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Abstract

The worldwide obesity epidemic has emerged as a major cause of insulin resistance and Type

2 diabetes. Chronic tissue inflammation is a well-recognized feature of obesity, and the field of
immunometabolism has witnessed many advances in recent years. Here, we review the major
features of our current understanding with respect to chronic obesity-related inflammation in
metabolic tissues and focus on how these inflammatory changes affect insulin sensitivity, insulin
secretion, food intake, and glucose homeostasis. There is a growing appreciation of the varied
and sometimes integrated crosstalk between cells within a tissue (intraorgan) and tissues within
an organism (interorgan) that supports inflammation in the context of metabolic dysregulation.
Understanding these pathways and modes of communication has implications for translational
studies. We also briefly summarize the state of this field with respect to potential current and
developing therapeutics.

Introduction

The prevalence of type 2 diabetes mellitus (T2DM) is rapidly increasing on a global basis
and has now reached epidemic proportions. The etiology of T2DM involves both insulin
resistance and B-cell dysfunction, and one typically needs both defects in order to develop
the full hyperglycemic diabetic state (referred to as the two-hit hypothesis) (Defronzo, 2009;
Halban et al., 2014; Olefsky and Glass, 2010). Obesity is far and away the most common
cause of insulin resistance in man; therefore, it is the ongoing obesity epidemic that is
driving the parallel rise in the incidence of T2DM (Olefsky and Glass, 2010).

While insulin resistance and p-cell dysfunction co-exist in the great majority of T2DM
patients, the relative contribution and temporal appearance of these two defects varies across
different patients and populations. Chronic obesity-associated inflammation, particularly in
adipose tissue and liver, is a widely reported contributor to insulin resistance (Hotamisligil,
2017), and recent evidence indicates that inflammation is also an important etiologic
component of B-cell dysfunction in T2DM (Eguchi and Nagai, 2017). While there are many
potential contributing mechanisms to both insulin resistance and B-cell dysfunction, in this
review, we will focus our attention primarily on the role of chronic tissue inflammation
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in these metabolic defects. There are already many excellent recent reviews covering other
potential non-inflammatory causes of insulin resistance and p-cell dysfunction (Czech,
2017; Newgard, 2017; Samuel and Shulman, 2016).

Several tissues or organs can make independent contributions to the etiology of T2DM.
Chronic inflammation in the liver, muscle, adipose tissue, CNS, and gastrointestinal (GI)
tract plays a role in achieving the final insulin-resistant, hyperglycemic diabetic state. This
is depicted in Figure 1, which shows a variety of interconnections comprising an extensive
interorgan crosstalk network. There are two aspects of consideration of immunometabolism.
One is the effect of inflammation and immune responses on the control of systemic
metabolism. The other focuses on metabolism within immune cells. Clearly, metabolic
changes in immune cells have important effects on the function of these cell types (O’Neill
etal., 2016; Puleston et al., 2017). Here, we focus on immunometabolism as it relates to the
effects of chronic inflammation on metabolic events and will also discuss future directions in
this rapidly growing area.

Establishing a Link between Chronic Inflammation and Metabolic Disease

The role of subacute chronic inflammation, particularly in adipose tissue and liver, has been
widely studied with respect to its role in systemic insulin resistance (Hotamisligil, 2017).
Recent evidence has also pointed toward the contribution of immune cell inflammation

in islets in p-cell dysfunction (Eguchi and Nagai, 2017). With respect to both of these
metabolic defects, obesity has emerged as an underlying etiology.

Anti-diabetic effects of anti-inflammatory treatments (e.g., salicylate and berberine) have
been known for over 100 years (Ebstein, 1876; Lee et al., 2006; Yuan et al., 2001). However,
over the last couple of decades, we have begun to understand the underlying cellular and
physiologic mechanisms of how obesity-associated inflammation induces insulin resistance
and glucose intolerance. The first studies to establish a concrete mechanistic link between
inflammation and insulin resistance focused on tumor necrosis factor-a (TNF-a). In 1989,
Grunfeld and Feingold observed that treatment of rodents with TNF-a led to adverse
metabolic events, including increased serum glucose levels (Feingold et al., 1989). An
additional seminal paper in the field discovered that TNF-a levels are elevated in adipose
tissue of obese rodents and that TNF-a treatment causes insulin resistance in mice by
activating IxB kinase B (IKK), while neutralization of circulating TNF-a improves insulin
sensitivity (Hotamisligil et al., 1993; Yuan et al., 2001). Activation of other inflammatory
kinases, such as Jun amino-terminal kinases (JNKSs) is also a feature of the chronic obesity-
induced tissue inflammatory state, and genetic ablation of JNK also leads to protection
from obesity-induced inflammation and insulin resistance (Hirosumi et al., 2002). Increased
proinflammatory signaling has subsequently been observed in the three classical insulin
target tissues (fat, liver, and muscle), as well as in islets, the CNS, and the Gl tract (Cai

et al., 2005; De Souza et al., 2005; Fink et al., 2014; Hotamisligil et al., 1993; Lee et al.,
2011b; Maedler et al., 2002; Weisberg et al., 2003; Winer et al., 2017; Xu et al., 2003).

While most of the direct evidence that inflammation is a key cause of insulin resistance
and impaired glucose metabolism in obesity stems from rodent studies, there are several ex
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vivo studies with primary human adipocytes, hepatocytes, skeletal muscle (SM) cells, and
islets that also support the idea that inflammation can cause decreased insulin sensitivity
and impaired insulin secretion (Austin et al., 2008; Dietze et al., 2002; Léfgren et al., 2000;
Maedler et al., 2002; Pardo Marques et al., 2016). However, the overall concept for a causal
role of inflammation in insulin resistance still remains to be validated in man.

Tissue-Specific Events in Development of Insulin Resistance and Glucose

Intolerance

Adipose Tissue

Adipose tissue can comprise white, brown, or beige adipocytes. White adipocytes are
specialized to store excessive energy in the form of triglycerides and to release fatty acids
(FAs) in times of energy deficiency. White adipose tissue (WAT) also releases a variety

of secretory peptides and lipid metabolites that signal to other tissues (Deng and Scherer,
2010; Glass and Olefsky, 2012; Smith and Kahn, 2016), contributing to systemic energy and
glucose homeostasis. In contrast to WAT, the major function of brown and beige adipocytes
is to generate heat under cold stress, which is well reviewed elsewhere (Kajimura et al.,
2015). Therefore, in this section, we will focus on inflammation and WAT.

Adipose Tissue Macrophages.—Adipose tissue inflammation occurs as early as 3-7
days after feeding high-fat diet (HFD) in mice and gradually increases, contributing to
systemic insulin resistance and glucose intolerance (Lee et al., 2011b). During obesity,
different types of both innate and adaptive immune cells accumulate in adipose tissue
with increased adipocyte chemokine production (Lackey and Olefsky, 2016) and impaired
macrophage emigration from adipose tissue (Ramkhelawon et al., 2014), preventing
resolution of inflammation. Of the adipose tissue immune cells, macrophages are the most
abundant and can comprise up to 40% of all stromal vascular cells in obese adipose

tissue (Lumeng et al., 2007). They are a major source of proinflammatory cytokines,
which have the potential to cause local and systemic insulin resistance (Xu et al., 2003).
Indeed, numerous studies have shown that genetic manipulations that impair macrophage
proinflammatory pathway activity protect against obesity-induced insulin resistance and
glucose intolerance (Lackey and Olefsky, 2016).

The intracellular events leading to impaired insulin signaling after proinflammatory
stimulation have been well studied and include activation of inhibitor of xB kinases (IKKs),
nuclear factor x-light-chain-enhancer of activated B cells (NF-xB), JNKSs, and increased
oxidative stress (Lackey and Olefsky, 2016). These pathways all trigger transcriptional
activation of proinflammatory genes, decreased expression of adipocyte-specific genes,
suppression of insulin-receptor action, and inhibitory phosphorylation or nitrosylation of
insulin-signaling molecules (Hotamisligil, 2017; Xing et al., 1997).

Tissue macrophages are often classified based on their inflammatory state, with
classically activated M1 proinflammatory macrophages versus alternatively activated M2
anti-inflammatory cells. While the designations M1 and M2 are often used to categorize
macrophages, these definitions largely derive from in vitro studies (Sica and Mantovani,
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2012). In the /n vivo setting, it is likely that adipose tissue macrpophages (ATMs) exist
across a polarization spectrum from the most inflammatory to anti-inflammatory phenotypes
(Kratz et al., 2014; Li et al., 2010; Lumeng et al., 2008; Nguyen et al., 2007). Thus,

the terms M1-like and M2-like are used to generally depict the proinflammatory state of
recruited ATMs versus the anti-inflammatory state of resident ATMs. Most ATMs express
the surface markers CD11b and F4/80. In obesity, the majority of recruited ATMs are also
positive for CD11c, and ATMs expressing this marker typically exhibit increased expression
of proinflammatory genes (Lumeng et al., 2007; Nguyen et al., 2007).

Other Innate Immune Cell Types.—While ATMs are the major effector cell type
generating factors that cause insulin resistance, changes in several other innate immune

cell types in obese adipose tissue contribute to initiation and/or progression of adipose tissue
inflammation. For example, in lean adipose tissue, innate lymphoid type 2 (ILC2) cells
secrete Th2 cytokines IL-5 and IL-13, stimulating eosinophil chemotaxis and maturation
(Molofsky et al., 2013; Nussbaum et al., 2013). Activated eosinophils can repress adipose
tissue inflammation by releasing I1L-4 and IL-13, key drivers of the M2-like macrophage
polarization state (Wu et al., 2011). During obesity, representation of ILC2 cells and
eosinophils in adipose tissue declines with increasing adiposity, which can enhance obesity-
induced inflammatory activation of ATMs (Molofsky et al., 2013). On the other hand,
neutrophils are among the first responders recruited to adipose tissue in mice on HFD.
They release neutrophil elastase (NE), which impairs insulin signaling by promoting IRS-1
degradation (Talukdar et al., 2012). Similar to ILC2 cells, ILC1 cells also reside in

lean adipose tissue, but their number increases in obesity, contributing to adipose tissue
inflammation (Boulenouar et al., 2017; Lee et al., 2016; Theurich et al., 2017).

Lymphocytes.—Several types of adaptive immune cells are also involved in obesity-
induced adipose tissue inflammation. CD3* T cells comprise the largest adipose-tissue
immune-cell population next to macrophages, and their number is increased in HFD/obese
mice (McNelis and Olefsky, 2014). T cells can be categorized into two groups, depending

on their phenotypic expression of the surface coreceptors CD4 or CD8. Adipose tissue CD8*
T cell content is increased in obesity, and these cells release factors facilitating macrophage
differentiation and chemotaxis (Nishimura et al., 2009).

CD4* T cells can be further subcategorized based on their functional profile into
proinflammatory T helper (Th)1 and Th17 cells, anti-inflammatory Th2 cells, and T
regulatory (Treg) cells. The number of CD3*CD4* Th1 cells is increased in obesity, and
they contribute to adipose tissue inflammation by producing interferon -y (IFNvy) (Winer et
al., 2009). In contrast, the number of CD3*CD4* Th2 cells is decreased in obese adipose
tissue (Winer et al., 2009).

Treg cells (CD3*CD4*FOXP3*) are a small subset of CD4* T lymphocytes (5%-20% of
CD3*CD4* cells) that can control the activity of other T cells or the innate immune system,
inhibiting inappropriate inflammation. Lean adipose tissue harbors a unique Treg population
characterized by high peroxisome proliferator-activated receptor y (PPARYy) expression,
and these Tregs play an important role in maintaining adipose-tissue inflammatory tone

and insulin sensitivity (Bapat et al., 2015; Feuerer et al., 2009). In obesity, the number or
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proportion of adipose tissue Treg cells declines, contributing to increased adipose tissue
inflammation and insulin resistance (Feuerer et al., 2009). Deletion of PPARy selectively in
Treg cells attenuates the insulin-sensitizing effect of pioglitazone in HFD mice, suggesting
that insulin-sensitizing effects of thiazolidinediones (TZDs) could be partially mediated
through Treg PPARYy (Cipolletta et al., 2012). However, it has also been suggested that a
gradual increase in the adipose tissue Treg cell population during the process of aging can
exacerbate aging-associated insulin resistance (Bapat et al., 2015).

Invariant natural Killer T (iNKT) cells are lipid-antigen-reactive T cells restricted by the
major histocompatibility complex (MHC)-like molecule CD1d (Lynch, 2014). CD1d is
highly enriched in adipocytes and hepatocytes, and iINKT cells comprise a subset of
lymphocytes in normal adipose tissue (Huh et al., 2013). The number of these cells declines
in obesity (Lynch, 2014).

B lymphocytes (mostly B2 cells) also accumulate and are activated in obese adipose
tissue partly through the leukotriene B4 (LTB4/BLT1) system. B2 cells contribute to
proinflammatory activation of ATMs and T cells (Winer et al., 2011; Ying et al., 2017b).

Collectively, the changes in content and activation state of immune cells within obese
adipose tissue create a microenvironment to increase proinflammatory activation of ATMs
and enhance adipose tissue inflammation. This leads to deleterious effects on insulin action
in parenchymal cells, in this case adipocytes. Immune-cell-type-specific depletion and
adoptive transfer experiment data fully support this idea. This represents a key mechanism
of crosstalk within adipose tissue in which the immune cells involved in the inflammatory
response induce adverse metabolic changes in the parenchymal cells, at least with respect to
insulin resistance.

Triggers for Adipose Tissue Inflammation.—One of the initiating causes of adipocyte
proinflammatory signaling is hypoxia within WAT, which occurs very early in the onset

of obesity (Lee et al., 2011b, 2014). There are two components contributing to adipocyte
hypoxia. The first and probably initiating one involves uncoupling of mitochondria oxidative
metabolism as a result of elevated free fatty acids (FFAs) (Lee et al., 2014). FFAs

can mediate uncoupled respiration by stimulating the mitochondrial adenine nucleotide
translocase 2 (ANT2) (Lee et al., 2014; Shabalina et al., 2006). This leads to increased
oxygen consumption within adipocytes, creating relative adipocyte hypoxia (Lee et al.,
2014). This hypoxia is sensed by the hypoxia-inducible factor (HIF)/proline hydroxylase
domain (PHD) system (Ivan and Kaelin, 2017). Specifically, hypoxia inhibits the activity

of PHD1-3, causing decreased hydroxylation and increased stability of HIF-1a and

HIF-2a protein, resulting in increased protein expression. In adipose tissue, the main
metabolic culprit is HIF-1a, since increased HIF-1a levels stimulate the intra-adipocyte
proinflammatory pathway, leading to chemokine release, monocyte influx, etc. (Jiang et

al., 2011; Lee et al., 2011a; Lee et al., 2014; Sun et al., 2013). In contrast, the metabolic
effects of HIF-2a are opposite to those of HIF-1a (Lee et al., 2014). As the process of
obesity continues and enters a more chronic state, an imbalance between O, perfusion

and metabolic need emerges, creating a second cause of chronic adipose tissue hypoxia
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(Hosogai et al., 2007). Taken together, adipose tissue hypoxia in obesity promotes the
chronic proinflammatory state.

The inflammatory state of adipose tissue can also be modified by various lipid species,
including proinflammatory saturated fatty acids (SFAs) and anti-inflammatory w3 FAs
(Glass and Olefsky, 2012). SFAs are derived from dietary sources or through hydrolysis

of adipocyte triglyceride stores, whereas w3 FAs are essential FAs and are strictly dietary
in origin. SFAs can work through TLR4 on adipocytes and macrophages to stimulate
downstream inflammatory signaling (Holland et al., 2011; Saberi et al., 2009; Tao et al.,
2017). In contrast, GPR120 serves as a receptor for w3 FAs and activates a p arrestin-2-
dependent pathway that directly inhibits inflammatory pathway activation (Oh et al., 2010).
Other bioactive lipids, such as the eicosanoid pathway metabolite LTB4, which functions as
an immune cell chemokine through its receptor BLT1, have been described (Li et al., 2015).

The Upside of Adipose Inflammation.—Inflammation is an important normal
physiologic response, and not all the effects of adipose inflammation are metabolically
adverse. Thus, inflammation is important for healthy adipose tissue remodeling and
expansion. For example, factors released from macrophages can promote angiogenesis,
which is necessary for tissue expansion (Corvera and Gealekman, 2014; Sun et al., 2012;
Sung et al., 2013). Indeed, adipocyte-specific overexpression of an anti-inflammatory
constitutive active form of inhibitor of xB (1xB) limits adipose tissue expansion, leading
to ectopic lipid accumulation and glucose intolerance. Most likely, the acute phases of
inflammation can have beneficial effects on tissue dynamics, whereas it is the chronic,
subacute inflammatory state —as seen in established obesity—that has adverse metabolic
effects (Kusminski et al., 2016).

Metabolically Normal and Abnormal Obesity.—Expansion of adipose tissue in times
of caloric excess can serve a useful purpose by storing excess calories as triglycerides.

From an evolutionary point of view, this plasticity of adipose tissue would allow early
humans to tap into an endogenous source of energy during times of food deprivation. In
Western cultures, this normal process has become maladaptive. Interestingly, a minority of
overweight individuals do not manifest glucose intolerance and insulin resistance, and they
are termed “metabolically normal obese” (MNO) (Appleton et al., 2013; Calori et al., 2011;
Pajunen et al., 2011; Shea et al., 2011; van Vliet-Ostaptchouk et al., 2014). MNO subjects
have less hepatic steatosis compared with metabolically abnormal obese (MAQ) individuals
(Fabbrini et al., 2013) and have less adipose tissue inflammation and less visceral adiposity
than MAO subjects (Bigornia et al., 2012; Fabbrini et al., 2013, 2015). Long-term follow-up
studies are scarce (Appleton et al., 2013; Bell et al., 2015), but it is possible that these MNO
patients will eventually develop cardiovascular diseases (CVD) and metabolic abnormalities
if the obesity persists over many years. Nevertheless, it would be of great interest to better
understand the mechanistic determinants between metabolically normal and abnormal obese
individuals.

This same phenomenon has been clearly shown in mouse models where obesity can be
decoupled from adverse metabolic effects. For example, adiponectin overexpression in
ob/ob mice exaggerates increased adipose tissue mass and body weight compared with
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ob/ob control mice. Nevertheless, these extremely obese mice are protected from glucose
intolerance and adipose tissue inflammation (Kim et al., 2007). In a similar vein, NCoR is
a PPARy corepressor, and adipocyte-specific NCoR deletion leads to a constitutively active
PPAR-y state (Li et al., 2011). Although these mice develop increased adiposity, they do not
develop glucose intolerance and are protected from HFD-induced insulin resistance (Li et
al., 2011).

The immune cell response which accompanies caloric excess and the initial stages of
obesity can also serve a beneficial adaptive role. For example, healthy adipose tissue
expansion relies on angiogenesis to create adequate blood supply for the enlarging and
proliferating adipocytes (Corvera and Gealekman, 2014; Sun et al., 2012; Sung et al.,

2013). Macrophages, as well as other immune cells that populate obese adipose tissue, can
be a source of angiogenic factors (Corvera and Gealekman, 2014). In this way, certain
populations of immune cells or polarized macrophages can support beneficial adipose tissue
expansion and remodeling (Kusminski et al., 2016; Wernstedt Asterholm et al., 2014). The
extracellular matrix (ECM) is a key physical characteristic of normal and expanding adipose
tissue, and ECM abnormalities, such as collagen deposition and fibrosis, are characteristic
features of obese adipose tissue (Kusminski et al., 2016). Indeed, Khan et al. have already
demonstrated that deletion of collagen VI, along with secretion of specific metalloproteases
(MMPs), prevents formation of a restrictive fibrous collagen matrix, allowing physical space
for healthy expansion of adipose tissue in times of caloric excess (Khan et al., 2009).

Kupffer Cells and Recruited Macrophages.—There are two major forms of
macrophages in the liver: Kupffer cells (KCs) and recruited hepatic macrophages (RHMs)
(Morinaga et al., 2015). KCs are resident macrophages that are important in hepatic
inflammatory states and can account for up to 10% of all hepatic cells and 31% of the
sinusoidal cells in normal liver (Bouwens et al., 1986). These cells are derived from

the yolk sac and appear in the fetal liver during embryogenesis, where they ultimately
proliferate and differentiate into recognizable KCs (Gomez Perdiguero et al., 2015; Naito
et al., 1989). These cells retain the capacity to self-renew and might also be derived

from local hepatic progenitor cells (Gomez Perdiguero et al., 2015; Schulz et al., 2012).
In obesity, while absolute KC numbers remain relatively unchanged, these cells assume
differential polarization states and can exist in a relatively proinflammatory M1-like state,
in an anti-inflammatory M2-like state, or on the intervening spectrum (Wan et al., 2014).
Therefore, the contribution of KCs to hepatic inflammation in obesity depends on the
relative polarization state of the majority of these cells. In general, with obesity and
steatosis, KCs secrete increased amounts of transforming growth factor (TGF) B, as well
as other proinflammatory cytokines, and the overall tone of the entire KC population trends
to the more proinflammatory end of the spectrum (Morinaga et al., 2015; Obstfeld et al.,
2010).

RHMs are the major macrophage cell type that accumulates in the liver in obesity
(Morinaga et al., 2015; Obstfeld et al., 2010). These cells are highly proinflammatory and
characteristically express markers related to an M1-like phenotype and secrete TGFp, as
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well as a variety of other cytokines, such as TNF-a,, IL-16, and IL-6 (Morinaga et al.,
2015). During developing obesity, circulating monocytes are recruited to the liver through
the actions of CCL2 (MCP1) and other standard chemokines, which are released from
steatotic hepatocytes and KCs. In addition, RHMs appear to release their own set of
chemokines, generating a feed-forward mechanism for ongoing replenishment of RHMs
from circulating monocytes (Morinaga et al., 2015). The CCL2/CCR?2 axis accounts for
~70% of the migration of monocytes into the liver (Morinaga et al., 2015). Co-culture
studies indicate that conditioned medium derived from these proinflammatory RHMs can
directly cause insulin resistance in primary hepatocytes. Thus, current evidence indicates
that increased proinflammatory macrophage accumulation in the obese liver is mainly driven
by a several-fold increase in RHM content.

Neutrophils.—Neutrophils are another proinflammatory cell type that can accumulate in
the liver during the process of obesity (Talukdar et al., 2012). Neutrophils release a similar
set of cytokines and chemokines as macrophages and contribute to the overall inflammatory
process (Tsuda et al., 2004). In addition, neutrophils secrete NE, which exerts paracrine
proinflammatory effects (Pham, 2006). NE can also be taken up by hepatocytes, where it
leads to the degradation of IRS-2, promoting decreased insulin sensitivity (Talukdar et al.,
2012). NE knockout (KO) mice show increased insulin sensitivity and decreased markers of
inflammation in both the liver and adipose tissue (Talukdar et al., 2012).

Pathological Effects of Liver Inflammation.—With respect to the generation of
hepatocyte insulin resistance, factors secreted from immune cells such as cytokines,
Galectin-3, and eicosanoids (LTB4) can directly decrease hepatocyte insulin signaling
(Hotamisligil et al., 1993; Li et al., 2015, 2016). In addition, the intrahepatocyte
proinflammatory program also promotes insulin resistance as demonstrated by the fact that
hepatocyte-specific deletion of IKKB or INK1 improves hepatic insulin sensitivity (Cai et
al., 2005; Sabio et al., 2009).

In obesity, hepatic steatosis is nearly a uniform feature, and this is due to increased

influx of adipocyte-derived FAs and dietary lipids (chylomicrons), as well as activation

of lipogenesis and inhibition of fat oxidation pathways (Donnelly et al., 2005; Meex and
Watt, 2017). Inflammatory cytokines, such as TNF-a., derived from immune cells in the
liver can potentiate steatosis by enhancing hepatocyte lipogenic activity and increasing the
enzymes involved in ceramide biosynthesis (Chavez and Summers, 2012). In turn, elevated
intrahepatocyte ceramide levels inhibit Akt signaling, providing yet another mechanism
for hepatocyte insulin resistance (Holland et al., 2011). Overnutrition can also induce
hepatocyte endoplasmic reticulum (ER) stress, which further stimulates lipogenesis and
activates hepatocyte proinflammatory signaling (Hotamisligil and Davis, 2016).

Hepatic steatosis can result in nonalcoholic fatty liver disease (NAFLD) and ultimately
progress to nonalcoholic steatohepatitis (NASH) and fibrosis. The events underlying these
transitions are of great interest, since NASH-related cirrhosis is a major metabolic disease
state. Hepatic insulin resistance, steatosis, NASH, and fibrosis are highly interconnected
and involve an extensive system of intraorgan crosstalk between hepatocytes, the various
immune cell populations, and ultimately, stellate cells, which are responsible for fibrosis
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development (Koyama and Brenner, 2017). For example, once the intrahepatocyte
inflammatory program is activated, these cells can secrete chemokines and cytokines, which
activate resident KCs and cause migration of monocytes and neutrophils derived from

the circulation (Koyama and Brenner, 2017; Son et al., 2007). These incoming immune
cells are highly proinflammatory and secrete their own set of cytokines and chemokines,
causing chemotaxis and accumulation of additional monocytes and neutrophils, setting up a
feed-forward pathway. The cytokines secreted by KCs, RHMs, and neutrophils, particularly
profibrogenic TGFR1, can also activate quiescent stellate cells (Hellerbrand et al., 1999;
Koyama and Brenner, 2017). Activated stellate cells are the main source of collagen
secretion leading to hepatic fibrosis (Brenner et al., 2012). In terms of pathogenetic events,
it is quite clear that there are multiple overlapping crosstalk mechanisms between liver cell
types. For example, cytokines released from immune cells can feedback on hepatocytes to
further stimulate lipogenesis with increased production of ceramides (Holland et al., 2011).
Activated stellate cells can also elaborate cytokines and chemokines, which exacerbate
steatosis and macrophage accumulation (Weiskirchen and Tacke, 2014). Thus, as in adipose
tissue, the inflammatory response in the liver provides an intraorgan communication system
where the immune cells promote hepatocyte insulin resistance and pathological sequelae.

Since SM accounts for the great majority (70%-80%) of insulin-stimulated glucose disposal,
SM insulin resistance plays a key role in the metabolic dysfunction of T2DM. There are
several proposed mechanisms of SM insulin resistance that are unrelated to inflammation,
such as ectopic fat distribution, mitochondrial dysfunction, and intrinsic defects in insulin
action. This subject has been extensively reviewed elsewhere (Di Meo et al., 2017; Samuel
and Shulman, 2016). In this section, we will focus on the possible role of SM inflammation
as an etiologic factor in causing decreased muscle insulin sensitivity.

Numerous studies have demonstrated an increase in inflammatory markers in SM in obesity
and diabetes (Fink et al., 2013; 2014; Hong et al., 2009; Patsouris et al., 2014). This
includes activation of proinflammatory pathways within muscle cells themselves (Ciaraldi
et al., 2016; Reyna et al., 2008; Varma et al., 2009). Since obesity is associated with

large increases in proinflammatory immune cell accumulation in adipose tissue, circulating
cytokines derived from adipose tissue could stimulate induction of SM proinflammatory
pathways. In addition, there is an emerging literature that indicates that the same events that
occur in visceral adipose tissue (VAT) might also occur in SM (Fink et al., 2013, 2014;
Patsouris et al., 2014; Varma et al., 2009; Wu and Ballantyne, 2017). In the development

of obesity, intermyocellular adipose tissue (IMAT) or perimuscular adipose tissue (PMAT)
expands (Khan et al., 2015). This is the same process as “marbling” in beef products.

Both IMAT and PMAT behave as adipose tissue depots, and during the process of obesity,
these depots accumulate proinflammatory macrophages, as well as Thl cells (Khan et al.,
2015). In this way, the same events that occur in VAT can also occur in IMAT and PMAT.
The macrophages and other immune cells in these SM fat depots secrete the usual set of
cytokines, such as TNF-a, IL-1B, MCP1, etc. (Khan et al., 2015). This raises the possibility
that local cytokines derived from IMAT and PMAT could directly cause decreased insulin
sensitivity in SM. In addition, circulating cytokines and other factors that exist in the
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inflamed obese state could have the same or additive effects. As just one example, TNF-a
or other cytokines can cause insulin resistance in myocytes (Austin et al., 2008), and the
source of these cytokines could be IMAT, PMAT, or non-SM-associated adipose tissue
depots (Khan et al., 2015). In obesity, myocytes can directly secrete chemokines, such

as MCP-1 (Ciaraldi et al., 2016; Patsouris et al., 2014; Varma et al., 2009), but these
chemokines can also be elaborated by IMAT and PMAT (Khan et al., 2015), mimicking the
same situation that occurs in VAT in obesity. In this manner, an intraorgan crosstalk system
can be established, comparable to what exists in adipose tissue and liver, in which factors
secreted by local immune cells negatively affect insulin signaling in SM cells. Of course,
the exact role of inflammation in the insulin resistance of SM remains to be quantitated, as
there are other established non-inflammation-related mechanisms that can impair SM insulin
sensitivity.

It is well known that a modest amount of weight reduction achieved by dietary means or
bariatric procedures can dramatically improve SM insulin resistance. For example, Magkos
et al. have shown that obese subjects who lose 5% of body weight exhibit marked increases
in insulin sensitivity despite the fact that they remained obese—just less so (Magkos et al.,
2016). The mechanisms underlying these clinical observations remain unsolved, but it is
interesting to speculate that IMAT and PMAT may be uniquely sensitive to negative caloric
balance. Thus, modest weight reduction might have a disproportionate beneficial effect on
IMAT and PMAT.

Pancreatic Islets

Islet Macrophages and Inflammation.—Inflammation in pancreatic islets also
contributes to p-cell dysfunction. Indeed, numerous studies have demonstrated that
macrophage infiltration is increased in T2DM islets and that islet macrophage content
generally correlates with the degree of p-cell dysfunction (Ehses et al., 2007; Kamata

et al., 2014; Richardson et al., 2009; Zhao et al., 2003). Flow cytometry analyses of
macrophages in isolated primary mouse islets revealed that obesity increases the number of
Ly6ct monocytes/macrophages and that proinflammatory cytokine expression is increased
in islet macrophages from obese T2DM subjects and obese mice (Eguchi et al., 2012).
Interestingly, incubation of primary islets or § cell lines with proinflammatory cytokines can
cause increased p-cell apoptosis and decreased glucose-stimulated insulin secretion (GSIS)
(Eguchi et al., 2012; Maedler et al., 2002). Moreover, co-culture of macrophages with
cells exacerbates the lipotoxic effects of chronic palmitate treatment, including decreased
GSIS and decreased expression of the genes involved in p-cell differentiation and function
(Eguchi et al., 2012). These effects are ameliorated by addition of neutralizing antibodies
against the proinflammatory cytokines TNF-a and IL-1 in the culture media (Eguchi et
al., 2012). Consistent with this, depletion of tissue macrophages by injection of clodronate
liposomes improves glucose tolerance with increased GSIS in isolated islets in mouse
models (Eguchi et al., 2012; Westwell-Roper et al., 2016). Together, these results suggest
that macrophage-mediated inflammation participates in p-cell dysfunction by local release
of cytokines in obese or T2DM states.
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Lineage tracing studies indicate two different developmental origins for islet macrophages:
yolk-sac-derived resident macrophages and bone-marrow-derived recruited macrophages
(Schulz et al., 2012). In normal mouse islets, the yolk-sac-derived resident cells account
for most of the islet macrophages (Schulz et al., 2012), while in obese mouse islets,
macrophage content increases, and the majority of these cells express the blood monocyte
marker Ly6C (CD11b*Ly6C* population) (Eguchi et al., 2012), suggesting that the
obesity-induced increased islet macrophage content involves recruitment of bone-marrow-
derived blood monocytes into the islets. Consistent with this idea, type 2 diabetic islets
express higher levels of chemokines compared with controls (Igoillo-Esteve et al., 2010).
Moreover, primary human and mouse islets cultured in high-glucose and high-palmitate
conditions produce increased amounts of chemokines, and conditioned media from these
“metabolically stressed” islets stimulates monocyte chemotaxis (Eguchi et al., 2012;
Igoillo-Esteve et al., 2010). These findings indicate that the metabolic stress induced

by hyperglycemia and high FFA levels can trigger increased cytokine and chemokine
production from B cells, causing increased blood monocyte recruitment with accumulation
of M1-like islet macrophages.

Intracellular Mechanisms for Inflammation-Induced B-Cell Dysfunction.—The
JNK and NF-xB signaling pathways operate in p cells to negatively regulate insulin
secretion. For example, cytokine-induced NF-xB activation in p cells decreases expression
of genes involved in B-cell differentiation and insulin secretion (Ardestani et al., 2011;
Cardozo et al., 2001). Cytokine-induced JNK activation has also been implicated in
decreased GSIS by suppressing the IRS/PI3K/AKkt signaling pathway (Bouzakri et al., 2008;
Kaneto et al., 2002; Kawamori et al., 2006; Martinez et al., 2008; Solinas et al., 2006).

B-cell mass may also be modulated by inflammatory pathways. For example, /n vitro
treatment with IL-1p or TNF-a induces B-cell apoptosis through activation of JNK and
NF-xB pathways, while co-treatment with INK or NF-xB specific inhibitors abolishes
IL-1B-induced p-cell apoptosis (Bonny et al., 2001).

IL-1B.—One of the best-studied mechanisms by which islet macrophages can cause

B-cell dysfunction is through IL-1f production. p cells express the IL-1 receptor and

IL-1B expression is increased in islets in response to hyperglycemia and increased FFA
levels (Maedler et al., 2002). While both B cells and macrophages can produce IL-1p,
macrophages appear to be the major source of islet IL-1f production, along with many other
pro-inflammatory cytokines, in obesity (Eguchi et al., 2012). Incubation of primary human
or mouse islets, or B cell lines, with IL-1p decreases GSIS and increases apoptosis, while
IL-1p neutralizing antibody protects against palmitate-induced p-cell dysfunction (Eguchi et
al., 2012; Maedler et al., 2002).

Potential Beneficial Effects of Islet Macrophages.—Recent rodent studies have
shown that islet resident macrophages are necessary for p-cell proliferation and maintenance
of p-cell mass. Moreover, the acute post-prandial rise in IL-1p production can potentiate
GSIS and may be necessary for normal glycemic control (Dror et al., 2017). Furthermore,
other ligand/receptor systems previously implicated in immune cell chemotaxis such as
fractalkine/CX3CR1 and SDF1/CXCR4, can increase GSIS and/or B-cell proliferation
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(Kayali et al., 2012; Lee et al., 2013; Yano et al., 2007). This raises the question of

whether islet macrophages and inflammatory cytokines play a role in compensatory p-cell
proliferation and/or insulin secretion in response to insulin resistance. In rodent models and
obese T2DM subjects, B-cell proliferation may give rise to B cells with reduced expression
of B-cell differentiation genes and decreased insulin secretory function (Accili et al., 2016;
Butler et al., 2016; Cinti et al., 2016; Jonas et al., 1999; Rahier et al., 2008). Indeed, it is
suggested that the cytokine-induced decrease in p-cell-specific gene expression can also lead
to dedifferentiation into insulin-negative endocrine cells (Nordmann et al., 2017).

Central Nervous System

CNS Inflammation in Obesity.—Recent evidence indicates that the brain is neither
isolated nor passive in its interactions with the immune system (Carson et al., 2006). It
harbors a classical lymphatic system and actively interacts with the peripheral immune
system through lymphatic vessels, the blood brain barrier (BBB), and choroid plexus
(Guillemot-Legris and Muccioli, 2017). In normal healthy brain, the BBB limits entry

of peripheral immune cells, and immune surveillance relies mainly on microglial cells.

In obesity, increased expression of proinflammatory cytokines, along with increased
accumulation of microglia (brain resident macrophages; microgliosis) and/or astrocytes
(astrocytosis), occurs in different areas of the brain, including the cerebral cortex,
cerebellum, hippocampus, amygdala, and hypothalamus (Guillemot-Legris and Muccioli,
2017). Obesity-associated brain inflammation has been implicated in decreased recognition,
spatial memory, anxiety, and depression, as well as dysregulation of energy homeostasis
(Guillemot-Legris and Muccioli, 2017).

Inflammation Affects Central Leptin and Insulin Resistance in Obesity.—The
hypothalamus is key to regulation of food intake, energy expenditure, and the central
regulation of glucose metabolism (Jais and Briining, 2017). In obesity, it has been suggested
that impaired hypothalamic sensing of leptin and/or insulin leads to dysregulation of

food intake, energy expenditure, and glucose metabolism. It is possible that hypothalamic
inflammation can contribute to insulin and leptin resistance (Jais and Briining, 2017; Thaler
and Schwartz, 2010). MRI and histologic analyses of the basomedial hypothalamus in
humans shows that increased hypothalamic glial cell accumulation (gliosis) is associated
with obesity and insulin resistance (Baufeld et al., 2016; Puig et al., 2015; Schur et al., 2015;
Thaler et al., 2012; Cazettes et al., 2011). These results have been confirmed in diet-induced
rodent models, along with activation of IKKB/NF-xB and JNK and increased inflammatory
cytokine expression. Inhibition of hypothalamic inflammation using intracerebro-ventricular
(ICV) injection of TNF-a or TLR4-neutralizing antibodies can mitigate obesity-induced
leptin resistance, whereas ICV injection of low-dose TNF-a induces hypothalamic leptin
and insulin resistance (Mighiu et al., 2012; Romanatto et al., 2007). Taken together, these
results suggest a role for CNS inflammation—at least in the hypothalamus—as a mediator of
central leptin resistance, promoting weight gain.

Gastrointestinal Tract

Obesity Leads to Altered GI Microbiota Composition.—In addition to host-derived
inflammatory signals that influence metabolism, the commensal microbiota of the Gl tract
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also produce metabolites and byproducts that modulate inflammation and metabolism. In
both rodents and humans, obesity is associated with dramatic changes in the composition

of the GI microbiota, a condition termed dysbiosis (Ley et al., 2005; Turnbaugh et al.,

2008; Turnbaugh et al., 2009; Turnbaugh et al., 2006). Interestingly, gnotobiotic (germ-free)
mice display improved glucose tolerance and are protected against diet-induced adipose
tissue inflammation and obesity unless colonized with bacteria from conventional animals
(Béckhed et al., 2007; Caesar et al., 2015). This provides evidence that microbiota play
arole in the development of obesity, tissue inflammation, and metabolic dysfunction.

In addition, treatment of obese rodents with broad-spectrum antibiotics leads to reduced
inflammation, with improved glucose tolerance and insulin sensitivity (Cani et al., 2008;
Hwang et al., 2015; Membrez et al., 2008). Fecal transplantation experiments in rodents
and humans have demonstrated that microbiota can alter metabolic status and that this is
transmissible. Fecal transplantation of gnotobiotic mice with fecal preparations from human
twins that are discordant for obesity showed that mice receiving feces from the obese

twin, but not the lean twin, developed increased weight gain and reduced insulin sensitivity
(Ridaura et al., 2013). In addition, fecal transplants from obese humans into lean recipients
leads to a decrease in systemic insulin sensitivity (Vrieze et al., 2012), although these effects
were small, and further studies are needed. In either mice or humans, fecal transplants

do not fully rescue the metabolic defects induced by obesity. This could indicate that the
introduction of a healthy GI microbiota alone cannot restore host-derived signals from other
tissues that govern metabolic status.

Microbiota-Produced Metabolites Influence Host Inflammation and
Metabolism.—Numerous bioactive metabolites are produced by GI microbiota, of which
short-chain fatty acids (SCFAs) are among the most abundant in the systemic circulation
(Stevens and Hume, 1998). The SCFAs acetate, butyrate, and proprionate are produced
through fermentation of dietary fiber and can function as signaling molecules, activating
G-protein-coupled receptors (GPCRs), including GPR41 and GPR43, to modulate adiposity,
inflammation, and insulin sensitivity (Canfora et al., 2015). Treatment of obese mice or
humans with SCFAs or GPR41/43 agonists leads to reduced weight gain and adipose mass,
as well as increased insulin secretion (Chambers et al., 2015; Gao et al., 2009; Lin et al.,
2012; McNelis et al., 2015). However, the potential role of SCFAs in systemic inflammation
is unclear, since reports have shown both anti-inflammatory and proinflammatory effects,
depending on the cell types and conditions studied (Corréa-Oliveira et al., 2016).

Gut microbes are also responsible for production of secondary and tertiary bile acids, which
are efficiently reabsorbed by the host to enter the systemic circulation (Hylemon et al.,
2009). In addition to their role in dietary fat absorption, bile acids activate several GPCRs
and nuclear hormone receptors, including the bile acid receptor 1 (TGR5) and farnesoid X
receptor (FXR), to modulate inflammation and metabolism (Pols et al., 2011; Wollam and
Antebi, 2011). The composition of the bile acid pool is altered in obese and insulin-resistant
rodents and humans (Brufau et al., 2010; Haeusler et al., 2013; Ridaura et al., 2013; Suhre et
al., 2010; Yoshimoto et al., 2013), leading to changes in these metabolic signaling pathways.
Indeed, treatment with bile acids or FXR agonists improves insulin sensitivity in mouse
models of obesity (Cariou et al., 2006; Cipriani et al., 2010; Ma et al., 2006; Ma et al.,
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2013; Zhang et al., 2006). Bile acid activation of TGR5, a GPCR highly expressed in the
intestine, also improves intestinal inflammation and glucose tolerance in HFD mice (Pols et
al., 2011). However, bile acid metabolism is much different in mice compared to humans,
making additional human studies necessary.

Obesity Leads to Increased Gl Permeability and Endotoxemia.—Obesity-
associated changes in circulating bacterially produced metabolites and byproducts can be
due to increased intestinal permeability, as well as gut microbiota composition (Cani et

al., 2007, 2008; de La Serre et al., 2010). This increased porosity is associated with
alterations in tight junctions between cells, reduced thickness of the mucosal layer, and
increased epithelial-cell uptake and translocation. This greater access allows increased levels
of bacteria and inflammatory microbial byproducts to enter the circulation. Microbes and
their products contain pathogen-associated molecular patterns (PAMPSs), including the gram-
negative bacterial cell wall component lipopolysaccharide (LPS), that are recognized by the
host innate immune system through cognate pattern recognition receptors (Kumar et al.,
2011). LPS activates toll-like receptor 4 (TLR4) to induce proinflammatory responses in
immune cells, as well as insulin target cells (Saberi et al., 2009; Shi et al., 2006). In addition,
LPS can alter the expression of tight junction proteins to increase intestinal permeability
(Guo et al., 2013). HFD can induce TLR4-dependent translocation of gram-negative bacteria
across the intestinal barrier, which might also contribute to decreased insulin sensitivity
(Amar et al., 2011; Neal et al., 2006). Interestingly, even short-term changes in diet may lead
to rapid alterations in gut permeability, as a single high-fat diet meal is associated with an
acute rise in circulating LPS levels in humans (Erridge et al., 2007).

Modulation of the Host Immune System by Gl Microbiota.—The host immune
system itself is influenced by commensal microbiota and vice versa. Evidence of this
can be found in germ-free mice, which exhibit numerous immune deficiencies both
within and outside of the Gl tract, including altered T cell populations (Kamada et

al., 2013). Obese HFD mice display altered immune cell populations in the intestinal
lamina propria, including a reduced proportion of Tregs, as well as elevated macrophage
and reduced eosinophil levels—all of which may play a role in the increased intestinal
inflammation observed in these animals (Johnson et al., 2015). Selective loss of Tregs
leads to GI inflammation and altered gut microbiota composition (Josefowicz et al., 2012).
Tregs produce interleukin 10 (IL-10), an anti-inflammatory cytokine that contributes to
maintenance of immune homeostasis (Tanoue and Honda, 2012).

Intraorgan Crosstalk

In the initiation of obesity-induced inflammation, there are specific triggers that induce
parenchymal cells, such as adipocytes, hepatocytes, and myocytes, to activate their
intracellular proinflammatory programs with subsequent release of chemokines, such

as MCP-1, LTB4, MIP-1a, and others. Since chemoattraction requires a concentration
gradient, circulating chemokines are unlikely to be effective at driving tissue macrophage
accumulation. Rather, chemotaxis requires a tissue source of chemokines, and this is
typically derived from the parenchymal cells, such as adipocytes, myocytes, hepatocytes,
or B cells. This occurs as a result of activation of parenchymal-cell proinflammatory
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pathways by various external triggering mechanisms, as depicted in Figure 2. These released
chemokines then attract the initial wave of macrophages and other immune cells into the
underlying tissue (Figure 2). These immune cells become activated and produce their own
chemokines, which sets up a self-sustaining feed-forward process. Through the release of
cytokines and other factors, these immune cells then influence the metabolic status of the
tissue parenchymal cells to induce decreased insulin signaling, as well as other metabolic
abnormalities.

In adipose tissue, there are a variety of immune cell types that accumulate in obesity,
including macrophages, various T cell subsets, and B2 cells. All participate in an intricate
immune cell communication network. With respect to insulin resistance, the major event is
the accumulation and activation of proinflammatory macrophages, which release cytokines,
galectin-3, leukotrienes, and other factors causing insulin resistance. The network of T

and B cells has important effects to influence macrophage recruitment and activation, and
macrophages are the most abundant immune cell type in these tissues. In this way, the
proinflammatory, M1-like tissue macrophages are the final effector cells responsible for
the adverse metabolic effects. In other words, while T and B cells have important effects

to regulate macrophages, the macrophages are the major source of the factors that induce
insulin resistance (Lee et al., 2011b; Subramanian et al., 2015). This central theme, depicted
for adipose tissue in Figure 2, represents an important etiologic commonality across the
other metabolic tissues.

The triggers that activate proinflammatory pathways and chemokine release within
parenchymal cells are multifaceted and may differ across organs. For example, in adipose
tissue, relative or absolute adipocyte hypoxia is an important trigger to increase HIF-1a
and its downstream inflammatory program. Enlarging adipocytes due to triglyceride
accumulation, ER stress, and perhaps signals from gastrointestinal factors that enter the
circulation may all serve as co-contributors at different steps of this process. In the liver,
hepatocytes can be initially activated by lipotoxicity, ER stress, or gut related factors,
whereas hypoxia is probably not a major component. Some of these triggers directed
towards the hepatocyte can induce apoptosis and/or necrosis. In this way, the hepatocyte
locally releases chemokines that induce migration of monocytes to form RHMs and can
also activate the resident KC macrophage population. In the muscle, a similar situation
exists in which obesity-related triggers activate inflammatory programs within myocytes,
while the majority of the immune cells in muscle accumulate in IMAT and PMAT. In these
small localized intermyocyte adipose depots, the inflammatory process is probably quite
similar to that which occurs in the more traditional adipose depots in obesity. Similar events
have been reported in islets, where activation of B-cell proinflammatory pathways leads

to chemokine release with immune cell recruitment and activation, contributing to p-cell
dysfunction. Detailed studies of the liver, muscle, islets, and particularly adipose tissue have
been conducted, and all point to this general theme. Oftentimes, these tissues are treated
as isolated organs with respect to the inflammatory process, but stepping back to the more
organismal level, these overall common themes are apparent.
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Interorgan Crosstalk and Communication

There is an extensive interogan communication network bridging the classic insulin target
tissues (adipose tissue, muscle, and liver) as well as the CNS, Gl tract, and pancreatic

islets (Figure 3). For example, there are several reports of adipocyte-specific KO models
(Lee et al., 2014; Li et al., 2011; Mayoral et al., 2015; Qi et al., 2009), which lead to
improved insulin resistance in liver and muscle. This high degree of interconnectedness
makes it difficult to experimentally isolate initiating versus secondary events because of the
interorgan feedback pathways that exist. The temporal sequence of the events that give rise
to inflammation and insulin resistance are most likely on the order of minutes to hours rather
than days to weeks, making it experimentally challenging to tease out a precise sequence
from /n vivo studies. Nevertheless, interorgan crosstalk is essential to the development of
systemic metabolic abnormalities in obesity and diabetes.

As a general principle, interorgan communication is mediated by factors released from one
tissue that travel through the circulation to influence distant organs. Additional crosstalk
mechanisms can also include neural signals from the CNS. There are many substances
that appear in the circulation from metabolic tissues, including cytokines, lipid species,
adipokines, immune-cell secreted factors, microRNA (miRNA)-containing exosomes, Gl-
derived factors, myokines, and hepatokines (Cani et al., 2007; Chavez and Summers, 2012;
Deng and Scherer, 2010; Hotamisligil et al., 1993; Meex and Watt, 2017; Thomou et

al., 2017; Wu and Ballantyne, 2017). Collectively, they comprise a complex multifactorial
system that likely works in a coordinated, integrated manner to affect systemic metabolism
in the liver, muscle, adipose tissue, and pancreatic islets.

Chronic obesity-induced inflammation is certainly not the only cause of the metabolic
abnormalities in obesity, but it is an important contributor to insulin resistance. Other factors
that can influence systemic insulin resistance, such as lipotoxicity, ectopic lipid distribution,
and non-inflammation-induced defects in insulin action, are the subject of a number of other
excellent reviews (Czech, 2017; Newgard, 2017; Samuel and Shulman, 2016), and the reader
is referred to these publications for further discussion.

TNF-a, IL-1B, and IL-6 are the most extensively studied cytokines in the context of
metabolism. For example, TNF-a can cause insulin resistance (Hotamisligil et al., 1993),
and the mechanisms of /in vitro TNF-a-mediated decreased insulin signaling are discussed
above (Adipose Tissue) and reviewed in (Hotamisligil, 2017). Most of these actions occur
locally via paracrine effects, but circulating TNF-a levels can be elevated in obesity.
Whether these levels are sufficient to cause systemic insulin resistance, particularly in
humans, is still an active question. In rodents, it is clear that neutralization of TNF-a

with anti-TNF-a antibodies leads to marked improvement of glucose tolerance and insulin
sensitivity (Hotamisligil et al., 1993). However, whether these systemic effects of TNF-a
translate to humans has not yet been demonstrated. IL-1p is another inflammatory cytokine
that enters the circulation from inflamed tissues in obesity. However, IL-1( appears to have
minimal effects on insulin sensitivity and exerts its primary actions on glucose homeostasis
by affecting p-cell GSIS (Cavelti-Weder et al., 2012; Rissanen et al., 2012; Sloan-Lancaster
etal., 2013; van Asseldonk et al., 2011). Another released cytokine is IL-6. While IL-6 can
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have acute insulin-like effects (Carey et al., 2006; Ellingsgaard et al., 2011; Pedersen and
Febbraio, 2007), these do not persist in the chronic situation. Chronically elevated levels of
IL-6 can promote inflammation and decreased insulin sensitivity (Franckhauser et al., 2008).

Galectin-3 is a member of a family of lectin molecules that can arise from immune

cells. Recent evidence shows that circulating galectin-3 levels are elevated in human

and rodent obesity and are correlated to the magnitude of insulin resistance in man (Li

et al., 2016). Circulating galectin-3 is largely derived from macrophages and can lead

to adverse metabolic effects. For example, galectin-3 has proinflammatory actions by
promoting macrophage chemotaxis and directly stimulating proinflammatory pathways (Li
et al., 2016). More importantly, galectin-3 can directly cause decreased insulin signaling in
adipocytes, hepatocytes, and myocytes (Li et al., 2016). Galectin-3 interacts with the insulin
receptor at an allosteric site, which does not change insulin binding but does interfere with
insulin receptor signaling, leading to decreased downstream insulin actions (Li et al., 2016).
Through these mechanisms, circulating galectin-3 can participate in the interorgan crosstalk
network that downregulates insulin sensitivity in obesity.

Adiponectin and leptin are two major adipokines that have important effects on energy
and metabolic homeostasis. Among its many effects, adiponectin can lead to insulin
sensitization, while leptin is an important control point for food intake and energy
expenditure. Although these adipokines might modulate the response to inflammatory
factors, or in turn, inflammation could influence the actions of adiponectin/leptin, these
adipokines are not viewed as a primary component of the inflammatory response.

More recent findings have added a new dimension to how interorgan crosstalk may occur
in the context of immunometabolism. Both adipocytes and ATMs can release miRNA-
containing exosomal vesicles that can enter the circulation to exert systemic effects (Thomou
et al., 2017). There is clear evidence that exosomes secreted from one cell type can
contain miRNAs that are transferred to other cell types (Tkach and Théry, 2016). miRNAs
cause translational arrest of target mMRNAs, influencing cellular metabolism (Bartel, 2009;
Dumortier et al., 2013). Indeed, liver miR-143 can produce hepatic insulin resistance by
inhibiting one of its target genes ORP8 (Jordan et al., 2011). In addition, expression of
miR-222 is increased in obesity, and this miRNA can blunt insulin signaling by inhibiting
GLUT4 expression (Esteves et al., 2017). Thomou et al. have specifically studied adipocyte
miRNAs and found that adipocytes are a rich source of circulating exosomes (Thomou et
al., 2017). They found that adipocyte-derived exosomes contain several hundred miRNAs
and, in particular, noted that exosomes derived from brown adipocytes express high levels
of miR-99h. These exosomes can be taken up by the liver where miR-99b restrains the
expression of hepatic FGF21. This results in a glucose-intolerant phenotype, as would be
predicted from FGF21 deficiency. In a similar vein, Ying et al. examined the effects of
miRNA-containing exosomes from ATMs that were prepared from either obese or lean
mice (Ying et al., 2017a). They found that /n vivo treatment of lean recipient mice for 2
weeks with obese ATM exosomes led to transfer of miRNAs into insulin target tissues,
with deterioration of glucose tolerance and decreased insulin sensitivity in muscle, liver,
and adipose tissue. In reverse experiments, obese insulin-resistant mice were used as
recipients and treated with ATM exosomes derived from lean mice. This treatment led to

Cell. Author manuscript; available in PMC 2021 September 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 18

near normalization of glucose tolerance and insulin sensitivity. Taken together, these studies
indicated a mechanism for interorgan cross-talk in which exosomes secreted from one cell
type (e.g., adipocytes or ATMs) transport miRNASs to other metabolic tissues, where they
regulate glucose metabolism and insulin sensitivity either positively or negatively. This
represents an additional communication system to regulate metabolic homeostasis.

There are a number of other substances that arise from muscle (myokines) or liver
(hepatokines) that may have possible effects on glucose homeostasis (Meex and Watt, 2017;
Pedersen and Febbraio, 2012; Rai and Demontis, 2016), although reports on these factors
are limited and remain an area of future investigation. For example, over 500 proteins

are released from healthy liver, and 168 of these contain potential N-terminal secretory
sequences. 20% of these proteins display altered secretion from steatotic hepatocytes
compared with normal hepatocytes. Among these hepatokines are fetuin-A, fetuin-B,
FGF21, sex hormone-binding globulin, angiopoietin-like protein 4, adropin, and retinol-
binding protein-4 (Meex and Watt, 2017). One of the more well-studied hepatokines, fetuin-
A is a 64-kDa glycoprotein mainly produced from liver, and circulating fetuin-A levels are
increased in insulin-resistant humans (Pal et al., 2012; Stefan et al., 2006). Fetuin-A can
also function as an adaptor protein, mediating SFA interactions with TLR4 and is necessary
for SFA-induced TLR4 activation and inflammation (Pal et al., 2012). Anather circulating
liver-derived factor that has attracted great attention is FGF21. Rodent studies have shown
that FGF21 administration can improve hyperglycemia and hyperlipidemia by increasing
glucose uptake and p-oxidation in fat tissue and liver (BonDurant et al., 2017; Inagaki et
al., 2007; Kharitonenkov et al., 2005). However, recent clinical trials in humans with FGF21
analogs showed marginal effects to decreased hyperglycemia, although potent triglyceride-
lowering effects were observed (Gaich et al., 2013; Talukdar et al., 2016). Myokines, such as
myostatin, myonectin, irisin, and brain-derived neutrophic factor have also been implicated
in obesity or obesity-associated pathology (Wu and Ballantyne, 2017).

Gut-derived factors can participate in the metabolic communication network between
tissues. In obesity, the GI epithelial layer becomes more permeable, and various bacterial
products (like LPS) and bacteria themselves can “leak” into the circulation (Amar et al.,
2011; Cani et al., 2007, 2008). Gut-derived circulating LPS might be particularly relevant
to inflammation and immunometabolism, as blood levels of LPS are chronically elevated in
obese humans and mice.

Thus, whether considering small molecules, small proteins, or exosomes, it is important to
recognize that crosstalk between organs is an essential component of the body’s response
to increasing obesity. Therapeutic attempts to mitigate glucose intolerance and insulin
resistance are of high importance, and efforts in this direction will need to consider the
interorgan communication networks and the whole-body response to chronic inflammation.

Therapeutic Implications

The role of chronic tissue inflammation in insulin resistance and diabetes has been shown
in rodent models through genetic gain- and loss-of-function studies and by treatment with
pharmacologic anti-inflammatory agents. However, this concept remains to be validated
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in humans. Clearly, genetic manipulations in humans are not feasible, and therefore, one
must rely on pharmacologic treatment studies to assess the potential impact of chronic
inflammation on metabolic responses. At this point, there are no clear-cut large clinical
studies with anti-inflammatory therapeutics that have demonstrated robust improvements in
either insulin sensitivity or hyperglycemia.

Salicylate or other salicylic acid derivatives are probably the best studied in humans
(Goldfine and Shoelson, 2017). A small clinical research study showed that high-dose
salicylate (salsalate) treatment of T2DM patients led to glucose lowering and improved
insulin sensitivity (Goldfine et al., 2008). This led to larger-scale, more formalized clinical
trials, which have shown reductions in HbAlc of 0.3%-0.5% in T2DM (Goldfine et

al., 2010). Although these modest effects are encouraging, it should be noted that the
mechanism of action of salicylate may be related to activation of AMPK (Hawley et

al., 2012), which can cause metabolic improvements rather than direct anti-inflammatory
actions.

Treatment with anti-1L-1p or anti-TNF-a antibodies has also been studied in humans, but
with mixed results. Different anti-IL-1p approaches have shown small decreases in HbAlc
levels, but the anti-diabetic mechanism relates to improved p-cell function (Cavelti-Weder et
al., 2012; Rissanen et al., 2012; Sloan-Lancaster et al., 2013; van Asseldonk et al., 2011).
Most likely, this is because IL-1p is not an important component of inflammation-induced
insulin resistance, whereas IL-1p effects in islets can give rise to -cell dysfunction. The
studies showing glycemic lowering with IL-1p antibodies are of interest, since a very recent
study has examined the effects of anti-IL-1p treatment on atherosclerosis (Ridker et al.,
2017). This trial demonstrated a significant reduction in cardiovascular event recurrence

as a result of anti-1L-1p antibody (canakinumab) treatment, indicating the potential for anti-
inflammatory therapy in CVD. Measures of glycemia were not reported in the CANTOS
trial.

Administration of anti-TNF-a antibodies is highly effective in rodent models of diabetes
(Hotamisligil et al., 1993), but clinical results have been less compelling (Bernstein et al.,
2006; Dominguez et al., 2005; Kiortsis et al., 2005; Ofei et al., 1996). Although large-scale
placebo-controlled studies have not been reported, these agents have been used to treat
many patients with various inflammatory diseases, some of whom had T2DM or metabolic
syndrome. A few of these studies have noted modest reductions in glycemia and a decrease
in incidence of T2DM development (Gonzalez-Gay et al., 2006; Kiortsis et al., 2005).
However, most of these studies have proven negative (Bernstein et al., 2006; Dominguez et
al., 2005; Ofei et al., 1996; Paquot et al., 2000; Wascher et al., 2011). Inflammation-induced
insulin resistance involves multiple mechanisms, and these results may indicate that TNF-a
is not a key component of this system in man. Alternatively, since adipose tissue levels

of TNF-a are quite high, it’s possible that current anti-TNF-a. biologics do not achieve
sufficient interstitial concentrations to inhibit this pathway. A formal, randomized placebo-
controlled trial will be necessary to address these issues.

TZDs are PPARYy agonists and are a well-known and efficacious class of anti-diabetic drugs
(Olefsky, 2000). TZDs have clear-cut anti-inflammatory effects that might play a role in
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their insulin-sensitizing anti-diabetic actions (Chawla et al., 2001; Han et al., 2000; Ricote
et al., 1998). However, TZDs have multiple additional effects that modulate glycemia and
insulin sensitivity, such as stimulation of FGF21, adiponectin release, induction of multiple
PPAR-y target genes (such as GLUT4), and redistribution of adipose tissue fat storage
(Lackey and Olefsky, 2016). It is currently not possible to tease out a potential component
of TZD-mediated anti-inflammatory effects, which may make a potential contribution to the
insulin sensitizing, anti-diabetic effects of these agents in humans.

IKKe and TBK1 are both induced by NF-xB activation in liver and fat on HFD (Chiang et
al., 2009). Amlexanox is a small-molecule inhibitor of these kinases and treatment of obese
mice with this compound leads to better glucose tolerance and insulin sensitivity, as well as
decreased inflammation and weight loss (Reilly et al., 2013). Recent studies in humans show
that Amlexanox treatment can improve glycemia and insulin sensitivity in obese individuals
(Oral et al., 2017). While various inflammatory markers are lowered by treatment of mice

or humans with Amlexanox, these may not be direct effects. It is possible that the beneficial
effects of this compound on inflammation may be secondary to anti-obesity effects.

One anti-inflammatory approach that has had widespread use in humans involves
ingestion of anti-inflammatory w3 FAs. While there are numerous studies on this
subject, clear conclusions are not evident (Lalia and Lanza, 2016). Many studies have
shown cardiovascular benefits of w3 FA supplementation, and some have shown modest
improvements in insulin sensitivity or glycemia. On the other hand, there are also clinical
studies showing negligible or no effects.

Despite there being a number of other promising anti-inflammatory targets, which might
lead to metabolic benefit, none have advanced to the clinic, so it is too early to make
any predictions. However, the LTB4/BLT1 system, macrophage-secreted galectin-3, and
miRNA-containing exosomes are all worthy of consideration for therapeutic approaches,
particularly since these mechanisms can be involved in the interorgan crosstalk.

In the clinical setting, any anti-inflammatory approach might carry the potential for
unwanted suppression of certain aspects of the immune system with safety consequences.
This should be carefully evaluated in any developmental program involving an anti-
inflammatory approach toward the treatment of metabolic disease. These considerations
could play into strategies to identify targets or drugs that might have anti-inflammatory,
insulin-sensitizing effects. For example, since proximal signals that activate intracellular
proinflammatory pathways stimulate a number of interconnected and overlapping
mechanisms, an intervention directed at a distal inflammatory event might not be adequately
efficacious because of the presence of redundant proinflammatory signaling networks. On
the other hand, it is likely that the risk of unwanted infections and other side effects could
be greater with inhibition of the wider network of inflammatory pathway signaling. It might
be more compelling to target a specific aspect of the overall inflammatory pathway that is
key to the development of insulin resistance. Furthermore, if there was a method to provide
therapeutic-tissue selectivity, this would serve to ameliorate insulin resistance with less risk
of unwanted side effects.
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Since obesity is an underlying core mechanism for the development of insulin resistance,
chronic tissue inflammation, and type 2 diabetes, any treatment that results in sustained
weight reduction will be of obvious therapeutic benefit. Indeed, as little as 5% body-

weight loss leads to substantial improvements in insulin sensitivity (Magkos et al., 2016).
Progressive weight loss studies show that 11% body-weight reduction provides a near
maximal effect to improve insulin sensitivity and inflammation with little further effect upon
additional weight loss (Magkos et al., 2016). These clinical studies indicate that even modest
reductions in obesity can have large beneficial metabolic consequences.

Currently, there are several pharmacologic anti-obesity treatments, lifestyle regimens, and
surgical approaches that are clinically efficacious. However, recidivism (weight regain)

is an ongoing problem with lifestyle and pharmacologic interventions, although weight
loss after bariatric surgery has proven more durable. In the context of weight reduction,
hyperglycemia, insulin resistance, and tissue inflammation are all improved, but it is

not possible to tease out the potential contribution of tissue inflammation to the overall
metabolic improvements, since there are so many other factors that change as result of
weight reduction.

Given the strong etiologic component of obesity and its attendant consequences of insulin
resistance as a cause of the rising prevalence of type 2 diabetes, it seems logical that
therapeutic approaches aimed at improving insulin sensitivity are likely to have important
clinical benefit. Such therapies would fall into the category of “disease-modifying”
treatments, which should be particularly beneficial. Most current therapeutic approaches
are aimed at improving the insulin secretion arm of the equation, with a number of effective
treatments available. Therefore, it would seem logical that redoubling our collective efforts
to identify new insulin-sensitizing drugs could lead to major therapeutic advances.

Finally, we are in the age of large-scale “omics” data, which holds the promise of precision
or personalized medicine in sub-categories of diabetic patients. Although this is still a theory
and tangible results have not yet been realized, this remains an exciting area of future
research that might intersect with the design of clinical trials. Certainly, one could imagine

a future in which specific anti-inflammatory approaches would work better in one class of
T2DM patients versus another.
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Figure 1. Obesity Isthe Major Cause of Insulin Resistancein Humansand Isa Driver of the
Global Type 2 Diabetes Mellitus Epidemic

Obesity-induced chronic tissue inflammation is a key mechanism of the dys-metabolism that
occurs in this condition. Chronic tissue inflammation induces a range of effects on adipose
tissue, muscle, liver, pancreatic islets, the gut, and the CNS. These inflammatory changes
contribute to insulin resistance (adipocytes, muscle, liver), decreased insulin secretion
(islets), dysbiosis and intestinal permeability (gut), and increased food intake (CNS).
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Figure 2. Mechanisms of Intraorgan Cross-talk
Obesity leads to various triggering events, such as ER stress, hypoxia, and lipotoxicity,

which can initiate activation of proinflammatory pathways within tissue parenchymal cells
(Step 1). As part of the activation mechanism in these parenchymal cells, they secrete a
variety of chemokines (Step 2), which lead to chemotaxis and migration of macrophages, as
well as other immune cell types, into the underlying tissue (Step 3). Overall, these immune
cells take on a proinflammatory phenotype and secrete a number of factors (cytokines,
galectin-3, miRNA-containing exosomes, etc.), which exert local paracrine effects to cause
insulin resistance in adipocytes, hepatocytes, and myocytes, or decreased GSIS in B cells
(Step 4).
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Figure 3. Inflammation-Mediated Interorgan Crosstalk
Obesity leads to chronic inflammation in metabolic tissues (liver, adipose tissue, and

muscle). It also causes dysbiosis in the Gl tract and gliosis in the CNS. Once these events
are established, these tissues then elaborate a large number of secretory factors which

not only act locally (paracrine effects), but can also enter the circulation to cause distal
effects on insulin sensitivity, GSIS, and food intake. These factors, exemplified by cytokines,
miRNA-containing exosomes, galectin-3, FFAs, fetuin A, and LPS do not act in isolation but
can work in an additive or coordinated fashion on tissue sites of action. Each factor has the
potential to influence production and secretion of some of the other factors, adding to the
complexity of the integrated network comprising metabolic interorgan crosstalk.
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