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Inflammation and Insulin resistance
Obesity is the single pre-disposing factor for Type 2 diabetes mellitus (T2DM) and is a
major contributor to a variety of health issues including liver and cardiovascular diseases. In
parallel, T2DM is a quickly growing global metabolic disease characterized by impaired
insulin secretion and insulin resistance (1). Recent evidence has indicated that inflammation
is one important contributing process for the development of insulin resistance in obese
humans and rodents, and adipose tissue has been shown as a major site mediating the
inflammatory response (2–4). White adipose tissue consists of a variety of cell types
including adipocytes, macrophages, lymphocytes, pre-adipocytes, and endothelial cells.
Innate immune response mainly mediated by macrophages is a key inflammatory process in
adipose tissue resulting in insulin resistance. Macrophages differentiate into two generally
functional distinct populations, although there are numerous macrophage subtypes that
appear to represent a continuum and interconversion with discrete functions. In a simplified
version, the classically activated macrophages (M1, pro-inflammatory) induced by Th1
cytokines such as IFN-γ express nitric-oxide synthase (NOS2) whereas the alternatively
activated macrophages (M2, anti-inflammatory) induced by Th2 cytokines such as IL-4 and
IL-13 express arginase-1 (ARG1) (5–9). F4/80+CD11c+ inflammatory M1 macrophages are
increased in adipose tissue and secrete inflammatory cytokines such as tumor necrosis
factor-α (TNF-α), Interleukin-6 (IL-6) and IL-1β. TNF-α levels are increased obese
diabetic humans and rodents, and neutralization of TNF-α improves insulin sensitivity in
obese rodents (10). TNF-α induces serine phosphorylation of IRS1 to inhibit signaling to
downstream effectors of the insulin receptor resulting in insulin resistance (11). IL-1β is also
elevated in circulation (12) and in pancreatic islets of obese T2DM humans and rodents and
induces the loss of pancreatic β cell mass resulting in hyperglycemia (13–15). IL-1β is
mainly produced by monocytes and macrophages being synthesized as a IL-1β precursor in
the cytosol, and activation-induced NALP3 (cryopyrin) inflammasome activates caspase-1
to mediate active IL-1β secretion (16). IL-1β binds to IL-1 receptor Type I (IL-1RI) and
IL-1 receptor accessory protein (17) and recruits MYD88, IRAK4, and TRAF6 to activate
NF-κB and MAPKs.

Recently, adaptive immune responses have been shown to be a critical factor for high fat
diet (HFD)-induced inflammation and insulin resistance in humans and rodents (Figure 1).
Foxp3+CD4+ regulatory T (Treg) cells (anti-inflammatory IL-10 producing cells), IL-4
producing Th2 CD4+ T cells, and eosinophils are decreased whereas effector CD8+ T cells,
IFN-γ producing Th1 CD4+ T cells, and autoantibody producing B cells are increased in
obese mice (18–21). Interestingly, adoptive transfer of CD4+ cells, which produce IL-4 and
IL-13, rescues HFD-induced obesity and insulin resistance in Rag1 deficient mice (18)
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suggesting that Th2 cytokines such as IL-4 and IL-13 suppress HFD-induced inflammation
to improve insulin sensitivity. In addition, IL-13 and IL-4 mediate Th2 immune responses to
activate eosinophils, basophils, and B cells resulting in the clearance of extracellular
parasites (6). IL-13 is a four-helix bundle short-chain and Th2 CD4+ T cell-derived cytokine
that is also involved in allergic inflammation, asthma, tissue remodeling, and in this context
fibrosis (22, 23). IL-13 is a ligand for IL-13Rα1 and IL-13Rα2 receptors (24–27).
IL-13Rα1 is a low affinity receptor by itself, but forms a high affinity receptor with IL-4Rα
to generate an IL-4Rα and IL-13Rα1 heterodimer, termed the Type II IL-4 receptor
(IL-4RII) (28, 29). As IL-4RII shares IL-4Rα and IL-13Rα1, IL-13 activates JAK1, Tyk2,
and STAT6, and although IL-13 and IL-4 are functionally related, conventional IL-13
deficient mice demonstrate a unique role of IL-13 in Th2 immune responses (30).

Immune responses in tissue fibrosis
Fibrosis is a common pathological consequence of many inflammatory diseases such as
idiopathic pulmonary fibrosis, liver cirrhosis, systemic sclerosis, and progressive kidney
disease (22, 23). Therefore, fibrotic disorders are a critical problem of morbidity and
mortality worldwide and cause about 45% of deaths in the United States (31). Intensive
studies to understand the molecular mechanisms of fibrosis have shown that IL-13 and
transforming growth factor-β1 (TGF-β1) are key regulators (32–35), and activated
fibroblasts produce extracellular matrix (ECM) including collagens, elastins, and
proteoglycans (22, 31) resulting in the pathogenesis of fibrosis. Damaged epithelial and
endothelial cells secrete inflammatory mediators to initiate blood clotting and epithelial/
endothelial cells and platelets produce chemokines and growth factors such as TGF-β and
PDGFs to recruit neutrophils and macrophages. Furthermore, T cells, B cells and
eosinophils are recruited to generate pro-fibrotic cytokines such as IL-13 and TGF-β1.
Fibroblasts are also accumulated in injured region from epithelial-mesenchymal transition
(EMT) and bone marrow derived fibrocytes. Fibroblasts are activated by IL-13 and TGF-β1
and then differentiate into α-smooth muscle actin (SMA) expressing myofibroblasts to
produce ECM. Myofibroblasts, macrophages and epithelial/endothelial cells also produce
matrix metalloproteinases (MMP) and tissue inhibitors of matrix metalloproteinases (TIMP)
for ECM regulation. Therefore, the balance between ECM formation and degradation is a
critical process for normal tissue repair. Tissue repair process becomes pathogenic fibrosis if
the balance between ECM formation and degradation is not tightly regulated resulting in the
distortion of normal tissue architecture and function.

Fibrosis is closely linked with Th2 immune responses, and especially IL-13 produced by
Th2 CD4+ T cells is the major cytokine to mediate tissue fibrosis (31, 36, 37). The
expression of IL-13 is increased in tissues and bronchoalveolar lavage (BAL) fluid in
idiopathic pulmonary fibrosis (IPF), sarcoidosis and liver fibrosis. However molecular
mechanisms to mediate IL-13-induced tissue fibrosis are complicated. The pro-fibrotic
effects of IL-13 are dependent on TGF-β1 in lung fibrosis (34, 35). Three isotypes of TGF-β
(TGF-β1, -β2 and β3) have been found in mammals, and TGF-β1 mainly produced by
monocytes and macrophages is the major isotype to mediate tissue fibrosis. IL-13 induces
MMP-9 and activates cathepsin-based proteolytic pathways to cleave latency-associated
protein (LAP) for the generation of active TGF-β1 resulting in the stimulation of
myofibroblasts to produce ECM. In contrast, IL-13-induced liver fibrosis in schistosomiasis
is TGF-β1 independent (38). S. mansoni infected IL-13 deficient mice showed improved
liver fibrosis although TGF-β production is not diminished. Furthermore, the treatment of
neutralizing TGF-β antibody, TGF-βR-Fc, and Smad3 deficient mice do not modulate
development of liver fibrosis and production of IL-13 in schistosomiasis suggesting that S.
mansoni induced liver fibrosis is mediated by IL-13 but TGF-β1 independent. Therefore,
IL-13 and TGF-β1 appear to be critical cytokines mediating tissue fibrosis. However, the
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specific pathways and mechanisms dictating the independent and cooperative interaction of
IL-13 and TGF-β1 in the pathogenesis of specific tissue fibrosis remain enigmatic.

Unique microenvironment in adipose tissue fibrosis
Adipose tissue stores excess nutrition and also releases fatty acids to compensate nutrition
deprivation. Thus adipose tissue maintains whole body energy homeostasis through
hyperplasia and hypertrophy. Excess nutrition initiates adipocytes expansion along with
triglyceride accumulation, adipocytes cell death, adipokine/cytokine production,
endoplasmic reticulum stress and adipose tissue hypoxia resulting in the immune cell
infiltration, low grade chronic inflammation and adipose tissue fibrosis in both humans and
rodents (3, 39–43). Collagen type VI is a dominant ECM in mice and collagen VI deficient
ob/ob and HFD fed mice have reduced adipose tissue fibrosis with improved insulin
sensitivity suggesting that adipose tissue fibrosis may be an important determinant of insulin
sensitivity (41). Adipocytes hypertrophy induces the expression of hypoxia-inducible factor
1α (HIF-1α), and increased lysyl oxidase one of target genes of HIF-1α mediates cross
linking of collagens for adipose tissue fibrosis (42). In parallel, obesity in humans is recently
shown to be associated with adipose tissue fibrosis. White adipose tissues of obese humans
have more collagen deposition than lean subjects (40). Adipose tissue fibrosis may induce
rigid extracellular environment, which restrains adipocyte expansion and then triggers
adipocyte cell death and inflammatory responses by increased mechanical stress.

Obese humans and rodents show accumulated diverse inflammatory immune cells in adipose
tissue (18–21), and interactions between macrophages and pre-adipocytes are involved in
ECM production (43) suggesting that immune cells such as macrophages and T cells are
involved in adipose tissue fibrosis. However molecular mechanisms of HFD-induced
adipose tissue fibrosis is not clear. IL-13 is the critical mediator in liver and lung fibrosis,
and Th2 CD4+ T cells are major source of IL-13 to produce ECM. However, the expression
of IL-4 is significantly diminished (21) whereas IL-13 levels are increased in adipose tissue
of HFD-induced obese rodents (unpublished results). Since Th2 CD4+ T cells and
eosinophils are decreased after HFD feeding, it is likely that non-CD4+ T cells are
responsible for the production of IL-13 in adipose tissue (Figure 2). In addition, IFN-γ
produced by Th1 CD4+ T cells suppresses the differentiation of alternatively activated M2
macrophages and Th2 CD4+ T cells resulting in the abrogation of tissue fibrosis in the liver
(44, 45). In contrast, IFN-γ producing CD4+ T cells are increased in adipose tissue of HFD
fed or genetically modified obese mice although adipose tissue fibrosis is enhanced. Thus in
contrast to the liver, adipose tissue has unique molecular mechanisms driving fibrosis in
vivo. We suggest that HFD induces the expression of IL-13 from non-Th2 CD4+ T cells and
may mediate the deposition of collagen to induced adipose tissue fibrosis even though IFN-
γ expression is enhanced due to increased Th1 CD4+ T cells. To elucidate molecular
mechanisms of HFD induced adipose fibrosis, one important goal is to identify the source of
IL-13 in adipose tissue and signaling pathway mediating the expression of IL-13 in adipose
tissue.
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Figure 1. Alterations of immune cells with obesity regulate the inflammatory microenvironment
in adipose tissue
Alternatively activated M2 macrophages, Th2 CD4+ T cells, regulatory CD4+ T cells (Treg)
and eosinophils are dominant immune cells in adipose tissue of lean mice. These cells
secrete anti-inflammatory cytokines such as IL-4 and IL-10 to suppress inflammation and
maintain insulin sensitivity in adipose tissue. In obese mice, the composition of immune
cells is dynamically shifted to enhance inflammatory responses in adipose tissue. Classically
activated M1 macrophages, Th1 CD4+ T cells, effector CD8+ T cells, mast cells and B cells
are increased and produce inflammatory cytokines such as TNF-α and IFN-γ and
autoantibodies resulting in insulin resistance.
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Figure 2. IL-13 and TGF-β might mediate independently or cooperatively to promote fibrosis in
adipose tissue
In classical lung and liver fibrosis, IL-13 produced by Th2 CD4+ T cells stimulates
macrophages to produce TGF-β. Intracellular processing of prepro-TGF-β generates latent
TGF-β, and secreted latent TGF-β binds to its receptor, CD36. Active TGF-β generated by
plasmin and MMP-9 dependent degradation of LAP stimulates TGF-β receptors expressed
in fibroblasts to produce ECM. IL-13 might directly activate the collagen-producing
machinery in fibroblasts as fibroblasts express IL-13 receptors. IL-13 can also activate
macrophages and/or fibroblasts to express Arginase-1 to increase L-proline, which promotes
collagen production and fibrosis. IFN-γ produced by Th1 CD4+ T cells antagonizes these
pathways as IFN-γ inhibits the differentiation of alternatively activated macrophages and
Th2 CD4+ T cells. Genetically modified and HFD-induced obese mice show enhanced
adipose tissue fibrosis and IFN-γ producing Th1 CD4+ T cells are increased. In contrast Th2
CD4+ T cells are significantly decreased in obese adipose tissue suggesting that the main
source of IL-13 may be non-Th2 CD4+ T cells. This schematic model was adapted from
Wynn et al. (31).

Kwon and Pessin Page 8

J Investig Med. Author manuscript; available in PMC 2013 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


