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Abstract

The innate immune system is a prewired set of cellular and humoral components that has
developed to sense perturbations in normal physiology and trigger responses to restore the system
back to baseline. It is now understood that many of these components can also sense the
physiologic changes that occur with obesity and be activated. While the exact reasons for this
chronic immune response to obesity are unclear, there is strong evidence to suggest that innate
inflammatory systems link obesity and disease. Based on this, anti-inflammatory therapies for
diseases like type 2 diabetes and metabolic syndrome may form the core of future treatment plans.
This review will highlight the components involved in the innate immune response and discuss the
evidence that they contribute to the pathogenesis of obesity-associated diseases.
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1. Introduction

The ability of organisms to mount a response to infectious challenge without prior exposure
is regulated the coordinated interaction of components of the innate immune system. This
preformed system is important to respond to exogenous stimuli such as bacterial, viral, and
fungal infections. Beyond the initial response to a stressor, the innate immune system
coordinates the resolution of inflammation, tissue repair, and the activation of the adaptive
immune system to provide memory for future challenges.

While much of our understanding of innate immunity comes from models of infection, it is
also clear that immune responses can be triggered by endogenous stimuli. Such mechanisms
play a wide role in health and disease from the response to tissue injury, the direction of
tissue remodeling, and the response to tumors. Resident tissue leukocytes such as
macrophages and dendritic cells found in almost every tissue are key sensors of the
microenvironment (Pollard, 2009). In addition, rapid responses can be mounted from
circulating cells such as monocytes that patrol tissues and amplify the inflammatory
response (Auffray et al., 2007). In many settings, these responses may be a part of normal
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physiology as opposed to pathophysiology. For example, the repair of damaged skeletal
muscle is intricately linked to monocytes that trigger myogenesis (Arnold et al., 2007). With
a short term fast, macrophages are rapidly recruited to adipose tissue and provide signals
that suppress lipolysis and improve nutrient storage (Kosteli et al., 2010).

This broadened view of innate immunity presents a challenge to traditional nomenclature
and concepts of the nature of inflammation. With this in mind, I will present a overview of
the evidence that obesity is associated with the activation of the innate immune system. The
exciting developments in this field have come out of the need to respond to the epidemic of
obesity-associated diseases that threatens to overwhelm health care systems across the world
(Ogden et al., 2006; Wang and Dietz, 2002). The complexity of the components necessitates
a measured approach to the problem, so this review will present a reductionist view of how
obesity alters the components innate immunity. In many ways, we are still in a descriptive
phase of trying to understand obesity-induced inflammation. However, the future challenge
in the field will be to construct integrated models of how these components communicate
and interact in different settings. With this background, it is my hope that researchers and
clinicians with an interest in the health effects of obesity can better understand the nature of
the links between obesity and inflammation relevant to disease.

2. The Innate Immune Response to Obesity

The increased prevalence of obesity and overweight in adults continues to rise and
contributes to morbidity and mortality that is estimated to cost $147 billion dollars a year in
the U.S. (Finkelstein et al., 2009) and up to 0.6% of the gross domestic product of European
countries (Muller-Riemenschneider et al., 2008). More ominous is the high rates of
childhood obesity which is a strong predictor of adult obesity (Lee et al., 2009). This has
also shifted the prevalence of adult diseases such as type 2 diabetes and pre-diabetes into
childhood and has generated new treatment and prevention challenges (Lee, 2006; Lee et al.,
2006). Relevant to this review, increases in inflammatory bio-markers such as C-reactive
Protein (CRP) and neutrophilia are seen in obese children as young as 3 years of age
(Skinner et al., 2010). This indicates that many of the origins of obesity-induced
inflammation may actually be initiated during childhood. Therefore, many people will face a
lifetime threat to health from obesity.

The long term duration of obesity-induced inflammation makes it challenging to describe
this unique type of inflammatory activation based on classical models of innate immunity.
Applying such models may be inaccurate and insufficient to encompass the events that are
triggered with obesity in metabolic tissues such as fat. Furthermore, it is clear that the
inflammation generated by obesity is not as high in amplitude as those seen in acute
infectious settings (Hotamisligil, 2006). These unique challenges have led to the coining of
the term “metainflammation” to describe the chronic low grade inflammatory events that
occur in obesity and its associated diseases.

A frequently asked question is why would obesity trigger an immune response? For the most
part, this question remains unanswered, but one answer to this may lie in the fact that many
of the key regulators of metabolism also play critical roles in regulating inflammatory
responses. The venn diagram between nutrient control and inflammatory responses overlaps
much more extensively than previously appreciated. For example, the paradigm of anti-
inflammatory alternative macrophage activation (M2) appears to be intrinsically linked to
the activity of peroxisomal proliferator activator receptors (PPARS) and which are also key
regulators of mitochondrial function and lipid metabolism (Kang et al., 2008; Odegaard et
al., 2007; Odegaard et al., 2008). Liver X receptors (LXRs) also play dual roles in the
control of lipid metabolism and inflammation (Hong et al., 2011). Such overlap may be

Mol Aspects Med. Author manuscript; available in PMC 2014 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lumeng

Page 3

related to the high energy requirements needed by immune cells to generate reactive oxygen
species, mobilize lipid membranes for phagocytosis, produce inflammatory cytokines, and
activate cell migration. Furthermore, hormones that are dysregulated in obesity can have
direct effects upon leukocyte function (e.g. Insulin receptor (Baumgartl et al., 2006) and
leptin receptor (Mancuso et al., 2004)).

3. Inflammation as a link between obesity and disease

The interest in obesity-induced inflammation relates to the understanding that inflammatory
mechanisms are central to the pathogenesis of diseases such as heart disease that are
modified by obesity. The scope of all of these diseases is too broad to adequately cover so |
will focus attention on the inflammatory mechanisms of fatty liver disease and type 2
diabetes - related diseases with fundamental alterations in nutrient control derived from pro-
inflammatory inputs. This will set the stage for future discussion of the innate immune
components activated in obesity. | will highlight both clinical and pre-clinical studies in
animal models of obesity that have built our understanding of the mechanisms that drive
obesity-associated diseases.

3.1 Non-alcoholic Fatty Liver Disease (NAFLD)

The liver plays a critical role in the regulation of glucose and lipids levels in the blood.
Obesity generate a number of physiologic changes in hepatocyte glucose production as well
as lipid oxidation and storage. Aberrant hepatic lipid accumulation is closely linked to many
obesity-associated morbidities that include non-alcoholic fatty liver disease (NAFLD) and
metabolic syndrome (Cohen et al., 2011; Fabbrini et al., 2010). The metabolic changes that
occur with hepatic lipid accumulation include hepatic insulin resistance which is related to
inflammatory cytokine signals. TNF and IL-6 generated by resident Kupffer cells (KC) and
recruited inflammatory macrophages contribute to hepatocyte dysfunction (Baffy, 2009).
Depletion of KC in the context of high fat diet (HFD) feeding can prevent steatosis and
hepatic insulin resistance by attenuating TNF production (Huang et al., 2010). While this
suggests that KC play a negative role in liver function, there is also evidence that KC may
mediate beneficial effects on hepatic metabolism by secretion of anti-inflammatory
cytokines such as IL-10 (Clementi et al., 2009). In addition, new evidence suggests that
adiponectin can have beneficial effects on hepatic insulin signaling by the acute stimulation
of IL-6 production from macrophages (Awazawa et al., 2011).

Besides the resident KC, new macrophages are recruited to the liver with obesity and
contribute to steatosis (Obstfeld et al., 2010). Such recruitment is dependent upon the
chemokine CCL2 (C-C chemokine ligand 2; monocyte chemoattractant protein 1 (MCP-1))
which is secreted by the liver to recruit CCR2 (C-C chemokine receptor 2) expressing
monocytes. The progression from steatosis to non-alcoholic steatohepatitis (NASH) involves
inflammatory responses to hepatocyte damage and fibrosis mediated by cytokines which are
induced with obesity such as TNF and IL-6(Feldstein, 2010; Tilg, 2010). Besides KC, other
leukocytes are found in the steatotic liver including NK cells (discussed below) that likely
cooperate with KC to regulate liver inflammation.

3.2 Type 2 Diabetes (T2D)

The regulation of glucose metabolism is tightly coordinated between nutrient inputs
regulated by the liver and gut, nutrient utilization and storage in muscle and fat, insulin
secretion by the pancreas, and central signals from the hypothalamus that coordinate these
responses (Saltiel and Kahn, 2001). The dysregulation of almost all of these processes with
obesity is now known to be associated with the activation of innate pro-inflammatory
pathways (Gregor and Hotamisligil, 2011; Hotamisligil, 2006). The net result of this is the
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generation of systemic insulin resistance and hyperglycemia. While the autoimmune
targeting of pancreatic f cells underlies the pathogenesis of type 1 diabetes, there is growing
evidence that islet inflammation also occurs with obesity to limit insulin secretion and
promote 3 cell failure - a key event in the progression from pre-diabetes to diabetes (Dobrian
etal., 2011; Ehses et al., 2007). The activation of pro-inflammatory signaling pathways in
the hypothalamus such as NF B can also have significant effects upon glucose metabolism
and weight gain (Ozcan et al., 2009; Zhang et al., 2008).

When energy consumption outpaces energy expenditure, the only tissue capable of
expanding to store large amounts excess nutrients is adipose tissue. This adipocentric view
of obesity derives from the hypothesis that many of the chronic health effects of obesity are
secondary to the breakdown of the ability of adipose tissue to properly store lipids. This
places subsequent pressure on non-adipose organs to deal with the excess lipid load (Kim et
al., 2007b; Unger and Scherer, 2010). It is now clear that adipose tissue dysfunction is
closely linked to the innate inflammatory responses generated by inflammatory leukocytes
that make up a large proportion of the non-adipocyte cells in fat (e.g. Macrophages, T cells,
B cells). There are now many examples in the literature that show that attenuation of pro-
inflammatory pathways decreases adipose tissue inflammation and subsequently improve
global insulin sensitivity by producing healthy fat. This perspective may explain much of the
variation in obesity phenotypes and the risk of developing diabetes and its complications
(Albu et al., 2010; Sluik et al., 2011).

4. Cellular Effectors of Innate Immunity in Obesity

The inflammatory effects of obesity are seen in many tissues and are generated by a
combination of systemic inflammatory signals, dynamic cellular events, and tissue specific
responses to nutrient excess. To cope with these multiple challenges to homeostasis, it
appears that the innate immune response is equally diverse and dynamic.

These factors make it difficult to generalize on how obesity alters the function of different
components of the innate immune response. In the next section, we will try to summarize
what is known about how obesity effects the cellular mediators of innate immunity. We will
highlight examples of how these innate immune cells contribute to NAFLD, atherosclerosis,
and T2D in obesity with a focus on adipose tissue inflammation (Figure 1). While obesity
contributes to the progression of all these disease processes through inflammatory inputs, the
nature of the inflammation is unique for each of these cases. For example, while CCL2/
MCP-1 mediates the recruitment of monocytes to atherosclerotic plaques and the liver with
diet induced obesity (DI10), there is mixed data regarding if it is required for the
accumulation of adipose tissue macrophages (ATMs) in fat (Kanda et al., 2006; Kirk et al.,
2008; Obstfeld et al., 2010).

4.1 Macrophages

The macrophage sits at the junction of many innate immune responses to initiate
inflammation and to lead to its resolution. An extensive population of resident macrophages
exist in nearly all tissues with unique properties depending on the context (e.g. KCs vs
alveolar macrophages vs ATMs) (Pollard, 2009). Adding to this complexity is the newly
appreciated ability of macrophages to proliferate upon activation within tissues (Jenkins et
al., 2011).

On top of the resident macrophages, new macrophages can be recruited from circulating
monocytes and traffic to sites of injury. Regulation of inflammation is partially driven by
distinct subtypes of monocytes in the circulation: inflammatory monocytes (Ly-6cM in mice;
CD16™ in humans) which generate pro-inflammatory macrophages and patrolling monocytes
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(Ly-6c'° in mice) which play a role in immune surveillance as opposed to responses
(Robbins and Swirski, 2010). Obesity leads to an increase in inflammatory monocytes in the
circulation in mice (Tsou et al., 2007). In humans, CD16+ monocytes are elevated in obese
diabetic patients and their numbers precipitously decline with surgical weight loss in concert
with improvements in vascular inflammation (Poitou et al., 2011). Therefore, many of the
inflammatory origins of obesity may derive from bone marrow and splenic monocyte pools
that give rise to circulating monocytes. Experimental evidence for this possibility comes
from studies of mice deficient in C-C chemokine receptor 2 (CCR2), the receptor for the
chemokine CCL2/MCPL1. Ccr2 knockout mice have low levels of inflammatory monocytes
in the circulation have are protected from many of pathologic features associated with
obesity including steatosis, atherosclerosis, and adipose tissue inflammation (Boring et al.,
1998; Obstfeld et al., 2010; Weisberg et al., 2005). Pre-clinical studies show promise that
CCR2 antagonists to block monocyte trafficking may be useful to treat obesity-associates
diseases (Kang et al., 2011; Tamura et al., 2010).

The importance of macrophage activation in obesity and metabolic disease is supported by
genome wide association studies. Analysis of gene expression variation in fat and metabolic
measures identified a signature gene expression pattern enriched for macrophage activation
genes that predicted risk for the features of metabolic syndrome (Chen et al., 2008; Emilsson
et al., 2008). While this suggests that macrophages are deleterious to adipose tissue function,
this does not fully explain why an extensive network of resident macrophages exist in fat
and liver in lean insulin sensitive states. In addition, macrophage deficient mice show
multiple abnormalities in metabolism and bone development (Banaei-Bouchareb et al.,
2004; Bergmann et al., 2006).

These observations argue that macrophages may have both protective and deleterious
functions towards metabolic regulation. A paradigm used to explain such diversity in
macrophages is based on the differential responses of macrophages to Th1l (M1) or Th2
(M2) polarizing signals (Mantovani et al., 2004). The M1/M2 paradigm is not a simple
binary system as many in vitro subsets have been defined (e.g. M2a, M2b) (Martinez et al.,
2008). In addition, in vivo, macrophages exist along the M1/M2 spectrum and can have
mixed M1 and M2 properties. However, this paradigm has been a useful starting point to
understand macrophage diversity in obesity especially for adipose tissue macrophages
(Dalmas et al., 2011; Morris et al., 2011). Due to the limitation of the M1/M2 paradigm, we
have proposed a new nomenclature for ATMs based on surface marker expression,
localization in fat, and kinetics of accumulation with obesity (Morris et al., 2011).

Multiple studies have demonstrated that obesity-induced inflammation correlates with an
increase in markers of M1 genes and a decrease in M2 genes in adipose tissue (Fujisaka et
al., 2009; Shaul et al., 2010a; Zeyda et al., 2007; Lumeng et al., 2007; Wentworth et al.,
2010). This phenotypic shift in the inflammatory environment in fat is linked to an increase
in the ratio of inflammatory (M1-like) to non-inflammatory (M2-like) ATMs. Type 2
resident ATMs express surface markers characteristic of alternative M2 activation in mice
and humans such as the mannose receptor (CD206) and macrophage galactose-type C-type
lectin 1 (MGL1/CD301) (Lumeng et al., 2008; Spencer et al., 2010; Wentworth et al., 2010).
Obesity induces the recruitment and appearance of pro-inflammatory Type 1 ATMs that
express the dendritic cell marker CD11c and sub-populations with different inflammatory
gene expression exist within this population (Fujisaka et al., 2009; Shaul et al., 2010a;
Zeyda et al., 2007). In addition, F4/80+ macrophages which lack significant CD206 or
CD11c expression have been identified in obesity with anti-inflammatory gene expression
profiles (Zeyda et al., 2010).
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Studies extending from the M1/M2 paradigm have revealed key connections between genes
that regulate macrophage activation state and metabolism. Disruption of M2 activation by
knockout of PPAR or PPAR in macrophages aggravates obesity-induced inflammation and
worsens insulin resistance (Kang et al., 2008; Odegaard et al., 2007; Odegaard et al., 2008;
Ricardo-Gonzalez et al., 2010) The maintenance of an M2-like polarization state in resident
Type 2 ATMs appears to be governed by local production of IL-4 in adipose tissue and
possibly derived from eosinophils (Wu et al., 2011). In addition, ablation of inflammatory
CD11c+ ATMs leads to a rapid decrease in adipose tissue inflammation and an
improvement in insulin sensitivity (Patsouris et al., 2008).

How the balance of ATMs gets shifted is unclear although monocyte recruitment is clearly
important (Weisberg et al. 2007; Westcott et al. 2009). Adipocyte death is associated with
the formation of crown-like structures made up of Type 1 ATMs suggesting that this is a
primary trigger (Cinti et al., 2005). However, a recent study demonstrated that it is possible
to uncouple adipocyte death from ATM accumulation as well as local tissue inflammation
(Feng et al., 2011). This suggests that the coupling of ATMs to adipocyte dysfunction may
involve two-way communication or involve other inflammatory partners such as B and T
cells which are activated in adipose tissue in concert with ATMs (Nishimura et al., 2009;
Winer et al., 2011; Winer et al., 2009). It is also clear that ATMs can respond to the
microenvironment independent of new macrophage recruitment. For example, acute lipid
infusion induces the expression of plasminogen activator inhibitor 1 (PAI-1) in ATMs
without altering their number (Kishore et al., 2010). Weight loss is able to deactivate
inflammatory gene expression in ATMs without significantly changing the number of
CD11c+ Type 1 ATMs (Li et al., 2010). New studies have also highlighted the link between
physiologic adipose tissue adaptation and ATM responses. With short term fasting, ATMs
accumulate in fat and may help dampen lipolytic signals and restore the system back to a
normal baseline (Kosteli et al., 2010; Mottillo et al., 2007).

Overall, we are in a phase where we are still cataloging the diversity of ATM and their
function. Ultimately, we may revise our models to classify ATMs by function (e.g.
Classically activated, wound healing, regulatory (Mosser and Edwards, 2008)) but we
currently lack all of the experimental tools to phenotype ATM functional properties well.
There remain many questions as to the range of function of ATMs in obesity as both
initiators and effectors of the innate immune response to obesity. Outstanding issues in the
field are the precise functions for ATMs in different fat depots and in different physiologic
and pathologic contexts. As the predominant leukocyte in adipose tissue, future studies on
how ATMs communicate with the other innate immune cellular and molecular components
remain a challenge for the future.

4.2 Natural killer (NK) Cells

NK cells are large granular lymphocytes that derive from the same common lymphoid
progenitor as B and T cells. However, NK cells lack T cell receptors and CD3 and derive
their name from their potent ability to activate cytolytic activity in response to chemokines
generated in settings such as viral infections (Paust and von Andrian, 2011).

NK cells are found in many metabolic tissues including the liver and adipose tissue.
Evidence for quantitative changes in NK cells with obesity have been mixed and tissue
dependent. In mouse models of obesity, NK cells are found more prominently in visceral fat
compared to subcutaneous fat depots. With obesity, they appear to decrease or be unchanged
in number (Caspar-Bauguil et al., 2005; Duffaut et al., 2009). Other leukocytes in fat may
regulate their number, as B and T cell deficient mice have a coordinated increase of NK
cells as well as ATMs in fat (Duffaut et al., 2009). In human obesity, there is evidence that
adipose tissue NK cells are a potent constitutive source of inflammatory cytokines such as
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IFN and may be increased in omental fat with obesity (O’Rourke et al., 2009; O’Rourke et
al., 2011).

It should be noted that NK cells represent a single branch of a family of innate lymphoid
cells that include lymphoid tissue inducer (LTi) cells and cells with a spectrum of
inflammatory phenotypes (Spits and Di Santo, 2011). This large family of lymphoid cells
have protective roles and maintain tissue homeostasis by enhancing tissue remodeling via
cytokine production. The possibility that LTis are present in fat or liver and regulate
metabolism has yet to be examined comprehensively.

4.3 Natural Killer T (NKT) Cells

Natural killer T (NKT) cells are unique in that they express invariant T cell receptors as well
as markers of NK cells (NK1.1) (Godfrey et al., 2010). The interest in the intersection
between NKT cells and nutrient metabolism extend from the unique ability of NKT cells to
be recognize lipid species presented on antigen presenting cells in the context of the CD1d
receptor. This coordinated regulation is seen in omental fat in humans which contain large
numbers of NKT cells along with CD1d* cells (Lynch et al., 2009). Omental NKT cells
produce both Thl (IFN) and Th2 (IL-4) chemokines and decrease in quantity with obesity in
humans. This observation conflicts with mouse models of obesity which show that NKT
cells increase in fat with obesity (Mantell et al., 2011; Ohmura et al., 2010). In contrast,
NKT cells are suppressed in the liver with DIO and genetic obesity models (Li et al., 2002;
Li etal., 2005; Mantell et al., 2011; Syn et al., 2010). The mechanism for this suppression is
unclear but may involve cytokine signals between tissue macrophages (e.g. KCs) and NKT
cells (Li et al., 2002).

Several studies have modified NKTs in mice to examine the effect of NKT cell deficiency
on metabolism and obesity. Beta2-microglobulin deficient mice which lack NKT cells as
well as CD8" T cells are protected from insulin resistance with DIO despite similar weight
gain as controls (Ohmura et al., 2010). This protection correlated with a significant
reduction in ATM infiltration. Similarly, treatment of obese mice with -galactosylceramide
led to an expansion of NKT cells in fat, increased inflammation, and led to a small, but
significant, worsening of glucose tolerance. A complementary approach examined CD1d-
deficient mice which block the generation of NKT cells but retain normal CD8* cell
numbers. These mice had no significant alterations in glucose tolerance, adipose tissue
inflammation, or hepatic inflammation (Mantell et al., 2011). This argues that NKT-CD1d
signals do not contribute significantly to obesity-induced inflammation in mice.

Further research will be required to resolve these disparate results especially given the
differences in NKT and CD1 regulation in mice and humans (Godfrey et al., 2010).
However, an open mind will be required as we consider how metabolism intersects with
NKT cel inflammation. For example, a recent case report observed a rapid improvement in
psoriasis in a patient with type 2 diabetes shortly after starting therapy with a glucagon-like
peptide (GLP-1) agonist used to improve glycemic control (Hogan et al., 2011). Subsequent
studies demonstrated that the improvement in psoriatic inflammation was related to the
suppression of inflammatory cytokine release from NKT cells via the GLP-1 receptor. This
is one of many examples of how existing anti-diabetes drugs may have anti-inflammatory
mechanism at the heart of their beneficial effects on glucose homeotasis. Such findings have
led to the reevaluation of the mechanisms of action of drugs such as PPAR agonists
(Hevener et al., 2007) and inhibitors of dipeptidyl peptidase 4 (DPP4) (Dobrian et al., 2011;
Shirakawa et al., 2011).
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4.4 Mast Cells

Mast cells are critical effectors of the anaphylactic response to allergens found in all tissues
(Rao and Brown, 2008). They also play a central role in wound healing at all stages of
inflammation and secrete growth factors that regulate collagen deposition and breakdown.
Mast cell granules contain preformed inflammatory lipids and cytokines as well as neutral
proteases such as tryptase that can rapidly respond to activation. In chronic diseases such as
arthritis, renal injury, and cardiovascular disease, mast cells accumulate and contribute to
disease progression and tissue remodeling. For example in vascular remodeling and
atherosclerosis, mast cell derived cytokines and proteases regulate the activity of matrix
metalloproteinases (MMPs) remodel the extracellular matrix (ECM) (Levick et al., 2011;
Sun et al., 2007).

Adipose tissue mast cells are found between adipocytes and co-localize with ATMs in
crown like structures in mouse models of obesity (Altintas et al., 2011; Liu et al., 2009). In
human obesity, mast cells are distributed along micro vessels as well as fibrotic regions in
fat. Mast cell trypase levels are elevated with obesity suggesting that an increase in mast cell
activity is relevant in obese states. As with other leukocytes, the distribution of mass cells
differ between fat depot with more found in visceral fat compared to subcutaneous fat
(Altintas et al., 2011). The origins of mast cells in adipose tissue are unclear. While mast
cells are bone marrow derived, there is evidence that adipose tissue contains a population of
mast cell progenitor cells (Poglio et al., 2010).

The importance of mast cells in the regulation of obesity was demonstrated by studies of
mast cell deficient mice (Liu et al., 2009). These mice were protected from HFD induced
obesity related to defects in adipose tissue angiogenesis. Mast cell derived expression of
IL-6 and IFN contributed this weight loss phenotype. Mast cell stabilizing drugs (disodium
cromoglycate (DSCG)) also led to weight loss with subsequent improvement in glucose
metabolism.

The weight loss phenotype observed in these studies suggest that mast cells may be
important in allowing adipose tissue to dynamically expand in response to excess nutrients.
This may be linked to the remodeling function of mast cells. The regulation of collagen
deposition and breakdown in adipose tissue is critical for normal fat development and the
physiological response of fat expansion (Chun et al., 2006; Khan et al., 2009). This has led
to a growing interest in how the extracellular compartments of fat are regulated and can
influence metabolism. The cellular effectors that regulate the ECM in fat are unclear, but
may involve a balance between macrophage derived MMPs and mast cells proteases as seen
in other settings.

4.5 Eosinophils

Eosinophils are effectors of allergic inflammation and partner with mast cells to respond to
elevations in IgE. Surprisingly there is evidence that these components are also present in
adipose tissue and may regulate metabolism. Eotaxin, a chemokine for eosinophils, is
elevated in adipose tissue and serum in obese humans and animal models (Vasudevan et al.,
2006). This suggested an inflammatory activation of allergic innate immune responses with
obesity. Such a process may relate to the associations seen between obesity and asthma,
although clinical studies supporting an inflammatory link between asthma and obesity have
been mixed (Farah et al., 2011; Lang et al., 2011).

A recent study carefully examined the role that eosinophils play in adipose tissue
inflammation with obesity (Wu et al., 2011). Eosinophils are present in adipose tissue in
very low numbers that decline with DIO. Eosinophil deficient mice have increased body
weight and worse insulin resistance suggesting that eosinophils help preserve normal
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metabolic regulation. The mechanism of this finding was related to eosinophil derived Th2
cytokines (IL-4 and 1L-13) that maintain resident ATMs in an alternatively activated M2
state. Supporting the principle that Th2 signals can counteract many of the harmful effects of
obesity, helaminth infection was shown to increase adipose tissue eosinophils and lead to a
sustained improvement in glucose tolerance and decrease fat mass. This finding matches the
observations that Th2 biased mouse strains such as BALB/c mice are relatively protected
from the effects of DIO (Fearnside et al., 2008).

4.6 Neutrophils

Classic innate immune responses are characterized by an early transient phase of neutrophil
infiltration into inflamed tissues (Mantovani et al., 2011). Neutrophils are capable of
communication with multiple components of both innate and adaptive immunity and are
closely linked to macrophage immune function in pathologic setting and at steady state
(Gordy et al., 2011). The role of neutrophils in obesity-induced inflammation is
incompletely understood, but there are clear associations between neutrophils and obesity.
Mild elevations in circulating neutrophils are observed in obese adults and children and
correlate with inflammatory cytokine levels (Herishanu et al., 2006; Zaldivar et al., 2006).
Neutrophil counts are also associated with BMI, waist circumference and total adipose tissue
in obese female adolescents (Kim and Park, 2008). Neutrophils are found in adipose tissue
in small numbers, but migrate to fat even with short term HFD exposure (Elgazar-Carmon et
al., 2008). Adhesion between adipocytes and neutrophils is mediated by interactions
between CD11b on neutrophils and ICAM-1 on adipocytes. Byproducts of neutrophil
activation are elevated in obesity and some markers (e.g. Calprotectin) are decreased with
bariatric surgery suggesting that neutrophils are chronically activated in obesity. The
location of neutrophil activation remains unclear as one study did not find evidence of
myeloperoxidase induction in fat or muscle with morbid obesity (Elgazar-Carmon et al.,
2008).

Neutrophils contribute to inflammatory infiltrates in alcoholic fatty liver disease but are less
prominent a feature of inflammation in NAFLD (Tiniakos, 2009). Another setting where the
innate immune response is important is in wound healing, a process which is abnormal in
type 2 diabetics and is the cause of significant morbidity and mortality. Obese mouse models
demonstrate abnormal kinetics of early and late infiltration of wounds with macrophages
and neutrophils which may contribute to the microvascular disease complications seen in
diabetes (Seitz et al., 2010).

In addition, there is new interest in neutrophils as mediators of atherosclerosis progression
(Noels and Weber, 2011). Neutrophil egress from the bone marrow is induced with
hypercholesterolemia. In addition, neutropenia significantly limits the appearance of
macrophages in atherosclerotic plaques (Drechsler et al., 2010). Evidence for the importance
of neutrophils in obesity and metabolism may already exist in the literature. Many studies
that modulate macrophage gene expression utilize the Cre-recombinase under the expression
of the lysozyme M (Lyzs) gene (Hevener et al., 2007; Odegaard et al., 2007). While LysM-
Cre is expressed in macrophages, it is also potently expressed in neutrophils (Clausen et al.,
1999), therefore, we have to assume that many of these models have inactivated genes in
neutrophils as well.

5. Humoral Effectors of Innate Immunity

Partnering with the cellular components of the innate immune system are humoral factors in
serum and tissue fluids. These include inflammatory cytokines and chemokines that
participate in the initiation, amplification, and resolution of immune responses. It also
includes innate inflammatory molecules such as C-reactive protein, defensins, and the
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complement system which promote phagocytosis, inflammation, and cell lysis when
activated. Much of our knowledge of the interaction between obesity and inflammation
derives from the study of these humoral factors in clinical populations and in experimental
contexts.

5.1 Inflammatory Cytokines

Inflammatory cytokines are the prominent amplifiers of the immune response that trigger
leukocyte activation. The studies that demonstrate associations between inflammatory
cytokines and obesity are vast and cannot be fully captured in this review. | would point
readers to one of the many excellent reviews on this topic in the context of metabolic
syndrome, diabetes, and NAFLD (Donath and Shoelson, 2011; Espinola-Klein et al., 2011,
Tilg, 2010). In obesity, the production of many of these cytokines may originate from
visceral adipose tissue and are coupled with adipose tissue expansion. While adipocytes
were once thought to be the primary engine for inflammatory cytokine production in fat, it is
now appreciated that the stromal cells in fat are the primary source of most inflammatory
cytokines in fat (Bastelica et al., 2002; Bruun et al., 2005; Weisberg et al., 2003; Xu et al.,
2003). Mechanistically, pro-inflammatory cytokines such as TNF, IL-1, and IFN appear to
contribute to the link between inflammation and insulin resistance as disruption of these
signals improves glucose homeostasis in mouse models (Hotamisligil et al., 1993,;
McGillicuddy et al., 2011; Rocha et al., 2008)

5.2 Complement

The complement system is an evolutionarily conserved system designed to defend against
infection and tissue damage. The complement system can be triggered by multiple pathways
(Figure 2): classical pathways involve antibody dependent identification of foreign agents,
alternate pathways involve antibody-independent sensing pathogens, and the lectin binding
pathway is dependent upon mannose binding lectin (MBL) as a sensor (Ehrnthaller et al.,
2011). These pathways ultimately trigger to the formation of the membrane attack complex
(MAC) which forms pores in the membrane of the target cells. Along the way, pro-
inflamamtory cleavage products are generated that promote the opsonization of foreign
particles for clearance and partner with macrophages and neutrophils to regulate the
resolution of inflammation.

The levels of core complement components C2, C3, and C4 have been shown to be elevated
in obese subjects and in adipose tissue specifically (Gabrielsson et al., 2003; Muscari et al.,
2007; Pomeroy et al., 1997; Yang et al., 2006). The association is particularly robust for
serum C3 levels which is strongly associated with measures of insulin resistance (van
Greevenbroek et al., 2011). This suggests that complement activation may be yet another
link between obesity and disease. Complement is also associated with cardiovascular disease
risk (Muscari et al., 1995). Animal models suggest that the classical complement pathway
that is important in early atherogenesis as C1q deficient mice demonstrated protection from
atherosclerotic plaque formation (Bhatia et al., 2007).

Supporting a role of complement in obesity are results of a non-biased genome-wide
association studies. In a screen for genes that regulate omental fat pad weight in mice, the
C3a receptor (C3ar1) was identified as a regulator of visceral fat mass (Schadt et al., 2005).
C3ar1 knockout mice are protected from insulin resistance and obesity- induced
inflammation with DIO (Mamane et al., 2009). This phenotype was linked to the
suppression of ATM infiltration in fat and a link between complement and Type 1 ATMs.
The targets of the complement response in obesity are unclear. Perivascular adipose tissue
generates large amounts of C3 which may regulate the remodeling events in blood vessels in
hypertension and other vascular diseases (Miao and Li, 2011; Ruan et al., 2010).
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Besides classical complement components, expression of alternate pathway proteins are
elevated in obesity and diabetes. The source of this appears to be adipose tissue which
secretes complement factors B, D (adipsin), and H (fB and fH) into the circulation that are
associated with insulin resistance (Moreno-Navarrete et al., 2010; Choy and Spiegelman,
1996; Fain et al., 2007). The function of these components may be tied into the regulation of
acylation-stimulation protein (ASP/C3adesArg) which was identified as an adipokine that
induces triglyceride synthesis via the C5L2 receptor. ASP is generated from the alternative
complement pathway after the cleavage of C3 to C3a and its further modification by
carboxypeptidase B (Cianflone et al., 2003). C3 knockout mice lack ASP and have a lean
phenotype despite hyperphagia due to increased energy expenditure (Paglialunga et al.,
2008; Xia et al., 2004). How ASP expression in adipose tissue ties into the adipose tissue
inflammation and leukocytes is unclear at this time, but microarray experiments have
identified associations between ASP expression and genes important in adipose tissue
remodeling in obese subjects (MacLaren et al., 2010).

5. Molecular Sensors of Inflammation in Obesity

A possible answer to why inflammation is triggered with obesity is that inflamamtion is a
normal response to tissue expansion (e.g. Adipose tissue expansion and ATMs (Kosteli et
al., 2010)). However, it is hard to understand how this might have been evolutionarily
advantageous. In times of low nutrient supply, it would likely be a disadvantage to
coordinately upregulate energy consuming inflammatory responses which increase energy
utilization if the goal is to build up nutrient stores.

A second possibility is that the obese state is triggering inflammatory pathways
“accidentally” by co-opting signaling pathways already firmly established to guard against
infection. A core component of innate immunity is the ability to sense the danger signals
that indicate the presence of microbes. The innate discrimination between self and foreign
microbes has evolved to rely on unique chemical structures present in only in bacterial
structures (e.g. Peptidoglycan and lipolysaccharide (LPS; endotoxin). Collectively these
compounds are referred to as pathogen-associated molecular patterns (PAMPSs) and include
unique peptides and proteins (e.g. Muramy! dipeptides, flaggelin), carbohydrates,
lipoproteins, and nucleic acid species (e.g. CpG-DNA, dsRNA) (Kumar et al., 2011; Zhang
and Mosser, 2008).

Mammals have co-evolved a set of pattern recognition receptors (PRRs) designed to sense
and trigger a response to PAMPs they encounter in extracellular and intracellular
compartments (Figure 3). What has become clear is that many of these PRRs are involved in
the inflammatory response to obesity. While the range of PRRs continues to expand, they
can be broadly grouped into several evolutionarily conserved receptor classes: Toll-like
receptors (TLRs), Nod-like receptors (NLRs), C-type lectin receptors (CLRs), and Rig-1-
like receptors (RLRS).

There is evidence that TLRs, NLRs, and CLRs participate in obesity-induced inflammation.
In most cases, the endogenous ligands that trigger these pathways are incompletely
understood, but it is apparent that obesity may trigger the production of metabolites capable
of being sensed by these receptors. In some ways, it could be said that the inflammatory
response to obesity is a reaction to “non-self” cues generated with nutrient excess and
metabolic dysregulation. Clearly, this is an extreme view of the situation, however it
provides a starting point from which we can explore the intersection between metabolism
and PRR’s.
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5.1 Toll-like Receptors (TLRS)

A critical set of membrane-bound PRRs are those of the Toll-like receptor (TLR) family
which consists of 10 receptors in humans. Named due to their homology to the Toll gene in
drosophila, TLRs have conserved intracellular signaling domains with homology to the IL-1
receptor (TLR/IL-1 Domain; TIR) that activate nuclear factor kappa b (NF- B), mitogen-
activated protein (MAP) kinases, and interferon response factor (IRF) signaling pathways
(Iwasaki and Medzhitov, 2004; Tsan and Gao, 2004). The PAMPs that maximally activate
each TLRs are distinct, but many TLRs can be activated by free fatty acids especially
saturated fatty acids (Fessler et al., 2009; Shi et al., 2006). In addition, TLRs can trigger
ceramide production that is linked to NF B activation (Holland et al., 2011). These
mechanisms may form critical links between metabolism and inflammation.

5.1.1 TLR4—As a sensor of LPS produced by gram negative bacteria, TLR4 is one of the
most studied TLRs due to its role in sepsis and its ability to activate nearly every leukocyte
type. The link between obesity and TLR4 may be as simple as elevations in circulating LPS
that has been seen in experimental and clinical obesity (Basu et al., 2011; Cani et al., 2007;
Sun et al., 2010). Even shortly after a high fat meal, LPS levels in the blood increase to
levels that are sufficient to activate monocytes and endothelial cells (Erridge et al., 2007).
The source of this LPS is likely from gut microorganisms which dynamically respond to diet
and are known to contribute to weight and metabolic regulation (Manco et al., 2010; Rabot
et al., 2010; Tilg and Kaser, 2011). The close relationship between the gut microbiota,
TLRs, and obesity was demonstrated in TLR5 deficient mice which demonstrate
hyperphagia, obesity, and insulin resistance mediated the gut microbiome (Vijay-Kumar et
al., 2010)

Several studies have demonstrated that TLR4 knockout mice are protected from insulin
resistance with HFD feeding (Davis et al., 2008; Kim et al., 2007a; Shi et al., 2006). Unlike
TLR5, many of these studies found the significant effects of TLR4 deficiency on prevention
of obesity with HFD which complicates interpretations of glucose metabolism. TLR4
deficiency specifically in hematopoietic cells was shown to be sufficient to protect mice
from insulin resistance without weight loss (Saberi et al., 2009). In addition, the deletion of
CD14, a TLR2/TLR4 co-receptor for LPS, can confer protection from insulin resistance
with HFD feeding (Cani et al., 2007; Roncon-Albuquerque et al., 2008).

While the TLR4 expression in hematopoietic cells appears to mediate most of the effects of
inflammation on glucose metabolism (Saberi et al., 2009), an expanded role for TLR4 in
metabolic tissues is apparent. TLR4 is expressed in skeletal muscle fibers and can regulate
substrate utilization (Frisard et al., 2010). It is also expressed on hepatocytes and adipocytes
and upon activation can modify insulin sensitivity via MyD88 dependent pathways (Davis et
al., 2009; Raetzsch et al., 2009). Such pathways may be important in lipid-infusion induced
insulin resistance which is dependent on TLR4 and relates to intracellular ceramide
production (Holland et al., 2011).

It should be noted that some have observed minimal effects of TLR4 deficiency on glucose
metabolism in obese rodent models (Coenen et al., 2009). In addition, disrupting a major
downstream signaling pathway from TLR by deletion of MyD88 resulted in mice with
worse insulin resistance with DIO (Hosoi et al., 2010). While there are MyD88-independent
pathways from TLR4, these results suggest that in some cases TLR4 may not contribute to
obesity-induced chronic inflammation. This is supported by observations that the
inflammatory effects of saturated fatty acids may be independent of TLR4 in certain cells
(Erridge and Samani, 2009). This study urged caution in in vitro experiments as LPS
contamination in fatty acid preparations can confound results.
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5.1.2 TLR2—Other TLRs besides TLR4 can sense dietary fatty acids. Like TLR4, TLR2 is
sensitive to activation by saturated, but not polyunsaturated fatty acids (Lee et al., 2004).
Evaluation of TLR2 knockout mice support this link as several studies have shown that loss
of TLR2 provides protection from DIO-induced insulin resistance (Davis et al., 2011b;
Ehses et al., 2010; Himes and Smith, 2010). This protection is coupled to the decrease in
ATM accumulation in fat, as well as a decrease in pro-inflammatory cytokine production
from adipose tissue. Some studies have observed a protection from weight gain with DIO as
contributing to the protected phenotype. Variation in the gutimmune interface and
husbandry conditions may possibly explain much of the variation in DIO studies involving
TLR modified mice.

5.2 Nod-like Receptors (NLRs)

Besides sensing extracellular threats, the innate immune system has mechanisms to survey
the cytoplasmic compartment for danger. This is a primary function of the Nod-like receptor
(NLR) family of PRRs. While they have not been shown to bind to any cognate microbial
products, NLRs partner with other PRRs to integrate signals from pathogenic activators (e.g.
Bacterial toxins, viral RNA, fungal glycoproteins) as well as “sterile” activators of immunity
(e.g. Asbestos, amyloid) (Chen et al., 2009; Davis et al., 2011a). This latter function may
overlap with obesity as many studies have shown that the NLR system is activated in obesity
and contributes to insulin resistance.

Much of the recent attention has been put on NLRP3 (cryopyrin/NALP3) which forms a
complex known as the inflammasome. The inflammasome can be activated by a number of
endogenous and exogenous stimuli to translate danger signals into the production of
proinflammatory cytokines IL-1 and IL-18 by Caspase-1. This process is highly active in
macrophages and plays a critical role in the intestinal inflammation, infectious responses,
and tumorigenesis (Davis et al., 2011a). Relevant to obesity is the ability of the
inflammasome to be activated by ceramides, saturated fatty acids, and reactive oxygen
species and negatively regulate insulin receptor signaling (Lukens et al., 2011; Wen et al.,
2011)

Interest in the intersection of the NLRP3 inflammasome and obesity derives from
correlations between IL-1 and diabetes measures, IL-1 gene polymorphisms that are
associated with weight variation, and the ability of IL-1 to induce insulin resistance in
adipocytes (Boni-Schnetzler et al., 2008; Carter et al., 2008; Masters et al., 2011; Misaki et
al., 2010) From a treatment perspective, IL-1 receptor blockade can improve glycemic
control in T2D patients (Larsen et al., 2007). In addition, the anti-diabetic drug glyburide
can inhibits NLRP3 and therefore may function partially via ani-inflammatory mechanisms
(Lamkanfi et al., 2009).

Mouse models demonstrated that NIrp3 and Caspl knockout mice were resistant to insulin
resistance with DIO and had reduced inflammation in adipose tissue (Stienstra et al., 2010;
Vandanmagsar et al., 2011). NIrp3 knockout mice had the reduced expression in visceral fat
of markers of M1 activation and an increase in alternative activation (M2) gene expression.
This occurred without a significant quantitative changes in ATMs, suggesting that the
inflammasome may regulate ATM activation state. While the inflammasome is primarily
understood in leukocyte inflammation, there is also the possibility that it has important
function in metabolic cells such as adipocytes. Caspase-1 deficient mice demonstrate defects
in adipogenesis and insulin sensitivity of adipocytes (Stienstra et al., 2010). Future work into
how markers of intracellular lipotoxicity such as ceramides interact with the inflammasome
in metabolic tissues will likely reveal further connections between metabolism and
inflammation.
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5.3 C-type Lectin Receptors (CLRS)

C-type lectin receptors (CLRs) represent a class of receptors prominently expressed on
antigen presenting cells such as dendritic cells and macrophages (Osorio and Reis e Sousa,
2011; van Vliet et al., 2008). These receptors bind to and mediate the internalization of
glycosylated antigens from self and non-self sources. Their function in antigen uptake is
tightly coupled to their ability to transfer the antigen to endosomal compartments and enable
their presentation by major histocompatibility complex (MHC) I and Il. In combination with
TLR activation signals, CLRs-mediated antigen internalization and processing to promote T
cell activation. The CLRs are diverse with close to 1000 members that share a C-type lectin-
like domain (CTLD) that it is found in one or more copies in the extracellular domain
(Osorio and Reis e Sousa, 2011; van Kooyk, 2008). The intracellular signaling domains vary
widely between the family members. Receptor binding can drive responses towards the
initiation of immunity or the dampening of inflammatory responses.

Many CLRs have been studied in the context of obesity and metabolic disease. The oxidized
low-density lipoprotein receptor 1 (OLR1/LOX-1/CLEC8A) is a CLR found on endothelial
cells, macrophages, platelets, and smooth muscle cells (Ogura et al., 2009). Expression of
LOX-1 is strongly induced in atherosclerotic lesions as well as in obese adipose tissue
(Takanabe-Mori et al., 2010). While it plays an important role in the endocytosis of oxidized
LDL, it can also induce macrophage and endothelial cell activation via NF B and MAP
kinase pathways (Cominacini et al., 2000; Li and Mehta, 2000). The overexpression of
LOX-1 is able to induce widespread vascular inflammation (Inoue et al., 2005).

Elevations in circulating LOX-1 have been identified in obese rodent models as well as in
obese humans. Adipose tissue LOX-1 correlates with BMI and measures of insulin
resistance (Brinkley et al., 2008; Kelly et al., 2008; Rasouli et al., 2009). LOX-1 knockout
mice gain weight on a HFD, but have a blunted induction of inflammatory cytokine genes
(Ccl2, Mipla, and 116) in visceral fat compared to controls (Takanabe-Mori et al., 2010).
This suggests that LOX-1 may serve as a metabolic sensor that mediates the inflammatory
activation in obesity. Further work is required to discern which cells in fat express LOX-1
and how uptake of oxidized LDL relates to ATM activation state.

Several prominent CLRs are expressed in ATMS and have been studied in the context of
adipose tissue inflammation. These include the mannose receptor (CD206/MRC1/
CLEC13D), dendritic dell-specific intercellular adhesion molecule-3-grabbing non- integrin
(CD209/DC-SIGN/CLECAL), macrophage galactose-type C-type lectin 1 (CD301/MGL1/
CLEC10A), and Mincle (CLEC4E). CD206, CD209, and CD301 are markers of
alternatively activated macrophage in mice and have been used to delineate distinct
populations of ATMs as described above. CD206 and CD301 are strongly expressed on
resident Type 2 ATMs found in all adipose tissue depots in lean mice (Lumeng et al., 2008;
Wentworth et al., 2010; Zeyda et al., 2010). The Type 1 CD11c* ATM population contains
subtypes that express little or moderate levels of CD301 that mark a unique population of
ATMs with remodeling properties (Shaul et al., 2010b). The function of these receptors in
ATMs not fully understood. CD301 knockout mice demonstrated protection from adipose
tissue inflammation as they had blunted recruitment of inflammatory ATMs to fat and
improved insulin sensitivity and glucose tolerance (Westcott et al., 2009). The mechanism of
this was related to the lack of induction of inflammatory monocytes in the circulation with
DIO. CD301 is expressed on inflammatory Ly-6c¢i monocytes. Loss of CD301 decreases
monocyte adhesion to adipocytes, suggesting that CD301 bind targets on adipocytes. These
receptors may also function in the clearance of dead adipocytes as induction of adipocyte
apoptosis triggers the recruitment of CD206* ATMs with M2 features (Fischer-Posovszky et
al., 2011).
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Overall, expression many of these CLRs in fat negatively correlates with inflammation and
correlates with anti-inflammatory therapies. The angiotensin I receptor blocker telmisartan
as well as the PPAR agonist pioglitizone decrease inflammatory profiles of adipose tissue
and concurrently induce the expression of CD209/DC-SIGN (Fujisaka et al., 2011; Hirata et
al., 2011). CD206 expression in epicardial adipose tissue was shown to negatively correlate
with measures of coronary artery disease suggesting regional connections between adipose
tissue inflammation and atherosclerosis (Hirata et al., 2011).

A possible exception to this trend is Mincle/CLECA4E. Mincle was identified as a CLR
induced in obese adipose tissue in mice and humans. In macrophages, Mincle is induced
upon co-cultured with adipocytes and exposure to saturated fatty acids (Ichioka et al., 2011).
This latter effect is TLR4 dependent and linked to M1 macrophage activation, which
contrasts with the other CLRs mentioned above.

Future studies will likely expand our understanding of how CLRs interact with obesity-
induced inflammatory pathways. To date, little is known about CLRs in hepatic
inflammation in NAFLD or in atherosclerosis. Given their role in linking innate to adaptive
immunity and the growing interest in adaptive immune responses in obesity, there is likely
much more to learn.

6. Anti-inflammatory Treatments for Obesity Associated Diseases

Opportunities for drug development for T2D and metabolic syndrome may lie in the design
of anti-inflammatory strategies to break the link between obesity and disease. Fortunately,
the potential targets for intervention are growing. Salsalate is a prodrug of salicylate that
blocks activation of the IKKB/NF B pathway (Hundal et al., 2002). Pre-clinical studies
demonstrate that it can attenuate obesity induced inflammation (Yuan et al., 2001). In
clinical studies, it has shown efficacy in improving glycemic control in patients with type 2
diabetes over 14 weeks without significant adverse effects (Goldfine et al., 2010). Long-
term studies are underway, as are studies evaluating the efficacy of salicylates in
cardiovascular disease (Goldfine et al., 2011).

The strong links between inflammatory cytokines and obesity suggest that long-term
blockade of these chemokines may treat or prevent obesity-induced inflammation. Overall,
pre-clinical studies in rodent models of obesity have show promise in using such strategies,
while clinical trails in humans have had mixed success. TNF was one of the first cytokines
identified as being increased in association with BMI and insulin resistance (Hotamisligil
and Spiegelman, 1994). The use of TNF blocking antibodies (etanercept) in diabetic patients
has not shown significant benefits in improving glycemic control or insulin sensitivity
(Bernstein et al., 2006; Dominguez et al., 2005). However, there is evidence that TNF
blockade may have potential benefits to other morbidities such as cardiovascular disease by
decreasing inflammatory markers, increasing adiponectin levels, and down-regulating
endothelial adhesion molecules (Stanley et al., 2011; Zanni et al., 2010).

Work continues to evolve on the potential use of agents that antagonize the action of IL-1 in
type 2 diabetes. Preclinical studies show that I1L-1 is induced islets and contributes to their
dysfunction in type 2 diabetes (Boni-Schnetzler et al., 2008; Ehses et al., 2009). Anakinra,
an IL-1 receptor antagonist, improves glycemic control, B cell function, and decreases
systemic inflammatory markers in diabetic subjects (Larsen et al., 2007).

While looking for the future for clues on how to treat obesity-induced inflammation, we
have also learned something about the past. Modulation of PPAR activity with agonists such
as thiazolidinediones (TZDs) has been a longstanding component of diabetes treatment and
can have anti-inflammatory effects by antagonizing NF B (Ohga et al., 2007; Welch et al.,
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2003). In insulin resistance, it has been shown that much of the anti-diabetic effect of TZDs
are mediated by modification of PPAR activity in macrophages (Hevener et al., 2007). Part
of this effect may involve the role that PPAR (as well as PPAR) play in M2 alternative
activati vation on. The continued on how PPAR specifically modulates genes related to lipid
metabolism and inflammation may open further doors for taking advantage of the beneficial
effects of PPAR (Choi et al., 2010).

Finally, future anti-inflammatory approaches to obesity-associated disease may take
advantage of the advances in the understanding of beneficial nutrients. 3 fatty acids have
profound anti-inflammatory and lipid lowering effects. Many of the molecular mechanisms
behind this were unclear until the recent identification of a macrophage/dendritic cell
receptor for 3 fatty acids, GPR120 (Oh et al., 2010). Activation of GPR120 led to
deactivation of inflammatory macrophages in adipose tissue and an associated improvement
in insulin sensitivity. GPR120 knockout mice were unable to respond to the beneficial
effects of 3 fatty acids demonstrating that this is an attractive future target for drug
discovery.

7. Summary

Research into obesity and its associated diseases has increased the overlap between the
mechanisms that control metabolism and inflammation. Hopefully, this review has provided
an overview of obesity and inflammation that can wrap and reframe the problem around the
core aspects of innate immunity. As may be apparent, the shoe fits well in many instances,
but may not be the right size in others. The future challenge will be to retool many of these
core concepts to make them understandable in the context of the chronic metainflammation.

Beyond this temporal challenge, the complexity of metabolic regulation makes it difficult to
examine inflammation in every tissue specific context necessary to comprehensively
understand the system and models used. For example, while studies of adipose tissue
inflammatory mechanisms have advanced the field, they have largely ignored the possibility
that the knockout and pharmacological interventions used may be actually influencing
hypothalamic or § cell inflammation to provide beneficial effects. Few individual labs have
the expertise to turn over every stone and in the future combined efforts may be required to
truly advance the field.

This field provides unique opportunities for those interested in metabolism to partner with
experts in inflammation and immunity and to advance the field. The future challenges are
many and there remain more questions than answers. However, from this challenge lies
many opportunities to identify ways to prevent and treat obesity-associated morbidities that
will likely consume enormous resources over the next generation of physicians and
scientists.
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Figure 1. Innate immunerespondersin adipose tissue

The cartoon depicts the leukocytes involved in adipose tissue inflammation in obesity.
Resident macrophages (Type 2) present in lean states are retained and manifest an
alternative activation state under the influence of eosinophils. Recruited inflammatory
macrophages (Type 1) form crown-like structures (CLS) around dead and dying adipocytes
and secrete inflammatory cytokines which can induced insulin resistance on neighboring
adipocytes. Mast cells are found in association with the CLS in regions with high collagen
deposition. Neutrophils contribute to the early immune response to obesity. Amplifying the
function of Type 2 ATMs and eosinophils can attenuate the pro-inflammatory signals.
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Figure 2. Complement contribution to inflammation and obesity
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Overview of the complement inputs that activate immunity. Components elevated in obesity,
contributing to inflammation, or secreted from obese adipose tissue are noted in Bold type.
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Figure 3. Metabolic sensors of theinnate immune system

The major classes of pattern recognition receptors (PRRs) are shown highlighting those
implicated in obesity-associated inflammation. Proposed endogenous ligands for the Nod-
like receptors (NLR), Toll-like receptors (TLR), and C-type lectin receptors (CLR) are
shown. Downstream transduction pathways activated upon receptor ligation are shown as
double arrows.
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