into new adipocytes (adipogenesis). During
chronic positive energy balance, a relative deficit in adipogenesis, from either a decrease in
preadipocyte number or their capacity to differentiate, leads to excessive adipocyte hypertrophy
and AT dysfunction. AT contains macrophages whose number and activation state is
dynamically regulated with changes in AT mass. This study aims to investigate the effect of
macrophage-secreted factors on preadipocyte survival.

To assess the effect of macrophage-secreted factors on preadipocytes, murine 3T3-L1
preadipocytes or human primary preadipocytes were incubated with macrophage-conditioned
medium (MacCM), prepared from either murine (J774A.1, RAW264.7, bone marrow-derived) or
human (THP-1, monocyte-derived) macrophage models, respectively. MacCM inhibited
preadipocyte apoptosis and activated pro-survival signaling in both preadipocyte models.
Inhibition of PDGFR, Akt, or ERK1/2 reduced the pro-survival effect of MacCM in 3T3-L1
preadipocytes. Inhibition of reactive oxygen species (ROS) generation, or enhancement of ROS
clearance, reduced MacCM-dependent 3T3-L1 preadipocyte survival. Whereas anti-
inflammatory activated macrophages retained the ability to prevent preadipocyte apoptosis, pro-
inflammatory activated macrophages did not. TNF-o. immunoneutralization restored the survival
activity of pro-inflammatory MacCM on 3T3-L1 preadipocytes.

These studies reveal a novel pro-survival effect of MacCM on preadipocytes, and identify
signaling molecules (PDGF, Akt, ERK1/2, and ROS) that underlie this action. Macrophage

activation was found to regulate the pro-survival activity of MacCM. These in vitro cell culture



studies are consistent with a model in which the extent of preadipocyte apoptosis in vivo may
determine preadipocyte number and the ability of AT to expand while maintaining healthy

function during chronic positive energy balance.
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1.0 GENERAL INTRODUCTION

OBESITY

Definition and assessment

Obesity is an excess accumulation of fat mass (adipose tissue; AT). Estimates
from 2009 indicate that ~24% of Canadians are obese, representing a large increase from
~14% in 1989 (Shields et al., 2011). This condition can be quantified by numerous
methods; the most routine is the body mass index (BMI) calculated by dividing the
subject’s body mass in kg by the subject’s height in m?. The World Health Organization
(WHO) classifies individuals with a BMI >25kg/m? as overweight. A BMI > 30kg/m? is
considered obese. Calculation of BMI is rapid and does not require sophisticated
equipment, making it suitable for population studies. However, body mass is influenced
by changes in non-fat mass (ie. muscle and bone). Consequently, BMI does not always
reflect an increase in AT mass. Unlike more sophisticated measures, BMI does not
provide any information regarding the distribution of body fat. Waist circumference and
waist to hip ratio measurements are other relatively rapid methods to estimate adiposity.

Other more accurate measures of AT mass require time, expertise, and/or
expensive equipment, and are more appropriate for smaller studies. Caliper measurement
of skin fold thickness is used to estimate body fat percentage, though this method only
measures subcutaneous fat, and therefore does not account for intra-abdominal (visceral)

fat stores. Underwater weighing, based on the Archimedes’ principle of floating bodies,
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is a procedure that is considered a gold standard for calculating body density, which can
then be used to estimate fat mass. The precision of this technique is lowered by variation
in skeletal mass, and a required mathematical correction for lung volume (Brozek et al.,
1963). Dual-energy X-ray absorptiometry (DEXA) and magnetic resonance imaging
(MRI) are accurate and rapid body imaging alternatives. DEXA quantifies bone mineral
density and lean soft tissue, from which AT mass is indirectly estimated (Manninen,
2006). MRI allows for the accurate imaging of AT, and provides spatial detail of fat

accumulation (Tinsley et al., 2004).

Causes of obesity

AT mass depends on the relative intake versus expenditure of calories. In a state
of chronic positive energy balance, in which caloric intake exceeds energy expenditure,
AT expands and obesity develops. Both the environment and the genome can have a
profound influence on energy balance. Principal environmental factors contributing to
obesity include the consumption of energy-rich foods and physical inactivity. Genetic
influences on obesity have been estimated to contribute 40-70% to the variation in body
weight within a population, by affecting energy intake and expenditure (Tung and Yeo,
2011). Although obesity is generally considered a multifactorial disease, rare monogenic
forms of obesity exist. Monogenic forms of obesity usually result in an early-onset severe
form of weight gain. Melanocortin 4 receptor loss-of-function mutations represent the
most common monogenic form of obesity, accounting for ~5% of severe early onset

obesity (Farooqi et al., 2003). This hypothalamic receptor binds to a-melanocyte



stimulating hormone and normally functions to decrease food intake (Farooqi et al.,
2003). Loss-of-function mutations in the leptin gene or the leptin receptor account for
~3% of severe cases of obesity (Farooqi et al., 2002). Leptin, acting on its hypothalamic
receptor, reduces appetite (Montague et al., 1997). It is therefore believed that the
remaining heritability lies within a large number of genetic variants affecting multiple
genes (Ramachandrappa and Farooqi, 2011). In order to identify genetic mutations that
associate with obesity, genome-wide association studies (GWAS) have been conducted.
GWAS have currently identified ~30 genetic loci affecting the risk of developing obesity
(McCarthy, 2010). The first and strongest identified association between body weight and
multiple variants in genetic loci was the fat mass and obesity associated FTO gene.
Mutations in the FTO loci are associated with a 3 kg increase in body weight and a 1.7-
fold increased risk of obesity (Frayling et al., 2007). Currently, loci identified by GWAS

account for ~10% of the heritability of obesity (Ramachandrappa and Farooqi, 2011).

Complications of obesity

Obesity is a concern because it is associated with many morbidities. For example,
obesity correlates with an increased risk for developing dyslipidemia, hypertension, type
2 diabetes (T2D), cardiovascular disease (CVD), and several types of cancer (Conway
and Rene, 2004; Khandekar et al., 2011). In Canada, T2D, CVD, and cancer represent the
top three causes of death (WHO, 2004).

Increased adiposity is associated with an impaired sensitivity to the action of

insulin in peripheral tissues (insulin resistance), resulting in the aberrant release of non-
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esterified fatty acids (NEFA) from AT, an increased production of hepatic very low
density lipoprotein and glucose, and a reduced uptake of circulating glucose into muscle.
Insulin resistance is caused by chronic low-grade inflammation due to the overproduction
of pro-inflammatory cytokines both locally within AT and systemically (as discussed

below).

ADIPOSE TISSUE

Forms and functions:

Brown versus white adipose tissue

AT exists in two forms, brown (BAT) and white, each possessing unique
functions. BAT is a thermogenic organ producing heat by uncoupling mitochondrial
electron transport from adenosine triphosphate production. This function is made possible
by the unique expression of uncoupling protein-1 in the mitochondria of brown
adipocytes (Cannon et al., 1982). Although long thought to disappear after birth, recent
positron emission tomography imaging studies have revealed functional BAT in adult
humans, located primarily in the neck region (Cypess et al., 2009; van Marken
Lichtenbelt et al., 2009; Virtanen et al., 2009). In response to cold exposure, an increase
in the uptake of glucose and NEFA from the circulation into BAT occurs. Uncoupled
oxidation of NEFA within brown adipocytes significantly contributes to whole body

energy expenditure during cold exposure (Ouellet et al., 2012).



White AT (referred to here as AT) is the body’s major energy storage organ, and
is the form of AT that defines obesity. AT serves a critical role in energy homeostasis
during periods of fasting and feeding. In the fed state, insulin increases energy uptake and
storage in AT (lipogenesis) and decreases energy breakdown and release from AT
(lipolysis) (Frayn et al., 2003). In the fasting state, and during periods of exercise,
sympathetic innervation releases norepinephrine within AT to stimulate lipolysis (Frayn
et al., 2003). The presence and function of AT is evolutionarily conserved, with energy

storage being allocated to AT in animals as primitive as fish (Gesta et al., 2007).

Adipose tissue depots

AT forms distinct depots, distributed within subcutaneous and visceral regions,
each with a unique structure and function. Visceral AT (VAT) contains more blood
vessels and neuronal innervation. These differences, in combination with a relatively
higher sensitivity for f-adrenoceptor activation, result in greater lipolysis from vAT
versus subcutaneous AT (SAT) depots (Tran et al., 2008). In contrast, SAT is thought to
be more efficient at lipid storage. Functionally, these differences may contribute to the
strong positive correlation between VAT and cardiometabolic disease (including insulin
resistance, T2D, hypertension, and CVD) (Tran and Kahn, 2010). Differences in the
cellular composition of the VAT and sAT have also been noted, with greater numbers of
infiltrated leukocytes and lower numbers of preadipocytes (discussed below) in VAT
(Tchoukalova et al., 2010a; Weisberg et al., 2003). AT remodeling, discussed below,

differs between VAT and sAT.



The concept of distinct origins of adipocytes within different depots has recently
emerged. Adipocyte precursor cells isolated from vAT versus SAT differ with respect to
their ability to proliferate and differentiate into adipocytes (Macotela et al., 2012;
Tchkonia et al., 2007). Furthermore, lineage tracing experiments have suggested distinct
progenitor subpopulations may give rise to adipocytes in different depots (Seale et al.,
2011), supporting earlier mMRNA analyses of adipocytes from VAT vs sAT indicating
differential expression of developmental genes (Gesta et al., 2006). Distinct adipocyte

origins may contribute to the differences in metabolic activity of each AT depot

The secretory function of the adipose tissue

In addition to storing energy, AT is a highly active endocrine organ, responsible
for secreting many molecules that impact the function of other tissues (Lago et al., 2007).
These AT-derived molecules are collectively referred to as adipokines. The archetypal
adipokine, leptin, was discovered in 1994 by Freidman and his research group (Zhang et
al., 1994). The cloning of leptin from adipocytes explained the genetic basis for the obese
phenotype in a mutant mouse, ob, generated in 1950 (Ingalls et al., 1950). Freidman’s
studies followed earlier work by Coleman’s group showing that the mutation in ob mice
resulted in the loss of a circulating hormone affecting satiety (Coleman, 1973). The
regulation of feeding by leptin is mediated through signaling events in leptin receptor-
expressing neurons within the hypothalamus (Bjorbaek and Kahn, 2004). Leptin has
more recently been shown to exert pleiotropic effects on metabolism and energy balance

by acting on both central and peripheral tissues (Bjorbaek and Kahn, 2004; Lago et al.,



2007). Subsequent to the discovery of leptin, numerous other adipokines have been
identified (Muoio and Newgard, 2005). The effects of adipokines are diverse, affecting
muscle insulin sensitivity and glucose uptake, liver metabolism, and the vasculature (Lau
et al., 2005; Mora and Pessin, 2002). Additionally, adipokines are emerging as important
immune regulatory molecules, acting as either anti-inflammatory (adiponectin,
Interleukin (IL)-10, secreted frizzled-related protein 5; Sfrp5), or pro-inflammatory (IL-6,
IL-1pB, tumor necrosis factor-a; TNF-0) autocrine/paracrine signals (Bradley et al., 2008;
Hotamisligil et al., 1995; Ouchi et al., 2010; Turer and Scherer, 2012). These molecules
are produced from a variety of cell types within the AT, including adipocytes,

preadipocytes, and AT leukocytes.

Cellular composition of the AT

AT can be separated into adipocyte and non-adipocyte fractions by filtration and
centrifugation, based on the buoyant nature of the lipid-filled adipocyte (Skurk and
Hauner, 2012). Adipocytes comprise between 50 — 70% of the cellular mass of AT.
Within the non-adipocyte fraction (aka stromal-vascular fraction; SVF), there exists a
heterogeneous collection of cells, composed of preadipocytes (20 — 40%), vascular

endothelial cells (1-10%), and leukocytes (10-50%) (Hauner, 2005).



Adipocytes

The adipocyte serves as the energy reservoir within AT, possessing the capacity
to store an estimated 3pg of lipid (Danforth, 2000). The bulk of the adipocyte’s mass
derives from a single lipid droplet (LD), consisting of a phospholipid monolayer
encapsulating a neutral lipid core. The lipid core is composed primarily of triacylglycerol
(TG), and a small amount of cholesteryl ester (Frayn et al., 2003).

TG is synthesized when energy is in excess. Fatty acids delivered to the adipocyte
from circulating lipoproteins are esterified onto glycerol molecules by specific
acyltransferases to form monoacylglycerol (MG), diacylglycerol (DG), or TG. Glycerol
is derived from glycolysis, or synthesized from oxaloacetate, through glyceroneogenesis.
De novo synthesized fatty acids from glucose also contribute to the fatty acid pool, albeit
to a lesser extent (Reshef et al., 2003).

Lipolysis in the adipocyte LD, defined as the breakdown of TG into glycerol and
individual NEFA, occurs to meet energy demand. The phospholipid monolayer of the LD
is the site of action for many proteins that regulate the enzymatic digestion of the inner
lipids. Examples of these proteins include monoacylglycerol lipase (MGL), hormone-
sensitive lipase (HSL), and adipose triglyceride lipase (ATGL). ATGL catalyzes the
hydrolysis of the initial fatty acid from TG, forming DG. Though expressed in most cell
types, ATGL is enriched in AT. Upon interaction of ATGL with the LD-associated
protein, comparative gene identification-58, TG hydrolase activity of ATGL is greatly
enhanced (Zechner et al., 2012). Negative regulation of ATGL activity occurs in part

through its interaction with Go/G; switch gene 2 (Yang et al., 2010). Subsequent



hydrolysis of DG to MG occurs through the action of HSL. HSL is selectively expressed
in adipocytes and steroidogenic tissues, and regulated by protein kinase A (PKA)-
dependent phosphorylation, which promotes its recruitment to the LD. PKA also
phosphorylates and triggers the dissociation of perilipin from the LD, which facilitates
HSL access to lipid substrate (Frayn et al., 2003). MGL, abundantly expressed in most
cell types and not rate-limiting, catalyzes the hydrolysis of the third fatty acid from MG,

releasing glycerol (Thiele and Spandl, 2008).

Adipocyte turnover

Recent investigations using novel methods of cellular dating have revealed a
homeostatic turnover of adipocytes. A comparison of *“C levels in adipocyte genomic
DNA with declining atmospheric *C levels (since cessation of above-surface atomic
bomb testing), has estimated that ~10% of adipocytes within human sAT turn over each
year (Spalding et al., 2008). Other strategies involving the labeling of proliferating
preadipocytes with either bromodeoxyuridine or 2H,0, followed by the assessment of the
label’s presence in mature adipocytes, have been performed in both mice and humans
(Neese et al., 2002; Rigamonti et al., 2011; Strawford et al., 2004). These studies support
the concept of constant adipocyte production in adulthood, though the estimated turnover
rates derived from these alternative methods are higher than those derived from *C
cellular dating. All measurements to date have been made using stable-weight mice and
humans, during which AT mass was not changing; adipocyte turnover may be much

greater during AT expansion. Due to the post-mitotic nature of these mature cells,



adipocyte generation occurs not by proliferation but via the recruitment and

differentiation of adipogenic progenitors.

Adipogenesis

Adipocytes arise from the differentiation of preadipocytes, stromal progenitor
cells committed to the adipocyte lineage. Adipocyte differentiation, termed adipogenesis,
is a regulated process occurring in two phases; mitotic clonal expansion (MCE), and
terminal differentiation. MCE is initiated by mitogenic signals that stimulate a limited
phase of preadipocyte proliferation (Festa et al., 2011; Tang et al., 2003). During MCE,
chromatin remodeling provides access for transcription factor binding to the promoter
regions of adipocyte-specific genes (Farmer, 2006). An orchestrated sequence of
transcriptional regulation, involving E2F and pocket proteins, prepares the preadipocyte
for terminal differentiation. Prior to adipogenic induction, E2F4, complexed with the
pocket protein p130, interacts with histone deacetylase 3 on the promoter of peroxisome
proliferator-activated receptor y (PPARY) 1, maintaining its transcriptional repression
(Reichert and Eick, 1999). E2F1 is simultaneously sequestered away from its DNA
response elements through its interaction with retinoblastoma protein (Rb). Following
adipogenic induction, p130 and the cyclin-dependent kinase (Cdk) inhibitor, p27*", are
downregulated, leading to PPARy1 transcription and Cdk activation (Patel and Lane,
2000; Richon et al., 1997). Rb is sequentially phosphorylated by cyclin D1/Cdk4/6,

cyclin E/Cdk2, and cyclin A/Cdk2 complexes, releasing E2F1 and allowing for the
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expression of genes required for cell cycle entry (Lundberg and Weinberg, 1998).
Following preadipocyte expansion, terminal differentiation proceeds.

Induction of early-phase transcription factors, CCATT-enhancer-binding protein
(C/EBP) B and 3, occurs through an early growth response protein 2-dependent pathway
(Chen et al., 2005). C/EBPf and ¢ drive the expression of PPARy and C/EBPa, master
regulators of adipogenesis (Rosen et al., 2002). PPARy and C/EBPa reciprocally
upregulate each other, and initiate transcription of adipocyte-specific genes such as those
involved in lipid accumulation (ie. fatty acid binding protein 4, FABP4; fatty acid
synthase, FAS) and adipokine production (ie. leptin, adiponectin); resulting in the mature

insulin-responsive adipocyte phenotype.

Preadipocytes

AT contains stromal progenitors at various stages of adipogenic commitment.
Less committed progenitors, referred to as mesenchymal stem cells, have the capacity to
differentiate into osteoblasts, chrondrocytes, and adipocytes when provided with the
appropriate signals. As such, these progenitors are multipotent, and their molecular
signature is beginning to be defined. Methods for AT progenitor identification vary due
to a lack of cell surface markers capable of distinguishing multipotent cells from
committed preadipocytes. Peadipocytes are currently defined as either adherent stromal
cells possessing adipogenic potential, or as stromal cells expressing a limited number of
cell surface proteins (Decaunes et al., 2011; Rodeheffer et al., 2008; Tchoukalova et al.,

2007; Tran et al., 2012).
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In mice, positive selection for a combination of cluster of differentiation (CD) 29,
CD34, CD24, and stem cell antigen-1; or platelet-derived growth factor receptor 8
(PDGFRp), a-smooth muscle actin (a-SMA), and NG2, isolates a population of cells
capable of forming functional fat pads upon transplantation, and possessing multipotent
differentiation capacity in vitro (Rodeheffer et al., 2008; Tang et al., 2008). In human AT,
stromal cells expressing CD34 but not CD31 or CD14, may represent a similar
progenitor, not fully committed to the adipocyte lineage, but capable of robust
adipogenesis in vitro (Maumus et al., 2011).

Emerging evidence suggests the in situ location of adipose progenitors is near, or
on, the tissue microvasculature (Maumus et al., 2011; Rodeheffer et al., 2008; Tang et al.,
2008). The close interplay between the adipose microvasculature and adipogenesis has
been further supported by recent lineage tracing analyses that suggest endothelial cells
and preadipocytes may share a common progenitor (Gupta et al., 2012; Tran et al., 2012).
Indeed, the above-mentioned combination of PDGFRp, a-SMA, and NG2, are markers of

vascular support cells termed pericytes (Armulik et al., 2011).

Adipose tissue growth and remodeling:

Adipose tissue expansion

AT expansion leading to obesity occurs through coordinated increases in both
adipocyte size (hypertrophy) and number (hyperplasia) (Alligier et al., 2012).

Hyperplastic AT expansion involves the recruitment and differentiation of preadipocytes
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into adipocytes. Expansion predominantly through hyperplasia distributes the excess
energy among many newly generated adipocytes, which serves to maintain the metabolic
function of each adipocyte. Hypertrophic AT expansion occurs when the excess energy is
stored as TG in the existing adipocytes, resulting in hypertrophy e.g. an increase in cell
volume (Heilbronn et al., 2004). Hypertrophy has been linked to adipocyte dysfunction,
AT inflammation, insulin resistance, and an increased risk of developing T2D (Heilbronn
et al., 2004). Weight gain through AT hyperplasia is thought to be more favourable, and
is commonly seen in metabolically healthy obese (MHO) patients, which represent up to
25% of obese individuals (Bluher, 2010; Kloting et al., 2010). Therefore hypertrophic AT
can be thought of as dysfunctional fat, whereas hyperplastic AT represents a functional
form of fat.

Careful examination of weight gain in a high fat-fed mouse model has revealed
the temporal coordination between AT hyperplasia and hypertrophy (Strissel et al., 2007).
Early expansion of the AT occurs through adipocyte hypertrophy, with little change in
adipocyte number. Following hypertrophy is a transient phase of adipocyte death
resulting in a marked (up to 80%) decline in the number of adipocytes. This phase
coincides with the infiltration of leukocytes and robust remodeling of the AT
extracellular matrix (ECM), involving the deposition of collagen proteins, an event linked
with adipogenesis (Divoux et al., 2010). Remodeling events also coincide with the
proliferation of preadipocytes, a prerequisite for adipocyte differentiation (Festa et al.,
2011; Suga et al., 2010). Indeed, subsequent to adipocyte death, significant increases in
adipocyte number occur, due to the presence of preadipocytes and their differentiation

into adipocytes (Strissel et al., 2007). Recent investigations in humans support many of
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these observations. Overfeeding humans for two months in a controlled experimental
setting results in depot-selective increases in adipocyte size and number (Tchoukalova et
al., 2010b); concomitantly, increased ECM gene expression and collagen deposition is

seen (Alligier et al., 2012).

Evidence of an adipogenic deficit

A deficit in the number of preadipocytes and/or their adipogenic capacity would
be expected to impair the late phase of hyperplasic AT growth, described by Strissel et al.
Consequently, an adipogenic deficit would favour AT expansion predominantly through
hypertrophy (Danforth, 2000; Heilbronn et al., 2004). Several observations have
suggested an adipogenic deficit may exist in obese humans. The number of preadipocytes
per gram of AT is reduced in obese humans compared to lean controls (Onate et al.,
2012; Tchoukalova et al., 2007). Marked adipocyte hypertrophy is evident in AT sections
from obese patients, which correlates with an impaired adipogenic capacity of isolated
preadipocytes from humans with a high BMI (Kloting et al., 2010; van Harmelen et al.,
2003). Expression analyses of AT from insulin-resistant obese individuals has revealed
that adipocyte-related genes are downregulated relative to MHO (Kloting et al., 2010).
Obese patients with hypertrophic AT and insulin resistance generate 70% fewer
adipocytes each year compared to MHO patients with hyperplastic AT (Arner et al.,
2010). Taken together, the number of preadipocytes and their adipogenic capacity may

represent critical determinants of AT function.

14



ADIPOSE TISSUE DYSFUNCTION

Molecular mechanisms of adipocyte dysfunction

Aberrant NEFA release from hypertrophied adipocytes results in ectopic lipid
accumulation, primarily in the muscle and liver. The accumulation of ectopic lipids,
particularly DG and ceramides derived from long chain acyl-CoA species, interferes with
normal muscle and liver function. Through the activation of serine/threonine kinases (ie.
protein kinase C; c-Jun N-terminal kinase, JNK; and inhibitor of kappa B kinase beta,
IKKp), ectopic lipids promote the inhibitory phosphorylation of the insulin receptor and
IRS-1. Consequently, insulin promotes less glucose uptake into myocytes, fails to
suppress hepatic glucose production, and increases hepatic lipid synthesis, contributing to
hyperglycemia and dyslipidemia (Bremer et al., 2012). The molecular mechanism by
which adipocyte hypertrophy results in dysfunctional AT is complex. Lipid overload
within the adipocyte has been demonstrated to trigger membrane cholesterol depletion,
endoplasmic reticulum (ER) stress, and hypoxia, all of which converge on the over-

production of pro-inflammatory cytokines.

Cholesterol imbalance

Accumulation of intracellular TG is accompanied by a proportional increase

in unesterified cholesterol on the surface of the LD (Krause and Hartman, 1984). During
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adipocyte hypertrophy, to maintain a constant TG to cholesterol ratio on the LD, a
relative depletion of membrane cholesterol occurs (Guerre-Millo et al., 1994). Membrane
cholesterol levels are sensed through sterol-regulatory binding protein 2 (SREBP-2)
(Radhakrishnan et al., 2008). When membrane cholesterol levels decline, SREBP-2
translocates to the nucleus where it is active. In hypertrophied adipocytes, an
accumulation of nuclear SREBP-2 is seen (Le Lay et al., 2001). Enhanced SREBP-2
activation results in over-production of pro-inflammatory, insulin de-sensitizing
cytokines (e.g. IL-6 and TNF-a), and the down-regulation of mediators of insulin action

(e.g. Glucose transporter type 4; GLUT4) (Le Lay et al., 2001).

ER stress

The storage and handling of intracellular lipids requires the synthesis of many
proteins necessary for fatty acid transport, modification, esterification, and packaging
within the LD. The ER is the site responsible for synthesizing nascent proteins by
translating messenger RNA into a polypeptide sequence. Increased levels of intracellular
lipid increase the demand for protein synthesis (Boden, 2009). When the demand for
protein synthesis exceeds the capacity of the ER, an unfolded protein response (UPR) is
initiated. The UPR involves the activation of double-stranded RNA-dependent protein
kinase-like ER kinase, inositol-requiring protein-1, and activating transcription factor 6,
which collectively act to restore ER function by upregulating protein chaperones,
stimulating ER biogenesis, and inhibiting protein translation (Boden, 2009). A pathologic

UPR, as occurs when the elevated demand for protein synthesis persists, leads to ER
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stress. ER stress activates JNK and IKK which promote pro-inflammatory cytokine
production and impair insulin action (Hirosumi et al., 2002; Jiao et al., 2011). ER stress is
evident in AT of insulin-resistant obese mice and humans, and inhibition of ER stress in

mice improves insulin sensitivity (Boden, 2009; Ozcan et al., 2004; Ozcan et al., 2006).

Hypoxia

AT expansion relies heavily on concomitant vascularization of the growing tissue.
Insufficient vascularization results in an inadequate supply of O, resulting in hypoxia.
Localized regions of hypoxia have been found in AT of obese animals, and have been
causally linked to insulin resistance. Hypoxia has been documented by a reduction in the
interstitial partial pressure of O,, by increased chemical staining with hypoxia-specific
probes, and by increased expression of the hypoxia-dependent protein, hypoxia-inducible
factor-1 alpha (HIF-1a) in hypertrophied adipocytes (Rausch et al., 2008). The main
function of HIF-1a signaling is to promote vascularization through the upregulation of
pro-angiogenic genes. However, HIF-1a also signals through the pro-inflammatory
transcription factor, nuclear factor kappa B (NFkB), turning on the expression of a
myriad of insulin desensitizing pro-inflammatory genes (e.g. TNF-a, IL-1p, IL-6, and
monocyte chemotactic protein-1; MCP-1). Adipocyte-selective deletion of HIF-1a

protects animals from obesity-associated insulin resistance (Jiang et al., 2011).
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ADIPOSE TISSUE INFLAMMATION

Adipose tissue leukocytes

Within AT, numerous leukocytes reside whose number and activity are
dynamically regulated. The composition of AT leukocytes includes myeloid cells from
the innate immune system (ie. macrophages and eosinophils) and lymphoid cells from the
adaptive immune system (ie. T and B lymphocytes). AT leukocytes can be broadly
classified into pro-inflammatory and anti-inflammatory populations; their relative balance

appears to influence AT function.

Adipose tissue macrophages

AT macrophages (ATMs) are by far the most numerous, comprising ~ 50% of the
total AT leukocyte population. ATMs were first identified in 2003 by the research groups
of Ferrante and Chen, and found to be of bone-marrow origin (Weisberg et al., 2003; Xu
et al., 2003). The ATM population has been broadly defined by reactivity with F4/80
antibody (aka epidermal growth factor-like module-containing mucin-like hormone
receptor-like 1, in humans). The number of ATMs was shown to dramatically increase
with obesity in both mice and humans, ranging from 5% of the SVF in lean subjects to
upwards of 50% in obese. In addition to adiposity, ATM number varies according to age,

gender, and the particular adipose depot examined (Lumeng et al., 2011; Ortega Martinez
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de Victoria et al., 2009; Tam et al., 2012). ATMs are most abundant in VAT, peak in
humans between 30-35 years of age, and have been found to be more numerous in
females. ATM content positively correlates with the degree of insulin resistance
(Wentworth et al., 2010).

Subsequent studies have refined the origins and phenotypes of ATMs and
revealed these cells to be complex and highly heterogeneous. With respect to their
influence on AT function, the activation state of the ATM appears to be paramount.
Macrophages are reactive cells, altering their phenotype and function in response to their
local environment (Gordon, 2003). Two divergent activation states, M1 and M2, are
commonly used to classify macrophages. M1 macrophages result from activation with
interferon y (IFNy) or lipopolysaccharide (LPS), and display a pro-inflammatory
phenotype. M2 macrophages result from activation with 1L-4 or IL-13, and display an
anti-inflammatory phenotype (Gordon, 2003). Many researchers describe ATMs using
the M1/M2 system, though this classification does not recognize the heterogeneity within
the ATM population (Romeo et al., 2012). Nevertheless, this system provides a general
framework for the discussion of dominant ATM activation states. ATM subpopulations
will herein be described using the pro-inflammatory (M1) or anti-inflammatory (M2)
nomenclature.

The rise in ATM number observed with increasing adiposity primarily represents
an accumulation of pro-inflammatory macrophages (Lumeng et al., 2007b). A causal link
between pro-inflammatory ATMs and obesity-associated insulin resistance in mice has
been demonstrated (Patsouris et al., 2008). The accumulation of pro-inflammatory ATMs

occurs as a result of monocyte influx from the circulation, via a recruitment system
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principally involving signaling between adipose-secreted MCP-1 and chemokine C-C
motif receptor 2 (CCR2), expressed on the cell surface of blood monocytes (Oh et al.,
2012; Weisberg et al., 2006). Other recruitment systems have also been suggested to
contribute to ATM accumulation. Upregulation of various chemokines (MCP-2, MCP-3,
chemokine C-C motif ligand 3; CCL3, and CCL5) and chemokine receptors (CCR1,
CCR2, CCR3 and CCRb5) have been observed in the circulation and AT of obese mice
and humans (Kanda et al., 2006; Kitade et al., 2012; Zeyda et al., 2010). Genetic
disruption of CCR5 expression either globally, or selectively in bone marrow cells, was
found to prevent pro-inflammatory ATM accumulation in obese mice (Kitade et al.,
2012).

Whether the infiltrating monocytes are predisposed to a pro-inflammatory fate, or
acquire a pro-inflammatory phenotype within AT, is a subject of ongoing research. In
support of the concept of pro-inflammatory predisposition, phenotypic heterogeneity
among circulating monocytes has been documented in both mice and humans. Murine
monocytes expressing granulocyte differentiation antigen 1 (Grl) or human monocytes
expressing CD14 and CD16, secrete high amounts of pro-inflammatory cytokines, and
may possess a propensity to become pro-inflammatory tissue macrophages (van de
Veerdonk and Netea, 2010). MCP-1 has been shown to selectively recruit Grl-expressing
monocytes to sites of infection (Dunay et al., 2008). However, in vivo monocyte tracking
experiments in a mouse model of obesity have demonstrated blood monocytes only
acquire pro-inflammatory activity after their recruitment into AT (Oh et al., 2012).
Numerous molecules present within AT have been proposed to act as pro-inflammatory

activators of recruited ATMs. These include, but are not limited to: adipocyte-derived
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NEFA, preadipocyte and adipocyte-derived TNF-a, IL-1p, and IFN-y (Mayi et al., 2012;
Suganami et al., 2005).

In contrast to the pro-inflammatory ATMs that dominate in obese animals, anti-
inflammatory ATMs are dominant in lean animals. An overall ATM phenotypic switch
occurs with the transition from lean to obese states (Lumeng et al., 2007a). In contrast to
the detrimental effects of pro-inflammatory ATMs on AT function, anti-inflammatory
ATMs have been suggested to maintain AT homeostasis (Wu et al., 2011). This switch in
ATM phenotype with obesity is the result of pro-inflammatory ATM accumulation, and
not due to a decline in anti-inflammatory ATM number (Lumeng et al., 2008).

Anti- and pro-inflammatory ATMs exist in distinct tissue environments. Pro-
inflammatory ATMs accumulate around large adipocytes that appear to be dying, and
form what has been termed a crown-like structure (CLS) (Cinti et al., 2005). Anti-
inflammatory ATMs reside within the interstitial spaces of the AT (Lumeng et al., 2008).
The regulation of anti-inflammatory ATMs is poorly understood. Local proliferation of
anti-inflammatory macrophages in non-adipose tissues has recently been demonstrated
(Davies et al., 2011; Jenkins et al., 2011). Local production of IL-4 and 1L-13, secreted
from eosinophils, T lymphocytes, and adipocytes, may control anti-inflammatory ATM
content (Fujisaka et al., 2009; Kang et al., 2008; Wu et al., 2011).

Through paracrine signaling, ATMs influence AT function. Macrophage-secreted
factors can directly impair insulin-stimulated glucose uptake in adipocytes by
downregulating GLUT4 and inhibiting insulin stimulated insulin receptor substrate-1
(IRS-1) tyrosine phosphorylation (Lumeng et al., 2007c). Macrophage-secreted factors

interfere with lipid synthesis and stimulate lipolysis from adipocytes (Kurokawa et al.,
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2010). Adipocyte-derived NEFA can then feedback on macrophages and further
stimulate lipolytic cytokine release, establishing a paracrine loop between the adipocyte
and the ATM (Suganami et al., 2005). Furthermore, macrophage-secreted factors disrupt
adipokine production, alter preadipocyte proliferation, and block the differentiation of
preadipocytes into adipocytes (Constant et al., 2006; Ichioka et al., 2011; Lacasa et al.,
2007; Maumus et al., 2008). Anti-inflammatory macrophage activation can attenuate
their anti-adipogenic influence on preadipocytes (Lu et al., 2010; Stienstra et al., 2008).
These effects of ATMs on adipocytes position the ATM as a critical regulator of AT

expansion and homeostasis.

Adipose tissue eosinophils

Eosinophils, associated with allergy and parasitic infection, are detectable within
AT. In contrast to ATMs, AT-eosinophils (ATEs) decline in number with enlarging
adipose mass. Through the secretion of 1L-4, ATES appear to support the anti-
inflammatory activation of ATMs. Sustaining the ATE population in obese mice using
helminth infection improves whole body insulin sensitivity and promotes anti-
inflammatory activation of ATMs (Wu et al., 2011). The ATE has therefore emerged as a

critical player in AT biology, through its influence on ATM activation.
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Adipose tissue T lymphocytes

The innate immune cells operating within AT are integrated with adaptive
immune cells. The adaptive immune system includes T and B lymphocytes, which
respond to specific antigen, generating complementary cell surface receptors. T
lymphocytes were first identified within the AT in 2007 based on the detection of AT
CD3 expression, a component of the T cell receptor (TCR) that is presenton all T
lymphocyte subpopulations (Wu et al., 2007). AT T lymphocytes (ATL-Ts) exist as both
resident and recruited populations. In lean mice and humans, a subpopulation of T
lymphocytes known as T regulatory cells (Tregs) for their ability to dampen innate and
adaptive immune reactions, represents ~ 3% of all AT-lymphocytes (ATLs) (Feuerer et
al., 2009; Sun et al., 2012). Obesity is accompanied by a decline in AT Treg number
which is associated with an increase in AT inflammation (Feuerer et al., 2009; Nishimura
et al., 2009). As obesity develops, pro-inflammatory ATL-Ts accumulate, localizing
within the CLS. ATL-T recruitment may occur in part through a system involving
adipocyte-secreted CCL20 and CCR6 expressed on circulating T lymphocytes (Duffaut et
al., 2009).

Recruited ATL-Ts include IFN-y-producing CD4-positive ATL-Ts, which
activate ATMs, and MCP-1-producing CD8-positive ATL-Ts, which may promote ATM
recruitment (Kintscher et al., 2008). In support of this model in which ATL-Ts serve to
recruit and activate ATMs, several studies have noted ATL-T accumulation precedes
ATM recruitment (Duffaut et al., 2009; Kintscher et al., 2008; Nishimura et al., 2009),

though other investigations have questioned this sequence of events (Strissel et al., 2010).
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In either case, once present in AT, pro-inflammatory ATL-Ts contribute to AT
inflammation and the development of insulin resistance (llan et al., 2010; Nishimura et
al., 2009; Winer et al., 2009). ATL-Ts express a limited selection of TCRs, which
suggests activation by a restricted variety of antigens (Feuerer et al., 2009), which

possibly include AT-derived lipids (Ji et al., 2012).

Adipose tissue B lymphocytes

B lymphocytes, defined by the expression of CD19, are present in AT of mice and
humans, and quickly increase in number as obesity develops (Duffaut et al., 2009). The
accumulation of AT B lymphocytes (ATL-Bs) has been shown to occur immediately
prior to ATL-T recruitment, though the consequences of this temporal sequence of ATL
trafficking is unknown (Duffaut et al., 2009). ATL-Bs, like ATL-Ts and pro-
inflammatory ATMs, localize within the CLS (McDonnell et al., 2012; Winer et al.,
2011). ATL-Bs contribute to the development of obesity-associated insulin resistance and
AT inflammation (McDonnell et al., 2012). This effect is largely mediated through ATL-
B-dependent activation of ATL-Ts and ATMs (Winer et al., 2011). Furthermore, obese
insulin resistant mice and humans have increased levels of pathogenic immunoglobulin G

(1gG) autoantibodies (Winer et al., 2011).
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RATIONALE

The above mentioned observations support the concept that distinct macrophage
subsets, defined by a pro- or anti-inflammatory phenotype, serve unique functions in
regulating AT expansion. Whereas pro-inflammatory ATMs may promote hypertrophic
AT expansion through the inhibition of preadipocyte proliferation and differentiation,
anti-inflammatory ATMs may promote hyperplastic and metabolically functional AT
expansion through the maintenance of an adequate number of responsive preadipocytes.

The implication of macrophage-secreted factors in the regulation of preadipocyte
differentiation and proliferation suggests that further regulation of preadipocyte number
may occur through their influence on a third fate, namely preadipocyte survival.
Promoting preadipocyte survival through the inhibition of apoptosis would be expected to
maintain a population of preadipocytes capable of expanding the adipocyte pool through
adipogenesis. In contrast, loss of preadipocytes through unsuppressed apoptosis would
contribute to an adipogenic deficit, resulting in excess adipocyte hypertrophy and
dysfunctional AT. Through paracrine signaling, ATMs may communicate with

preadipocytes to suppress or promote apoptosis.

HYPOTHESIS

| hypothesize that macrophage-secreted factors regulate preadipocyte number by

influencing preadipocyte survival.
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CELL MODELS USED

3T3-L1 preadipocytes

3T3-L1 cells are a clonal line derived from 17 to 19 day old digested Swiss mouse
embryos, selected for their spontaneous accumulation of intracellular TG following
contact growth inhibition (Green and Kehinde, 1975; Todaro and Green, 1963). While
fibroblast-like in their undifferentiated state, these cells assume a round adipocyte
morphology while accumulating lipid. Differentiated 3T3-L1 adipocytes respond
appropriately to lipolytic hormone treatment (Green and Goldberg, 1964, 1965; Green
and Kehinde, 1975; Green and Meuth, 1974). The adipocyte conversion of 3T3-L1 cells
can be enhanced with the addition of defined chemicals, making this cell line an excellent
and widely used preadipocyte model (Student et al., 1980). Nevertheless, during initial
selection, chromosomal duplications arose resulting in an aneuploid karyotype;
confirmatory studies in primary preadipocyte cultures are therefore warranted (Todaro

and Green, 1963).

Human primary preadipocytes

Human primary preadipocytes are isolated by centrifugation from the stromal-
vascular fraction of digested SAT (Skurk and Hauner, 2012). These adherent cells

represent a heterogeneous mixture, all possessing a fibroblast-like morphology and not
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completely defined with respect to cell surface protein expression (Decaunes et al., 2011;
Zimmerlin et al., 2010). Human primary preadipocytes have limited proliferative
capacity, yet can be efficiently differentiated into adipocytes following treatment with
defined chemicals (Skurk and Hauner, 2012). While a valuable human preadipocyte
model, cell responses may be variable, as expected from donor heterogeneity in a primary

cell population.

J774A.1 macrophages

J774A.1 cells are a clonal histiocyte line isolated from a reticulum cell sarcoma in
Balb/c mice (Ralph et al., 1975). J774A.1 cells possess macrophage function (e.g. a high
phagocytic capacity, activation by cytokines and antibody, and lysozyme expression),
phenotype, and morphology (Ralph and Nakoinz, 1975). Basally J774A.1 macrophages
secrete very low amounts of pro-inflammatory cytokines and large amounts of IL-1

(Lachman and Metzgar, 1980).

RAW264.7 macrophages

RAW264.7 macrophages are derived from a tumor isolated from the peritoneal
cavity of Abelson murine leukemia virus-infected BAB/14 mice (Raschke et al., 1978).
These adherent cells display phagocytic activity, secrete lysozyme, express macrophage

cell surface proteins, and display elevated tumoricidal activity (Raschke et al., 1978).
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RAW264.7 cells can be activated towards a pro-inflammatory phenotype upon
appropriate chemical treatment, but secrete low levels of pro-inflammatory cytokines

when unstimulated (Ralph and Nakoinz, 1977).

Bone marrow-derived macrophages

Bone marrow-derived macrophages (BMD-macrophages) are generated from
murine BM progenitor cells, differentiated in culture dishes towards a macrophage cell
fate by the presence of macrophage colony-stimulating factor (M-CSF)-containing L929
fibroblast-conditioned medium (Weischenfeldt and Porse, 2008). Following culture for 7
days, cells are considered fully differentiated, expressing macrophage surface proteins
and cytokines, and displaying phagocytic function. Basally, BMD-macrophages are
slightly skewed to an anti-inflammatory activation state, characterized by intermediate

CD206 expression and undetectable nitric oxide production (Modolell et al., 1995).

THP-1 macrophages

THP-1 cells are derived from blood monocytes of a one year old boy with acute
monocytic leukemia (Tsuchiya et al., 1980). Grown in suspension, THP-1 cells acquire
plastic adherence and undergo macrophage differentiation following treatment with
phorbol esters (Tsuchiya et al., 1982). Characterization of phorbol ester-treated THP-1

cells has demonstrated macrophage function (e.g. a high phagocytic capacity, activation
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by cytokines and antibody, and lysozyme expression), phenotype, and morphology
(Tsuchiya et al., 1982). Though certain differentiation protocols have been demonstrated
to activate these cells, basally, low levels of pro-inflammatory cytokine (e.g. TNF-a)) and
anti-inflammatory surface marker expression (e,g, CD206) occur with the differentiation
method employed in my studies (Daigneault et al., 2010). Their human origin and ability
to be extensively passaged make the THP-1 cell line a valuable monocyte/macrophage

model.

Monocyte-derived macrophages

Human monocyte-derived macrophages (MD-macrophages) are isolated from the
peripheral blood mononuclear cell (PBMC) layer following Ficoll-gradient centrifugation
of whole blood (Johnson et al., 1977). Following seeding into culture dishes, adherent
cells represent a heterogenous population composed primarily of monocytes (Norris et
al., 1979). A macrophage phenotype and morphology is acquired during culture in serum-
supplemented medium (Daigneault et al., 2010). MD-macrophages can be activated
towards pro- or anti-inflammatory phenotypes with different cytokine treatments; basally,
MD-macrophages are mildly skewed towards an anti-inflammatory activation state
(Daigneault et al., 2010; Martinez et al., 2006). The MD-macrophage is a valuable
primary human macrophage cell model; however donor-related experimental variability

IS expected.
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OBJECTIVES

Objective 1: Determine the effect of macrophage-secreted factors on preadipocyte

survival.

Objective 2: Identify the anti-apoptotic signaling pathways mediating macrophage-

dependent preadipocyte survival.

Objective 3: Determine the effect of macrophage activation on macrophage-dependent

preadipocyte survival.
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Preadipocyte apoptosis is prevented by macrophage-conditioned medium in a

PDGF-dependent manner.
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SUMMARY

The following manuscript entitled “Preadipocyte apoptosis is prevented by
macrophage-conditioned medium in a PDGF-dependent manner” was published in Am J
Physiol Cell Physiol [(2009) 296, 757-765]. The objective of manuscript #1 was to
determine the effect of macrophage-secreted factors on preadipocyte survival. This study
was conducted using the 3T3-L1 preadipocyte cell model, and the J774A.1 and
RAW264.7 macrophage cell models. MacCM was prepared and applied to confluent

3T3-L1 preadipocyte cultures. 3T3-L1 preadipocytes were induced to undergo apoptosis
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by serum withdrawal. Preadipocyte apoptosis was assessed by enumeration of viable
cells, staining and quantification of apoptotic nuclei with Hoechst 33342, and
quantification of Annexin V/propidium iodide (PI) positive cells by flow cytometry. This
study revealed that MacCM protects preadipocytes from apoptosis, and identified PDGF

as the macrophage-derived factor responsible for the pro-survival effect.
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ABSTRACT

Obesity is associated with macrophage accumulation and inflammation in
adipose tissue. Macrophage-secreted factors have been reported to inhibit the
differentiation of preadipocytes into adipocytes and to modulate adipogenic extracellular
matrix gene expression. To enlarge our understanding of macrophages and the scope of
their interactions with preadipocytes, we investigated their effect on preadipocyte
survival. Acute exposure of 3T3-L1 preadipocytes to J774A.1 macrophage-conditioned
medium (MacCM) stimulated platelet-derived growth factor receptor (PDGFR) tyrosine
phosphorylation by 4.1-fold. There were significant increases in the phosphocontent of
downstream PDGFR targets, Akt and ERK1/2 (5.3 fold and 2.4 fold, respectively), that
were inhibited by PDGF immunoneutralization or by the selective PDGFR inhibitor
imatinib. Serum-free J774A.1-MacCM or RAW264.7-MacCM completely prevented
3T3-L1 preadipocyte apoptosis normally induced by serum deprivation. Addition of
PDGEF alone to serum-free control medium was sufficient to prevent 3T3-L1
preadipocyte apoptosis. Inhibition of PDGFR activation by MacCM, either by addition of
imatinib or by PDGF immunodepletion of MacCM, effectively disrupted the pro-survival
effect. In summary, our data indicate that MacCM promotes preadipocyte survival in a

PDGF-dependent manner.

KEYWORDS: apoptosis, macrophage, preadipocyte, PDGF
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INTRODUCTION

Obesity, defined as an increase in adiposity, results from a chronic positive energy
balance. Expansion of adipose tissue occurs through the formation of new adipocytes, via
the differentiation of stromal precursor preadipocytes, and the enlargement of existing
adipocytes (Gesta et al., 2007). Deficiency in the number of preadipocytes, or their
capacity to differentiate, may lead to excessively hypertrophied and dysfunctional
adipocytes that overproduce immune cell chemoattractant proteins (Despres and
Lemieux, 2006; Heilbronn et al., 2004; Jiao et al., 2008). Concomitantly, the population
of adipose tissue macrophages rises due to monocyte infiltration. This abnormal cellular
remodeling of adipose tissue is associated with low-grade inflammation and insulin
resistance (Weisberg et al., 2003).

Paracrine communication between macrophages, adipocytes, and preadipocytes is
believed to contribute to obesity-associated adipose tissue dysfunction (Gustafson et al.,
2007). We and others have reported that macrophages produce anti-adipogenic factors
that restrain the differentiation of preadipocytes into adipocytes (Constant et al., 2006;
Constant et al., 2008; Keophiphath et al., 2009; Lacasa et al., 2007; Stienstra et al., 2008;
Yarmo et al., 2009). Macrophage-secreted factors have also been observed to have
variable effects on preadipocyte proliferation (Lacasa et al., 2007; Maumus et al., 2008).
Apoptosis, the other key preadipocyte fate pertinent to adipose tissue remodeling (Guo et
al., 2007; Magun et al., 1998b; Prins and O'Rahilly, 1997), has not been evaluated with

respect to potential macrophage paracrine interactions.
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The precise identity of the macrophage products influencing preadipocyte
responses is not known. Here, we demonstrate that macrophage-conditioned medium
(MacCM) activates platelet-derived growth factor (PDGF) signaling in 3T3-L1
preadipocytes. Our studies indicate that serum-free MacCM prevents apoptosis of
preadipocytes undergoing serum deprivation, and that this pro-survival effect depends on

the presence of PDGF.

MATERIALS AND METHODS

Preparation of MacCM.

J774A.1 (from ATTC, Manasas, VA) and RAW264.7 (from Dr. X. Zha, Ottawa,
Canada) macrophages were grown in DMEM supplemented with 10% fetal bovine serum
(FBS) and antibiotics (100U/ml penicillin, 0.1mg/ml streptomycin). At confluence, the
medium was replaced with fresh growth medium, or serum-free medium, and collected
24 h later. MacCM was centrifuged at 200 g for 5 minutes, and the supernatant was
stored at -20°C until use for preadipocyte studies. Control medium (serum-supplemented
or serum-free, but not exposed to macrophages) was processed in parallel.
Immunodepletion of PDGF was performed by incubating serum-free control medium and
serum-free MacCM with 10ug/ml of neutralizing anti-PDGF antibody (R&D Systems,
Minneapolis, MN) or non-specific goat 1gG for 1 h at room temperature. Medium was

subsequently incubated with protein A sepharose (~10ul/ml medium) for 30 min.
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Samples were then centrifuged at 3000 g for 15 min and supernatants were applied to

preadipocyte cultures.

Preadipocyte signal transduction studies.

Low passage 3T3-L1 preadipocytes (ATCC) were grown in DMEM
supplemented with 10% calf serum (CS) and antibiotics. Confluent 3T3-L1 preadipocytes
were either placed in serum-supplemented MacCM or control medium with or without
20ng/ml human recombinant PDGF (Calbiochem, Gibbstown, NJ or Millipore, Billerica,
MA) for the time periods shown. Where indicated, preadipocytes were pretreated with
10uM imatinib mesylate (kindly provided by Novartis, Basel, Switzerland) for 90 min.
To interfere with PDGF action, MacCM was incubated with 0-20pg/ml neutralizing anti-
PDGF antibody (R&D Systems, Minneapolis, MN) for 1 h at room temperature prior to
addition to preadipocyte cultures. Preadipocyte signaling was also assessed following

exposure to serum-free MacCM immunodepleted of PDGF.

Immunoblot analysis of cell lysates and conditioned medium.

Following stimulation, cells were lysed in 1X Laemmli buffer (Laemmli, 1970)
supplemented with 5% [B-mercaptoethanol, 1mM sodium orthovanadate, 5mM EGTA
(pH 8.0), 50mM sodium fluoride, and 5mM sodium pyrophosphate. Protein was
measured using the Dc Protein Assay (Bio-Rad, Hercules, CA) with bovine serum

albumin (BSA) as a standard. Equal amounts of solubilised protein (10-50ug), or equal
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volumes of immunoprecipitated protein, were resolved by SDS-PAGE and transferred to
a nitrocellulose membrane. Membranes were incubated for 1 h in 5% skim milk or 3%
BSA to block non-specific binding sites, and then probed as indicated with the following
primary antibodies directed against: Aktl (C-20; goat polyclonal; 1:1000), PDGF
receptor (PDGFR)-B (rabbit polyclonal; 1pg/ml; both from Santa Cruz Biotechnology,
Santa Cruz, CA), phosphotyrosine (PY 20, mouse monoclonal; 1:1000; BD Biosciences,
Mississauga, ON, Canada), ERK1/2 (1.0ug/ml; Upstate Biotechnology, Charlottesville,
VA), phospho-ERK1/2 (pERK1/2; Thr202/Tyr204; 1:1000), phospho-Akt (pAkt; Serd73;
rabbit polyclonal; 1:1000; all from Cell Signaling Technology, Beverly, MA). This was
followed by incubation with the appropriate horseradish peroxidase-conjugated
secondary antibody. Signal detection was performed using Immobilon Western
chemiluminescence HRP Substrate (Millipore). Relative intensity of the bands was
quantified using AlphaEaseFC software (Alpha Innotech, San Leandro, CA) and
expressed as integrated optical density (1.0.D.) units.

Serum-free medium, control or conditioned by J774A.1 macrophages, was
concentrated with a 3kDa cut-off filter (Millipore). Media was centrifuged at 3000 g for 6
h. Retentate was collected by inverting the column and centrifuging at 2000 g for 10 min.
The retentate was diluted in an equal volume of 2X Laemmli buffer and an aliquot was
resolved by SDS-PAGE under non-reducing conditions, and immunoblotted with anti-

PDGF antibody (R&D Systems, 2pg/ml).
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Immunoprecipitation.

Cells were lysed in PBS (pH 7.4) containing 1% NP-40, 50mM sodium fluoride,
5mM sodium pyrophosphate, 0.1mg/ml phenylmethyl-sulfonylfluoride, 200mM sodium
orthovanadate, 10pg/ml aprotinin, 10pg/ml leupeptin, 4pug/ml benzamidine, and ImM (-
glycerophosphate. Lysates (~0.5mg protein, assayed by Micro BCA protein assay, Pierce,
Rockford, IL), were precleared with protein A-sepharose beads, and incubated with 1ug
anti-PDGFRp antibody complexed to protein A-sepharose beads. Immunoprecipitated
proteins were washed and solubilized in 1X Laemmli containing 1 mM sodium
orthovanadate. Immunoprecipitated proteins were subsequently analyzed by immunoblot

analysis as described above.

Analysis of cell death.

Confluent 3T3-L1 preadipocytes were placed in control medium or MacCM
containing 10% FBS or serum-free. Where indicated, the PDGFR-selective inhibitor,
imatinib (10uM), or 0.1% DMSO (vehicle control) was added to these media. After 6 h,
floating cells were removed, and adherent cells were trypsinized and stained with 0.2%
trypan blue dye. Viable cells (trypan blue exclusion) were counted in duplicate using a
Neubauer hemacytometer. Each treatment was performed in triplicate.

To visualize and quantify apoptotic changes in cell nuclei, confluent 3T3-L1
preadipocytes, grown on coverslips, were exposed to the same media for 3 h. Cells were

then fixed in 10% formaldehyde for 1 h, followed by staining for 10 min with 1pg/ml
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Hoechst 33342 in a humid chamber. Individual coverslips were mounted onto glass slides
using Moviol. Cells were visualized and photographed (400x magnification) with a Zeiss
Axioplan 2 microscope equipped with an Axiocam digital camera (Carl Zeiss, Toronto,
Canada). Ten random fields were photographed for each of the three coverslips used per
treatment. Counts of all stained nuclei and apoptotic nuclei were performed by 2
independent observers. Data are represented as % apoptosis, calculated by dividing the
total number of apoptotic nuclei by the total number of nuclei, multiplied by 100.
Annexin V binding was assessed using the Vybrant Apoptosis Assay kit #2
(Molecular Probes, Eugene, Oregon). Confluent 3T3-L1 preadipocytes were exposed to
the same media for 3 h. Adherent cells were trypsinized and combined with the floating
cell population. Cells were centrifuged at 500 g for 5 min, washed, resuspended, and
stained with annexin V and propidium iodide (PI) for 15 min, as per the manufacturer’s
protocol. Annexin V binding and propidium iodide staining was quantified with a

Beckman Coulter Epics XL-MCL flow cytometer.

Statistical Analysis.

Comparison of means was performed by ANOVA (P<0.05 taken as significant),

followed by the post-hoc Newman-Keuls test to assess differences between individual

means using GraphPad InStat v3.05 (GraphPad Software Inc., San Diego, CA).
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RESULTS

Macrophage-secreted products induce PDGFR signaling in 3T3-L1 preadipocytes.

To assess potential deregulated signaling in preadipocytes triggered by
macrophage-derived factors, we conducted a time-course stimulation on 3T3-L1
preadipocytes exposed to J774A.1-MacCM. We observed a time-dependent increase in
the tyrosine phosphorylation of a 180kDa protein in preadipocytes exposed acutely (0-60
min) to MacCM (indicated by arrow in Fig. 1A, P<0.05). To determine whether this
might be due to phosphorylation of the PDGFR, we stimulated 3T3-L1 preadipocytes for
5 min with 20ng/ml PDGF, J774A.1-MacCM, or control medium. Solubilised proteins
were immunoprecipitated with an anti-PDGFRf antibody, followed by
antiphosphotyrosine immunoblot analysis. A 4.1-fold increase in PDGFR
phosphorylation occurred upon treatment with MacCM (Fig. 1B, P<0.05, MacCM vs
control).

We next investigated whether MacCM was capable of activating signaling
molecules downstream of the PDGFR. A 15 min stimulation of 3T3-L1 preadipocytes
was performed with either control medium, medium supplemented with PDGF, or
MacCM, in the presence or absence of the PDGFR-selective inhibitor, imatinib
(Buchdunger et al., 2002). MacCM stimulated the tyrosine phosphorylation of the
PDGFR (Fig. 2A, P<0.001), and phosphorylation of Akt and ERK1/2 (Fig. 2A, 5.3 fold
increase in pAkt P<0.05, 2.4 fold increase in pERK1/2 P<0.05, MacCM vs. control).

PDGF treatment produced similar results (Fig. 2A). The phosphorylation of Akt and of
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Figure 1. Macrophage-conditioned medium (MacCM) stimulates PDGFR tyrosine
phosphorylation. A. Confluent 3T3-L1 preadipocytes were placed in control medium or
J774A.1-MacCM, each containing serum, for the indicated times. Cell lysates were
separated by SDS-PAGE and immunoblotted with the indicated antibodies.
Representative immunoblots are shown. Densitometric data from three independent
experiments are expressed as mean + SE. *P<0.05. B. Confluent 3T3-L1 preadipocytes
were placed in control medium (with or without 20ng/ml PDGF) or J774A.1-MacCM,
each containing serum, for 5 min. Lysates were immunoprecipitated with anti-PDGFR[
antibody. Immunoprecipitated proteins were separated by SDS-PAGE followed by
immunoblotting with the indicated antibodies. Representative immunoblots of duplicate
samples are shown. Densitometric data from three independent experiments are
expressed as mean = SE. *P<0.05, ***P<0.001.
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ERK1/2 by MacCM was inhibited by pretreatment with imatinib, indicating that this was
a PDGF-dependent response (Fig. 2A). Under control conditions, Akt phosphorylation
was not detected, and the basal level of ERK1/2 phosphorylation appeared to be
independent of PDGFR activation, as it was not inhibited by imatinib (Fig. 2A).

To confirm, by a second strategy, that acute MacCM-stimulated phosphorylation
of Akt and ERK1/2 was mediated through PDGFR activation, we incubated MacCM with
increasing concentrations of PDGF neutralizing antibody prior to exposure to 3T3-L1
preadipocytes. PDGF immunoneutralization of MacCM significantly decreased PDGFR
phosphorylation (Fig. 2B), and this was accompanied by a significant inhibition of Akt

and ERK1/2 phosphorylation (Fig. 2B).

MacCM-induced PDGFR signaling protects 3T3-L1 preadipocytes from apoptosis.

Since Akt and ERK1/2 signaling pathways have been implicated in cell survival,
we therefore investigated whether MacCM-induced signaling could protect preadipocytes
from cell death. MacCM was generated from J774A.1 or RAW 264.7 macrophages under
serum-free conditions. Serum-free MacCM was then compared to serum-supplemented
MacCM and serum-supplemented control medium with respect to their ability to preserve
cell viability upon serum deprivation (growth factor withdrawal) of 3T3-L1
preadipocytes. The apoptotic response of 3T3-L1 preadipocytes to serum withdrawal has
been reported previously (Magun et al., 1998a; Magun et al., 1998b; Niesler et al., 2000).
Following 6 h of serum withdrawal, we observed a 50% reduction in the total number of

viable cells, assessed by the enumeration of adherent cells excluding trypan blue dye
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Figure 2. Phosphorylation of Akt and ERK1/2 by MacCM requires PDGFR
activation. A. Confluent 3T3-L1 preadipocytes were placed in serum-containing control
medium (with or without 20ng/ml PDGF) or J774A.1-MacCM, for 15 min, in the
presence of 10uM imatinib or vehicle (0.1% DMSO). Cell lysates were separated by
SDS-PAGE and immunoblotted with the indicated antibodies. Representative
immunoblots are shown. Densitometric data from five independent experiments are
expressed as mean = SE. **P<0.01. B. Confluent 3T3-L1 preadipocytes were placed in
control medium or J774A.1-MacCM that had been incubated or not with PDGF
neutralizing antibody, each containing 10% FBS, for 5 min. Cell lysates were separated
by SDS-PAGE and immunoblotted with the indicated antibodies. Representative
immunoblots are shown. Densitometric data from three independent experiments are
expressed as mean + SE. *P<0.05, **P<0.01, ***P<0.001.
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(Fig. 3A and B, control medium with serum vs. without, P<0.001). In contrast, there was
no decrease in the number of viable cells following the same time period of serum
withdrawal when in the presence of serum-free MacCM from either macrophage cell
model. Hoechst staining of nuclei following 3 h of serum deprivation confirmed the pro-
survival effect (Fig. 3C). To further demonstrate the anti-apoptotic effect of MacCM,
3T3-L1 preadipocytes were stained with both annexin V and P1. A significant increase in
annexin V staining was observed following serum withdrawal (Fig. 3D, annexin VV+/PI-
for serum-containing vs serum-free control medium, P<0.001). In contrast, there was no
increase in annexin V staining for cells placed in serum-free MacCM. Pl staining, an
indicator of necrosis, was minimal and not significantly changed with any of the
treatments, suggesting 3T3-L1 preadipocytes were strictly undergoing apoptosis when
serum-deprived.

To determine whether J774A.1-MacCM contained detectable amounts of PDGF,
serum-free control medium or MacCM was immunoblotted with anti-PDGF antibody;
human recombinant PDGF served as a standard. Bands (30-36kDa) were detected in the
PDGF and MacCM lanes (Fig. 4A). The slight mobility difference observed here has
been reported previously by others comparing PDGF in conditioned medium to
recombinant PDGF (Fenstermaker et al., 1993).

PDGF is known to promote cell survival (Tallquist and Kazlauskas, 2004).
To assess whether PDGF alone is sufficient to protect 3T3-L1 preadipocytes from
apoptosis induced by growth factor withdrawal, preadipocytes were placed in serum-free

medium supplemented with increasing concentrations of recombinant PDGF. A

significant and dose-dependent protection from serum withdrawal-induced cell loss was
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Figure 3. MacCM protects 3T3-L1 preadipocytes from serum withdrawal-induced
cell death. A,B. Confluent 3T3-L1 preadipocytes were placed in the indicated media for
6 h. Cells were trypsinized, stained with 0.2% Trypan blue, and viable cells were
counted. Data are expressed as the mean number of viable cells £ SE (n=3, each
performed in triplicate, ***P<0.001). C. Confluent 3T3-L1 preadipocytes were placed in
the indicated media for 3 h. Cells were then fixed in 10% formalin and stained with
1ug/ml Hoechst dye. The number of apoptotic preadipocytes (arrows) is expressed as the
mean % of total preadipocytes + SE (n=3, each performed in triplicate, **P<0.01).
Representative images are shown (400x magnification). D. Confluent 3T3-L1
preadipocytes were placed in the indicated media for 3 h. Cells were then stained with
annexin V and propidium iodide. Representative flow cytometry plots are shown for
control and MacCM conditions, both serum-free. Data for all conditions are shown in the
accompanying table as mean + SE (n=3, each performed in duplicate, *P<0.001).
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observed with concentrations of PDGF as low as 1ng/ml (Fig. 4B, P<0.05, PDGF vs.
serum free).

To determine whether MacCM-mediated preadipocyte PDGFR activation was
required for the pro-survival effect, 3T3-L1 preadipocytes were placed in serum-free
MacCM in the presence of imatinib. As before, serum withdrawal in the absence of
macrophage-secreted factors resulted in a 50% reduction in the number of viable cells
(Fig. 4C, P<0.01, serum-containing vs serum-free control medium). The protection by
macrophage-derived factors was lost in the presence of imatinib (Fig. 4C, P<0.01, serum-
free MacCM vs serum-free MacCM + imatinib). Imatinib, added to serum-supplemented
control medium, did not result in any 3T3-L1 preadipocyte death, and it did not aggravate
cell loss when added to serum-free control medium (Fig 4D). Hoechst staining of nuclei
further indicated that imatinib blocked MacCM-dependent cell survival (Fig. 4E,
P<0.001).

We next sought to confirm the importance of PDGF signaling in preadipocyte
survival by using PDGF-immunodepleted MacCM. Following immunodepletion (Fig.
5A), MacCM was no longer capable of stimulating PDGFR tyrosine phosphorylation
(Fig. 5B, P<0.01). Incubation of serum-free MacCM with non-specific IgG did not alter
the ability of MacCM to completely prevent 3T3-L1 preadipocyte cell loss (Fig. 5C). In
contrast, serum deprivation of preadipocytes in the presence of PDGF-immunodepleted
MacCM led to 30% cell death (Fig. 5C, MacCM serum-free 1gG vs MacCM serum-free
aPDGF, P<0.001). Additionally, there were significantly more apoptotic nuclei observed
when serum deprivation was performed in PDGF-depleted MacCM compared to MacCM

(Fig. 5D, P<0.001).
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Figure 4. Imatinib inhibits MacCM protection of 3T3-L1 preadipocytes from serum
withdrawal-induced cell death. A. MacCM (serum-free) was concentrated; proteins
were separated by SDS-PAGE and then immunoblotted with anti-PDGF antibody. The
immunoblot on the left is representative of three independent experiments. The
immunoblot on the right confirms the absence of PDGF in serum-free control medium.
B, C and D. Confluent 3T3-L1 preadipocytes were placed in the indicated media for 6 h
Cells were then trypsinized, stained with 0.2% Trypan blue, and viable cells were
counted. Data are expressed as the mean number of viable cells + SE (n=3, performed in
duplicate (B) or triplicate (C and D), *P<0.05, **P<0.01, ***P<0.001). E. Confluent
3T3-L1 preadipocytes were placed in the indicated media for 3 h. Cells were then fixed in
10% formalin and stained with 1ug/ml Hoechst dye. The number of apoptotic
preadipocytes (arrows) is expressed as the mean % of total preadipocytes, + SE (n=3,
performed in triplicate, ***P<0.001). Representative images are shown (400x
magnification).
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Figure 5. PDGF-immunodepleted MacCM fails to protect 3T3-L1 preadipocytes
from serum withdrawal-induced cell death. A. PDGF-immunodepleted MacCM or
MacCM (both serum-free) were concentrated; proteins were separated by SDS-PAGE
and then immunoblotted with anti-PDGF antibody. B. 3T3-L1 preadipocytes were placed
in the indicated media for 5 min, lysed, and then subjected to antiphosphotyrosine
immunoblot analysis. Representative immunoblots are shown. Densitometric data from
three independent experiments are expressed as mean + SE, **P<0.01. C. Confluent 3T3-
L1 preadipocytes were placed in the indicated media for 6 h. Following treatment, cells
were trypsinized, stained with 0.2% Trypan blue, and viable cells were counted. Data are
expressed as the mean number of viable cells £ SE (n=3, ***P<0.001). D. Confluent
3T3-L1 preadipocytes were placed in the indicated media for 3 h. Following treatment,
cells were fixed in 10% formalin and stained with 1ug/ml Hoechst dye. Representative
images are shown (400x magnification). The number of apoptotic preadipocytes (arrows)
is expressed as the mean % of total preadipocytes, + SE (n=3, performed in triplicate,
***p<0.001).
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DISCUSSION

Our studies demonstrate that MacCM contains PDGF and activates PDGFR
signaling pathways in 3T3-L1 preadipocytes. We have shown that MacCM prevents 3T3-
L1 preadipocyte apoptosis induced by growth factor withdrawal, and PDGF is sufficient
and necessary for this effect. This novel interaction between macrophages and
preadipocytes hints at the growing complexity of adipose tissue remodeling.

The recognition that obesity promotes an increase in the number of adipose tissue
macrophages has initiated a new way of understanding adipose tissue inflammation and
insulin resistance (Schenk et al., 2008; Weisberg et al., 2003; Xu et al., 2003). Several
potential roles for this population of macrophages have been proposed, such as direct
release of pro-inflammatory cytokines into the circulation, or inhibition of mature
adipocyte insulin-regulated glucose and lipid metabolism (Lumeng et al., 2007¢c; Permana
et al., 2006; Suganami et al., 2005).

Regulation of preadipocyte fate with respect to adipose tissue remodeling and
expansion is thought to be important to maintain adipose tissue function and result in the
metabolically healthy obese phenotype (Heilbronn et al., 2004). Inhibition of adipogenic
capacity and the resulting decreased formation of new adipocytes (hyperplasia) would
predispose to exaggerated adipocyte hypertrophy and dysfunction (Danforth, 2000;
Heilbronn et al., 2004). Paracrine communication between macrophages and stromal
progenitor preadipocytes has been proposed by us and others (Constant et al., 2006;
Lacasa et al., 2007; Maumus et al., 2008). The nature of such interactions may alter the
functionality of adipose tissue. We have reported that MacCM from mouse J774 and

human THP-1 macrophage cell lines inhibit the differentiation of mouse 3T3-L1 and
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human primary preadipocytes into adipocytes (Constant et al., 2006; Constant et al.,
2008; Yarmo et al., 2009). Conditioned medium from human monocyte-derived
macrophages and from human adipose tissue macrophages is similarly anti-adipogenic
(Keophiphath et al., 2009; Lacasa et al., 2007). A recent report has also demonstrated the
same phenomenon in a mouse model (Stienstra et al., 2008).

The effects of MacCM on preadipocyte proliferation have also been studied, with
both pro- and anti-proliferative effects described (Keophiphath et al., 2009; Lacasa et al.,
2007; Maumus et al., 2008). The reasons for the discrepancy are not clear at present, but
progress in this area is needed, as proliferation capacity would be expected to exert an
important influence of the size of the preadipocyte pool in the stromal fraction.

Another influential process on preadipocyte number is apoptotic susceptibility,
but there are no reports in the literature examining macrophage-secreted factors on
preadipocyte survival. It has been shown, by us and others, that 3T3-L1 preadipocytes are
susceptible to apoptosis induced by serum withdrawal (Magun et al., 1998a; Magun et al.,
1998b; Niesler et al., 2000). Therefore, we addressed this question using the established
and widely used mouse J774A.1 macrophage, RAW?264.7 macrophage, and 3T3-L1
preadipocyte cell line models. Our data show a clear, consistent, and potent anti-apoptotic
effect of MacCM on serum-deprived preadipocytes. Although macrophages are known to
produce many pro-inflammatory factors that might have been predicted to favour cell
death, the survival effect we saw indicated to us that a macrophage-secreted growth
factor might be implicated.

Our acute signaling preadipocyte studies with MacCM revealed that the PDGFR

was activated, including stimulation of the classical downstream kinases, Akt and
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ERK1/2. We also demonstrated the presence of PDGF in MacCM, and that immuno-
based neutralization of PDGF in the MacCM rendered it incapable of PDGF receptor
activation.

PDGF activation of Akt, NFkB and ERK1/2 has been shown to mediate its pro-
survival activity in other cell types (Arase et al., 2000; Romashkova and Makarov, 1999;
Vantler et al., 2005). Signaling through these pathways has been shown to regulate Bcl
protein expression and caspase activity (Tallquist and Kazlauskas, 2004). The effect of
MacCM on these intracellular targets in serum-deprived preadipocytes remains to be
identified.

PDGF gene expression has been shown to be elevated in alternatively activated
macrophages (Song et al., 2000), while treatment of macrophages with the Thl cytokine,
IFNy, suppresses PDGF expression (Kosaka et al., 1992). Hypoxia, which is a feature of
the obese adipose tissue (Trayhurn et al., 2008), has also been shown to increase PDGF
expression in macrophages (Pang et al., 2008).

Our study is limited to the use of macrophage and preadipocyte cell lines that are
established in vitro models for inflammation and metabolic research. It should be noted
that macrophages are highly influenced by the local environment in vivo, with different
classes of cytokines resulting in pro-inflammatory (classic) versus anti-inflammatory
(alternate) states of macrophage activation (Gordon, 2003). Indeed, some investigators
describe adipose tissue macrophages in intermediate states between these two extremes
(Bourlier et al., 2008; Lumeng et al., 2008; Lumeng et al., 2007b). Furthermore, human
preadipocytes have been reported to be less susceptible to apoptosis induced by serum

deprivation in vitro (Papineau et al., 2003). It will therefore be important to conduct
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similar experiments with human primary cell cultures to explore the impact of human
macrophages on human preadipocyte apoptosis. As discussed above, it should be noted
that adipogenesis studies using either cell lines or primary cell cultures have been very
consistent.

To date, identifying the role of specific secreted macrophage products for any
preadipocyte response has been elusive. Therefore, it is significant that we have
discovered that PDGF is the critical factor for this newly described anti-apoptotic effect
of MacCM. Our data show that PDGF is clearly both sufficient and required for the anti-
apoptotic effect. We have demonstrated that blocking PDGF receptor activation by
imatinib interfered with the ability of MacCM to prevent preadipocyte apoptosis.
Imatinib, though selective for the PDGF receptor kinase, is also known to inhibit c-Abl
and c-Kit (Buchdunger et al., 2002) Neither of these two kinases have been implicated in
preadipocyte survival responses. In any case, to more precisely implicate PDGFR, we
immunodepleted the MacCM of PDGF by immunoprecipitation with PDGF antibody, an
approach used by others (Ray et al., 2005). PDGF-immunodepleted MacCM was unable
to stimulate tyrosine phosphorylation acutely, and could no longer sustain preadipocytes
subjected to serum withdrawal over the 6 h time period.

In conclusion, our findings suggest a novel role for macrophages in protecting
preadipocytes from death. Furthermore, we have identified PDGF as a factor that is
sufficient and necessary for this effect. These results add to a growing body of knowledge

concerning macrophage-preadipocyte interactions and adipose tissue remodeling.
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SUMMARY

The following manuscript entitled “Macrophage-induced preadipocyte survival
depends on signaling through Akt, ERK1/2, and reactive oxygen species” was published
in Exp Cell Res [(2011) 317, 521-530]. The objective of manuscript #2 was to identify
the anti-apoptotic signaling pathways mediating MacCM-dependent preadipocyte
survival. This study was conducted using the 3T3-L1 preadipocyte model, and the

J774A.1 and BMD-macrophage cell models. MacCM was prepared and applied to
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confluent 3T3-L1 preadipocyte cultures. 3T3-L1 preadipocytes were induced to undergo
apoptosis by serum withdrawal. Preadipocyte apoptosis was assessed by enumeration of
viable cells, and quantification of Annexin V/PI positive cells by flow cytometry.
Reactive oxygen species (ROS) were quantified using a dihydrorhodamine 123
(DHR123) fluorescent probe. This study revealed that MacCM protects preadipocytes

from apoptosis through the activation of Akt, ERK1/2, and the production of ROS.

56



Macrophage-Induced Preadipocyte Survival Depends on Signaling through Akt,

ERK1/2, and Reactive Oxygen Species

André S.D. Molgat, AnneMarie Gagnon, Alexander Sorisky*
Chronic Disease Program, Ottawa Hospital Research Institute, Departments of Medicine
and of Biochemistry, Microbiology & Immunology, University of Ottawa, Ottawa,

Ontario, Canada.

*Corresponding author: Alexander Sorisky, Ottawa Hospital Research Institute, General

campus, 501 Smyth Road, Ottawa, Ontario, Canada, K1H 8L6, Phone: 613-737-8899

#73320; Fax: 613-737-8803; E-mail asorisky@ohri.ca

57



Abstract

Obesity is associated with adipose tissue remodeling, characterized by
macrophage accumulation, adipocyte hypertrophy, and apoptosis. We previously reported
that macrophage-conditioned medium (MacCM) protects preadipocytes from apoptosis,
due to serum withdrawal, in a platelet-derived growth factor (PDGF)-dependent manner.
We have now investigated the role of intracellular signaling pathways, activated in
response to MacCM versus PDGF, in promoting preadipocyte survival. Exposure of 3T3-
L1 preadipocytes to J774A.1-MacCM or PDGF strongly stimulated Akt and ERK1/2
phosphorylation from initially undetectable levels. Inhibition of the upstream regulators
of Akt or ERK1/2, i.e. phosphoinositide 3-kinase (P13K; using wortmannin or
LY294002) or MEK1/2 (using UO126 or PD98509), abrogated the respective
phosphorylation responses, and significantly impaired pro-survival activity. J774A.1-
MacCM increased reactive oxygen species (ROS) levels by 3.4-fold, and
diphenyleneiodonium (DPI) or N-acetyl cysteine (NAC) significantly inhibited pro-
survival signaling and preadipocyte survival in response to J774A.1-MacCM. Serum
withdrawal itself also increased ROS levels (2.1-fold), and the associated cell death was
attenuated by DPI or NAC. In summary, J774A.1-MacCM-dependent 3T3-L1
preadipocyte survival requires the Akt and ERK1/2 signaling pathways. Furthermore,
ROS generation by J774A.1-MacCM is required for Akt and ERK1/2 signaling to
promote 3T3-L1 preadipocyte survival. These data suggest potential mechanisms by
which macrophages may alter preadipocyte fate.

Key words: preadipocyte; macrophage; apoptosis; PDGF; reactive oxygen species.
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Introduction

Obesity is a major risk factor for insulin resistance, type 2 diabetes, and
cardiovascular disease. Chronic positive caloric balance leads to increased adipose tissue
accumulation through increases in adipocyte size (hypertrophy) and number
(hyperplasia). Differentiation of preadipocytes to form new adipocytes (adipogenesis) is
believed to be critical to maintain healthy adipose tissue function (Heilbronn et al., 2004).
Insulin sensitivity is preserved in animal models of obesity characterized by adipose
tissue hyperplasia (Kim et al., 2007).

Recent studies have demonstrated there is an annual 10% turnover of adipocytes,
with cell number staying constant in steady-state due to a balance between adipogenesis
and apoptosis (Spalding et al., 2008). However, a relative deficit in preadipocyte number
or their capacity to differentiate into adipocytes is associated with the development of
dysfunctional hypertrophied adipocytes, leading to low-grade inflammation and insulin
resistance in obese humans (Arner and Spalding, 2010; Heilbronn et al., 2004; Kim et al.,
2007; Spalding et al., 2008). Adipose tissue macrophages, more numerous in this setting,
may be in a pro-inflammatory state (M1) or in an alternatively activated state (M2)
associated with tissue remodeling and resolution of inflammation (Bourlier et al., 2008;
Shaul et al., 2010; Weisberg et al., 2003; Xu et al., 2003; Zeyda et al., 2007). Apoptosis
has also been noted in adipose tissue of obese mice and humans, but the precise role
played by macrophages in this process remains unclear (Alkhouri et al., 2010; Cinti et al.,
2005). Preadipocyte susceptibility to cell death is routinely assessed in primary culture

(Prins et al., 1997; Tchoukalova et al., 2007), although histological evidence of apoptosis
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is currently lacking. Overall, adipose tissue macrophages may have a complex paracrine
influence on preadipocytes and adipose tissue remodeling.

We have previously demonstrated that medium conditioned by macrophages
(MacCM) inhibits the ability of preadipocytes to differentiate into adipocytes, and this
effect was subsequently observed by other groups using a wide variety of preadipocyte
and macrophage experimental models (Constant et al., 2006; Constant et al., 2008;
Keophiphath et al., 2009; Lacasa et al., 2007; Lu et al., 2010; Stienstra et al., 2008;
Yarmo et al., 2009). More recently, we discovered that J774A.1 and RAW?264.7 MacCM
inhibit 3T3-L1 preadipocyte apoptosis induced by serum deprivation, and identified
platelet-derived growth factor (PDGF) as the principal anti-apoptotic macrophage-
secreted factor (Molgat et al., 2009). The precise survival signals activated in
preadipocytes by MacCM in this context remain to be delineated. Since PDGF-mediated
survival in other cell systems requires Akt, ERK1/2, or reactive oxygen species (ROS)
generation (Arase et al., 2000; Lei and Kazlauskas, 2009; Romashkova and Makarov,
1999), we have evaluated these signaling pathways in serum-deprived preadipocytes to

determine how MacCM induces preadipocyte survival.

Materials and methods

Preparation of MacCM.

J774A.1 mouse macrophages (from ATCC, Manassas, VA) were grown in

DMEM supplemented with 10% FBS and antibiotics (100U/ml penicillin, 0.1mg/ml
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streptomycin). At confluence, cells were rinsed and placed in serum-free medium that
was collected 24 h later. J774A.1-MacCM was centrifuged at 200 x g for 5 min, and the
supernatant was stored at -20 °C until use for preadipocyte studies. Control medium (not
exposed to macrophages) was processed in parallel. PDGF immunodepletion of J774A.1-
MacCM was performed as previously described (Molgat et al., 2009). MacCM from
murine bone marrow-derived macrophages (BMD-MacCM) was a kind gift from Dr. Y.
Marcel (University of Ottawa Heart Institute, Ottawa, Canada). Bone marrow
hematopoietic cells were differentiated as previously described (Ouimet et al., 2008), and

BMD-MacCM was prepared as described above.

Preadipocyte studies on signal transduction and cell death.

Low-passage 3T3-L1 mouse preadipocytes (ATCC) were grown in DMEM
supplemented with 10% calf serum (CS) and antibiotics (growth medium). Confluent
3T3-L1 preadipocytes were placed in J774A.1-MacCM or DMEM supplemented with 20
ng/ml human recombinant PDGF-BB (Millipore, Billerica, MA), for the indicated time
periods. Cells were then processed for immunoblot analysis. For cell enumeration studies,
confluent 3T3-L1 preadipocytes were placed in control medium or MacCM, each either
supplemented with 10% FBS or maintained serum-free. Where indicated, confluent 3T3-
L1 preadipocytes were placed in serum-free medium supplemented, or not, with 20 ng/ml
PDGF-BB. After 6 h, floating cells were removed, and adherent cells were trypsinized
and stained with 0.2% trypan blue dye. Viable cells (trypan blue exclusion) were counted

in duplicate using a Neubauer hemacytometer. Each treatment was performed in
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triplicate. For annexin V studies, confluent 3T3-L1 preadipocytes were placed in the
above media for 3 h. Adherent cells were trypsinized, combined with floating cells, and
were centrifuged at 500 x g for 5 min, washed, resuspended, and exposed to annexin V
and propidium iodide (PI) for 15 min (Vybrant Apoptosis Assay Kit No. 2; Molecular
Probes, Eugene, OR). Annexin V binding and PI staining were quantified with a
Beckman Coulter Epics XL-MCL flow cytometer, or Beckman Coulter Cell Lab Quanta
SC MPL flow cytometer, for wortmannin and diphenyleneiodonium (DPI) studies,
respectively (Beckman Coulter, Brea, CA).

Where indicated, preadipocytes were pretreated with the following inhibitors
added to growth medium: 100 nM wortmannin (Kamita Biomedical Co., Thousand Oaks,
CA), 10 mM N-acetyl cysteine (NAC), 10 uM LY294002, 10 uM DPI (all from Sigma
Aldrich), 10 uM UO126, or 50 uM PD98059 (all from Calbiochem). Vehicle controls

were 0.1% DMSO for all inhibitors except for NAC which was 20 mM HEPES.

Immunoblot analysis

Following stimulation, cells were lysed in 1X Laemmli buffer (Laemmli, 1970)
supplemented with 5% B-mercaptoethanol, 1 mM sodium orthovanadate, 5 mM EGTA
(pH 8.0), 50 mM sodium fluoride, and 5 mM sodium pyrophosphate. Protein was
measured using the Dc Protein Assay (Bio-Rad, Hercules, CA) with BSA as a standard.
Equal amounts (25 pg) of solubilized protein were resolved by SDS-PAGE and
transferred to a nitrocellulose membrane. Membranes were incubated for 1 h in 5% skim

milk or 3% BSA to block non-specific binding sites, and then probed as indicated with
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the following primary antibodies directed against: PDGF receptor (PDGFR)-f (rabbit
polyclonal; 1 pg/ml; Santa Cruz Biotechnology, Santa Cruz, CA), phosphotyrosine
(PY20; mouse monoclonal; 1:1000; BD Biosciences, Mississauga, ON, Canada), ERK1/2
(rabbit polyclonal; 0.25 pug/ml; Upstate Biotechnology, Charlottesville, VA), phospho-
ERK1/2 (pERK1/2; Thr202/Tyr204; rabbit polyclonal; 1:2000), Akt (rabbit polyclonal;
1:1000), phospho-Akt (pAkt; Serd73; rabbit polyclonal; 1:1000; all from Cell Signaling
Technology, Beverly, MA). This was followed by incubation with the appropriate
horseradish peroxidase (HRP)-conjugated secondary antibody. Signal detection was
performed using Immobilon Western chemiluminescence HRP Substrate (Millipore).
Relative intensity of the bands was quantified using AlphaEaseFC software (Alpha

Innotech, San Leandro, CA) and expressed as integrated optical density (1.0.D.) units.

Measurement of ROS

Confluent 3T3-L1 preadipocytes were washed with DMEM and placed in control
medium or J774A.1-MacCM, depleted or not of PDGF, and supplemented with 10% FBS
or left serum-free, all in the presence of 10 uM dihydrorhodamine 123 (DHR123), for 15
min. All cells were then washed twice in ice-cold PBS and scraped in 1 ml of PBS on ice.
Collected cells were disrupted by sonication, on ice, for 10 s, with a Vibra cell sonicator
(Sonics & Materials Inc., Newtown, CT), set at 25% amplitude. Fluorescence was
assayed in triplicate, using a FLUOstar Galaxy plate reader (BMG Labtechnologies,

Germany), with excitation and emission wavelengths of 505 nm and 538 nm,
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respectively, and was corrected for background non-specific fluorescence signal,

measured from cells not exposed to DHR123.

Statistical analysis

Comparison of means was performed by ANOVA followed by the post-hoc
Newman-Keuls test to assess differences between individual means using GraphPad
InStat v3.05 (GraphPad Software Inc., San Diego, CA). A value of p<0.05 was taken as

significant.

Results

MacCM-induced preadipocyte survival is reduced by phosphoinositide 3-kinase (P13K)

inhibitors

We evaluated the dependence of J774A.1-MacCM-induced 3T3-L1 preadipocyte
survival on the phosphorylation of Akt and ERK1/2. Parallel studies were conducted with
PDGF, since we have identified PDGF as a component of J774A.1-MacCM that is
responsible for its pro-survival effect (Molgat et al., 2009). Resting levels of
phosphorylated Akt and ERK1/2 were barely detectable, and increased strongly upon
stimulation with J774A.1-MacCM or PDGF (Fig. 1). The PI3K inhibitor wortmannin
completely reduced Akt phosphorylation in response to J774A.1-MacCM (Fig. 1A;

p<0.01). J774A.1-MacCM-stimulated ERK1/2 phosphorylation was equally inhibited by
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Figure 1. Wortmannin or LY294002 inhibits MacCM-stimulated preadipocyte
survival signaling. 3T3-L1 preadipocytes were pretreated with 100 nM wortmannin (15
min) (A), 10 uM LY294002 (30 min) (B), or vehicle as described, and then treatments
were continued in the indicated serum-free medium (15 min). Cellular proteins were
separated by SDS-PAGE and immunoblotted as indicated. Representative immunoblots
are shown. Densitometric data are expressed as mean + SE (n=3 for A and B). **p<0.01,
***n<0.001.
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wortmannin (Fig. 1A; p<0.001). Similar results were seen for PDGF-stimulated
responses with or without wortmannin (Fig. 1A; p<0.001). Preadipocytes treated with
LY294002, a structurally distinct PI3K inhibitor, also exhibited a significant reduction in
J774A.1-MacCM-stimulated or PDGF-stimulated Akt phosphorylation (Fig. 1B;
p<0.001). A trend towards a reduction in ERK1/2 phosphorylation in response to
J774A.1-MacCM, but not PDGF, was observed with LY294002 (Fig. 1B).

To test the effect of wortmannin on J774A.1-MacCM-induced preadipocyte
survival, 3T3-L1 preadipocytes were serum-deprived for 6h in J774A.1-MacCM or
control medium (Fig. 2A). In control medium, the number of viable cells was reduced by
37% (p<0.01), and as we have shown previously (Molgat et al., 2009), J774A.1-MacCM
completely prevented cell death. However, when wortmannin was added to J774A.1-
MacCM, the protective effect was blocked, and there was a 29% decrease in cell number
(p<0.01; versus serum-free MacCM). Consistent with this wortmannin effect, the
addition of LY294002 to J774A.1-MacCM caused an 18% reduction in cell number (Fig.
2B; p<0.01; versus serum-free MacCM).

These data were supported by staining serum-deprived preadipocytes with
annexin V and PI (Fig. 2C). In control medium, a significant 3.8-fold increase in the
percentage of early-stage apoptotic preadipocytes, defined as annexin V+/PI-, occurred
(p<0.001). J774A.1-MacCM prevented this apoptotic response, but when wortmannin
was present, there was a significant 2.2-fold increase in the percentage of early apoptotic
preadipocytes (p<0.05; versus serum-free MacCM). The low annexin V signal of serum-
free preadipocytes in the presence of PDGF rose by 5.6-fold when wortmannin was

added (p<0.001).
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Figure 2. Wortmannin or LY294002 inhibits MacCM-induced preadipocyte
survival. A and B: 3T3-L1 preadipocytes were pretreated with 100 nM wortmannin (15
min) (A), 10 uM LY294002 (30 min) (B), or vehicle as described, and then treatments
were continued in the indicated medium (6 h). Cells were trypsinized, stained with 0.2%
trypan blue, and enumerated. Data are expressed as the number of viable cells (mean +
SE, n=3, each performed in triplicate). C: 3T3-L1 preadipocytes were pretreated with
wortmannin or vehicle as in (A) and then treatment was continued in the indicated
medium (3 h). Cells were stained with annexin V and PI. Data from flow cytometric
analysis are expressed as the percentage of cells gated for each indicated population
(mean = SE, n=3, each performed in duplicate). *p<0.05, **p<0.01, ***p<0.001.
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MacCM-induced preadipocyte survival is reduced by MEK1/2 inhibitors

UO126, a selective inhibitor of MEK1/2, and PD98059, a MEK1-selective
inhibitor, reduced J774A.1-MacCM-stimulated ERK1/2 phosphorylation by 79%
(p<0.001) and 44% (p<0.05), respectively (Fig. 3A). There was no effect on Akt
phosphorylation. Studies with these inhibitors to examine PDGF-stimulated
preadipocytes gave similar results. UO126 and PD98059 inhibited the pro-survival effect
of J774A.1-MacCM on serum-deprived preadipocytes, as assessed by the 18% (p<0.01)
and 21% (p<0.05) reductions in cell number, respectively (Fig. 3B; versus serum-free

MacCM).

DPI and NAC modulate preadipocyte signaling and survival

ROS, generated by NADPH oxidases stimulated by cell surface receptors, are
implicated in Akt and ERK1/2 signaling (Baumer et al., 2008; Svegliati et al., 2005). DPI
is a widely used oxidase inhibitor that inhibits ROS production in 3T3-L1 adipocytes
(Furukawa et al., 2004; Mahadev et al., 2001) and other cell types (Mochizuki et al.,
2006; Sim et al., 2005). DPI treatment inhibited Akt and ERK1/2 phosphorylation by
88% (p<0.01) and 52% (p<0.05), respectively, in 3T3-L1 preadipocytes stimulated by
J774A.1-MacCM (Fig. 4A). In contrast, DPI did not influence PDGF-stimulated Akt or
ERKZ1/2 phosphorylation under these culture conditions. DPI did not significantly inhibit
PDGFR tyrosine phosphorylation in response to either J774A.1-MacCM or PDGF (Fig.

4A).
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Figure 3. UO126 or PD98059 inhibits MacCM-stimulated preadipocyte survival
signaling and MacCM-induced preadipocyte survival. 3T3-L1 preadipocytes were
pretreated with 10 uM UO126 (30 min), 50uM PD98059 (30 min), or vehicle as
described, and then treatments were continued in the indicated serum-free medium (15
min) (A), or indicated medium (6 h) (B). A: Cellular proteins were separated by SDS-
PAGE and immunoblotted as indicated. Representative immunoblots are shown.
Densitometric data are expressed as mean = SE (n=4). B: Cells were trypsinized, stained
with 0.2% trypan blue, and enumerated. Data are expressed as number of viable cells
(meanzSE; n=3, each performed in triplicate). *p<0.05, **p<0.01, ***p<0.001.
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Figure 4. DPI or NAC inhibits MacCM-stimulated preadipocyte survival signaling.
Aand B: 3T3-L1 preadipocytes were pretreated with 10 uM DPI (30 min) (A), 10 mM
NAC (2 h) (B), or vehicle as described, and then treatment was continued in the indicated
serum-free medium for 15 min (A) or the times shown (B). Cellular proteins were
separated by SDS-PAGE and immunoblotted as indicated. Representative immunoblots
are shown. Densitometric data are expressed as mean + SE (n=3 for all, except n=5,
PERK1/2, in panel A). *p<0.05, **p<0.01, ***p<0.001 versus time 0 or between
indicated pairs.
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To interfere with ROS by another mechanism, we used NAC, which increases
intracellular glutathione levels, thereby reducing ROS levels (Furukawa et al., 2004).
This resulted in a delayed onset of inhibition of J774A.1-MacCM-stimulated Akt
phosphorylation, becoming apparent from 30 min to 90 min (Fig. 4B). No NAC-related
effect on PDGFR or ERK1/2 phosphorylation was observed.

These preadipocyte studies using DPI and NAC suggest that ROS may play a role
in J774A.1-MacCM-stimulated cell signaling. We therefore examined ROS levels in
3T3-L1 preadipocytes after 15 minutes of serum deprivation in control medium versus
MacCM. In serum-free control medium, ROS levels increased by 2.1-fold, as assessed by
rhodamine 123 fluorescence (Fig. 5A; p<0.001). J774A.1-MacCM, which, in contrast to
serum deprivation, promotes preadipocyte survival, generated a 3.4-fold increase in ROS
(p<0.001; versus serum-containing MacCM) that was larger than the serum deprivation
response (p<0.05). MacCM, immunodepleted of PDGF, which we have previously
shown to be incapable of maintaining preadipocyte survival (Molgat et al., 2009),
generated a significantly reduced level of ROS (p<0.05, versus serum-free MacCM) that
was similar to the signal generated by apoptosis-promoting serum-free control medium. It
would appear that regulation of ROS generation in preadipocytes is complex, in that
conditions leading either to death or survival increase cellular ROS levels.

DPI significantly inhibited the pro-survival activity of J774A.1-MacCM in serum-
deprived preadipocytes (Fig. 5B), resulting in a 57% reduction in cell number (p<0.001;
versus serum-free MacCM), and a somewhat lower cell survival versus serum-free
control medium (p<0.05). DPI increased the percentage of annexin V+/Pl+ preadipocytes

by 2.7-fold, representative of late-stage apoptosis (Fig. 5C; p<0.05; versus serum-free
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Figure 5. DPI or NAC inhibits MacCM-induced preadipocyte survival. A: 3T3-L1
preadipocytes were placed in the indicated medium, supplemented with 10 uM DHR 123,
for 15 min. Cell lysates were collected and assayed for fluorescence. Data are expressed
as mean * SE of relative fluorescence intensity, normalized for cellular protein (n=3). B:
3T3-L1 preadipocytes were pretreated with 10 uM DPI (30 min) or vehicle as described,
and then treatment was continued in the indicated medium (6 h). Cells were trypsinized,
stained with 0.2% trypan blue, and enumerated. Data are expressed as number of viable
cells (mean + SE; n=6-7, each performed in triplicate). C: 3T3-L1 preadipocytes were
pretreated with 10 uM DPI (1 h) or vehicle as described, and then treatment was
continued in the indicated medium (3 h). Cells were stained with annexin V and PI. Data
from flow cytometric analysis are expressed as the percentage of cells gated for each
indicated population (mean £ SE; n=3, each performed in duplicate). D-E: 3T3-L1
preadipocytes were pretreated with 10 uM DPI (30 min) (D), or 10 mM NAC (2h) (E), or
vehicle as described, and then treatment was continued in the indicated medium (6 h).
Cells were trypsinized, stained with 0.2% trypan blue, and enumerated. Data are
expressed as number of viable cells (mean + SE; n=3, each performed in triplicate). F:
3T3-L1 preadipocytes were placed in the indicated medium for 6 h. Cells were
trypsinized, stained with 0.2% trypan blue, and enumerated. Data are expressed as the
percentage of viable cells relative to the control serum-containing condition (mean = SE;
n=3, each performed in duplicate). *p<0.05, **p<0.01, ***p<0.001.
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MacCM). A 1.8-fold increase in the percentage of early-stage annexin VV+/Pl- apoptotic
preadipocytes was also observed, but did not reach statistical significance. DPI did not
alter PDGF-dependent preadipocyte survival (Fig. 5D), consistent with its lack of effect
on PDGF-stimulated survival signaling pathways (Fig. 4A).

In addition to the inhibitory effect of DPI on J774A.1-MacCM-mediated survival,
DPI also reduced preadipocyte cell death caused by serum deprivation in control
medium, as assessed by cell enumeration (Fig. 5B; p<0.05). DPI completely eliminated
annexin V staining of preadipocytes in serum-free control medium (Fig. 5C; p<0.001).

Similar to DPI, NAC significantly impaired J774A.1-MacCM-induced
preadipocyte survival, resulting in a 30% reduction in cell number (Fig. 5E; p<0.01;
versus serum-free MacCM). NAC also significantly reduced cell death induced by serum
withdrawal in control medium (p<0.05). Taken together, these preadipocyte survival
studies, using DPI and NAC, suggest a requirement for ROS in two distinct responses: 1)
preadipocyte apoptosis induced by serum deprivation, and 2) preadipocyte survival
induced by MacCM.

To evaluate whether MacCM generated from a primary macrophage cell model
would exert pro-survival activity on preadipocytes, we investigated the effect of BMD-
MacCM on preadipocyte survival. As shown in Fig. 5F, preadipocyte death induced by

serum withdrawal was prevented by BMD-MacCM.
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Discussion

We recently reported that J774A.1-MacCM prevents 3T3-L1 preadipocyte
apoptosis due to serum deprivation, and identified PDGF as the principal responsible
component (Molgat et al., 2009). We have now performed a detailed analysis of survival
signaling pathways in preadipocytes that might be activated by J774A.1-MacCM.
Although both MacCM and PDGF promote preadipocyte survival, our data reveal signal
transduction patterns that differ in response to these two inducers.

We examined the PI3K-Akt and MEK-ERK1/2 pathways and their responses to
PDGF versus J774A.1-MacCM. PDGF binds to its cognate receptor tyrosine kinase to
induce dimerization and autophosphorylation of the cytoplasmic regions of each receptor,
leading to a variety of downstream signaling pathways. PI3K is recruited to the PDGF
receptor and generates P1(3,4,5)P3 that in turn attracts Akt to the cell membrane, where it
is activated via phosphorylation of S473 and T308 by its upstream regulators, mMTORC2
and PDK1, respectively (Park et al., 2003). Akt promotes cell survival via its inhibitory
phosphorylation of pro-apoptotic Bad, and FOX0O3a (Vantler et al., 2005).
PI3K/PI(3,4,5)P3/Akt signaling has been shown to protect preadipocytes from serum
withdrawal induced apoptosis (Gagnon et al., 2001; Niesler et al., 2000). The ligand-
bound PDGF receptor can also interact with the Grb2-Sos complex to switch on Ras.
This in turn activates ERK1/2 due to phosphorylation of T202 and Y204 by upstream
kinases MEK1/2 (Bonni et al., 1999). ERK1/2 mediates cell survival via transcriptional
and post-transcriptional regulation of Bcl-2 proteins (Ballif and Blenis, 2001). Whether

MEK/ERK1/2 mediates 3T3-L1 preadipocyte survival is unclear. We found no role for
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MEK/ERK1/2 in IGF-1 survival signaling with 18 h of serum withdrawal (Gagnon et al.,
2001), whereas a positive role for the MEK/ERK1/2 pathway was reported with 24 h of
serum withdrawal (Niesler et al., 2000).

Akt phosphorylation stimulated by J774A.1-MacCM or PDGF was equally
sensitive to PI3K inhibitors wortmannin or LY294002. However, we observed a
difference between the two inhibitors with respect to the ERK1/2 phosphorylation
response, with only wortmannin causing inhibition. PI3K has been positioned upstream
of ERK1/2 in some cell systems. For example, in NIH 3T3 cells, a systematic
quantitative analysis in combination with kinetic modeling indicates PI3K signaling
activates ERK1/2 through interactions that are proximal and distal to Ras activation
(Wang et al., 2009). Furthermore, in HL-60 cells and in mouse embryonic stem cells,
inhibitors of Akt reduced ERK1/2 phosphorylation (Kim et al., 2009; Patel et al., 2010).
The irreversible nature of the wortmannin inhibition possibly explains the more potent
effect on ERK1/2 phosphorylation that we observed versus LY294002. Alternatively,
wortmannin or LY294002 may inhibit targets, other than PI3K, that might regulate
ERKZ1/2 (Gharbi et al., 2007). Inhibition of J774A.1-MacCM- or PDGF-stimulated
ERKZ1/2 phosphorylation also occurred either with UO126 or PD98509, with no effect on
Akt phosphorylation. The apparent greater inhibition of ERK1 may reflect the weaker
intensity of the stimulated phospho-ERKZ1 signal, relative to that of phospho-ERK2.

Preadipocyte survival induced by J774A.1-MacCM, assessed both by cell
enumeration of adherent viable cells as well as by flow cytometric analysis of annexin V
staining, was substantially impaired by wortmannin or LY294002. Inhibition of the

ERKZ1/2 pathway, by either UO126 or PD98509, was also sufficient to block the pro-

75



survival activity of J774A.1-MacCM on 3T3-L1 preadipocytes. It would seem that these
two pathways are each required for preadipocyte survival. Wortmannin (29% cell loss)
caused a greater disruption of MacCM-induced preadipocyte survival than did LY294002
(18% cell loss), perhaps due to its ability to inhibit phosphorylation of ERK1/2 in
addition to Akt. It remains to be determined whether combined PI13K and ERK1/2
inhibition with LY?294002 and UO126/PD98059 would augment the inhibition of
J774A.1-MacCM-dependent preadipocyte survival.

We have evaluated the complex role of ROS in preadipocyte survival signaling
and cell death. Using the general oxidase inhibitor DPI, we examined J774A.1-MacCM-
versus PDGF-stimulated signaling pathways. DPI strongly inhibited J774A.1-MacCM-
stimulated Akt and ERK1/2 phosphorylation, however, PDGF-stimulated Akt and
ERKZ1/2 phosphorylation responses were unaffected, even when examined at longer
stimulation times and with lower concentrations of PDGF (data not shown). The
inhibition of J774A.1-MacCM-stimulated Akt phosphorylation by NAC versus DPI
occurred later, consistent with NAC acting as a scavenger to accelerate the clearance of
ROS compared to direct inhibition of ROS generation by DPI. Taken together, these
results suggest that in preadipocytes, ROS is required for Akt and ERK1/2 signaling in
response to J774A.1-MacCM, but not to PDGF. Activation of Akt and ERK1/2 by PDGF
was also found to be independent ROS in vascular smooth muscle cells (ten Freyhaus et
al., 2006).

Our results raise the possibility that DPI may prevent the reversible oxidation of
PTEN due to localized generation of ROS by factors within the MacCM (Woo et al.,

2010). This regional ROS generation by membrane-localized NADPH oxidase normally

76



attenuates PTEN 3-phosphatase action on PI(3,4,5)P3, thereby contributing to net
PI(3,4,5)P3 accumulation and activation of Akt (Kwon et al., 2004). Inhibition of this
process by DPI would result in a fully active PTEN, lowering PI1(3,4,5)P3 levels and
reducing Akt activation. Indeed, we detected an increase in ROS levels when serum-
deprived preadipocytes were treated with J774A.1-MacCM. Our data indicate ROS are
essential for Akt and ERK1/2 phosphorylation and 3T3-L1 preadipocyte survival in
response to J774A.1-MacCM.

Additional studies will be needed to learn more about the role of ROS in
preadipocyte survival signaling, and to understand why it is specific for MacCM and not
PDGF. We did confirm there was a 2.9-fold increase in ROS in PDGF-stimulated
preadipocytes under the same experimental conditions as the MacCM studies. A
significant reduction in MacCM-dependent ROS production was observed following
PDGF immunodepletion, consistent with PDGF contributing to this response. It is
possible that factors other than PDGF within the J774A.1-MacCM may influence
preadipocyte survival signaling, resulting in a greater sensitivity to ROS inhibition.

ROS levels in preadipocytes also rose in response to serum deprivation, and
addition of DPI or NAC actually protected the preadipocytes from apoptosis during the
period of serum deprivation. Recently, 3T3-L1 preadipocytes have been shown to be
highly susceptible to ROS-induced apoptosis (Kojima et al., 2010). In PC12 cells, serum-
withdrawal induced apoptosis was reduced by antioxidant treatment (Satoh et al., 1996),
consistent with our data for 3T3-L1 preadipocytes. In contrast to NADPH oxidase-
stimulated ROS generation near the membrane by growth factor receptors, this mode of

ROS generation involves mitochondrial oxidases, and is associated with apoptosis in
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other cell systems (Lee et al., 2006). Recent work has identified Romol, a mitochondrial
protein, as an essential player linking the serum deprivation signal to mitochondrial ROS
production (Lee et al., 2010). Intracellular localization of ROS generated in response to
serum withdrawal versus survival factors is needed to support this conceptual model. The
level of ROS generated in response to PDGF-depleted MacCM was comparable in
magnitude to the levels generated by serum-free control medium. As both of these
treatments induce preadipocyte apoptosis (Molgat et al., 2009), it is possible both of these
ROS responses arise from common pro-apoptotic mitochondrial origins. Alternatively,
other as yet unidentified factors present in PDGF-depleted MacCM may be responsible
for stimulating the production of these ROS.

Our data demonstrate that J774A.1-MacCM can prevent serum withdrawal-
induced 3T3-L1 preadipocyte apoptosis through Akt and ERK1/2 signaling pathways.
Although a pharmacological inhibitor strategy can never be completely specific, we have
used structurally unrelated compounds to target each of the pathways that we have
implicated here. More work will be needed to determine if our observations will apply to
human macrophage and preadipocyte models. Recent studies have found specific
evidence of adipocyte apoptosis and turnover in humans, but little is known about in vivo
preadipocyte turnover (Alkhouri et al., 2010; Arner and Spalding, 2010; Maumus et al.,
2008; Spalding et al., 2008). Attempts to measure the number of preadipocytes in obesity
have been hindered by a lack of specific human preadipocyte markers, and instead,
quantification of adipose stromal cells as a whole has been reported. Numbers of adipose
stromal cells correlate positively with BMI, consistent with increased preadipocyte

proliferation and/or survival (van Harmelen et al., 2003).
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Growing evidence supports a role for macrophages in the regulation of
preadipocyte fate. We and others have reported that MacCM prevents adipocyte
differentiation using several in vitro and in vivo models (Constant et al., 2006; Constant
et al., 2008; Keophiphath et al., 2009; Lacasa et al., 2007; Lu et al., 2010; Stienstra et al.,
2008; Yarmo et al., 2009). The effect of MacCM on preadipocyte proliferation has been
variable, with both positive and negative regulation reported (Lacasa et al., 2007;
Maumus et al., 2008). Preadipocyte survival is another potential route by which the
preadipocyte pool can be modulated. At this point, it can only be speculated that adipose
tissue macrophages, when activated to produce PDGF, might promote preadipocyte
survival to maintain or expand the preadipocyte pool as adipose tissue is remodeled.
PDGF is present in the adipose tissue of mice and humans, with higher concentrations in
the obese state, and macrophages are a principal source of PDGF that is produced by
adipose tissue (Pang et al., 2008). The overall effect of MacCM is likely to be influenced
by whether macrophages are classically or alternatively activated, and this should be

explored in future studies.
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SUMMARY

The following manuscript entitled “The activation state of macrophages alters
their ability to suppress preadipocyte apoptosis” was published in J Endocrinol [(2012)
214, 21-29]. The objective of manuscript #3 was to determine the effect of macrophage

activation on macrophage-dependent preadipocyte survival, and to extend the findings
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from objectives #1 and 2 into a primary human cell model. This study was conducted
using both 3T3-L1 and human primary preadipocyte models, as well as J774A.1, THP-1,
and human primary MD-macrophage cell models. MacCM was prepared and applied to
confluent preadipocyte cultures. 3T3-L1 preadipocytes were induced to undergo
apoptosis by serum withdrawal. Human preadipocytes were induced to undergo apoptosis
by serum withdrawal in the presence of cycloheximide (CHX) and TNF-a. Preadipocyte
apoptosis was assessed by enumeration of viable cells and by quantification of apoptotic
nuclei. Macrophages were activated towards pro-inflammatory, and towards anti-
inflammatory phenotypes by incubation with LPS and IL-4, respectively. This study
revealed that the anti-apoptotic effect of MacCM was lost following the pro-
inflammatory activation of macrophages, yet retained with anti-inflammatory activation.
Furthermore, this study revealed that human macrophages also suppress apoptosis of

human primary preadipocytes.
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Abstract

Adipose tissue contains macrophages whose state of activation is regulated as
obesity develops. Macrophage-secreted factors influence critical processes involved in
adipose tissue homeostasis, including preadipocyte proliferation and differentiation into
adipocytes. Macrophage-conditioned medium (MacCM) from J774A.1 macrophages
protects 3T3-L1 preadipocytes from apoptosis through platelet-derived growth factor
(PDGF) signaling. Here we have investigated the effect of macrophage activation on
MacCM-dependent preadipocyte survival. MacCM was prepared following activation of
either J774A.1 macrophages with lipopolysaccharide (LPS), or human primary
monocyte-derived macrophages (MD-macrophages) with LPS or IL-4. 3T3-L1 and
human primary preadipocytes were induced to undergo apoptosis in MacCM, and
apoptosis was quantified by cell enumeration or Hoechst nuclear staining. Preadipocyte
PDGF signaling was assessed by immunoblot analysis of phosphorylated PDGF receptor,
Akt and ERK1/2. Pro-inflammatory activation of J774A.1 macrophages with LPS
inhibited the pro-survival activity of MacCM on 3T3-L1 preadipocytes, despite intact
PDGEF signaling. Upregulation of macrophage TNF-a expression occurred in response to
LPS, and TNF-a was demonstrated to be responsible for the inability of LPS-J774A.1-
MacCM to inhibit preadipocyte apoptosis. Furthermore, MacCM from human MD-
macrophages (MD-MacCM) inhibited apoptosis of primary human preadipocytes. MD-
MacCM from LPS-treated macrophages, but not IL-4-treated anti-inflammatory
macrophages, was unable to protect human preadipocytes from cell death. In both murine

cell lines and human primary cells, pro-inflammatory activation of macrophages inhibits
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their pro-survival activity, favouring preadipocyte death. These findings may be relevant

to preadipocyte fate and adipose tissue remodeling in obesity.
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Introduction

Obesity is a major risk factor for insulin resistance, type 2 diabetes and
cardiovascular disease. Adipose tissue expansion, due to chronic positive energy balance,
occurs via coordinated increases in adipocyte size (hypertrophy) and number
(hyperplasia). Hyperplastic obesity, associated with insulin sensitivity in humans and in
animal models (Arner et al., 2010; Kim et al., 2007), depends on an adequate number of
functional preadipocytes that can differentiate into adipocytes to meet the energy storage
demand (adipogenesis). In contrast, hypertrophic obesity is linked to adipose tissue
inflammation and insulin resistance (Arner et al., 2010; Heilbronn et al., 2004), and
results from insufficient adipogenic capacity.

In addition to preadipocytes and adipocytes, adipose tissue contains macrophages
(adipose tissue macrophages; ATM). Their number and activation state vary with extent
of adiposity (Lumeng et al., 2007a; Weisberg et al., 2003; Xu et al., 2003). In the lean
state, resident ATM account for ~10% of stromal cells, and are in a M2 anti-
inflammatory activation state. In obesity, due to infiltration and differentiation of
circulating monocytes, ATMs comprise ~50% of stromal cells, and many display a pro-
inflammatory M1 activation state. These dynamic changes in macrophage activation alter
adipose tissue function. Obese mice subjected to conditional ablation of CD11c-positive
cells fail to accumulate M1 ATMs and are not susceptible to diet-induced insulin
resistance (Patsouris et al., 2008). Mice with a macrophage-specific PPARy deletion do
not generate M2 macrophages, and are predisposed to obesity-associated insulin

resistance (Odegaard et al., 2007). Furthermore, depending on the macrophage model
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used, the anti-adipogenic activity of macrophage-conditioned medium (MacCM) on
cultured preadipocytes, reported by us and others (Constant et al., 2006; Ide et al., 2011,
Lacasa et al., 2007), can be regulated by macrophage activation (Lu et al., 2010; Lumeng
et al., 2008; Stienstra et al., 2008).

Our previous investigations into macrophage-adipose cell interactions revealed
that MacCM, collected under basal conditions, protects 3T3-L1 preadipocytes from
apoptosis in a platelet-derived growth factor (PDGF)-dependent manner (Molgat et al.,
2009, 2011). Pro-inflammatory environments, induced by a high fat diet, or cytokines,
such as IL-6, IL-1B, and TNF-a, have been associated with adipose cell death, in vitro
and in vivo (Alkhouri et al., 2010; Keuper et al., 2011; Niesler et al., 2000; Tchkonia et
al., 2005). Therefore, we have now investigated the effect of pro-inflammatory
macrophage activation on the pro-survival activity of MacCM on preadipocytes, using

mouse cell lines and human cells in primary culture.

Materials and Methods

Preparation of MacCM.

J774A.1-MacCM was prepared from J774A.1 mouse macrophages (from ATCC,
Manasas, VA) that were grown in DMEM supplemented with 10% FBS (Hyclone; South
Logan, UT), 100 U/ml penicillin, and 0.1 mg/ml streptomycin (Gibco; Gathersburg,
MD). Confluent cells were placed in serum-free medium that was collected 24 h later.

LPS-J774A.1-MacCM was prepared by treating confluent cells for 0.5 — 6 h with 100
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ng/ml lipopolysaccharide (LPS; from Sigma Aldrich; Saint Louis, MO) or vehicle
(HBSS; Hank’s buffered salt solution); cells were then placed in serum-free medium for
24 h of conditioning prior to collection. In some experiments, where indicated, J774A.1
macrophages in serum-free medium were treated with a lower dose of LPS (10 ng/ml)
during the 24 h conditioning period. For these studies, to control for any residual LPS
bioactivity in the medium after collection, 3T3-L1 preadipocytes were treated with
serum-free control medium supplemented with 10 ng/ml LPS. There was no effect of
LPS control conditions on cell signaling or cell death responses. To neutralize TNF-a,
LPS-J774A.1-MacCM or J774A.1-MacCM was incubated with either 2 pg/ml rat-anti-
mouse TNF-a neutralizing antibody (R&D Systems, Minneapolis, MN) or control non-
specific rat 1gG for 1 h prior to use.

To prepare MacCM from human monocyte-derived macrophages, peripheral
blood mononuclear cells (PBMCs) were isolated from blood donated by 6 healthy
volunteers (3 male and 3 female; mean age was 29.7 + 7.5 years; approved by The
Ottawa Hospital Research Ethics Board #2008445-01H). Blood was centrifuged (500 x g)
with Ficoll-Hypaque (GE Healthcare; Uppsala, Sweden), and PBMCs were seeded at a
density of 1 x 10 cells/well in 12 well culture dishes. Monocytes were allowed to adhere
for 1 h in serum-free RPMI, and subsequently differentiated into macrophages over either
7 or 14 days in RPMI supplemented with 10% FBS, 100 U/ml penicillin, and 0.1 mg/ml
streptomycin (Daigneault et al., 2010; Mayi et al., 2010). Where indicated, macrophage
differentiation was also induced in RPMI supplemented with 20% FBS, 100 U/ml
penicillin, 0.1 mg/ml streptomycin , and 100 ng/ml M-CSF for either 7 or 14 days

(Franco et al., 2006). Differentiated human macrophages were placed in serum-free
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medium, and treated either with 100 ng/ml LPS (M1 activation), or 20 ng/ml human
recombinant IL-4 (M2 activation; R&D Systems); the medium was collected 24 h later
(monocyte-derived-MacCM; MD-MacCM) (Franco et al., 2006). To control for any
potential residual bioactivity in the medium during preadipocyte studies, unconditioned
control medium supplemented with corresponding concentrations of LPS or IL-4 was
evaluated; no effect on preadipocyte responses was noted.

THP-1 monocytes (ATCC) were cultured as described (Constant et al., 2006).
They were grown to a density of 1 x 10° cells/ml and then treated with 100 nM 12-O-
tetradecanoylphorbol-13-acetate (TPA) for 24 h to induce macrophage differentiation.
The resulting macrophages were placed in serum-free medium without TPA, and the
THP-1-MacCM was collected 24 h later.

MacCM, generated from each macrophage model, was centrifuged at 200 xg for 5

min, and the supernatant was stored at —20 °C until use for preadipocyte studies.

Isolation and culture of human preadipocytes.

Subcutaneous adipose tissue was obtained from healthy volunteers undergoing
elective abdominal surgery (approved by The Ottawa Hospital Research Ethics Board
#1995023-01H). Mean age was 52.2 + 12 years, and mean body mass index was 31.2 +
11.4 kg/m? (£SD). Preadipocytes were isolated as described (Artemenko et al., 2005).
Adipose tissue was separated from connective tissue and capillaries by dissection, then
digested with collagenase CLS type I (600 U/g of tissue; Worthington, Lakewood, NJ).

The digested tissue was subjected to progressive size filtration and centrifugation,
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followed by incubation in erythrocyte lysis buffer. Preadipocytes were seeded at a density
of 3.5 x 10° cells/35mm dish, cultured in DMEM supplemented with 10% FBS, 100 U/ml
penicillin, 0.1 mg/ml streptomycin, and 50 U/ml nystatin (Calbiochem, Merck KGaA,;

Darmstadt, Germany), and grown for 24-48 h until confluent.

Preadipocyte signal transduction studies.

Low-passage 3T3-L1 mouse preadipocytes (ATCC) were grown in DMEM
supplemented with 10% calf serum, 100 U/ml penicillin, and 0.1 mg/ml streptomycin
(growth medium). Confluent 3T3-L1 preadipocytes, pretreated where indicated for 90
min with 10 uM imatinib or vehicle (0.1% DMSO), were placed in serum-free J774A.1-
MacCM, LPS-J774A.1-MacCM, or control medium (supplemented with 10 ng/ml LPS
where indicated), for 15 min. Preadipocytes were then processed for immunoblot

analysis.

Immunoblot analysis.

Cells were lysed in 1X Laemmli buffer (Laemmli, 1970) supplemented with 5%
B-mercaptoethanol, 1 mM sodium orthovanadate, 5 mM EGTA (pH 8.0), 50 mM sodium
fluoride, and 5 mM sodium pyrophosphate. Protein was measured using the D¢ Protein
Assay (Bio-Rad, Hercules, CA) with BSA as a standard. Equal amounts (20-25 pg) of
solubilized protein were resolved by SDS-PAGE and transferred to a nitrocellulose

membrane. Membranes were incubated for 1 h in 5% skim milk or 3% BSA to block
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non-specific binding sites, and then probed as indicated with the following primary
antibodies directed against: PDGF receptor (PDGFR)-B (rabbit polyclonal; 1 pg/ml;
Santa Cruz Biotechnology, Santa Cruz, CA), phosphotyrosine (PY20; mouse
monoclonal; 1:1000; BD Biosciences, Mississauga, ON, Canada), ERK1/2 (rabbit
polyclonal; 0.25 ug/ml; Upstate Biotechnology, Charlottesville, VA), phospho-ERK1/2
(PERK1/2; Thr202/Tyr204; rabbit polyclonal; 1:2000), Akt (rabbit polyclonal; 1:1000),
or phospho-Akt (pAkt; Ser473; rabbit polyclonal; 1:1000; all from Cell Signaling
Technology, Beverly, MA). After incubation with the appropriate horseradish peroxidase
(HRP)-conjugated secondary antibody, signal detection was performed using the
Immobilon Western chemiluminescence HRP Substrate kit (Millipore). Relative intensity
of the bands was quantified using AlphaEaseFC software (Alpha Innotech, San Leandro,

CA) and expressed as integrated optical density (1.0.D.) units.

Cell death analysis.

For cell enumeration studies, confluent 3T3-L1 preadipocytes, pretreated where
indicated for 90 min with 10 uM imatinib or vehicle (0.1% DMSO), were placed in
control medium (supplemented or not with 10% FBS, 1-100 ng/ml recombinant mouse
TNF-a (R&D Systems), or 20 ng/ml recombinant human PDGF BB (Calbiochem)),
serum-free J774A.1-MacCM, or serum-free LPS-J774A.1-MacCM. After 6 h, floating
cells were removed, and adherent cells were trypsinized and stained with 0.2% trypan
blue dye. Viable cells (trypan blue exclusion) were counted in duplicate using a Neubauer

hemacytometer. Each treatment was performed in duplicate.
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For Hoechst staining, primary human preadipocytes grown on coverslips were
placed in serum-free medium (control or MacCM) supplemented with either 10 pg/ml
cycloheximide (CHX; Calbiochem), 10 ng/ml recombinant human TNF-a (R&D
Systems), or both, for 6 h to induce apoptosis (Fischer-Posovszky et al., 2011a; Fischer-
Posovszky et al., 2004; Tchoukalova et al., 2007). Cells were then fixed in 10%
formaldehyde for 1 h, followed by staining for 10 min with 1 pg/ml Hoechst 33342 in a
humid chamber. Individual coverslips were mounted onto glass slides using Moviol.
Cells were visualized and photographed (400 x mag) with a Zeiss Axio Imager.M1
microscope equipped with an Axiocam HRm digital camera (Carl Zeiss, Toronto,
Canada). Ten random fields, equivalent to a minimum of approximately 200 cells, were
photographed for each of the three coverslips used per treatment. Percent apoptosis was
calculated by dividing the total number of apoptotic nuclei by the total number of nuclei

(counted by two independent observers), multiplied by 100.

RT-PCR.

J774A.1 macrophages were treated with 100 ng/ml LPS or vehicle (0.1% HBSS)
for 2 or 6 h. RNA, extracted with Qiazol (Qiagen; Missisauga, ON), was processed and
analyzed by RT-PCR as described (Ide et al., 2011). Data were analyzed using Light
Cycler Software 3.0 (Roche; Mannheim, Germany), and are expressed as the fold
increase of the relative quantification (RQ) of LPS-treated cells vs. time-matched
controls. TNF-a-specific primer pairs were: forward, 5°-

ACGGCATGGATCTCAAAGAC-3’, and reverse, 5’-AGATAGCAAATCGGCTGACG-
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3°, with 18S used as an internal control. The relative expression of PDGF A and B
MRNA was calculated by comparing the RQ values for each gene, normalized to 18S, in
untreated J774A.1 macrophages. Primer pairs for PDGF were: PDGF A forward, 5°-
GGAGCCAGGTGGACCCCACA-3’, and reverse, 5’-TGGCCACCTTGACACTGCGG-
3’; and PDGF B forward, 5’-CCACTCCATCCGCTCCTTT-3’, reverse, 5’-
AAGTCCAGCTCAGCCCCAT-3".

MD-macrophages, treated with 100 ng/ml LPS or 20 ng/ml I1L-4 for 24 h, were
processed for RT-PCR analysis, as above. TNF-a-specific primer pairs were: forward, 5’-
GCCCCCAGAGGGAAGAGTTCCC-3’, and reverse, 5°-
CAGCTCCACGCCATTGGCCA-3’. CD206-specific primer pairs were: forward, 5’-
GGAAGGCGGTGACCTCACAAGT-3’, and reverse, 5°-

TGCCCAGTACCCATCCTTGCCTT-3". 18S was used as an internal control.

ELISA.

PDGF BB content in basal J774A.1- and LPS-J774A.1-MacCM (prepared
following treatment with 100 ng/ml LPS or vehicle for 2 or 6 h in serum-free medium)
was assayed using the Quantikine mouse/rat PDGF-BB ELISA (R&D Systems). TNF-a
and IL-1P were quantified in THP-1-MacCM using Quantikine human IL-1f and human

TNF-a ELISA (R&D Systems).
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Statistical analysis.

One-way ANOVA followed by the post-hoc Newman Keuls test was used to
assess differences between means using GraphPad InStat v3.05 (GraphPad Software Inc.,
San Diego, CA). For imatinib studies, two-way ANOVA followed by the post-hoc

Tukey’s test was used. A value of P<0.05 was considered significant.

Results

Pro-inflammatory macrophage activation reduces the survival activity of J774A.1-

MacCM

We previously reported that J774A.1-MacCM, in a PDGF-dependent manner,
inhibits apoptosis of serum-deprived 3T3-L1 preadipocytes, and this was documented by
cell enumeration, Hoescht staining, and annexin V detection by flow cytometry (Molgat
etal., 2009, 2011). We have now investigated, for the first time, the effect of pro-
inflammatory macrophage activation, induced by LPS treatment, on the preadipocyte
survival activity of MacCM. As before, basal J774A.1-MacCM prevented serum
withdrawal-induced death of 3T3-L1 preadipocytes, assessed by enumeration of viable
cells (Fig. 1A). Addition of LPS to J774A.1 macrophages for 6 h prior to the conditioning
period inhibited survival activity of the MacCM by 50% (Fig. 1A). Shorter durations of

LPS treatment were less effective.
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Figure 1. Pro-inflammatory macrophage activation, PDGF release, and survival
activity of J774A.1-MacCM. (A) 3T3-L1 preadipocytes were incubated for 6 h in
serum-free control medium, J774A.1 MacCM, or LPS-J774A.1 MacCM generated by
LPS pre-treatment of macrophages for the times indicated. Viable adherent cells (trypan
blue negative) were enumerated and expressed as mean cell number £ SEM. n=4,
*P<0.05. (B) PDGF BB in J774A.1-MacCM or LPS-J774A.1-MacCM, treated with
vehicle or LPS for the indicated period of time prior to preparation of MacCM, was
quantified by ELISA. Data are expressed in pg/ml. n=3; *P<0.05.
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To investigate the mechanism by which LPS reduces the pro-survival activity of
MacCM, we measured the amount of PDGF released into J774A.1-MacCM, since its
ability to suppress preadipocyte apoptosis is dependent on this growth factor (Molgat et
al., 2009). RT-PCR comparative cycle number analysis indicated PDGF B mRNA is 19-
fold more abundant than PDGF A in unactivated macrophages (data not shown), in
agreement with other observations (Nagaoka et al., 1992). J774A.1-MacCM contained
1034 or 1443 pg/ml of PDGF BB, following 2 or 6 h of vehicle treatment, respectively
(Fig. 1B). Treatment of macrophages with LPS for 2 or 6 h decreased PDGF BB levels in
the MacCM by 44 or 52%, respectively (Fig. 1B).

Given the lower level of PDGF protein released by the J774A.1 macrophages in
response to LPS, we determined whether the reduced survival activity of LPS-J774A.1-
MacCM might be due to attenuated PDGF signaling in 3T3-L1 preadipocytes. We
examined the phosphorylation responses of PDGFR, Akt, and ERK1/2, since we have
previously reported that these pathways mediate the pro-survival effect of MacCM
(Molgat et al., 2011). There was no difference in PDGFR or Akt phosphorylation in
response to LPS-J774A.1-MacCM vs. J774A.1-MacCM (Fig. 2A). Therefore, LPS-
J774A.1-MacCM survival signaling in preadipocytes, as assessed by these two PDGFR-
dependent parameters, was unaffected despite the LPS-associated reduction of PDGF
protein levels in the MacCM (Fig. 1B).

ERK1/2 phosphorylation in 3T3-L1 preadipocytes treated with LPS-J774A.1-
MacCM vs J774A.1-MacCM was actually enhanced (Fig. 2A). The augmented ERK1/2

signaling with LPS-J774A.1-MacCM was not altered by pre-treating preadipocytes with
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Figure 2. LPS-J774A.1-MacCM, PDGF signaling and 3T3-L1 preadipocyte death.
3T3-L1 preadipocytes, pretreated or not with 10 uM imatinib, as in indicated, were
incubated for 15 min in serum-free control medium, J774A.1-MacCM, or LPS-J774A.1-
MacCM (generated by LPS pretreatment of macrophages for 6 h). Whole cell lysates
were immunoblotted with the indicated antibodies. n=3 (A), n=4 (B), *P<0.05,
**P<(.01, ***P<0.001 vs. control medium, or indicated pairs.
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imatinib (Fig. 2B), suggesting PDGF was not responsible for the enhanced ERK1/2

signal.

LPS-induced macrophage TNF-a production reduces the survival activity of

J774A.1-MacCM

Since PDGF survival signaling remained intact in LPS-J774A.1-MacCM, we
considered whether a pro-apoptotic factor was induced by LPS treatment. A 20- or 40-
fold increase in TNF-a mRNA expression in J774A.1 macrophages occurred by 2 or 6 h
of LPS treatment, respectively (data not shown). TNF-o promotes 3T3-L1 preadipocyte
apoptosis when added to standard cell culture medium (Niesler et al., 2000). Therefore,
we determined whether LPS-induced TNF-a was responsible for the inhibition of
MacCM pro-survival activity using an immunoneutralization strategy.

In this case, LPS-J774A.1-MacCM was collected after 24 h of 10 ng/ml LPS
treatment, and then added to 3T3-L1 preadipocytes. A similar increase in
phosphorylation of PDGFR, Akt, and ERK1/2 occurred with this LPS protocol (Fig. 3A
vs. Fig. 2A). LPS alone had no effect on 3T3-L1 preadipocyte signaling (Fig. 3A) or
survival (data not shown). LPS-J774A.1-MacCM inhibited the pro-survival effect of
unstimulated J774A.1-MacCM by 62%, and TNF-a immunoneutralization almost fully
restored the pro-survival activity to 89% of the basal J774A.1-MacCM effect (Fig. 3B).
The anti-TNF-a antibody alone had no effect on cell death induced by serum withdrawal
in the presence or absence of LPS (data not shown). When TNF-a was added to basal
J774A.1-MacCM (no LPS treatment), it inhibited the ability of MacCM to suppress

preadipocyte cell death (Fig. 3C). Therefore, TNF-a appears to be a critical component of
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Figure 3. LPS-induced macrophage TNF-a and survival activity of MacCM. (A)
3T3-L1 preadipocytes were incubated for 15 min in serum-free control medium, LPS-
control medium, J774A.1-MacCM, or LPS-J774A.1-MacCM, prepared following 24 h
incubation with 10 ng/ml LPS. Whole cell lysates were immunoblotted with the indicated
antibodies. n=3, *P<0.05, ***P<0.001. (B) 3T3-L1 preadipocytes were incubated for 6 h
in serum-free control medium, J774A.1-MacCM, or LPS-J774A.1-MacCM, following
preincubation of the media with anti-TNF-a neutralizing antibody or control non-specific
rat IgG. Viable adherent cells (trypan blue negative) were enumerated and data expressed
as mean cell number £+ SEM. n=3, *P<0.05, **P<0.01. (C) 3T3-L1 preadipocytes were
incubated for 6 h with serum-free control medium, 20 ng/ml PDGF BB, or J774A.1-
MacCM, each supplemented or not with 10 ng/ml TNF-a. Viable adherent cells (trypan
blue negative) were enumerated and data expressed as mean cell number = SEM. n=3,
*P<0.05.
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the LPS-J774A.1-MacCM that overcomes the pro-survival effect of the J774A.1
macrophage-derived PDGF on 3T3-L1 preadipocytes. TNF-a, when added to J774A.1-
MacCM, is also sufficient to mimic the negative effect of LPS-J774A.1-MacCM on 3T3-

L1 preadipocyte survival.

MD-MacCM promotes the survival of human primary preadipocytes

We evaluated whether the MacCM pro-survival effect observed with the J774A.1
and 3T3-L1 cell line models extends to interactions between human monocyte-derived
macrophages and human stromal-vascular preadipocytes. However, compared to 3T3-L1
preadipocytes, human preadipocytes are much less susceptible to apoptosis induced
solely by serum withdrawal (Papineau et al., 2003). To induce adequate cell death, it was
necessary to supplement the serum-free medium with CHX and TNF-a, apoptotic
inducers used together by others (Fischer-Posovszky et al., 2011a; Fischer-Posovszky et
al., 2004; Tchoukalova et al., 2007). An approximate 20-fold induction of human
preadipocyte apoptosis occurred with this combination (Fig. 4A).

To investigate whether MacCM from primary macrophages would reduce
preadipocyte apoptosis, we differentiated human blood monocytes into macrophages over
7 or 14 days in 10% FBS, and then conditioned serum-free medium for 24 h. This MD-
MacCM suppressed human preadipocyte apoptosis by either 41 or 55%, respectively
(Fig. 4B). A similar 36 or 55% suppression of apoptosis was also observed with MD-
MacCM generated from macrophages that were differentiated as above but supplemented

with M-CSF (Fig. 4B). Therefore, we have established for the first time that the pro-
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Figure 4. MD-MacCM survival activity and human preadipocytes. (A) Human
primary preadipocytes were incubated for 6 h with serum-containing or serum-free
medium supplemented with 10 pg/ml CHX and 10 ng/ml TNF-a, as indicated. Cell death
was assessed by quantification of Hoechst-stained apoptotic nuclei. n=9, ***P<0.001.
(B) Human primary preadipocytes were induced to undergo apoptosis as described in
(A), in the presence of control medium or MD-MacCM, prepared following
differentiation of human blood monocytes for 7 or 14 days in serum-containing medium
supplemented or not with M-CSF. Cell death was assessed as in (A). Data are expressed
as the fold of the control apoptotic response £ SEM. n=4; **P<0.01, ***P<0.001 vs.
serum-free control. (C,D) Human primary preadipocytes were induced to undergo
apoptosis as described in (A) in the presence of MD-MacCM that was either unactivated,
or activated with either LPS (C) or IL-4 (D). Cell death was assessed as in (A). Data are
expressed as the fold of the control apoptotic response + SEM. n=3. **P<0.01 and
***P<0.001 vs. serum-free control, or indicated pairs.
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survival effect of macrophages on preadipocytes that occurs in murine cell lines is valid
for primary human cells.

We examined whether the pro-survival effect on preadipocytes might be altered
by macrophages that were in a pro-inflammatory M1 versus anti-inflammatory M2
macrophage activation state. Either 100 ng/ml LPS (M1) or 20 ng/ml IL-4 (M2) was
added to serum-free medium during the 24 h conditioning period, resulting in a 5-fold
increase in TNF-o mRNA (P<0.05) or a 4-fold increase in CD206 mRNA (P<0.01),
respectively. LPS-MD-MacCM not only lost its pro-survival effect, it exacerbated
preadipocyte apoptosis by 1.4-fold (Fig. 4C). In contrast, IL-4-MD-MacCM and basal
MD-MacCM had similar pro-survival activities towards human preadipocytes (Fig. 4D).
Neither LPS nor IL-4, when added alone to control medium, affected human

preadipocyte viability.

Discussion

Proliferation and differentiation of preadipocytes are influenced by macrophage-
secreted factors (Constant et al., 2006; Ide et al., 2011; Lacasa et al., 2007; Maumus et
al., 2008). We have studied another cell fate, survival, and have previously reported that
MacCM from J774A.1 macrophages protects 3T3-L1 preadipocytes from apoptosis in a
PDGF-dependent manner, measured by cell enumeration, Hoescht staining, and annexin
V detection by flow cytometry (Molgat et al., 2009, 2011). Here, we report that pro-
inflammatory macrophage activation reduces the pro-survival activity of J774A.1-

MacCM for 3T3-L1 preadipocytes. Furthermore, we have now demonstrated that human
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primary monocyte-derived macrophages exert a similar anti-apoptotic effect on human
primary preadipocytes that is also dependent on state of macrophage activation.

MacCM from LPS-treated versus basal J774A.1 macrophages displayed a reduced
preadipocyte pro-survival activity. This occurred despite the ability of LPS-J774A.1-
MacCM to fully activate PDGFR signaling pathways. The steady level of PDGF
signaling, despite the reduced levels of PDGF, is consistent with the notion that PDGF
levels produced by LPS-treated J774A.1 macrophages exceed a threshold concentration
of PDGF sufficient for complete receptor activation and downstream signaling in 3T3-L1
cells. The pro-inflammatory state was associated with a significant upregulation of TNF-
a. This cytokine is expressed at very low levels in J774A.1 cells under basal conditions,
and is rapidly upregulated by LPS to reach concentrations in the ng/ml range (Jozefowski
et al., 2010; Telepnev et al., 2003). Exogenous addition of TNF-a in this concentration
range was sufficient to inhibit the anti-apoptotic effect of J774A.1-MacCM on 3T3-L1
preadipocytes. Immunoneutralization of TNF-a in the MacCM demonstrated this
cytokine is responsible for the inhibition of the pro-survival activity. Our data indicate
that TNF-a interferes with the pro-survival effect of PDGF in the context of murine
macrophage and preadipocyte models. This action on preadipocyte fate may potentially
represent another mechanism by which TNF-a, emanating either from activated
macrophages or inflamed hypertrophied adipocytes in vivo, can act as a local adipostat to
limit adipose tissue expansion (Skolnik and Marcusohn, 1996; Zhang et al., 2001).

Until now, our investigations on the pro-survival effect of MacCM on
preadipocytes were based on studies using mouse 3T3-L1 preadipocytes and mouse

macrophage cell models (Molgat et al., 2009, 2011). Here, we have taken the important
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step to demonstrate that human MD-MacCM also prevents apoptosis of human
preadipocytes. Compared to 3T3-L1 preadipocytes, human preadipocytes are relatively
resistant to apoptosis induced by serum deprivation (Papineau et al., 2003). Therefore, we
used an apoptotic trigger that consists of serum deprivation in the presence of CHX and
TNF-a (Fischer-Posovszky et al., 2011a; Fischer-Posovszky et al., 2004; Tchoukalova et
al., 2007). TNF-a activates the extrinsic apoptosis pathway through caspase 8 activation;
versus the intrinsic mitochondria-dependent apoptotic pathway induced by serum
deprivation. CHX treatment inhibits pro-survival protein synthesis and has been shown to
promote the association of caspase 8 with the TNF receptor, which enhances the death-
inducing activity of TNF-a (Chau et al., 2011). In preadipocytes, CHX has been shown to
selectively downregulate FLICE-like inhibitory protein, enhancing the sensitivity of these
cells to death ligand-dependent apoptosis (Fischer-Posovszky et al., 2011a). Our finding
that MD-MacCM is capable of preventing CHX/TNF-a- and serum deprivation—
dependent preadipocyte apoptosis suggests it impedes intrinsic and extrinsic apoptotic
pathways.

The significant suppression of apoptosis of human preadipocytes by basal MD-
MacCM was absent in LPS-MD-MacCM. Therefore, as for J774A.1 macrophages, pro-
inflammatory M1 activation of MD-macrophages interferes with the pro-survival effect
of MD-MacCM. Moreover, in the case of LPS-MD-MacCM, an augmentation of human
preadipocyte apoptosis was observed, possibly arising from differences in the primary
human macrophage model, from the higher LPS concentration used, or from the
exogenous TNF-a already present in the apoptosis-induction medium. The effect of an

anti-inflammatory M2 stimulus on MD-macrophages was studied using IL-4 (Gordon and
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Martinez, 2010). IL-4-activated MD-MacCM or basal untreated MD-MacCM each
exerted similar anti-apoptotic effects on human preadipocytes. Therefore, the influence of
MD-MacCM on human preadipocyte apoptosis appears to be activation-dependent, as
observed with J774A.1-MacCM.

Future investigations will be necessary to elucidate the pro-survival mechanism in
greater detail. As an initial step, we have determined that Akt and ERK1/2 activation
occurs in human preadipocytes in response to MD-MacCM (n=3, data not shown). These
signaling responses were unaffected by the activation state of the macrophages,
consistent with what we observed for the murine macrophage-preadipocyte studies. It
will be important to directly assess whether Akt and ERK1/2 are implicated in MD-
MacCM-dependent human preadipocyte survival, and to identify the pro-survival
factor(s) secreted by human macrophages in the basal or IL-4-treated state. Furthermore,
the basis of the blockade of the pro-survival effect of LPS-MD-MacCM on human
preadipocytes remains to be determined. As noted, in contrast to the 3T3-L1 model in
which apoptosis was triggered with serum-deprivation alone, a more complex apoptotic
induction was required for the human preadipocytes. The ability of basal and IL-4-treated
human MD-MacCM to protect human preadipocytes from death, despite the presence of
exogenous TNF-a in the treatment medium, will require further investigation. For
example, human MD-macrophages may secrete a variety of pro-survival factors.

In contrast to the anti-apoptotic effect of MD-MacCM that we observed with
primary human preadipocytes, a pro-apoptotic effect of THP-1-MacCM with the
Simpson-Golabi-Behmel syndrome human preadipocyte model has been described

(Keuper et al., 2011). Several reasons might account for this difference. The
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differentiation of THP-1 macrophages with 200 nM phorbol myristate acetate by that
group occurred over 48 h, and elevated mMRNA expression of IL-6, IL-1f, and TNF-a was
noted, indicative of a pro-inflammatory state. We have generated THP-1-MacCM derived
from THP-1 macrophages that were differentiated with 100 nM TPA over 24 h, and
observed a 30 % reduction in human preadipocyte apoptosis. With respect to cytokines
released, our THP-1-MacCM contained similar levels of IL-1( (447 + 59 pg/ml, n=3),
but levels of TNF-a (21 + 10 pg/ml TNF-a, n=3) were much lower compared to the
ng/ml levels observed by Keuper et al. We do note that different commercial ELISA
systems were used, and perhaps that may have contributed in part to the variation in
TNF-a values. In addition, compared to the primary human preadipocytes used in our
studies, Simpson-Golabi-Behmel syndrome preadipocytes have a greater adipogenic
capacity and higher sensitivity to apoptosis (Fischer-Posovszky et al., 2004).

Macrophage activation states could potentially alter the balance between
adipocyte hypertrophy and hyperplasia through the control of preadipocyte survival
and/or cell number. Hypertrophic adipose tissue growth is associated with insulin
resistance and adipose tissue inflammation; whereas hyperplastic growth maintains
adipose tissue insulin sensitivity. Our novel data, demonstrating pro-inflammatory
activation interferes with the anti-apoptotic activity of macrophages, are derived from cell
culture models. Future studies are needed to address whether preadipocyte survival is
regulated by adipose tissue macrophages in vivo, and whether the pro-inflammatory

activation of ATMs in the pathological state of obesity regulates preadipocyte viability.
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5.0 GENERAL DISCUSSION

SUMMARY OF RESEARCH FINDINGS

My research has revealed a novel function of macrophage-secreted factors in the
prevention of preadipocyte apoptosis, advancing our understanding of this complex
paracrine interaction (summarized in Figure 5.1). Using MacCM from three tumor cell
lines (RAW264.7, J774A.1, and THP-1), and primary cells (murine BMD-macrophages
and human MD-macrophages), | have observed inhibition of apoptosis in both murine
3T3-L1 preadipocytes and human primary preadipocytes. Apoptosis was quantified using
several assays of cell death, including enumeration of viable adherent cells, Hoechst
staining of apoptotic nuclei, and Annexin V/PI staining. Suppression of preadipocyte
apoptosis was associated with MacCM-dependent activation of Akt and ERK1/2
signaling in both the 3T3-L1 and human preadipocyte models. PDGF/PDGFR, Akt,
ERK1/2, and ROS were shown to be required for the survival of 3T3-L1 preadipocytes
by J774A.1-MacCM. Finally, | have demonstrated that the activation state of the
macrophage alters their ability to prevent preadipocyte apoptosis. Pro-inflammatory
macrophages that were activated with LPS failed to suppress preadipocyte death, whereas
anti-inflammatory macrophages that were activated with IL-4 retained pro-survival

function.
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Figure 5.1 Proposed model of the anti-apoptotic effect of macrophage-secreted
factors on preadipocytes. In the absence of macrophage-secreted factors, serum-
withdrawal or TNF-a stimulation leads to preadipocyte death via intrinsic and extrinsic
apoptosis pathways, respectively. In the presence of macrophage-secreted factors, derived
from unactivated or IL-4-activated macrophages, pro-survival signaling pathways
(PI3K/Akt, MEK/ERK1/2, and ROS) are activated resulting in maintained preadipocyte
survival. In murine cells, macrophage-secreted PDGF is necessary for the activation of
these pro-survival events. When macrophage-secreted factors derived from LPS-activated
macrophages are present, despite the presence of pro-survival factors, TNF-a-mediated
apoptosis is potentiated resulting in preadipocyte death.
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MacCM stimulated Akt and ERK signaling

The first indication that macrophage-secreted factors may influence preadipocyte
survival responses came from the observed activation of survival kinases, Akt and
ERKZ1/2, following exposure to MacCM. Akt is activated by growth factors in a PI13K-
dependent pathway involving mTOR-mediated phosphorylation of Ser473 and PDK1-
mediated phosphorylation of Thr308. ERK1/2 is activated by phosphorylation of Thr202
and Tyr204 by MEK1/2. Akt phosphorylation of Ser473 and ERK1/2 phosphorylation of
both sites was observed in 3T3-L1 and human primary preadipocytes following
incubation with J774A.1-MacCM and MD-MacCM, respectively. Several studies have
examined the influence of macrophages on Akt and ERK1/2 signaling in preadipocytes,
and others have reported variable effects of MacCM on the phosphorylation of these
kinases in differentiated adipocytes and other cell types.

In differentiated 3T3-L1 adipocytes, Lumeng et al. reported unactivated J774A.1-
MacCM did not affect basal or insulin-stimulated Akt phosphorylation (Lumeng et al.,
2007c¢). Pro-inflammatory LPS-J774A.1-MacCM, however, significantly suppressed the
insulin-stimulated response. Pro-inflammatory LPS-THP-1-MacCM was also seen to
suppress insulin-stimulated Akt phosphorylation in both undifferentiated and
differentiated 3T3-L1 cells (Moreno-Navarrete et al., 2009). In SGBS adipocytes,
differentiated from a highly proliferative and adipogenic human preadipocyte cell line
isolated from the adipose tissue of a patient with Simpson-Golabi-Behmel syndrome,
Keuper et al. reported a significant reduction of basal and insulin-stimulated Akt

phosphorylation in the presence of untreated THP-1-MacCM. Characterization of the
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MacCM cytokine content revealed elevated levels of TNF-a, indicating pro-inflammatory
activation of the THP-1 cells (Keuper et al., 2011). Therefore, whereas my data suggest
MacCM stimulates Akt phosphorylation in undifferentiated preadipocytes, MacCM may
suppress Akt phosphorylation in differentiated adipocytes and preadipocytes, co-treated
with insulin.

As mentioned, MacCM-dependent Akt phosphorylation responses have also been
examined in non-adipose cells. Incubation of C6 myoblasts with RAW?264.7-MacCM,
following macrophage treatment with palmitic acid, suppressed insulin-dependent Akt
phosphorylation, an effect not observed under basal conditions or with unactivated
MacCM (Samokhvalov et al., 2009). Robust Akt phosphorylation was reported in CCL39
myofibroblasts exposed to BMD-MacCM, activated or not with either IL-4 or I[FNy
(Wynes et al., 2004). Similarly, Akt phosphorylation has been noted in MCF-7 human
breast adenocarcinoma cells, and primary murine cerebellar granule cells, incubated with
THP-1-MacCM and primary murine microglia-CM, respectively (Lee et al., 2011;
Morgan et al., 2004).

ERKZ1/2 phosphorylation was stimulated in 3T3-L1 preadipocytes treated with
either THP-1-monocyte-CM or THP-1-MacCM (Constant et al., 2008); however this
stimulatory effect may not persist during the course of 3T3-L1 adipogenesis, or in
differentiated SGBS adipocytes (Keuper et al., 2011; Yarmo et al., 2009). ERK1/2
phosphorylation has been reported in direct co-culture experiments between 3T3-L1
adipocytes and RAW264.7 macrophages, though the source of the phosphorylated

ERK1/2 was not identified (Suganami et al., 2005). ERK1/2 phosphorylation is
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stimulated in MCF-7 and CCL39 cells exposed to THP-1-MacCM and primary murine
microglia-CM, respectively (Lee et al., 2011; Morgan et al., 2004).

Therefore, variable effects of MacCM on Akt and ERK1/2 phosphorylation have
been reported. This may be due to intrinsic differences in the cell models used, or the
activation state of the macrophages. It would appear, however, that macrophages are

capable of stimulating Akt and ERK1/2 signaling in a variety of cell types.

Macrophage-dependent PDGFR signaling

The Akt and ERK1/2 signaling responses | observed were not seen following
inhibition of the PDGFR in 3T3-L1 preadipocytes; suggesting they are events
downstream of PDGFR activation. Two PDGFRs are known, PDGFRa and PDGFR},
which possess unique ligand specificity and expression patterns (Bonner, 2004). Though
preadipocytes express both receptors, the PDGFR isoform is most abundant (Vaziri and
Faller, 1996). Upon ligand binding, PDGFRs form homo- and heterodimers (o/a, o/f,
B/B). PDGF ligands are synthesized from four separate genes: PDGFA, PDGFB, PDGFC,
and PDGFD. The products of these four genes produce five PDGF protein isoforms:
PDGF-AA, PDGF-AB, PDGF-BB, PDGF-CC, and PDGF-DD, all of which are
detectable in most tissues. Ligand specificity follows that PDGFRa/a homodimers are
activated following ligation with either PDGF-AA or -CC; PDGFRa/p heterodimers are
activated by PDGF-AB, -BB, -CC, and -DD; and PDGFRp/ homodimers are
specifically activated by PDGF-BB and -DD (Fredriksson et al., 2004). PDGF binding to

its cognate receptor activates intrinsic tyrosine kinase activity, creating phosphotyrosine
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docking sites along the C-terminus of the receptor. PI3K and Grb2 bind to
phosphorylated tyrosines on the PDGFR, initiating signaling that leads to Akt and
ERK1/2 activation, respectively.

| found J774A.1-MacCM contains ~1ng/ml PDGF-BB, and my own unpublished
RT-PCR analysis has shown PDGFB to be the most abundantly expressed PDGF isoform
in J774A.1 cells. Macrophage PDGF expression has been previously reported and found
to change upon monocyte to macrophage differentiation, as well as with macrophage
activation (Allam et al., 1992; Kitamura et al., 2008; Kodelja et al., 1997; Kosaka et al.,
1992; Kovacs and Vanstedum, 1995; Li et al., 1994; Nagaoka et al., 1992; Shanker et al.,
1995; Song et al., 2000). J774A.1-secreted PDGF-BB has been shown to stimulate
osteopontin expression in Swiss 3T3 cells, the parent cell line of 3T3-L1 preadipocytes
(Mori et al., 2008). Evidence for murine microglia-secreted bioactive PDGF-BB has also
been provided (Morgan et al., 2004). In murine AT, PDGF levels rise with obesity, and
are downregulated by macrophage-selective depletion (Pang et al., 2008). This
correlation between ATM content and AT PDGF expression is also seen in the sirtuin-1
deficient mouse which has reduced ATM content, and a corresponding lower level of AT
PDGF expression (Xu et al., 2012).

In contrast to the activation of PDGF signaling in murine preadipocytes, | have
not observed PDGFR phosphorylation in human primary preadipocytes following
treatment with human MD-MacCM, despite MD-MacCM-dependent Akt and ERK1/2
signaling. Yarmo et al. previously showed that THP-1-MacCM-dependent signaling in
human primary preadipocytes is insensitive to PDGFR-selective inhibition by imatinib

(Yarmo et al., 2010). | am unable to detect PDGF-BB protein in MD-MacCM by
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immunoassay (unpublished results). These findings suggest that macrophage-dependent
pro-survival PDGF signaling may be specific to the mouse, and other as yet unidentified
macrophage-derived factors act on human preadipocytes. Nevertheless, the pro-survival
function of MacCM could be demonstrated in both murine and human primary

preadipocytes.

ROS signaling in cell survival and death

I observed a significant increase in intracellular ROS levels in 3T3-L1
preadipocytes following either serum-withdrawal or incubation with serum-free J774A.1-
MacCM. Since serum withdrawal and J744A.1-MacCM induced opposite effects on
preadipocyte survival, these results raise the possibility that ROS are implicated in both
preadipocyte survival and apoptosis. This hypothesis is supported by my studies using the
general ROS inhibitor, DPI, and the anti-oxidant, NAC; both were found to reduce serum
withdrawal-dependent apoptosis, and J774A.1-MacCM-dependent survival. The ability
of ROS to possess dual functions on cell death and survival may be a result of localized
subcellular production. Mitochondria are the major source of ROS produced in a cell,
however membrane-localized ROS can also be generated in response to growth factors.
Several studies support the concept that distinct pools of ROS may exert distinct
functions.

Plasma membrane-localized ROS, generated in response to growth factor receptor
stimulation, are produced from membrane-bound NADPH-oxidase (NOX) complexes.

Growth factor signaling recruits cytosolic NOX subunits to membrane-bound gp91°"; or
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one of its homologs. Six gp91°"™ homologs have been identified in mammalian cells,
resulting in seven known NOX complexes (Sumimoto, 2008). The ROS generated by
these enzymes are implicated in receptor tyrosine kinase signal transduction, in part
through direct inhibition of phosphatase activity (Kwon et al., 2004). In non-adipose
cells, PDGF generates intracellular ROS through the activity of NOX 1 and 4, which
inactivate the lipid phosphatase PTEN, and the tyrosine phosphatase, protein phosphatase
2A (Kang, 2007). Insulin stimulates ROS production in preadipocytes through NOX4,
which regulates preadipocyte proliferation and differentiation (Mouche et al., 2007). 3T3-
L1 preadipocytes express three of the seven NOX isoforms (NOX 1, 2, 4) (Furukawa et
al., 2004; Schroder et al., 2009). ROS are produced by NOX enzymes in response to
growth factors within minutes of stimulation (Mouche et al., 2007).

In contrast, ROS-produced in response to serum-withdrawal are derived largely
through mitochondrial generation. ROS modulator 1 (Romol), a mitochondria-localized
transmembrane protein, produces ROS from complex 111 of the mitochondrial electron
transport chain (Chung et al., 2006). Romol-dependent ROS is responsible for mediating
serum withdrawal-induced apoptosis in HEK293, HeLa, and WI-35 VA-13 cells (Lee et
al., 2010). The ROS produced in these cells occurred 6 h after treatment, in contrast to the
ROS generated within 15 min in 3T3-L1 preadipocytes. This difference may reflect a
relatively lower sensitivity to serum withdrawal-induced apoptosis in HEK293, HelLa,
and WI-35 VA-13 cells, compared to 3T3-L1 preadipocytes. For example, 50% of
HEK293 cells underwent apoptosis after 48 h of serum-withdrawal, whereas | observed a
comparable degree of apoptosis with 3T3-L1 preadipocytes, after only 6 h of serum

withdrawal.
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Although I have not addressed ROS production in human primary preadipocytes
undergoing apoptosis induced by extrinsic inducers CHX/TNF-a, ROS have been
implicated in mediating extrinsic apoptosis induction (Basuroy et al., 2009). Romo1l has
recently been found to generate ROS in response to these apoptotic inducers, with faster
kinetics compared to serum withdrawal. Apoptotic induction and Romo1-ROS
production was noted 15 minutes following CHX/TNF-a treatment of HEK293 cells
(Kim et al., 2010).

Exceptions to the pro-death function of mitochondrial ROS have been reported.
Firstly, treatment of adipocytes with insulin stimulates the phosphorylation and
mitochondrial translocation of p66°". There, p66°™ directly generates ROS that mediate
downstream insulin-induced lipogenesis (Berniakovich et al., 2008). Secondly, Romol-
dependent ROS, produced in survival-promoting conditions (i.e. in the presence of serum
and absence of apoptosis inducers), has been found to be indispensable for ERK1/2
phosphorylation and the proliferation of a variety of cell lines (Na et al., 2008).
Additional studies will be necessary to identify the source and target of ROS produced in

preadipocytes following serum withdrawal in the presence and absence of MacCM.

Macrophage-dependent preadipocyte survival

In contrast to the suppression of apoptosis in 3T3-L1 preadipocytes and human
primary preadipocytes by unactivated or IL-4-MacCM, pro-inflammatory LPS-MacCM
failed to support preadipocyte survival, and instead promoted cell death. One other study

has examined the effect of MacCM on preadipocyte survival (Keuper et al., 2011). In

115



their study, Keuper et al. observed an increased rate of apoptosis in SGBS preadipocytes,
following 24-72 h incubation with THP-1-MacCM. The model system used in my studies
differs in several ways from theirs. Firstly, Keuper et al. used SGBS preadipocytes, a
human preadipocyte cell line, whereas | assessed apoptosis in primary human
preadipocytes. Of note, the apoptotic sensitivity of SGBS preadipocytes is much higher
compared to human primary preadipocytes (Fischer-Posovszky et al., 2004). Secondly,
Keuper et al. differentiated THP-1 monocytes into macrophages using 200nM TPA,
versus 100nM used in my THP-1 experiments. Thirdly, THP-1 macrophage
differentiation occurred over 48 h in the study by Keuper et al., versus 24 h in my study.
Lastly, despite not being activated by known pro-inflammatory inducers, the THP-1
macrophages used by Keuper et al. secreted high levels of TNF-a; normally very low or
undetectable in these cells. Indeed, although different assays were used, the THP-1-
MacCM used in my studies contained approximately three orders of magnitude less TNF-
a. The elevated production of TNF-a can be viewed as supporting my hypothesis that
pro-inflammatory macrophages lose the ability to suppress preadipocyte apoptosis, and

suggests that the pro-survival function of MacCM may be activation-dependent.

MACROPHAGE INVOLVEMENT IN ADIPOSE CELL DEATH

The results of my in vitro experiments suggest a close interplay between
macrophages and adipose cell death, which is supported by a number of in vivo studies.
In 2005, Cinti et al. were the first to report evidence of a link between macrophages and

dying hypertrophied adipocytes in the AT of obese mice and humans. The dying
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adipocytes, morphologically characterized as undergoing necrotic cell death, were
surrounded by recruited ATMs, forming a CLS (Cinti et al., 2005). Adipocyte death
during AT remodeling correlates with the infiltration of pro-inflammatory ATMs (Strissel
et al., 2007). Alkhouri et al. demonstrated that AT of obese mice and humans has more
apoptotic cells. Using a Bid-deficient mouse model, inhibition of adipose cell apoptosis
was shown to reduce macrophage infiltration, suggesting adipocyte apoptosis governs
macrophage recruitment (Alkhouri et al., 2010). Selective deletion of mature adipocytes
in adult mice provoked the activation of a mixed-phenotype ATM subpopulation
expressing high levels of TNF-a in combination with anti-inflammatory markers;
suggesting adipocyte-derived factors regulate macrophage activation (Fischer-Posovszky
et al., 2011b). The localization of ATMs around the apoptotic adipocytes suggests this
unique subpopulation may be involved in apoptotic adipose cell clearance.

The interplay between adipose cell death and ATMs remains controversial. Using
granulocyte-macrophage colony-stimulating factor (GM-CSF)-deficient mice, which
contain a reduced number of ATMs in both the lean and obese states, Feng et al.
examined the accompanying rate of adipose cell apoptosis. Comparable rates of apoptosis
between either lean or obese GM-CSF-deficient and WT mice were found. The
dissociation between ATM content and adipose cell apoptosis was further supported
using pharmacological ATM depletion. Injection of liposome-encapsulated clodronate,
which selectively kills phagocytic cells, did not influence the rate of adipose cell
apoptosis in obese mice (Feng et al., 2011). Both of these strategies targeted the entire

ATM population. It is possible that pro- and anti-inflammatory macrophages may serve
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opposing functions with respect to the regulation of adipose cell survival in vivo; a more
selective inhibition of ATM subpopulations would be necessary to test this.

Due to the lack of specific preadipocyte markers, it remains uncertain whether the
apoptotic adipose cells detected in vivo are exclusively adipocytes. Feng et al. reported
positive staining for apoptotic cell death in AT sections, in addition to in vitro evidence
suggesting adipocytes are more prone to necrotic cell death, whereas preadipocytes more
readily undergo apoptosis (Feng et al., 2011). It is possible preadipocytes and other
stromal cells also undergo cell death in vivo, and so contribute to the total pool of

apoptotic cells detected in the aforementioned studies.

GENERALIZED SURVIVAL FUNCTION OF MACROPHAGES

The results from my macrophage-preadipocyte in vitro experiments raise the
question as to whether promoting cell survival may be a generalized function of tissue
macrophages. In support of this, pro-survival effects of macrophages on non-adipose
cells have been reported. Murine BMD-MacCM, either unactivated or activated with IL-
4, was found to suppress CCL39 myofibroblast apoptosis, induced by serum-withdrawal
(Wynes et al., 2004). While PDGF-BB was undetectable, BMD-macrophages were found
to secrete IGF-1, which was demonstrated to mediate CCL39 survival, in a PI3K-,
ERKZ1/2-dependent manner. Hayashi et al. reported a pro-survival function of rat cortical
microglia on retinal ganglion cells, mediated through microglia-secreted ApoE-
lipoproteins (Hayashi et al., 2007). Finally, Morgan et al. reported that rat microglia,

which secrete a number of other survival factors including: PDGF, basic fibroblast
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growth factor, transforming growth factor , epidermal growth factor, and brain-derived
neurotrophic factor, protect cerebellar granule cells from apoptosis, predominantly
through the action of PDGF (Morgan et al., 2004). It is interesting to note the various
macrophage models used in these studies mediated pro-survival effects through a variety
of secreted factors. The different tissue environments, coupled with the reactive nature of
the macrophage likely results in a variety of activation states, each capable of secreting

different survival factors.

CONCLUSION

The in vitro preadipocyte survival function of macrophage-secreted factors raises
the possibility that ATMs may function to promote preadipocyte survival in vivo. My
data suggest that the pro-survival function may be carried out by anti-inflammatory
ATMs; whereas, when a pro-inflammatory activation state predominates, the pro-survival
function is reduced. AT expansion relies on an adequate number of differentiation-
competent preadipocytes to maintain adipocyte function by preventing excessive
adipocyte hypertrophy. My results support a model in which a resident population of anti-
inflammatory ATMs serves to maintain a healthy population of preadipocytes, permitting
AT hyperplasia. With obesity, the local AT environment changes, such that a pro-
inflammatory milieu develops, and pro-inflammatory ATMs accumulate. The apoptotic
effects of pro-inflammatory cytokines, such as TNF-a, overcome the pro-survival effect
of other ATM-derived factors; consequently, preadipocyte survival may no longer be

maintained. A loss in functional preadipocytes could contribute to adipocyte hypertrophy
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and AT dysfunction - hallmarks of obesity. This study implicates the macrophage as a

potential regulator of preadipocyte fate.
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