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Abstract

The fields of immunology and metabolism are rapidly converging on adipose tissue. During

obesity, many immune cells infiltrate or populate in adipose tissue and promote a low-grade

chronic inflammation. Studies to date have suggested that perturbation of inflammation is

critically linked to nutrient metabolic pathways and to obesity-associated complications such as

insulin resistance and type 2 diabetes. Despite these advances, however, many open questions

remain including how inflammatory responses are initiated and maintained, how nutrients impact

the function of various immune populations, and how inflamma-tory responses affect systemic

insulin sensitivity. Here we review recent studies on the roles of various immune cells at different

phases of obesity and discuss molecular mechanisms underlying obesity-associated inflammation.

Better understanding of the events occurring in adipose tissue will provide insights into the

pathophysiological role of inflammation in obesity and shed light on the pathogenesis of obesity-

associated metabolic syndrome.
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INTRODUCTION

A growing epidemic of obesity is threatening the health of millions of people around the

world. Adipose tissue is the major site of triglyceride storage in the body and thus

contributes significantly to nutrient metabolism in various tissues and influences plasma

concentrations of free fatty acids and glucose. The molecular cloning of leptin (168) and

adiponectin (128) in the mid-1990s has led to the notion of adipose tissue as a secretory
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organ that modulates the function of itself and peripheral tissues in an endocrine, paracrine,

and autocrine fashion.

Recent studies have established that obesity is associated with systemic chronic

inflammation and that this low-grade inflammation may play a causal role in obesity-

associated insulin resistance, type 2 diabetes, and other complications (55, 56, 150). The

elevated inflamma-tory status appears to originate from infiltrated macrophages or other

emerging immune cells in adipose tissue (156, 162). Indeed, the role of the immune system

in adipose tissues has become an exciting new area of research in the field of obesity and

metabolic regulation (27, 107). Genetic ablation of various inflammatory genes or immune

cells in hematopoietic or myeloid cell lineage has been shown to influence immune cell

composition and inflammatory responses in adipose tissue as well as systemic glucose

tolerance and insulin resistance (27, 107). Thus, the interplay between metabolic and

immune systems may play a critical role in the pathogenesis of obesity and type 2 diabetes.

Given the complexity of the immune responses and the special microenvironment existing in

adipose tissues during obesity, a complete understanding of the contributions of such diverse

groups of immune cells to the inflammatory nature of obesity remains challenging but

nonetheless critical. Despite recent advances, a comprehensive picture of inflammation and

its initiation and resolution in adipose tissue in obesity has not yet emerged. Here we review

recent reports on the roles of various immune cells and cytokines in the development of

inflammatory responses in adipose tissues in the context of metabolic syndrome. We also

discuss several current prevailing models of this emerging and exciting field.

OVERVIEW OF IMMUNITY

Inflammation is the process by which the body responds to injury or infection and as such

represents the body's major initial defense mechanism to restore tissue homeostasis and

function. In obesity, inflammatory responses are likely to be chronic and of much lower

amplitude than the classical ones elicited by cancer, pathogen infection, or injury. The low-

grade chronic inflammation associated with obesity may shift both immune and metabolic

systems to a new homeostatic set point, which may lead to a gradual decline in systemic

insulin sensitivity. In this section, basic concepts of immunity are briefly introduced, with a

particular focus on two dichotomies: innate/adaptive immunity and the M1/M2 macrophage

polarization.

Innate and Adaptive Immunity

The immune responses of vertebrates to pathogens are composed of the early reactions of

innate immunity (also called natural immunity) followed by the later responses of adaptive

immunity (also called acquired immunity) (59). Innate and adaptive immunity function

cooperatively as a tightly linked and integrated host defense system: The innate response to

microbes stimulates and controls the specificity and course of adaptive immunity, whereas

the adaptive response further enhances the potency of the innate response.

Innate immunity provides a swift but nonspecific response against infectious agents prior to

the initiation of adaptive immune responses. Innate immune cells sense and are activated by
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pathogens through pattern recognition receptors (PRRs). PRRs, including toll-like receptors

(TLRs), nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), C-type

lectin receptors (CLRs), and retinoic acid–inducible gene (RIG)-I-like receptors (RLRs),

recognize exogenous pathogen-associated molecular patterns (PAMPs) [e.g.,

lipopolysaccharides (LPS), flagellin, and pathogen nucleic acids] and endogenous damage-

associated molecular patterns (DAMPs) from dead and dying cells [e.g., adenosine

triphosphate (ATP), uric acid, heat-shock proteins, self nucleic acids], leading to the

activation of innate immune cells and, as a consequence, adaptive immune cells (59, 98).

Cells involved in innate immunity include macrophages, dendritic cells, mast cells,

neutrophils, eosinophils, and natural killer (NK) cells.

Adaptive immunity represents a collection of highly evolved and sophisticated defense

mechanisms mediated by B or T lymphocytes, including many subsets of CD4+, CD8+ T,

and NK T (NKT) cells. These cells bear highly specific B and T cell receptors (BCR and

TCR) that are generated by random gene rearrangements, known as V(D)J recombination,

via the activity of recombination activating genes (Rag) and other mechanisms. This leads to

an enormous number of antigen-specific receptors clonally distributed on T and B cells

[except for invariant NKT cells (see below)] for a vast number of nonself antigens (59).

Thus, unlike the innate immunity, adaptive immune responses require several days for

clonal expansion, activation, and differentiation of effector lymphocytes. Two additional

features of adaptive immunity are that it (a) is exquisitely specific for nonself antigens and

(b) has memory so that a subsequent encounter with the same pathogen provokes a quicker

and more robust response. Immune cell populations that have been identified in adipose

tissue are illustrated in Figure 1 based on their pro- or anti-inflammatory nature.

M1 and M2 Macrophage Polarization

Exposure of macrophages to either proor anti-inflammatory cytokines induces two distinct

activation pathways leading to different polarization states (44), classically activated M1 or

alternatively activated M2 macrophages. M1 macrophages, induced by interferon gamma

(IFN-γ), tumor necrosis factor alpha (TNFα), and microbial products such as LPS, are key

components of the polarized type 1 inflammation. They are generally characterized by

interleukin (IL)-12hi, IL-23hi, and IL-10low and produce high levels of reactive oxygen and

nitrogen intermediates and inflammatory cytokines. In contrast, M2 represents various forms

of macrophage activation other than classical M1 macrophages. These cells are elicited by

the stimulation of IL-4, IL-13, IL-10, and glucocorticoid hormones, among others. M2 cells

are generally IL-12low, IL-23low, and IL-10high and have high levels of intracellular arginase

1 expression, which promotes cellular proliferation and growth.

Both types of macrophages are important components of inflammation. M1 macrophages

tend to elicit chronic inflammation (i.e., are proinflammatory) and tissue injury, whereas M2

macrophages tend to resolve inflammation (i.e., are anti-inflammatory) and facilitate wound

healing (44). Thus, cytokines and immune cells such as TH2 and regulatory T cells (Treg)

that promote macrophages toward M2 polarization may be of therapeutic value in obesity-

associated inflammation and type 2 diabetes.
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It should be noted that although the classification is practically useful, it is a simplistic rigid

view of macrophage functions. In vivo, there are probably no such clear-cut M1-versus-M2

states, but rather a dynamic continuum of the M1-M2 spectrum depending on the local

cytokine microenvironment. M1 and M2 represent two extremes, and most macrophages fall

somewhere between an M1 to M2 phenotype. This issue is further discussed in the

Macrophages section below.

OVERVIEW OF INFLAMMATORY RESPONSES DURING THE

PROGRESSION OF OBESITY

To date, much attention in the field has been devoted to the late stages of obesity, which are

generally modeled by feeding animals a high-fat diet (HFD) for many weeks. The obese

mice are compared with control mice fed carbohydrate-rich chow diet for the same amount

of time, which is far from ideal because the content of chow is vastly different from that of

semi-purified HFD. As a result, differences in phenotype may be unrelated to obesity but

instead may be caused by differences in (micro)nutrient composition. For this reason, the

use of a proper low-fat control group and alternative genetic obese mouse models such as

leptin-deficient ob/ob or leptin-receptor-deficient db/db mice, as applied in a number of

studies, should be advocated.

Studies in the past 15 years have led to the delineation of cellular events associated with

well-established obesity, and they form the basis for the notion that obesity is associated

with the activation of various immune cells in adi-pose tissue and, as a consequence, the

development of inflammatory responses (27, 107). In contrast, what happens in the early

stages of obesity or days after HFD feeding has remained unclear. Below we discuss the

cellular events occurring in adipose tissue at these two stages.

At the Early Stages of Obesity

Several studies have suggested that changes in body weight, adiposity, and insulin resistance

occur very early with short-term HFD feeding. HFD feeding, with 60% calories derived

from fat, doubles adipose tissue weight, increases adipocyte cell size, quadruples

triacylglycerol content in adipose tissue within a week (69, 81), and promotes hepatic insulin

resistance even within three days (73, 126). Gene microarray analyses reveal that genes

associated with inflammatory responses are altered in adipose tissue within three days of

HFD feeding (69, 117), suggesting that short-term HFD may trigger an acute inflammatory

response in adipose tissue. Lee et al. (79) recently showed that macrophage is not important

for the development of insulin resistance with three days of feeding HFD because depletion

of macrophages using liposome clodronate has no effect on insulin sensitivity. More studies

are required to fully understand the events associated with the onset of obesity. Several key

unsolved issues are how inflammation is initiated, how immune cells are activated, and what

the roles of dietary lipids are in this process. Better understanding of the events associated

with the onset of obesity may provide insights into the events associated with the later stage

of obesity and help to develop intervention strategies or prevent irreversible changes at the

later stages.
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At the Late Stages of Obesity

Continued HFD feeding further increases body and adipose tissue weights with the

development of hyperlipidemia and hyperinsulinemia. At this stage, animals or humans

become mildly to severely glucose intolerant and insulin resistant in the liver, muscle, and

adipose tissue. Increased adiposity is associated with elevated endoplasmic reticulum (ER)

stress, cell death, and reduced secretion of adiponectin, an insulin-sensitizing cytokine

secreted by adipocytes. Concomitantly, long-term HFD feeding or obesity affects the

balance of pro- and anti-inflammatory cytokines in adipose tissue and, as a consequence, the

M1/M2 polarization status of macrophages. Specifically, immune cells, most notably

macrophages, CD8+ T, mast cells, and B cells, infiltrate into or accumulate in adipose

tissues at later stages of obesity. By contrast, the levels of two immunosuppressive cells,

Treg and myeloid-derived suppressor cells (MDSCs), decrease or increase, respectively,

with adiposity. Collectively, these changes may progressively alter the status of

inflammatory homeostasis in adipose tissue in obesity.

ADIPOSE-RESIDENT IMMUNE CELLS

Recruitment of immune cells from the circulation is a key feature of immune responses to

tissue damage or infection. Below we discuss the recent findings on each cell type in

adipose tissue classified into myeloid and lymphoid cells. The relative abundance of each

immune cell type in adipose tissue and their dynamics under lean and obese states (Figure
2) are compiled based on recent literatures and our own unpublished data.

Myeloid Cells

Macrophages—Macrophages, identified as F4/80+ CD11b+ cells, are important innate

immune cells that not only phagocytose nonself antigens or cellular debris, but also act as

professional antigen-presenting cells (APCs) (together with dendritic cells) to activate T

lymphocytes of the adaptive immune system. They are produced by differentiation of

monocytes in tissues in response to damaged tissues, damaged cells, pathogens, or

cytokines, although the differentiation signals or cues for most tissue macrophages remain

obscure. In some instances, it has been reported that macrophages can populate through

proliferation induced by cytokines (60). Tissue-resident macrophages are believed to play a

key role in steady-state homeostasis of the tissue via the clearance of dying cells or debris.

As discussed above, macrophages are not a homogeneous population but rather consist of

multiple macrophage phenotypes with different functions and divergent physiological

effects, i.e., phenotypic plasticity (44). It is believed that macrophage activation dictates the

quality, duration, magnitude, and specificity of most, if not all, inflammatory responses.

During obesity, macrophages infiltrate or undergo expansion in adipose tissues (156, 162).

Changes in the number and function of these cells may have a significant impact on adi-pose

tissue inflammation and systemic insulin sensitivity (16, 27, 107). Unlike proinflammatory

M1 macrophages, M2 macrophages contribute to improved insulin sensitivity due to their

ability to attenuate inflammation and promote tissue repair and angiogenesis (106).

Moreover, depletion of macrophages using liposome clodronate significantly improves

insulin resistance and glucose tolerance in HFD-fed and ob/ob mice (32, 79). However,
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other studies have reported no beneficial effect of liposome clodronate on systemic glucose

homeostasis in obesity (20, 76, 139). One important question in the clodronate experiments

is whether clodronate can specifically target and kill macrophages in adipose tissue with no

or minimal off-target effects. The discrepancies among these studies may be derived from

the differential depletion of macrophages, and they can be solved only by using alternative

or more advanced techniques to target macrophages.

Another controversial issue is whether and how macrophages are recruited to adipose tissue

during obesity. A recent study reported that macrophage accumulation in the pleural cavity

after helminth infection with Litomosoides sigmodontis is a result of proliferation induced

by IL-4 rather than recruitment (60). It will be interesting to determine whether this also

holds true in adipose tissue during obesity. Nonetheless, it has been commonly assumed that

macrophages populate in adipose tissue during obesity through recruitment or chemokine-

mediated chemotaxis. Early studies have shown that chemokine receptor CCR2 or CCR2-

ligand [also known as monocyte chemo-tactic protein 1 (MCP-1)] knockout (KO) mice have

fewer macrophages in adipose tissue (63, 155), whereas overexpression of MCP-1 in adi-

pose tissue increases macrophage infiltration and insulin resistance (62, 63). However, in

other studies, MCP-1 KO mice exhibit no reduction in adipose-resident macrophages (17,

57). The discrepancies may be due to the mouse genetic background or the different

techniques used to quantitate macrophages in adipose tissue. Although most studies used

visual assessment of F4/80-positive cells or crown-like structures on adipose tissue sections,

more accurate flow cytometric analysis of whole fat pad was used in one of the studies to

calculate macrophage abundance (57).

Another highly debated issue is how obesity influences macrophage phenotypes in adipose

tissue. It has been initially suggested that there is an M2-to-M1 phenotypic switch in adipose

tissue during obesity (86): Obesity induced by a 20-week feeding of 45% HFD is associated

with an increase of F4/80+ CD11b+ CD11c+ macrophages (or more precisely dendritic

cells), elevated expression of proinflammatory markers such as inducible nitric oxide

synthase and TNFα, and reduced expression of M2 markers such as arginase 1 in adipose

tissue (86, 102). Ablation of CD11c+ macrophages using the toxin-based approach leads to a

marked reduction of proinflammatory markers in adipose tissue and improvement of insulin

sensitivity in mice following a 16-week feeding of 60% HFD (113). However, this binary

switch model has been recently challenged by several studies in which mixed M1/M2

profiles are reported in obese adipose tissues of both human and mouse (12, 131, 167). Thus,

further studies allowing the analysis of adipose-resident macrophages at both single-cell and

population levels are required to delineate the heterogeneity of adipose-resident

macrophages and to identify the macrophage state responsible for diabetic pathology.

Eosinophils—Eosinophils, comprising only 1% to 3% of circulating leukocytes,

participate in engulfing and killing bacteria and other pathogens such as parasites (123).

These cells are unique in that they possess large collections of granules, which contain

cytotoxic cationic proteins and stain bright red with standard histology stains. The

development of eosinophils is largely mediated by cytokine IL-5 and the transcriptional

activity of the GATA-1 transcription factor (123). Overproduction of IL-5, as in IL-5-

transgenic (IL-5tg) mice, leads to hypereosinophilia (78), and conversely, deletion of
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GATA1 expression in the ΔdblGATA mice blocks eosinophil lineage development (166).

Using these animal models, a recent study investigated the role of these cells in obesity

(160).

In a screen for IL-4-secreting cell types in adipose tissue of IL-4 reporter (4get) mice, Wu et

al. (160) reported that nearly 90% of the IL-4-competent cells from perigonadal adipose

tissue are eosinophils at 10 d following the infection with migratory helminth

Nippostrongylus brasiliensis. Eosinophils, identified as CD11b+ F4/80+ Siglec-F+ cells, are

made up of 30% of total CD11b+ F4/80+ cells in perigonadal adipose tissue and only 1.2%

in subcutaneous adipose tissue. Eosinophil levels in adipose tissue are negatively correlated

with adiposity and obesity in mice. Functionally, hypereosinophilia IL-5tg mice on a normal

low-fat diet exhibit improved glucose tolerance. Using adoptive transfer of bone marrow

cells from IL-5tg mice to eosinophil-deficient ΔdblGATA mice, the authors showed that

eosinophils promote M2 polarization in adipose tissue via the secretion of IL-4 and IL-13

(160). Conversely, ΔdblGATA mice exhibit no change in adipose tissue weight but have

elevated fasting glucose and impaired glucose tolerance upon 15 to 20 weeks of HFD

feeding. Finally, infection of wild-type mice on HFD with N. brasiliensis increases levels of

eosinophils in adipose tissue, improves glucose tolerance and insulin sensitivity, and,

surprisingly, reduces the proportion of M1 macrophages in adipose tissue (160). How

infection causes the loss of M1 macrophages remains unclear. Thus, eosinophils may play a

role in the maintenance of M2 polarization in adipose tissue in obesity via the secretion of

anti-inflammatory cytokines IL-4 and IL-13. The effect of IL-4 and IL-13 on metabolism is

discussed in detail in the Cytokines section below.

Mast cells—Mast cells secrete a large number of proinflammatory and immunomodula-

tory chemicals (e.g., histamine), cytokines, and chemokines and hence are important in

allergic responses and tissue homeostasis and remodeling. Because the proliferation and

survival of mast cells require the activity of cell-surface receptor kinase c-kit (39), the c-kit

mutations in the KitW−sh/W−sh mice result in mast cell deficiency and profound reduction of

tissue mast cells (45). Using this mouse model, a recent study showed the involvement of

mast cells in the development of obesity and type 2 diabetes (84).

The abundance of mast cells is elevated in the adipose tissue of obese animals. Interestingly,

genetic ablation of mast cells in KitW−sh/W−sh mice reduces body weight gain, improves

glucose homeostasis, and increases energy expenditure after 12 weeks of HFD. Similarly,

mice on 12 weeks of HFD exhibit reduced body and adipose weights and improved glucose

tolerance and insulin sensitivity after treatment with the mast cell–stabilizing drug disodium

cromoglycate (84), a drug that attenuates the release of mast cell granules (108).

Interestingly, in both loss-of-function mouse models, fewer macrophages are observed in

adipose tissue in comparison with wild-type control mice (84). Furthermore, adoptive

transfer of bone marrow–derived mast cells into the KitW−sh/W−sh mice partially rescues the

phenotypes. Interestingly, the effect of mast cells is mediated via IL-6 and IFN-γ but not via

TNFα. Mechanistically, mast cell levels correlate with the level of cathepsins, enzymes

involved in extracellular matrix proteolysis, and microvessel growth and angiogenesis (84).

Thus, this study suggests that mast cells may link inflammation to tissue remodeling in

adipose tissue in obesity.
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Myeloid-derived suppressor cells—MDSCs are a heterogeneous immature myeloid

cell population that is induced upon inflammation and subsequently causes immune

suppression (38, 110). These immature myeloid cells, expressing both myeloid cell markers

Gr-1 and CD11b in rodents, also accumulate in individuals experiencing traumatic stress and

bacterial or parasitic infections (38, 110). Functionally, these cells suppress inflammation

because they are able to attenuate CD8+ T cell activation, promote Treg cell development,

block NK cell cytotoxicity, and skew M2 polarization (38, 110). Accumulating evidence

suggests that MDSCs are precursors of mature monocytes (e.g., macrophages and dendritic

cells) (41) but are distinct from mature macrophages in that the latter cell type is not

normally associated with suppressive activities toward CD8+ T cells (38, 42, 110).

In obesity, Gr-1+ CD11b+ MDSCs are enriched in adipose tissue, where they attenuate

inflammation and maintain inflammatory homeostasis in part via suppression of CD8+ T

cells and skewing local macrophage polarization to the insulin-sensitizing M2 state (161).

Indeed, downregulation of Gr-1+ CD11b+ MDSCs in obese animals using Gr-1 antibody

leads to the deterioration of insulin sensitivity and glucose tolerance, whereas elevation of

these cells in obese animals through adoptive transfer has the opposite effect (161). Hence,

the accumulating MDSCs in obese animals may function as critical “homeostatic” regulators

by countering proinflammatory cells such as CD8+ T cells and M1 macrophages. Because

these cells are known to accumulate in response to inflammation (38, 110), chronic

inflammation in obesity may be responsible for the induction of MDSCs. Thus, an

autoregulatory feedback loop may be established during obesity in which MDSCs induced

by chronic inflammation may function to prevent overt inflammatory responses and

maintain inflammatory homeostasis.

Lymphoid Cells

In addition to myeloid cells, lymphocytes play important roles in the pathogenesis of

obesity-associated insulin resistance, as demonstrated in lymphocyte-deficient Rag1-null

mice (99, 134, 159). An intriguing issue is the identity of antigens that are responsible for

the activation of T and B cells in adipose tissue in obesity. Here we introduce each

lymphocyte population and detail its function in adipose inflammation and metabolic

regulation.

CD4+ T cells

CD4+ T cells recognize polypeptides presented by class II major histocompatibility complex

(MHC) molecules on the surface of APCs such as macrophages and dendritic cells.

Activated or effector CD4+ T cells then release cytokines that recruit other immune cells to

the area, resulting in inflammation. CD4+ effector T cells can be subdivided into at least

three functionally distinct effector cells, T helper cells TH1, TH2, and recently discovered

TH17 cells. They are defined by their signature cytokines, namely IFN-γ for TH1 cells, IL-4/

IL-13 for TH2 cells, and IL-17 for TH17 cells. The balance between TH1 and TH2 cells is

tuned by the crosstalk among various transcription factors. In particular, the signal

transducer and activator of transcription 6 (STAT6) is a key positive regulator of TH2 cell

differentiation and exerts inhibitory effects on TH1 cell differentiation. Thus, STAT6

deficiency in mice leads to TH2 deficiency.
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The ratio of TH1 to TH2 cells is increased significantly during high-fat-diet-induced obesity

as TH2 cells are progressively diluted by IFN-γ-producing TH1 cells (159). CD4+ T cells as

a whole control the progression of obesity-associated inflammation via secretion of

cytokines. Indeed, CD4+ T cell reconstitution into lymphocyte-deficient Rag1-null mice

reduces body weight gain and adipocyte cell size and improves glucose tolerance and insulin

signaling. However, the recipients of CD4+ T cells exhibit reduced body and adipose tissue

weights and smaller adipocytes, which complicates the explanation for the improved

metabolic parameters. In keeping with the notion that STAT6 is essential for TH2 cell

differentiation and TH2 cells are key insulin-sensitizing cells, STAT6-deficient CD4+ T cells

have no impact on glucose tolerance or on other metabolic parameters (159). Although the

insulin-sensitizing effect of CD4+ T cells seems to depend on TH2 cells (159), the role of

other emerging subsets of CD4+ T cells remains to be dissected.

Treg cells

CD4+ T cells can also differentiate into immunosuppressive CD4+ CD25+ Treg cells, an

event regulated by the transcription factor forkhead box P3 (Foxp3) (85, 125). Notably,

studies in both animals and humans have shown that depletion of Tregs not only elicits

autoimmunity but also enhances immune response to nonself antigens. Most notably, Treg

deficiency in humans with mutations in the FOXP3 gene leads to the immune dys-

regulation, polyendocrinopathy, enteropathy, X-inked syndrome (IPEX) (4). These patients

develop aggressive autoimmunity, including diabetes, thyroiditis, and eczema. Interestingly,

a recent study has also implicated Treg cells in obesity-associated inflammation and

metabolic disorders (34).

Obesity is associated with a reduction in the level of Treg cells in abdominal adipose tissue,

but not subcutaneous adipose tissue, of various obese mouse models as well as obese human

patients (34, 105, 159). Depletion of Treg in wild-type lean animals increases levels of

insulin and proinflammatory cytokines in the circulation and adipose tissue (34).

Conversely, upregulation of Treg cells via daily injection of IL-2 complexed with IL-2

antibody for six days in 15-week-HFD-fed obese animals increases levels of the anti-

inflammatory cytokine IL-10 and improves insulin sensitivity and glucose tolerance (34). In

keeping with the notion that Treg cells have insulin-sensitizing functions, HFD-fed mice

injected daily with anti-CD3 antibody for five days have increased Treg cells in adipose

tissue nine weeks later and exhibit improved insulin sensitivity and glucose homeostasis

(159). These observations are in line with the known functions of Treg cells to suppress

proinflammatory responses and promote M2 macrophage polarization via IL-4, IL-10, and

IL-13 (147). With the discovery of different subsets of Tregs in basic immunology (e.g.,

natural and induced Treg) (85), their function in metabolic disorders will be topics of future

studies.

CD8+ T cells

CD8+ T cells are important mediators of adaptive immunity against certain viral, protozoan,

and bacterial pathogens. Naïve CD8+ T cells recognize and are activated by polypeptides

presented by MHC class I molecules ubiquitously expressed on all nucleated cells. Activated

CD8+ T cells produce large amounts of cytokines, chemokines, and microbicidal molecules
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to induce cytolysis of target cells. Unlike CD4+ T cells, CD8+ T cells respond to

intracellular pathogens in most tissues and facilitate clearance of the infection due to the

ubiquitous expression of MHC class I molecules on most nucleated cells. The most well-

characterized CD8+ T cells are cytotoxic T lymphocytes.

A three- to fourfold increase in CD8+ T cells has been reported in adipose tissues in obese

animals (118, 159) and humans (159). The increase of CD8+ T cells occurs following two

weeks of 60% HFD feeding, hence preceding macrophage infiltration, which occurs after

approximately eight to ten weeks (105). Upon infiltration, CD8+ T cells may not only

increase the recruitment of macrophages to adipose tissues but also promote monocyte

differentiation into M1 macrophages (105). Mice deficient in CD8+ T cells have fewer

adipose macrophages with reduced levels of proinflammatory cytokines such as TNF-α and

IL-6. Conversely, adoptive transfer of CD8+ T cells into obese animals further increases M1

macrophage infiltration and impairs glucose tolerance and insulin sensitivity (105).

Interestingly, CD8+ T cell transfer into 12-week-old Rag1 KO mice on six-week HFD has

only modest effect on glucose homeostasis and insulin sensitivity (159), suggesting that the

metabolic effect of CD8+ T cells may require the presence of other lymphocytes. Thus,

activated CD8+ T cells are important inflammatory cells in adipose tissue during obesity.

NKT cells

Unlike other conventional T cells, NKT cell development is dependent on the MHC class I

homologue molecule CD1d, which binds and presents lipids (66). In mice, type I NKT cells,

also known as invariant or iNKT cells, are the most prevalent and well-characterized NKT

cells, with invariant Vα14-Jα18/Vβ8 TCR in mouse and Vα24 TCR in humans (43).

Pointing to the importance of NKT cells in inflammatory responses, CD1d−/− mice with

NKT cell deficiency have a reduced ability to clear bacterial infection (68, 94). In addition

to glycosphingolipids such as the prototypical antigen α-galactosylceramide (66), NKT-

specific lipid agonists include galactosyl diacylglycerols, phosphatidylinositol, and

gangliosides (9, 74). Upon lipid activation, NKT cells secrete large amounts of both TH1

and TH2 cytokines, including IFN-γ and IL-4 (165). Numerous studies have shown that

NKT cells may promote or suppress immune processes by skewing adaptive immune

responses toward either a TH1 or TH2 response (9, 74).

NKT cells are quite abundant in lean adi-pose tissue (87), at the level of CD8+ and Treg

cells in eight-week-old B6 mice (Figure 2) (Y. Ji, S. Sun, L. Yang, S. Xia, X. Li, S. Kersten,

& L. Qi, unpublished findings). In humans, the abundance of NKT cells is reduced in obese

omental tissue (87). Surprisingly, two recent studies using NKT-deficient mouse models

demonstrated that loss of NKT cells has little, if any, effect on metabolic parameters

following feeding of 45% HFD for over 26 weeks or 60% HFD for 12 weeks (72, 89). Most

parameters, including food intake, weight gain, fat mass, metabolic rate, inflammation, and

insulin resistance, are comparable between CD1d−/− and wild-type mice. Given their lipid-

sensing nature, it will be interesting to see whether NKT cells are able to link dietary lipids

to inflammation in response to acute HFD feeding.
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B cells

B cells develop in the bone marrow and are an important component of the humoral

immunity that produces immunoglobulins or antibodies to recognize the cognate antigen.

This differs from the cell-mediated immunity where T cells recognize processed antigenic

peptides presented by APCs. Upon binding to nonself antigens via BCR, B cells become

activated and differentiate into plasma cells that secrete large amounts of antibodies with

higher affinity. Antibodies bind to the antigens and hence trigger the activation of other

immune cells such as T cells, leading to the further activation of plasma cells and the

clearance of the nonself antigens. A recent study demonstrated the involvement of B cells in

the development of obesity and type 2 diabetes (158).

B cells accumulate in adipose tissue early upon four weeks of 60% HFD feeding, which is

associated with elevated concentrations of proinflammatory immunoglobulin G2c (IgG2c) in

circulation and adipose tissue. B cells promote insulin resistance through the modulation of

T cells and/or macrophage polarization via the production of pathogenic IgG antibodies. B

cell–deficient animals are protected from insulin resistance following HFD feeding. Transfer

of pathogenic IgG antibodies into HFD-feeding animals increases M1 polarization of

adipose tissue and induces insulin resistance and glucose intolerance, which points to the

significance of IgG antibodies. The IgGs may promote clearance of apoptotic and necrotic

cell debris and enhance inflammatory responses. It will be interesting to determine whether

pathogenic or proinflammatory IgGs have any impact on adipocyte function. Additionally,

the role of B cells in other metabolic tissues merits further investigation.

MAJOR MEDIATORS OF INFLAMMATORY RESPONSES IN ADIPOSE

TISSUE IN OBESITY

So far we have discussed the impact of individual immune cells in inflammation and

metabolic regulation. Several questions arise. Importantly, what is the sequence of events

leading to the activation of such a diverse group of immune cells? And does the activation of

immune cells occur in adipose tissue or prior to their entry into adipose tissue, such as in

lymph nodes or spleen? In other words, how is inflammation in obesity initiated? In this

section we discuss studies that have provided some insights into these questions.

Besides being essential fuel molecules and components of cellular membranes, lipids are

important signaling moieties for both immune responses and metabolic regulation. Pointing

to the essential role of lipids in insulin signaling and metabolic regulation, lipid infusion in

vivo attenuates the insulin effect on hepatic glucose production and glucose uptake by

peripheral tissues (28) and enhances inflammatory gene expression in adipose tissue (132),

both of which lead to systemic insulin resistance. Various mechanisms have been proposed

to account for the effect of lipids on inflammation, including innate receptors,

inflammasomes, nuclear receptors, cell death, ER stress, and possibly gut microbiota. All

these possible mechanisms are illustrated in Figure 3 and are discussed in detail in this

section. It is worth pointing out that this list is by no means comprehensive. For example,

hypoxia, often associated with adipose expansion and inflammation, has been reviewed

recently (163) and is not discussed here due to space limitations.
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Because the focus of this review is on the putative initiating mechanisms, we do not discuss

the detailed intracellular signaling pathways, such as c-Jun N-terminal kinase ( JNK) and

nuclear factor kappa-light-chain-enhancer of activated B cells [nuclear factor-κB (NF-κB)],

leading to inflammation. Rather, in this paragraph we briefly introduce the role of the NF-

κB pathway in inflammation and metabolic regulation (7). Mice with a deficiency in either

NF-κB or upstream activating kinase IκB kinase β (IKKβ) in a global or tissue-specific (e.g.,

liver, hypothalamus, or myeloid cells) manner exhibit improved insulin sensitivity, whereas

gain-of-function of IKKβ in the liver causes hepatic and systemic insulin resistance (7).

However, two recent studies have shown that overexpression of either NF-κB or IKKβ

under the control of the adipocyte/macrophage-specific aP2 promoter improves insulin

sensitivity (61, 146) despite elevated systemic inflammation with over 20-fold increases of

TNFα and IL-6 in the blood (146). These unexpected findings are likely due to decreased

adiposity and increased energy expenditure, as the transgenic mice are protected from diet-

induced obesity in both studies. Indeed, Tang et al. (146) showed that NF-κB inhibits the

expression of a key adipogenic factor PPARγ in adipocytes. Thus, these studies suggest that

inflammation not only influences insulin signaling and action but also regulates adipocyte

biology and energy expenditure.

Toll-Like Receptors

TLR proteins, a family of conserved cell-surface and intracellular proteins, play an essential

role in the induction of innate and adaptive immune responses against all known pathogens

such as viruses, fungi, bacteria, and protozoa. It is well established that TLR signaling

promotes T cell activation via the maturation and cytokine secretion of APCs. The discovery

of TLR protein as a key defense gate against bacterial infection (80, 95, 115) has been

awarded the 2011 Nobel Prize in Physiology and Medicine. Through a series of adaptor

proteins recruited to TLRs such as myeloid differentiation factor 88, TLR signaling leads to

the activation of various proinflammatory pathways, including extracellular signal-regulated

kinase, mitogen-activated protein kinase, JNK, and NF-κB signaling pathways.

Among 10 human and 12 mouse TLRs, TLR2 and TLR4 are best known for their

involvement in nutrient sensing and metabolic regulation. TLR4 is the best known and

detects the lipopolysaccharides (LPS) found in most gram-negative bacteria, whereas TLR2

in conjunction with TLR1 or TLR6 recognizes lipopeptides and other components of gram-

positive bacteria. Recent studies have suggested that TLR4 is essential for acute, lipid-

induced insulin resistance (71, 132). Although results of TLR4-deficient mouse models are

mixed, TLR4 seems to play essential roles in regulating adipose inflammation and systemic

insulin sensitivity. Intriguingly, TLR2 deficiency has a similar effect (71). The phenotypes

of TLR2- or TLR4-deficient animals from recent published studies (14, 21, 23, 30, 49, 67,

114, 116, 124, 132, 142, 149) are summarized in Table 1. Mechanistically, TLR2 and TLR4

may act as sensors for fatty acids (71) and then either initiate the classical inflammatory

pathway or divert fatty acids into ceramides, both of which antagonize insulin action (50)

(Figure 3a). Indeed, the detrimental effect of lipid infusion on insulin sensitivity is partially

blunted in hematopoietic TLR4-deficient mice (124), suggesting that TLR4 in immune cells

plays a role, but not exclusively, in mediating the lipid effect.
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However, our understanding of the function of TLR proteins in inflammation in the context

of obesity and type 2 diabetes is incomplete. First, the relationship between TLR2 and TLR4

in vivo remains unclear. Mice with a deficiency of each protein exhibit strikingly similar

phenotypes (Table 1), which begs an interesting question of whether they are sensing and

activated by similar endogenous ligands in vivo. Second, the ability of saturated fatty acids

to directly activate TLR2/4 was recently suggested because of LPS contamination (31). If

so, how do saturated fatty acids activate inflammation? Presumably, saturated fatty acids

may activate inflammation via ceramides (35) or indirectly via lipid rafts (51). A recent

study showed that saturated fatty acids with an acyl chain of at least 16 carbons alter the

membrane distribution and activation of membrane-anchored tyrosine kinase c-Src, leading

to the activation of JNK (51). In contrast, unsaturated fatty acids prevent the redistribution

of c-Src on the membrane and thus inhibit the activation of JNK (51). How TLR is involved

in the saturated fatty acids-c-Src-JNK signaling pathway remains to be studied. Finally, in

contrast to the phenotypes of TLR2/4-deficient animals, deletion of myeloid differentiation

factor 88, an essential adaptor protein for most TLRs (except TLR3) and interleukin-1

receptor (IL-1R) signaling pathways, exacerbated insulin resistance (53), suggesting the

presence of other insulin-sensitizing TLR proteins. Thus, the metabolic functions of TLR

proteins, individually and collectively in a tissue-specific manner, deserve further

investigations. If an individual TLR is proven to be involved in metabolic regulation, then it

may serve as a safe and effective therapeutic target in type 2 diabetes (46).

Inflammasomes

Inflammasomes, high-molecular-weight multiprotein complexes in the cytosol, are

responsible for the maturation of proinflamma-tory cytokines such as IL-1β and IL-18 upon

activation by stress signals derived from infection and damaged tissue or cells (129). Since

its first report in 2002 (91), four classes of inflammasomes, the NLR family, pyrin domain–

containing 1 and 3 (NLRP1 and NLRP3), CARD domain–containing 4 (NLRC4, also

known as IPAF), and absent in melanoma 2 (AIM2) inflammasomes, have been identified,

among which the NLRP3 inflammasome is the best characterized. NLRP3 (also known as

cyropyrin and NALP3) is a member of NLRs, and its activation leads to the recruitment of

adaptor protein ASC (apoptosis-associated speck-like protein containing a carboxy-terminal

CARD) and procaspase-1, forming an active inflammasome. The inflammasome

subsequently releases bioactive capase-1, which in turn cleaves cytokine proforms, such as

IL-1β, to mature IL-1β to be secreted extra-cellularly (22, 148). Such activity of the NLR

inflammasome has been implicated in autoimmune diseases, cancer, inflammatory diseases,

infection, and most recently in metabolic disorders.

Current understanding of NLRP3 inflammasome activation is illustrated in Figure 4. The

expression of inflammasome components such as NLRP3 and caspase-1 as well as

caspase-1 activity are elevated in the adipose tissue of diet-induced or genetically induced

obese mouse models (6, 137, 140, 151). Conversely, calorie restriction reduces the NLRP3,

ASC, and IL-1β transcript levels in adipose tissue (151). The NLRP3 inflammasome

components including NLRP3, ASC, and caspase-1 are identified in both macrophages and

adipocytes (70, 137, 151). Demonstrating the importance of inflammasome activation in the

development of insulin sensitivity, mice with whole-body ablation of caspase-1, NLRP3, or
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ASC are protected from obesity and insulin resistance on long-term HFD (70, 137, 140, 151,

157, 169). These metabolic improvements are associated with reduced IL-1β in adipose

tissue and IL-18 in the blood, as well as reduced effector T cells in the adipose tissue of KO

mice (140, 151). Given that caspase-1, NLRP3, and ASC KO mice all exhibit increased

energy expenditure and are resistant to diet-induced obesity and weight gain (137, 140),

reduced inflammation and improved insulin sensitivity may be secondary to reduced

adiposity and higher metabolic rates. Together, these reports point to a role of

inflammasomes in adipose tissue in the development of obesity and insulin resistance.

Studies in the immune system have revealed that the activation of inflammasomes, or

synthesis, processing, and release of mature cytokines IL-1β and IL-18 by macrophages, ex

vivo requires two stimuli: an inflammatory stimulus such as LPS to prime cells to transcribe

and synthesize cytokine proforms and then a second stimulus such as ATP, nigericin, or

bacterial toxins to activate inflammasome (129, 148). In the context of metabolic disorders

and obesity, the nature of inflammasome-activating signals remains elusive. Several

endogenous stress signals have been implicated in inflammasome activation, including

glucose, palmitate, ceramides, cholesterol crystals, islet amyloid polypeptide, ATP, and

reactive oxygen species (Figures 3b and 4). It will be of great interest to further investigate

the physiological relevance of these putative activating signals in adipose tissue as well as

other metabolic tissues, such as pancreas and the liver, in the context of obesity and type 2

diabetes.

Peroxisome Proliferator-Activated Receptors

The PPAR nuclear receptors, which include PPARα, PPARδ, and PPARγ, are transcription

factors that mediate effects of fatty acids and fatty acid derivatives on gene expression. All

three PPARs, but especially PPARδ and PPARγ, are well expressed in macrophages and

adipose tissue and have been suggested as key modulators of macrophage polarization and

adipose tissue inflammation. Pointing toward an anti-inflammatory effect of PPARα,

ablation of PPARα leads to upregulation of various cytokines, chemokines, and macrophage

markers in adipose tissue of mice fed HFD (138). Similarly, PPARβ/δ and PPARγ reduce

adipose inflammation, promote M2 polarization of macrophages, and increase insulin

sensitivity (48, 64, 90, 106, 144). Consistent with this notion, thiazolidinediones, which

serve as PPARγ agonists and improve insulin sensitivity, have been shown to reduce adipose

T-cell and macrophage infiltration and promote M2 polarization in obese mice (37, 136).

Inasmuch as IL-4 augments PPARγ expression and activity via a mechanism involving

STAT6 (144), the IL-4-induced shift toward M2 macrophages may be partly mediated by

PPARγ (90, 106). Presently, conflicting data exist on whether the insulin-sensitizing effect

of thiazolidinedione is mediated by PPARγ in macrophages or adipocytes (48, 90, 143). The

reason for the discrepancy remains to be defined.

PPARs suppress inflammation via various mechanisms that are seemingly unrelated to the

classical DNA response element–driven transcriptional upregulation of target genes. Both

PPARα and PPARγ inhibit inflammatory gene expression in various cell types, including

macrophages, by interfering with the activity of proinflammatory transcription factors NF-

κB, AP-1, and STATs (24, 120) (Figure 3c). Additionally, it has been shown that ligands
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promote PPARγ SUMOylation, thereby targeting PPARγ to a corepressor complex on

inflammatory gene promoters (112). This in turn impairs proteasome-dependent degradation

of the corepressor complex, leading to sustained transcriptional repression (112). Although

PPARδ is known to exert anti-inflammatory effects in many cell types, little is known about

its underlying mechanism in macrophages (11). It has been suggested that PPARδ activation

in macrophages disrupts the physical association between PPARδ and the anti-inflammatory

transcriptional repressor BCL-6, thereby reducing levels of proinflammatory cytokines (8).

Cell Death

Cell death occurs through morphologically distinct cellular processes, mainly apoptosis and

necrosis. How cells die dictates the outcome of inflammation (121). If cells are dying under

pathological conditions (versus physiological cell death), they are potentially dangerous to

the host through release of intracellular molecules known as damage-associated molecular

patterns (DAMPs) (121). Concurrent with the release of DAMPs that are usually hidden in

normal cells, innate and adaptive immune systems are alerted and activated. Although cell-

death-induced inflammation may contribute to the pathogenesis of a number of diseases

such as autoimmunity and diabetes, how the immune system identifies pathological cell

death remains elusive.

Obesity is associated with the cell death of adipocytes via apoptosis (2) and/or necrosis (18).

Adipocyte death is elevated at four to eight weeks 60% HFD feeding and peaks at 12 to 16

weeks, coinciding with the expression of inflammatory genes (100, 141). Dying adipocytes

in obese adipose tissue may contribute to the recruitment of immune cells or release

adipocyte-associated DAMPs to activate inflammasomes in situ (Figure 3d). Indeed,

macrophages have been found to surround dying or dead adipocytes, forming the so-called

crown-like structure (18, 100). Inhibition of cell death in mice deficient in the proapoptotic

factor Bid reduces macrophages in adipose tissue as measured by Mac3+ cells in histology

sections (2). This has been further confirmed in two independent lipodystrophic transgenic

animal models where adipocyte cell death is associated with massive immune cell

infiltration and inflammation (36, 47). Unexpectedly, inducing adipocyte apoptosis through

the ligand-induced apoptotic model leads to infiltration of M2 but not M1 macrophages into

adipose tissue, along with an upregulation of genes typically involved in tissue remodeling

(36). Thus, how adipocyte death influences macrophage function as well as that of other

immune cells remains an open question.

So what are the triggers for adipocyte death in obesity? Although a definitive answer

remains elusive, a recent study excluded a possible involvement of macrophages or

inflammation (33). It has been speculated that stress signals arising from nutrient overload

following long-term HFD and obesity may be partly responsible. Below we discuss one of

the possible stress signals derived from the ER.

Endoplasmic Reticulum Stress

ER is the site for the synthesis, folding, and secretion of membrane and secreted proteins.

Many mechanisms are in place to safeguard the homeostasis of ER to ensure the fitness of

the cells and organism. Certain conditions such as the acute demand for elevated protein
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synthesis and secretion or changes in ER microenvironment may cause sudden accumulation

of misfolded proteins and disruption of ER homeostasis. The ensuing ER stress then initiates

evolutionarily conserved signaling pathways, called the unfolded protein response (UPR), to

maintain ER homeostasis (122).

Perturbation of ER homeostasis has been proposed to be a potential causal mechanism

underlying many disease pathologies including obesity and type 2 diabetes (54, 111, 130).

Obesity-associated factors such as nutrients and oxidative stress may induce the activation

of ER stress sensor IRE1α or eIF2α kinase PERK in certain cell types, which in turn may

affect inflammation and insulin sensitivity via the activation of inflammatory signaling

cascades, such as the JNK and NF-κB pathways (54, 130) (Figure 3e). In addition, the

activation of TLR2 and TLR4 engages the IRE1α-XBP1 branch of the UPR in

macrophages, which is required for the optimal response to bacterial infections and

sustained expression of a subset of inflamma-tory cytokines including IL-6 and TNFα (92).

It should be noted, however, that the physiological relevance and importance of these ER-

stress-initiated signaling cascades have not been well characterized in obesity. Indeed, a

recent study showed that saturated fatty acids with an acyl chain of at least 16 carbons

activate JNK and induce TNFα expression via altering the membrane distribution of c-Src

protein kinase (51). Inhibition of c-Src activity has no effect on lipid-induced ER stress,

whereas it attenuates JNK activation, suggesting that ER stress and JNK activation may be

separate events induced by lipids. Thus, whether and how nutrient excess such as lipids and

glucose perturbs ER homeostasis and activates ER stress in vivo requires further studies

(130).

Gut Microbiota

Humans harbor ~1014 bacterial cells along the gastrointestinal tract, also known as

commensal microbiota, with up to 1,000 species, including pathogenic and beneficial

microbes. These microbiota are an integral part of human biology, shaped by coevolution

with the host, and mostly exert beneficial effects in disease control and energy metabolism.

The symbiotic relationship of the host and the vast numbers of both pathogenic and

beneficial microbial species challenge the host immunity to maintain tissue homeostasis and

to limit bacterial translocation across enterocytes (83).

Alterations of the commensal microbiota community can lead to peripheral inflammation via

the following mechanisms (Figure 3f ). HFD feeding may increase the proportion of LPS-

containing microbiota in the gut and somehow increase plasma LPS concentration or

endotoxemia, which may contribute to inflammatory response in peripheral tissues through

the activation of TLR4 protein (13). Although LPS injection in animals has produced mixed

results (13, 153, 164), LPS injection in humans increases inflammatory gene expression in

adipose tissue and induces insulin resistance (1, 3, 96). However, it should be noted that the

diet used in the previous study (13) was 72% HFD with no carbohydrate, and when 40%

HFD was used, no effect on metabolic endotoxemia was observed (13), suggesting that gut

microbiota may have a limited contribution to endotoxemia under Western dietary

conditions. Furthermore, gut microbiota may regulate the expression of angiopoietin-like 4

by enterocytes (5). Angiopoietin-like 4, an inhibitor of lipoprotein lipase, may subsequently
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affect lipoprotein metabolism and lipid storage in adipocytes as well as inflammatory

responses in macrophages (82). Moreover, short-chain fatty acids and peptidoglycan

released from gut microbiota may negatively or positively modulate inflammatory responses

through G protein–coupled receptor 43 (93) and nucleotide-binding oligomerization domain-

containing 1 receptors (19), respectively. The physiological relevance of short-chain fatty

acids and peptidoglycan in adipose inflammation in the context of obesity requires further

investigations. Finally, recent studies showed that gut microbiota may have a profound

impact on the biology and function of NKT cells (154) and, conversely, NKT cells may

influence the composition of intestinal microbiota (104). These studies point to an extensive

crosstalk between NKT cells and gut microbiota, which may contribute to inflamma-tory

responses in metabolic tissues. Together with a recent study showing that TLR5 KO mice

have altered composition of the gut micro-biota (152), these studies have raised exciting

possibilities that specific commensal bacteria or their products may have therapeutic benefit

in metabolic disorders. The molecular mechanisms by which gut microbiota affect

peripheral metabolism and inflammatory responses will no doubt be the subject of intense

investigations.

CYTOKINES

Cytokines are the hormonal messengers responsible for most of the biological effects in cell-

mediated immunity. Increasing evidence supports the functional involvement of multiple

pro- and anti-inflammatory cytokines in adipose tissue in obesity, forming a circuitry

controlling local and systemic glucose tolerance and insulin sensitivity. Although they are

numerous, cytokines can be functionally divided into two groups: those that are anti-

inflammatory, including IL-4, IL-13, and IL-1 receptor antagonist (IL-1Ra), and those that

are proinflammatory, such as IL-1β and TNFα. The interplay among proand anti-

inflammatory cytokines significantly influences the outcome of inflammatory responses and

the function of immune cells in vivo (likely adipocytes as well). Here we discuss the

functions of some key cytokines that have been implicated in inflammation and metabolic

regulation. Because this review is focused on adipose inflammation, the effect of cytokines

on the hypothalamus and central regulation of energy metabolism is not discussed here but

can be found elsewhere (163).

Interleukin-4/Interleukin-13

The bias of immune responses to insulin-sensitizing TH2 responses and M2 polarization can

be promoted by anti-inflammatory cytokines such as IL-4 and IL-13, two cytokines sharing

the same receptor (10, 15). IL-4 and IL-13 are secreted by activated T lymphocytes (e.g.,

CD4+ T cells and NKT cells), eosinophils, and mast cells (44). They play an important role

in modulating the balance of TH cell subsets, favoring expansion of the TH2 over TH1

lineage or skewing the polarization of M2 over M1 macrophages. The IL-4/IL-13 effect is

largely mediated via the phosphorylation and activation of STAT6 (65, 133, 145). Following

IL-4 stimulation, cytosolic STAT6 monomers are phosphorylated, leading to

homodimerization and translocation to the nucleus. Imbalance of TH1 and TH2 lymphocyte

subsets has been implicated in immunological diseases including allergy, inflammation, and

autoimmune disease.
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In adipose tissue, several studies have identified adipocytes (64) as potential sources of

IL-13 and eosinophils (160) as potential sources of IL-4. In the absence of IL-4/IL-13, the

number of adipose tissue macrophages remains similar, but the percentage of arginase-1-

positive M2 macrophages of total F4/80+ CD11b+ macrophages is dramatically reduced in

mice on normal chow diet (160). Furthermore, a recent study showed that intraperitoneal

injection of IL-4 cytokine complexed with the IL-4 antibody (to increase the half-life of

IL-4) improves glucose tolerance and insulin sensitivity in obese animals (119). Although

the IL-4 treatment reduces inflammation in adipose tissue, the insulin-sensitizing effect of

IL-4 treatment is largely due to the effect of IL-4 on liver. IL-4 treatment decreases fatty

acid oxidation and increases glucose oxidation in a STAT6-dependent manner in

hepatocytes. STAT6 interacts with PPARα and represses PPARα transcription activity on

target genes involved in fatty acid oxidation. Thus, these data suggest that IL-4 signaling

represses the catabolic activity of PPARα in the liver and attenuates inflammation in adipose

tissue (119). Finally, a recent study showed that IL-4 and/or IL-13 may be involved in

nonshivering thermogenesis (101). IL-4/IL-13 treatment increased the expression of

catecholamines in alternatively activated macrophages, which may in turn promote

thermogenesis in the brown adipose tissue and lipolysis in the white adipose tissue (101).

Therefore, therapies targeting IL-4-secreting cells may have beneficial effects not only for

obesity-associated inflammation but also for nutrient metabolism and energy expenditure.

Interleukin-1β/Interleukin-1Ra

IL-1β is a master regulator of the inflammatory response in various tissues. The processing

of the immature form of IL-1β or pro-IL-1β to bioactive IL-1β cytokine requires two

independent signals as described in the Inflammasome section (Figure 4). Upon signaling

through its cognate receptor IL-1R, IL-1β stimulates the production of proinflammatory

prostaglandins, nitric oxide, and chemokines in the target cells such as endothelial cells and

smooth-muscle cells. IL-1β has been implicated in pancreatic β cell function in the context

of type 1 diabetes as well as recently in inflammatory response in the context of obesity-

associated insulin resistance and type 2 diabetes (26).

Interestingly, the immune system also produces IL-1Ra to counter the proinflammatory

effect of IL-1β. IL-1Ra, also a naturally occurring cytokine, belongs to the IL-1 family and

antagonizes the effects of IL-1β by competitive binding to IL-1R on target cells (25). Mice

with IL-1Ra deficiency develop spontaneous pathogenic autoimmune inflammatory diseases

with massive neutrophil infiltration at the joints or arteries (52, 103). The ratio of IL-1Ra to

IL-1β seems important for the outcome of inflammation, as mice heterozygous for IL-Ra

still develop arterial inflammation, albeit to a lesser extent (103). Thus, IL-1Ra protects the

system from the deleterious effect of IL-1β.

The circulating level of IL-1β is found to be elevated with obesity, which in turn induces

insulin resistance in insulin-sensitive cells and increases risk for type 2 diabetes (58, 75).

Interestingly, IL-1Ra expression is induced by IL-1β, and serum levels of IL-1Ra are

increased in obesity (97), suggesting the presence of a complex autoregulatory circuit in

obesity. Indeed, studies have shown that IL-1β controls the circulating levels of many

proinflammatory factors in patients with type 2 diabetes (77). In both humans and animal
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models, blockade of IL-1β activity with IL-1Ra or with an IL-1β neutralizing antibody

improves insulin secretion and glycemia (29, 40, 77, 109, 127, 137). Indeed, the blockade of

IL-1β signaling by IL-1Ra or IL-1β antibody is reported to help treat type 2 diabetes in

recent clinical studies (77). These findings suggest that IL-1β is an important driver in the

development and maintenance of insulin resistance. However, in other studies, IL-1β-

deficient mice display glucose intolerance at three months of age (88), and mice with IL-1Ra

ablation are resistant to obesity and have improved insulin sensitivity (135). Thus, more

studies using tissue-specific KO animals are required to establish the physiological role of

the IL-1 signaling pathway.
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SUMMARY POINTS

1. In addition to macrophages, many immune cells including lymphocytes and

myeloid cells play important regulatory roles in adipose inflammation and hence

systemic glucose tolerance and insulin sensitivity.

2. TLRs, inflammasomes, PPARs, cell death, ER stress, and gut microbiota may

potentially link nutrient abundance with inflammation in obesity.

3. CD4+ TH2, Treg, eosinophils, and adipocytes can secrete TH2 cytokines and

regulate inflammation in adipose tissue.

4. Whereas IL-4 and IL-13 augment TH2 responses in adipose tissue and attenuate

inflammation, IL-1β promotes TH1 responses and augments inflammation.

5. Targeting the IL-1β proinflammatory signaling axis is a quite effective and

promising therapeutic approach to reduce inflammation in human patients with

type 2 diabetes.
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FUTURE ISSUES

Earlier studies have provided a framework for further dissecting the initiation,

development, and resolution of inflammatory response in adipose tissue during obesity,

including:

1. Delineating the mechanisms by which inflammation in adipose tissue affects

systemic insulin sensitivity.

2. Delineating the interplay among various immune populations and adipocytes in

adipose tissue and identifying the importance of other cell types such as TH17

cells in metabolic regulation.

3. Understanding the basis of inflammatory responses at different phases of obesity

so as to predict the benefit from modulating the inflammatory responses.

4. Identifying the molecular mechanisms underlying the activation of immune cells

in adi-pose tissue in obesity.

5. Identifying new and more effective therapeutic approaches based on the effect

of obesity-associated inflammation.
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Inflammation: a major defense mechanism to restore tissue homeostasis and function

following pathogen infection or injury

Type 2 diabetes: adult-onset diabetes incapable of responding to insulin (i.e., insulin

resistance) to maintain euglycemia, despite the presence of pancreatic islets

Macrophage polarization: a conceptual framework describing the activation status of

macrophages

Pattern recognition receptors (PRRs): proteins expressed by innate immune cells that

can recognize pathogen- or damage-associated molecular patterns

Toll-like receptors (TLRs): a type of PRRs that recognize extracellular PAMPs and

may be activated by lipids such as saturated fatty acids

Pathogen-associated molecular patterns (PAMPs) or damage-associated molecular

patterns (DAMPs): molecules associated with pathogens or damaged tissue/cells capable

of activating innate immunity

Antigens: nonself substances that stimulate adaptive immune responses

Classically activated M1 or alternatively activated M2 macrophages: a paradigm

depicting the functional states of polarized macrophages mirroring the TH1/TH2 concept

in CD4+ T cells

Immunosuppressive cells: cells that are able to suppress inflammatory responses, most

notably regulatory T cells and myeloid-derived suppressor cells

Antigen-presenting cells (APCs): cells that engulf, process, and present antigens at the

cell surface to activate T cells with B cells; macrophages and dendritic cells are

professional APCs

Helminth: parasitic worms that live inside humans (such as in the digestive tract) and

often protect themselves by stimulating host TH2 responses

T helper cells (TH1/TH2): a classification of CD4+ T cells based on the signature

cytokines IFN-γ and IL-4, respectively

Inflammasomes: molecular platforms or complexes essential for the generation of

bioactive proinflammatory caspases and IL-1β

Unfolded protein response (UPR): an adaptive cellular response to the disturbance or

disruption of ER homeostasis or ER stress

Interleukin-1 receptor antagonist (IL-1Ra): a naturally occurring cytokine that

antagonizes the effect of IL-1β by competitive binding to IL-1R
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Figure 1.
Key immune populations and cytokines in white adipose tissue (WAT). Immune cells

involved in both proand anti-inflammatory responses are present in adipose tissue.

Cytokines allow immune cells and adipocytes to communicate with each other, maintain

inflammatory homeostasis in WAT, and influence systemic insulin sensitivity.

Abbreviations: IL, interleukin; M1, classically activated M1 macrophages; M2, alternatively

activated M2 macrophages; MCP-1, monocyte chemotactic protein 1; MDSC, myeloid-

derived suppressor cell; TH1/TH2, CD4+ type 1 or 2 helper T cells; TNFα, tumor necrosis

factor alpha; Treg, regulatory T cells.
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Figure 2.
Relative abundance of various immune cells in adipose tissue of lean and obese mice. Pie

charts show the abundance of various immune cells in total CD45+ leukocytes present in

stromal vascular fraction of epididymal adipose tissue of 14- to 20-week-old mice that have

been on either LFD (lean) or HFD for 8 to 12 weeks (obese). The numbers shown in the

charts indicate the percentage of each cell type in total CD45+ leukocytes. The height of the

pies reflects the numbers of total CD45+ leukocytes in one epididymal fat pad, which are

significantly increased in obese animals compared to age-matched lean mice. The relative

abundances for B cells, Treg, eosinophils, MDSCs, and macrophages are from References

102 and 158–161; the others are from our unpublished data. These pie charts are our attempt

to provide a glimpse of the relative abundance of each immune population and its dynamics

in obesity. It is by no means precise, as data have been collected from different studies

where different experimental methods and analysis tools have been employed. “Other”

refers to mast cells, γδ T cells, and other unidentified immune cells. Abbreviations: HFD,

high-fat diet; LFD, low-fat diet; MDSC, myeloid-derived suppressor cell; NK, natural killer

cell; NKT, natural killer T cell; Treg, regulatory T cells.
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Figure 3.
Hypothetic models of how inflammation is initiated and developed in obesity. Stress signals

such as lipids may signal through (a) TLRs or (b) inflammasomes to activate inflammatory

pathways, which may be responsible for the downregulation of insulin signaling. (c) Lipids

may downregulate inflammation via the activation of transcription factor PPAR. (d ) Stress

signals induce adipocyte death, from which cell debris may be phagocytosed by

macrophages and influence inflammation. (e) Lipids may promote ER stress and UPR,

which may lead to the activation of JNK and NF-κB and consequently induce inflammation

and attenuate insulin signaling. ( f ) Gut microbiota may influence inflammatory responses

in the host by the release of LPS, SCFAs, and PG, which subsequently activate TLR4,

GPR43, and NOD1 receptors, respectively. Lipid antigens derived from microbiota may also

alter the activation status of NKT cells. Gut microbiota may influence the secretion of

Angptl4 from enterocytes, which inhibits LPL activity and lipid uptake in macrophages.

Abbreviations: Angptl4, angiopoietin-like 4; AP1, activator protein 1; ER, endoplasmic

reticulum; GPR43, G protein–coupled receptor 43; JNK, c-Jun N-terminal kinases; LPL,

lipoprotein lipase; LPS, lipopolysaccharide; NF-κB, nuclear factor-κB; NKT, natural killer

T cells; NOD1, nucleotide-binding oligomerization domain-containing 1; PG,

peptidoglycan; PPAR, peroxisome proliferator-activated receptor; ROS, reactive oxygen

species; SCFAs, short-chain fatty acids; STAT, signal transducer and activator of

transcription; TLR, Toll-like receptor; UPR, unfolded protein response.
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Figure 4.
Activation of NLRP3 inflammasomes. Two signals are required for the maturation of

proinflammatory cytokines IL-1β and IL-18: transcriptional induction of pro-IL-1β and

IL-18, and the activation of inflammasomes. Upon activation, NLRP3 oligomerizes and

recruits PYD-containing adaptor ASC, whose CARD domain in turn recruits procaspase-1.

Autocleavage of procaspase-1 leads to the formation of the active caspase-1 p10/p20

tetramers, which in turn splice inactive cytokines such as pro-IL-1β and pro-IL-18 to

generate active molecules. Potential activating signals are indicated. Abbreviations: ASC,

apoptosis-associated speck-like protein containing a carboxy-terminal CARD; ATP,

adenosine triphosphate; IL, interleukin; LPS, lipopolysaccharide; LRR, leucine-rich repeat;

NACHT, nucleotide-binding and oligomerization domain; NLRP3, NLR family, pyrin

domain–containing 3; PYD, pyrin domain; ROS, reactive oxygen species; TLR, Toll-like

receptor.
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Table 1

Effects of TLR2 or TLR4 deficiency on obesity-associated inflammation and insulin resistance

Mouse models Metabolic phenotypes Inflammatory

phenotypes
b
 (in

particular
tissues)

Refs

Mouse models (strain) Length of
HFD (%
cal from
fat)

Obesity/adiposity Insulin sensitivity
a Hepatic steatosis

Global TLR4 deficiency Tlr4−/− (C57BL/6) 26 weeks
(w) (58%)

↑ (females) ↑
— 

c ↓ (WAT, liver) (132)

8 w (60%)
=

c ↑ (thoracic aorta,
liver)

— ↓ (thoracic aorta) (67)

Tlr4Lps–d (C3H/HeJ)
d 8 w (55%) ↓ ↑ — ↓ (WAT, liver,

muscle)
(149)

16 w (60%) = — — ↓ (WAT) (142)

22 w (42%) ↑ ↑ (WAT only) ↓ ↓ (WAT) (114)

Tlr4Lps–del (C57BL/10)
d 16 w (60%) ↓ ↑ — ↓ (WAT) (22)

21 w (45%) ↓ = ↓ — (116)

TLR4−/− BMT BMT-Tlr4−/− (C57BL)
e 12 w (—) = ↑ ↓ ↓ (WAT, liver) (124)

BMT-Tlr4−/− (C57BL/6)
f 12 w (41%) = = — ↓ (only in lean

WAT)
(21)

TLR2 deficiency Tlr2−/− (C57BL/6) 14 w (42%) ↓ ↑ ↓ ↓ (WAT) (49)

Tlr2−/− (C57BL/6) 20 w (58%) ↓ ↑ ↓ ↓ (WAT, liver,
pancreas)

(30)

Tlr2 ASON
g
 (Swiss)

8 w (55%) — ↑ — ↓ (WAT, muscle) (14)

Abbreviations: BMT, bone marrow transplantation; HFD, high-fat diet; NF-κB, nuclear factor-κB; TLR, toll-like receptor; WAT, white adipose
tissue.

a
Insulin sensitivity as indicated by glucose tolerance test, insulin tolerance test, homeostasis model assessment analysis, insulin-induced insulin

receptor, insulin receptor substrate-1 and AKT phosphorylation in specific tissues, or hyperinsulinemic euglycemic clamp studies.

b
Inflammatory phenotypes measured by inflammatory gene expression, circulation cytokine levels in serum, immunohistochemistry staining for

macrophages in adipose tissues, or IκB phosphorylation and NF-κB activation in specific tissues.

c
—, no information is available; = , not altered in comparison with corresponding control cohort.

d
Tlr4Lps–d, C3H/HeJ mice with loss-of-function mutation of TLR4. Tlr4Lps–del, C57BL/10 mice with a deletion in the Tlr4 gene.

e
BMT of TLR4−/− C57BL/10 donor cells into irradiated wild-type C57BL/6 recipient mice.

f
BMT of TLR4−/− C57BL/6 donor cells into irradiated Ay/a; Ldlr−/− C57BL/6 recipient mice.

g
ASON, TLR2 antisense oligonucleotide intraperitoneal in eight-week HFD-fed mice for four days.
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