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 Obesity is a prevalent disorder that increases the risk of developing many 

metabolic diseases, including insulin resistance (IR) and type 2 diabetes. 

Research conducted in the past decade has shown that accumulation of immune 

cells in obese adipose tissue (AT) contributes to inflammation and IR both locally 

and systemically. As a result of these novel findings, the immune system has 

come to the forefront of obesity research. However, many questions remain in 

this emerging field of immunometabolism. The studies in this dissertation have 

contributed to the understanding of: 1) the factors within the local milieu of obese 

AT that influence the phenotype and activation status of AT macrophages 

(ATMs), 2) the mechanisms regulating macrophage accumulation in AT during 

obesity and weight loss, and 3) the role of adaptive immune cells in the AT during 

weight cycling. First, I have shown in vitro that free fatty acid accumulation in 

macrophages activates inflammatory signaling, leading to endoplasmic reticulum 

(ER) stress-mediated apoptosis. However, pharmacological activation of lipolysis 

in obese AT does not result in ATM lipotoxicity. Second, I have demonstrated 
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that ATM apoptosis occurs in lean AT, is decreased during obesity, and is “re-

activated” after weight loss. These findings suggest that ATM apoptosis is a 

novel mechanism by which ATM number is maintained. Interestingly, ATM ER 

stress signaling was regulated in a similar manner, but did not play a role in the 

activation of macrophage apoptosis. Third, I have shown that weight cycling 

increases the accumulation of pro-inflammatory T cell subsets in AT, suggesting 

that a nutritionally regulated local secondary adaptive immune response may 

occur. Overall, the studies in this dissertation have made important contributions 

to the field of immunometabolism by increasing our understanding of the dynamic 

regulation of AT immune cell composition and activation status in various 

nutritional states including obesity, weight loss, and weight cycling.  
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CHAPTER I 
 

INTRODUCTION 

 

Portions of this Introduction have been published in a review article in Current 

Opinion in Lipidology written by Anderson, Gutierrez, and Hasty (1). 

 

Obesity epidemic 

Obesity, defined as a body mass index of greater than 30 kg/m2, has 

become a worldwide epidemic that affects individuals of all socioeconomic status 

(2). Currently, it is estimated that two-thirds of adults in the United States are 

either overweight or obese (2). In addition, childhood obesity rates have tripled in 

the past 30 years to nearly 17% of school-aged American children (3). If current 

trends hold, close to 90% of American adults will be overweight by the year 2030 

(4). These statistics are especially alarming as obese individuals are predisposed 

to various metabolic disorders.  

Obesity significantly increases the risk of developing many diseases 

including type 2 diabetes (T2D), atherosclerosis, cardiovascular disease (CVD), 

stroke, osteoarthritis, and multiple forms of cancer (4). In fact, obesity decreases 

the average lifespan by greater than 10 years (5). In addition to having a 

tremendous impact upon the health of individuals, obesity and associated 

pathologies have significant economic consequences for the nation. A 2008 

study by the Center for Disease Control and Prevention estimated that the 
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annual health care cost associated with treating obesity-related health 

complications, primarily T2D and CVD, was a staggering $147 billion (6). 

 

Insulin signaling, insulin resistance, and T2D 

 Obesity increases the risk for the development of T2D and a pre-diabetic 

condition known as insulin resistance (IR) (7). It is estimated that nearly 30% of 

American adults are pre-diabetic, with a subset of these patients progressing to 

overt diabetes (8). Recent findings have contributed substantially to the 

understanding of mechanisms leading to IR and T2D. 

 

Insulin signaling: In healthy non-diabetic individuals, ingestion of glucose 

and free fatty acids (FFAs) stimulates insulin release from the β-cells of the 

pancreas. As shown in Figure 1.1A, insulin binding to the insulin receptor (InsR) 

initiates a signaling cascade to promote glucose uptake in the liver and muscle, 

storage of lipids in the adipose tissue (AT), and suppression of appetite in the 

hypothalamus. Specifically, insulin stimulates the intrinsic tyrosine kinase activity 

of the InsR, resulting in autophosphorylation of the receptor as well as tyrosine 

phosphorylation of several insulin receptor substrate (IRS) proteins. 

Phosphorylation of IRS-1/2 allows for the recruitment of another kinase, 

phosphatidylinositol 3-kinase (PI3K), to the plasma membrane. PI3K catalyzes 

the formation of phosphatidylinositol (3,4,5)-trisphosphate (PIP3), a potent lipid 

second messenger. PIP3, in conjunction with 3-phosphoinositide-dependent 

protein kinase-1 (PDK-1), phosphorylates and activates AKT/protein kinase B 
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(PKB), a serine-theronine kinase responsible for many of the effects of insulin. 

Signaling downstream of AKT increases glycogen synthesis in the liver and 

muscle, augments glucose uptake in the muscle via translocation of the glucose 

transporter, GLUT-4, and increases storage of FFA as triglyceride in the AT (9).  

 

IR and T2D: Inflammatory signaling in metabolic tissues during obesity 

(discussed in detail below) directly interferes with insulin signaling pathways, 

leading to IR (10; 11). Tumor necrosis factor-α (TNF-α) and other pro-

inflammatory cytokines activate serine kinases including c-jun N-terminal kinase 

(JNK), inhibitor of κB kinase (IKK-β), and atypical protein kinase C isoforms. As 

shown in Figure 1.1B, these serine kinases phosphorylate and inhibit multiple 

proteins involved in the insulin signaling cascade, including the InsR and IRS-1/2 

(12-14). As a result of this insulin resistant state, peripheral glucose uptake is 

decreased and inhibition of hepatic glucose output is impaired, leading to 

hyperglycemia. Additionally, IR in AT causes dysregulated lipolysis leading to 

ectopic storage of lipids in tissues including the muscle, liver, and pancreas. 

During IR, pancreatic β-cells increase in mass and secrete elevated levels of 

insulin in an attempt to compensate for the inhibition of insulin signaling 

pathways. However, chronic nutrient overload can lead to β-cell death due to 

lipotoxicity, oxidative stress, or endoplasmic reticulum (ER) stress (15). The 

failure of β-cells to properly compensate for the insulin resistant state results in 

progression to overt T2D (15).  See Figure 1.1 for a diagram of insulin signaling 

and IR.     
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Figure 1.1: Pathways of insulin signaling and IR. From Johnson, et al. 
Immunological Reviews. 249 (2012) 218-238 (9). A) Insulin binding to the InsR 
initiates a tyrosine kinase cascade, resulting in glucose uptake in liver and 
muscle, and lipid storage in AT. B) During obesity, inflammatory cytokine 
signaling directly inhibits the InsR and IRS-1/2 via serine phosphorylation, 
leading to a state of IR.  
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Fig. 1. Mechanisms of inflammation-induced insulin resistance. (A) Insulin signaling is initiated via binding of insulin to the insulin receptor
(IR) inducing autophosphorylation of tyrosine residues on intracellular domains, as shown on an insulin-responsive adipocyte. The activated IR
subsequently phosphorylates tyrosine residues on a variety of substrates including the insulin receptor substrate (IRS) family of proteins and Shc
isoforms. IRS interacts with various effector molecules such as phosphatidylinositol 3-kinase (PI3K). Simplified, PI3K phosphorylation of
membrane phospholipids ultimately leads to recruitment and activation of several kinases such as protein kinase B/Akt and atypical protein kinase
C (aPKC). Akt and aPCK are serine/threonine kinases that stimulate membrane translocation of GLUT4 from intracellular vesicles. GLUT4
accumulation at the plasma membrane allows insulin responsive uptake of glucose and reduces circulating glucose levels in the fed state. (B) As
the adipose depot expands in size, a variety of cell populations begin to exhibit an inflamed or stressed state through various mechanisms
including hypoxia, release of pro-inflammatory non-esterified fatty acids, elevated reactive oxygen species (ROS) production, and cytokines,
among others. Increased adipose mass and adipocyte diameter can lead to increases (red arrow) in hypoxia. In addition, elevated levels of
circulating saturated fatty acids (FAs) in the obese states can activate Toll-like receptor (TLR) signaling or become hydrolyzed into inflammatory
bioactive lipid mediators such as diacylglyceride (DAG), which ultimately lead to activation of cellular stress signaling pathways. In addition,
inflammatory cytokines, such as TNF-a, are secreted into the microenvironment of the obese adipose, further propagating the immune response.
Accelerated energy metabolism in the face of enhanced nutrient availability (glucose and FAs) can increase the production of ROS. The
culmination of stress in an inflamed adipose cell induced by hypoxia, fatty acids, glucose, ROS, and inflammatory cytokines results in the
transcription of inflammatory cytokines and enzymes via activation of transcription factors, such as interferon regulatory factor 3 (IRF-3), NFjB,
hypoxia-inducible factor 1 (HIF-1), and AP-1. Furthermore, the NLRP3 (NLR family, pyrin domain containing 3) inflammasome is activated by
hypoxia and is glucose-dependent. NLRP3 regulates secretion of the inflammatory cytokine, IL-1b following cleavage of pro-IL-1b via caspase1.
Taken together, through direct effects on adipocytes or through paracrine release of mediators, such as saturated fatty acids and cytokines, stress
kinases are activated to blunt the insulin signaling cascade. Activated IKK and JNK prevent PI3K activation by phosphorylating IRS on inhibitory
serine residues. Furthermore, inflammatory cytokines increase SOCS3 expression, which can interfere with IR activity. Ultimately, insulin
resistance leads to impaired insulin- dependent GLUT4 trafficking, and thus elevated levels of circulating glucose, compensatory secretion of
insulin by pancreatic beta cells, and ultimately type 2 diabetes.

Johnson et al ! Metabolism and inflammation in obesity

© 2012 John Wiley & Sons A/S
Immunological Reviews 249/2012 221
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AT as an active endocrine organ 

It has long been recognized that AT plays a key role in the regulation of 

systemic energy balance (16). During caloric excess, lipids are stored as 

triglyceride in AT. In periods of food shortage, FFAs are lipolyzed from AT and 

oxidized to provide energy for peripheral tissues including liver and muscle (16). 

Over the past several decades it has become increasingly clear that AT is not 

simply an inert energy storage depot, but is also an active endocrine organ. AT 

secretes more than 50 hormones and cytokines, collectively known as 

adipokines (17). These adipokines act in an autocrine, paracrine, or endocrine 

fashion to modulate AT insulin sensitivity and whole-body glucose and FFA 

utilization (17).  The first adipokine discovered was leptin, an adipocyte-derived 

hormone that circulates in proportion to fat mass (18; 19). Leptin primarily acts in 

the hypothalamus to decrease food intake (20-22). Another well-studied 

adipokine is the insulin-sensitizing hormone, adiponectin. In contrast to leptin, 

circulating adiponectin levels are inversely correlated with body weight (23). 

Adiponectin acts in the liver to decrease hepatic glucose production (24) and in 

the muscle and AT to increase glucose uptake and promote FFA oxidation (25-

27).   

In addition to producing hormones involved in the regulation of glucose 

and energy homeostasis, recent findings have demonstrated that obese AT also 

secretes pro-inflammatory cytokines, including TNF-α. Hotamisligil and 

colleagues have shown that protein and mRNA levels of TNF-α are dramatically 

increased in the AT of obese mice (28) and humans (29). Additionally, antibody-
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mediated depletion of TNF-α greatly improved insulin sensitivity in a mouse 

model of obesity (30). These groundbreaking studies were the first to 

demonstrate a link between obesity, inflammation, and IR. Subsequent findings 

have shown that obese AT secretes many additional pro-inflammatory molecules, 

including interleukin-6 (IL-6), IL-1β, monocyte chemoattractant protein-1 (MCP-1), 

plasminogen activator inhibitor-1, and complement factors (31). As described 

above, these AT-derived inflammatory cytokines directly inhibit insulin signaling 

in the liver, muscle, and AT leading to IR, hyperglycemia, and hyperlipidemia (10; 

11). Thus, it is now well established that obesity results in chronic low-grade 

inflammation, also known as “metainflammation” (32), that is a primary driver of 

obesity-associated IR in both mice and humans.  
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Figure 1.2: AT as an active endocrine organ. From Ravussin, The 
Pharmacogenomics Journal (2002), 4-7 (33). It is becoming increasing clear that 
AT is an active endocrine organ that secretes over 50 different peptides, 
hormones, and cytokines, including the ones listed above.  
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Macrophage accumulation in obese AT 

In 2003, two independent studies demonstrated that macrophages, cells 

of the innate immune system, accumulate in AT during obesity (34; 35). AT 

macrophage (ATM) content is positively correlated with increasing adiposity and 

IR in multiple mouse models of diet- and genetic-induced obesity (34; 35). 

Additionally, macrophages accumulate in the AT of obese humans (34). The 

above findings suggest that these immune cells play an essential role in the 

pathogenesis of obesity. Indeed, macrophages are the major source of pro-

inflammatory cytokines secreted from AT during obesity (34-36). Interestingly, 

macrophages have also been found to accumulate in the liver and muscle during 

obesity (36). As a result of these novel discoveries, the immune system has 

come to the forefront of obesity research. Ongoing research in this new field of 

“immunometabolism” has focused on determining the phenotype of macrophages 

in obese AT, defining mechanisms by which macrophages accumulate in AT, 

and understanding whether other immune cell subsets play a role in AT 

inflammation and IR. These topics will be reviewed below.   

 

Macrophage phenotype in AT 

Macrophages and their monocyte precursors are highly heterogeneous 

cell populations. Subtypes of macrophages were originally defined in vitro as 

“classically activated” (M1) or “alternatively activated” (M2) (37). Treatment of 

macrophages with lipopolysaccharide (LPS) and interferon-gamma (IFN-γ) 

resulted in an M1 pro-inflammatory phenotype, whereas treatment with IL-4 or IL-
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13 induced an M2 anti-inflammatory phenotype (37). M1 macrophages 

participate in the resolution of bacterial infections, while M2 macrophages are 

thought to be involved in tissue homeostasis and repair.   

In 2007, Lumeng, et al. extended this M1/M2 paradigm to macrophages 

residing in AT (38). In lean AT, the majority of ATMs are macrophage galactose-

type C-type lectin 1 (MGL1)-expressing M2 macrophages (38). However, during 

obesity there is an increase in a unique population of CD11c-expressing pro-

inflammatory M1 macrophages (38; 39). The increase in M1 ATM number may 

be due to recruitment of these immune cells specifically to “crown-like structures” 

(CLS) surrounding what are assumed to be dead or dying adipocytes (40). 

Additionally, there is evidence that a “phenotypic switch” from an M2 to an M1 

polarization state may occur in ATMs during obesity (41). Below, I will review the 

known roles of M1 and M2 macrophages in the AT.  

 

M1 “classically activated” ATMs: CD11c+ M1 macrophages in obese AT 

express high levels of inflammatory cytokines when compared to CD11c- M2 

macrophages (39). These findings suggest that M1 macrophages contribute to 

AT inflammation and IR. In support of this hypothesis, ablation of CD11c-

expressing cells during high fat (HF) diet feeding decreased CLS formation and 

AT inflammation, leading to improved systemic glucose tolerance and increased 

insulin sensitivity (42). Although it is recognized that M1 macrophages contribute 

to obesity-associated AT dysfunction, the factors determining the phenotype and 

activation status of these cells are not completely understood. However, it is 
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believed that toll-like receptors (TLRs), FFAs, and inflammatory kinases play a 

role in M1 macrophage polarization.  

 

TLRs and FFAs: TLRs are pattern recognition receptors expressed 

on many cell types, including macrophages (43). Binding of pathogen-associated 

molecules, such as LPS, to TLRs initiates an inflammatory signaling cascade, 

leading to the activation of JNK and NF-kB (44). Recent evidence suggests that 

TLR2 and 4 may also be activated by nutritional cues, including saturated FFAs 

(39; 45-47); however, others dispute this claim (48). Nonetheless, these pattern 

recognition receptors have been hypothesized to contribute to M1 polarization of 

macrophages during obesity.   

 In support of this concept, inhibition or deletion of TLR2 decreased 

obesity-associated AT inflammation and systemic IR (45; 49). Additionally, 

several groups have reported that mutation or deletion of TLR4 moderately 

reduced AT inflammation (47; 50-52). Olefsky and colleagues demonstrated that 

hematopoietic deletion of TLR4 decreased macrophage number and 

inflammatory cytokine expression in obese AT (53). Recent findings from our 

laboratory show that ATM number is not modulated by immune cell-specific 

deletion of TLR4 (54). However, in this study, TLR4 deficiency promoted M2 

polarization of macrophages, leading to decreased AT inflammation (54). Taken 

together, the above data indicate that activation of TLR2/4 may contribute to 

increased M1 polarization of ATMs during obesity. In Chapter III of this 

dissertation, we will describe our findings that saturated FFAs activate 
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macrophages in a TLR2/4-independent manner in vitro, and that a transient 

increase in FFA flux in vivo does not result in ATM inflammation or lipotoxicity.  

 

 Inflammatory kinases: Increased cytokine expression and elevated 

FFA flux during obesity activates pro-inflammatory kinases, including JNK and 

IKK-β, in the AT (36). As previously mentioned, both of these kinases directly 

interfere with insulin signaling, leading to IR. Additionally, JNK and IKK-β activate 

transcription factors (AP-1 and NF-κB, respectively) capable of stimulating the 

expression of many inflammatory cytokines (36). Therefore, it is probable that 

activation of inflammatory kinases increases M1 polarization in ATMs. In fact, 

hematopoietic- or macrophage-specific deletion of JNK was shown to decrease 

ATM number and M1 polarization, resulting in increased systemic insulin 

sensitivity (55; 56). Additionally, macrophage-specific deletion of IKK-β improved 

obesity-associated glucose intolerance (57); however, macrophage phenotype 

was not determined in this study. 

 

 M2 “alternatively activated” ATMs: While many studies have attempted 

to determine the detrimental role of M1 ATMs during obesity (38; 40; 42), very 

little is known about the control of M2 polarization or the role of resident M2 

macrophages in lean AT. The determinants of M2 macrophage polarization are 

just beginning to be investigated and include peroxisome proliferator-activated 

receptor (58; 59) and adiponectin (60). Although the exact role of M2 ATMs is not 

known, it is believed that M2 macrophages participate in AT repair and 
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remodeling (61). In addition, recent findings have established a role for M2 

macrophages in the post-natal development of mouse epididymal AT (62). In this 

study, macrophages were present in “primitive” AT depots before the appearance 

of adipocytes, and depletion of macrophages decreased angiogenesis and 

impaired the development of mature AT (62). Additionally, ongoing studies in our 

laboratory suggest that M2 macrophages may be involved in the maintenance of 

AT iron homeostasis (Orr, et al., unpublished). However, the role of M2 ATMs 

remains incompletely understood. In Chapters IV and V of this dissertation, we 

present our data demonstrating that ER stress and apoptosis are increased 

preferential in interstitially spaced M2 macrophages in lean AT. Understanding 

the signaling pathways that are activated in M2 macrophages will give insight into 

the function of these immune cells. 

 

Mechanisms of macrophage accumulation in AT during obesity 

Accumulation of macrophages in AT is now recognized as a key event in 

the pathogenesis of obesity (36). However, mechanisms by which macrophage 

accumulation is initiated and propagated are incompletely understood. Current 

hypotheses (reviewed below) include adipocyte cell death, increased FFA flux, 

and chemokine-mediated recruitment of macrophage precursors to AT (63).  

 

Adipocyte cell death: In order to store excess nutrients during obesity, 

AT expands by both adipocyte hypertrophy and hyperplasia (64). The inability of 

the AT vasculature to accommodate this rapidly expanding tissue, as well as the 
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increased size of individual adipocytes, is thought to result in local hypoxia in AT 

(65). Hypoxia, along with oxidative and ER stress, may promote adipocyte cell 

death either through necrosis (66) or apoptosis (67). Indeed, multiple studies 

have demonstrated that adipocyte death is dramatically increased during the 

progression of obesity (66; 67). Interestingly, 90% of macrophages that 

accumulate in AT during obesity are localized to CLS surrounding dead or dying 

adipocytes (68). Additionally, transgenic activation of massive adipocyte 

apoptosis led to macrophage accumulation in AT (69), suggesting that adipocyte 

death is involved in the initiation of macrophage accumulation in AT. However, a 

recent study has shown that inhibition of adipocyte apoptosis during HF diet 

feeding does not decrease ATM accumulation (70). Therefore, these findings call 

into question whether adipocyte cell death is the initiating factor for macrophage 

recruitment to obese AT.  

 

FFAs: During obesity, dysregulated lipolysis in insulin resistant adipocytes 

increases serum FFA concentrations (71). Epidemiological studies have 

established that elevated serum FFA levels increase the risk of developing both 

T2D and CVD (72; 73); however, mechanisms explaining this correlation are 

incompletely understood. A recent study by Kosteli and colleagues (74) has 

shown that activation of AT lipolysis due to fasting or pharmacological 

manipulation leads to a transient increase in the number of lipid-laden 

macrophages in the AT. Our laboratory and others have also demonstrated that 

obesity increases the lipid content of ATMs (75; 76). Although the hypothesis 
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remains to be tested, these findings indicate that elevated basal lipolysis during 

obesity may contribute to macrophage accumulation in AT. In turn, lipid 

accumulation in ATMs may modulate the activation status of these immune cells, 

promoting further adipocyte IR. In Chapter III of this dissertation, we will 

demonstrate that FFA accumulation in macrophages activates inflammatory 

signaling and ER stress-mediated apoptosis. However, pharmacological 

activation of AT lipolysis in vivo does not appear to result in ATM lipotoxicity.  

 

Chemokines: Chemokines are small proteins involved in the chemotaxis 

of immune cells to sites of inflammation (77). Multiple chemokines and 

chemokine receptors are highly expressed in mouse and human AT during 

obesity (78-81). In addition, labeling studies have shown that bone marrow-

derived monocytes are recruited to the AT during obesity (40). Therefore, many 

in the field have sought to determine whether reducing the chemoattractant 

potential of AT can inhibit ATM accumulation during obesity. However, these 

studies have yielded controversial results, suggesting that recruitment-

independent mechanisms may also regulate ATM number. 

 

MCP-1 and CCR2: To date, the potent chemokine, MCP-1, and its 

receptor, C-C chemokine receptor type 2 (CCR2), are the most well studied 

chemokine/chemokine receptor pair in regards to the regulation of ATM number. 

Additionally, CCR2 is the functional receptor for many other chemokines 

including MCP-2, 3, 4, and 5 (82). Multiple groups have demonstrated that 
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transgenic over-expression of MCP-1 from AT increased ATM number and 

worsened glucose tolerance and insulin sensitivity (80; 83). Conversely, 

deficiency of MCP-1 reduced ATM accumulation and protected from IR (40; 80; 

81). These studies suggest that MCP-1 contributes to metabolic dysfunction 

during obesity. However, two conflicting reports by Kirk et al. and Inoeye et al., 

showed that MCP-1 deficiency does not decrease macrophage number in AT or 

improve insulin sensitivity (84; 85). In fact, in these studies, absence of MCP-1 

actually slightly increased ATM number and systemic IR. Therefore, while it has 

been demonstrated that over-expression of MCP-1 increases ATM number, it is 

not clear whether MCP-1 deficiency modulates AT immune cell content. 

With regards to CCR2, deficiency or pharmacological inhibition of this 

chemokine receptor during HF diet feeding resulted in a small decrease (~20-

30%) in ATM number and glucose intolerance in all reported studies (81; 86-88). 

However, in these studies, ATM number was never normalized to levels 

observed in lean AT. Interestingly, our laboratory has recently shown that the 

protective effects of CCR2 deficiency are only observed after long periods of HF 

diet feeding (>20 weeks) (88). 

Taken together, what is consistently demonstrated is that over-expression 

of MCP-1 increases macrophage accumulation in AT, and that CCR2 deficiency 

decreases macrophage number. However, it is not clear whether MCP-1 

deficiency modulates AT immune cell content. The reasons for these 

inconsistencies are not clear, but may include differences in the length of the diet 

regimen (88) and the genetic background of the mouse model utilized (89). 
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Additional chemokines: In addition to MCP-1/CCR2, multiple other 

chemokines and chemokines receptors have been studied. CXCL14 (90), 

CXCR2 (91; 92), and CCR5 (93) were noted to play a role in macrophage 

accumulation in AT. In contrast, CXCR1 (94) and MIP-1α (95) did not modulate 

ATM number during obesity. See Table 1.1 for a comprehensive overview of the 

role of chemokines and chemokine receptors in ATM number and metabolic 

phenotype.  
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Molecule Model Change in ATM Insulin Sensitivity Reference 
CHEMOKINES     

MCP-1 Knockout ↓ Improved (80) 

MCP-1 Knockout ↑ 
No change 

or worsened 
(84; 85) 

MCP-1 AT overexpression ↑ Worsened (80; 83) 

CXCL14 Knockout ↓ 
Improved  

(females only) 
(90) 

MIP-1α Knockout ↔ Not determined (95) 

CHEMOKINE RECEPTORS     

CCR2 Knockout ↓ Improved (40; 81; 87) 

CCR2 Pharmacologic antagonist ↓ Improved (81; 86; 87) 

CCR5 Knockout ↓ Improved (93) 

CXCR2 Bone marrow transplant of 
CXCR2-/- into wild type mice ↓ Improved (91) 

CX3CR1 Deficiency ↔ No change (94) 

 
Table 1.1: Role of chemokines and chemokine receptors in ATM accumulation during obesity.  
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Monocyte trafficking: Preferential trafficking of certain monocyte 

subpopulations to AT may also contribute to obesity-induced inflammation. In fact, 

obesity has been shown to increase the number of Ly6Chi monocytes in the blood 

(96). Circulating Ly6Chi monocytes are believed to be recruited to sites of 

inflammation and to differentiate into pro-inflammatory M1 macrophages (97), 

whereas Ly6Clo monocytes are thought to differentiate into anti-inflammatory M2 

macrophages (98). Deletion of CCR2 in obese mice resulted in an almost 

complete loss of circulating Ly6Chi monocytes (88; 99), indicating that this 

chemokine receptor is essential for the proper mobilization of inflammatory 

monocyte population. Additionally, Lumeng and colleagues have identified MGL1 

as a critical factor regulating the survival and migration of Ly6Chi monocytes 

(100). Animals deficient in MGL1 do not mobilize Ly6Chi monocytes from the 

bone marrow to the blood in response to HF diet feeding (100). Interestingly, 

despite the near absence of circulating pro-inflammatory monocyte populations, 

deletion of either CCR2 or MGL1 does not normalize ATM number to levels 

observed in lean AT (81; 100). These findings suggest that recruitment-

independent mechanism may contribute to ATM accumulation in obese AT in 

these mouse models.  

 

Potential recruitment-independent mechanisms contributing to ATM 

accumulation in obese AT: The contribution of different chemokines to the 

recruitment of ATMs is complex. Furthermore, even in studies showing that 

deficiency of chemokines, chemokine receptors, or monocyte precursors 
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decreases obesity-induced ATM accumulation, macrophage number is never 

completely normalized to levels seen in lean AT. These findings suggest that 

recruitment-independent mechanisms may also contribute to the regulation of 

ATM number during obesity. It is possible that increased ATM proliferation, 

decreased egress of macrophages out of the AT, or decreased apoptosis of ATM 

may also play a role in macrophage accumulation in obese AT (Figure 1.3). In 

Chapter IV, we will demonstrate that ATM apoptosis is modulated during obesity 

and weight loss. Alterations in ATM apoptosis may contribute to the accumulation 

of macrophages in the AT during obesity, as well as the decrease in ATM content 

after weight loss.  
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Figure 1.3: Potential mechanisms contributing to ATM accumulation in 
obese AT. Increased recruitment of monocytes may increase ATM number. 
However, additional recruitment-independent mechanisms could contribute to the 
accumulation of macrophages in obese AT. Potential mechanisms include 
increased proliferation, decreased egress, or decreased apoptosis of ATMs.    
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Accumulation of other innate immune cells in AT 

Macrophages were the first immune cell to be described in AT. Although 

these cells are the most well studied and most abundant cell type in the AT 

(representing up to 40% of AT cells during obesity (34)), recent reports also 

describe the presence of other innate leukocyte populations in AT. The innate 

immune system is the first line of defense against infection. Pattern recognition 

receptors on innate immune cells recognize pathogen-associated molecular 

patterns and orchestrate the removal of invading microbes. Innate immunity is 

not characterized by the development of long-term memory towards specific 

pathogens (101). See Table 1.2 for characteristics of an innate immune response, 

and Figure 1.4 for a comprehensive review of AT immune cell composition.  

 

Eosinophils: Eosinophils are granulocytic innate immune cells that are 

involved in allergic reactions as well as protection from helminth infection (102). 

In contrast to macrophages, AT eosinophil number is inversely correlated with 

body weight (103), suggesting that eosinophils promote an anti-inflammatory AT 

phenotype. Indeed, mouse models of eosinophil depletion and eosinophilia 

demonstrated that eosinophils induced M2 polarization of ATMs and improved 

glucose tolerance in an IL-4/13-dependent manner (103). These findings indicate 

that eosinophils promote M2 polarization in lean AT; however, loss of eosinophils 

during obesity leads to a progressive skewing of macrophages towards an M1 

phenotype.    
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Mast cells: Mast cells are traditionally thought of as mediators of allergic 

responses. However, recent studies have shown mast cell involvement in 

metabolic diseases, including obesity and T2D. Liu, et al. demonstrated that mast 

cells accumulated in obese AT before the appearance of macrophages (104). An 

additional study has suggested a role for mast cells in obesity-associated AT 

fibrosis in humans (105). Depletion of mast cells in mice resulted in decreased 

weight gain and reduced ATM content during obesity, suggesting that mast cells 

may be involved in the regulation of energy expenditure and body weight. In 

addition, mast cell-derived IL-6 and IFN-γ increased protease expression in AT. 

These proteases promoted angiogenesis by degrading anti-angiogenic 

molecules (104). Thus, mast cell-induced angiogenesis may allow for further 

recruitment of leukocytes to the AT. 

 

Neutrophils: Granulocytic neutrophils are often the first leukocytes to 

arrive at sites of inflammation (106). Consistent with these reports, HF diet 

feeding increased the accumulation of neutrophils in AT within 3 days (107; 108). 

A recent publication has shown that the neutrophil-derived serine protease, 

neutrophil elastase, contributes to diet-induced glucose intolerance, IR, and M1 

macrophage accumulation in AT (108). Neutrophil elastase was shown to impair 

insulin signaling in the AT and liver through degradation of multiple proteins 

including IRS-1 (108).  
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Role of adaptive immune cells in AT inflammation during obesity 

Recent exciting findings demonstrate that, in addition to cells of the innate 

immune system, adaptive immune cells are also modulated by obesity and play a 

key role in HF diet-induced AT inflammation and IR (109). In contrast to innate 

immunity, the adaptive immune response is characterized by an antigen-specific 

response directed against invading pathogens or infected cells. Additionally, an 

adaptive immune response results in the development of immunological memory 

against specific antigens. Therefore, subsequent exposure to the same pathogen 

activates a more rapid and potent secondary adaptive immune response (Table 

1.2) (101). 
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Table 1.2: Characteristics of the innate and adaptive immune systems. 
Adapted from Kindt, Goldsby, and Osborne. Kuby Immunology. 2007. p61 (101). 
Innate immunity is characterized by the rapid recognition and elimination of a 
limited number of pathogen-associated molecular patterns. In contrast, cells of 
the adaptive immune system recognize a large number of specific antigens. 
Additionally, adaptive immunity can result in the formation of memory cells and 
activation of a more rapid and potent secondary immune response.   
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T lymphocytes: Obesity results in a striking increase in CD8+ cytotoxic T 

cells and CD4+ T helper 1 (TH1) cells, while both CD4+ TH2 and regulatory T (Treg) 

cells are decreased in epididymal AT (110-112).  

 

CD8+ cytotoxic T cells: Nishimura, et al. demonstrated that CD8+ T 

cells accumulate in AT after 6 weeks of HF diet feeding (113). Genetic or 

pharmacological depletion of CD8+ cells reduced obesity-associated AT 

inflammation, IR, and systemic glucose tolerance, while adoptive transfer of 

these cells from obese mice increased metabolic dysfunction (113). In this study, 

CD8+ T cell accumulation in AT preceded and was required for increased ATM 

number during HF diet feeding (113); however, another study did not reproduce 

this finding (114). Interestingly, co-culture experiments demonstrated that CD8+ T 

cells isolated from obese AT induced peripheral blood monocyte differentiation 

into TNF-αhigh inflammatory macrophages (113). These findings suggest a role 

for CD8+ T cells in the accumulation of macrophages in AT and, therefore, 

increased systemic metabolic dysfunction during obesity.  

 

CD4+ TH1 and TH2 cells: CD4+ TH cells are a sub-set of 

lymphocytes involved in the orchestration of adaptive immune responses through 

the secretion of immunomodulatory cytokines (115). TH cells are classically 

divided into two subsets: IFN-γ producing TH1 cells and IL-4/13 producing TH2 

cells. TH1 cells are pro-inflammatory and enhance macrophage secretion of 

inflammatory cytokines, while TH2 cells induce an anti-inflammatory M2 
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macrophage phenotype (115). Winer, et al. have shown that obesity leads to a 

TH1 bias among the fat-associated TH cells in mice and humans: TH2 cell 

populations are decreased while TH1 cell number is increased (116). Elevation in 

the TH1/TH2 ratio leads to AT inflammation, accumulation of M1 macrophages, 

and IR (116).  

Of interest, lymphocyte-deficient Rag knockout (KO) mice exhibit 

increased body weight and decreased insulin sensitivity when placed on a HF 

diet (116; 117), indicating a protective role for a subset of lymphocytes in obesity-

associated pathologies. Adoptive transfer of CD4+, but not CD8+, T cells to Rag 

KO mice restored insulin sensitivity (116). Interestingly, the improved metabolic 

phenotype of these mice was dependent upon the presence of adoptively 

transferred TH2 cells, suggesting that these cells may protect from HF diet-

induced AT inflammation. However, further studies are necessary to confirm this 

hypothesis.   

  

CD4+ Treg cells: Treg cells are involved in the appropriate control of 

immune responses. Decreased Treg cell number has been reported in the AT of 

obese mice (113; 116; 118). Feuerer, et al. demonstrated that ablation of Treg 

cells, mimicking the reduction observed during obesity, leads to decreased 

insulin sensitivity in AT and liver, as well as increased inflammatory cytokine 

expression (118). In contrast, pharmacological activation of Treg cells resulted in 

decreased fasting glucose levels and increased IL-10 secretion from AT. In 

addition, transcriptional profiling of Treg cells revealed a unique phenotype: AT-
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associated Treg cells over-expressed many genes involved in leukocyte migration 

and extravasation when compared to other tissue-resident Treg cell populations 

(118). This profile suggests a critical role for AT-associated Treg cells in the 

control of AT inflammation. 

 

iNKT cells: Invariant natural killer T (iNKT) cells are innate-like T 

lymphocytes that recognize lipid antigens (119). The role of these cells in the AT 

during obesity remains controversial. Multiple studies have demonstrated that 

AT-resident iNKT cells are depleted during the progression of obesity in mice and 

humans (119-121). In contrast, another study found increased markers of iNKT 

cells in obese AT (122). Additionally, controversy remains regarding whether AT 

iNKT cells protect from (123-125), exacerbate (122), or do not contribute to IR 

during obesity (126).  

 

Potential antigen-specific T cell response in obese AT: Perhaps 

one of the most interesting and surprising aspects related to T cell involvement in 

obesity is the finding that T cells in obese AT express a restricted T cell receptor 

(TCR) repertoire (113; 116; 118) reminiscent of an immune response to a viral 

pathogen. TCR restriction in obese AT suggests that T cells may recognize self-

antigen within this tissue. Indeed, recent publications indicate the antigen 

presented by adipocytes (127) or macrophages (128) in complex with major 

histocompatibility complex II molecules contributes to the proliferation of AT T 

cells during obesity. As mentioned above, adaptive immune responses are 
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characterized by the formation of long-lived antigen-specific memory 

lymphocytes (Table 1.2). Interestingly, memory T cells are found in the AT of 

obese mice and humans (129; 130), supporting the idea that obese AT antigens 

exist. In chapter VI of this dissertation, we describe our findings that weight 

cycling modulates the antigen-driven T cell response within AT. 

 

B lymphocytes: B cells also accumulate in AT during HF diet feeding 

(117). A recent study has established a pathogenic role for B cells in the 

progression of obesity (131). When placed on a HF diet, mice lacking B cells 

were protected from obesity-associated glucose intolerance and IR. Furthermore, 

genetic or antibody-mediated depletion of B cells significantly decreased AT 

inflammation, but did not modulate the number of macrophages or T cells in the 

tissue (131). Studies utilizing lymphocyte-deficient Rag KO mice demonstrated 

that B cells must interact with other lymphocytes to promote metabolic defects. In 

fact, expression of both major histocompatibility complex I and II was required for 

the pathogenic effects of B cells (131), indicating that B cell-mediated antigen 

presentation to T cells is a critical event in the propagation of AT inflammation 

during obesity.  
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Figure 1.4: Modulation of AT immune cell populations during obesity. From 
Schipper, et al. Trends in Endocrinology and Metabolism. 2012: 23-12 (109). 
During the progression of obesity, pro-inflammatory immune cell subsets 
including M1 macrophages, mast cells, B cells, CD8+ T cells, and IFN-γ secreting 
TH1 cells accumulate in AT. Additionally, obesity decreased the number of AT-
resident anti-inflammatory immune cell populations, including M2 macrophages, 
eosinophils, Tregs, and potentially iNKT cells.   
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Weight loss restores metabolic control and decreases ATM number 

Research conducted in the past decade has defined the time-course of 

immune cell accumulation during weight gain and has established a causative 

role for macrophages, T cells, and B cells in IR (36). In contrast, very little is 

known about the events occurring in AT during weight loss. However, it is 

accepted that weight loss, when possible, is the ideal method to counteract the 

negative metabolic consequences of obesity. In fact, insulin resistant individuals 

who lose 5-7% of body weight decrease their risk of developing T2D by a 

shocking 58% (5).  

The reduction of metabolic dysfunction after sustained weight loss is due 

in part to decreased systemic inflammation and reduced ATM number (41; 74; 

132); however, mechanisms leading to decreased macrophage number are not 

known. A recent paper has shed light on the impact of weight loss on the AT (74). 

During weight loss, there was a transient increase in ATM content, followed by a 

gradual decrease in macrophage numbers (74). These findings suggest that 

weight loss stimulates an active response within the AT that ultimately reduces 

macrophage number. In Chapters IV and V, we demonstrate that weight loss 

increases apoptotic and ER stress signaling in ATMs, potentially contributing to 

decreased ATM content and inflammation.  

 

Weight cycling may increase metabolic dysfunction 

Although weight loss significantly decreases obesity-associated 

complications, losses are rarely maintained (133). Weight re-gain leads to weight 
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cycling, commonly known as “yo-yo dieting.” Interestingly, multiple 

epidemiological studies suggest that weight cycling may increase the risk of 

developing T2D or CVD, even compared to individuals who maintain an elevated 

weight (134-138). Although the potentially harmful consequences of weight 

cycling are recognized, the molecular mechanisms explaining this correlation 

remain unknown. In Chapter VI, we demonstrate that weight cycling increases 

pro-inflammatory AT T cell populations. Increased AT inflammation may 

contribute to the negative metabolic consequences associated with weight 

cycling. 

 

Signaling pathways studied in this dissertation 

 ER stress (Figure 1.5) and apoptotic (Figure 1.6) signaling pathways will 

be investigated in this dissertation. In Chapter III, we describe our findings that 

intracellular accumulation of saturated FFAs induces ER stress-mediated 

apoptosis in primary mouse macrophages. Additionally, we show that a transient 

increase in FFA flux in vivo does not lead to ATM lipotoxicity. In Chapters IV and 

V, we will demonstrate the metabolic regulation of ATM ER stress and apoptosis 

during weight gain and weight loss. Below, I will provide a brief summary of these 

signaling pathways.  

 

ER stress signaling pathways: Environmental or cellular stressors that 

disrupt proper protein folding result in ER stress and activation of the unfolded 

protein response (UPR, Figure 1.5). The UPR is controlled by three ER-localized 
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receptors: IRE-1α (inositol-requiring enzyme 1α), PERK (double-stranded RNA-

dependent protein kinase-like ER kinase), and ATF-6 (activating transcription 

factor 6). During ER stress, chaperone proteins such as BiP (immunoglobulin 

heavy chain-binding protein) dissociate from all three receptors, resulting in 

proteolytic cleavage of ATF-6 and dimerization and auto-phosphorylation of IRE-

1α and PERK (139).  

The activated receptors initiate a signaling cascade that decreases the 

protein load entering the ER and increases the folding capacity of the organelle 

through up-regulation of a sub-set of genes, including BiP (139). The UPR is 

initially adaptive. However, if the cellular stressor is too great, apoptotic cell death 

is initiated to clear dysfunctional cells and allow for survival of the organism. The 

control of cell fate decision during the progression of ER stress is not well 

understood (140). However, it is known that all three transmembrane receptors 

are capable of activating pro-apoptotic proteins, including CEBP-homologous 

protein (CHOP) (141). In Chapter V of this dissertation, we define the metabolic 

regulation of ER stress activation in ATMs and determine whether ER stress-

mediated apoptosis occurs in macrophages residing in lean AT. 
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Figure 1.5: ER stress signaling. From Brown and Naidoo. Frontiers in 
Integrative Physiology. 2012 (142). Accumulation of unfolded proteins in the ER 
results in dissociation of chaperone proteins including BiP from three receptors in 
the ER membrane, PERK, IRE-1α, and ATF-6. Activation of these receptors 
results in inhibition of protein translation and the induction of a subset of genes 
involved in protein folding and degradation. The ER stress response is initially 
adaptive; however, long-term activation of this pathway can lead to apoptosis, 
primarily due to up-regulation of CHOP. Additionally, ER stress signaling can 
increase the activity of pro-inflammatory factors, such as NF-κB and JNK.  
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Apoptotic signaling pathways: Apoptosis was first defined over 40 

years ago as a set of morphological parameters that differentiated this type of 

programmed cell death from necrotic death (143). Over the next several decades, 

it became clear that apoptosis is essential during every stage of development in 

order to maintain tissue homeostasis and to remove damaged or extraneous 

cells without evoking an inflammatory response (144). Dysregulation of apoptosis 

was found to result in multiple disease states, including cancer, 

neurodegeneration, and autoimmunity (144). However, it was not until the 1990s 

that biochemical signaling pathways responsible for the initiation and execution 

of apoptosis were defined (Figure 1.6) (144).  

Apoptosis can occur in response to either intrinsic or extrinsic stimuli (145). 

Intrinsic apoptotic signaling, including DNA damage or ER stress, allows the 

BCL-2 family members, Bax and Bak, to oligomerize in the outer mitochondrial 

membrane. Mitochondrial permeabilization results in the release of apoptogenic 

proteins, including cytochrome c, into the cytosol. Cytochrome c then associates 

with the adaptor protein, apoptosis protease activating factor-1, and caspase-9. 

The resulting “apoptosome” cleaves and activates executioner caspases such as 

capsase-3 and 7. These cysteine proteases then cleave multiple protein 

substrates, leading to apoptotic cell death (145).  

Extrinsic apoptotic stimuli, including TNF-α, bind to extracellular death 

receptors and initiate the formation of the death-inducing signaling complex. This 

complex consists of an adaptor protein, Fas-associated death domain, and 

caspase-8 and 10. Once activated, these initiator caspases can directly cleave 
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and activate caspase-3 and 7, resulting in apoptosis (145). Caspase-8 is also 

able to cleave t-Bid to engage the intrinsic apoptotic pathway (145). Regardless 

of the initiating stimulus, apoptotic death results in the non-inflammatory removal 

of unneeded, old, or dysfunctional cells, thus maintaining tissue homeostasis. In 

Chapter IV of this dissertation, we will explore the regulation of ATM apoptosis 

during obesity and weight loss and determine whether alterations in apoptotic cell 

death could regulate ATM number.  
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Figure 1.6: Apoptotic signaling. From Lamkanfi and Dixit. Cell Host and 
Microbe. 2012. 8. 44-54 (145). Extrinsic or intrinsic apoptotic stimuli result in the 
activation of initiator caspases that then cleave the executioner proteins, 
caspase-3 and 7. During extrinsic apoptosis, this activation occurs through the 
formation of the death-inducing signaling complex, while intrinsic apoptosis 
results in the activation of the apoptosome.   
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Significance 

Currently, two-thirds of adults in the United States are overweight or 

obese (2). Obesity increases the risk of developing multiple diseases, including 

IR, T2D, and CVD (4). In the past decade, it has been established that 

accumulation of pro-inflammatory immune cells in AT contributes to the negative 

metabolic consequence associated with obesity (36). However, significant gaps 

remain regarding our understanding of the signaling pathways that are activated 

in macrophages residing in obese AT and the mechanisms regulating immune 

cell accumulation in AT during obesity, weight loss, and weight cycling. During 

obesity, dysregulated lipolysis in insulin resistant adipocytes increases local FFA 

concentrations. In Chapter III, we detail our in vitro and in vivo studies used to 

define signaling pathways that are activated in macrophages during FFA 

accumulation. In Chapters IV and V, recruitment-independent mechanisms 

regulating ATM content during obesity and weight loss are described. Lastly, 

Chapter VI will focus on our finding that weight cycling modulates AT immune cell 

composition and decreases systemic glucose tolerance. Overall, the studies 

performed in this dissertation have furthered the scientific community’s 

understanding of mechanisms by which immune cell number and activation state 

are regulated under various metabolic conditions, including obesity, weight loss, 

and weight cycling (Figure 1.7). These findings could inform the development of 

novel therapeutics to modulate AT immune cell content and inflammation, thus 

limiting the negative metabolic effects associated with obesity.  
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Figure 1.7: Model of questions addressed in this dissertation. Recent 
studies have established a role for pro-inflammatory ATMs and AT T cells in the 
pathogenesis of obesity. The studies in this dissertation will further the field’s 
understanding of mechanisms regulating AT immune cell number and activation 
state.  
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CHAPTER II 

 

MATERIALS AND METHODS 

 
 
Animal care and usage 

 

Ethics statement: All animal procedures were performed with approval 

from the Institutional Animal Care and Usage Committee of Vanderbilt University. 

 

Diets: Unless otherwise indicated, mice were maintained on a standard 

rodent chow diet (LabDiet 5001) containing 12% of kcal from fat, 28% from 

protein, and 60% kcal from carbohydrates. When specified, mice were placed on 

a 10% kcal from fat (low fat diet, D12450B) or 60% kcal from fat diet (high fat diet, 

D12492) at 8-weeks of age. Both diet were purchased from Research Diets, Inc. 

(New Brunswick, NJ). The composition of the low fat (LF) and high fat (HF) diets 

is provided in Table 2.1. All mice were fed ad libitum and given free access to 

water.  
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Diet LF (D12450B) HF (D12492) 
 g/kg g/kg 

Protein Sources 20% kcal 20% kcal 
Casein 200 200 

L-Cystine 3 3 
Carbohydrate Sources 20% kcal 20% kcal 

Corn Starch 315 0 
Maltodextrin 10 35 125 

Sucrose 350 68.8 
Fat Sources 10% kcal 60% kcal 
Soybean Oil 25 25 

Lard 20 245 
Other   

Cellulose 50 50 
Mineral Mix 10 10 

DiCalcium Phosphate 13 13 
Calcium Carbonate 5.5 5.5 
Potassium Citrate 16.5 16.5 

Vitamin Mix 10 10 
Choline Bitartrate 2 2 

Cholesterol .018 0.300 
 

Table 2.1: Composition of diets used in Chapters III-VI  
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Mice used in Chapter III: Mice for macrophage collection: Wild-type (WT) 

C57Bl/6 mice (stock number: 000664) were originally purchased from Jackson 

Laboratories (Bar Harbor, ME). TLR4-KO mice on a C57Bl/6 background were a 

gift from Drs. Satoshi Uematsu and Shizuo Akira at the University of Osaka, 

Japan. Mice were bred in our colony at Vanderbilt University. TLR2-KO mice on 

a C57Bl/6 background (stock number: 004650) were purchased from Jackson 

Laboratories and sacrificed after a two-week acclimatization period. Mice for 

CL316243 study: WT mice were purchased from Jackson Laboratories at 7-

weeks of age. One week later, mice were started on 60% HF for a total of 9 

weeks. Five hours before sacrifice, mice were intraperitoneally injected with 0.4 

mg/kg CL316243.  

 

Mice used in Chapter IV-V: Male C57Bl/6 mice were purchased from 

Jackson Laboratories. At 8-weeks of age, mice were placed on one of three diet 

regiments: 1) LF diet for 9 weeks, 2) HF diet for 9 weeks, or 3) HF diet for 9 

weeks, followed by LF diet for 1 week. Ob/ob mice (stock number: 000632) and 

littermate controls were purchased from Jackson Laboratories at 7 weeks of age 

and maintained on a standard chow diet until 9-10 weeks of age. CHOP deficient 

mice on a C57Bl/6 background were originally purchased from Jackson 

Laboratories and bred in our colony.  

 

Mice used in Chapter VI: Eight-week old male C57Bl/6 mice purchased 

from Jackson Laboratories were placed on one of three diet regiments: 1) LF diet 
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for 27 weeks, 2) LF diet for 9 weeks, followed by HF diet for 18 weeks, 3) HF diet 

for 9 weeks, LF diet for 9 weeks, then HF diet for 9 weeks. 

 

Body weight and composition 

 In all studies, body weight was measured once weekly. When indicated, 

total fat and lean mass was quantified by nuclear magnetic resonance using a 

Bruker Minispec instrument (Woodlands, TX) in the Vanderbilt Mouse Metabolic 

Phenotyping Center.  

 

Plasma collection and measurements 

Mice were fasted for 5 h and bled from the retro-orbital venous plexus 

using heparinized collection tubes. Plasma was separated via centrifugation. 

Insulin levels were measured using a Rat/Mouse Insulin ELISA kit (Millipore, 

Billerica, MA), according to manufacturer’s instructions.  

 

Glucose tolerance tests (GTT) 

 Five-hour fasted mice were bled by the tail vein and baseline blood 

glucose levels were measured. Mice were then injected intraperitoneally with 2 

g/kg lean mass of dextrose (Hospira, Inc, Lake Forest, IL). Blood glucose levels 

were assessed via the tail vein at 15, 30, 45, 60, 90, and 150 minutes post-

injection using a LifeScan One Touch Ultra glucometer (Johnson & Johnson, 

Northridge, CA).  
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Mouse peritoneal macrophage collection 

Three mL of 3% thioglycollate medium was injected into the peritoneal 

cavity of WT, TLR4-KO, or TLR2-KO mice on a C57BL/6 background. Three 

days later, macrophages were collected in serum-free DMEM and washed. Cells 

were then plated at a density of 1.5 x 106 cells per well of a 12-well plate or 3.0 x 

106 cells per well of a 6-well plate in DMEM containing 10% FBS and incubated 

at 37 °C for 4 h. At this point, non-adherent cells were removed and the 

remaining cells were incubated for an additional 48 h at 37 °C before treatment.  

   

Stearic acid treatment 

Mouse peritoneal macrophages (MPMs) were treated with stearic acid at a 

final concentration of 90 µM.  Stearic acid was dissolved in ethanol and then 

added to DMEM supplemented with 5% FBS to achieve a fatty acid to albumin 

ratio of 3:1. MPMs were treated with 90, 250, or 500 µM stearic acid in the 

presence or absence of 2.5 µM triascin C (TC). Cells treated with TC were pre-

treated for 30 min prior to stearic acid exposure. For time-course treatments, 

cells were exposed to stearic acid and TC for 2, 4, 8, 16, or 24 h. All controls 

[vehicle-treated control, TC alone, tunicamycin (1 µM), and stearic acid alone] 

were treated for 24 h in media containing 5% FBS. For all other studies, 

macrophages were treated with stearic acid and TC for 16 h. An endpoint 

chromogenic LAL assay was used to confirm that there was no endotoxin 

contamination in media used for cell treatments. For co-treatments with 4-phenyl 

butyric acid (PBA) or sodium salicylate (SS): macrophages were treated with 
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stearic acid and TC for 16 h, as describe above, in the presence of PBA (6 mM) 

or SS (1 mM or 5 mM). For TLR4-KO experiments: as a control, macrophages 

were stimulated with LPS (10 µM), the known ligand for TLR4, and inflammatory 

cytokine expression was assessed. For all genes analyzed, WT macrophages 

responded to LPS treatment while TLR4-KO cells failed to respond (data not 

shown).  

 

Macrophage polarization  

MPMs were plated in DMEM containing 10% FBS, as described above.  

Cells were then washed with PBS and serum-free media was added to the cells 

4 h prior to polarization. All macrophages were grown in serum free media. MΘ 

macrophages were left untreated, M1 macrophages were treated with 10 ng/ml 

of LPS, and M2 macrophages were treated with 4 ng/ml of IL-13. All polarization 

treatments were for 24 h. After polarization, cells were washed with PBS and 

treated with stearic acid and TC for 16 h in the presence of respective 

polarization agents. Thus, cells were treated with LPS or IL-13 for a total of 40 h 

by the end of the study. Additionally, control cells were treated with polarization 

agents for the duration of the studies. These cells were washed with PBS after 

24 h of polarization (as treated cells were) and then re-exposed to the 

polarization agent in the absence of stearic acid and TC for the remaining 16 h. 
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Stromal vascular fraction (SVF) isolation 

 Mice were euthanized and perfused through the left ventricle with 20 mL 

of PBS. Epididymal AT was removed and 0.25-0.5 g of tissue was minced in 3 

mL PBS with 0.5% BSA (PBS-B).  Subsequently, 3 mL of 0.2 mg/mL collagenase 

(Sigma-Aldrich, St. Louis, MO) was added to achieve a final concentration of 0.1 

mg/mL collagenase. Tissue was incubated at 37° C for 20-30 minutes while 

shaking at 200 RPM. The cell suspension was then filtered through a 100-µM cell 

strainer. Cells were spun at 500 x g for 10 minutes to separate adipocytes from 

the SVF cells. The SVF was re-suspended in 3 mL ACK buffer to lyse red blood 

cells. Cells were washed 2X with PBS and then counted using a Cellometer Auto 

T4.  

 

Isolation of hepatocyte and F4/80-enriched fractions from the liver 

 Mice were euthanized and perfused as described above. The liver was 

removed and minced in 3 mL RPMI with 5% FBS. Next, 3 mL of 0.2 mg/mL 

collagenase was added and tissue was incubated at 37° C for 30 minutes while 

shaking at 200 RPM. The cell suspension was filtered through a 100-µM cell 

strainer and spun at 300 RPM for 3 minutes. The hepatocyte fraction (pellet) was 

collected, while the supernatant (non-parenchymal fraction) was spun at 1500 

RPM for 10 minutes. The non-parenchymal fraction was re-suspended in ACK 

buffer to lyse red blood cells and washed twice. Cells were then re-suspended in 

a 33% normo-osmotic Percol solution containing 10 U/mL heparin and spun at 

500 x g with the centrifuge break off. The pellet was washed and cells were 
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counted. Subsequently, cells were incubated with Fc block for 10 minutes and 

then stained with anti-mouse F4/80-APC (eBioscience, San Diego, CA) at a 

concentration of 5 x 106 cells/mL for 30 minutes at 4° C. After washing, cells 

were incubated with anti-APC magnetic beads for 15 minutes at 4° C, washed 

once, and re-suspended in FACS buffer. Cells were sorted using a Miltenyi 

AutoMACs magnetic cell sorter in the Vanderbilt Flow Cytometry Core, and the 

F4/80-enriched fraction was collected. 

  

Western blot analysis 

MPMs, SVF cells, and an F4/80-enriched fraction isolated from the liver 

were collected in lysis buffer containing 20 mM Tris-HCL (pH 8.0), 150 nM NaCl, 

1 mM EDTA, 1 mM EGTA, 0.1% Nonidet P-40, 2.5 mM sodium pyrophosphate, 1 

mM sodium orthovanadate, and 0.5 mM PMSF. A modified Lowry protocol was 

used to quantify protein concentration. Whole AT, liver, and muscle (~0.05 g), 

and the hepatocyte fraction were sonicated in 500-700 µL of 2% SDS containing 

2.5 mM sodium pyrophosphate and 0.5 mM PMSF. Protein was quantified using 

a bicinchoninic acid (BCA) assay (Thermo Scientific). Subsequently, 10-15 µg of 

protein was electrophoresed through a 4-12% Bis-Tris gel (Invitrogen), 

transferred to a nitrocellulose membrane, and immunoblotted with the following 

antibodies:  

Chapter III: phospho-PERK, BiP, IRE-1α, phospho-JNK 1/2, phospho-

eIF2α, cleaved caspase-3, Bax, and Bak. Chapter IV: cleaved caspase-3. Bax, 

and Bak. Chapter V: phospho-PERK, BiP, phospho-JNK 1/2, and phospho-
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eIF2α. Chapter VI: phospho-AKT and total AKT. All antibodies were obtained 

from Cell Signaling Technology (Boston, MA). Blots were developed using 

Western Lightning enhanced chemiluminescence substrate (Perkin Elmer, 

Waltham, MA).  Band intensity was quantified using ImageJ64 software.   

 

RNA isolation, cDNA synthesis, and real-time RT-PCR 

MPMs or SVF cells were collected in TRIzol reagent (Invitrogen, Carlsbad, 

CA). Total RNA was isolated using a phenol-chloroform extraction, according to 

the manufacturer’s instructions. RNA extraction from whole AT (0.05 g) was 

performed with an RNeasy kit (Qiagen, Valencia, CA) according to the 

manufacturer’s instructions. An iScript cDNA synthesis kit (BioRad, Hercules, 

CA) was used for reverse transcriptase reactions. Real-time RT-PCR analysis 

was performed using an iQ5 multicolor real-time PCR detection system (Bio-Rad, 

Hercules, CA).  Primer-probe sets (Assays-on-Demand) were purchased from 

Applied Biosystems (Foster City, CA). All genes were analyzed using the Pfaffl 

method (146) and normalized to 18s ribosomal RNA or glyceraldehyde-3-

phosphate dehydrogenase (GAPDH). The expression of the following genes was 

assessed: 

Chapter III: 18S (4352930E), Ccl2 (Mm00441242_m1), Tnf 

(Mm00443258_m1), Il6 (Mm00446190_m1), Chop/Ddit3 (Mm00492097_m1), 

Il1b (Mm01336189_m1).  Data are presented as relative to the vehicle-treated 

control group. 
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Chapter IV: Emr1 (Mm00802530_m1) and Gapdh (Mm99999915_g1). 

Data is presented as relative to the 9W HF group.  

Chapter VI: Emr1 (Mm00802530_m1) Cd68 (Mm00839636_g1), Itgam 

(Mm00434455_m1), Itgax (Mm00498698_m1), Tnf (Mm00443258_m1), Ccr2 

(Mm99999051_gH), Arg1 (Mm01190441_g1), Clec10a (Mm00546125_g1), Cd3e 

(Mm00599683_m1), Cd4 (Mm00442754_m1), Cd8 (Mm01182108_m1), Ifng 

(Mm01168434_m1), Il12a (Mm00434165_m1), Il2 (Mm00434256_m1), Il2ra 

(Mm00434261_m1), Il2rb (Mm00434268_m1), Ccl5 (Mm01302428_m1), Il4 

(Mm00445259_m1), Il10 (Mm00439614_m1), Il13 (Mm00434204_m1), and 

Gapdh (Mm99999915_g1). Data are presented as relative to the LF/LF/LF group.  

 

Analysis of XBP-1 splicing 

cDNA was generated from treated MPMs, as described above.  The Xbp1 

gene was amplified using the following primers: forward: 5’-TGA GAA CCA GGA 

GTT AAG AAC C-3’; reverse: 5’-TTC TGG GTA GAC CTC TGG GAG TTC C-3’.  

The resulting PCR product was electrophoresed on a 1.8% agarose gel for 1 h.  

Expression of the spliced form of Xbp-1 was normalized to an internal β-actin 

standard (forward primer: 5’-TGA CCC AGA TCA TGT TTG AGA CC-3’; reverse 

primer: 5’-CCA TAG CCA AGA AGG AAG GC-3’). 

 

Histology 

Staining of MPMs (Chapter III): Cells were plated at 250,000 cells/well in 

an 8-well chamber slide in DMEM containing 10% FBS and treated with stearic 
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acid and TC, as described above. TUNEL staining was performed using the In 

Situ Cell Death Detection Kit (Roche-Applied Science) according to 

manufacturer’s instructions. After TUNEL staining, cells were counterstained with 

DAPI (0.2 mg/mL, Vector Laboratories, Burlingame, CA) and imaged at 20X 

magnification using an inverted Leica Conventional fluorescent microscope 

(Vanderbilt Shared Imaging Resource). One or two fields of view (at least 300 

cells) were counted for each well of the chamber slide using Histometrix 6 

software. Experiments were repeated at least 3 separate times.  

 

Staining of whole AT (Chapter IV): Epididymal AT was harvested and 

immediately fixed in 1% paraformaldehyde for 1 h. Tissue was blocked in 5% 

goat serum in PBS for 1 h and stained with an rat anti-mouse F4/80 antibody 

(Abcam, Cambridge, MA) overnight at 4° C. After washing with PBS, tissue was 

incubated with an Alexa 488-conjugated anti-rat secondary antibody (Cell 

Signaling Technology) for 1 h at room temperature. TUNEL staining was 

performed, again using the In Situ Cell Death Detection Kit (Roche-Applied 

Science). Tissue was then counter-stained with DAPI (0.2 mg/mL) and imaged at 

40X magnification using an Olympus FV-1000 Inverted Confocal Microscope. At 

least 3 images were captured per mouse.  

 

Flow cytometry 

 One million SVF cells were incubated in Fc block for 10 minutes, followed 

by a 30 minute incubation at 4° C with fluorophore-conjugated antibodies: F4/80-
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APC (eBioscience, San Diego, CA), CD11b-APC-Cy7 (BD Biosciences, San 

Jose, CA), CD11c-PE (eBioscience), TCR-β-APC (BD Biosciences), CD4-A700 

(BD Biosciences), CD8-PE-Cy7 (BD Biosciences), CD62L-PE (BD Biosciences), 

and CD44-FITC (BD Biosciences).  DAPI (0.2 mg/mL) was added as a viability 

stain before flow cytometry was performed. Samples were processed on a 5-

laser LSRII flow cytometer in the Vanderbilt University Flow Cytometry Core. 

Data was analyzed using FlowJo software. 

 

Statistical analysis 

GraphPad Prism 5.0 software was used for all statistical analyses.  Data 

was analyzed using a two-tailed unpaired t-test to determine differences between 

two groups, a one-way ANOVA when more than two treatment groups were 

compared, or a two-way ANOVA to compare measurements with two different 

variables. Outliers were excluded from the data for each individual parameter 

using the Grubbs outlier test (147). A p of ≤0.05 was considered significant. 
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CHAPTER III 

 

Stearic acid accumulation in macrophages induces TLR4/2-independent 

inflammation leading to ER stress-mediated apoptosis 

(Adapted from Anderson, et al. (2011). ATVB. Jul: 32 (7): 1687-95). 
 

INTRODUCTION 

During obesity, dysregulated lipolysis in insulin resistant adipocytes leads 

to increased FFA concentrations and hyperlipidemia (72). Elevated serum FFA 

levels are independently associated with an increased risk for both CVD and T2D 

(72; 73); however mechanisms explaining this correlation have not been fully 

defined. Importantly, systemic FFA toxicity may be mediated, in part, by 

activation of inflammatory pathways in macrophages residing in metabolic 

tissues, including AT (34; 35; 40; 148) and liver (149), or in atherosclerotic 

plaques (150; 151). The majority of the studies regarding macrophage lipotoxicity 

have sought to identify extracellular receptors that are responsible for mediating 

the inflammatory affects of saturated FFAs. Several groups have suggested that 

saturated FFAs may act through TLR4 to generate macrophage inflammation 

and lipotoxicity (152); however, others dispute this claim (48). An additional study 

has demonstrated that saturated FFAs activate a TLR2-dependent apoptotic 

pathway in macrophages undergoing ER stress (153).  

Interestingly, recent studies suggest that intracellular accumulation of 

FFAs within macrophages may play a pathogenic role in the progression of both 

T2D and atherosclerosis. Treatment of human macrophages with dyslipidemic 
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serum from diabetic patients increases intracellular FFA concentrations (154; 

155), suggesting that macrophages in metabolic tissues of these patients may 

encounter high levels of FFAs. In addition, multiple FFA species are present in 

macrophage-rich regions of human atherosclerotic lesions, and increased FFA 

concentrations are observed in inflammatory plaques from diabetic individuals 

(156). Therefore, it is critically important to determine the in vitro consequences 

of intracellular FFA accumulation within macrophages and to understand the 

affects of increased FFA concentrations on macrophages residing in metabolic 

tissues. Our lab has previously shown that accumulation of the saturated FFA, 

stearic acid, in macrophages results in apoptotic cell death (75); however, the 

mechanism of lipotoxicity remains unknown.  

 The ER is not simply a site of protein synthesis and maturation, but also 

functions as a nutrient sensor to regulate the energy needs of the cell. Therefore, 

changes in nutrient availability or inflammatory status can cause ER stress and 

activation of the UPR. In fact, increased levels of free cholesterol in 

macrophages (induced by inhibition of ACAT activity) (157) or exposure of 

pancreatic β-cells (158), hepatocytes (159), or adipocytes (160) to saturated 

FFAs results in UPR activation. The UPR is controlled by three ER-localized 

receptors: IRE-1α, PERK, and ATF-6. ER stress initiates a signaling cascade that 

decreases the protein load entering the ER and increases the folding capacity of 

the organelle by up-regulating genes including BiP (139). ER stress can also 

activate inflammatory signaling through JNK (161) and NF-κB (162) and initiate 

apoptosis (163). Interestingly, ER stress is increased in atherosclerotic plaques, 
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whole AT, and liver of obese, dyslipidemic mice and humans (164-166). 

Decreasing ER stress through treatment with the chemical chaperone, PBA, 

reduces systemic inflammation and IR in response to a high-fat diet (167) and 

decreases macrophage apoptosis in atherosclerotic plaques during conditions of 

hyperlipidemia (168).   

The above data suggest that the systemic elevation of FFAs observed in 

obese individuals may result in ER stress activation, inflammation, and apoptosis 

in macrophages residing in metabolic tissues. In addition, recent data indicate 

that macrophages in atherosclerotic plaques accumulate FFAs (154-156); 

however, the molecular consequences of FFA accumulation in these immune 

cells remain ill defined. We have previously demonstrated that triascin C (TC)-

mediated inhibition of long-chain acyl-CoA synthetases (ACSL) during stearic 

acid treatment of MPMs increases intracellular stearic acid concentrations and 

results in apoptotic cell death (75). Using this model, we now show that stearic 

acid accumulation in macrophages results in TLR4/2-independent induction of 

inflammation, leading to ER stress-mediated apoptosis. Polarization of 

macrophages to a pro-inflammatory M1 phenotype increases the susceptibility of 

these cells to inflammation and ER stress, but not apoptosis. These findings 

advance our understanding of the molecular changes that occur in macrophages 

upon FFA accumulation, and demonstrate that intracellular FFAs induce 

macrophage ER stress, inflammation, and apoptosis. Activation of these 

signaling pathways, specifically in macrophages, may play a key role in the 

progression of IR and atherosclerosis.  
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RESULTS 

 

Intracellular accumulation of stearic acid induces ER stress in MPMs 

Previous studies from our lab have shown that incubation of MPMs with 

low-level stearic acid and TC inhibits ACSL activity, leading to a 4-fold increase 

in intracellular stearic acid content when compared to control cells or cells treated 

with stearic acid alone (169). To determine if intracellular stearic acid 

accumulation within macrophages induces ER stress, MPMs were co-treated 

with 90 µM stearic acid (identified as 18:0 in figures) and 2.5 µM TC for 2 to 24 h.  

In addition, cells were treated with either TC or stearic acid alone for 24 h. 

Tunicamycin (1 µM for 24 h) was used as a positive control for ER stress 

induction. Co-treatment with stearic acid and TC significantly increased the 

phosphorylation of PERK after 8 (p<0.001) and 16 h (p<0.001) compared to 

vehicle-treated control cells (Figure 3.1A). Treatment with stearic acid or TC 

alone did not increase PERK phosphorylation, indicating that ER stress activation 

is due to intracellular stearic acid accumulation as opposed to FFA exposure 

without accumulation (Figure 3.1A). During the time-course of stearic acid 

accumulation, BiP and IRE-1α protein levels were increased at 16 (p<0.001) and 

24 h (p<0.01) of co-treatment (Figure 3.1B-C). PCR amplification of the IRE-1α 

target gene, Xbp1, revealed an increase in the spliced form of Xbp1 after 8 

(p<0.01), 16 (p<0.001), and 24 h (p<0.01, Figure 3.1D).  
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Intracellular accumulation of stearic acid increases inflammation in MPMs 

ER stress signaling can result in the activation of pro-inflammatory kinases, 

including JNK and NF-κB (161). A significant increase in the phosphorylation of 

JNK 1/2 was observed after 8 (p<0.05) and 16 h (p<0.05) of stearic acid and TC 

co-treatment (Figure 3.1E). Additionally, intracellular stearic acid accumulation 

increased the expression of the NF-κB target genes, TNF-α (Tnf), IL-6 (Il6), and 

IL-1β (Il1b, p<0.05, Figure 3.2A-C). These data indicate that intracellular 

accumulation of stearic acid induces both JNK- and NF-κB-mediated 

inflammatory pathways. In addition, gene expression of the chemokine, MCP-1 

(Ccl2), was also increased by stearic acid and TC co-treatment (p<0.05, Figure 

3.2D). MIP-1α (Ccl3) expression was not modulated by FFA accumulation 

(Figure 3.2E).  

 

Intracellular accumulation of stearic acid induces apoptosis in MPMs 

Cleavage of caspase-3, a key executioner caspase, was significantly 

increased after 8 (p<0.05) and 24 h (p<0.001) of treatment, with maximal 

cleavage observed at 16 h (p<0.001, Figure 1F). TUNEL staining was performed 

on macrophages at the peak of apoptosis (16 h).  Approximately 17.9 ± 4.1% of 

cells co-treated with stearic acid and TC were TUNEL positive, while only 0.10 ± 

0.10% of control cells stained positive for TUNEL (p<0.01, Figure 3.1G). Gene 

expression of Chop, the primary mediator of apoptosis following ER stress, was 

increased after 16 h (p<0.05) of co-treatment with stearic acid and TC (Figure 

1H). Additionally, higher concentrations of stearic acid (250 µM and 500 µM) in 
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the absence of TC resulted in ER stress, inflammation, and apoptosis (Figure 

3.3), indicating that inhibition of ACSL activity accelerates, but is not required for, 

the lipotoxic effects of stearic acid.   
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Figure 3.1: Intracellular stearic acid accumulation induces ER stress, 
inflammation, and apoptosis. MPMs were co-treated with stearic acid (18:0, 90 
µM) and TC (2.5 µM) for 2 to 24 h in DMEM containing 5% FBS.  All controls 
[vehicle-treated (C), TC, tunicamycin (1 µM), and 18:0 alone] were treated for 24 
h.  A-C) Western blot analysis for markers of ER stress: A) phospho-PERK, B) 
BiP, C) IRE-1α.  D) RT-PCR analysis of Xbp1 mRNA splicing. E-F) Western blot 
analysis of: E) phospho-JNK1/2 and F) cleaved caspase-3.  G) Detection of 
apoptotic cells by TUNEL (red) and DAPI (blue) staining of MPMs treated for 16 
h. Magnification: 20X.  H) Gene expression analysis of Chop mRNA by real-time 
RT-PCR.  Data are presented as mean ± SEM, n = 3/group. * p<0.05, ** p<0.01, 
*** p<0.001 compared to control.  Tunicamycin treatment was used as a positive 
control for Western blotting and is not included in statistical analysis.   
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Figure 3.2: Intracellular stearic acid accumulation increases inflammatory 
cytokine gene expression in MPMs. MPMs were co-treated with stearic acid 
(18:0, 90 µM) and TC (2.5 µM) for 2 to 24 h in DMEM containing 5% FBS.  All 
controls [vehicle-treated control, TC alone, tunicamycin (1 µM), and 18:0 alone] 
were treated for 24 h. Analysis of A) Tnf, B) Il6, C) Il1b, D) Ccl2, and E) Ccl3 
gene expression by real-time RT-PCR.  Data are presented as mean ± SEM, n = 
3/group. * p<0.05, ** p<0.01 compared to control. 
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Figure 3.3: Higher levels of stearic acid, in the absence of TC, are sufficient 
to induce MPM ER stress, inflammation, and apoptosis. MPMs were treated 
with stearic acid (18:0, 250 or 500 µM) for 16 h in DMEM containing 5% FBS. A-
E) Western blot analysis of: A) phospho-PERK, B) BiP, C) IRE-1α, D) phospho-
JNK1/2, and E) cleaved caspase-3. Data are presented as mean ± SEM, n = 3-
5/group. * p<0.05, ** p<0.01 compared to control. 
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Inhibition of ER stress during stearic acid loading of MPMs decreases 
apoptosis 
  

To determine if ER stress induced by intracellular stearic acid 

accumulation is upstream of inflammation and apoptosis, MPMs were treated 

with stearic acid and TC in the presence of the chemical chaperone, PBA. Co-

treatment with PBA during stearic acid accumulation resulted in a 60% decrease 

in PERK phosphorylation (p<0.05 compared to stearic acid and TC, Figure 3.4A).  

Additionally, co-treatment with stearic acid, TC, and PBA decreased BiP and 

IRE-1α protein levels by approximately 50% (p<0.05 compared to stearic acid 

and TC, Figure 3.4B-C). Activation of ER stress can result in inflammation and 

secretion of chemokines (161; 162). However, phosphorylation of JNK1/2 was 

not decreased in the presence of PBA (Figure 3.4D). Gene expression of Il6 and 

Il1b was also not modulated by PBA co-treatment (Figure 3.5A-B). In contrast, 

PBA co-treatment significantly decreased gene expression of the chemokine, 

Ccl2 (p<0.05 compared to stearic acid and TC, Figure 3.4E). In regards to 

apoptosis, PBA co-treatment decreased caspase-3 cleavage, TUNEL staining, 

and Chop gene expression (p<0.05 compared to stearic acid and TC, Figure 

3.4F-H).  

  



 
 

63 

 

 
Figure 3.4: PBA attenuates ER stress, chemokine secretion, and apoptosis, 
but not inflammation, induced by stearic acid accumulation. MPMs were co-
treated with stearic acid (18:0, 90 µM) and TC (2.5 µM) in the presence or 
absence of PBA (6 mM) for 16 h in DMEM containing 5% FBS.  A-D) Western 
blot analysis for: A) phospho-PERK, B) BiP, C) IRE-1α, D) phospho-JNK1/2. E) 
Real-time RT-PCR analysis of Ccl2 gene expression. F) Western blot analysis for 
cleaved caspase-3. G) TUNEL (red) and DAPI (blue) staining to detect apoptotic 
cells.  Magnification: 20X. H) Gene expression analysis of Chop mRNA by real-
time RT-PCR. Data are presented as mean ± SEM, n = 4-5/group. Groups not 
connected by the same letter are significantly different, p<0.05.  
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Figure 3.5: PBA co-treatment does not attenuate inflammatory cytokine 
expression in response to intracellular stearic acid accumulation in MPMs. 
MPMs were co-treated with stearic acid (18:0, 90 µM) and TC (2.5 µM) in the 
presence or absence of PBA (6 mM) for 16 h in DMEM containing 5% FBS.  
Analysis of A) Il6 and B) Il1b gene expression by real-time RT-PCR. Data are 
presented as mean ± SEM, n = 7/group. Groups not connected by the same 
letter are significantly different, p<0.05. 
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Inhibition of inflammation during stearic acid loading of MPMs decreases 
ER stress and apoptosis 
 

Sodium salicylate (SS), a derivative of aspirin (170; 171), was utilized to 

further assess the role of inflammation during stearic acid accumulation in MPMs. 

Cells were co-treated with stearic acid and TC in the presence of 1 or 5 mM SS 

for 16 h. JNK 1/2 phosphorylation (Figure 3.6A) and gene expression of the NF-

κB target genes, Il6 (Figure 3.6B) and Ccl2 (data not shown), were decreased by 

either 1 or 5 mM SS (p<0.05 compared to stearic acid and TC). Inhibition of 

inflammation by SS during stearic acid accumulation significantly decreased 

PERK phosphorylation (Figure 3.6C) and reduced BiP (Figure 3.6D) and IRE-1α 

(Figure 3.6E) protein levels (p<0.05 compared to stearic acid and TC). 

Additionally, co-treatment with stearic acid, TC, and either 1 or 5 mM SS 

decreased caspase-3 cleavage, TUNEL staining, and Chop gene expression 

(p<0.05 compared to stearic acid and TC, Figure 3.6F-H). These data indicate 

that inflammation is responsible for the activation of ER stress-mediated 

apoptosis during stearic acid accumulation. 
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Figure 3.6: Inhibition of inflammation by sodium salicylate decreases MPM 
ER stress and apoptosis during stearic acid accumulation. MPMs were co-
treated with stearic acid (18:0, 90 µM) and TC (2.5 µM) in the presence or 
absence of 1 or 5 mM SS for 16 h in DMEM containing 5% FBS.  A) Western blot 
analysis of phospho-JNK1/2, B) Real-time RT-PCR analysis of Il6 gene 
expression. C-F) Western blot analysis for: C) phospho-PERK, D) BiP, E) IRE-1α, 
and F) cleaved caspase-3. G) TUNEL (red) and DAPI (blue) staining to detect 
apoptotic cells.  Magnification: 20X. H) Gene expression analysis of Chop mRNA 
by real-time RT-PCR. Treatment with 5 mM SS alone resulted in a significant 
increase in cleaved caspase-3 protein levels (data not shown, p<0.01). Data are 
presented as mean ± SEM, n = 3/group. Groups not connected by the same 
letter are significantly different, p<0.05.  
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Intracellular stearic acid accumulation in MPMs increases inflammation, ER 
stress, and apoptosis independent of TLR4 and TLR2 
 

To determine if the inflammation, ER stress, and apoptosis generated by 

intracellular stearic acid accumulation in MPMs is dependent upon TLR4 or TLR2 

signaling, WT, TLR4-KO, and TLR2-KO macrophages were treated with stearic 

acid and TC for 16 h (Figure 3.7). Intracellular accumulation of stearic acid 

increased the phosphorylation of JNK 1/2 to the same extent in WT, TLR4-KO, 

and TLR2-KO macrophages (genotype effect = ns, Figure 3.7A and E). 

Deficiency of either TLR4 or TLR2 resulted in a significant decrease in Il6 gene 

expression during intracellular FFA accumulation (genotype effect = p<0.05, 

Figure 3.7B and F). However, gene expression of Il1b and Ccl2 was not 

decreased by TLR4 or TLR2 deficiency (Figure 3.7C-D, G-H). In fact, Il1b gene 

expression was higher in TLR2-KO macrophages co-treated with stearic acid and 

TC (genotype effect = p<0.05, Figure 3.7G). Stearic acid accumulation increased 

phospho-PERK and BiP protein levels to a similar extent in WT, TLR4-KO, and 

TLR2-KO macrophages (genotype effect = ns, Figure 3.8A-B, E-F). Stearic acid 

accumulation resulted in a significant increase in the cleaved form of caspase-3 

in WT, TLR4-KO, and TLR2-KO macrophages (genotype effect = ns, Figure 3.8C 

and G). Additionally, gene expression of Chop was also increased upon stearic 

acid accumulation, regardless of genotype (genotype effect = ns, Figure 3.8D 

and H). Together, these data indicate that TLR4 and TLR2 signaling are not 

necessary for the induction of macrophage inflammation, ER stress, or apoptosis 

in response to intracellular accumulation of stearic acid.   
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Figure 3.7: Absence of TLR4 or TLR2 does not protect MPMs from 
inflammation induced by stearic acid accumulation. MPMs were isolated 
from WT, TLR4-KO, and TLR2-KO mice and co-treated with stearic acid (18:0, 
90 µM) and TC (2.5 µM) for 16 h in DMEM containing 5% FBS.  A-D) Analysis of 
inflammatory markers in WT and TLR4-KO MPMs: A) Western blot of phospho-
JNK 1/2, B-D) Real-time RT-PCR analysis of: B) Il6, C) Il1b, D) Ccl2. E-F) 
Analysis of inflammatory markers in WT and TLR2-KO MPMs: E) Western blot of 
phospho-JNK 1/2, F-H) Real-time RT-PCR analysis of: F) Il6, G) Il1b, H) Ccl2. 
Data are presented as mean ± SEM. * Treatment effect, p <0.05; ** Treatment 
effect, p<0.01; *** Treatment effect, p<0.001; # Genotype effect, p<0.05.  
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Figure 3.8: Absence of TLR4 or TLR2 does not protect MPMs from ER 
stress or apoptosis induced by stearic acid accumulation. MPMs were 
isolated from WT, TLR4-KO, and TLR2-KO mice and co-treated with stearic acid 
(18:0, 90 µM) and TC (2.5 µM) for 16 h in DMEM containing 5% FBS. A-D) 
Analysis of ER stress and apoptotic markers in WT and TLR4-KO MPMs: A-C) 
Western blot analysis of: A) phospho-PERK, B) BiP, C) Cleaved caspase-3. D) 
Real-time RT-PCR analysis of Chop gene expression. E-F) Analysis of ER stress 
and apoptotic markers in WT and TLR2-KO MPMs: E-G) Western blot analysis 
of: E) phospho-PERK, F) BiP, G) Cleaved caspase-3. H) Real-time RT-PCR 
analysis of Chop gene expression. Data are presented as mean ± SEM. ** 
Treatment effect, p<0.01; *** Treatment effect, p<0.001.   
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Polarization of MPMs to an M1 phenotype increases susceptibility to 
inflammation and ER stress, but not apoptosis, in response to intracellular 
stearic acid accumulation 
 

To determine if macrophage polarization state modulates the susceptibility 

of these cells to stearic acid-induced inflammation, ER-stress, and apoptosis, 

MPMs were polarized for 24 h with vehicle (Mθ, un-polarized macrophages), LPS 

(M1 macrophages), or IL-13 (M2 macrophages). Polarization was confirmed by 

real-time RT-PCR analysis of M1 and M2 gene expression (Figure 3.9). After 

polarization, each group was co-treated with stearic acid (90 µM) and TC (2.5 

µM) in the presence of either vehicle (Mθ), LPS (M1), or IL-13 (M2) for an 

additional 16 h (40 h total treatment). To control for the effects of LPS and IL-13, 

a subset of macrophages was incubated with the respective polarizing agent in 

the absence of stearic acid and TC for the duration of the experiment. These 

control cells exhibited low JNK1/2 phosphorylation that was not modulated by 

macrophage phenotype (Figure 3.10A). Polarization in the absence of stearic 

acid and TC did not modulate the expression of ER stress or apoptotic markers 

(data not shown). However, when polarized macrophages were exposed to 

stearic acid and TC, M1 macrophages exhibited increased JNK 1/2 

phosphorylation when compared to either Mθ or M2 macrophages (Figure 3.10A, 

p<0.001), suggesting that M1 polarized macrophages are more susceptible to 

stearic acid-induced inflammation.  

Intracellular accumulation of stearic acid in M1 macrophages resulted in a 

3-fold increase in PERK phosphorylation and a 45% increase in BiP protein 

levels when compared to M2 macrophages (p<0.05, Figure 3.10B-C).  Protein 
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levels of IRE-1α remained similar among all groups (data not shown). There was 

a non-significant trend towards an increase in Chop gene expression in M1 

macrophages (Figure 3.10D); however, there was no difference in TUNEL 

staining (Figure 3.10E) or caspase-3 cleavage (Figure 3.10F) between groups. 

Collectively, these results suggest that polarization of macrophages to an M1 

phenotype increases susceptibility to stearic acid-induced inflammation and ER 

stress, but not apoptosis.   
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Figure 3.9: Confirmation of MPM Polarization State. MPMs were treated with 
vehicle, LPS (10 ng/mL), or IL-13 (4 ng/mL) for 24 h to induce a Mθ, M1, or M2 
polarization state, respectively. A-C) RNA was collected and real-time RT-PCR 
was performed in order to confirm macrophage polarization: A) Tnf, B) Arg1, and 
C) Il10. Gene expression of Nos2 (iNOS) was not detected in Mθ or M2 
macrophages, but was seen in M1 macrophages. Data are presented as mean ± 
SEM, n = 3/group. # p<0.05 compared to M1. 
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Figure 3.10: Polarization of MPMs to an M1 phenotype increases 
susceptibility to inflammation and ER stress in response to intracellular 
stearic acid accumulation. MPMs were polarized for 24 h with vehicle, LPS (10 
ng/ml), or IL-13 (4 ng/ml) to induce a Mθ, M1, or M2 phenotype, respectively. 
Cells were then co-treated with stearic acid (18:0, 90 µM) and TC (2.5 µM) for 16 
h in the presence of polarization agents. Controls were treated for 40 h with 
polarizing agents in the absence of stearic acid and TC.  A-C) Western blot 
analysis for: A) phospho-JNK 1/2, B) phospho-PERK, C) BiP. D) Gene 
expression analysis of Chop mRNA by real-time RT-PCR.  E) Detection of 
apoptotic cells by TUNEL (red) and DAPI (blue) staining.  Magnification: 20X.  F) 
Western blot analysis of cleaved caspase-3. Data are presented as mean ± SEM. 
n = 5-9/group. *** p<0.001 compared to Mθ of 18:0 + TC group, # p<0.05, ### 
p<0.001 compared to M1 of 18:0 + TC group. 
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Activation of lipolysis in the AT of obese mice does not modulate ER stress, 
inflammation, or apoptosis in the macrophage-enriched stromal vascular 
fraction 
 
 If macrophages residing in metabolic tissues, such as AT, undergo FFA-

induced ER stress and apoptosis, it would be expected that activation of AT 

lipolysis would increase the exposure of macrophages to FFAs and, thus, 

activate these signaling pathways. To test this hypothesis, mice were fed a HF 

diet for 9 weeks and subsequently injected with CL316243, a β-3 adrenergic 

receptor agonist known to stimulate AT lipolysis (See Figure 3.11A for Study 

Design). Exposure to CL316243 resulted in a sustained ~4-fold increase in 

serum FFA levels throughout the time-course of the study (p<0.001 compared to 

saline-treated, Figure 3.11B), indicating that AT lipolysis was activated.  Of note, 

this treatment did not modulate body weight (Figure 3.11C). To determine if 

increased AT lipolysis modulated ER stress and apoptotic signaling in resident 

macrophages, the macrophage-enriched SVF of the AT was isolated. Western 

blot analysis demonstrates that CL316243 treatment does not increase markers 

of ER stress (Figure 3.12A-C) or apoptosis (Figure 3.12D-F) in the SVF. 

Additionally, phosphorylation of JNK 1/2, a pro-inflammatory kinase, was not 

modulated (Figure 3.12C). These data indicate that activation of AT lipolysis 

does not induce ER stress, inflammation, or apoptosis in macrophages residing 

in AT.  
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Figure 3.11. Administration of the β-3 adrenergic receptor agonist, 
CL316243, increases serum FFA concentrations in obese mice. A) Study 
design: mice were placed on a 60% high fat diet for 9 weeks and intraperitoneally 
injected with CL316243 (0.4 mg/kg) 5 h before sacrifice. B) Serum FFA 
concentrations at baseline, 2.5 h, and 5 h after injection. C) Body weight. Data 
are presented as mean ± SEM. n = 10/ group. *** treatment effect, p<0.001.   
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Figure 3.12. Activation of AT lipolysis in obese mice does not modulate 
SVF ER stress or apoptosis. Obese mice were injected with CL316243, as 
described in Figure 3.11. A-C) Western blot analysis for ER stress markers in the 
SVF: A) phospho-PERK, B) phospho-eIF2α, C) phospho-JNK 1/2. D-F) Western 
blot analysis of apoptotic markers in the SVF: D) cleaved caspase-3, E) Bax, and 
F) Bak. Data are presented as mean ± SEM. n = 10/ group. 
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DISCUSSION 
 

 Our previous studies have demonstrated that co-treatment of MPMs with 

low-level stearic acid and TC blocks ACSL activity, thus inducing intracellular 

FFA accumulation and lipotoxicity (169). Using this model, we now show that 

stearic acid accumulation in macrophages activates ER stress, inflammation, and 

apoptosis independent of TLR4/2 signaling. While exposure of macrophages to 

higher concentrations of stearic acid induced ER stress, inflammation, and 

apoptosis (Figure 3.3), exposure to low-level stearic acid in the absence of TC 

had no effect on these parameters (Figure 3.1), suggesting that intracellular 

accumulation of stearic acid accelerates lipotoxicity. It is possible that the ability 

of a macrophage to metabolize or store stearic acid is overwhelmed by higher 

concentrations of stearic acid, thus leading to intracellular FFA accumulation and 

lipotoxicity. Together, the PBA and SS studies demonstrate that stearic acid 

accumulation in MPMs initiates inflammatory signaling that culminates in the 

activation of ER stress-mediated apoptosis. Additionally, polarization of 

macrophages to a pro-inflammatory M1 phenotype increased stearic acid-

induced inflammation and ER stress, but not apoptosis (See Figure 3.13 for 

Model).  

These findings imply that macrophages residing in metabolic tissues such 

as AT, may be susceptible to FFA-induced inflammation, ER stress, and 

apoptosis. However, activation of AT lipolysis did not modulate these signaling 

pathways in the macrophage-enriched SVF of the AT, suggesting that these 

pathways may not be activated in ATMs during obesity. Instead, it is possible that 
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these in vitro findings may be more relevant to CVD and the development of 

atherosclerosis. Indeed, intracellular FFA accumulation (156) and ER stress-

mediated apoptosis are observed in macrophages of atherosclerotic lesions 

(157; 166).  

 Research conducted in the past several decades has established a role 

for saturated FFAs in the development of CVD (72; 73). Additionally, recent 

studies indicate that macrophages of atherosclerotic plaques accumulate FFAs 

(154-156); however, the molecular consequences of intracellular FFAs remain 

relatively unknown. Increased partitioning of FFA to TG (via DGAT-1 

overexpression) protects macrophages from FFA-induced inflammation (172), 

suggesting that accumulation of FFAs, rather than TG, in these immune cells 

may be responsible for inflammatory signaling. Our results support these findings 

and indicate that intracellular FFAs may be especially pathogenic, as blocking 

the incorporation of stearic acid into TG (through inhibition of ACSL activity) 

greatly increases the intracellular accumulation and lipotoxic potential of this FFA. 

Interestingly, studies have shown that polymorphisms in ACS genes, including 

ACSL-1 and medium-chain acyl-CoA synthetase 2, confer an increased risk for 

metabolic syndrome in human subjects (173; 174). Although the direct functional 

consequences of polymorphisms in these ACS genes are not known, it is 

believed that disruption of ACS activity is responsible for the increased risk for 

metabolic syndrome. Several studies have shown that insulin sensitizing 

thiazolidinediones (TZD) increase the transcription of ACSL-1 (the primary ACS 

isoform in macrophages) in the AT and liver (175; 176). Together with our current 
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data, these studies demonstrate that FFA accumulation occurs in plaque 

macrophages and may exacerbate inflammation during obesity/hyperlipidemia.  

Previous studies have shown that over-activation of ER stress signaling 

can culminate in apoptotic cell death (163). Our results demonstrate that 

reducing ER stress signaling (via PBA) also abrogates apoptosis, indicating that 

stearic acid accumulation in MPMs induces ER stress-mediated apoptosis. 

Surprisingly, treatment with 6 mM PBA during stearic acid accumulation only 

decreased ER stress activation by 50%. This finding is in contrast to previously 

published studies showing that 3 mM PBA is sufficient to eliminate ER stress 

caused by extracellular exposure to high levels of palmitic acid (168). These 

results imply that intracellular and extracellular saturated FFAs may activate ER 

stress pathways by different mechanisms. Because correction of the protein 

folding defect only partially reduces the activation of UPR proteins, it is 

interesting to speculate that intracellular stearic acid accumulation may alter the 

composition of the ER membrane to activate ER stress signaling independently 

of an increase in unfolded proteins. In support of this hypothesis, a recent paper 

has shown that alterations in the lipid composition of the ER membrane during 

obesity results in inhibition of sarco/endoplasmic reticulum calcium ATPase 

activity, thus initiating ER stress signaling (177). 

Activation of ER stress pathways has been shown to initiate inflammation 

through JNK and NF-κB (161; 162). However, in the current study, reducing ER 

stress during FFA accumulation in macrophages had no effect on inflammatory 

cytokine expression (Figure 3.4). Interestingly, PBA co-treatment was sufficient 
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to decrease the expression of the chemokine, Ccl2. These findings indicate that 

intracellular stearic acid activates inflammatory signaling independent of the ER 

stress response, whereas Ccl2 expression is dependent upon ER stress 

signaling. Inhibition of inflammation by co-treatment with SS demonstrated that 

the inflammation generated by stearic acid accumulation initiates ER stress-

mediated apoptosis, suggesting that inflammation is the main driving force for the 

lipotoxic effects of intracellular FFA accumulation.  

Our data point to the importance of FFA-induced inflammation in activating 

macrophage ER stress and apoptosis. Some have suggested that saturated 

FFAs directly activate TLR4 or TLR2 (152; 153). However, our data support 

recent reports indicating that FFAs may not act through these pattern recognition 

receptors (48). We have shown that intracellular stearic acid accumulation 

potently activates inflammation, ER stress, and apoptosis in WT, TLR4-KO, and 

TLR2-KO macrophages. Additionally, low-level stearic acid in the absence of TC 

does not result in either FFA accumulation or inflammation. If cell surface TLR 

signaling were involved, extracellular exposure to stearic acid (as opposed to 

intracellular accumulation) should be a more potent activator of inflammation.  

Interestingly, a recent study reported that saturated FFAs initiate 

inflammation by modifying the composition of the cell membrane rather than 

acting through extracellular receptors (178). Holzer and colleagues show that 

saturated FFAs alter the localization and activity of c-Src, a membrane-anchored 

tyrosine kinase involved in the activation of inflammation (178). Exposure of 

fibroblasts to palmitic or stearic acid partitions c-Src into intracellular lipid rafts 
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where the active kinase phosphorylates JNK, leading to inflammation (178). It is 

possible that c-Src also plays a role in saturated FFA-mediated inflammation in 

macrophages. In fact, c-Src is activated in macrophages of human 

atherosclerotic lesions and may contribute to plaque inflammation and instability 

(179). 

 Although the exact molecular mechanisms by which FFA accumulation 

leads to macrophage inflammation are not entirely understood, it is well accepted 

that pro-inflammatory M1 macrophages aberrantly accumulate in atherosclerotic 

lesions (150; 151), AT (180; 181), and liver (149), and during obesity. We have 

shown that polarization to an M1 phenotype increases the susceptibility of 

macrophages to stearic acid-induced inflammation and ER stress when 

compared to anti-inflammatory M2 macrophages. Our data demonstrate that 

FFA-induced inflammation is responsible for the initiation of macrophage ER 

stress (Figure 3.6). Therefore, the increased susceptibility of M1 macrophages to 

stearic acid-induced ER stress is likely due to increased inflammatory signaling in 

the presence of LPS. Although M1 polarization augmented inflammation and ER 

stress activation during stearic acid accumulation, there was no significant 

difference in the expression of apoptotic markers between M1 and M2 

macrophages. Recent studies have demonstrated that engagement of TLRs 

reduces apoptotic cell death in response to ER stress by promoting the up-

regulation of the guanine nucleotide exchange factor, eIF2B (182; 183). It is 

possible that this process also occurs when macrophages are polarized to an M1 

phenotype. Thus, M1 macrophages would be protected from accelerated 
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apoptosis even in the presence of elevated ER stress signaling during FFA 

accumulation. These findings could suggest that M1 macrophages are 

particularly pathogenic because they resist apoptotic cell death and continue to 

secrete inflammatory cytokines into their local environment. This hypothesis will 

be explored in the next chapter.  

ER stress activation and inflammation is observed in atherosclerotic 

lesions of obese/hyperlipidemic mice and humans (157; 166). Inflammatory M1 

macrophages are recruited to these lesions during obesity and contribute to the 

development of CVD (150; 151). Our data suggest that FFA accumulation in 

macrophages residing in atherosclerotic plaques may play an essential role in 

the pathogenesis of obesity-related disorders. However, control of these 

signaling pathways appear to be different in macrophages residing in the AT, as 

activation of lipolysis does not modulate SVF ER stress or apoptosis. In support 

of this idea, recent studies have shown that AT foam cells (BODIPY-positive 

macrophages) are not significantly more inflammatory that non-lipid loaded ATMs 

(Shoelson and Glass, unpublished data). The above data indicate that activation 

of lipolysis does not increase ATM ER stress or apoptosis; however, in Chapters 

IV and V of this dissertation, will determine if obesity or weight loss modulates 

ER stress and apoptotic signaling in ATMs.  
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Figure 3.13: Consequences of Stearic Acid Accumulation in MPMs. Co-
treatment of MPMs with stearic acid and TC increases intracellular stearic acid 
content, leading to TLR4/2-indepenedent inflammatory signaling.  This 
inflammation results in ER stress-mediated apoptosis of macrophages.  
Polarization of MPMs to a pro-inflammatory M1 phenotype increases the 
susceptibility of the macrophages to inflammation and ER stress, but not 
apoptosis, during stearic acid accumulation.   
 
  



 
 

86 

CHAPTER IV 

 

ATM apoptosis as a potential recruitment-independent mechanism 

regulating AT homeostasis 

 

INTRODUCTION 

In 2003, two seminal papers demonstrated that macrophages accumulate 

in AT during obesity (34; 35). ATM number is positively correlated with increasing 

adiposity, systemic inflammation, and IR, suggesting that these immune cells 

play an essential role in the pathogenesis of obesity (184). Recent findings 

demonstrate a role for additional immune cell subsets, including T cells (110; 

113; 116; 118; 130; 185), B cells (117; 131), mast cells (104; 105), eosinophils 

(103), and neutrophils (107; 108) in the control of AT inflammation. However, 

macrophages are the most prevalent immune cell type in the AT and are a major 

source of inflammatory cytokines and chemokines secreted from the AT during 

obesity (1; 34; 35; 82). As a result of these discoveries, the immune system has 

come to the forefront of obesity research and much effort has been focused on 

determining mechanisms by which macrophages accumulate in obese AT.  

Expression of many chemokines and chemokine receptors is increased in 

the AT of obese mice (35; 78-81). Additionally, labeling studies have shown that 

obesity results in recruitment of monocytes from the bone marrow to the AT (40). 

Therefore, the majority of published studies have sought to determine whether 

reducing the chemoattractant potential of AT can inhibit ATM accumulation 
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during obesity. However, in several instances, obese mice genetically lacking 

certain chemokines or chemokine receptors exhibit no metabolic abnormalities or 

change in ATM number (84; 95; 186). Additionally, even in studies showing that 

deficiency or antagonism of chemokines decreases ATM number during obesity, 

macrophage accumulation during HF diet feeding is never completely abolished 

(40; 187-191). These findings suggest that recruitment-independent mechanisms 

may also contribute to the accumulation of pro-inflammatory macrophages in the 

AT during obesity.  

Since the original description of programmed cell death (143), it has 

become increasingly clear that proper control of apoptosis is essential for the 

homeostatic maintenance of cell number in many tissues (144). For example, 

accelerated apoptosis is observed in neurodegenerative disorders, while 

impaired apoptosis can contribute to tumorigenesis, autoimmunity, and 

inflammatory disorders (192). Interestingly, several recent studies have 

suggested that apoptosis of ATMs may decrease obesity-associated IR. 

Treatment with pioglitazone, a PPAR-γ agonist known to promote insulin 

sensitivity, increases apoptosis in human ATMs and decreases ATM content 

(193; 194). Additionally, clodronate-induced apoptosis of ATMs increases insulin 

sensitivity in obese mice (195). These findings demonstrate that pharmacological 

activation of ATM apoptosis decreases IR during obesity; however, it is not 

known whether macrophage apoptosis is modulated in AT during obesity. 

In this study, we show that macrophage apoptosis occurs in AT of lean 

tissue, suggesting that this process could regulate ATM number. In support of 
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this hypothesis, ATM apoptosis is drastically decreased by diet-induced or 

genetic obesity and is “re-activated” during weight loss. The negative correlation 

between ATM apoptosis and macrophage number in AT suggests that ATM 

apoptosis is a metabolically regulated process that contributes to the recruitment-

independent accumulation of macrophages locally in the AT.  

 

RESULTS 

 

Metabolic phenotype of diet-induced obese mice 

 To determine the impact of obesity on ATM apoptosis, mice were fed a 

10% LF or a 60% HF diet for 9 weeks (Figure 4.1A). As expected, mice receiving 

the HF diet became obese (Figure 4.1B), gained lean (Figure 4.1C) and fat mass 

(Figure 4.1D), and were slightly hyperglycemic (Figure 4.1E) compared to lean 

controls. Additionally, Emr1 (F4/80) gene expression in the SVF of AT was 

significantly increased by obesity (~25-fold increase, p<0.001, Figure 4.1F), 

confirming that 9 weeks of HF diet feeding is sufficient to promote the 

accumulation of macrophages in AT (113).   

 

Diet-induced obesity may increase whole AT apoptosis 

 Recent studies suggest that obesity increases apoptosis in whole AT 

(196), likely due to adipocyte cell death as a result of local hypoxia or decreased 

vasculature (66-68). Consistent with these findings, HF diet feeding increased 

the expression the pro-apoptotic proteins, Bak (p<0.01, Figure 4.2B) and Bax 
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(p<0.001, Figure 4.2C) in the AT, but did not affect caspase-3 cleavage (Figure 

4.2C). These data suggest that obesity may increase apoptosis in the whole AT; 

however, the metabolic regulation of apoptosis in AT-resident macrophages has 

not been explored.  
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Figure 4.1: Metabolic phenotype of lean and obese mice. A) Study design: 
male C57Bl/6 mice were placed on a 10% LF diet or 60% HF diet for 9 weeks. B-
E) Metabolic parameters were assessed at sacrifice: B) body weight, C) lean 
mass, D) fat mass, and E) fasting blood glucose concentrations. F) Real-time 
RT-PCR quantification of Emr1 (F4/80) gene expression in the SVF of the AT. 
Data are presented as mean ± SEM, n = 11-12/group. * p<0.05, ** p<0.01, *** 
p<0.001 compared to 9W HF.  
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Figure 4.2: Obesity may increase apoptosis in whole AT. Male C57Bl/6 mice 
were placed on a 10% LF diet or a 60% HF diet for 9 weeks, as shown in Figure 
4.1A. A-C: Whole AT was sonicated in 2% SDS and apoptotic markers were 
analyzed using Western blot: A) cleaved caspase-3, B) Bak, and C) Bax. Levels 
of specific proteins were normalized to total protein level, as measured by 
Ponceau S staining. Data are presented as mean ± SEM, n = 5/group. ** p <0.01, 
*** p<0.001 compared to 9W LF.  
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Diet-induced obesity decreases ATM apoptosis 

 To determine if obesity alters apoptotic signaling in ATMs, protein was 

isolated from the macrophage-enriched SVF of AT and assessed for apoptotic 

markers by Western blot analysis. Interestingly, obese mice demonstrated a 16-

fold decrease in cleaved caspase-3 protein levels in the SVF (p<0.001 compared 

to 9W LF, Figure 4.3A), indicating that HF diet feeding drastically impairs AT 

immune cell apoptosis. Additionally, obesity decreased Bak protein levels in the 

SVF (p<0.01, Figure 4.3B), but did not modulate Bax expression (Figure 4.3C).  

 Although the SVF is a macrophage-enriched cell preparation, other 

leukocytes and pre-adipocytes are also contained within this fraction (34; 35; 

197). To determine if obesity decreases apoptosis specifically in macrophages, 

AT was stained for F4/80, DAPI, and TUNEL. Interestingly, lean AT displayed 

high numbers of F4/80+ TUNEL+ apoptotic macrophages, while apoptotic 

macrophages were rarely observed in the AT of obese mice (Figure 4.3D). 

Quantification of confocal images demonstrated that nearly 25% of the 

macrophages in lean AT are apoptotic, while only 2.5% of macrophages in obese 

AT are TUNEL+ (p<0.001, Figure 4.3E). Because obesity results in a striking 

increase in ATM content, it is possible that the same absolute numbers of 

macrophages undergo apoptosis in lean and obese AT. However, obesity also 

decreased the number of F4/80+ TUNEL+ apoptotic macrophages per high power 

field (Figure 4.3F). Additionally, the majority of apoptotic cells in the AT were 

F4/80+ macrophages (p<0.001 compared to apoptotic F4/80- non-macrophage 

cells, Figure 4.3G), demonstrating that apoptosis occurs primarily in ATMs.  
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Nearly all of the apoptotic macrophages in lean AT were interstitially 

spaced, indicating that these cells are likely of an anti-inflammatory “M2” 

phenotype (Figure 4.3H). Interestingly, even in obese AT, the majority of 

apoptotic macrophages (~65%) were interstitially spaced, whereas only ~35% of 

apoptotic cells were localized to crown-like structures (Figure 4.3H). Taken 

together, these data indicate that apoptosis normally occurs in M2 macrophages 

in lean AT; however, this process is impaired as the AT becomes dysfunctional 

during obesity.     
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Figure 4.3: Diet-induced obesity decreases ATM apoptosis. Mice were 
placed on a 10% LF diet or 60% HF diet for 9 weeks, as described in Figure 4.1A. 
A-C) Western blot analysis of the macrophage-enriched SVF of the AT: A) 
cleaved caspase-3, B) bak, and C) bax. D-H) Confocal microscopy analysis to 
detect apoptotic macrophages using F4/80 (green), TUNEL (pink), and DAPI 
(blue) staining: D) Representative image from 9W LF and 9W HF groups. 
Magnification: 40X. Quantification of: E) the percent of macrophages that are 
apoptotic (F4/80+, TUNEL+), F) the number of apoptotic ATMs per high power 
field, G) the number of apoptotic macrophages (F4/80+, TUNEL+) versus non-
macrophages (F4/80-, TUNEL+) per high power field, and H) localization of 
apoptotic ATMs in crown-like structures versus interstitial spaces. Data are 
presented as mean ± SEM, n = 6-8/group.  ** p<0.01, *** p<0.001 compared to 
9W HF; ### p<0.001 compared to non-macrophage.  
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Metabolic phenotype of genetically obese mice 

 Above, we demonstrated that diet-induced obesity decreased ATM 

apoptosis (Figure 4.3). To determine if this phenotype was the result of dietary 

composition or was due to overt obesity, we analyzed a mouse model of genetic 

obesity. Leptin-deficient ob/ob mice become obese on a standard chow diet, 

allowing for the analysis of the effects of obesity in the absence of a high fat, high 

calorie diet. Male ob/ob mice and lean littermate controls were maintained on a 

chow diet until 9-10 weeks of age (Figure 4.4A), at which point they were weight-

matched with the HF diet-fed mice used previously (Figure 4.1B). As expected, 

ob/ob mice were obese compared to lean littermate control mice (Figure 4.4B), 

and the increase in body weight in the ob/ob mice was due to elevated fat mass, 

rather than lean mass (Figure 4.4C-D).  

 

Genetic obesity decreases ATM apoptosis 

 To determine if genetic obesity decreases ATM apoptosis, the SVF of the 

AT was evaluated for apoptotic markers. Caspase-3 cleavage was significantly 

decreased in the SVF of ob/ob mice compared to lean controls (50% decrease, 

p<0.01, Figure 4.5A); however, Bak and Bax protein levels were not affected by 

genetic obesity (Figure 4.5B-C). AT was evaluated by confocal microscopy (as 

described above) to determine if genetic obesity decreased apoptosis specifically 

in macrophages. AT isolated from lean control mice displayed multiple TUNEL+ 

apoptotic macrophages, while very few apoptotic cells were found in the AT of 

ob/ob mice (Figure 4.5D). Quantification of confocal images demonstrated that 
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macrophage apoptosis is significantly decreased in the AT of ob/ob mice 

compared to lean controls (p<0.001, Figure 4.5E-F). Additionally, almost all of the 

cells undergoing apoptosis in the AT of lean, chow-fed mice were F4/80+ 

macrophages, rather than non-macrophage immune cells (p<0.001 compared to 

non-macrophages, Figure 4.5G). The majority of apoptotic macrophages were 

localized to interstitial spaces, rather than crown-like structures (Figure 4.5H), 

indicating that these cells are likely of an M2 phenotype. Thus, both diet-induced 

and genetic obesity result in decreased ATM apoptosis.  
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Figure 4.4: Metabolic phenotype of control and ob/ob mice. A) Study design: 
male ob/ob and littermate control mice were maintained on a standard rodent 
chow diet until 9-10 weeks of age. B-D) Metabolic parameters were assessed at 
sacrifice: B) body weight, C) lean mass, and D) fat mass. Data are presented as 
mean ± SEM, n = 8/group. *** p<0.001 compared to control.   
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Figure 4.5: Genetic obesity decreases ATM apoptosis. Ob/ob and littermate 
control mice were maintained on a chow diet until 9-10 weeks of age, as 
described in Figure 4.6A. A-C) Western blot analysis of the macrophage-
enriched SVF of the AT: A) cleaved caspase-3, B) bak, and C) bax. D-H) 
Confocal microscopy analysis to detect apoptotic macrophages using F4/80 
(green), TUNEL (pink), and DAPI (blue) staining: D) Representative image from 
control and ob/ob groups. Magnification: 40X. Quantification of: E) the percent of 
macrophages that are apoptotic (F4/80+, TUNEL+), F) the number of apoptotic 
ATMs per high power field, G) the number of apoptotic macrophages (F4/80+, 
TUNEL+) versus non-macrophages (F4/80-, TUNEL+) per high power field, and 
H) localization of apoptotic ATMs in crown-like structures versus interstitial 
spaces. Data are presented as mean ± SEM, n = 5-6/group. * p<0.05, ** p<0.01, 
*** p<0.001 compared to control; ### p<0.001 compared to non-macrophage.   
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Metabolic phenotype of weight loss mice 

  The above findings indicate that ATM apoptosis is a metabolically 

regulated process. Therefore, weight loss would be expected to “re-activate” 

apoptotic signaling within ATMs. To test this hypothesis, mice were placed on a 

HF diet for 9 weeks, and then switched to a LF diet for 1 week to promote weight 

loss (Figure 4.7A). These “weight loss” mice, referred to as 1W S in the figures, 

were compared to the mice that had been maintained on a HF diet for 9 weeks. 

The diet-switch model of weight loss decreased body weight (p<0.01, Figure 

4.6B), fat mass (p<0.001, Figure 4.6 D), and fasting blood glucose 

concentrations (p<0.001, Figure 4.6E), but did not significantly impact lean body 

mass (Figure 4.6C). Additionally, there was a trend towards a decrease in SVF 

F4/80 gene expression after 1 week of weight loss (Figure 4.6F).  

 

Weight loss increases ATM apoptosis 

 AT was isolated from obese and weight loss mice and analyzed for 

apoptotic macrophages by confocal microscopy. As previously shown (Figure 

4.3D), very few TUNEL+ macrophages were found in the AT of obese mice 

(Figure 4.3D and Figure 4.7A). However, weight loss increased the number of 

F4/80+ TUNEL+ apoptotic ATMs (p<0.001, Figure 4.7A-D). Again, the majority of 

apoptotic macrophages were interstitially spaced (Figure 4.7E). In addition, 

protein levels of Bax (p<0.05, Figure 4.7F) and Bak (p = 0.065, Figure 4.7G) 

were increased in the SVF during weight loss. These findings indicate that weight 

loss increases ATM apoptosis to levels similar to what is seen in lean AT.   
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Figure 4.6: Metabolic phenotype of weight loss mice. A) Study design: male 
C57Bl/6 mice were placed on a 60% HF diet for 9 weeks. One group was 
sacrificed at this time-point, while the remaining mice were switched to a 10% LF 
diet for 1 week to promote weight loss. B-E) Metabolic parameters were 
assessed at sacrifice: B) body weight, C) lean mass, D) fat mass, and E) fasting 
blood glucose concentrations. F) Real-time RT-PCR quantification of Emr1 gene 
expression in the SVF of the AT. Data are presented as mean ± SEM, n = 9-
10/group. ** p<0.01, *** p<0.001 compared to 9W HF.   
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Figure 4.7: Weight loss increases ATM apoptosis. Mice were placed on the 
diet-switch protocol, as described in Figure 4.8A. A-E) Confocal microscopy 
analysis to detect apoptotic macrophages using F4/80 (green), TUNEL (pink), 
and DAPI (blue) staining: A) Representative image from 9W HF and 1W S 
groups. Magnification: 40X. Quantification of: B) the percent of macrophages that 
are apoptotic (F4/80+, TUNEL+), C) the number of apoptotic ATMs per high 
power field, D) the number of apoptotic macrophages (F4/80+, TUNEL+) versus 
non-macrophages (F4/80-, TUNEL+) per high power field, and E) localization of 
apoptotic ATMs in crown-like structures versus interstitial spaces. F-G) Western 
blot analysis of the macrophage-enriched SVF of the AT: F) bak and G) bax. 
Data are presented as mean ± SEM, n = 5-8/group. * p<0.05, *** p<0.001 
compared to 9W HF; ### p<0.001 compared to non-macrophage.    
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Diet-induced obesity does not modulate apoptotic signaling in hepatocytes, 
liver-resident macrophages, or in the spleen 
 
 Above, we have shown that obesity increases whole AT apoptosis (Figure 

4.2); however, ATM apoptosis is decreased during obesity (Figure 4.3). To 

determine if obesity modulates apoptosis in a similar manner in another 

metabolically relevant tissue, protein was isolated from liver hepatocytes and an 

F4/80-enriched non-parencymal fraction of lean and obese mice. Interestingly, 

markers of apoptosis, including protein levels of cleaved caspase-3, Bak, and 

Bak, were not modified by HF diet feeding in either the hepatocyte fraction 

(Figure 4.8) or the F4/80-enriched non-parenchymal fraction of the liver (Figure 

4.9A-C). Additionally, obesity did not modulate apoptosis in the spleen, an 

immune cell-enriched organ (Figure 4.9D-F). Therefore, while obesity decreased 

apoptosis in AT-resident macrophages, this signaling pathway was not 

modulated in macrophages of the liver or in the spleen, indicating that this 

regulation is specific to the AT.  
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Figure 4.8: Obesity does not modulate apoptosis in the hepatocyte fraction 
of liver. Male C57Bl/6 mice were placed on a 10% LF diet or a 60% HF diet for 9 
weeks, as shown in Figure 4.1A. A-C: The hepatocyte fraction of the liver was 
sonicated in 2% SDS apoptotic markers were analyzed using Western blot: A) 
cleaved caspase-3, B) bak, and C) bax. Levels of specific proteins were 
normalized to total protein level, as measured by Ponceau S staining. Data are 
presented as mean ± SEM, n = 6-9/group.   
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Figure 4.9: Obesity does not modulate apoptosis in an F4/80-enriched 
fraction of the liver or in the spleen. Male C57Bl/6 mice were placed on a 10% 
LF diet or a 60% HF diet for 9 weeks, as shown in Figure 4.1A. A-C: The non-
parenchymal fraction of the liver was enriched for F4/80+ macrophages using 
magnetic beads. Western blot analysis was performed for markers of apoptosis: 
A) cleaved caspase-3, B) bak, and C) bax. D-F: Whole spleen was sonicated in 
2% SDS and Western blot analysis was performed: D) cleaved caspase-3, E) 
bak, and F) bax. Data are presented as mean ± SEM, n = 6-7/group.   
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Correlation between body weight, apoptotic ATMs, and ATM content 

 When combining the data from the lean, obese, and weight loss mice, it is 

apparent that the percentage of apoptotic macrophages in AT, but not liver, is 

inversely related to body weight (r2 = 0.6477, p<0.0001) and positvely correlated 

with ATM content, as measured by SVF F4/80 gene expression (Figure 4.10, r2 = 

0.6585, p<0.001). Lean mice exhibit relatively high numbers of apoptotic ATMs 

and low F4/80 gene expression, while obese mice have very few apoptotic 

macrophages and high AT F4/80 gene expression (Figure 4.10). These findings 

suggest that macrophage apoptosis may be a recruitment-independent 

mechanism that contributes to the regulation of ATM number. Therefore, 

impaired macrophage apoptosis during obesity would increase the accumulation 

of these pro-inflammatory immune cells in the AT. 
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Figure 4.10: Correlation between body weight, apoptotic ATMs, and SVF 
F4/80 gene expression. Data from 9W LF, 9W HF, and 1W S mice. Negative 
correlation between body weight and ATM apoptosis (black). Positive correlation 
between body weight and SVF F4/80 gene expression (red).  
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DISCUSSION 

 During obesity, pro-inflammatory macrophages accumulate in metabolic 

tissues, including AT (34; 35), and contribute to obesity-associated IR both 

locally and systemically (36). Since this novel discovery, much effort has been 

focused on determining mechanisms by which macrophages accumulate in 

obese AT. The overwhelming majority of these studies have sought to establish 

whether recruitment of monocytes to the AT is responsible for the increase in 

ATM number during obesity. However, decreasing the chemoattractant potential 

of AT never completely abolishes macrophage accumulation in obese AT, 

suggesting that recruitment-independent mechanisms may also regulate ATM 

number. Here, we have shown that ATM apoptosis occurs in lean AT, is 

decreased during obesity, and is “re-activated” during weight loss. The negative 

correlation between macrophage apoptosis and ATM number suggests that 

macrophage apoptosis is a metabolically regulated process that contributes to 

the maintenance of AT homeostasis (Figure 4.11).  

 Compared to lean tissue, obese AT secretes high levels of various potent 

chemokines, including MCP-1 (78-81). Additionally, labeling studies have 

demonstrated that bone marrow-derived monocytes are recruited to the AT 

during obesity (40). Together, these studies have led to the hypothesis that 

increased recruitment of macrophage precursors to the AT is the sole 

mechanism leading to increased ATM number during obesity. However, many 

recent findings have called this concept into question. First, single gene deletion 

of multiple chemokines or chemokine receptors such as MIP-1α (95) and CXCR1 
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(94) does not modulate ATM number during HF diet feeding. Second, even in 

studies demonstrating that a chemokine or chemokine receptor plays a role in 

promoting macrophage accumulation in obese AT, ATM number is never 

normalized to levels observed in lean AT (81; 86-88). For example, deletion of 

CCR2, a key receptor for multiple chemokines, decreased macrophage number 

in obese AT by ~20-30%. However, CCR2 deficient mice still had approximately 

twice as many macrophages in their AT when compared to lean WT mice (81). 

Remarkably, this subtle decrease in ATM number due to CCR2 deficiency 

occurred despite a near absence of pro-inflammatory macrophage precursors in 

the blood of these mice (88; 99). Additionally, while increased macrophage 

number can be observed as early as 2 weeks after the initiation of HF diet 

feeding (131), studies in our laboratory (88) have shown that CCR2 deficiency 

does not decrease ATM content when compared to WT controls until much later 

(>20 weeks HF diet). 

The disconnect between circulating blood monocyte number, 

chemokine/chemokine receptor deficiency, and ATM content suggests that 

recruitment-independent processes may also exist to regulate macrophage 

number. Potential mechanisms include increased proliferation of macrophages 

within the AT, decreased egress of macrophages from the AT to draining lymph 

nodes, or impaired ATM apoptosis during HF diet feeding (see Figure 1.3 in the 

Introduction section).  
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Interestingly, recent studies suggest that increasing macrophage 

apoptosis in the AT of obese mice and humans decreases the metabolic 

abnormalities associated with obesity. Feng, et al. have shown that activation of 

ATM apoptosis via treatment with liposomal clodronate decreased AT 

inflammation and improved systemic glucose tolerance and insulin sensitivity in a 

mouse model of obesity (195). Additionally, another study has reported that 

pioglitazone, an insulin sensitizing TZD, increased macrophage apoptosis in 

human AT, likely contributing to the reduced ATM number observed after 

treatment (193; 194). These findings demonstrate that activation of macrophage 

apoptosis in obese AT results in a physiologically relevant reduction in ATM 

content and decreased metabolic dysfunction. Therefore, the significant reduction 

in apoptosis observed in ATMs of obese mice likely leads to increased 

macrophage number in AT.  

Additionally, our data contributes to this literature by demonstrating that 

ATM apoptosis is a metabolically regulated, recruitment-independent process 

that may modulate ATM number. In lean AT, macrophage apoptosis may allow 

for the normal turnover and removal of ATMs, thus maintaining tissue 

homeostasis. However, during obesity decreased ATM apoptosis, along with 

increased monocyte recruitment, could increase the accumulation of pro-

inflammatory macrophages in AT, resulting in reduced insulin sensitivity. 

Additionally, weight loss increases ATM apoptosis, suggesting that macrophage 
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cell death may also be a mechanism to restore AT homeostasis during weight 

loss (Figure 4.11).  

Currently, the processes regulating macrophage apoptosis in lean AT are 

not known. In Chapter V, we will determine whether ER stress signaling is 

upstream of ATM apoptosis in lean tissue. In addition, the mechanisms impairing 

ATM apoptosis during obesity have not been defined. Future studies not included 

in this dissertation will determine whether NF-κB activation in M1 polarized ATMs 

during obesity (198) is responsible for decreased macrophage apoptosis. NF-κB 

is well known for its pro-inflammatory properties (199); however, NF-κB is also a 

potent anti-apoptotic transcription factor (197). In addition, a recent study has 

shown that TLR4 engagement, and thus NF-κB activation, protects macrophages 

from ER stress-induced apoptosis (182; 183). Of note, the majority of apoptotic 

ATMs observed in our study were interstitially localized, indicating that they are 

likely M2, rather than M1, macrophages. These findings support the hypothesis 

that activation of NF-κB in M1 ATMs during obesity promotes the survival of 

these pro-inflammatory immune cells, thus increasing macrophage accumulation 

and IR in AT. Importantly, clinical trials to decrease NF-κB activation during 

obesity are currently underway (200). Preliminary results indicate that salicylate 

treatment reduces systemic inflammation and decreases fasting blood glucose 

concentrations (200), indicating improved metabolic control. It would be 

interesting to determine if, in addition to decreasing inflammation, salicylate 

treatment also promotes ATM apoptosis.  
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 Taken together, the studies in this chapter demonstrate that ATM 

apoptosis is a metabolically regulated process that may contribute to the 

maintenance of AT homeostasis. Additionally, these findings indicate that 

recruitment-independent mechanisms also modulate ATM number during obesity. 

A further understanding of the relative contributions of monocyte recruitment, 

ATM proliferation, macrophage egress, and ATM apoptosis to the control of ATM 

number and inflammatory status could pave the way for the development of novel 

therapeutics targeting macrophages in obese AT. 
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Figure 4.11: Apoptosis as a metabolically regulated mechanism to maintain 
and restore ATM homeostasis. Apoptosis may contribute to the normal 
regulation of macrophage number in lean AT. During obesity, ATM apoptosis is 
impaired, suggesting that macrophages are retained in the AT. This retention 
may contribute to macrophage accumulation in obese AT. Interestingly, ATM 
apoptosis is restored during weight loss. These findings suggest that 
macrophage apoptosis is a metabolically regulated process that contributes to 
the maintenance and restoration AT homeostasis. Impaired ATM apoptosis may 
lead to macrophage accumulation in obese AT.  
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CHAPTER V 

 

Obesity decreases, while weight loss increases, stromal vascular fraction 

ER stress 

 

INTRODUCTION 

The first reports linking obesity and ER stress demonstrated that 

increased ER stress signaling in whole AT and liver contributes to the chronic 

low-grade inflammation associated with obesity (164; 167; 201; 202). In addition, 

blocking systemic ER stress activation using the chemical chaperone, PBA, 

improved tissue-specific and whole body insulin sensitivity (167). As a result of 

these novel findings, the concept that ER stress signaling in metabolic tissues is 

always detrimental has prevailed.  

The above studies did not differentiate between ER stress activation in 

parenchymal cells (adipocytes and hepatocytes) and immune cells residing in 

these metabolic tissues. However, a recent study has attributed the increase in 

whole AT ER stress to the activation of this pathway in adipocytes, rather than 

macrophages (165). These data suggest that ER stress signaling may be 

differentially regulated in parenchymal cells versus non-parenchymal immune 

cells during obesity. Yet, the metabolic regulation and physiological role of AT 

immune cell ER stress has not been investigated. 

 Here, we show that, in contrast to whole AT, ER stress signaling is 

decreased in the macrophage-enriched SVF of AT during obesity. In addition, 
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weight loss re-activates SVF ER stress to levels near what is seen in lean mice. 

Although obesity increased ER stress activation in hepatocytes, HF diet feeding 

did not modulate markers of ER stress in an immune cell-enriched fraction of the 

liver. Interestingly, the pattern of ER stress activation in the SVF of the AT closely 

resembled the regulation of ATM apoptosis reported in the previous chapter 

(Chapter IV). The correlation between SVF ER stress activation and macrophage 

apoptosis, as well as the fact that ER stress signaling can culminate in apoptotic 

cell death, led to the hypothesis that activation of ER stress pathways is required 

to promote ATM apoptosis. However, SVF apoptosis was not decreased in mice 

globally deficient for CHOP, the primary protein involved in the activation of 

apoptosis downstream of ER stress. These findings indicate that ATM apoptosis 

does not require ER stress signaling.  

 

RESULTS 

 

Obesity increases whole AT ER stress activation 

 As previously mentioned, the first description of ER stress activation in 

metabolic tissues demonstrated an increase in ER stress signaling in whole AT 

(i.e. adipocyte fraction and SVF) of obese mice (164). To confirm this observation, 

male C57Bl/6 mice were placed on a 10% LF or a 60% HF diet for 9 weeks, as 

shown in Figure 4.1A. AT from lean and obese mice was assessed for markers 

of ER stress activation by Western blot. In agreement with previous literature 

(164), there was a trend towards an increase in BiP protein levels in the AT of 
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obese mice (p = 0.068, Figure 5.1A). Additionally, obesity resulted in a significant 

increase in the phosphorylated forms of both eIF2α and JNK 1/2 (p<0.05, Figure 

5.1B-C), confirming that obesity activates ER stress signaling in whole AT. 

 

Obesity decreases ER stress activation in the SVF of the AT 

 A recent study has suggested that the activation of ER stress pathways in 

whole AT is a consequence of increased ER stress signaling in adipocytes, 

rather than ATMs (165). To determine the impact of obesity on ER stress 

signaling specifically in ATMs, the macrophage-enriched SVF of the AT was 

isolated and analyzed by Western blot. Interestingly, obesity decreased the 

protein expression of the ER-resident chaperone protein, BiP, in the SVF of the 

AT (p<0.001, Figure 5.2A). In addition, protein levels of the phosphorylated forms 

of PERK (p<0.001, Figure 5.2B), eIF2α (p<0.05, Figure 5.2C), and JNK 1/2 

(p<0.001, Figure 5.2C) were also significantly decreased in the SVF of the AT of 

obese compared to lean mice. These data demonstrate that obesity reduces ER 

stress activation specifically in the macrophage-enriched SVF of the AT.  
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Figure 5.1: Obesity increases ER stress activation in whole AT. Male 
C57Bl/6 mice were placed on a 10% LF diet or a 60% HF diet for 9 weeks, as 
shown in Figure 4.1A. A-C: Whole AT was sonicated in 2% SDS and ER stress 
markers were analyzed using Western blot: A) BiP, B) phospho-eIF2α, C) 
phospho-JNK 1/2. Levels of specific proteins were normalized to total protein 
level, as measured by Ponceau S staining. Data are presented as mean ± SEM, 
n = 3-5/group. * p <0.05 compared to 9W LF.  
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Figure 5.2: Obesity decreases ER stress activation in the SVF of AT. Male 
C57Bl/6 mice were placed on a 10% LF diet or a 60% HF diet for 9 weeks, as 
shown in Figure 4.1A. A-D: Protein was isolated from the SVF of the AT and ER 
stress markers were analyzed using Western blot: A) BiP, B) phospho-PERK, C) 
phospho-eIF2α, D) phospho-JNK 1/2. Data are presented as mean ± SEM, n = 
7-12/group. * p <0.05, ***p<0.001 compared to 9W LF.  
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Weight loss increases ER stress activation in the SVF of the AT 
 
 To determine if weight loss modulates ER stress signaling in the SVF of 

AT, mice were placed on the diet-switch protocol shown in Figure 4.8A. Western 

blot analysis demonstrated that weight loss significantly increased the protein 

expression of BiP (p<0.001, Figure 5.3A) and phospho-PERK (p<0.05, Figure 

5.3B) in the SVF. In addition, there was a trend towards an increase in the 

phosphorylated form of eIF2α (p = 0.099, Figure 5.3C) in the SVF during weight 

loss.  
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Figure 5.3: Weight loss increases ER stress activation in the SVF of the AT. 
Mice were placed on a 60% HF diet for 9 weeks. One group was sacrificed at this 
time-point, while the remaining mice were switched to a 10% LF diet for 1 week 
to promote weight loss. See Figure 4.5A for study design. A-C: Protein was 
isolated from the macrophage-enriched SVF of the AT and Western blot analysis 
was performed: A) BiP, B) phospho-PERK, and C) phospho-eIF2α. Data are 
presented as mean ± SEM, n = 4-8/group. * p<0.05, *** p<0.001 compared to 9W 
HF.  
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Obesity increases ER stress activation in the hepatocyte fraction of the 
liver 
 
 During obesity, ER stress activation is observed not only in whole AT, but 

also in other metabolically relevant tissues, including the liver (164). To 

determine if the increased ER stress in the liver is due to an up-regulation of 

these signaling pathways in the parenchymal fraction of the liver, hepatocytes 

were isolated from the livers of lean and obese mice. Western blot analysis 

demonstrated an increase in IRE-1α (p<0.001, Figure 5.4A) and BiP (p<0.05, 

Figure 5.4B) protein levels, but no change in eIF2α phosphorylation (Figure 5.4C) 

in the hepatocytes of obese mice, indicating that ER stress signaling is increased 

in the hepatocyte fraction of the liver during obesity.   

 

Obesity does not alter ER stress activation in an F4/80-enriched non-
parenchymal fraction of the liver or in the spleen 
 
 Above, we have demonstrated that obesity decreases ER stress activation 

in the macrophage-enriched SVF of the AT (Figure 5.2). To determine if obesity 

also reduces ER stress activation in macrophages in another metabolically 

relevant tissue, an F4/80-enriched non-parenchymal fraction was isolated from 

the liver. Obesity did not modulate the protein levels of IRE-1α, BiP, or phospho-

eIF2α (Figure 5.5A-C). Additionally, obesity did not modulate ER stress markers 

in the spleen, an immune cell-enriched organ (Figure 5.5D-F). Therefore, while 

obesity decreased ER stress signaling in AT-resident macrophages, this 

signaling pathway was not modulated in macrophages of the liver or in the 

spleen, indicating that this phenomenon is specific to the AT.  
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Figure 5.4: Obesity increases ER stress activation in the hepatocyte 
fraction of liver. Male C57Bl/6 mice were placed on a 10% LF diet or a 60% HF 
diet for 9 weeks, as shown in Figure 4.1A. A-C: The hepatocyte fraction of the 
liver was sonicated in 2% SDS and ER stress markers were analyzed using 
Western blot: A) IRE-1α, B) BiP, C) phospho-eIF2α. Levels of specific proteins 
were normalized to total protein level, as measured by Ponceau S staining. Data 
are presented as mean ± SEM, n = 6-9/group. * p <0.05, *** p<0.001 compared 
to 9W LF.   
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Figure 5.5: Obesity does not modulate ER stress signaling in an F4/80-
enriched fraction of the liver or in the spleen. Male C57Bl/6 mice were placed 
on a 10% LF diet or a 60% HF diet for 9 weeks, as shown in Figure 4.1A. A-C: 
The non-parenchymal fraction of the liver was enriched for F4/80+ macrophages 
using magnetic beads. Western blot analysis was performed for markers of ER 
stress: A) IRE-1α, B) BiP, and C) phospho-eIF2α. D-F: Whole spleen was 
sonicated in 2% SDS and Western blot analysis was performed: A) IRE-1α, B) 
BiP, and C) phospho-eIF2α. Data are presented as mean ± SEM, n = 6-7/group.  
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Correlation between ER stress activation and apoptosis in the SVF of AT 
during obesity and weight loss 
 

Taken together, the above findings demonstrate that ER stress signaling 

is activated specifically in macrophages residing in lean AT, decreased during 

obesity, and re-activated by weight loss. In the previous chapter, we have 

demonstrated that ATM apoptosis follows a similar pattern of metabolic 

regulation (Figures 4.3 and 4.9). In fact, the protein levels of phosphorylated 

PERK in the SVF are significantly and positively correlated with the percent of 

apoptotic macrophages in the AT of lean, obese, and diet switch mice (r2 = 0.27, 

p<0.01, data not shown). This positive correlation and the fact that macrophages 

are able to undergo ER stress-mediated apoptosis ((153; 157; 168) and Figure 

3.4) led to the hypothesis that ER stress activation may culminate in apoptotic 

cell death in macrophages in lean AT.  

 

CHOP deficiency does not decrease apoptosis in the SVF of AT  

CHOP is a pro-apoptotic protein downstream of multiple signaling 

pathways activated during the ER stress response (203). Previous studies have 

shown that deletion of CHOP protects cells from ER stress-mediated apoptosis, 

while leaving other cell death pathways intact (163; 203). To determine if ER 

stress activation is the mechanism by which ATMs undergo apoptosis, WT and 

CHOP deficient mice were placed on a LF diet for 9 weeks (Figure 5.6A) and 

SVF apoptosis was analyzed. CHOP deficiency did not decrease cleaved 

caspase-3 levels in the SVF, indicating that ER stress-mediated apoptosis does 

not occur in AT-resident macrophages.    
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Figure 5.6: CHOP deficiency does not decrease SVF apoptosis. A) Study 
design: WT and CHOP deficient male C57Bl/6 mice were placed on a 10% LF 
diet for 9 weeks. B) Protein was isolated from the macrophage-enriched SVF of 
the AT and protein levels of cleaved caspase-3 were assessed using Western 
blot. Data are presented as mean ± SEM, n = 4-5/group.    
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DISCUSSION 

 Previous studies have shown that ER stress signaling in metabolic tissues, 

including whole AT and liver, contributes to the systemic inflammation and IR 

associated with obesity (164; 167). In agreement with this literature (164), we 

found that obesity increased ER stress signaling in whole AT and the hepatocyte 

fraction of the liver. In contrast, obesity decreased ER stress activation 

specifically in the macrophage-enriched SVF of the AT, but did not modulate ER 

stress levels in an immune cell fraction from the liver. These findings 

demonstrate that ER stress activation is differentially regulated in parenchymal 

versus non-parenchymal cells of the AT and liver during HF diet feeding. This 

novel concept brings up many questions regarding the physiological role of ER 

stress in AT immune cell populations.  

 Activation of ER stress pathways can ultimately result in apoptotic cell 

death (139). The data presented in the previous chapter (Chapter IV) suggest 

that macrophage apoptosis is a metabolically regulated process that contributes 

to the maintenance of AT homeostasis; however, the signaling pathways 

upstream of ATM apoptosis have not been identified. In this chapter, we 

demonstrate that, analogous to ATM apoptosis, ER stress signaling occurs in the 

immune cell fraction of lean AT, is decreased during obesity, and is restored after 

weight loss. The correlation between ER stress activation and ATM cell death 

suggests that ER stress-mediated apoptosis may occur in macrophages residing 

in lean AT. These findings would indicate that ER stress signaling plays a key 

role in regulating ATM number and, thus, AT insulin sensitivity. However, deletion 
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of CHOP, the primary protein involved in the activation of apoptosis downstream 

of ER stress, did not decrease ATM apoptosis.  

 The studies described above indicate that ER stress activation in 

macrophages residing in lean AT is not responsible for the initiation of apoptotic 

cell death. However, the functional role of ATM ER stress remains unknown. A 

recent in vitro study has indicated that ER stress activation may promote the 

polarization of macrophages to an M2 anti-inflammatory phenotype (204). Oh, et 

al. showed that polarization of primary human macrophages to an M2 phenotype 

(via treatment with IL-4) increased ER stress activation. Furthermore, co-

treatment of macrophages with IL-4 and PBA decreased ER stress activation and 

blocked M2 polarization, demonstrating that ER stress signaling is necessary to 

promote an M2 macrophage phenotype (204).  

These in vitro studies suggest that ER stress signaling in macrophages 

residing in lean AT may function not to activate ATM apoptosis, but instead to 

maintain M2 macrophage polarization. Decreased ATM ER stress signaling 

during obesity would be expected to promote a phenotypic switch from an M2 

anti-inflammatory phenotype to an M1 pro-inflammatory phenotype. Therefore, it 

is possible that decreased ER stress activation in ATMs during obesity 

contributes to the increase in M1 macrophages and, thus, impaired AT insulin 

sensitivity. Future studies will determine whether blocking ER stress signaling in 

the ATMs of lean mice decreases the M2 polarization state of these cells. 

Our data indicate that ER stress signaling is activated in lean ATMs and is 

decreased during obesity; however, the mechanism(s) by which macrophage ER 
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stress is regulated are not known. A recent study has demonstrated that 

eosinophils, granulocytic cells of the innate immune system, are the major IL-4 

producing cell in the AT (103). As mentioned above, IL-4 promotes M2 

macrophage polarization in an ER stress-dependent manner (204). Therefore, it 

is possible that eosinophils in lean AT secrete IL-4, which then activates ER 

stress signaling in ATMs to maintain an M2 polarized state. Of note, AT 

eosinophil number and IL-4 production are decreased during obesity (103). This 

reduction in eosinophil number may decrease ATM ER stress signaling, thus 

impairing M2 macrophage polarization during obesity.  

 Our data have shown that ER stress activation in metabolic tissues is 

differentially regulated in parenchymal cells versus non-parenchymal immune 

cells. While HF diet feeding increased ER stress signaling in whole AT and 

hepatocytes, obesity actually decreased the activation of this signaling pathway 

in AT-resident immune cells. Recent in vitro findings (204) suggest that this 

decreased ATM ER stress signaling during obesity may impair M2 macrophage 

polarization and contribute to the increase in pro-inflammatory M1 macrophages 

in the AT. Therefore, although pharmacological inhibition of ER stress would 

likely decrease adipocyte and hepatocyte inflammation and IR, these drugs could 

have off-target effects that promote an inflammatory immune cell phenotype.   
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CHAPTER VI 

 

Weight Cycling Increases T Cell Accumulation in AT and Impairs Systemic 

Glucose Tolerance 

(Adapted from Anderson, et al. In Revision at Diabetes, 2013) 

 

INTRODUCTION 

Obesity is associated with an increased risk for the development of 

numerous pathological conditions including IR, T2D, and CVD (36). Many of the 

metabolic consequences of obesity are the result of AT dysfunction. During 

obesity, AT releases FFAs and pro-inflammatory cytokines that interfere with 

insulin signaling, both locally and systemically (28; 36). Recent findings have 

implicated immune cell accumulation in AT as a key contributor to obesity-

associated inflammation. It is well established that innate immune cells, including 

macrophages, accumulate in the AT during obesity and are the major source of 

AT-derived inflammatory cytokines/chemokines (34; 35; 148).  

 In addition to innate immune cells, recent evidence points to the 

involvement of the adaptive immune system in the initiation of AT inflammation 

during obesity. Upon HF diet feeding, the proportion of AT-resident anti-

inflammatory lymphocytes, including CD4+ Treg cells (205) and TH2 cells (206), is 

decreased. Furthermore, obesity promotes the influx of pro-inflammatory 

lymphocytes such as B-2 cells (131), NKT cells (126; 207), IFN-γ secreting CD4+ 

TH1 (110; 129; 130; 206), and CD8+ cytotoxic T cells (113; 129; 130; 208) into AT. 
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The accumulation of T cells in AT appears to be antigen-driven (113; 206) and is 

also characterized by the formation of memory cells (129; 130). Interestingly, 

preventing the accumulation of pro-inflammatory T cell subsets in AT during 

obesity improves systemic glucose tolerance (113; 206), indicating that a shift 

towards a TH1 immune response contributes to the development of AT 

inflammation and IR during obesity.  

Weight loss is the ideal approach to counteract the negative 

consequences of obesity. Lifestyle or surgical interventions that promote weight 

loss result in decreased ATM number, reduced inflammation, and improved 

insulin sensitivity (41; 74; 132). However, even when weight loss is achieved, 

losses are rarely maintained. In fact, current estimates suggest that only 20% of 

individuals who lose greater than 10% of their body weight are able to maintain 

this loss (133). These bouts of weight regain lead to weight cycling. Although the 

literature regarding the impact of weight cycling on metabolic health remains 

controversial (209-212), multiple studies in humans indicate that weight cycling 

increases the risk of developing T2D and CVD (134-138). While the potentially 

deleterious effects of weight cycling are recognized, the mechanisms by which 

weight cycling increases metabolic dysfunction remain unknown. Additionally, it 

is not known whether weight cycling alters AT immune cell composition and/or 

inflammation.  

In this study, mice were cycled between HF and LF diets to determine if 

weight cycling alters metabolic and immunological parameters when compared to 

mice that gain weight in the absence of cycling. We show that weight cycling 
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impairs systemic glucose tolerance and decreases AT insulin sensitivity. Weight 

cycling did not alter the HF diet-induced increase in ATM number or M1 

polarization. However, both CD4+ and CD8+ T cell numbers were increased in 

the AT during weight cycling. In addition, CD8+ effector memory T cell 

populations were increased during obesity and weight cycling. This intensified T 

cell-driven inflammatory response may contribute to the metabolic abnormalities 

associated with weight cycling.  

 

RESULTS 

 
 
Study design 

To determine if weight cycling alters metabolic parameters or AT immune 

cell populations, male C57Bl/6 mice were fed diets to induce alternating obese 

and lean states. The study consisted of three 9-week diet periods in which mice 

had ad libitum access to either a 10% LF diet or a 60% HF diet. Three groups of 

mice were used (see study design, Figure 6.1A). The lean control group 

(designated as LF/LF/LF in Figures) was placed on the LF diet for the duration of 

the study (27 weeks). The weight gain group (designated as LF/HF/HF in 

Figures) was maintained on a LF diet for 9 weeks, then switched to the HF diet 

for the remaining 18 weeks of the study. The weight cycling group (designated as 

HF/LF/HF in Figures) was placed on a HF diet for 9 weeks to induce obesity and 

immune cell infiltration into AT; switched to a LF diet for 9 weeks to promote 
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weight loss; and placed on the HF diet during the last 9-week period to induce 

subsequent obesity.  

 

Body weight and composition 

When placed on a HF diet, mice gained weight as expected. After the 

mice in the weight cycling group were switched to a LF diet, their weight 

normalized (within 3-4 weeks) to the body weight of the lean control mice. Upon 

subsequent HF diet feeding, mice re-gained weight within 4 weeks and were 

weight-matched with the weight gain group for the final 5 weeks of the study 

(Figure 6.1B). At the end of the study, both groups that had received the HF diet 

for 18 weeks total (weight gain and weight cycling groups) had significantly 

increased body weight when compared to lean controls (Figure 1C, p<0.05). 

However, there was no difference in body weight between the weight gain group 

and the weight cycling group. Additionally, lean body mass (Figure 6.1D), fat 

mass (Figure 6.1E), and epididymal AT weight (Figure 6.1F) were increased by 

HF diet feeding (p<0.05), but were not modulated by weight cycling. Body weight 

and energy balance are key contributors to AT immune cell content and systemic 

glucose utilization (184; 213; 214). Because the weight gain and weight cycling 

mice were weight-matched and weight-stable for at least 4 weeks at the end of 

the study, the effects of weight cycling in the absence of altered body 

weight/composition could be analyzed.      
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Figure 6.1. Metabolic characteristics of weight cycling mice. Male C57Bl/6 
mice were placed on a 10% LF diet or a 60% HF diet for three 9-week intervals. 
A: Study design. B-F: Body weight and composition were determined. Body 
weight timeline for the duration of the study (B). Body weight after 27 weeks of 
diet (C). NMR was used to determine: Lean mass (D) and fat mass (E) after 27 
weeks of diet. F: Epididymal AT weight after 27 weeks of diet. Data are 
presented as mean ± SEM, n = 15-17/group. Groups not connected by the same 
letter are significantly different, p<0.05.  
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Weight cycling impairs systemic glucose tolerance 

To determine the systemic metabolic consequences of weight cycling, 

fasting plasma glucose and insulin levels were measured and an intraperitoneal 

GTT was performed. As expected, weight gain slightly increased blood glucose 

concentrations (Figure 6.2A, p<0.05 compared to LF/LF/LF). Interestingly, weight 

cycling resulted in an additional increase in fasting plasma glucose levels when 

compared to the weight gain group (Figure 6.2A, p<0.05). Fasting insulin 

concentrations were increased by HF diet feeding (p<0.05), but did not differ 

between the weight gain and weight cycling group (Figure 6.2B). In agreement 

with previous literature, glucose tolerance was decreased in the weight gain 

group when compared to lean controls (Figure 6.2C, p<0.05). Furthermore, 

weight cycling resulted in an additional impairment in glucose tolerance (Figure 

2C, p<0.05 compared to LF/HF/HF).  
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Figure 6.2. Weight cycling worsens systemic glucose tolerance and impairs 
AT insulin sensitivity. A-C: Metabolic parameters were evaluated in lean 
control, weight gain, and weight cycling mice after a 5 h fast. Fasting blood 
glucose (A) and plasma insulin (B) concentrations. Groups not connected by the 
same letter are significantly different, p<0.05. C: Glucose tolerance test (dose = 2 
g/kg lean mass dextrose) and quantification of the area under the curve for the 
duration of the GTT (inset). * p<0.05, ** p<0.01, *** p<0.001 compared to the 
LF/HF/HF group. D: Mice were injected with saline or insulin (0.5 U/kg) 15 
minutes before sacrifice. Protein was isolated from the epididymal AT. Western 
blot analysis of AT phospho-AKT (Ser 473) protein levels (relative to total AKT). * 
p<0.05 compared to saline-injected of same group. ### p<0.001 compared to 
LF/LF/LF saline-injected group. Data are presented as mean ± SEM, n =14-17 
for glucose, insulin, and GTT; n = 4-6 for Westerns.  
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Weight loss reverses systemic metabolic dysfunction 

It is possible that the impaired glucose tolerance observed in the weight 

cycling group at the end of the study (Figure 6.2) is the result of incomplete 

resolution of metabolic dysfunction during weight loss (weeks 9-18 of the study). 

To address this possibility, we completed metabolic analysis of mice at week 18 

of the study (Figure 6.3). At this point, the weight cycling group had been on HF 

diet for 9 weeks, then switched to LF diet for 9 weeks to promote weight loss 

(Figure 6.3A). At this time point, the mice in the weight cycling group were 

weight-matched with the lean control group (Figure 6.3A-B). Similar results were 

seen with lean body mass and fat mass (Figure 6.3C-D). Fasting blood glucose 

and serum insulin concentrations were identical in the lean control mice and the 

weight cycling group at this time-point (Figure 6.3E-F). Additionally, a GTT 

revealed no difference in glucose tolerance between the two groups (Figure 

6.3G-H). Therefore, incomplete resolution of metabolic defects during weight loss 

is not responsible for the worsened glucose tolerance observed at the end of the 

27-week weight cycling study.  
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Figure 6.3: Weight loss reverses systemic metabolic dysfunction. A-D: Body 
mass and composition were measured at week 18 of the study. At this point, the 
weight cycling group had been on HF diet for 9 weeks, then switched to LF diet 
for an additional 9 weeks to promote weight loss. Body weight time-line (A), body 
weight (B), lean mass (C), and fat mass (D) at 18 weeks. E-H: Metabolic 
parameters were evaluated after a 5 h fast. Fasting blood glucose (D) and 
plasma insulin (E) concentrations at 18 weeks. Groups not connected by the 
same letter are significantly different, p<0.05. G-H: Glucose tolerance test (dose 
= 2 g/kg lean mass dextrose) (G). Quantification of the area under the curve of 
the GTT (H). ** p<0.01, *** p<0.001 compared to the LF/LF/LF group. Data are 
presented as mean ± SEM, n =7-11/group.  
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Weight cycling decreases AT insulin sensitivity 

To determine if weight cycling modulates insulin signaling in the AT, mice 

were injected with saline or insulin (0.5 U/kg) 15 minutes prior to sacrifice. Insulin 

injection significantly increased the phosphorylation of AKT at ser473 in the AT of 

lean control mice (p<0.05 compared to LF/LF/LF saline, Figure 6.2D). As 

expected, HF diet feeding decreased insulin-stimulated AKT phosphorylation in 

the weight gain group; however, there remained a mild insulin response (p<0.05 

compared to LF/HF/HF saline, Figure 6.2D). In contrast, weight cycling resulted 

in a complete loss of insulin-stimulated AKT phosphorylation in the AT, indicating 

that weight cycling further impaired AT insulin sensitivity (Figure 6.2D). 

Additionally, weight cycling impaired liver insulin signaling, but did not further 

decrease gastrocnemius muscle insulin signaling (Figure 6.4). 
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Figure 6.4: Weight cycling further impairs liver, but not muscle, insulin 
signaling. Mice were injected with saline or insulin (0.5 U/kg) 15 minutes before 
sacrifice. Protein was isolated from the liver or gastrocnemius muscle. A-B: 
Western blot analysis of phospho-AKT (Ser 473) protein levels (relative to total 
AKT) in liver (A) and muscle (B). * p<0.05 compared to saline-injected of same 
group. # p<0.05 compared to LF/LF/LF saline-injected group. Data are presented 
as mean ± SEM, n = 6-9/group.   
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Weight cycling does not alter ATM content 

Because macrophage accumulation in obese AT contributes to the 

development of IR (36), we next performed flow cytometry on the SVF of the 

epididymal AT to determine if weight cycling impacts ATM content. For a detailed 

explanation of the gating strategy, see Figure 6.5. The percentage of F4/80+ 

macrophages was increased by HF diet feeding (p<0.05 compared to LF/LF/LF), 

but did not differ between the weight gain and weight cycling groups (Figure 

6.6G). HF diet significantly decreased the percentage of F4/80+CD11b+CD11c- 

macrophages in the AT (p<0.05 compared to LF/LF/LF), but there was no weight 

cycling effect (Figure 6.6G). Both F4/80+CD11b-CD11c+ and 

F4/80+CD11b+CD11c+ macrophages were increased in the AT during obesity 

(p<0.05 compared to LF/LF/LF, Figure 6.6G). Again, weight cycling did not 

modulate these immune cell populations. In addition to the flow cytometry data, 

real-time RT-PCR analysis demonstrates that weight cycling does not alter the 

HF diet-induced increase in AT expression of the macrophages markers, Emr1, 

Cd68, and Itgam (Figure 6.7A-C).  
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Figure 6.5: Gating strategy for flow cytometry analysis. SVF cells were 
isolated from the epididymal AT and analyzed by flow cytometry. A-C: Gating 
strategy for analysis of ATM populations: DAPI negative (live) cells were selected 
(A), then gated for the macrophage population based on forward and side scatter 
(B). Doublets were then excluded (C). D-F: Gating strategy for analysis of AT T 
cell populations: DAPI negative (live) cells were selected (A), then gated for the 
lymphocyte population based on forward and side scatter (B). Doublets were 
then excluded (C). This cell population was then used for further analysis with 
specific fluorophores. All flow cytometry data in the dissertation is presented as 
percent of DAPI negative (live) cells (A and D).  
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Figure 6.6: Weight cycling does not modulate ATM content. SVF cells were 
isolated from the epididymal AT and analyzed by flow cytometry. A-B: LF/LF/LF 
(lean control) group, C-D: LF/HF/HF (weight gain) group, E-F: HF/LF/HF (weight 
cycling) group. Representative flow cytometry histogram of F4/80 (A, C, E). 
Percentages on the histograms represent percent of previous gate (live, 
macrophage-gated, singlet cells). Flow cytometry dot plot of F4/80+ cells 
analyzed for CD11b and CD11c (B, D, F). G: Quantification of ATM flow 
cytometry for all groups as percent of all live cells. Data are presented as mean ± 
SEM, n = 6-12/group. Groups not connected by the same letter within each cell 
population are significantly different, p<0.05.  
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Weight cycling does not alter ATM phenotype 

To determine if weight cycling influences macrophage phenotype, gene 

expression of classical M1 and M2 macrophage markers was determined. AT 

expression of M1 (Itgax, Tnf, and Ccr2) and M2 (Arg1 and Clec10a) macrophage 

markers was increased during obesity (215), but not altered by weight cycling 

(Figure 6.7D-H). Additionally, the M2 to M1 macrophage ratio (calculated by 

dividing the relative expression of either Arg1 or Clec10a by the relative 

expression of Itgax) was decreased with HF diet feeding, but unchanged by 

weight cycling (Figure 6.7I).  

 

Weight cycling increases T cell accumulation in AT 

Recent evidence indicates that, in addition to macrophages, T cells also 

accumulate in AT during obesity and contribute to the development of IR (110; 

111; 113; 206; 208). To determine if weight cycling modulates AT T cell subsets, 

live cells in the lymphocyte population of the SVF were analyzed for TCR-β (See 

Figure 6.5). The percentage of TCR-β+ cells was increased in the AT of the 

weight cycling group (Figure 6.8G, p<0.05 compared to LF/LF/LF and LF/HF/HF). 

TCR-β+ cells were subsequently analyzed for CD4 and CD8 (Figure 6.8B, D, and 

F). Weight cycling significantly increased the percentage of CD4+ and CD8+ T 

cells in the AT (p<0.05 compared to LF/LF/LF and LF/HF/HF, Figure 6.8G). In 

addition, real-time RT-PCR analysis demonstrated an increase in the expression 

of Cd3, Cd4, and Cd8 in the AT of the weight-cycled mice (Figure 6.9A-C, 

p<0.05).   
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Figure 6.7: Weight cycling does not modulate ATM phentoype. RNA was 
isolated from the epididymal AT and gene expression was analyzed by real-time 
RT-PCR. A: Emr1, B: Cd68, C: Itgam, D: Itgax, E: Tnf, F: Ccr2, G: Arg1, H: 
Clec10a. I: M2 to M1 macrophage ratio calculated by dividing the relative 
expression of either Arg1 or Clec10a (M2 markers) by the relative expression of 
Itgax (M1 marker). Data are presented as mean ± SEM, n = 8-14/group. Groups 
not connected by the same letter are significantly different, p<0.05.  
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Figure 6.8: Weight cycling increases AT T cell populations. SVF cells were 
isolated from the epididymal AT and analyzed by flow cytometry. A-B: LF/LF/LF 
(lean control) group, C-D: LF/HF/HF (weight gain) group, E-F: HF/LF/HF (weight 
cycling) group. Representative flow cytometry histogram of TCR-β (A, C, E). 
Percentages on the histograms represent percent of previous gate (live, 
lymphocyte-gated, singlet cells). Flow cytometry dot plot of TCR-β+ cells 
analyzed for CD4 and CD8 (B, D, F). G: Quantification of AT T cell flow 
cytometry from all groups as percent of all live cells. Data are presented as mean 
± SEM, n = 10-12/group. Groups not connected by the same letter within each 
cell population are significantly different, p<0.05.  
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Weight cycling increases gene expression of CD4+ TH1- and CD8+ T cell-
derived cytokines in AT 
 

Next, we determined the expression of genes relevant to T cell function 

and inflammatory status. TH1 polarized CD4+ T cells and cytotoxic CD8+ T cells 

secrete high levels of the inflammatory cytokine, IFN-γ (216). Real-time RT-PCR 

analysis demonstrated that weight cycling further augments the HF diet-induced 

increase in Ifng gene expression (Figure 6.9D, p<0.05 compared to LF/HF/HF). 

IL-12 is a TH1-stimulating cytokine involved in the production of IFN-γ (217). 

Weight cycling resulted in a striking 4.5-fold increase in AT Il12 gene expression 

when compared to weight gain in the absence of cycling (Figure 6.9E, p<0.05). In 

addition, gene expression of Il2, a TH1-derived cytokine required for the growth, 

differentiation, and survival of CD8+ T cells (218), was increased 2-fold compared 

to the weight gain group (Figure 6.9F, p<0.05). Expression of the low-affinity IL-2 

receptor, Il2ra, was not modulated by diet (Figure 6.9G). In contrast, the high-

affinity IL-2 receptor, Il2rb, was increased during obesity and an additional 2-fold 

increase in gene expression was seen during weight cycling (Figure 6.9H, p<0.05 

compared to LF/HF/HF). There was also a trend towards an increase in the gene 

expression of the T cell chemokine, Ccl5, in the AT of the weight cycling group 

(Figure 6.9I, p=0.076 compared to LF/HF/HF). Of note, weight cycling did not 

modulate the expression of the TH2-derived cytokines: Il4, Il10, and Il13 (Figure 

6.10).  
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Figure 6.9: Weight cycling increases AT gene expression of T cell markers 
and CD4+ TH1- and CD8+ T cell-derived cytokines. RNA was isolated from the 
epididymal AT and gene expression was analyzed by real-time RT-PCR. A: Cd3, 
B: Cd4, C: Cd8, D: Ifng, E: Il12, F: Il2, G: Il2ra, H: Il2rb, and I: Ccl5. Data are 
presented as mean ± SEM, n = 8-14/group. Groups not connected by the same 
letter are significantly different, p<0.05.  
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Figure 6.10: Weight cycling does not modulate TH2-derived cytokine 
expression. RNA was isolated from the epididymal AT and gene expression of 
TH2-derived cytokines was analyzed by real-time RT-PCR. A: Il4, B: Il10, C: Il13. 
Data are presented as mean ± SEM, n = 8-14/group. Groups not connected by 
the same letter are significantly different, p<0.05.  



 
 

148 

Obesity increases CD8+ effector memory T cell accumulation in AT 

One of the distinguishing features of an adaptive immune response is the 

development of cellular memory against specific antigens (219). To determine if 

weight cycling is associated with an increase in effector memory T cells, CD4+ 

and CD8+ T cells were analyzed for CD62L and CD44. CD4+ effector memory T 

cells (CD62Llo CD44hi) were not modulated by either HF diet feeding or weight 

cycling (Figure 6.11A-D). However, in agreement with published literature (129; 

130), we have found that obesity increases the number of CD8+ effector memory 

T cells in the AT (Figure 6.11E-F, p<0.05 compared to LF/LF/LF). Additionally, 

there was a trend towards a further increase in CD8+ effector memory T cell 

accumulation in the AT of weight-cycled mice (Figure 6.11F-G, p = 0.075 

compared to LF/HF/HF). The above data indicate that an adaptive immune 

response, characterized by the accumulation of effector memory T cells, occurs 

in the AT during obesity and that weight cycling may further increase this 

memory response. (For quantification of all flow cytometry by number see Figure 

6.12). 
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Figure 6.11: Increased CD8+, but not CD4+, effector memory T cell 
accumulation in AT during obesity. SVF cells were isolated from the 
epididymal AT and analyzed by flow cytometry. A, E: LF/LF/LF (lean control) 
group, B, F: LF/HF/HF (weight gain) group, C, G: HF/LF/HF (weight cycling) 
group. Representative flow cytometry dot plot of CD4+ cells analyzed for CD62L 
and CD44 (A-C). D: Quantification of CD4+ effector memory T cells 
(CD62LloCD44hi) by flow cytometry. Representative flow cytometry dot plot of 
CD8+ cells analyzed for CD62L and CD44 (E-G). H: Quantification of CD8+ 

effector memory T cells (CD62Llo CD44hi) by flow cytometry. Data are presented 
as mean ± SEM, n = 6-12/group. Groups not connected by the same letter are 
significantly different, p<0.05.  
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Figure 6.12: Analysis of flow cytometry data by number of cells. SVF cells 
were isolated from the epididymal AT and analyzed by flow cytometry. A: 
Quantification of ATM flow cytometry. B: Quantification of AT T cell flow 
cytometry. C-D: Quantification of AT effector memory CD4+ (C) and CD8+ (D) T 
cells. Data are presented as mean ± SEM, n = 6-12/group. Groups not connected 
by the same letter within each cell population are significantly different, p<0.05.  
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DISCUSSION 

Multiple studies indicate that weight cycling is associated with worsened 

metabolic and cardiovascular outcomes (134-138). However, the mechanism(s) 

by which weight cycling promotes metabolic dysfunction are not known. Here, we 

show that weight cycling worsens obesity-associated systemic glucose 

intolerance and AT IR in mice. Accompanying these metabolic changes was an 

increase in CD4+ T cells, CD8+ T cells, and the expression of TH1 cell-derived 

cytokines in the AT of weight-cycled mice. These novel findings suggest that an 

amplified T cell response occurs in the AT during weight cycling. (See Figure 

6.13 for Model).  

  Previous reports have shown that weight cycling increases systemic IR in 

rats (220; 221). In addition, multiple human studies demonstrate that weight 

cycling increases the risk for development of CVD and T2D (134-138). One of 

the first studies addressing this issue reported a 10% increase in 25-year risk of 

coronary death in men who weight cycled when compared to those who gained 

weight but remained weight stable (135). Additionally, a recent study has shown 

that weight cycling is associated with an increased incidence of T2D in 

participants of the Framingham Heart Study (134). 
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Figure 6.13: Metabolic and immunologic consequences of weight cycling. 
Weight cycling increases AT IR and systemic glucose tolerance, even when 
compared to weight-matched obese mice. This metabolic dysfunction is 
accompanied by an increase in pro-inflammatory AT T cell subsets, but no 
change in ATM number or phenotype. The presence of effector memory T cells 
in obese and weight-cycled AT suggests that weight cycling may initiate a more 
rapid and potent local secondary adaptive immune response, leading to 
increased AT T cell accumulation and tissue dysfunction.  
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In contrast to the above findings, other studies report no adverse effects of 

weight cycling (209-212). The controversy regarding the impact of weight cycling 

in humans may be due, in part, to variability of study design. Importantly, our 

data suggest that an exaggerated adaptive immune response in the AT may 

contribute to the negative effects of weight cycling. Indeed, CD4+ TH1 and TH2, 

and CD8+ T cells are known to play a role in the pathogenesis of human obesity 

(185). Therefore, if the extent of weight cycling or the time between cycles (as 

defined by the study design) was not sufficient to induce AT immune cell 

infiltration, the weight cycling effect on metabolism may not have been observed.  

It was important to confirm that weight loss completely reversed obesity-

associated metabolic dysfunction before subsequent weight gain. Metabolic 

phenotyping performed at week 18 of the study demonstrated that mice in the 

weight cycling group lose weight and become glucose tolerant when switched 

from a HF diet to a LF diet (Figure 6.3). In fact, at this time-point, the weight 

cycling mice have completely normalized to the body weight/composition and 

glucose tolerance of mice maintained on a LF diet for the duration of the study. 

These data indicate that glucose intolerance does not precede weight re-gain 

during this weight cycling protocol, and suggests that weight cycling, per se, is 

responsible for the metabolic dysfunction observed at the end of the study.  

 Our data demonstrate that weight cycling increases the accumulation of 

CD4+ and CD8+ T cells in the AT. Furthermore, gene expression of TH1-derived 

cytokines and cytokine receptors, including Ifng, Il12, Il2, and Il2rb, was 

increased in the AT of weight-cycled mice when compared to mice maintained on 
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a HF diet (Figure 6.9). Recent studies have shown that mice lacking certain T 

cell-derived cytokines or pro-inflammatory T cell subsets are protected from 

many of the pathologies associated with obesity. For example, HF diet-induced 

glucose intolerance and AT inflammation is ameliorated in IFN-γ KO mice (222). 

Additionally, deletion of CD8+ T cells improves systemic glucose tolerance and 

insulin sensitivity (113). These published studies suggest that increased T cell-

mediated inflammation in the AT may contribute to the impaired AT insulin 

sensitivity and systemic glucose intolerance observed during weight cycling. In 

addition, we have performed regression analysis to determine if there is a 

correlation between AT T cell content and glucose tolerance in the mice in our 

study (Figure 6.14). These analyses demonstrate that impaired glucose tolerance 

(increased AUC of GTT) is significantly and positively correlated with the percent 

of CD4+ and CD8+ T cells in the AT, as well as the gene expression of the TH1-

derived cytokines, Ifng and Il2 (Figure 6.14). Interestingly, when these 

correlations were corrected for changes in ATM number, the association 

remained significant. Therefore, these findings reinforce the conclusion that an 

increase in inflammatory T cell subsets, but not macrophages, in the AT during 

weight cycling contributes to impaired metabolic fitness.   

Nishimura, et al. showed that CD8+ T cell accumulation in AT preceded 

and was required for the infiltration of ATMs during obesity, suggesting that T 

cell-derived signals may direct the innate immune response in AT (113). 

However, subsequent findings have called this concept into question: two other 

studies have found that T cells actually accumulate in the AT well after ATM 
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infiltration is observed (114; 131). The reason for these differential findings is not 

clear, but this controversy does challenge the hypothesis that T cells “direct” 

macrophage infiltration into obese AT. Nevertheless, it has been shown that 

CD8+ T cell depletion decreases AT inflammation and macrophage content 

(113); although the deletion of cytotoxic T cells does not completely normalize 

ATM content/inflammation to lean levels (113), suggesting that T cell-

independent regulation of ATM accumulation does exist. Moreover, while T cell-

derived cytokines have been shown to directly impact macrophages, these 

cytokines can also have an effect on other non-immune cells. For example, T 

cell-derived IFN-γ induces IR in adipocytes (223). Our data demonstrate that 

weight cycling increases AT IR and T cell content in the absence of a change in 

ATM number or phenotype. Therefore, these findings support the recently 

emerging concept that alterations in AT T cell populations may not always be 

accompanied by modulation of ATMs.  

 Adaptive immunity, in contrast to innate immunity, is characterized by an 

antigen-specific immune response that results in the formation and maintenance 

of memory cells. These long-lived memory cells are capable of mounting a more 

rapid and potent secondary immune response upon re-exposure to the same 

antigen (224). Interestingly, T cells in obese AT express a restricted T cell 

receptor repertoire, suggesting that these immune cells may recognize self-

antigen in AT during obesity (113; 205; 206). Additionally, multiple studies, 

including our own (Figure 6.11), have shown that effector memory T cells 

accumulate in AT after HF diet feeding (129; 130). While the identity of the obese 
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AT antigens are not known, the concept of an antigen-specific T cell immune 

response during obesity has great implications for our current findings. Weight 

re-gain may “re-expose” T cells to obese AT antigens. Therefore, it is interesting 

to speculate that the increased accumulation of T cells observed in AT during 

weight cycling may be the result of a more potent and rapid memory cell-

mediated secondary immune response. In fact, in our current study, the weight 

cycled mice trended towards a further increase in AT CD8+ effector memory T 

cell number (Figure 6.11). Additional studies to establish whether effector 

memory T cells proliferate more rapidly during weight re-gain could confirm this 

hypothesis.  

Our studies demonstrate that weight cycling increases systemic glucose 

intolerance and decreases AT insulin signaling. IR in the AT is a key contributor 

to systemic glucose intolerance during obesity; however, other metabolic tissues 

also play a significant role in maintaining glucose homeostasis. We have 

demonstrated that weight cycling impairs liver, but not muscle, insulin signaling. 

Thus, while our current report focuses on AT immune composition and IR, the 

impact of weight cycling on liver insulin sensitivity is an important area of future 

investigation.  

Taken together, our studies show that weight cycling modulates AT T cell 

composition. These findings have important implications regarding the role of 

antigen-specific immune responses in the AT. The increase in pro-inflammatory 

T cell populations suggests that an exaggerated adaptive immune response in 

the AT contributes to the negative metabolic consequences of weight cycling.  
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Figure 6.14: Correlation between immune cells/cytokine expression and 
glucose tolerance. Flow cytometry or real-time RT-PCR data from all groups 
was correlated with the area under the curve of the glucose tolerance test (Figure 
2C, inset). A: Correlation between CD4+ T cells and AUC of GTT. B: Correlation 
between CD8+ T cells and AUC of GTT. C: Correlation between Ifng gene 
expression and AUC of GTT. D: Correlation between Il2 gene expression and 
AUC of GTT.  
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CHAPTER VII 

 

SUMMARY AND CONCLUSIONS 

 Obesity is a global epidemic effecting individuals of every age, sex, race, 

and socioeconomic status. Current estimates indicate that nearly two-thirds of 

American adults are either overweight or obese (2). The cost of treating diseases 

associated with obesity, including T2D and CVD, is a startling $147 billion per 

year (4; 6). Therefore, a better comprehension of the negative consequences of 

obesity is critical to the health and welfare of our society. A major breakthrough in 

the understanding of mechanisms by which obesity promotes metabolic 

dysfunction occurred one decade ago when it was discovered that pro-

inflammatory immune cells, including macrophages, accumulate in obese AT and 

promote IR both locally and systemically (34; 35). Over the past 10 years, 

research in this newly emerging field of “immunometabolism” has begun to define 

the composition and activation status of AT-resident immune cells and has shed 

light upon the contribution of these cells to AT dysfunction during obesity.  

Interestingly, many of the initial studies performed in the ATM field have 

been designed with the hypothesis that the biology of ATMs would be similar to 

the parameters already defined for macrophages of atherosclerotic lesions. This 

concept has led to many assumptions within the field; however, many of these 

expectations have not held up to rigorous experimentation. Below, I will discuss 

how the research performed during the completion of this dissertation has 

challenged and modified commonly held assumptions. Additionally, I will discuss 
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how these studies have begun to address multiple understudied areas in the 

newly emerging field of immunometabolism.     

 

ATM lipotoxicity  

Previous studies have established that accumulation of cholesterol in 

macrophages of atherosclerotic lesions increases inflammation and ER stress-

mediated cell death, thus promoting atherogenesis (225). Therefore, it was 

assumed that increased FFA flux during obesity would promote lipid 

accumulation in ATMs, resulting in macrophage inflammation and lipotoxicity (76). 

In support of this hypothesis, obesity increases lipid storage in ATMs (75; 76). In 

addition, in vitro studies such as those presented in Chapter III of this dissertation 

have demonstrated that saturated FFAs activate inflammatory signaling in 

peritoneal macrophages, leading to ER stress-mediated apoptosis. However, our 

in vivo findings indicate that pharmacological activation of AT lipolysis does not 

promote inflammation, ER stress signaling, or apoptosis in ATMs (Chapter III). 

Additionally, we have found that obesity actually decreases ATM apoptosis 

(Chapter IV), suggesting that lipotoxicity does not occur in this cell population. In 

support of these findings, recent data presented at a Keystone Symposium 

indicate that lipid-laden AT foam cells are not significantly more inflammatory 

than non lipid-loaded macrophages (Shoelson and Glass, unpublished). 

Therefore, although in vitro exposure of macrophages to saturated FFAs 

increases inflammation and apoptosis, it does not appear as though ATM 

lipotoxicity occurs in vivo during obesity.  
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There are multiple possible explanations for why macrophage lipotoxicity 

does not occur in obese AT. First, the majority of FFAs lipolyzed from AT are 

either re-esterified into triglycerides or transported to peripheral tissues for 

oxidation (226). Therefore, AT FFA concentrations may not significantly increase 

during obesity. Second, our laboratory has shown that unsaturated FFAs prevent 

the lipotoxic effects of saturated FFAs on macrophages (75), suggesting that the 

mixture of FFAs found in vivo may not be sufficient to promote cell death. 

Interestingly, two recent studies have indicated that, instead of promoting 

lipotoxicity, increased AT lipolysis may induce chemotactic signals (74) and 

activate endothelial cells to promote monocyte extravasation into inflamed AT 

(74; 227). 

 

Macrophage accumulation in AT  

 Studies in the cardiovascular field have shown that chemokine-mediated 

recruitment of monocytes to lesional areas plays a key role in the development of 

atherosclerosis and thrombosis (225). Obese AT secretes high levels of multiple 

chemokines (78-81), and labeling studies have shown that monocytes are 

recruited to AT during HF diet feeding (40). These findings have led to the 

assumption that, similar to what is observed during atherogenesis, monocyte 

recruitment to AT would be the sole mechanism explaining increased ATM 

number during obesity. However, recent studies by our laboratory and others 

have not supported this concept. Deletion of chemokines or chemokine receptors 

never completely ablates macrophage accumulation in obese AT (86-88; 90-95). 
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Additionally, mouse models of impaired monocyte mobilization from bone marrow 

do not demonstrate an equivalent reduction in ATM number during obesity (81; 

96; 100).  

 Together, the above studies suggest that recruitment-independent 

mechanisms must also exist to regulate ATM number. It is possible that obesity 

increases ATM proliferation, decreases macrophage egress from AT, or reduces 

ATM apoptosis and turnover. In Chapter IV, we show that ATM apoptosis occurs 

in lean AT, is drastically decreased during obesity, and is re-activated during 

weight loss. Interestingly, the percent of apoptotic macrophages in the AT is 

negatively correlated with body weight and AT F4/80 gene expression. These 

findings indicate that macrophage apoptosis in lean AT may serve to promote 

turnover of ATMs, thus maintaining the proper number of immune cells within the 

AT. However, during obesity, ATM apoptosis is reduced, potentially leading to 

decreased cell turnover and increased retention of macrophages in AT. 

Decreased ATM apoptosis, in the presence of increased monocyte recruitment, 

could increase the number of pro-inflammatory macrophages in AT. In support of 

this hypothesis, two separate studies have demonstrated that increasing 

macrophage apoptosis during obesity decreases ATM number and systemic 

inflammation and IR (193; 195). 

 Our findings challenge the assumption that recruitment of macrophage 

precursors to inflamed tissue is the sole mechanism determining ATM number 

during obesity. We have shown that ATM apoptosis is a metabolically regulated 

process that could contribute to macrophage accumulation in obese AT. 
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Additional research will need to define the relative contributions of monocyte 

recruitment and macrophage proliferation, egress, and apoptosis to the 

maintenance of AT homeostasis. However, our exciting and novel findings 

indicate that drugs designed to induce ATM apoptosis during obesity may be 

have clinical efficacy.  

 

ER stress in metabolic tissues  

 Obesity increases ER stress activation in multiple metabolic tissues, 

including whole AT and liver (164). Additionally, pharmacological reduction of ER 

stress signaling decreases systemic inflammation and IR (167). As a result of 

these studies, many in the field have assumed that ER stress activation in 

metabolic tissues is always detrimental. However, ER stress signaling often 

serves an adaptive role, either by allowing cells to secrete high levels of proteins 

(139) or by promoting cell turnover (228). 

The previous studies demonstrating that ER stress contributes to 

metabolic dysfunction during obesity evaluated ER stress activation at the whole 

tissue level. However, our studies indicate that ER stress signaling is 

differentially regulated in parenchymal cells versus AT-resident immune cells 

(Chapter V). In contrast to what is observed in whole AT, we have found that 

obesity actually decreases ER stress signaling specifically in the macrophage-

enriched SVF of AT. In addition, weight loss restores ATM ER stress activation to 

levels near what is observed in lean AT. The fact that macrophage ER stress 

activation is higher in healthy, non-inflamed AT suggests that this signaling 
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pathway may play a different role in immune cells than in adipocytes. Although 

our studies demonstrate that ER stress signaling does not promote ATM 

apoptosis and turnover in vivo, recent data indicate that this pathway may be 

essential for polarization of macrophages to an M2 phenotype (204). If this 

hypothesis is correct, decreasing ER stress in parenchymal cells may prevent 

inflammation, but reducing the activation of this signaling pathway in AT-resident 

macrophages could promote polarization to a pro-inflammatory M1 phenotype. 

Therefore, the beneficial systemic effects of ER stress inhibition (167) may be 

augmented if PBA treatment were targeted specifically to parenchymal cells and 

not immune cells.  

 

Weight loss 

 In the 10 years since the discovery that pro-inflammatory macrophages 

promote AT IR, extensive research has focused on defining the time-course of 

immune cell accumulation and activation in AT during obesity (36). In contrast, 

very few studies have sought to understand the events occurring in AT during 

weight loss. Published findings (41; 74; 132) and our data presented in Chapters 

IV and VI demonstrate that weight loss reduces ATM number and decreases 

systemic inflammation and IR; however, mechanisms contributing to the 

improved AT phenotype during weight loss are not known. In Chapters IV and V 

of this dissertation, we demonstrate that ATM ER stress and apoptosis are 

increased during weight loss. It is possible that activation of these signaling 

pathways during weight loss promotes M2 polarization and enhances turnover of 
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ATMs, thus decreasing AT inflammation and macrophage content. An increased 

understanding of the mechanisms involved in the restoration of AT homeostasis 

during weight loss could lead to the development of novel therapeutics to target 

macrophages in obese AT.  

 

Weight cycling 

 Weight loss is the ideal means to decrease the negative metabolic 

consequences associated with obesity. However, long-term maintenance of 

substantial weight loss is difficult to achieve, resulting in weight cycling. The 

majority of the literature on weight cycling was published several decades ago 

and sought to determine if fluctuations in body weight have a negative impact 

upon food efficiency or energy requirements (229-235). While this literature is 

controversial, additional studies have shown that weight cycling increases the 

risk of developing IR, T2D, and CVD (134-136; 220; 221). However, the 

mechanisms by which weight cycling promotes metabolic dysfunction are 

unknown. The data presented in Chapter VI demonstrate that in an extreme 

model of weight cycling, the number of pro-inflammatory T cells, but not 

macrophages, is increased in AT. This T cell-driven inflammation likely 

contributes to the increased AT IR and systemic glucose intolerance observed 

during weight cycling. These findings are the first to demonstrate a potential 

mechanism for increased metabolic dysfunction as a result of weight cycling.  

Additionally, these studies give insight into the nutritional regulation of 

antigen-specific adaptive immune responses in AT. Previous studies have 
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suggested that T cells accumulate in obese AT in response to an unknown 

antigen (113; 116). Because weight cycling modulates adaptive, but not innate, 

immune cell populations, it is possible that a local secondary immune response 

occurs in AT. Initial weight gain may activate a primary immune response within 

AT, while weight cycling re-exposes the obese AT antigen(s) and induces a 

memory T cell-mediated secondary immune response. The above findings 

emphasize the importance of maintaining weight loss, as weight re-gain 

increases metabolic dysfunction and AT inflammation, potentially via an antigen-

driven secondary immune response. 

 

Relevance to human obesity 

 The ultimate goal of this dissertation work is to increase the understanding 

of human obesity and diabetes. As such, it is imperative to consider the benefits 

and limitations of the use of the mouse as a model system for human metabolic 

syndrome and inflammation. Similar to what is observed in the mouse, human 

obesity results in accumulation of pro-inflammatory macrophages (34) and T 

cells (110; 112; 113; 185) in subcutaneous and visceral AT. Our findings indicate 

that increasing ATM apoptosis during obesity may have beneficial clinical effects 

(Chapter IV). In support of this hypothesis, recent human data indicate that 

insulin-sensitizing TZDs decrease macrophage accumulation in the AT of obese 

individuals via an increase in the apoptosis of these immune cells (193; 194). In 

addition, our data show that a mouse model of weight cycling recapitulates the 

metabolic dysfunction observed in humans (Chapter VI), and suggest that 
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alterations in the immunometabolic function of AT may underlie these systemic 

abnormalities. Therefore, studies in humans support many of the findings 

presented in this dissertation, indicating that mice are an appropriate model 

system in which to study metabolic syndrome. 

 Although human obesity is associated with an accumulation of immune 

cells in the AT, recent evidence indicates that activation of systemic inflammatory 

pathways in response to acute stressors such as trauma, burn, and endotoxemia 

may vary widely between the mouse and the human (236). Therefore, it is 

possible that obesity could activate different inflammatory pathways in these two 

species. However, recent genome-wide association studies have shown 

significant overlap between genes associated with obesity and body mass index 

in mouse models and humans (237), indicating that mice may appropriately 

mimic human obesity. Despite these similarities, multiple anti-inflammatory 

therapies that have shown promising results in obese mouse models have been 

relatively ineffective in clinical trials (238). These findings emphasize the 

importance of verifying data obtain from model systems before continuing to 

clinical trials. However, the mouse model remains an important and valid system 

in which to discover novel processes and signaling pathways occurring during 

obesity and inflammation.    

 

Conclusions 

 Overall, the studies in this dissertation have shown the dynamic regulation 

of AT immune cell populations during obesity, weight loss, and weight cycling. 
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These findings have modified commonly held assumptions in our field and have 

begun to address understudied aspects of immunometabolism. Although in vitro 

accumulation of saturated FFAs in macrophages results in ER stress-mediated 

apoptosis (Chapter III), we have shown that these pathways are not activated in 

ATMs during obesity (Chapters III and IV). In fact, ATM apoptosis is actually 

decreased during obesity. Additionally, weight loss increases macrophage 

apoptosis to levels near what is observed in lean AT. These findings suggest that 

ATM apoptosis is a metabolically regulated, recruitment-independent mechanism 

that contributes to the accumulation of pro-inflammatory macrophages in AT 

(Chapters IV and V). In addition, studies in this dissertation have provided insight 

into the changes occurring in the AT during weight cycling (Chapter VI). Our 

findings suggest that weight re-gain may activate a nutritionally regulated 

secondary immune response in the AT, leading to increase inflammation and IR. 

See Figure 7.1 for an overall model of the contributions that this dissertation 

research has made to the field of immunometabolism.  
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Figure 7.1: Overall contribution of dissertation research to the field of 
immunometabolism. The studies in this dissertation have further defined the 
changes occurring in AT immune cell populations during various nutritional 
conditions including obesity, weight loss, and weight cycling. Our findings 
indicate that macrophage apoptosis is a metabolically regulated process that 
contributes to the maintenance and restoration of AT homeostasis. Additionally, 
our studies demonstrate that weight cycling increases AT T cell numbers, 
suggesting that a secondary adaptive immune response may occur in the AT.    
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CHAPTER VIII 

 

FUTURE DIRECTIONS 

 

Chapter III: Intracellular accumulation of saturated FFAs in macrophages 

activates inflammatory signaling, leading to ER stress-mediated apoptosis. 

Interestingly, FFA-induced inflammation was not initiated through the 

extracellular receptors, TLR2 and 4. However, the mechanism(s) by which 

intracellular FFAs do activate inflammation is not known and future studies will 

address this important area. A recent study has suggested that saturated FFAs 

activate inflammatory signaling in fibroblasts not by interacting with extracellular 

receptors, but by modulating the lipid composition of the cell membrane. 

Specifically, palmitic acid was found to increase the partitioning of c-Src, an 

inflammatory tyrosine kinase, to lipid raft regions of the cell membrane, thus 

facilitating the signaling of this kinase (178). Upon FFA stimulation, raft-

associated c-Src was able to activate JNK, leading to an inflammatory cascade 

(178). Future studies could determine if intracellular accumulation of stearic acid 

in macrophages initiates inflammatory signaling by increasing lipid raft stability 

and activating membrane-associated kinases, including c-Src.   

 

Chapter IV: The findings presented in this chapter demonstrate that ATM 

apoptosis is decreased as a result of diet- or genetic-induced obesity. In addition, 

weight loss restores ATM apoptosis to levels close to those seen in lean AT. 



 
 

170 

These findings suggest that ATM apoptosis may be a recruitment-independent 

mechanism by which AT homeostasis is maintained and restored.  Many exciting 

future directions are being pursued based upon these findings: 

 1) Generation of a mouse model of impaired ATM apoptosis: In 

response to death signals, the pro-apoptotic Bcl-2 family members, Bax and Bak, 

oligomerize in the mitochondrial outer membrane. Mitochondrial permeabilization 

results in the release of cytochrome c and subsequent activation of the caspase 

cascade. Cells lacking either Bax or Bak display normal apoptotic responses; 

however, deletion of both genes confers resistance to multiple apoptotic stimuli. 

To determine the consequences of impaired macrophage apoptosis, we will 

cross Bak KO, Bax fl/fl mice with mice expressing Cre recombinase under the 

macrophage-specific promoter, LysM. We hypothesis that inhibition of 

macrophage apoptosis in lean mice will increase ATM content, leading to local 

and systemic metabolic dysfunction. 

 2) To determine the signal(s) that regulate macrophage apoptosis in 

lean tissue: Our hypothesis is that ATM apoptosis in lean mice is a regulated 

process that contributes to the proper turnover of these cells. Therefore, 

cytokines or cells that are present at a higher level in lean compared to obese AT 

may initiate apoptotic signaling. Two possible candidates are the insulin 

sensitizing adipokine, adiponectin, and the innate immune cell, the eosinophil. 

Our preliminary data show that in vitro treatment of primary mouse macrophages 

with adiponectin increases apoptosis. Additionally, in a mouse model of AT 

eosinophilia (CCR2 KO mice, (88)), we have observed a significant increase in 
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ATM apoptosis. In fact, the increased ATM apoptosis was positively correlated 

with markers of eosinophils. Future studies will determine whether adiponectin or 

eosinophils are necessary to promote macrophage apoptosis and turnover in AT.  

 3) To determine the signal(s) that impair ATM apoptosis during 

obesity: Obesity is associated with chronic low-grade inflammation and 

activation of NF-κB in ATMs (36). NF-κB is classically known as a pro-

inflammatory transcription factor (199); however, this protein also possesses 

potent anti-apoptotic properties (197). Therefore, it is possible that activation of 

NF-κB may prevent normal macrophage apoptosis in the AT of obese animals. 

Mouse models of macrophage-specific NF-κB activation and inhibition will be 

utilized to test this hypothesis.  

 4) To determine if obesity impairs ATM apoptosis in humans: We are 

currently working with the Naji Abumurad laboratory at Vanderbilt University to 

obtain human samples for confocal analysis of ATM apoptosis.  

 

Chapter V: The results of the studies in this chapter indicate that ER stress 

pathways are increased in the SVF of lean AT, decreased during obesity, and re-

activated during weight loss. In the previous chapter, we demonstrated that ATM 

apoptosis is regulated in a similar manner, leading to the hypothesis that ER 

stress-mediated apoptosis may occur in macrophages residing in lean AT. 

However, deletion of CHOP, the primary protein involved in ER stress-mediated 

apoptosis, did not modulate ATM apoptosis, suggesting that ER stress is not 

leading to apoptosis. Future studies will determine the non-apoptotic role of ER 
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stress signaling in lean ATMs. A recent study has shown that ER stress 

activation is critical for in vitro polarization of macrophages to an anti-

inflammatory M2 phenotype (204). Therefore, it is possible that the increased ER 

stress observed in lean ATMs is indicative of increased M2 polarization. 

Decreasing ER stress signaling in lean ATMs via genetic or pharmacological 

means may decrease M2 macrophage polarization, leading to metabolic 

dysfunction.  

 

Chapter VI: In this chapter, we demonstrate that a mouse model of weight 

cycling recapitulates the metabolic dysfunction reported in multiple human 

studies. Accompanying these metabolic defects was a decrease in AT insulin 

signaling and an increase in the number of CD4+ TH1 cells and CD8+ cytotoxic T 

cells in the AT. Additionally, CD8+ effector memory T cells were present in the AT 

of obese and weight-cycled mice. Future directions associated with these 

findings are listed below: 

 1) To determine if weight cycling induces a T cell-driven secondary 

immune response in AT: Our preliminary studies show an enhanced T cell 

response and the presence of CD8+ effector memory T cells in the AT of weight-

cycled mice. However, we have not determined whether this amplified response 

is indicative of a local secondary immune response in the AT. To test this 

hypothesis, we will perform two separate experiments.  

 i. Mice will be taken through the weight cycling protocol, while blocking the 

influx of T cells into the AT during the initial phase of weight gain using anti-CD8 
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or CD4 antibody. This experimental design will allow us to test the hypothesis 

that inhibition of T cell infiltration during the first phase of weight gain will 

ameliorate the secondary immune response during subsequent weight gain. If 

our hypothesis is correct, we would expect that blocking the initial influx of T cells 

into obese AT would eliminate the increased immunological and metabolic 

dysfunction observed during weight cycling. These studies will also allow us to 

determine whether a cause-effect relationship exists between T cell accumulation 

in AT and systemic glucose intolerance during weight cycling. 

 ii. Next, we want to determine whether subsequent exposure of AT T cells 

to obese AT antigens is sufficient to recapitulate the immunological and 

metabolic defects associated with weight cycling. “Antigen-experienced” T cells 

from the AT of obese mice or “antigen-naïve” cells from lean mice will be 

adoptively transferred to chow-fed mice that are then placed on a HF diet. Using 

this study design, the recipient mice will not be weight-cycled; however, the 

“antigen-experienced” T cells originally isolated from the AT of HF fed mice will 

have experienced two phases of weight gain. Our hypothesis is that “antigen-

experienced” T cells isolated from the AT of HF fed mice will exhibit a secondary 

immune response during weight gain, while “antigen-naïve” T cells isolated from 

lean mice will display a less inflammatory primary immune response. 

 

 2) To determine if IFN-γ is necessary for the metabolic consequences 

of weight cycling: The experiments outlined above will determine whether a T 

cell-driven secondary immune response occurs during weight cycling. However, 
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the mechanism(s) by which T cells contribute to the metabolic defects associated 

with weight cycling remain unknown. As shown in Figure 6.9D, weight cycling 

increases AT expression of Ifng, an immunomodulatory cytokine secreted by 

CD4+ TH1 cells, CD8+ T cells, and NK cells (216). Published data demonstrate 

that IFN-γ contributes to obesity-associated systemic glucose intolerance and AT 

inflammation (222). Therefore, we hypothesize that weight-cycled IFN-KO mice 

will not exhibit the increased metabolic dysfunction observed during weight 

cycling in WT mice.  

 

 In conclusion, the studies performed during the completion of this 

dissertation have provided insight into the dynamic regulation of AT immune cell 

composition during various metabolic conditions including obesity, weight loss, 

and weight cycling. These findings suggest that recruitment-independent 

processes exist to regulate ATM number, and that weight cycling initiates a local 

secondary adaptive immune response in AT. Thus, this body of work has 

increased the understanding of mechanisms and consequences of immune cell 

accumulation in AT. 
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