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Immune response and metabolic regulation are highly integrated and this interface
maintains a central homeostatic system, dysfunction of which can cause obesity-associated
metabolic disorder such as type 2 diabetes, fatty liver disease and cardiovascular disease.
Insulin resistance is an underlying basis for the pathogenesis of these metabolic diseases.
Overnutrition or obesity activates the innate immune system with subsequent recruitment
of immune cells such as macrophages and T cells, which contributes to the development of
insulin resistance. In particular, a significant advance in our understanding of
obesity-associated inflammation and insulin resistance has been recognition of the

critical role of adipose tissue macrophages (ATMs). ATMs are a prominent source of
proinflammatory cytokines, such as TNF-o. and IL-6, that can block insulin action in
adipose tissue, skeletal muscle, and liver autocrine/paracrine signaling and cause systemic
insulin resistance via endocrine signaling, providing a potential link between inflammation
and insulin resistance.

All articles in this topic highlight the interconnection between obesity, inflammation, and
insulin resistance in all its diversity to the mechanisms of obesity-induced inflammation and
role of immune system in the pathogenesis of insulin resistance and diabetes.
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Immune response and metabolic regulation are highly integrated
and this interface maintains a central homeostatic system, dys-
function of which can cause obesity-associated metabolic disorder
such as type 2 diabetes, fatty liver disease, and cardiovascular
disease. Insulin resistance is an underlying basis for the patho-
genesis of these metabolic diseases. Overnutrition or obesity
activates the innate immune system with subsequent recruit-
ment of immune cells such as macrophages and T cells, which
contributes to the development of insulin resistance. In par-
ticular, a significant advance in our understanding of obesity-
associated inflammation and insulin resistance has been recogni-
tion of the critical role of adipose tissue macrophages (ATMs).
ATMs are a prominent source of proinflammatory cytokines,
such as TNF-a and IL-6, that can block insulin action in adi-
pose tissue, skeletal muscle, and liver autocrine/paracrine signaling
and cause systemic insulin resistance via endocrine signaling,
providing a potential link between inflammation and insulin
resistance.

All articles in this topic highlight the interconnection between
obesity, inflammation, and insulin resistance in all its diversity
to the mechanisms of obesity-induced inflammation and role of
immune system in the pathogenesis of insulin resistance and dia-
betes. These articles give some insight into unanswered questions
in relation to this topic. First, the relationship between nutrient
sensing systems and the interface of metabolic and inflammatory
responses is complex. Pattern-recognition receptors (PRRs) such
as Toll-like receptors (TLR) and the receptor for advanced gly-
cation end-products (RAGE) are activated in response to dietary
nutrients and changes of gut microbiota as described in the review
articles by Tanti et al. and Yamamoto et al. (1, 2). The activa-
tion of PRRs plays a crucial role as a trigger of this metabolic
inflammation. Retinoic acid-related orphan receptors RORa and
RORy, also provide an important link between the circadian clock
machinery and its regulation of metabolic genes (3). Two stud-
ies by Moustaid-Moussa et al. show a potential role of the renin
angiotensin system in the development of insulin resistance and
diabetes by using gain and loss of function in mice (4, 5). Second,
it is not clear which cell recruits and activates or which tissue
inflammation initially occurs upon obesity, which then causes
systemic inflammation and subsequent development of insulin
resistance. McArdle et al. and Tateya et al. describe how obesity
causes alteration of the immune cells, in which TH1 cells, B cells,
neutrophils, or mast cells induce M1 activation and polarization
of macrophages by the elevated secretion of TNFa and IFNy (6, 7).
In addition to proinflammatory cytokines and adipokines, more

metabolic regulators including fibroblast growth factor (FGF)
family such as FGF 21 and FGF19 and bioactive lipids, sphin-
golipids can contribute to the development of systemic inflam-
mation and subsequent development of insulin resistance (8, 9).
Interestingly, these novel adipokines can be dramatically changed
after bariatric surgery and these changes contribute to improve-
ment of obesity-associated inflammation, insulin resistance, and
glucose homeostasis (10).

Overall, all the original articles and review articles covering
this topic in all its diversity to contribute somewhat to clar-
ify unanswered questions on the mechanisms of obesity-induced
inflammation and insulin resistance.
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Obesity is characterized by the development of a low-grade chronic inflammatory state in
different metabolic tissues including adipose tissue and liver. This inflammation develops
in response to an excess of nutrient flux and is now recognized as an important link
between obesity and insulin resistance. Several dietary factors like saturated fatty acids
and glucose as well as changes in gut microbiota have been proposed as triggers of this
metabolic inflammation through the activation of pattern-recognition receptors (PRRs),
including Toll-like receptors (TLR), inflammasome, and nucleotide oligomerization domain
(NOD). The consequences are the production of pro-inflammatory cytokines and the
recruitment of immune cells such as macrophages and T lymphocytes in metabolic
tissues. Inflammatory cytokines activate several kinases like IKKB, mTOR/S6 kinase, and
MAP kinases as well as SOCS proteins that interfere with insulin signaling and action in
adipocytes and hepatocytes. In this review, we summarize recent studies demonstrating
that PRRs and stress kinases are important integrators of metabolic and inflammatory
stress signals in metabolic tissues leading to peripheral and central insulin resistance
and metabolic dysfunction. We discuss recent data obtained with genetically modified
mice and pharmacological approaches suggesting that these inflammatory pathways are
potential novel pharmacological targets for the management of obesity-associated insulin
resistance.

Keywords: obesity, insulin resistance, inflammation, adipose tissue, pattern-recognition receptors, stress kinases,

School of Medicine at the University
of Pennsylvania, Philadelphia,
PA, USA.

macrophages

INTRODUCTION

Obesity is characterized by an excessive adipose tissue expansion
due to an increase in nutrients intake and insufficient energetic
expenditure. Obesity has dramatically increased worldwide and
leads to numerous adverse metabolic disorders including car-
diovascular diseases, type 2 diabetes, and some forms of cancer.
Insulin resistance is associated with obesity and is a central com-
ponent of type 2 diabetes, leading to altered glucose and lipid
metabolism in adipose tissue, liver, and skeletal muscles. Insulin
resistance is characterized by a decrease in insulin signaling
mainly in the Insulin Receptor Substrate (IRS)/PI-3-kinase/PKB
axis that is responsible for most of the metabolic actions of the
hormone (Taniguchi et al., 2006). It is now recognized that a
chronic low-grade systemic and local inflammation that devel-
ops during obesity could connect obesity to the development of
insulin resistance (Gregor and Hotamisligil, 2011). This inflam-
matory state has been reported in different organs involved in
the control of metabolic homeostasis including adipose tissue,
liver, endocrine pancreas, hypothalamus, and possibly skeletal
muscles. The chronic inflammation is caused by an excess of
nutrient intake and has been named metabolic inflammation
or metainflammation (Gregor and Hotamisligil, 2011). Several
dietary factors including saturated fatty acids and glucose as well

as a change in gut microbiota have been proposed as triggers of
this metabolic inflammation that involves both metabolic cells,
such as adipocytes, and a change in the population of immune
cells in metabolic tissues (Lolmede et al., 2011; Bertola et al., 2012;
Sun et al., 2012). Hypoxia that develops in adipose tissue could
also participate in its inflammation and has been recently involved
in insulin resistance of adipocytes (Regazzetti et al., 2009; Wood
et al., 2009).

In this review, we will first describe the major mediators that
link the excess of nutrients to the production of inflammatory
cytokines, focusing on pattern-recognition receptors (PRRs). We
will then discuss the intracellular signaling pathways activated
by inflammatory mediators and involved in the desensitization
of insulin signaling. We will also discuss whether and how the
blockade of these mechanisms could improve insulin sensitivity.

IMMUNE SENSORS LINKING NUTRITIONAL STRESS TO
OBESITY-INDUCED INFLAMMATION AND INSULIN
RESISTANCE

TOLL-LIKE RECEPTORS

Toll-like receptors (TLR) belong to the family of PRRs and play a
crucial role in innate immunity by their ability to sense pathogens
through the pathogen-associated molecular patterns (PAMPs)
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and to detect tissue injury through the danger-associated molec-
ular patterns (DAMPs) (Mogensen, 2009). TLRs 1/2/4/5/6/11 are
plasma membrane proteins whereas TLRs 3/7/8/9 are present in
intracellular compartments. Microbial components induce the
activation of the TLR signaling through a MyD88 (myeloid dif-
ferentiation factor)-dependent pathway, except for TLR3, lead-
ing to the activation of the transcription factors NF-kB and
AP-1 and the production of inflammatory cytokines. Mitogen-
activated protein kinases including extracellular signal-regulated
kinases (ERK1/2), JNK, and p38 are also activated by TLRs
engagement. TLR3 and TLR4 activation also induces an IFN-§
response through a MyD88-independent but TRIF (TIR domain-
containing adaptor inducing interferon)-dependent pathway
(Mogensen, 2009).

Among the different members of the TLR family, several
groups have reported a role for TLR2, TLR4 in inflammation and

insulin resistance during obesity (Fresno et al., 2011; Kénner and
Briining, 2011). Most of the studies focused on TLR4 which is
expressed in macrophages, dendritic cells but also in adipocytes,
hepatocytes, muscles, and in the hypothalamus. TLR4 expres-
sion is increased in obese mice and obese and diabetic patients
and negatively correlates with insulin sensitivity (Koénner and
Briining, 2011). Recently it has been proposed that during obe-
sity, metabolic endotoxemia contributes to the development of
inflammation and metabolic disorders through the activation
of TLR4 in metabolic tissues (Figure 1). Metabolic endotoxemia
is defined as a moderate increase in circulating lipopolysaccha-
ride (LPS) from Gram-negative bacteria and it develops owing
to alterations in the composition of gut microbiota and to an
increase in gut permeability (Cani and Delzenne, 2009; Burcelin
etal, 2011). Further, high-fat diet could also enhance the translo-
cation of live Gram-negative bacteria from the gut to the adipose
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FIGURE 1 | Major Patterns-Recognition Receptors involved in
obesity-induced inflammation. In obesity, the moderate increase in LPS
derived from gram-negative commensal bacteria activates TLR4 (Toll-like
receptors). TLR2 and NOD1/2 (Nucleotide Oligomerization Domain) could
be activated by peptidoglycan, lipoproteins, and lipoteichoic acid from
gram-negative or -positive commensal bacteria. In addition, nutrients such
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with TLR4 or could indirectly activate this receptor through the production
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of DAMPs such as HMGB1. TLR2 could also be a receptor for saturated
fatty acids. Following activation of these receptors, inflammatory cytokines
are produced. Among them, IL:18 and I-:18 should be processed in their
mature forms by the NLRP3 inflammasome composed of NLRP3, ASC,
and caspase-1. ROS production in response to a high level of fatty acids,
ceramides, or glucose could trigger the association between TXNIP and
NLRP3 leading to the activation of caspase-1 in the inflammasome
complex.
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tissue, a process that is dependent, at least partly, on CD14
that acts as a co-receptor with TLR4 to sense LPS (Amar et al.,
2011).

Saturated fatty acids are other potential ligands of TLR4 both
in adipocytes and macrophages leading to the production of
inflammatory cytokines and also ceramides (Shi et al., 2006b;
Radin et al., 2008; Fresno et al., 2011; Kénner and Briining, 2011)
(Figure 1). TLR4 also mediates the cross-talk between adipocytes
and macrophages induced by fatty acids (Suganami et al., 2007b).
However, a direct binding of saturated fatty acids to TLR4 has
been recently challenged due to LPS contamination (Erridge and
Samani, 2009). It is thus possible that saturated fatty acids indi-
rectly interact with TLR4 through fetuin A (Pal et al.,, 2012).
Alternatively, fatty acids might activate TLR4 signaling through
the production of endogenous DAMPs such as HMGBI1 (High-
Mobility Group Box1) and/or through ceramides production
(Fischer et al., 2007; Li et al., 2011) (Figure 1).

The in vivo pathophysiological importance of TLR4 in obesity-
induced inflammation and insulin resistance was investigated
by using mice deficient in TLR4 signaling owing to invalida-
tion of TLR4 (TLR4~/~ mice) or to a loss-of-function mutation
in the Tlr4 gene (C3H/He] and C57BL/10ScN) (Table1). The
different studies have reported a mild reduction in inflamma-
tion in adipose tissue and liver or in the vasculature (Shi et al,,

2006b; Kim et al., 2007; Poggi et al., 2007; Suganami et al.,
2007a; Tsukumo et al., 2007; Li et al., 2011; Orr et al., 2012;
Ye et al., 2012). The lower inflammation in adipose tissue was
linked to a decrease in macrophage infiltration or to a change in
macrophage polarization toward a M2 anti-inflammatory pheno-
type (Shi et al., 2006b; Tsukumo et al., 2007; Davis et al., 2008;
Orr et al., 2012). Reduction in inflammation in liver Kupffer cells
and in liver parenchymal cells (Li et al., 2011; Ye et al., 2012) was
associated with a decrease in hepatic steatosis or with a reduction
in the progression from steatosis to non-alcoholic steatohepati-
tis (Poggi et al., 2007; Tsukumo et al., 2007; Radin et al., 2008; Li
et al., 2011; Orr et al., 2012; Ye et al., 2012). In contrast, contra-
dictory results have been obtained concerning the development
of obesity. Some studies have reported that C3H/He]J, 10ScN, or
male TLR4~/~ mice gained less weight on a high-fat diet than
their respective controls (Tsukumo et al., 2007; Davis et al., 2008;
Radin et al., 2008; Saberi et al., 2009; Orr et al., 2012). This
phenotype could be related to a protection against diet-induced
leptin or insulin resistance in the hypothalamus in the absence of
a functional TLR4 signaling (Kleinridders et al., 2009; Milanski
et al., 2009; Konner and Briining, 2011). However, other stud-
ies have described a higher feeding efficiency of the C3H/He]
mice with increased adipose tissue mass and adipocyte hyper-
trophy (Poggi et al., 2007), an increase in body weight gain and

Table 1 | Phenotype of the different TLR4-deficient mice fed with a high-fat diet.

Genotype % Fat Body Weight Whole-Body Food Adipose ATM Adipose Steatosis
in diet gain 5] Intake  Tissue Tissue IS
inflammation
Tsukumo et al. C3H/HeJ 55 1 = 1 1 1 1)
Poggi et al. C3H/HeJ 45 = = 1 1 = 1 1
Suganami et al. C3H/HeJ 60 = 1 ND 1 = ND ND
Davis et al. 10 ScN 60 1 1 ND AES 1 ND ND
Radin et al. 10 ScN 45 1 = 1 ND ND ND 1
Lietal 10 ScN 60 [} = ND ND ND [}
Shietal. TLR4~/~ F 60 1 1 1 1 ND ND
Shi et al. TLR4=/~M 60 = = = 1 ND ND ND
Orr et al. TLR4=/~ 45 il = ] I+ t+M2 ND il
Saberi et al. TLR4~/~ Nodata } ND ND ND ND ND ND
Ding et al. TLR4~/~LDLR/~ 35.5 = = = = = ND ND
Kim et al. TLR4~/~ 60 = ND ND ND ND ND ND
Saberi et al. BMT-10ScN No data = 1 = 1 1 1 1
Orr et al. BMT-TLR4~/~ 45 = = ND ] t+M2  ND =
Coenen et al. BMT-TLR4~/~ 41 = = ND = = ND ND

C3H/HeJ: Mice harboring a spontaneous missense mutation in the third exon in the Tir4 gene leading to a loss-of-function of TLR4.

10ScN: Mice that display a spontaneous mutation resulting in 7 kb deletion in the Tir4 gene that results in absence of both mRNA and protein expression.

TLR4~/=: Mice with a knockout of the Tir4 gene. F female. M male.

BMT-10ScN: Transplantation of bone marrow from 10ScN mice into C57BL6 mice.

BMT-TLR4~/=: Transplantation of bone marrow from TLR4~/~mice into C57BL/6 mice (Orr et al) or into agouty (A /a)/LDl-receptor deficient mice (AY /a;Ldlr/~)

(Coenen et al.).

IS: Insulin Sensitivity.

ATM: Adipose tissue macrophages.

M2: macrophages with a M2 anti-inflammatory polarization.
ND: not determined in the study.
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adipose tissue mass in female TLR4~/~ mice (Shi et al., 2006b) or
no protection against obesity in male TLR4™/~ mice (Shi et al.,
2006b; Kim et al., 2007). The majority of the studies have reported
a reduction in the insulin resistance, at least in adipose tissue
and liver (Shi et al., 2006b; Suganami et al., 2007a; Tsukumo
et al., 2007; Poggi et al., 2007; Davis et al., 2008). However, some
of them, mainly concerning male TLR4~/~, did not show any
improvement in whole-body insulin sensitivity (Shi et al., 2006b;
Radin et al., 2008; Ding et al., 2012; Orr et al., 2012).

Different studies have investigated the consequences of TLR4
invalidation specifically in immune cells by transplantation of
bone marrow from TLR4-deficient mice into wild-type recipients.
In one study, mice developed obesity but with less inflammation
and insulin resistance in adipose tissue and liver and no change
in muscles (Saberi et al., 2009). In contrast, two other stud-
ies using the same experimental strategy but in different genetic
backgrounds, failed to observe any improvement in insulin resis-
tance despite a reduction in adipose tissue inflammation and/or
a shift in adipose tissue macrophage polarization toward a M2
anti-inflammatory state (Coenen et al., 2009; Orr et al., 2012).

In summary, the consequences on weight gain and insulin
resistance are different depending on the genetic background, the
sex of the mice, the duration, and the lipid composition of the
diet. In this regard, the percentage of saturated lipids in the diet
could be important since the protection against insulin resistance
seemed to occur selectively when the diet contained a high level
of saturated lipids (Davis et al., 2008). It remains to be deter-
mined whether the activation of TLR4 signaling by a saturated
fat diet is due to a direct action of fatty acids on TLR4 or to
an indirect effect through the production of endogenous DAMPs
or through the modification of the gut microbiota leading to an
increase in circulating LPS. Further, clarification is needed for the
respective contribution of TLR4 signaling in hematopoietic vs.
non-hematopoietic compartment to the development of insulin
resistance. Of note, the analysis of the metabolic phenotype of the
TLR4-deficient mice could be complicated due to the potential
compensatory increase in TLR2 expression (Ding et al., 2012).

TLR2 detects lipoproteins, lipoteichoic acid, and peptidogly-
can from gram-positive bacteria and dimerizes with TLR1 and
TLR6 (Mogensen, 2009). TLR2 has a broad pattern of expres-
sion and besides its expression in immune cells, is also expressed
in insulin sensitive cells and islets (Ehses et al., 2010). A role
for TLR2 in the metabolic complications of obesity was sug-
gested by its increased level in different metabolic tissues of obese
mice and patients and in circulating monocytes of type 2 dia-
betic patients (Fresno et al., 2011; Kénner and Briining, 2011).
Like TLR4, TLR2 could be a sensor for saturated fatty acids
mediating their pro-inflammatory effects in adipose tissue and
macrophages and participating in the development of insulin
resistance in cultured myotubes or adipocytes (Fresno et al., 2011;
Konner and Briining, 2011). However, as for TLR4, a direct acti-
vation of TLR2 by saturated fatty acids has been questioned owing
to possible contamination by LPS (Erridge and Samani, 2009).
Thus, both TLR4 and TLR2 could participate in the sensing of
abnormal levels of nutrients, especially fatty acids and in the
detection of gut microflora modification in obesity (Figure 1).
Cooperation between these two TLRs might be involved since

TLR4 activation increases the synthesis of TLR2 in adipocytes.
This overlapping function could explain the similar metabolic
phenotype of TLR4 and TLR2 deficient mice. Indeed, invalidation
of TLR2 improved diet-induced insulin resistance and inflam-
mation of adipose tissue, liver, or muscles (Caricilli et al., 2008;
Kuo et al., 2011; Ehses et al., 2010 #3013, Himes and Smith,
2010 #3010). Further, TLR2 signaling is involved in diet-induced
pancreatic islet inflammation and beta-cell dysfunction (Ehses
et al.,, 2010). TLR2 knockout mice have also a reduced adipos-
ity (Ehses et al., 2010; Himes and Smith, 2010; Kuo et al., 2011)
suggesting that the lack of TLR2 signaling could decrease lipid
uptake or increase lipid oxidation in different tissues. Whether
the effect of TLR2 activation on lipid metabolism is direct or
the consequence of an inflammatory state remains to be clari-
fied. However, the reported interaction between activated TLR2
and CD36, a transporter of fatty acids, supports a role for TLR2
signaling in fatty acids uptake in metabolic tissues (Triantafilou
et al., 2006).

Although the findings discussed above support a protective
role of TLR2 inactivation in the context of obesity, a recent
study reported that TLR2 knockout mice had a phenotype rem-
iniscent of metabolic syndrome even on low-fat diet. In this
setting, it was demonstrated that the gut microbiota was respon-
sible for the development of insulin resistance (Caricilli et al.,
2011). This finding illustrates the concept that complex inter-
actions between environment, gut microbiota, and the genetic
of the host drive the metabolic phenotype (Nicholson et al.,
2012). In this regard, a specific environmental condition and the
innate immune system may have shaped a harmful gut micro-
biota that overcomes the protective effect of the genetic deficiency
in TLR2. Alternatively the loss of TLR in immune cells may alter
gut microbiota leading to the development of inflammation, obe-
sity, and insulin resistance as described for mice lacking TLR5
(Vijay-Kumar et al., 2010), a TLR highly expressed in the intesti-
nal mucosa and involved in the detection of bacterial flagellin
(Mogensen, 2009).

INFLAMMASOME AND NOD

Nucleotide oligomerization domain (NOD) 1 and 2 are intracel-
lular proteins that recognize cell wall peptidoglycan moieties from
gram-negative or gram-positive bacteria, respectively (Mogensen,
2009). NOD proteins have recently emerged as immune sensors
involved in inflammation-induced insulin resistance (Figure 1).
Peptidoglycan-induced activation of NOD1 in adipocytes or hep-
atocytes (Schertzer et al., 2011; Zhao et al., 2011) and NOD2
in muscle cells (Tamrakar et al.,, 2010) trigger insulin resis-
tance through the production of inflammatory mediators and
the activation of MAP kinases signaling leading to desensi-
tization of IRS1 function. Injection of specific NOD1 ligand
in mice promoted adipose tissue inflammation and induced
whole-body insulin resistance with a strong decrease in insulin
action in the liver. NOD2 ligand injection caused a milder
insulin resistance and preferentially in muscles (Schertzer et al.,
2011). NODI1-deficient mice, but not NOD2, were protected
against glucose intolerance and diabetes induced by a high-fat
diet (Amar et al., 2011). These studies demonstrate the abil-
ity of NOD activation to induce insulin resistance and support
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the implication of NODI in the control of metabolic diseases
through the sensing of components from gram-negative bacteria
(Figure 1).

Inflammasomes are multi-protein complexes composed of
three proteins: the nucleotide-binding domain leucine-rich repeat
(NLR) protein, the adaptor protein ASC (apoptosis-associated
speck-like protein containing a CARD) and the caspase-1. Four
different inflammasomes have been identified so far namely
NLRP1, NLRP3, NLRC4, and AIM2. Pathogen and danger-
associated signals activate inflammasomes leading to the pro-
cessing of IL-1p and IL-18 by caspase-1 (Mogensen, 2009). It
is recognized that IL-1p is one of the main cytokines impli-
cated in the desensitization of insulin signaling (Lagathu et al.,
2006; Jager et al., 2007) and its genetic invalidation protects
mice against diet-induced insulin resistance (Stienstra et al., 2010;
Wen et al., 2011). Pharmacological inhibition of IL-1f signaling
by the IL-1 receptor antagonist anakinra, mitigates inflamma-
tion, and improves glycemic control in type 2 diabetic patients
(Larsen et al., 2007). With this in mind, several groups have inves-
tigated the implication of inflammasome activation in insulin
resistance.

The expression of NLRP3 and caspase-1 is increased in adi-
pose tissue of obese mice, overweight subjects, or obese indi-
viduals with type 2 diabetes (Stienstra et al., 2010; Koenen
et al., 2011; Vandanmagsar et al.,, 2011). The identity of cells
within the adipose tissue, in which the NLRP3 inflammasome
is activated, remains controversial. Two studies reported an
expression and activation mainly in adipose tissue macrophages
with a low expression in adipocytes whereas Stienstra et al.
found an important contribution of adipocytes (Stienstra et al.,
2010; Vandanmagsar et al., 2011; Wen et al., 2011). However,
invalidation of different components of the NLRP3 inflamma-
some (NLRP3, ASC, caspase-1) univocally protected the mice
against high-fat diet-induced inflammation and insulin resis-
tance. This phenotype was associated with a reduced expression
of IL-18 in adipose tissue and a reduced level of circulating
IL-18 (Stienstra et al., 2010; Vandanmagsar et al., 2011; Wen
et al., 2011). The lack of the NLRP3 inflammasome had con-
sequences on the subset of immune cells within the adipose
tissue. The number of M2 anti-inflammatory macrophages was
increased in subcutaneous adipose tissue (SAT) and the activa-
tion of pro-inflammatory macrophages was dampened in vis-
ceral adipose tissue (VAT). In parallel, the number of naive
CD47" and CD8™T T cells was increased in SAT and the amount
of effector memory CD4" and CD8' T cells was decreased
in VAT (Vandanmagsar et al., 2011). These findings suggest a
model whereby the NLRP3 inflammasome-dependent produc-
tion of IL-1B and IL-18 by adipose tissue macrophages favors
macrophage-T cell activation leading to a sustained inflamma-
tion of adipose tissue (Vandanmagsar et al., 2011). Besides its
role in the control of adipose tissue inflammation, inflamma-
some activation in adipocytes could limit energy expenditure,
fat oxidation, and adipogenesis as revealed by the phenotype of
the caspasel_/_ mice (Stienstra et al., 2010, 2011). In addition
to adipose tissue, activation of NLRP3-inflammasome in other
tissues such as pancreatic islets has been reported (Zhou et al.,
2010).

These findings strongly support a model whereby dan-
ger signals generated in obesity are detected by the NLRP3-
inflammasome that in turn promotes inflammation and the
dysfunction of different organs involved in the control of glucose
and lipid homeostasis (Figure 1). The identity of the danger sig-
nals that activate the NLRP3 inflammasome in obesity remains
ill-defined. However, the observation that the NLRP3 inflam-
masome is activated by fatty acids and ceramides suggests that
the lipotoxic environment in obesity might trigger its activa-
tion (Vandanmagsar et al., 2011; Wen et al., 2011). However, the
NLRP3 inflammasome can be activated by other molecules such
as ATP, glucose, oxidized LDL, uric acid, and crystals of choles-
terol. Since all of them are elevated in obesity, their respective
contributions to the activation of inflammasome deserve fur-
ther investigation. The common feature of these danger signals
is their ability to increase ROS production that is prerequisite
for NLRP3 inflammasome activation (Tschopp and Schroder,
2010). Thus, the activation of NLRP3 inflammasome in obe-
sity might be related to the oxidative stress that develops in the
different metabolic tissues. How NLRP3 inflammasome is acti-
vated by ROS is not completely understood but the thioredoxin-
interacting protein (TXNIP) has recently emerged as a potential
link with the demonstration of its binding with NLRP3 in a ROS
sensitive manner leading to NLRP3 inflammasome activation
(Zhou et al., 2010) (Figure 1). This function might explain the
similar phenotype between TXNIP- and NLRP3-deficient mice
when fed a high-fat diet (Zhou et al., 2010). Further TXNIP
might also connect organelle stress, such as reticulum endoplas-
mic stress, to NLRP3 inflammasome activation (Oslowski et al.,
2012).

All together, these findings render the NLRP3 inflammasome
as an attractive pharmacological target against the complications
of obesity. In this multi-proteins complex, the easiest target is the
caspase-1 since inhibitors already exist. The caspase-1 inhibitor
Pralnacasan reduced body weight and improved insulin sensi-
tivity of genetically obese ob/ob mice (Stienstra et al., 2010).
However, one important caveat for the treatment of a chronic
disease such as diabetes is that caspase-1 is involved in differ-
ent inflammasome complexes and its inhibition may reduce the
ability to fight infection.

Despite the potential role of the NLRP3 inflammasome in
obesity-induced inflammation and insulin resistance, it remains
to determine whether its activation is a primary event in the
disease that drives the inflammation. Further, the relative contri-
bution of NLRP3 inflammasome to the development of inflam-
mation in the metabolic tissues and in the different subset of
cells of these tissues should be clarified. The role of other inflam-
masome complexes also deserves investigation since ablation of
NLRP3 markedly reduced but did not totally abrogate caspase-1
activation in adipose tissue or liver of obese mice (Vandanmagsar
et al., 2011). Finally, other caspase-1 substrates besides IL-18 and
IL-18 might be involved in the deleterious effect of inflammasome
activation on metabolic control. In this regard, the transcription
factors SREBPs are activated by caspase-1(Gurcel et al., 2006)
and it was recently shown that SREBP-1a regulated the expres-
sion of inflammasome components in macrophages (Im et al.,
2011). Thus, a feed-forward loop involving caspase-1 activation
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and SREBP might link lipid metabolism to the inflammasome
activation in obesity.

In conclusion, it is now recognized that the immune sen-
sors described above (TLR, NOD, inflammasome) and others
such as the pathogen-sensing kinase (PKR) (Nakamura et al.,
2010) participate in the development of the metabolic inflam-
mation. As recently discussed by Gregor and Hotamisligil in
an outstanding review (Gregor and Hotamisligil, 2011), it is
possible that in obesity the levels of nutrient intake may rise
enough to stimulate pathogen- and danger-sensing pathways
ultimately leading to the activation of immune cells in the dif-
ferent metabolic tissues. In other words, the organism, in over-
feeding situation, recognizes the nutrients as harmful biological
molecules and activates pathways that are usually engaged by
pathogen or endogenous danger signals. In addition, modifica-
tion of the gut microbiota and of the intestinal permeability
in obesity may fuel the organism with inflammatory molecules
such as LPS and other bacterial antigens or favor the transloca-
tion of commensal bacteria within metabolic tissues (Cani and
Delzenne, 2009; Amar et al., 2011; Nicholson et al., 2012). As
a consequence, inflammatory cytokines are overproduced and
they activate different signaling pathways in metabolic cells that
desensitize insulin signaling and alter the expression of pro-
teins involved in glucose transporter trafficking (Kaddai et al.,
2009).

INFLAMMATORY SIGNALING PATHWAYS INVOLVED IN

THE DESENSITIZATION OF INSULIN ACTION

THE SOCS PROTEINS

The Suppressor of cytokine signaling (SOCS) protein family also
named Janus family kinase-binding (JAB) proteins or SSI (signal
transducer and activator of transcription induced Stat inhibitor)
includes eight members (SOCS1-7 and CIS), which possess a SH2
domain, and a SOCS-box domain controlling the degradation
of interacting proteins. They are induced by several inflamma-
tory cytokines and are involved in a negative feedback loop
leading to the termination of cytokines action. At the molecu-
lar level, the SOCS proteins interact with the tyrosine kinases
Janus-activated kinases (JAK) or directly with the receptor of
some cytokines, thus blocking the tyrosine phosphorylation of
the transcription factors STAT for review see Lebrun and Van
Obberghen (2008). Several cellular studies have demonstrated
that SOCS negatively regulate the signaling pathway of hormones
including leptin and insulin. In this regard, SOCS3 is induced by
leptin and insulin and is involved in a negative feedback loop and
in a cross-down regulation (Emanuelli et al., 2000; Lebrun and
Van Obberghen, 2008; Benomar et al., 2009). SOCS1, SOCS6,
and SOCS7 are also involved in the desensitization of insulin
signaling. SOCS3 inhibits insulin signaling by a direct binding
through its SH2 domain with the juxtamembrane phosphotyro-
sine 960 on the insulin receptor, thus preventing the interaction
of IRS1 and 2 with the receptor (Figure2). SOCS1 interacts
with the catalytic domain of the insulin receptor which con-
tains an interaction motif for IRS2, blocking thus more selectively
the tyrosine phosphorylation of IRS2. SOCSI and SOCS6 also
inhibit the tyrosine kinase activity of the insulin receptor. It has
also been shown that SOCS proteins interact with the tyrosine

phosphorylated IRS1 and IRS2 resulting in their ubiquitination
and degradation by the proteasome (Lebrun and Van Obberghen,
2008) (Figure 2).

In obesity, inflammation leads to an up-regulation of SOCS
proteins in hypothalamus, liver, muscles, and adipose tissue
(Rieusset et al., 2004; Lebrun and Van Obberghen, 2008). A
causal role for the up-regulation of SOCS proteins in the devel-
opment of insulin resistance has been investigated in metabolic
tissues. Overexpression of SOCS1 or SOCS3 in mouse liver or
adipose tissue reduced the expression of IRS1 or IRS2 as well as
their tyrosine phosphorylation induced by insulin. As a conse-
quence insulin resistance developed in those tissues, as well as
systemic insulin resistance for the overexpression in liver (Ueki
et al., 2005; Shi et al., 2006a). Unexpectedly, overexpression of
SOCS3 in adipose tissue protected the mice against systemic
insulin resistance when fed a high-fat diet owing to a decrease
in adipocyte hypertrophy (Shi et al., 2006a). Overexpression of
SOCS3 in muscle exacerbated diet-induced obesity and insulin
resistance but this effect was not due to a decreased insulin signal-
ing but to an alteration in muscle integrity leading to a reduction
in locomotor activity and energy expenditure (Lebrun et al.,
2009).

The inhibition of SOCS proteins might thus be useful to
prevent the development of obesity-induced insulin resistance.
In agreement with such a possibility, heterozygous SOCS3
(SOCS31/~) mice or mice with targeted invalidation of SOCS3
in the central nervous system (CNS) were protected against diet-
induced obesity and associated insulin resistance (Howard et al.,
2004; Mori et al., 2004; Kievit et al., 2006). This phenotype
was explained by increased leptin sensitivity and possibly by an
effect on insulin action for the SOCS31/~ mice (Howard et al.,
2004). In the same way, targeted invalidation of SOCS3 in adi-
pose tissue or in muscles protected mice against obesity-induced
insulin resistance (Jorgensen et al., 2012; Palanivel et al., 2012).
SOCS7-deficient mice also displayed improved glucose tolerance
and insulin sensitivity (Banks et al., 2005). However, several
considerations should be taken into account before inhibit-
ing SOCS proteins for therapeutic purpose. First, some SOCS
proteins positively regulate insulin action as demonstrated by
the improved insulin sensitivity of SOCS6-overexpressing mice
(Li et al., 2004). Second, given that SOCS proteins negatively
regulate the signaling of inflammatory cytokines, their chronic
inhibition might exacerbate inflammation that could counterbal-
ance its beneficial effect on insulin sensitivity. This dual action
of SOCS proteins is well-illustrated by differential effects of
short- and long-term invalidation of SOCS1 or SOCS3 in liver.
Short-term invalidation by antisense oligonucleotides in obese
and diabetic db/db mice improved hepatic steatosis with a mild
reduction in insulin resistance (Ueki et al., 2005). In contrast,
while targeted deletion of SOCS3 in liver-enhanced liver insulin
sensitivity on chow diet, it accelerated the onset of high-fat diet-
or age-induced insulin resistance with an increased inflamma-
tion in liver (Torisu et al., 2007; Sachithanandan et al., 2010).
This dual action is not restricted to SOCS3, since SOCS1 in
immune cells limited the metabolic inflammation in liver and
perhaps adipose tissue (Sachithanandan et al., 2011). Thus,
the beneficial effect of SOCS1-deletion on insulin sensitivity
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FIGURE 2 | Inhibition of insulin signaling pathway by SOCS1 and
S0CS3. SOCS1 and SOCSS3 are induced by cytokines and involved in a
negative feed-back loop. SOCS1 and SOCS3 also inhibit insulin signaling by
different mechanisms. They interfere with the binding between the insulin
receptor and IRS1/2 proteins. SOCS1 also inhibits the tyrosine kinase activity

of the insulin receptor. Both SOCS1 and SOCSS3 can interact with the
tyrosine-phosphorylated IRS proteins leading to their degradation by the
proteasome. The resulting effect is a decrease in the insulin-induced
activation of the IRS1/2-PI3K-PKB axis leading to a reduction in the metabolic
effects of insulin.

was only visible when SOCS1-deficient mice were crossed with
interferon-gamma- or RAG2-deficient mice to limit inflamma-
tion. Of note, this beneficial effect was seen on chow diet
(Jamieson et al., 2005; Emanuelli et al., 2008b) but was lost on
a high-fat diet when the inflammation is enhanced (Emanuelli
et al., 2008b). Further, SOCS2-deficient mice were protected
against diet-induced hepatic steatosis probably due to an increase
in the lipid mobilizing effect of growth hormone. However,
this beneficial effect was overridden by a hyperproduction of
inflammatory mediators by the resident macrophages leading
to a higher level of inflammation in liver and adipose tis-
sue and the worsening of insulin resistance (Zadjali et al.,
2012).

In summary, it appears to date that SOCS3 is mainly involved
in the regulation of energy balance through the down-regulation
of leptin signaling whereas several SOCS such as SOCS1/3/6/7 are
involved in the regulation of the insulin sensitivity. Since SOCS
proteins contribute to the development of diet-induced obesity
and insulin resistance, their targeting could be open new avenues
for the treatment of metabolic disorders. However, careful exam-
ination of the balance between pro-inflammatory and insulin
sensitizing effects of future inhibitors of SOCS proteins will be
needed.

THE IKKB/NF-xB AND JNK PATHWAYS IN INFLAMMATORY CYTOKINES
PRODUCTION AND INSULIN RESISTANCE

The activity of both IkB-kinase f (IKKf) and JNK is elevated
in metabolic tissues in obesity, and these kinases are important
nodes in the production of inflammatory mediators and in the
desensitization of insulin signaling (Tanti and Jager, 2009; Solinas
and Karin, 2010; Donath and Shoelson, 2011). JNK and IKK@
are activated downstream of immune sensors such as TLRs and
participate in the production of inflammatory cytokines via the
transcription factors AP-1 and NF-kB respectively (Figure 3).
Many of the produced inflammatory cytokines are able to activate
these two kinases leading to a feed-forward amplification loop
(Donath and Shoelson, 2011; Gregor and Hotamisligil, 2011).
Another important activator of these kinases is the endoplasmic
reticulum (ER) stress (Figure 3).

ER stress occurs when the synthesis capacity of the ER is
exceeded. In this case, the unfolded protein response (UPR) is
activated in order to restore ER homeostasis. Three pathways are
involved in the UPR, namely PERK (PKR-like eukaryotic initia-
tion factor 2a), IRE-1 (inositol requiring enzyme 1), and ATF6
(activating transcription factor 6) pathways. If these mechanisms
fail to restore proper ER homeostasis, cells undergo apoptosis
(Xu et al., 2005). In a pioneer study, Hotamisligil and colleagues
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FIGURE 3 | Serine kinases involved in obesity-induced inflammation
and insulin resistance. In obesity, a network of serine kinases is activated
including IKKB, JNK, and ERK1/2. JNK and IKKB are activated downstream
of pattern-recognition receptors (PRRs) such as TLRs or by ER stress.
IKKB is also involved in the activation of the Tpl2/ERK pathway. These
pathways participate in the production of inflammatory cytokines via the
transcription factors AP-1 and NF«kB. Many of the produced inflammatory

Insulin

cytokines are able to activate these kinases leading to a feed-forward
amplification loop. JNK and ERK1/2 are involved in the desensitization of
insulin signaling through phosphorylation of IRS1/2 on inhibitory serine
sites (SerP). IKKB can directly phosphorylate IRS1/2 on serine sites but can
also act indirectly through activation of mTORC1/S6 kinase. Over-activation
of the mTORC1/S6K pathway could promote ER stress leading to an
amplification loop.

(Ozcan et al., 2004) have demonstrated that ER stress developed
in liver and adipose tissue during obesity owing to nutrient over-
load and participated in the onset of insulin resistance. Several
recent reviews have discussed in details the mechanisms link-
ing ER stress to obesity-induced inflammation, insulin resistance,
and alterations in tissue metabolism (Cnop et al., 2011; Gregor
and Hotamisligil, 2011; Flamment et al., 2012). The activation of
IKKB/NF-kB and JNK by the IRE-1 arm of the UPR is one of these
mechanisms (Gregor and Hotamisligil, 2011).

At the molecular level, one important mechanism by which
IKKB and JNK attenuate insulin signaling is the phosphoryla-
tion of IRS proteins on inhibitory serine phosphorylation sites
(Figure 3). The mechanism by which IRS phosphorylation reg-
ulates insulin signaling is complex and described in details in
recent reviews (Gual et al., 2005; Boura-Halfon and Zick, 2009;
Tanti and Jager, 2009; Copps and White, 2012). In physiologi-
cal condition, insulin induces a time-controlled phosphorylation
of both positive and inhibitory serine sites in IRS1 and IRS2

in order to ensure the fine tuning of IRS tyrosine phosphoryla-
tion that is necessary for the propagation of insulin action (Tanti
and Jager, 2009; Copps and White, 2012). Since our pioneer
study (Tanti et al., 1994), it is now admitted that during obe-
sity, activation of inflammatory, and stress kinases such as JNK
and IKK is responsible for an uncontrolled phosphorylation of
IRS on inhibitory serine sites resulting in a decrease in IRS tyro-
sine phosphorylation and a desensitization of insulin signaling
(Boura-Halfon and Zick, 2009; Tanti and Jager, 2009). It is note-
worthy that JNK seems more involved in the direct IRS serine
phosphorylation than IKKf (Tanti and Jager, 2009). IKK acti-
vation could promote IRS1 serine phosphorylation through acti-
vation of TSC1/TSC2/mTORC1/S6 Kinase-1 pathway leading to
inhibitory IRSI serine phosphorylation by S6K1 (Lee et al., 2008).
Of note, activation of mTORCI by IKKB could be also involved
in feed-forward mechanism induced by inflammatory cytokines
to promote ER stress since over-activation of mTORCI has
been linked to the development of ER stress (Ozcan et al., 2008)
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(Figure 3). In addition, activation of the IKKB/NFkB pathway
increases the expression of PTP1B, a tyrosine phosphatase that
dephosphorylates IRS1 (Zabolotny et al., 2008).

Several in vivo studies in mice have demonstrated the impor-
tance of the IKKB/NF-kB and JNK pathways in the develop-
ment of insulin resistance (Figures 4, 5). Heterozygous IKK and
whole-body JNK1-deficient mice were partially protected against
diet-induced insulin resistance (Yuan et al., 2001; Hirosumi et al.,
2002). JNK2 could also play a role in insulin resistance but to a
lesser extent (Tuncman et al., 2006). A cell-autonomous mech-
anism that involves the negative regulation of IRS1 function
by serine phosphorylation was implicated in the regulation of
insulin resistance induced by JNKI1 and possibly by IKKf dur-
ing obesity (Hirosumi et al., 2002; Sabio et al., 2010b). IKKP
haplo-insufficiency or JNKlinvalidation could also reduce the
pro-inflammatory effect of high-fat diet. In this regard, mice
lacking IKKB or JNKI in immune cells were partially protected
against obesity-induced inflammation (Arkan et al., 2005; Solinas
et al., 2007; Vallerie et al., 2008). However, if the protection
against systemic insulin resistance was obvious for IKKp deletion
(Arkan et al., 2005), contradictory results were reported for JNK1

invalidation (Solinas et al., 2007; Sabio et al., 2008; Vallerie et al.,
2008).

The picture that emerges is that activation of these pathways
in non-hematopoietic cells also participates in tissues inflam-
mation and local or systemic insulin resistance. However, the
consequences of IKKf and JNK activation on the development
of insulin resistance could totally differ and depend on the site
of action, the level of expression and the impact on adiposity.
Indeed, the activation of IKKB/NF-kB in hepatocytes-induced
liver inflammation and insulin resistance (Arkan et al., 2005; Cai
et al., 2005; Tamura et al., 2007; Wunderlich et al., 2008) and was
associated with a reduced ability of insulin to suppress neogluco-
genesis (Arkan et al., 2005) and with an increased production
of VLDL leading to the development of hypertriglyceridemia
(van Diepen et al., 2011). At the opposite of these findings, the
development of inflammation induced by a moderate IKKp acti-
vation in adipose tissue and before the onset of obesity has been
shown to be protective against diet-induced insulin resistance
by limiting adipose tissue expansion and by increasing energy
expenditure (Jiao et al., 2012). Furthermore, in contrast to the
deleterious effect of IKKB, the activation of JNK pathway in liver
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HEPATOCYTES

Normal Chow

Systemic IR
HepaticIR
MusclelR

Liver inflammation

o' ? Energy Expenditure
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ADIPOCYTES

High-fat diet
Weight gain
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Steatosis
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Systemic Inflamation

Genetically modified IKKp mice

Weight gain
Systemic IR
Central IR
LeptinIR

&Systemic IR

FIGURE 4 | Consequences of the genetic manipulation of IKKB on
the metabolic phenotype of mice. Constitutive activation of IKKB
(CA IKKB) in hepatocytes results in a deterioration of the insulin
sensitivity of lean mice. At the opposite constitutive activation of IKKB
in adipocytes protects the mice against obesity and insulin resistance
when fed a high-fat diet. Study of heterozygote IKKB mice (IKKp*/~)

WHOLE-BODY TISSUE SPECIFIC INVALIDATION OF IKKp
| CNS | | MUSCLES | | HEPATOCYTES || MYELOID
CELLS

IR: no change Liver inflammation ¢Systemic R

HepaticIR

Muscle IR: no change
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or of mice with a tissue specific inactivation of IKKB in the central
nervous system (CNS), hepatocytes, myeloid cells, or muscles
demonstrates that activation of IKKB/NF«B pathway is a core
mechanism that connects metabolic inflammation and insulin resistance
in peripheral metabolic tissues, except muscles, and in the central
nervous system.
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obesity and/or insulin resistance. The lack of JNK1 in myeloid cells
decreases obesity-induced inflammation but the impact on insulin

resistance development is controversial. At the opposite, the lack of
JNK1T in the hepatocytes alters liver function suggesting a protective
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FIGURE 5 | Metabolic phenotype of whole-body JNK1 knockout mice
and of conditional JNK1 knockout mice. Whole-body invalidation of
JNKT protects mice against diet-induced obesity and insulin resistance.
Tissue-specific invalidation of JNK1 reveals that the lack of JNK1 in
adipose tissue, muscles, or CNS protects against the development of role of JNK1.

seems to have a protective role since hepatocyte-specific invali-
dation of JNK1 led to the development of glucose intolerance,
insulin resistance, and liver steatosis even in lean mice (Sabio
et al., 2009). This finding was quite unexpected given that the
liver of obese whole-body JNK1-deficient mice was more insulin
sensitive with less inflammation. Thus, it is possible that the inhi-
bition of JNK1 in hepatocytes per se is detrimental whereas the
combined inhibition of JNK1 in hepatocytes and in other liver
cells of the liver has a protective effect. Further, organ to organ
communication, especially cross-talk between liver and adipose
tissue, could be another explanation since JNK1 invalidation in
adipose tissue ameliorated liver insulin sensitivity (Sabio et al.,
2008; Zhang et al., 2011). One important mediator of this cross-
talk could be the adipocytokines, especially IL-6, which altered
liver insulin sensitivity through induction of SOCS3 (Sabio and
Davis, 2010). The consequences of JNK1 or IKKf activation in
muscles are also totally different. While inactivation of IKKf in
cultured muscle cells markedly reduced cytokine-induced insulin
resistance (Austin et al., 2008), the study of mice with condi-
tional knockout of IKKf in muscles argues against a major role
of muscular IKKf activation in obesity-associated insulin resis-
tance (Rohl et al., 2004). Muscle-specific invalidation of JNK1

improved high-fat diet-induced muscles insulin resistance but
also led to an enhanced liver steatosis and to a mild increase in
inflammatory mediator expression in adipose tissue. The cross-
talk between these different organs was mediated by an increase in
circulating triglycerides owing to a reduction in lipoprotein lipase
expression in muscles (Sabio et al., 2010b). Systemic insulin sen-
sitivity was slightly improved in those mice suggesting that the
improved insulin sensitivity in muscles was sufficient to overcome
the enhanced liver steatosis and adipose tissue inflammation.
However, it is possible that with age, a worsening in insulin
sensitivity develops.

Several evidences suggest that activation of IKKB and JNK
pathways in the hypothalamus by over-nutrition contributes to
energy imbalance and weight gain in addition to their role in
the development of insulin resistance. At the molecular level,
ER stress that develops in hypothalamus owing to an oversup-
ply in nutriments activates the IKKB/NF-kB pathway leading to
local SOCS3 expression that interferes with both insulin and
leptin signaling (Zhang et al., 2008). The mechanism by which
JNK1 activation in the nervous system regulates body mass is
different and complex. Two studies have revealed that invali-
dation of JNK1 in the nervous system markedly enhanced the
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production of thyroid hormones through the hypothalamic-
pituitary-thyroid axis leading to an increase in energy expenditure
and a protection against obesity (Belgardt et al., 2010; Sabio et al.,
2010a).

These studies support the idea that the over-activation of
IKKB/NF-kB and JNK pathways is a core mechanism that con-
nects metabolic inflammation and insulin resistance both in
peripheral tissues and in the CNS. This central role highlights
IKKB and JNK as potential pharmacological targets against the
development of insulin resistance. In this regard, Shoelson and
colleagues have shown that high-doses of salicylate and its deriva-
tive salsalate were able to inhibit IKKf activity and to improve
insulin sensitivity in obese mice (Donath and Shoelson, 2011).
Importantly, recent proof of concept studies and clinical trials
in type 2 diabetic patients suggest that salsalate ameliorates glu-
cose tolerance through better insulin sensitivity, and/or via an
increased insulin secretion (Koska et al., 2009; Goldfine et al.,
2010). The consequences of the pharmacological targeting of JNK
have been studied only in mice. Competitive inhibitors of ATP
directed against JNK and specific small substrate-competitive
inhibitors of JNK displayed protective effects against diet-induced
insulin resistance and/or weight gain (Bogoyevitch and Arthur,
2008; Cho et al., 2008; Yang and Trevillyan, 2008). These results
suggest that IKKB or JNK inhibitors could be interesting ther-
apeutic agents against insulin resistance and type 2 diabetes.
However, it should be kept in mind that IKKB/NF-kB pathway
is a central regulator of immunity and that JNK pathway regu-
lates numerous physiologic processes. Chronic inhibition of these
pathways might thus have side effects and favor the emergence of
other pathologies.

THE EXTRACELLULAR SIGNAL-REGULATED KINASES IN OBESITY
DEVELOPMENT AND INSULIN RESISTANCE

The Extracellular signal-Regulated Kinases (ERK) 1/2 (also
known as p44 and p42 MAP kinase) are activated by several
growth factors but also by inflammatory cytokines. The activa-
tion of ERK1/2 requires the phosphorylation of both tyrosine
and threonine residues located in a TEY sequence. This phos-
phorylation is mediated by the MAP kinase kinase (MAP2K)
MEK. The activation of MEK also requires its phosphorylation
by MAP kinase kinase kinase (MAP3K). Depending on the stim-
uli, different MAP3Ks are engaged to phosphorylate MEK. The
activated ERK1/2 phosphorylates numerous substrates with ser-
ine or threonine residues close to a proline residue (Keshet and
Seger, 2010). The activity of ERK1/2 is increased in adipose tissue,
liver, and muscles of obese/diabetic patients or mice for review
see Tanti and Jager (2009). Several cellular studies have shown
that activation of ERK1/2 by diabetogenic factors-induced IRSI
serine phosphorylation. These phosphorylation events decrease
the interaction between IRS1 and the PI3K or inhibit the asso-
ciation between IRS1 and the insulin receptor and would thus
diminish the metabolic effects of insulin (Tanti and Jager, 2009).
This mechanism has relevant implications in human pathology
since basal ERK activity and IRS1 phosphorylation are abnor-
mally increased in primary muscle cells from type 2 diabetic
patients (Bouzakri et al., 2003). In addition, activation of the
ERK pathway by the inflammatory cytokines, especially IL-1p, in

adipocytes also induced a decrease in the transcription of IRS-
1 mRNA, leading to a decrease in insulin signaling and glucose
transport (Jager et al., 2007). ERK activation by inflammatory
cytokines could also indirectly promote insulin resistance by the
stimulation of adipocyte lipolysis and the release of free fatty acids
(Souza et al., 2003).

The contribution of ERK pathway in the development of obe-
sity and insulin resistance was first demonstrated by our study
of ERK1-deficient mice (Bost et al., 2005). Those mice were pro-
tected against obesity when fed a high-fat diet, because of a
decrease in adipogenesis and an increase in postprandial energy
expenditure. The lack of obesity was associated with a bet-
ter glucose and insulin tolerance compared to wild-type mice
(Bost et al., 2005). Conversely, over-activation of the ERK path-
way owing to deletion of the signaling adapter p62 resulted in
the development of mature-onset obesity and insulin resistance
with reduced energy expenditure and increased adipogenesis
(Rodriguez et al., 2006). This phenotype was probably due to the
over-activation of ERK1 rather than ERK2 since deletion of ERK1
in the p62~/~ genetic background reversed the phenotype (Lee
etal., 2010). Those studies clearly highlighted the role of ERK1 in
the development of obesity but did not allow concluding whether
ERK1 could modulate the insulin sensitivity independently of its
effect on body weight. However, we have recently shown that
invalidation of ERK1 protected obese ob/ob mice against insulin
resistance and adipose tissue inflammation without any changes
in obesity (Jager et al., 2011). Another study also suggested that
inhibition of ERK had beneficial effects on insulin resistance inde-
pendently of an effect on body weight gain (Emanuelli et al.,
2008a).

The pharmacological targeting of ERK1/2 against insulin resis-
tance could have a series of drawbacks since they are involved
in numerous biological processes. A possible alternative choice
would be to target proteins which control ERK activity, specifi-
cally in response to inflammatory stresses which develop during
obesity. In this regard, interesting candidates could be specific
MAP3 kinases that are important in innate immune receptor
signaling to MAP kinase activation (Symons et al., 20006).

Among the different MAP3K that control ERK activity, our
team recently identified the kinase Tpl2 (Tumor progression
locus, MAP3K8) as a potential new player in adipose tissue dys-
function and inflammation (Jager et al., 2010). In immune cells,
Tpl2 plays an important role in the production of inflamma-
tory cytokines, especially TNFa (Dumitru et al., 2000), and it
is also involved in cytokines signaling downstream of innate
immunoreceptors (Gantke et al., 2011). The importance of Tpl2
in inflammation has been demonstrated by the resistance to endo-
toxin shock and the lack of TNF-a production by macrophages of
the Tpl2-deficient mice (Dumitru et al., 2000). Further, Tpl2 is
a critical regulator of pancreatic, lung, and bowel inflammation
in mice (Gantke et al., 2011). In non-stimulated cells, Tpl2 binds
in its inactive form to pl05NF-kB and is activated by different
inflammatory stimuli through phosphorylation and degradation
of plO5SNF-kB induced by IKKP (Gantke et al., 2011). Among
them, LPS, TNF-q, IL-1f, and CD40 are involved in obesity-
induced inflammation and insulin resistance (Poggi et al., 2009;
Tanti and Jager, 2009) suggesting a potential role for Tpl2 in this
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pathology. Recently, we found Tpl2 up-regulated in adipose tis-
sue of obese mice and patients. Tpl2 was involved in the lipolytic
effect the inflammatory cytokines and in the serine phosphory-
lation of IRS1 in adipocytes (Jager et al., 2010). Based on these
findings, one can hypothesize that the targeting of Tpl2 could
have beneficial effects in the context of obesity by reducing the
production of inflammatory cytokines by adipose tissue immune
cells and by blocking their deleterious effects in adipocytes. In
agreement, one recent study has shown that Tpl2 inactivation
protected the mice against insulin resistance with a reduction
in liver and adipose tissue inflammation (Perfield et al., 2011).
However, another study failed to confirm this finding (Lancaster
etal., 2012). Thus, further studies are needed to conclude whether
the targeting of Tpl2 could improve the complications of obesity.

CONCLUSION

The discovery that metabolic diseases are associated with a low-
grade inflammatory state has opened a new area of research to
understand how inflammation develops and how it impact on
metabolic pathways. It appears that a cross-talk between immune
cells and metabolic cells plays a central role in the disturbance
of metabolic homeostasis. High levels of dietary saturated fatty
acids or of their metabolites can be detected by immune sen-
sors such as TLR or inflammasome leading to the synthesis of
inflammatory cytokines in different metabolic tissues. Dietary fat
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Obesity is associated with an increased risk of developing type
2 diabetes, fatty liver disease, hypertension, and vascular com-
plications (1). Proinflammatory and anti-inflammatory bioactive
molecules produced from adipose tissues, known as adipokines,
contribute to the burden of obesity-related diseases (2). Adipose
tissue consists of heterogeneous populations of adipocytes, stro-
mal preadipocytes, immune cells, and vascular cells, and it can
respond rapidly and dynamically to alterations in nutrient excess
caused by enhanced food consumption through adipocyte hyper-
trophy and hyperplasia (3). This results in a local inflammation in
adipose tissue that propagates an overall systemic but chronic low-
grade inflammation associated with the development of obesity-
related comorbidities such as type 2 diabetes and cardiovascular
diseases (2).

INNATE IMMUNITY AND RAGE-MEDIATED INFLAMMATORY
REACTIONS

The innate immune system can act as a double-edged sword
in protecting the host against foreign enemies and destroy-
ing tissues via inflammation. It may represent an evolution-
ary strategy adopted by multicellular organisms to prevent
the survival of cells that would otherwise cause more dis-
astrous consequences in the individuals and their descen-
dants. Toll-like receptors (TLR) and receptor for advanced
glycation end-products (RAGE) can participate in innate
immunity maintaining a delicate balance between clearance
of pathogens and induction of exaggerated inflammatory
responses.

Receptor for advanced glycation end-products is originally
identified for recognizing advanced glycation end-products (AGE)
(4). RAGE belongs to the immunoglobulin superfamily, and
is now known as a member of pattern-recognition receptors

Obesity is associated with inflammation and type 2 diabetes. Innate immune system com-
prised of cellular and molecular components plays an important role in the inflammatory
reactions. Immune cells like macrophages and their cell surface pattern-recognition recep-
tors (PRRs) are representative for innate immunity promoting inflammatory reactions. The
receptor for advanced glycation end-products (RAGE) is a member of PRRs and a proin-
flammatory molecular device that mediates danger signals to the body. The expression
of RAGE is observed in adipocytes as well as immune cells, endothelial cells, and pan-
creatic B cells under certain conditions. It has been reported that RAGE is implicated in
adipocyte hypertrophy and insulin resistance. RAGE-mediated regulation of adiposity and
inflammation may attribute to type 2 diabetes and diabetic vascular complications.

Keywords: rage, obesity, inflammation, toll-like receptors, pattern-recognition receptors

(PRRs) and as a proinflammatory device. RAGE recognizes a
variety of endogenous and exogenous ligands, including AGE,
advanced oxidation protein products, high-mobility group box
protein 1 (HMGB1), calcium-binding S100 proteins, f2-integrin
Mac-1/CD11b, amyloid § peptide/fibril, lipopolysaccharide (LPS),
phosphatidylserine, Clq, and lysophosphatidic acid (LPA) (5). It
has been hypothesized that RAGE engagement of such ligands
causes diabetic vascular complications, atherosclerosis, cancer,
neurodegeneration, and inflammatory diseases (6). Anti-RAGE
antibody treatment is reported to suppress lung metastasis of
cancer cells and to offer a survival advantage to septic mice
(7, 8). Downstream intracellular signaling molecules of RAGE
include NFkB, ERK (extracellular signal-regulated kinase) 1/2,
P38MAPK (mitogen-activated protein kinases), JNK (c-Jun N-
terminal kinases), PKC (protein kinase C), Rac/Cdc42, and TIRAP
and MyD88, adaptor proteins for TLR 2 and 4 (9). A functional link
between RAGE and TLR is thus considered to be in a coordinated
manner (10).

Among the above ligands, HMGBI1 is known to be readily
released from necrotic or damaged cells and to be actively secreted
by activated endothelial cells and immune cells such as mono-
cytes, macrophages, dendritic cells, and natural killer cells (11).
HMGBI can form a complex with proinflammatory molecules
of CpG DNA, LPS, and interleukin 1B, and this further induces
the activation of RAGE signaling (12). HMGBI is also found to be
expressed in human adipose tissues with the expression levels asso-
ciated with the fat mass and obesity-related genes (13). TLR2 and
4 also recognize HMGBI and can be involved in HMGB1-induced
cellular responses (14). S100 proteins are a family of over 20 pro-
teins that show a structural similarity with their two EF-hand
Ca’*-binding domains flanked by a-helices. Higher oligomeriza-
tion states of S100 proteins lead to the activation of RAGE (15).
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AGE-modified S100A8/A9 have been reported to strongly acti-
vate inflammatory responses via RAGE (16). SI00A8/A9 was also
shown to interact with TLR4 (17). Our groups have also shown
that phosphatidylserine on the surface of apoptotic cells and LPS
are also RAGE ligands (18, 19). Rapid removal of apoptotic cells by
phagocytes is crucial for tissue development, homeostasis, resolu-
tion of inflammation, and prevention of autoimmune responses.
RAGE was found to function as one of the PS receptors that rec-
ognize and initiate apoptotic cell clearance (18). LPS and the lipid
A component responsible for LPS toxicity and known as endo-
toxin were found to directly interact with RAGE (19). LPS is also
a well-known TLR ligand.

RAGE AND ADIPOSITY

Using RAGE and apoE double deficient mice, Ueno et al. demon-
strated that absence of RAGE is associated with decreased epididy-
mal fat weight and smaller adipocyte size, which are significantly
associated with the decrease in atherosclerotic lesions (20). They
also reported that circulating anti-inflammatory adiponectin lev-
els in apoE~/"RAGE™~ were higher than apoE~/~"RAGE*/*
mice, and their levels were significantly and inversely associ-
ated with aortic atherosclerosis. Very recently, Monden et al.
demonstrated that RAGE directly regulated adipogenesis and
hypertrophic process of adipocyte differentiation in vitro (21).
Adenoviral overexpression of RAGE markedly increased genera-
tion of hypertrophic adipocytes and RAGE knockdown by using
siRNA system significantly suppressed generation of hypertrophic
adipocytes. Under high fat diet feeding in mice, RAGE deficiency
is associated with less body weight, less epididymal fat weight, less
adipocyte size, higher serum adiponectin, higher expressions of
Glut4 and adiponectin in epididymal fat, and greater insulin sen-
sitivity. It is now acceptable that direct role of RAGE in adipocyte
hypertrophy and insulin resistance (Figure 1). However, RAGE
ligands are still unknown to be involved in the RAGE-dependent
adiposity. Further studies are required to characterize the inter-
playsamonga variety of RAGE ligands and inflammatory reactions
in obesity and type 2 diabetes.
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Retinoic acid-related orphan receptors RORa and RORy play a regulatory role in
lipid/glucose homeostasis and various immune functions, and have been implicated
in metabolic syndrome and several inflammatory diseases. RORa-deficient mice are
protected against age- and diet-induced obesity, hepatosteatosis, and insulin resistance.
The resistance to hepatosteatosis in RORa-deficient mice is related to the reduced
expression of several genes regulating lipid synthesis, transport, and storage. Adipose
tissue-associated inflammation, which plays a critical role in the development of insulin
resistance, is considerably diminished in RORa-deficient mice as indicated by the reduced
infiltration of M1 macrophages and decreased expression of many proinflammatory genes.
Deficiency in RORYy also protects against diet-induced insulin resistance by a mechanism
that appears different from that in RORa deficiency. Recent studies indicated that RORs
provide an important link between the circadian clock machinery and its regulation of
metabolic genes and metabolic syndrome. As ligand-dependent transcription factors,
RORs may provide novel therapeutic targets in the management of obesity and associated
metabolic diseases, including hepatosteatosis, adipose tissue-associated inflammation,
and insulin resistance.

Keywords: retinoic acid-related orphan receptor, obesity, inflammation, adipose tissue, hepatosteatosis, diabetes,

insulin-resistance, circadian rhythm

INTRODUCTION

In the past 50 years, the occurrence of obesity has greatly increased
worldwide in both adults and children and has become a major
health-care concern in many countries. In the United States 30%
of the population is considered obese, while more than 66% of
adults and almost 17% of children and adolescents are overweight
(Browning etal., 2004; Ogden etal., 2012). Obesity is associated
with an increased risk of several pathologies, including type 2 dia-
betes, cardiovascular disease, and non-alcoholic fatty liver disease
(NAFLD). Accumulating evidence indicates that networks regu-
lating lipid metabolism and inflammation are highly integrated
and play a critical role in the development of these pathologies
(Hotamisligil, 2006; Donath and Shoelson, 2011; Ouchi etal.,
2011; Glass and Olefsky, 2012). Obesity leads to a systemic state
of low-grade inflammation, particularly involving adipose tissue,
that is causally involved in the development of insulin resis-
tance and other diseases. Blood levels of free fatty acids (FFA)
are elevated in obesity and through their interaction with Toll-
like receptor 4 (TLR4) FFA induce proinflammatory pathways in
macrophages and other cell types that may promote insulin resis-
tance (Samuel and Shulman, 2012). Recent studies demonstrated
that retinoic acid-related orphan receptors (RORs) are among
many factors that through their modulation of immune responses
and lipid/glucose homeostasis regulate the development of inflam-
mation, metabolic syndrome, and insulin resistance (Jetten, 2009;
Solt and Burris, 2012).

RORo AND y PROTEINS

The RORs alpha, beta, and gamma (RORo—y or NRI1FI1-3)
constitute a subfamily of nuclear receptors that function as ligand-
dependent transcription factors (Jetten, 2004, 2009; Solt and
Burris, 2012). RORs exhibit a domain structure typical of nuclear
receptors and contain an N-terminal domain, the function of
which has not yet been clearly defined, a highly conserved DNA-
binding domain (DBD) consisting of two zinc finger motifs, a LBD,
and a hinge domain spacing the DBD and LBD. By using differ-
ent promoters and/or alternative splicing each ROR gene produces
several isoforms that vary only in their N-terminal region. Some of
these isoforms exhibit a distinct tissue-specific pattern of expres-
sion and control different genes and biological processes. RORs
regulate transcription by binding as monomers to ROR response
elements (RORE), which consist of the core sequence “AGGTCA”
preceded by an A/T-rich sequence, in the regulatory region of
target genes. The activation function (AF-2), localized at the C-
terminus within the LBD of RORs, is involved in the recruitment
of co-activators or co-repressors that mediate the transcriptional
activation or repression by RORs. Recent studies have identified a
number of (ant)agonists that interact with the LBD of ROR and
either activate or inhibit ROR transcriptional activity (Kallen et al.,
2002; Huh and Littman, 2012; Solt and Burris, 2012). Interaction
with agonists induces a conformational change in the LBD that
allows release of the co-repressor complex and promotes assem-
bly of a co-activator complex that mediates the transcriptional
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activation by ROR, while the inverse happens for antagonists.
These observations not only indicated that RORs function as
ligand-dependent transcription factors, but also suggested that
RORs might be potential therapeutic targets to treat disease.

RORs AS REGULATORS OF SEVERAL IMMUNE PROCESSES
RORa and RORy are important regulators of several diverse
immune functions. RORy-deficient mice lack lymph nodes and
Peyer’s patches indicating that it is essential for lymph node devel-
opment (Kurebayashi etal., 2000; Sun etal., 2000). Recent studies
demonstrated that RORa and the RORyt isoform play a key role in
T cell lineage determination (Ivanov etal., 2006; Yang etal., 2008;
Jetten, 2009). The RORyt isoform in particular and to a lesser
extent RORa, is required for the differentiation of naive T cells
into interleukin 17 (IL-17) producing T helper 17 (Th17) cells.
IL-17A expression is directly regulated by RORs through their
interaction with ROREs in the I117 promoter (Yang etal., 2008).
Proinflammatory Th17 cells and IL-17 have been implicated in
several autoimmune diseases and other inflammatory disorders.
Deficiency in RORyt or both RORa/y receptors has been shown to
greatly inhibit the generation of Th17 cells and the development
of experimental encephalomyelitis in mice. In addition, mice defi-
cient in RORa or RORYy displayed a diminished susceptibility to
allergen-induced lung inflammation and collagen-induced arthri-
tis (Jaradat etal., 2006; Tilley etal., 2007) and polymorphisms
in RORa have been associated with increased susceptibility to
asthma (Ramasamy et al., 2012). A recent study identified a role for
RORa in the generation of natural helper (NH) cells (Halim et al.,
2012). RORa-deficient, but not RORy-deficient, mice lack NH
cells. NH cell-deficient mice generated by RORa-deficient bone
marrow transplantation exhibited normal Th2 cell responses, but
failed to develop acute lung inflammation in response to a pro-
tease allergen. These findings might at least in part explain the
reduced susceptibility to allergen-induced lung inflammation in
RORa-deficient mice (Jaradat et al., 2006).

An increased Th17 response has been reported to correlate
with white adipose tissue (WAT)-associated inflammation and
the development of insulin resistance in obese mice and patients
(Ahmed and Gaffen,2010; Bertola et al.,2012). Whether inhibition
of Th17 differentiation plays a role in the protection RORa- and
RORYy-deficient mice against diet-induced insulin resistance needs
further study. RORa or RORY have also been implicated in the
regulation of thymopoiesis. Loss of RORyt results in accelerated
apoptosis of double-positive thymocytes, while ROR«a deficiency
significantly reduces the generation of single positive thymocytes
( Kurebayashi et al., 2000; Sun et al., 2000; Dzhagalov et al., 2004).

ROR« IN DIET- AND AGE-INDUCED OBESITY

Study of Staggerer (RORa*$/*¢) mice, a natural mutant strain con-
taining a deletion in the ROR« gene that results in loss of RORa
expression, indicated that RORa plays a critical role in the control
of lipid metabolism and the development of various aspects of
metabolic syndrome. These investigations showed that RORa*/¢
mice are protected against age- and diet-induced obesity and the
development of several obesity-linked pathologies, including adi-
pose tissue-associated inflammation, hepatosteatosis, and insulin
resistance (Kang etal., 2011; Lau etal., 2011). ROR«¢/%8 mice

fed a high fat diet (HFD) gain relatively less weight and exhibit
a significantly lower total body fat index compared to wild-type
(WT) littermates on a HFD. Similarly, male ROR«8/%¢ mice were
also protected against age-induced obesity. Adipose tissue is the
main site of storage of excess energy that is stored in the form of
triglycerides in single large lipid droplets. The reduced adiposity
in RORxr*¢/*¢ mice was largely related to smaller adipocyte size due
to diminished deposition of triglycerides.

RORa, particularly the RORa4 isoform, has been shown to be
highly expressed in WAT and to be induced during differentiation
of D1 and 3T3-L1 preadipocytes (Austin et al., 1998). Overexpres-
sion of RORa in preadipocytes inhibits adipocyte differentiation
(Duez etal., 2009; Ohoka et al., 2009). This appears to be mediated
through a direct interaction of RORa with CCAAT/enhancer-
binding protein B (C/EBPP) that results in the inhibition of the
recruitment of the co-activator CBP and repression of C/EBPP
transcriptional activity. These studies suggest that RORa has a
negative regulatory role in adipocyte differentiation. This func-
tion, however, does not explain the reduced adiposity observed in
RORa-deficient mice.

Obesity is a consequence of an imbalance between energy
intake and expenditure (Glass and Olefsky, 2012; Samuel and
Shulman, 2012). However, the decrease in diet-induced adipos-
ity in RORa*¢/*¢ mice was found not to be due to reduced food
intake or increased fecal lipid excretion. Indirect calorimetric
analysis showed that VO,, VCO;, and heat generation were signif-
icantly enhanced in ROR*$/*¢ mice on a HFD (Kang etal., 2011).
This suggested that elevated energy expenditure might at least in
part be responsible for the reduced weight gain and resistance to
hepatosteatosis and insulin insensitivity in RORa*¢/*¢ mice.

RORo: AND WAT-ASSOCIATED INFLAMMATION

In addition to functioning as the main site of storage of extra
energy in the form of triglycerides derived from food intake, white
adipocytes produce a variety of endocrine hormones, including
leptin, adiponectin, resistin, and retinol-binding protein 4 (RBP-
4) which regulate food intake, lipid metabolism, and inflammation
(Hotamisligil, 2006; Guilherme etal., 2008; Glass and Olefsky,
2012). Leptin and adiponectin promote insulin sensitivity, while
resistin and RBP4 have the opposite effect and impair insulin
sensitivity. It is now well-recognized that obesity is associated
with a chronic state of low grade, systemic inflammation and
that this is an important contributory factor in the development
of insulin resistance (Hotamisligil, 2006; Odegaard and Chawla,
2008; Nishimura etal., 2009; Glass and Olefsky, 2012). Progres-
sive infiltration of various immune cells, including macrophages
and CD8™ effector T lymphocytes, in WAT lead to increased
release of proinflammatory cyto- and chemokines. In addi-
tion to the accumulation of bone marrow-derived macrophages,
there is also a shift from anti-inflammatory “alternatively acti-
vated” (CD11c~CD206") M2 macrophages to proinflaimmatory
“classically activated” (CD11ctCD206~) M1 macrophages (Sun
etal., 2011; Glass and Olefsky, 2012), which in advanced obesity
aggregate into crown-like structures (CLS) surrounding necrotic
adipocytes. Recent studies indicated that CD8™ T cells are criti-
cal in promoting recruitment of macrophages in WAT in obesity
(Weisberg etal., 2003; Odegaard and Chawla, 2008; Nishimura
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etal, 2009). In addition, a reduction in anti-inflammatory
T regulatory (Treg) cells and an increase in proinflammatory
Th17 response further stimulate WAT-associated inflammation
(Figure 1).

Deficiency of RORa greatly inhibits diet-induced adipose
tissue-associated inflammation in mice (Kang etal., 2011; Lau
etal., 2011). This is indicated by the greatly reduced infiltration
of macrophages and CD8* T lymphocytes in WAT of RORa*/¢
mice fed a HFD. This was further supported by the significant
reduction in the formation of CLS and the expression of sev-
eral macrophage markers, such as F4/80, Mac-2, macrophage
expressed 1 (Mpegl), and macrophage scavenger receptor 1
(Msrl), in WAT of RORx*$/*¢ mice. Moreover, the relative per-
centage of proinflammatory M1 macrophages was significantly
diminished in RORa*¢/*¢ WAT. This was supported by flow cyto-
metric analysis and the much lower levels of Cd1l1c expression.
The reduced inflammation in ROR«*$/*¢ WAT is further indicated
by gene expression profiling showing a greatly reduced expres-
sion of a large number of chemokines, including Ccl2, Ccl8, Ccl3,
and Ccl7, the chemokine receptors Ccr3, Ccr5, and Ccr7, the
proinflammatory cytokines Tnfo and IL-6, the interleukin 1 recep-
tor antagonist (Il1rn), osteopontin (Opn), CD44, serum amyloid
3 (Saa3), and several TLRs and metalloproteinases in WAT of
RORw*¢/*¢ mice compared to their WT counterparts (Kang etal.,
2011). The expression of these genes has been reported to be ele-
vated in obesity and many of these genes have been implicated in
obesity-induced inflammation in WAT as well as insulin resistance.
For example, both the CCL2/CCR2 and CCL3/CCR5 pathways

have been reported to promote recruitment of macrophages in
adipose tissue (Kanda etal., 2006; Kitade etal., 2012). CD44, a
multifunctional cell membrane protein that acts as a receptor
for hyaluronan and Opn, has been shown to regulate migra-
tion of macrophages and neutrophils (Johnson and Ruffell, 2009).
CD44 and Opn null mice are protected against the development
of HFD-induced hepatosteatosis, WAT-associated inflammation,
and insulin resistance (Nomiyama et al., 2007; Bertola etal., 2009;
Kieferetal.,2011; Kodamaetal.,2012). These observations suggest
that suppression of several proinflammatory genes and pathways
in RORa*8/¢ WAT is causally linked to the reduced inflammation
(Figure 1). Future studies have to determine what the primary
effects are by which RORa regulate the expression of these genes.

RORo: AND HEPATOSTEATOSIS

Obesity is associated with increased prevalence of NAFLD, which
is characterized by elevated lipid accumulation in hepatocytes
(Fabbrini etal., 2010). NAFLD develops when the rate of fatty
acid uptake and synthesis and subsequent esterification to triglyc-
erides is greater than the rate of fatty acid oxidation and secretion.
Advanced NAFLD progresses into increased inflammation and
hepatotoxicity. Several studies showed that compared to WT mice
hepatic triglyceride levels are considerably reduced in RORa*$/¢
mice fed a HFD or aging male RORa*¢/*¢ mice (Raspe et al., 2001;
Lau etal., 2008; Kang etal., 2011). These observations indicated
that RORa*¢/*¢ mice are protected against the development of
age- and diet-induced hepatosteatosis. Gene expression profiling
revealed that the expression of a number of lipogenic genes was
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FIGURE 1 | ROR« functions as a positive regulator of hepatosteatosis,
WAT-associated inflammation, and insulin-resistance in diet- and
age-induced obesity. Loss of RORa inhibits the hepatic expression of

lipogenic genes and suppresses the expression of proinflammatory genes
and the infiltration of macrophages in WAT, and as a result protects against
these pathologies.
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significantly reduced in the liver of ROR«*®/*¢ mice fed a HFD.
Expression of Srebp-1c and fatty acid synthase (Fas), key regu-
lators for lipogenesis, was reduced in liver of RORa*®/*¢ mice.
In addition, the expression of several genes involved in the main
pathway of triglyceride synthesis, including glycerol-3-phosphate
acyltransferase (Gpam or Gpatl) and acyl-glycerol-3-phosphate
acyltransferase 9 (Agpat9) and Mogatl, which is part of an
alternative pathway of triglyceride synthesis, were significantly
diminished in RORx*/% liver (Kang etal., 2011). The hepatic
expression of the cell death-inducing DFFA-like effectors a and
¢ (Cidea and Cidec) and perilipin 2 (Plin2 or Adfp), which play
a critical role in the regulation of lipid storage, lipid droplet for-
mation, and lipolysis (Gong etal., 2009; Greenberg etal., 2011),
was also suppressed in RORa-deficient mice. RORa has been
reported to activate Plin2 transcription directly through inter-
action with ROREs in the Plin2 promoter (Kang etal., 2011).
Recently, the expression of fibroblast growth factor (Fgf21), an
important regulator of lipid/glucose metabolism, was found to be
directly regulated by RORa in hepatocytes (Wang etal., 2010c¢).
Together these observations suggest that the protection against
hepatosteatosis in ROR«*¢/*¢ mice is related to reduced expression
of many genes involved in promoting lipogenesis and triglyc-
eride storage, some of which are directly regulated by RORa
(Figure 1).

RORo: AND INSULIN RESISTANCE
Both adipose-associated inflammation and hepatosteatosis have
been linked to the pathogenesis of insulin resistance in obesity
(Guilherme et al., 2008; Donath and Shoelson, 2011; Samuel and
Shulman, 2012), although a cause-effect relationship not always
exists between hepatosteatosis and diabetes (Sun and Lazar, 2013).
The phenotypic differences observed between WT and RORa*/¢
mice fed a HFD are consistent with this correlation. RORa*¢/¢
mice, which are protected against obesity, hepatosteatosis, and
WAT-associated inflammation, exhibited a significantly reduced
susceptibility to diet-induced insulin resistance and glucose intol-
erance compared to obese WT mice (Lau etal., 2008; Kang etal.,
2011). In humans, two studies have revealed a connection between
RORa, obesity, and type 2 diabetes. A rearrangement result-
ing in disruption of human RORal was found to be associated
with severe obesity (Klar etal., 2005), while a recent GWAS study
showed an association between a single nucleotide polymorphism
in RORa (rs7164773) and increased risk for type 2 diabetes in the
Mexico Mestizo population (Gamboa-Melendez etal., 2012).
Many inflammatory and lipogenic genes, including Plin2, Il1rn,
Opn, CD44, and Cidec, that are down-regulated in ROR«*$/*¢ mice
have been reported to also regulate insulin sensitivity. Plin2 null
mice displayed reduced hepatic lipid accumulation and improved
insulin sensitivity and glucose tolerance in an ob/ob background
(Chang etal., 2010). Illrn, one of the genes most dramatically
repressed in WAT of RORa /8 mice (Kang etal., 2011), has been
reported to be highly up-regulated in WAT of obese humans and
to regulate insulin sensitivity (Juge-Aubry et al., 2003; Somm et al.,
2006). Similarly, Opn expression was found to be elevated in obe-
sity, while Opn deficiency was shown to inhibit obesity-induced
inflammation and insulin resistance (Bertola etal., 2009; Kiefer
etal., 2011). Deficiency in CD44, a receptor for Opn, also results

in improved insulin sensitivity (Kodama etal., 2012) suggesting
a role for the Opn/CD44 pathway in the control of insulin sen-
sitivity. Mice deficient in Cidea or Cidec, which play a role in
lipid storage, are protected from diet-induced obesity and display
improved insulin sensitivity (Gong etal., 2009). Thus, the down-
regulation of several genes, including Plin2, Ilirn, Opn, CD44,
and Cidec in ROR*$/*¢ mice may collaboratively be responsi-
ble for the improved insulin sensitivity through their interrelated
effects on inflammation, adipogenesis, and lipid homeostasis
(Figure 1).

In addition to adipose tissue and liver, the pancreas and the
skeletal muscle also play important roles in energy homeostasis
and insulin resistance. The pancreatic islets produce a number
of hormones, including insulin and glucagon, that are critical in
the regulation of lipid and glucose homeostasis (Saltiel and Kahn,
2001; Cryer, 2012). RORa was shown to be selectively expressed in
the glucagon-producing alpha cells; however, its role in these cells
and its relationship to the phenotype observed in RORa-deficient
mice needs yet to be established (Miihlbauer etal., 2013). In skele-
tal muscle, RORa has been reported to regulate the expression of
anumber of genes involved in lipid and carbohydrate metabolism
(Lauetal., 2011). Ectopic expression of an RORa mutant in skele-
tal muscle C2C12 cells reduced the expression of the lipogenic
genes, sterol regulatory element-binding transcription factor 1
(Srebpl), Fas, and stearoyl-CoA desaturase 1 (Scdl), and genes
involved in cholesterol efflux, such as ATP-binding cassette, sub-
family A, member 1 (Abcal). Caveolin-3 (Cav3) and carnitine
palmitoyltransferase-1 (Cptl) were found to be directly regulated
by RORa. Changes in the expression of these genes may be in part
responsible for the modulation of lipid and glucose homeostasis
by RORa.

In muscle, insulin stimulates glucose uptake by stimulating
the translocation of Glut4 (Slc2a4) to the plasma membrane
(Rose and Richter, 2005). This involves phosphorylation of the
insulin receptor substrate 1 (IRS1), which leads to the activation
of phosphatidylinositol 3-kinase (PI3K) and subsequently AKT,
which then promotes Glut4 translocation. Recently, evidence was
provided for a role of RORa in PI3K-Akt signaling (Lau etal.,
2011). Akt1/2 expression was up-regulated in skeletal muscle of
ROR«*¢/*¢ mice and this correlated with an increase in the level
of insulin-induced Akt phosphorylation, Glut4 expression, and
glucose uptake. This stimulation in Akt signaling might at least
in part account for the improved insulin sensitivity observed in
RORa /%8 mice.

RORy1 AND INSULIN SENSITIVITY

The RORy gene generates two different isoforms, RORy1 and
RORyt (RORYy2), that are expressed in a highly tissue-specific
manner (Jetten, 2009). Expression of the RORyl isoform is
restricted to several peripheral tissues, including liver, adipose tis-
sue, kidney, small intestines, pancreas, and skeletal muscle. Recent
studies identified RORy1 as a negative regulator of adipocyte
differentiation and a modulator of obesity-associated insulin resis-
tance (Meissburger etal., 2011; Tinahones etal., 2012). In obese
RORy ~/~ mice, the number of adipocytes was increased (hyper-
plasia), while adipocyte size was reduced. Fasting blood insulin
levels were shown to be significantly lower in diet-induced obese

www.frontiersin.org

January 2013 | Volume 4 | Article 1 | 27


http://www.frontiersin.org/Diabetes/archive
http://www.frontiersin.org/

Jetten etal.

RORs in metabolicy syndrome

RORy~/~ mice and in RORy ~/~ob/ob double knockout mice
and mice displayed improved insulin sensitivity. In addition,
RORy~/~ adipocytes were highly insulin sensitive leading to
improved control of circulating FFA. These observations are con-
sistent with a recent study showing that, opposed to adipose
hypertrophy, obese patients with adipose tissue hyperplasia (many
small adipocytes) exhibit better glucose and lipid profiles and
might be less susceptible to developing insulin resistance (Hoffst-
edtetal., 2010) and with data showing that in human patients the
level of RORYy I expression positively correlated with adipocyte size
and insulin resistance (Meissburger etal., 2011; Tinahones etal.,
2012). Up to now, no association has been established between
RORy polymorphisms and susceptibility to insulin resistance in
humans. However, in cattle, a single polynucleotide polymor-
phism in RORy has been linked to increased adiposity (Barendse
etal.,2007). These observations suggest that the loss or potentially
the inhibition of RORy1 might protect against insulin resistance
and type 2 diabetes.

In addition to adipose tissue, regulation of lipid and glucose
metabolism in other tissues, including liver, pancreas, and skele-
tal muscle might be part of the mechanism by which by RORy
modulates insulin sensitivity. In skeletal muscle, RORy has been
reported to regulate the expression of genes associated with lipid
and carbohydrate metabolism as well as the production of reac-
tive oxygen species (Raichur etal., 2007). A recent study revealed
that RORy was selectively expressed in insulin-producing pan-
creatic p cells; however, its role in § cells and how this relates
to the modulation of insulin sensitivity by RORy has yet to be
established (Miihlbauer etal., 2013). Further study is required
to understand the modulation of lipid/glucose homeostasis and
insulin sensitivity by RORy.

CONNECTION BETWEEN RORs, CIRCADIAN RHYTHM, AND
METABOLIC SYNDROME

It has been well established that many behavioral and physio-
logical activities display circadian rhythms that are regulated by
endogenous clocks (Asher and Schibler, 2011; Bass, 2012; Mohawk
etal., 2012). At the molecular level the clockwork consists of
an integral network of several interlocking positive and negative
transcriptional and translational feedback loops that include the
transcriptional regulators brain and muscle ARNT-like 1 (Bmall),
neuronal PAS domain protein 2 (Npas2), circadian locomotor out-
put cycles kaput (Clock), two cryptochrome proteins (Cryl, 2), the
nuclear receptors Rev-erba and -8, E4 promoter-binding protein
4 (E4bp4), and three period proteins (Perl-3).

Accumulating evidence suggests that disruption of circadian
rhythm is closely associated with several pathologies, including
sleep disorders, cancer and metabolic syndrome (Maury etal,
2010). Recent studies have established a strong link between
the circadian clock machinery and the regulation of a number
of metabolic pathways (Asher and Schibler, 2011; Bass, 2012).
Bmall, Clock, and Cryl have been implicated in the regulation
of glucose homeostasis and dysfunction in these proteins lead to
impaired glucose tolerance (Rudic etal., 2004; Zhang et al., 2010).
Hepatic overexpression of Cryl has been reported to improve
insulin-sensitivity in insulin-resistant db/db mice (Zhang etal,,
2010). In addition, circadian oscillator components, such as Cry1,

have been implicated in the regulation of immune responses
(Castanon-Cervantes et al., 2010; Logan and Sarkar, 2012; Narasi-
mamurthy etal.,, 2012). In Cryl~/~Cry2=/~ cells, NF-kB and
protein kinase A (PKA) signaling pathways are constitutively acti-
vated resulting in elevated levels of circulating TNFa, I1-1f, and
1-6 (Narasimamurthy etal., 2012).

A number of studies demonstrated that RORs play a role in the
modulation of circadian behavior and clock gene expression ( Sato
etal,, 2004; Ueda etal., 2005; Duez and Staels, 2010; Figure 2).
Bmall, Npas2, E4bp4, and Cryl transcription are directly regu-
lated by RORy and ROR« in several peripheral tissues through
their interaction with ROREs in their regulatory regions (Crumb-
ley etal., 2010; Takeda etal.,2011,2012). RORy1 appears to be the
major ROR isotype modulating the circadian expression of clock
genes in peripheral tissues. RORy1 itself exhibits a strong oscilla-
tory pattern of expression in several peripheral tissues, including
kidney, liver, pancreas, and adipose tissue, while RORa exhibits
only a weak circadian expression pattern (Mongrain etal., 2008;
Takeda etal., 2012; Miihlbauer etal., 2013). The RORy1 gene is
directly regulated by Bmall/Clock heterodimers which interact
with two successive E-boxes in the RORy1 promoter (Mongrain
etal., 2008; Takeda et al., 2012). Recent studies have suggested that
RORy1 and RORa might provide a link between the clock machin-
ery and their regulation of metabolic genes (Takeda etal., 2012;
Figure 2). Data demonstrating that the circadian pattern of expres-
sion of a number of metabolic genes are regulated by clock proteins
and RORs and observations showing that circadian expression
of RORyI is controlled by the clock machinery suggested that
RORs might function as downstream mediators in the mechanism
by which clock proteins regulate the circadian expression of
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FIGURE 2 | In peripheral tissues, RORs function as intermediate
regulators providing a link between clock proteins and their regulation
of lipid and glucose metabolism. The oscillatory pattern of expression of
RORy is regulated by circadian clock proteins Bmal1 and Clock or Npas2
through E-box, whereas RORa does not exhibit a strong oscillatory pattern
of expression. In turn, RORy activates expression of several clock genes
through ROREs together with RORa. Both RORa and RORy regulate the
circadian pattern of expression of target genes involved in lipid/glucose
metabolism. ROR (ant)agonists may modulate the amplitude of peripheral
clock oscillation of these metabolic outputs and might be useful in the
treatment of insulin resistance, obesity, and tissue inflammation.

Frontiers in Endocrinology | Diabetes

January 2013 | Volume 4 | Article 1 | 28


http://www.frontiersin.org/Diabetes/archive
http://www.frontiersin.org/Diabetes/

Jetten etal.

RORs in metabolicy syndrome

metabolic genes (Sato etal., 2004; Akashi and Takumi, 2005;
Guillaumond etal., 2005; Ueda etal., 2005; Crumbley etal.,
2010; Duez and Staels, 2010; Takeda etal., 2011, 2012). This is
supported by observations showing that RORs regulate the cir-
cadian pattern of expression of a number of genes involved in
the lipid/glucose homeostasis, including Plin2, sulfotransferase
SullEI, the vasopressin receptor Avprla, and citrate synthase (CS),
which exhibit roles in lipogenesis, glycogenolysis, and/or choles-
terogenesis (Kang etal., 2007; Crumbley etal., 2012; Takeda et al.,
2012). Thus, RORs appear to be part of the mechanism that links
the circadian clock to its regulation of lipid/glucose homeostasis,
inflammation, and insulin resistance (Figure 2).

RORs AS THERAPEUTIC TARGETS FOR METABOLIC
SYNDROME AND INSULIN RESISTANCE

X-ray crystallography studies of the LBD of RORa identified
the presence of cholesterol in the ligand-binding pocket of
RORa (Kallen etal., 2002). Subsequent studies identified choles-
terol sulfate, 7-dehydrocholesterol, and 25-hydroxycholesterol
as RORa agonists (Kallen etal.,, 2004). All-trans retinoic acid
and the synthetic retinoid, ALRT 1550 were reported to
bind and function as antagonists for RORB and RORy, but
not RORa (Stehlin-Gaon etal., 2003). Recently, ursolic acid
and several oxygenated sterols, including 7a-hydroxycholesterol
(70-OHC), 7p-hydroxycholesterol, 7-ketocholesterol, and 24S-
hydroxycholesterol, were shown to function as inverse agonists
to both RORa and RORy (Wang etal., 2010a; Xu etal., 2011),
while 20a-hydroxycholesterol and 22R-hydroxycholesterol acted
as agonists (Jin etal, 2010). The LXR agonist T0901317 and
several other synthetic derivatives, including SR1001, were iden-
tified as RORa and RORy inverse agonists. Digoxin and several
derivatives were identified as specific inhibitors for RORy tran-
scriptional activity (Fujita-Sato etal., 2011; Huh etal.,, 2011).
The ROR (inverse) antagonists have been reported to repress
the expression of ROR target genes and the activation of their
promoter regulatory region by inhibiting the recruitment of co-
activators. Moreover, ROR antagonists have been shown to inhibit
Th17 cell differentiation and IL-17 production both in vitro
and in vivo and to suppress the development of experimental
autoimmune encephalomyelitis (Huh etal., 2011; Jetten, 2011;

Solt etal.,, 2011). Therefore, antagonists for RORy might be
potential drugs for pharmacological intervention in the treat-
ment and suppression of several autoimmune diseases, includ-
ing multiple sclerosis, collagen-induced arthritis, rheumatoid
arthritis, and asthma (Solt etal, 2010; Huh and Littman,
2012). Because of their role in regulating various features of
metabolic syndrome, RORa and y antagonists might also have
beneficial effects in the management of obesity and insulin
resistance.

SUMMARY

The study of ROR-deficient mice has clearly demonstrated that
RORa and RORy are important in several physiological pro-
cesses, including the regulation of several immune responses,
lipid/glucose homeostasis, and circadian rhythm. These studies
revealed that loss of RORa protects against the development of
diet- and age-induced obesity, hepatosteatosis, glucose intoler-
ance, and insulin resistance, while loss of RORy protects against
insulin resistance. These protective effects have been linked to
suppression of the expression of multiple proinflammatory and
metabolic genes. RORs regulate expression of some of these
genes directly by binding ROREs in their regulatory region and
in certain cases involves changes in their circadian pattern of
expression. Although much progress has been made, what event
or which ROR target genes are the primary driving force by which
RORs influences WAT-associated inflammation, hepatosteatosis,
and insulin resistance needs further study. With the increas-
ing evidence for an interrelationship between the controls of
lipid/glucose metabolism, inflammation and circadian rhythm,
RORs might functions as intermediaries between the controls.
With the discovery of ROR antagonists, RORs may provide a
novel therapeutic target in the management of various aspect of
metabolic syndrome.
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Numerous animal and clinical investigations have pointed to a potential role of the renin-
angiotensin system (RAS) in the development of insulin resistance and diabetes in condi-
tions of expanded fat mass. However, the mechanisms underlying this association remain
unclear. We used a transgenic mouse model overexpressing renin in the liver (RenTgMK)
to examine the effects of chronic activation of RAS on adiposity and insulin sensitivity.
Hepatic overexpression of renin resulted in constitutively elevated plasma angiotensin I
(four- to six-fold increase vs. wild-type, WT). Surprisingly, RenTgMK mice developed glu-
cose intolerance despite low levels of adiposity and insulinemia. The transgenics also had
lower plasma triglyceride levels. Glucose intolerance in transgenic mice fed a low-fat diet
was comparable to that observed in high-fat fed WT mice. These studies demonstrate that
overexpression of renin and associated hyperangiotensinemia impair glucose tolerance in
a diet-dependent manner and further support a consistent role of RAS in the pathogenesis

of diabetes and insulin resistance, independent of changes in fat mass.

Keywords: adipose tissue, renin-angiotensin system, insulin resistance, angiotensin Il

INTRODUCTION

The renin-angiotensin system (RAS) plays an important role in
the regulation of blood pressure, fluid, and electrolyte balance
(Schmieder et al., 2007). Angiotensinogen (AGT), the precursor
peptide of this system, undergoes successive enzymatic cleav-
ages by renin and angiotensin converting enzyme (ACE) to yield
angiotensin I (Ang I) and angiotensin II (Ang II) respectively.
The latter is the main bioactive peptide of this system, which acts
via two G-protein coupled receptors, namely angiotensin Type-
1 (AT1) and Type-2 (AT2) receptors, to exert its physiological
effects. Because AT1 activation by Ang II leads to elevation of blood
pressure, ACE inhibitors (ACEI) and AT1 blockers (ARB) are phar-
macologically used as anti-hypertensive agents (Schmieder et al,,
2007).

Interestingly, several clinical studies have shown that patients
on RAS blockers have a lower risk of developing Type-2 diabetes
when compared to patients on other anti-hypertensive medica-
tions (Vermes et al., 2003; Bosch et al., 2006). Moreover, RAS
blockade prevents and reverses insulin resistance induced by high-
fat feeding in rodents (Lee et al., 2008). Given that plasma and
tissue levels of several RAS components positively correlate with
body mass index (Schorr et al., 1998; Van Harmelen et al., 2000),
it is possible that overactivation of the RAS is linked to the patho-
genesis of insulin resistance in obesity. Indeed, genetic deletion of

AGT, ACE, renin, AT1, or AT2 protects rodents from diet-induced
obesity and insulin resistance (Massiera et al., 2001b; Yvan-Charvet
et al., 2005; Takahashi et al., 2007; Jayasooriya et al., 2008). Con-
versely, chronic RAS overactivation via Ang II infusion (Ogihara
et al., 2002) leads to glucose intolerance and insulin resistance in
rodents, further supporting a role of RAS overactivation in the
pathogenesis of insulin resistance.

Although obesity and increased adiposity are associated with
RAS overactivation, it is not clear whether systemic RAS over-
activation can lead to both obesity and insulin resistance. It is
important to test this because studies have documented differ-
ences in RAS activity in humans, which have been attributed to
polymorphisms in RAS coding (Jeunemaitre et al., 1999; Jeune-
maitre, 2008) or promoter regions (Xiao et al., 2006). Therefore,
understanding the implications of chronic elevation of RAS may
help provide insight into metabolic consequences of chronically
elevated RAS in humans.

While overexpression of RAS is consistently associated with
insulin resistance and glucose intolerance, the effect of chronic
RAS overactivation on adiposity is not clear. This is further com-
plicated by existence of local RAS in several tissues with the local
effects complicating the understanding of systemic effects of RAS
(Kalupahana and Moustaid-Moussa, 2012b). For example, over-
expression of AGT in adipose tissue increases adiposity and blood
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pressure and leads to insulin resistance (Massiera et al., 2001a;
Kalupahana et al., 2012). However, acute or chronic systemic RAS
overactivation leads to decreased fat mass despite the develop-
ment of insulin resistance (Brink et al., 1996). This suggests that
increased fat mass in the case of adipose RAS overexpression
may be due to local effects of Ang II production within adipose
tissue.

To further dissect effects of elevated systemic Ang II on insulin
sensitivity and adiposity, we used a unique mouse model in
which Ang IT is chronically elevated throughout life time through
genetic manipulation. This mouse model is a unique genetic
minipump model in which renin is overexpressed in the liver.
Given that renin release is the rate-limiting step in the sys-
temic RAS, this model offers the advantage of constant renin
overexpression independent of homeostatic control and a life-
long elevated level of Ang II. As expected, these transgenic mice
(RenTgMK; Caron et al., 2002) exhibit elevated levels of circu-
lating renin and Ang I and develop chronic hypertension along
with other pathological manifestations (Caron et al., 2002, 2004).
The RenTgMK mice thus allow us also to study the effects of
systemic chronic elevations of Ang II on adiposity and glucose
homeostasis, so that we can dissect the effects of systemic vs. adi-
pose RAS by comparing these results with the ones previously
reported for local adipose overexpression of RAS (Massiera et al.,
2001a).

We report here that elevated circulating Ang II due to renin
overexpression leads to glucose intolerance, which is further exac-
erbated by high-fat feeding. Unexpectedly, these mice exhibit
otherwise normal glucose metabolism and a transgene dose-
dependent decrease in fat mass and insulinemia.

MATERIALS AND METHODS

ANIMALS

RenTgMK transgenic mice were kindly provided by Dr. Oliver
Smithies, University of North Carolina, Chapel Hill, NC, USA
(Hatada et al., 1999). Briefly, a renin transgene consisting of por-
tions of the Ren2 and Ren-1d genes (Ren2/1d) was inserted into the
genome at the ApoA1/ApoC3 locus via homologous recombina-
tion and placed under control of an albumin promoter/enhancer
(AIbP/E) to achieve liver-specific expression.

Male heterozygous RenTgMK (RenTgMK~/*) mice on an iso-
genic SVEv 129/6 background were crossed with wild-type (WT)
SvEv females. Subsequent heterozygous F1 progeny were mated to
generate the F2 offspring that were used in this study. Mice used
in this study were bred and maintained at the University of Ten-
nessee accredited animal facility, on a 12h:12h light-dark cycle at
22°C and fed a standard rodent chow and water ad libitum. All
experiments were approved by the Institutional Animal Care and
Use Committee at the University of Tennessee.

GENOTYPING

DNA was extracted from tail tips as previously described
(Truett et al., 2000). PCR-based genotyping was performed
using three primers: pl, 5-TGGGATTCTAACCCTGAGGACC-
35 p2, 5-CACAGATTGTAACTGCAAATCTGTCG-3'; p3, 5-
GTTCTTCTGAGGGGATC-GGC-3’ (Sigma Genosys, The Wood-
lands, TX, USA) as previously described (Caron et al., 2002).

GLUCOSE TOLERANCE TEST

Mice were fasted overnight prior to the glucose tolerance test
(GTT). Blood was collected in heparinized capillary tubes from
the orbital sinus prior to intra-peritoneal injection with glucose
(1 g/kg body weight), and then 15, 30, 60, 90, and 120 min after
injection. Plasma glucose concentrations were calculated using a
One Touch ultra-monitoring system (Johnson & Johnson, Co.,
New Brunswick, NJ, USA). The GTT was performed on mice
10 weeks old and repeated when the mice reached 20 weeks of
age and the area under the curve (AUC) for glucose and insulin
were calculated.

PLASMA MEASUREMENTS

Serum was separated from blood samples collected during the
GTT by centrifugation at 3000 rpm for 15min at 4°C and then
stored in aliquots at —80°C until assayed. Serum insulin, leptin,
and adiponectin levels were measured in duplicate using commer-
cially available ELISA kits following the manufacturer’s protocol
(insulin cat# 90060 and leptin cat# 90030, Crystal Chem, Inc.,
Downers Grove, IL, USA; adiponectin cat# EZMADP-60, Linco
Research, Billerica, MA, USA). Absorbance was read at 450 nm on
a Packard SpectraCount microplate reader (Packard Instrument,
Co., Meriden, CT, USA).

DIET STUDY

Male heterozygous (RenTgMK*/~) mice and their WT littermates
were randomly assigned to either a high-fat diet (60% kcal from
fat cat# D12492, Research Diets, Inc., New Brunswick, NJ, USA)
or a low-fat diet (10% kcal from fat cat# D12450B, Research
Diets, Inc., New Brunswick, NJ, USA) for 18 weeks. Each diet
group (n= 6/group) was comprised of three male RenTgMK ™/~
mice and three male WT mice. Body weight measurements were
acquired weekly for the duration of the study. At the conclusion
of the 18-week diet study, a GTT was performed and plasma
insulin, leptin, and adiponectin concentrations were measured,
as described above. Mice were sacrificed 1 week after the GTT.

METABOLIC STUDIES

Metabolic studies of the RenTgMK mice were performed at the
Mouse Metabolic Phenotyping Center (MMPC) at Vanderbilt
University, Nashville, TN, USA. Glucose infiltration rate, glucose
turnover rate, endogenous glucose turnover rate, and clearance
were measured. Whole-body insulin activity in vivo was exam-
ined via euglycemic hyperinsulinemic clamp. Detailed procedure
has been previously reported (Ayala et al., 2006). Briefly, to
assess insulin sensitivity and glucose metabolism, insulin was con-
tinuously administered via euglycemic hyperinsulinemic clamp.
Catheters were chronically implanted in the jugular vein and
carotid artery. Arterial glucose levels were measured every 5-
10 min during 120 min and glucose infusion rates were deter-
mined based on the arterial glucose measurements. Plasma glucose
turnover was measured in RenTgMK*'~ and WT males (n= 8-
12/group). Mice were continuously infused with [3-*H]glucose at
a rate of 0.4 LCi/min. Glucose appearance (Ra) and disappear-
ance (Rd) rates were estimated as the ratio of the rate of infusion
of [3->H]glucose and the steady-state plasma [*H]glucose specific
activity (dpm/mg), and the glucose disappearance was assumed
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to be equal to the steady-state Ra rate. Glucose clearance was
calculated by dividing the Rd by the arterial glucose concentra-
tion. To measure tissue-specific glucose uptake, mice were injected
with 12 wCi of [*H]-labeled 2-deoxyglucose ([2-*H] DG). Arterial
plasma samples were collected in intervals for 40 min before mice
were anesthetized and tissues were extracted and frozen in liquid
nitrogen until further analysis.

PANCREAS HISTOLOGY AND IMMUNOSTAINING

The pancreas was collected from WT and transgenic mice. Tissues
for immunohistochemistry were fixed in 10% neutral, phosphate-
buffered formalin for 24 h and paraffin-embedded. Subsequently,
the paraffin-embedded tissues were processed in 4-pum sections.
Sections were stained using rabbit anti-glucagon polyclonal anti-
body and guinea pig anti-insulin serum (both from Millipore,
Billerica, MA, USA). For fluorescence detection, goat anti-guinea
pig IgG coupled to Texas Red and donkey anti-rabbit IgG cou-
pled to Cy3 were used (both from Jackson ImmunoResearch, West
Grove, PA, USA) followed by Vectashield Mounting Medium with

4,6-diamidino-2-phenylindole (Vector Laboratories, Burlingame,
CA, USA) for nuclear staining.

STATISTICAL ANALYSIS

Data were analyzed in SAS (SAS Institute, Inc., Cary, NC, USA)
using a mixed model analysis of variance (http://dawg.utk.edu).
Fisher’s test followed by Tukey’s post hoc test was used for mean
separation. P < 0.05 was considered statistically significant. Data
are reported as the means + SE.

RESULTS

BODY WEIGHT, FAT PAD WEIGHT, AND METABOLIC PARAMETERS
Body weights were comparable between mice with either one
or two copies of the renin transgene and WT control mice
(Figure 1A). Gonadal fat pad weight (Figure 1B) and adi-
posity index (gonadal fat pad weight divided by body weight;
Figure 1C) were significantly lower in homozygous mice com-
pared to WT littermates (P < 0.05). Fasting serum glucose, leptin,
and adiponectin levels were comparable between all genotypes
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FIGURE 1 | Body and fat pad weight and glucose tolerance in male glucose levels were measured at 0, 15, 30, 90, and 120 min and plotted
RenTgMK mice. (A) Body weight at the age of 20 weeks. (B) Mice on a graph. (E) Area Under the Curve (AUC) was calculated as
were sacrificed at the end of week 20 and gonadal fat pads were described in the experimental procedures. Values are means + SE.
collected and weighed. (C) The adiposity index was determined by n=6 For WT, n=5 for RenTgMK*~; n=4 for RenTgMK***. Different
dividing gonadal fat pad weight by final body weight. A glucose letters indicate a significant difference (P < 0.05). *Significantly
tolerance test (GTT) was administered after overnight fasting. (D) Blood different (P < 0.05) from WT.
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Table 1 | Serum metabolic markers in male wild-type and RenTgMK

mice.
WT RenTgMK*/~ RenTgMK*/* P value
Glucose, mg/dl  81.2+6.4 89.8+3.2 93.3+5.1 0.292
Insulin, ng/ml 0.62+£0.072 0.42+0.05°  0.36+0.07°  0.033
Leptin, ng/ml 21407 23+06 1.3+0.5 0.535
Adiponectin, 8.7+14 10.8+2.5 76+0.9 0.479
pg/ml
C-peptide, 1440.1° 1.940.2° 2.0+0.12 0.007
ng/ml
FFA, mM 0.84+0.10  0.93+0.06 0.91+0.1 0.791
Triglycerides, 60.1+6.42 445+86%P  237+87° 0.018
mg/dL

Values are means=+ SE. Animals were 21 weeks old. Initial body weight mea-
surements were taken at 10 weeks. Blood was collected after fasting overnight
and metabolic parameters were measured from serum. n=6 For WT, n=5 for
RenTgMK*~; n=4 for RenTgMK**. C-peptide, connecting peptide; FFA, free
fatty acid.

Means in a row with superscripts without a common letter differ, P < 0.05.
Numbers in bold indicate a significance of P < 0.05.

(Table 1). Fasting serum insulin, however, was significantly lower
in the transgenic mice (both homozygous and heterozygous) com-
pared to WT littermates (P < 0.05). Serum C-peptide levels, on
the other hand, were higher in the transgenics than in the WT
mice (Table 1). Interestingly, serum triglycerides were significantly
lower in the homozygous mice compared to WT littermates. On
this low-fat chow diet condition, the overall metabolic phenotype
was less pronounced in female transgenic mice compared to WT
female littermates (data not shown).

GLUCOSE INTOLERANCE IN RenTg MICE

To assess glucose tolerance in the RenTg mice, an intra-peritoneal
GTT was administered. Baseline fasting glucose levels were com-
parable between WT, RenTgMK*'~ and RenTgMK*/* mice
(81.17+15.68, 89.80+7.16, and 93.25+10.28 mg/dl, respec-
tively). Heterozygous mice maintained significantly higher levels
of glycemia compared to WT within 60 min and remained ele-
vated throughout the GTT (Figure 1D). These differences were
observed as early as 10 weeks of age (data not shown) and became
more pronounced with age by 20 weeks. Glucose intolerance in
male RenTgMK mice was also evident from a comparison of the
glucose AUC (Figure 1E). The AUC values for both heterozygous
and homozygous mice were higher (P < 0.05) than that of WT
mice implying greater glucose intolerance in the transgenics. In
females, no significant differences in GTT were observed between
the three genotypes at 20 weeks of age in these low-fat feeding
conditions (data not shown).

METABOLIC PHENOTYPING OF RenTg MICE

Insulin resistance is commonly associated with high adiposity.
The paradoxical glucose intolerance despite low adiposity and low
insulinemia in the renin transgenic male mice vs. control litter-
mates led us to further investigate whether these differences were
due to altered insulin sensitivity and/or glucose production or

utilization in this model. Accordingly, metabolic studies at the NTH
MMPC at Vanderbilt University were conducted. Male heterozy-
gous mice were compared to WT mice because males exhibited
glucose intolerance and sufficient numbers could be obtained
from a few litters. Steady-state glucose infusion rate (Figure 2),
overall tissue-specific glucose uptake, glucose metabolism, and
endogenous glucose production (Table 2) did not significantly
differ between RenTgMK and WT mice, indicating normal insulin
sensitivity in the transgenics.

EFFECT OF HIGH-FAT DIET ON BODY WEIGHT, ADIPOSITY, CIRCULATING
ADIPOKINES, AND GLUCOSE TOLERANCE

Asdescribed above, renin transgene overexpression led to impaired
glucose tolerance compared to WT mice when mice were fed a
low-fat chow diet. To test whether the genetic differences would be
exacerbated by high-fat feeding, we fed male heterozygous and WT
mice a low- or high-fat diet to investigate diet-gene interactions.

Body weights were not significantly different between groups at
the start of the randomized diet study (Table 3). High-fat feeding
increased body weight only in the wild-type mice (Figure 3A).
Mice of both genotypes showed a trend for increased fat pad
weight and adiposity with high-fat feeding, although the differ-
ence was only significant for adiposity in the RenTgMK™/~ mice
(Figures 3B,C).

Changes in adiposity are known to alter hormonal and metabo-
lite levels. As expected, high-fat feeding increased serum glucose
and leptin levels in both male WT and transgenic mice (P < 0.05
for diet effect — Table 3). Interestingly, high-fat feeding also
increased serum resistin levels in WT, but not in transgenic males
(Table 3). In the WT males, serum triglyceride concentration was
higher in the low-fat fed mice when compared to high-fat fed ones
(Table 3). This effect was minimal in the transgenics.

Low-fat fed male heterozygous mice exhibited a higher glucose
excursion and area under the glucose curve compared to their
WT counterparts, indicating glucose intolerance (Figures 3D,E).
High-fat feeding did not exacerbate glucose intolerance in RenT-
gMK mice.

PANCREAS HISTOLOGY AND IMMUNOSTAINING OF RenTg MICE
Because of the consistently lower insulin levels in heterozygous
mice compared to WT mice, we performed immunohistological
studies in the pancreas to assess islet morphology and hormone
content. In both genotypes, islets appeared normal and exhibited
comparable staining for glucagon and insulin (Figure 4).

DISCUSSION

Many lines of evidence have linked activation of the RAS to the
development of obesity and insulin resistance (Schorr et al., 1998;
Van Harmelen et al., 2000), but the effects of increased circu-
lating levels of angiotensins on adiposity remain controversial.
We hypothesized that chronic systemic RAS activation via trans-
genic renin overexpression in the liver would lead to glucose
intolerance and systemic insulin resistance. We also predicted
that increased systemic Ang II would increase adiposity, based
on previous work by us and others showing that Ang II increases
adipocyte lipogenesis and triglyceride storage. Our results demon-
strate that elevated circulating Ang II due to renin overexpression
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Table 2 | Metabolic characteristics and accumulation of [2-3HIDG
during the hyperinsulinemic-euglycemic clamp experiments in male
wild-type and RenTgMK*/~ mice.

WT RenTgMK*/~ P value

GLUCOSE KINETICS

Blood glucose, mg/dl 114.7+5.8 114.6+£5.0 0.996
GTR, mg/kg/min 474+4.0 49.4+6.7 0.794
endoGTR, mg/kg/min 496 +4.62 —2.29+760 0.416
Glucose clearance, mg/kg/min 42.0+3.1 43.7+5.7 0.790
GIR, mg/kg/min 424443 51.7+4.0 0.142
ACCUMULATION OF [2-2HIDG

Soleus, pg/min/mg tissue 0.035+0.008 0.036+0.005 0.923
Gastro, pg/min/mg tissue 0.0254+0.005 0.033+0.003 0.229
Vastus I., pg/min/mg tissue 0.041+0.007 0.047+0.005 0.550
WAT, iwg/min/mg tissue 0.004+£0.001 0.006+0.001 0.067
Diaphragm, pg/min/mg tissue  0.131+£0.019  0.091+0.007 0.103
Heart, jwg/min/mg tissue 0.4314+0.057 0.320+£0.043 0.161
Brain, wg/min/mg tissue 0.048+0.005 0.049+0.003 0.888

Values are means+ SE. Animals were approximately 9 months old. n=8-9 For
WT; n=7 for RenTgMK*~. GTR, glucose turnover rate; endoGTR, endogenous
glucose turnover rate; GIR, glucose infusion rate, [2°HIDG, 2-deoxy-F Hlglucose;
Gastro, gastrocnemius, Vastus |., vastus lateralis; WAT, white adipose tissue.

leads to glucose intolerance, but with consistently lower levels of
plasma insulin. Further, chronic elevation of systemic Ang II by
hepatic overexpression of the renin gene led to a reduction rather

than an increase in adiposity in male mice. However, these mice
exhibit otherwise normal glucose metabolism and a transgene
dose-dependent decrease in insulinemia.

GLUCOSE INTOLERANCE IN RenTgMK MICE
Consistent with previous studies of Ang II infusion and transgenic
renin expression (Lee et al., 1996), male RenTgMK transgenic mice
exhibited glucose intolerance, even on a low-fat diet. However,
despite this glucose intolerance, the RenTgMK mice maintained
low fasting insulinemia and normal insulin sensitivity, as indicated
by normal steady-state glucose infusion during the hyperinsuline-
mic, euglycemic clamp studies. RenTgMK mice maintained low
insulinemia even under high-fat feeding. The glucose intolerance
in RenTgMK mice in the presence of normal fasting glucose levels
and low insulinemia, a feature that is a rather typical hallmark
of increased insulin sensitivity, could be due to decreased insulin
production/secretion and/or increased insulin clearance. Serum
C-peptide level was higher in heterozygous compared to WT mice
arguing against decreased insulin secretion accounting for low
insulinemia in the RenTgMK mice. Immunohistochemistry of
the pancreas indicated normal islet morphology and hormone
content, possibly indicating normal pancreatic function. How-
ever, such studies are only qualitative and do not allow to detect
clear quantitative differences. Thus, it is probably insulin clearance,
rather than insulin secretion that may be altered in this model.
Liver is the primary site of insulin clearance (Duckworth
et al., 1998), which can be affected by both nutritional and hor-
monal signals. Insulin clearance rate is heritable (Goodarzi et al.,
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Table 3 | Effects of high-fat diet on body weight and metabolic characteristics in male wild-type and RenTgMK+/~ mice.

WT RenTgMK*/~ P value
LF HF LF HF Geno Diet Geno X diet
Initial body weight, g 272422 292+14 26.2+0.6 25.7+0.9 NS NS NS
Final body weight, g 376+3.220 46.9+5.6° 35.441.8° 37842.12b NS NS NS
Glucose, mg/dL 92.34+3.2° 123.7+77° 98.3+5.2P 1273 +2.9° NS 0.001 NS
Insulin, ng/ml 1.29+40.31 2.07+0.60 0.91+0.04 1.1440.25 NS NS NS
Leptin, pg/ml 9.54+1.6 16.2+2.9 76+1.1 127423 NS 0.019 NS
Adiponectin, pg/ml 126+0.3 14.1+2.0 129+04 12.44+0.2 NS NS NS
Resistin, pg/ml 475.8 +37.3° 702.2 +19.0° 545.8+48.72bP 493.3+83.9° NS NS 0.030
MCP-1, pg/ml 29.9+8.0 53.0+18.9 305+16 34.0+12.9 NS NS NS
PAI-1, pg/ml 3903.4 +666.2 5903.4 +834.8 4733.54+734.0 4526.84+961.3 NS NS NS
C-peptide, ng/ml 19+0.3 3.3+12 24+04 2.3+0.2 NS NS NS
FFA, mM 1.00+£0.18 0.80+0.04 1.23+0.36 1.164+0.39 NS NS NS
Triglycerides, mg/dL 132.4 + 16.5° 66.944.1° 66.8+4.4° 39.2+54° 0.001 0.001 0.074

Values are means + SE. Animals were fed a high-fat or low-fat diet for 19 weeks. Initial body weight measurements were taken at the beginning of the study. Mice
were 3-5 months old. Blood was collected after fasting overnight and metabolic parameters were measured from serum. n= 3 For each group. LF, low-fat; HF, high-fat,
MCP-1, monocyte chemoattractant protein-1; PAI-1, plasminogen activator inhibitor-1, C-peptide, connecting peptide; FFA, free fatty acid.

Means in a row with superscripts without a common letter differ, P < 0.05.
Numbers in bold indicate a significance of P < 0.05.

2005) and is reduced in obesity and Type-2 diabetes (Duck-
worth et al., 1998). Therefore, it could be an important factor
in the pathogenesis of Type-2 diabetes. Conversely, there are
mouse models which exhibit increased insulin clearance such as
the mouse overexpressing carcinoembryonic antigen-related cell
adhesion molecule 1 (CEACAM1) in the liver (Najjar, 2002). Addi-
tional studies beyond the scope of this work will be required
to address whether the RAS is involved in regulating insulin
clearance.

The finding that the glucose intolerance in male transgenic mice
did not worsen with high-fat feeding could possibly indicate that
RAS overactivation could at least in part play a role in high-fat diet-
induced obesity. Along the same lines, mice overexpressing AGT
in adipose tissue also develop glucose intolerance on a low-fat diet,
which is not further exacerbated by high-fat feeding (Kalupahana
etal., 2012). Female transgenic mice exhibited normal glucose tol-
erance on a low-fat diet while males became glucose intolerant on
the same diet when compared to WT littermates. Further, female
transgenics became glucose intolerant when fed a high-fat diet
(data not shown).

It is likely that the metabolic phenotype of the RenTgMK mice
is due to Ang II effects, rather than the effects of renin acting
on the renin/prorenin receptor. We argue this because in renin
knockout mice, the metabolic phenotype of increased insulin sen-
sitivity and resistance to high-fat diet-induced glucose intolerance
and insulin resistance was reversed by Ang II infusion (Takahashi
et al.,, 2007). It is also likely that these effects are mediated via
angiotensin receptors, as previous studies on the RenTgMK mice
demonstrated that AT1 receptor blockade reversed renal pathol-
ogy and normalized blood pressure in the RenTgMK mice (Caron
et al., 2002). Alternative mechanisms may involve direct effects of
renin mediated by the renin/prorenin receptor on the vasculature
or adipose tissue. Indeed, renin receptors are expressed in adipose

tissue (Achard et al., 2007) and therefore may mediate the observed
adipose tissue phenotype.

RAS OVERACTIVATION AND INSULIN RESISTANCE

Renin-angiotensin system overactivation via chronic Ang II infu-
sion leads to the development of systemic insulin resistance
in rodents. This is, in most part, due to the Ang II-mediated
impairment of skeletal muscle glucose transport and utilization
(Kalupahana and Moustaid-Moussa, 2012a). Ang II impedes the
insulin-mediated tyrosine phosphorylation of the insulin receptor
substrate (IRS)-1, activation of Akt, and translocation of glucose
transporter (Glut)-4 in the skeletal muscle in an NADPH oxi-
dase, AT1, and NF-kB-dependent manner. Ang II also increases
hepatic glucose production, which also potentially contributes to
altered systemic insulin sensitivity. In contrast, the RenTgMK mice
in this study exhibited normal systemic insulin sensitivity. While
the exact underlying mechanisms for this discrepancy of insulin
sensitivity between different models of RAS overactivation are
unknown, it is possible that the low insulinemia present in the
RenTgMK mice could protect these mice from the development
of insulin resistance. Previous studies have shown that an increase
in plasma insulin by itself can induce insulin resistance. In the
study by Shanik et al. (2008), mice transfected with extra copies
of the insulin gene had a two- to four-fold increase in plasma
insulin and exhibited normal body weight, insulin resistance and
hypertriglyceridemia.

Unlike models of chronic Ang II infusion (Ran et al., 2004),
RenTgMK mice exhibited lower plasma triglyceride levels. Thus,
the hypoinsulinemia in the RenTgMK could also potentially
explain the low serum triglyceride levels seen in these mice. Given
this metabolic phenotype of RenTgMK mice, it would be interest-
ing to explore whether the insulin resistance seen in several models
of chronic RAS overactivation is insulin-dependent and further
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studies are warranted. The issue of whether the renin recep-
tor may also in part modulate insulin sensitivity merits further
investigation as well.

RAS OVERACTIVATION AND ADIPOSITY

Both human and rodent studies have shown that obesity and
increased adiposity are associated with both systemic and adipose
RAS overactivation (Kalupahana and Moustaid-Moussa, 2012a).
However, it is not known whether primary RAS overactivation
leads to obesity. Transgenic mouse models clearly demonstrate that
manipulating components of the RAS alters adiposity: mice over-
expressing AGT in adipose tissue have increased adiposity, while
deletion of either the AGT or Ang II receptor genes reduces fat-
ness. Paradoxically, previous studies of chronic Ang II infusion in
rodents have shown that chronic systemic RAS overactivation leads
to weight loss, rather than weight gain (Griffin et al., 1991; Cassis
et al., 1998). The transgenic TGR(mREN2)27 rat overexpressing
the mouse Ren2 renin gene also has a lean phenotype (Mullins
et al., 1990; Langheinrich et al., 1996; Lee et al., 1996). Similar to

these findings, the RenTgMK mice also exhibited lower fat mass
compared to WT littermates. The adipose mass was significantly
decreased by the renin transgene in a gene dosage-dependent
manner. In contrast, mice with primary AGT overproduction in
adipose tissue exhibit higher adiposity (Massiera et al., 2001a).
Further, deletion of AGT and other RAS genes leads to lower
fat mass and resistance to diet-induced obesity (Massiera et al.,
2001b; Takahashi et al., 2007). Thus, it appears that while sys-
temic RAS overactivation leads to reductions in body weight,
local increases in RAS activity in adipose tissue leads to increased
adiposity.

The low-fat mass observed following Ang II infusion is attrib-
uted to both increased energy expenditure and reduced energy
intake (Brink et al., 1996; Cassis et al., 1998). In the RenTgMK
mouse model, we did not detect any significant differences in food
intake (data not shown). Activation of the sympathetic nervous
system may also account for changes in weight via modulation
of lipid metabolism and energy expenditure by catecholamines
(Cassis, 2000). The differential effect of systemic vs. adipose
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FIGURE 4 | Islet pathology. Pancreas histology and immunostaining were conducted to assess islet morphology and hormone content in male wild-type and

RenTgMK+/+

RenTgMK+/-

specific RAS overactivation on adiposity indicates that specific
local overproduction of AGT in adipose tissue per se, may be
required for increasing adiposity. Indeed, Ang II exerts local ana-
bolic effects in the adipose tissue (Massiera et al., 2001a). Ang
IT also increases lipogenic gene expression and enzyme activ-
ity in 3T3-L1 murine adipocytes and human adipocytes in vitro
(Jones et al., 1997). This is also in agreement with studies showing
differentiation-dependent increase in AGT gene expression and
secretion in preadipocytes (Kim and Moustaid-Moussa, 2000).
Ubiquitous inactivation of AGT, on the other hand, results in
significant loss of fat mass. However, it is unclear whether tar-
geted inactivation of AGT in adipose tissue would specifically
alter fat mass and such studies would convincingly confirm
the role of adipose AGT in modulating insulin resistance or
fat mass.

In summary, our data demonstrate that transgenic hepatic over-
expression of renin leads to glucose intolerance, decreased fat mass,

hypoinsulinemia, and hypotriglyceridemia, with normal systemic
insulin sensitivity. The hypoinsulinemia in these mice is possi-
bly due to increased insulin clearance, as indicated by elevated
C-peptide levels and normal pancreatic insulin levels indicating
normal pancreatic function. Whether the unexpected low adipos-
ity and normal insulin sensitivity despite the presence of glucose
intolerance in the RenTgMK mice is secondary to hypoinsulinemia
merits further investigation.
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INTRODUCTION

Inflammatory adipokines secreted from adipose tissue are major contributors to obesity-
associated inflammation and other metabolic dysfunctions. \We and others have recently
documented the contribution of adipose tissue renin-angiotensin system to the pathogene-
sis of obesity, inflammation, and insulin resistance. We hypothesized that adipocyte-derived
angiotensinogen (Agt) plays a critical role in adipogenesis and/or lipogenesis as well as
inflammation. This was tested using 3T3-L1 adipocytes, stably transfected with Agt-shRNA
or scrambled Sc-shRNA as a control. Transfected preadipocytes were differentiated and
used to investigate the role of adipose Agt through microarray and PCR analyses and
adipokine profiling. As expected, Agt gene silencing significantly reduced the expression
of Agt and its hormone product angiotensin Il (Ang I1), as well as lipid accumulation in 3T3-
L1 adipocytes. Microarray studies identified several genes involved in lipid metabolism
and inflammatory pathways which were down-regulated by Agt gene inactivation, such
as glycerol-3-phosphate dehydrogenase 1 (Gpd1), serum amyloid A 3 (Saa3), nucleotide-
binding oligomerization domain containing 1 (Nod1), and signal transducer and activator of
transcription 1 (Stat1). Mouse adipogenesis PCR arrays revealed lower expression levels
of adipogenic/lipogenic genes such as peroxisome proliferator activated receptor gamma
(PPARY), sterol regulatory element binding transcription factor 1 (Srebf1), adipogenin (Adig),
and fatty acid binding protein 4 (Fabp4). Further, silencing of Agt gene significantly lowered
expression of pro-inflammatory adipokines including interleukin-6 (IL=6), tumor necrosis
factoralpha (TNF-a), and monocyte chemotactic protein-1 (MCP-1). In conclusion, this study
directly demonstrates critical effects of Agt in adipocyte metabolism and inflammation and
further support a potential role for adipose Agt in the pathogenesis of obesity-associated
metabolic alterations.

Keywords: angiotensinogen, gene silencing, inflammation, adipocytes, adipokines, adipogenesis

bioactive Ang peptides are generated. Ang II mainly functions

Obesity is a major risk factor for life-threatening diseases in the
United States and worldwide. Its comorbidities include hyper-
tension, cardiovascular disease, stroke, type-2 diabetes mellitus
(T2DM), and some types of cancer (Ouchi et al., 2011). In obese
individuals, imbalanced secretion of pro- vs. anti-inflammatory
adipokines from abnormally expanded adipose tissue and a
shift in immune cell populations leads to the development of
metabolic complications (Ouchi et al., 2011; Kalupahana and
Moustaid-Moussa, 2012a). In the past decades, multiple stud-
ies (in vitro, in vivo, and clinical) indicated the critical role
of the renin-angiotensin system (RAS) in the pathogenesis of
obesity-associated health disorders. RAS is conventionally known
as a group of hormones and enzymes (renin and angiotensin-
converting enzyme: ACE) which regulate blood pressure and fluid
balance. Angiotensinogen (Agt) is the only known precursor from
which the hypertensive hormone angiotensin (Ang) II and other

through two G-protein coupled receptors, type 1 (AT1) and type
2 (AT2) receptors. In lean individuals, the liver is the major site
for Agt production but RAS components are also expressed in
white and brown adipose tissue, making them relevant to this
work (Karlsson et al., 1998; Engeli et al., 2000; Galvez-Prieto
et al., 2008). Angiotensinogen expression in general has been
shown to be hormonally and nutritionally regulated as well as
differentiation-dependent (Jones et al., 1997a; Siriwardhana et al.,
2012). Specifically Agt is thought to be a late marker for adipocyte
differentiation (Ailhaud et al., 2002), making it relevant to the
current study.

Clinical studies showed that RAS blockade using ACE inhibitors
or AT1 blockers improved the insulin sensitivity and low-
ered the incidence of T2DM in patients with hypertension
or other cardiovascular diseases (Pollare et al., 1989). RAS
blockade also increased the insulin sensitivity and improved
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adiposity in obese and diabetic rodent models (reviewed in
Kalupahana and Moustaid-Moussa, 2012a). The metabolic effects
of RAS were further confirmed in genetic animal models with sys-
temic deletion of certain RAS components (Agt, renin, ACE, AT 1a,
or AT2 receptor) (reviewed in Kalupahana and Moustaid-Moussa,
2012a). In vitro studies showed that Ang II stimulated lipogene-
sis and secretion of pro-inflammatory adipokines in adipocytes
(Jones et al., 1997b; Kalupahana et al., 2012).

In obese humans and rodents, adipose tissue is the major
site for Agt production, which significantly increases Agt level
in circulation (Van Harmelen et al., 2000; Boustany et al., 2004;
Engeli et al., 2005). Our lab and others demonstrated that mice
with Agt over-expression in adipose tissue developed obesity with
adipocyte hypertrophy, concurrent with insulin resistance and
increased expression of lipogenic and pro-inflammatory makers
(Massiera et al., 2001a; Kalupahana et al., 2012). Most of these
effects were rescued by deletion of AT2 receptor (Yvan-Charvet
et al.,, 2009). The genetic mouse model with adipose-specific
Agt gene knock-out exhibited lower systolic blood pressure as
they age, however no change was observed in body weight or
fat mass when fed a low-fat diet (Yiannikouris et al., 2012).
Systemic AGT knock-out mouse models have also been gener-
ated in which body weight, adiposity, leptin, and insulin levels
were significantly lowered on a high-fat diet compared to wild-
type mice. These effects were then reversed when AGT was re-
expressed in adipose tissue (Massiera et al., 2001b; Kim et al,,
2002).

Studies reviewed above link the elevated secretion of Agt from
adipose tissue to obesity-associated local and systemic inflam-
mation as well as insulin resistance, and possibly exacerbated
adiposity. Therefore, we hypothesized that inactivation of Agt
in adipocytes will limit lipid accumulation, and improve the
inflammatory profile.

In the present study, we silenced Agt gene in 3T3-L1 adipocytes
using shRNA, and demonstrated that lower Agt expression leads
to decreased triglyceride accumulation, which is accompanied
by improved expression patterns of adipogenic/lipogenic and
inflammatory genes and proteins in adipocytes.

MATERIALS AND METHODS
CELL CULTURE, shRNA TRANSFECTION, AND PREADIPOCYTE
DIFFERENTIATION
Initially, cell lines were generated as described below using two dif-
ferent shRNA sequences and prepared as both isolated or pooled
clones of stably transfected cells. They were then compared to
cells stably transfected with scrambled sequences. Both shRNA
sequences reduced inflammatory markers and led to significant
inactivation of AGT (>70%). Due to the similarities between the
two sequences, only one was chosen and used for further detailed
experiments as discussed below.

3T3-L1 preadipocytes (American Type Culture Collection;
ATCC, Manassas, VA, USA) were seeded in two 6-well cell cul-
ture plates. Each well had 2 ml Dulbecco’s modified eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS).
Cells were incubated at 37°C in a humidified CO; incubator.
The vector-based shRNA targeting Agt gene (Agt-shRNA, GGATC
CCGTTTCTACCTTGGATCCTAGATTGATATCCGTCTAAGGA

TCCAAGGTAGAAATTTTTTCCAAAAGCTT) was ordered from
GenScript (Piscataway, NJ, USA). A scrambled sequence
(Sc-shRNA, GGATCCCGTCGCTTACCGATTCAGAATGGTTGAT
ATCCGCCATTCTGAATCGGTAAGCGACGAAGCTTAAGTTTA
AACCGCTGATCAGCCTCGACTGTGCCTTCTAGT) with no
homology to any mouse or rat mRNA sequence in NCBI data-
base was used as experimental control. These vectors carried a
neomycin resistance gene.

Cells were stably transfected at ~50-60% confluence. The
transfection was performed using Lipofectamine™ 2000 Transfec-
tion Reagent (Life Technologies, Grand Island, NY, USA) method.
3T3-L1 preadipocytes transfected by Agt-shRNA or Sc-shRNA
were maintained in regular growth medium (DMEM contain-
ing 10% FBS, 1% penicillin/streptomycin) till 90% confluence.
To differentiate the preadipocytes to mature adipocytes, cells were
maintained in regular growth medium supplemented by isobutyl-
methylxanthine (0.5 mM), dexamethasone (0.25 uM), and insulin
(1 pg/ml) for 3 days, followed by regular growth media for another
3 days. Several cell lines were generated from these stable trans-
fections and referred to as Agt-ShRNA1, 2, etc. Overall, Agt was
silenced by more than 70% in these cell lines.

AGT AND ANG Il MEASUREMENT

Total protein was extracted using tissue lysis buffer (Life Tech-
nologies, Grand Island, NY, USA) containing protease inhibitors
(Roche, USA). The concentration of extracted protein samples
was determined by Bradford assay (Thermo Scientific/Pierce,
Rockford, IL, USA).

The expression level of Agt protein was measured by west-
ern blotting. Each sample of 25pg total protein from 3T3-L1
adipocytes transfected by Agt-shRNA or Sc-shRNA (3 vs. 3) was
first separated by electrophoresis using 12% Mini-PROTEAN TGX
Precast Gel (Bio-Rad, Hercules, CA, USA), and then transferred to
a PVDF membrane. After overnight blocking (3% bovine serum
albumin in tris-buffered-saline supplemented by 0.1% Tween 20),
the membrane was incubated with polyclonal antibodies targeting
Agt protein (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
After a wash (tris-buffered-saline with 0.1% Tween 20), the mem-
brane was incubated with the secondary antibodies containing
horseradish peroxidase. The expression of Agt was detected with
the ECL Plus substrate (Thermo Scientific/Pierce, Rockford, IL,
USA), and quantified using the NIH Image] software. The expres-
sion level of Agt protein was normalized by the expression of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

The intracellular level of Ang IT was measured by Angiotensin II
EIA Kit (Cayman Chemical, Ann Arbor, MI, USA). To perform the
assay, 10 WL of each total protein sample from 3T3-L1 adipocytes
transfected by Agt-shRNA or Sc-shRNA (n =5 each) was used.
The analyte value was normalized by total protein concentration.

LIPID ACCUMULATION ASSAY

3T3-L1 adipocytes transfected by Agt-shRNA or Sc-shRNA (n=5
each) were washed with PBS, and then harvested in PBS sup-
plemented by 10% IGEPAL CA-630 (detergent, Sigma-Aldrich,
St. Louis, MO, USA). Cells were then transferred to a 2 ml auto-
claved centrifuge tube and homogenized for 15s. The triglyceride
content in cell lysate was measured using Serum Triglyceride
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Determination Kit (Sigma-Aldrich, St. Louis, MO, USA). The
analyte value was normalized by total protein concentration.

PRO-INFLAMMATORY ADIPOKINE PROFILING

The intracellular level of pro-inflammatory adipokines (IL-1,
TNF-a, MCP-1, PAI-1, and resistin) was measured by the Mouse
Serum Adipokine Milliplex Kit (Millipore, Billerica, MA, USA). To
perform the assay, total protein sample from 3T3-L1 adipocytes
transfected by Agt-shRNA or Sc-shRNA (n =5 each) was used.
The analyte value was normalized by protein concentration.

MICROARRAY

Total RNA was extracted from 3T3-L1 adipocytes transfected
with Agt-shRNA or Sc-shRNA using RNeasy lipid tissue kit (Qia-
gen, Valencia, CA, USA). Four sets of RNA samples each were
used for microarray analyses. The concentration of these RNA
samples was measured using NanoDrop 2000 (Thermo Scien-
tific, USA), and the quality was determined by the Experion
RNA StdSens Chips (Bio-Rad, Hercules, CA, USA). Samples
were sent to the McGill University’s Génome Québec Innova-
tion Center (Montréal, Canada) and Illumina MouseRef-8 V2.0
Expression Beadchips (Illumina, San Diego, CA, USA) were
used to measure 25,697 RefSeq transcripts, over 19,100 genes.
David Bioinformatics Database 6.7! (NIAID/NIH) was used for
the ontology and pathway analysis on genes with differential
expression.

QUANTITATIVE REAL-TIME PCR

The expression pattern of selected genes with differential expres-
sion in the microarray analyses was verified by quantitative Real-
Time PCR (qRT-PCR). Total RNA samples extracted from 3T3-L1
adipocytes transfected with Agt-shRNA or Sc-shRNA (n =4 each)
were used for cDNA synthesis using the High Capacity cDNA RT
kit (Applied Biosystems, Carlsbad, CA, USA). All primers used
in this study were purchased from Qiagen (QuantiTect Primer
Assay). The real-time PCR was performed on Applied Biosys-
tems 7900HT Fast Real-Time PCR System using the Fast SYBR
Master Mix (Applied Biosystems, Carlsbad, CA, USA). The expres-
sion level of housekeeping gene P-actin (Actb) was measured
as reference to normalize the expression level of genes under
investigation.

PCR ARRAY

The expression of genes associated with adipocyte metabolism
was profiled by Mouse Adipogenesis RT? Profiler™ PCR Array
(SABiosciences, Qiagen, Valencia, CA, USA), which targets 84 core
genes in mouse adipogenesis pathway. The array kit also con-
tains five housekeeping genes, which include Actb. Total RNA
samples extracted from 3T3-L1 adipocytes transfected with Agt-
shRNA or Sc-shRNA (n =4 each) were used for the synthesis of
cDNA using RT? First Strand Kit (SABiosciences, Qiagen, Valen-
cia, CA, USA). RT-PCR was performed on the same equipment as
described previously using the RT? SYBR Green qPCR Mastermix
(SABiosciences, Qiagen, Valencia, CA, USA). David Bioinformat-
ics Database 6.7 (see text footnote 1, NIAID/NIH) was used for
the gene ontology analysis.

Uhttp://david.abec.ncifcrf.gov/tools.jsp

STATISTICAL ANALYSES

In this study, microarray data were analyzed by R software
(version 2.9.0) using “lumi” package in bioconductor?. Signifi-
cant differential expression in 3T3-L1 adipocytes with Agt gene
silencing compared to the adipocytes transfected by Sc-shRNA
was defined as an FDR adjusted P value < 0.05.

Data from qRT-PCR and PCR array studies were analyzed by
the web-based software> (SABiosciences) using 2~ AACT pethod.
The expression level for genes of interest was normalized by the
expression of Actb housekeeping gene.

All other analyses were performed using SAS software (version
9.2, Cary, NC, USA). Results were reported as means &+ SE. One
way ANOVA followed by Tukey post hoc test was used to compare
the group means at P < 0.05.

RESULTS

ANGIOTENSINOGEN GENE SILENCING REDUCED AGT PROTEIN
EXPRESSION AND INTRACELLULAR LEVEL OF ANG II IN 3T3-L1
ADIPOCYTES

Successful transfection of Agt-shRNA into 3T3-L1 preadipocytes
was demonstrated by the significantly lower expression of Agt pro-
tein in 3T3-L1 adipocytes expressing Agt-shRNA vs. Sc-shRNA
(Figures 1A,B; P < 0.005). As Agt is the precursor for the hyper-
tensive hormone Ang II, we further measured the intracellular
level of Ang II, which was also decreased in 3T3-L1 adipocytes
expressing Agt-shRNA vs. Sc-shRNA (Figure 1C; P < 0.0001).

AGT GENE SILENCING DECREASED LIPID ACCUMULATION AND
INTRACELLULAR LEVEL OF PRO-INFLAMMATORY ADIPOKINES IN
3T3-L1 ADIPOCYTES

Previous studies have reported that Ang II increases the triglyc-
eride content in 3T3-L1 adipocytes (Jones et al., 1997b). Here,
we determined the role of RAS in mediating lipogenesis by
directly knocking down the expression of Ang II precursor —
Agt gene. Agt gene silencing significantly reduced the triglyc-
eride content in 3T3-L1 adipocytes expressing Agt-shRNA vs.
Sc-shRNA (Figure 2A; P < 0.005). Studies have also shown that
Ang II stimulates the secretion of pro-inflammatory adipokines
from both human and 3T3-L1 adipocytes. In this study, we
measured the intracellular level of major pro-inflammatory
adipokines (IL-6, TNF-a, MCP-1, resistin, and PAI-1). The
results showed lower IL-6, TNF-a, and MCP-1 protein levels in
3T3-L1 adipocytes transfected with Agt-shRNA vs. Sc-shRNA
(Figure 2B). This indicated Agt as an important mediator in
adipose inflammation.

AGT GENE SILENCING INDUCED CHANGES IN THE EXPRESSION OF
GENES INVOLVED IN LIPID METABOLISM AND IMMUNE RESPONSE
PATHWAYS

To dissect the underlying mechanism which mediates the meta-
bolic effects of Agt in adipocytes, a microarray study was per-
formed on 3T3-L1 adipocytes transfected by Agt-shRNA or Sc-
shRNA. After filtering out 16,561 transcripts with insignificant
expression, we conducted statistical analysis on the remaining

Zhttp://www.bioconductor.org/
3http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php
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FIGURE 1 | Agt gene silencing induces lower Agt protein expression
and intracellular level of Ang Il. 3T3-L1 preadipocytes were transfected
by shRNA targeting Agt gene (Agt-shRNA) or scrambled shRNA
(Sc-shRNA), and then differentiated to mature adipocytes. (A,B) Agt protein
expression, and (C) intracellular level of Ang Il are shown. Data are
presented as mean 4 SE [n =3 for each group in (A), n=5 for each group in
(C)1. The expression of Agt is normalized by the expression of GAPDH. The
intracellular level of Ang Il is normalized by total protein concentration.

*P <0.005 vs. adipocytes transfected by Sc-shRNA.

9,136 transcripts. Compared to cells transfected with Sc-shRNA,
the expression of 89 genes was significantly down-regulated and
the expression of 23 genes was up-regulated in 3T3-L1 adipocytes
with Agt gene silencing (Figure 3A). A heat map was plot-
ted by cluster analysis on genes with differential expression in
3T3-L1 adipocytes transfected with Agt-shRNA vs. Sc-shRNA. The
expression patterns of these genes were highly consistent within
each adipocyte cell line, as shown in Figure 3B.

Gene ontology and pathway analysis showed that the expression
of several critical genes involved in lipid metabolism and inflam-
matory response was down-regulated in 3T3-L1 adipocytes with
Agt gene silencing; selected genes are listed in Tables 1 and 2. Other
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FIGURE 2 | Agt gene silencing leads to lower triglyceride accumulation
and intracellular level of pro-inflammatory adipokines in 3T3-L1
adipocytes. 3T3-L1 preadipocytes were transfected by shRNA targeting
Agt gene (Agt-shRNA) or scrambled shRNA (Sc-shRNA), and then
differentiated to mature adipocytes. Triglyceride content (A) and adipokine
concentration (B) is normalized by total protein concentration. Data are
presented as mean &+ SE (n=5 for each group). *P < 0.05 vs. adipocytes
transfected by Sc-shRNA.

genes with decreased expression in 3T3-L1 adipocytes with Agt
gene silencing were genes involved in energy metabolism, immune
response, oxidative stress, cell differentiation, and apoptosis. Genes
with up-regulated expression in 3T3-L1 adipocytes with Agt gene
silencing were ones involved in DNA replication, transcription,
translation, repair, chromosomal structure, intracellular protein
trafficking, protein phosphorylation, and proteolysis. These genes
are listed in Table A1 in Appendix.

To determine whether the profile of global gene expression from
the microarray study were consistent with the relative amounts of
mRNA present in parallel samples, qRT-PCR was performed on
selected genes (Cxcl12, Statl, Saa3, Nodl, Gpdl, and Acadl0).
Consistent with microarray results, the expression level of all
these genes were down-regulated in 3T3-L1 adipocytes with Agt
gene silencing compared to those transfected with Sc-shRNA
(Figure 4).

Since knock-down of Agt gene decreased lipid accumulation
and the expression of genes associated with lipid metabolism in
3T3-L1 adipocytes, we further profiled the expression pattern of
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FIGURE 3 | Agt gene silencing induces changes in global gene
expression patterns in 3T3-L1 adipocytes. 3T3-L1 preadipocytes were
transfected by shRNA targeting Agt gene (Agt-shRNA) or scrambled shRNA
(Sc-shRNA), and then differentiated into mature adipocytes. Changes in
global gene expression patterns were profiled by microarray study. Genes
with significant differential expression in 3T3-L1 adipocytes transfected
with Agt-shRNA vs. Sc-shRNA were determined by the false discovery rate
(FDR) adjusted P value < 0.05 (A). Heat map with genes of differential
expression is shown in (B). The rows represent the patterns of gene
expression, and columns represent samples. Red region corresponds to
genes with down-regulated expression, and yellow region corresponds to
genes with up-regulated expression, in 3T3-L1 adipocytes transfected with
Agt-shRNA vs. Sc-shRNA (n=4 for each cell line).

genes in the adipogenesis pathways using a PCR array. The results
confirmed the lower expression of Agt gene at transcription level,
and showed decreased expression of several adipogenic genes,
including PPAR-y, Cebpb, Srebfl and Adig, and lipid metabolic
markers Ppargclb and Fabp4 in 3T3-L1 adipocytes with Agt gene
silencing. Conversely, the expression of genes with anti-adipogenic
effects, Gata3, and Vdr, were up-regulated. The expression pattern

of these genes is shown in Figure 5, and the functions of these
genes are described in Table 3.

DISCUSSION

Recent studies indicated the potential role of adipose tissue-
derived Agt in the pathogenesis of metabolic disorders. However,
the underlying mechanisms mediating these effects are not well
clarified. In the present study, we successfully established Agt gene
silencing in 3T3-L1 adipocytes using shRNA, which effectively
decreased the intracellular level of Agt and Ang II,and enabled us to
directly investigate the metabolic effects of adipose Agt. Using this
in vitro model, we confirmed the direct contribution of adipocyte-
derived Agt and Ang I1 to preadipocyte differentiation, lipogenesis,
and adipocyte inflammation, as evidenced by decreased triglyc-
eride accumulation, and pro-inflammatory adipokine production,
as well as down-regulated expression of several adipogenic and
inflammatory genes.

RAS AND ADIPOSITY

The present study confirmed the effects of Agt/Ang II in promot-
ing lipogenesis. Our lab previously reported that Ang II increases
lipogenesis in 3T3-L1 and human adipocytes (Jones et al., 1997b).
In line with these findings, we demonstrated in this study that
inactivation of Agt gene significantly reduced the lipid accumu-
lation during 3T3-L1 preadipocyte differentiation. This is also
in agreement with a recent study where shRNA-mediated Agt
gene silencing inhibited triglyceride storage during human vis-
ceral preadipocyte differentiation (Ye et al., 2010). Indeed, in these
studies, the expression of Gpdl gene which encodes glycerol-
3-phosphate dehydrogenase 1 was increased in Ang II treated
3T3-L1 adipocytes (Jones et al., 1997b) but decreased by knock-
down of the Agt gene in human preadipocytes. Consistently, we
identified here that the expression of Gpdl gene was decreased
in 3T3-L1 adipocytes with Agt gene silencing. In this study, no
change was detected in the gene expression of acetyl-coenzyme
A carboxylase or fatty acid synthase, the major enzymes mediat-
ing de novo lipogenesis. Therefore, the lower lipid accumulation
in 3T3-L1 adipocytes with Agt gene silencing is potentially due
to the decreased synthesis of glycerol by Gpdl in the process
of lipogenesis. It is also possible that Agt gene silencing down-
regulates the activity of lipogenic enzymes, and inhibits the de
novo lipogenesis in 3T3-L1 adipocytes. Ang II was previously
shown to inhibit preadipocyte differentiation, which was poten-
tially mediated by the AT1 receptor. Similarly, certain AT1 blockers
enhanced preadipocyte differentiation in both 3T3-L1 and human
preadipocytes, and mice with systemic knock-out of AT1a recep-
tor showed adipocyte hypotrophy (Janke et al., 2002, 2006; Schupp
et al., 2004). However, in this study, we identified that Agt gene
silencing inhibited 3T3-L1 preadipocyte differentiation through
down-regulating the expression of core adipogenic genes (C/EBP-
B and PPAR-y) and other adipogenic markers (Srebfl and Adig)
which mediate the initiation of adipogenesis. Agt gene silencing
also decreased the expression of several lipid metabolic genes
(Fabp4 and Ppargclb). Genes with anti-adipogenic effects (Gata3
and Vdr) were also up-regulated in Agt-shRNA transfected cells.
These indicated Agt as a critical factor with stimulatory effects
on preadipocyte differentiation. We propose that the effect of

www.frontiersin.org

March 2013 | Volume 4 | Article 10 | 45


http://www.frontiersin.org
http://www.frontiersin.org/Diabetes/archive

Carroll et al.

Angiotensiongen gene silencing in adipocytes

Table 1| Lipid metabolic genes differentially expressed in 3T3-L1 adipocytes transfected by Agt-shRNA vs. Sc-shRNA.

Gene Gene name Fold P value Function
symbol change (FDR adjusted)
Gpd1 Glycerol-3-phosphate dehydrogenase 1 0.34 0.003919 A lipogenic marker, catalyzes the reversible conversion of
dihydroxyacetone phosphate to sn-glycerol-3-phosphate
Ces3 Carboxylesterase 3 0.24 0.000087 Adipocyte lipase, mediates lipolysis
Retsat Retinol saturase 0.63 0.025349 Saturates13-14 double bond of all-trans-retinol to produce
all-trans-13, 14-dihydroretinol
Acad10 Acyl-Coenzyme A dehydrogenase family, 0.78 0.050300 Catalyzes the initial step of mitochondria fatty acid
member 10 B-oxidation
Apoc1 Apolipoprotein C-| 0.48 0.001845 Modulates the interaction of APOE with beta-migrating
VLDL, inhibits the binding of beta-VLDL to LDL
receptorrelated protein
Hsd3b7 Hydroxy-delta-5-steroid dehydrogenase, 3 0.80 0.048719 Plays a crucial role in the biosynthesis of hormonal steroids
beta-, and steroid delta-isomerase 7
Suclgl Succinate-CoA ligase, GDP-forming, alpha 0.72 0.037140 An enzyme in tricarboxylic acid cycle, catalyzes ATP- or GTP-

subunit, mitochondrial

dependent ligation of succinate and CoA to form
succinyl-CoA in mitochondrial matrix

FDR, false discovery rate.

Table 2 | Inflammatory genes differentially expressed in 3T3-L1 adipocytes transfected by Agt-shRNA vs. Sc-shRNA.

Gene Gene name Fold P value Function
symbol change (FDR adjusted)
Saa3 Serum amyloid A 3 0.57 0.025314 Major acute phase protein, in response to cytokine
stimulation
Nod1 Nucleotide-binding oligomerization 0.75 0.029593 Induces NF-« B activation via RIPK2 and IKK-gamma,
domain containing 1 enhances caspase-9-mediated apoptosis
Cxcl12 Chemokine (C-X-C motif) ligand 12 0.38 0.046402 Chemoattractant for Tlymphocytes and monocytes
Ptx3 Pentraxin related gene 0.71 0.033282 Activates classical complement pathway, facilitates
pathogen recognition by immune cells
Stat1 Signal transducer and activator of 0.66 0.029154 A member of signal transducers and activators of
transcription 1 transcription (STATs) family, mediates cytokine signaling
Irf9 Interferon regulatory factor 9 0.64 0.029593 Plays a critical role in stimulating IFN-alpha responsive genes

FDR, false discovery rate.

Ang II on adipogenesis is receptor specific, and dose dependent.
Possibly, low to regular levels of Ang II stimulate adipogenesis
through the AT2 receptor, which overcomes the anti-adipogenic
effect mediated by the AT1 receptor. However, high levels of
Ang II could activate the AT1 receptor and inhibit preadipocyte
differentiation.

Our microarray study detected multiple genes associated with
adipocyte metabolism which were down-regulated by Agt gene
silencing. Retsat (encodes retinol saturase) is induced during
3T3-L1 preadipocyte differentiation and promotes adipogenesis
through increased PPAR-y transcriptional activity (Schupp et al.,
2009).

Ang II is an active mediator of lipolysis in a time-dependent
manner. Short term treatment of Ang II inhibits lipolysis in
human adipose tissue and adipocytes through the AT1 receptor
(Boschmann et al., 2001; Goossens et al., 2004, 2007). However,
long term infusion of Ang II markedly increased lipolysis in rats
(Cabassi et al., 2005). One explanation for this could be the Ces3
gene which encodes for carboxylesterase 3 (triacylglycerol hydro-
lase, TGH) — an adipocyte lipase — whose expression was decreased
in 3T3-L1 adipocytes with Agt gene silencing.

Lastly, our microarray and RT-PCR data indicated that Agt gene
widely affects the whole process of lipid metabolism in adipocytes.
This was seen in the expression of other genes down-regulated by
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FIGURE 4 | Agt gene silencing induces down-regulated expression of
Cxcl12, Stat1, Saa3, Nod1, Gpd1, and Acad10 genes in 3T3-L1
adipocytes. 3T3-L1 preadipocytes were transfected by shRNA targeting
Agt gene (Agt-shRNA) or scrambled shRNA (Sc-shRNA), and then
differentiated to mature adipocytes. Data are presented as mean + SE, and
calculated according to the 2-22€T method (n= 4 for each group).

*P < 0.0001 vs. adipocytes transfected by Sc-shRNA.
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FIGURE 5 | Agt gene silencing induces changes in the expression of
genes associated with adipogenesis pathway in 3T3-L1 adipocytes.
3T3-L1 preadipocytes were transfected by shRNA targeting Agt gene
(Agt-shRNA) or scrambled shRNA (Sc-shRNA), and then differentiated to
mature adipocytes. Data are presented as mean =+ SE, and calculated
according to the 2724€T method (n=4 for each group). *P < 0.05 vs.
adipocytes transfected by Sc-shRNA.

Agt gene silencing, such as Acad10, Apocl, Suclgl, and Hsd3b7,
which are involved in lipid transport,  oxidation, TCA cycle, and
biosynthesis of steroid hormones from lipids.

RAS AND INFLAMMATION
While it has been established that obesity leads to chronic low-
grade inflammation in adipose tissue (Kalupahana and Moustaid-
Moussa, 2012a), the exact trigger for this process is unknown.
Adipose tissue-secreted Agt has been shown to induce obesity-
associated inflammation, a major factor for the pathogenesis
of metabolic disorders, and therefore is a potential target for
obesity research as described below (Kalupahana and Moustaid-
Moussa, 2012b). In obesity, adipose tissue-derived Agt significantly
increases the level of Agt in circulation (Van Harmelen et al,
2000; Boustany et al., 2004; Engeli et al., 2005). Moreover, our
lab and collaborators further showed that adipose-specific Agt
over-expression induced local and systemic inflammation, as well
as insulin resistance in mice (Kalupahana et al., 2012).

Previous studies reported that Ang II stimulated the secre-
tion of several pro-inflammatory adipokines from both 3T3-L1

and human adipocytes (Skurk et al., 2001, 2004). Consistent with
those studies, we demonstrated here that Agt gene silencing in
3T3-L1 adipocytes significantly reduced the intracellular level
of pro-inflammatory adipokines, including MCP-1, IL-6, and
TNFa.

In the current research, the microarray study identified that
Agt gene silencing decreased the expression of several genes
involved in adipose inflammation including Saa3, Nodl, Statl,
and Cxcl12. Saa3, which encodes for the acute phase protein —
serum amyloid A3, was recently identified as a critical pro-
inflammatory adipokine involved in obesity-associated metabolic
disorders (Yang et al., 2006). A previous study showed that block-
ing the AT1 receptor suppressed the mRNA expression of Saa3,
together with TNF-a, PAI-1, and MCP-1 in mice adipose tissue
(Kurata et al., 2006). The present study further confirmed that
Saa3 as a critical factor involved in Ang II-induced inflammatory
disorders, as silencing of Agt in cultured adipocytes reduced Saa3
expression.

Nod1 gene encodes an intracellular pattern recognition recep-
tor mediating immune response. The activation of this receptor
induces peripheral and hepatic insulin resistance, which is pre-
vented when this gene in inactivated (Schertzer et al., 2011).
Activation of NOD1 also increases pro-inflammatory adipokine
secretion and impairs the insulin-stimulated glucose uptake in
3T3-L1 and primary murine adipocytes (Schertzer et al., 2011;
Zhao etal.,2011). Since Agt silencing reduced NOD1, this suggests
that Nodl1 is a potential mediator for Ang II-induced adipocyte
inflammation.

Statl is a member in the Stats family — the major compo-
nent of Jak-Stat pathway which plays a critical role in mediat-
ing cytokine signaling. Jak-Stat pathway mediates the action of
hormones which impact adipocyte development and functions
(Richard and Stephens, 2011). Stats mediate the activation of mul-
tiple inflammatory pathways, such as NF-kB and c-Jun (O’Shea
etal.,2002). The lowered expression of the Stat1 gene, in part, indi-
cates that Agt gene silencing down-regulates the cytokine signaling
in 3T3-L1 adipocytes. Interferon regulatory factors (Irfs), which
mainly respond to interferon in the JAK-STAT signaling pathway
(O’Sheaetal.,2002; Eguchietal.,2008), could be one avenue of this
down-regulation. Previous studies reported that IFN-o/B induced
a complex formation of STAT1, STAT2, and IRF9, one of the Irfs
which are expressed in adipocytes (Eguchi et al., 2008). Together
these indicate that Agt gene silencing induced a consistent change
pattern in cytokine signaling pathway (O’Shea et al., 2002; Eguchi
et al., 2008).

Several other chemokines were altered by Agt inactivation.
These include Cxcl12 and Ptx3. Cxcl12 is mainly expressed in stro-
mal cells, but is also detected in 3T3-L1 adipocytes (Choi et al.,
2010). This indicates the potential role of this gene in inducing
the immune cells infiltration in adipose tissue. The expression
of Ptx3 gene is up-regulated during preadipocyte differentia-
tion, and although almost non-detectable in mature adipocytes,
it can be re-activated in 3T3-F442A adipocytes upon TNF-a
stimulation (Abderrahim-Ferkoune et al., 2003). The decreased
expression of Ptx3 gene in 3T3-L1 adipocytes with Agt gene
silencing is potentially mediated by decreased adipogenesis and
TNF-o (Abderrahim-Ferkoune et al., 2003).
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Table 3 | Genes with differential expression associated with adipogenesis pathway in 3T3-L1 adipocytes transfected by Agt-shRNA vs.

Sc-shRNA.

Gene Gene name Fold P value Function

symbol change

Pparg Peroxisome proliferator activated 0.4808 0.030656 Key regulator of glucose homeostasis and preadipocyte
receptor gamma differentiation

Cebpb CCAAT/enhancer binding protein 0.5718 0.038756 Plays a catalytic role in preadipocyte differentiation
(C/EBP), beta

Srebf1 Sterol regulatory element binding 0.5070 0.008977 Regulates glucose metabolism, fatty acid, and lipid (mainly
transcription factor 1 cholesterol) synthesis

Adig Adipogenin 0.5619 0.005956 An adipocyte-specific protein, promotes adipocyte

differentiation

Ppargc1b Peroxisome proliferative activated 0.2017 0.045250 Stimulates the activation of transcription factors. Involved in
receptor, gamma, coactivator 1 beta fat oxidation, and non-oxidative glucose metabolism

Fabp4 Fatty acid binding protein 4 0.4094 0.002358 Adipocytes specific lipid transport protein

Gata3 GATA binding protein 3 2.6291 0.003210 Suppresses preadipocytes differentiation through PPAR-y

Vdr Vitamin D receptor 1.8460 0.003185 Suppresses preadipocytes differentiation through C/EBP

and PPAR-y

WW%WH

11 RRRAR
.'...l....’...l.l 900

: g Inflammatory Infl Pro—t
Llplogene5|s./ y pathways —_ In a.mm.a ory
Adipogenesis 7' (saa3, Nod1, cxel12, stat1) adipokines
(Fabp4, Ppary, Cebpb, Srebf1) / {Il-6, Tnfa, Mcp-1)
/ -
/ Insulin (—,
/ Signaling
I T
Adipocyte |
Hypertrophy v
ies) Insulin
Resistance

FIGURE 6 | Proposed mechanisms for Ang ll-induced metabolic
disorders. Adipocyte-derived Agt is converted to Ang Il which affects
adipocytes in autocrine or paracrine manner through angiotensin receptors.
Ang |l activates inflammatory pathways, and increases the secretion of

pro-inflammatory adipokines, which inhibit insulin signaling and induce insulin
resistance. Ang Il also stimulates lipogenesis in adipocytes, leading to
adipocyte hypertrophy which potentially activates inflammatory pathways and
exacerbates these inflammatory conditions.

Elevated level of RAS components was detected in adipose tis-
sue and circulation in obese human subjects and animals (Van
Harmelen et al., 2000; Boustany et al., 2004; Engeli et al., 2005).
Animal models with systemic deletion of RAS components (Agt,
renin, ACE, AT1a,and AT2) were protected from diet-induced obe-
sity and metabolic disorders (Massiera et al., 2001b). Transgenic
mice with Agt over-expression in adipose tissue exhibit adiposity,
adipocyte hypertrophy, adipose and systemic inflammation, and

insulin resistance (Kalupahana et al., 2012). However, mice with
Agt gene specifically knock-out from adipose tissue had no change
in fat mass or body weight (Yiannikouris et al., 2012). These indi-
cate that elevated secretion of Agt from adlpose tissue may in part
mediate obesity-associated metabolic disorders.

In summary, this study showed that gene silencing induced
lower adipocyte-derived-Agt, which led to decreased lipid
accumulation and pro-inflammatory adipokines production, as
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well as down-regulated expression of adipogenic and lipid meta-
bolic markers and genes in inflammatory pathways. The underly-
ing mechanism for the metabolic effect of Ang II is summarized

in Figure 6.
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APPENDIX

Table A1 | Genes differentially expressed in 3T3-L1 adipocytes transfected with Agt-shRNA vs. Sc-shRNA.

Gene symbol Gene name Fold change P value
(FDR adjusted)
ENERGY METABOLIC PROCESS
Por P450 (cytochrome) oxidoreductase 0.613868 0.004184
Aldh2 Aldehyde dehydrogenase 2, mitochondrial 0.656561 0.022585
Cdo1 Cysteine dioxygenase 1, cytosolic 1.806253 0.041216
Cyb561 Cytochrome b-561 0.661127 0.029593
Idh3g Isocitrate dehydrogenase 3 (NAD+), gamma 0.65022 0.021874
Hibadh 3-hydroxyisobutyrate dehydrogenase 0.729005 0.033282
Phgdh Phosphoglycerate dehydrogenase 0.688725 0.035963
gm2a GM2 ganglioside activator protein 0.511569 0.029154
AU018778 Expressed sequence AU018778 (type-B carboxylesterase/lipase) 0.439825 0.000356
Atp6ap1 ATPase, H+ transporting, lysosomal accessory protein 1 0.666187 0.031342
Acaalb Acetyl-Coenzyme A acyltransferase 1B 0.627201 0.031219
Adhfe1l Alcohol dehydrogenase, iron containing, 1 0.669428 0.029465
Gpt Glutamic pyruvic transaminase, soluble 0.482968 0.014529
Gsta4 Glutathione S-transferase, alpha 4 0.541488 0.025158
Gstm?2 Glutathione S-transferase, mu 2 0.71847 0.008982
Cox8b Cytochrome c oxidase, subunit VIlIb 0.32511 0.003044
Cox6c Cytochrome c oxidase subunit Vic 2.011121 0.022585
IMMUNE RESPONSE TO EXTRACELLULAR STIMULUS
Cab Complement component 4B 0.6 0.041924
B2m Beta-2 microglobulin 0.717475 0.0322
Tap2 Transporter 2, ATP-binding cassette, sub-family B 0.634635 0.043325
lgtp Interferon gamma induced GTPase 0.533293 0.031471
Ifit3 Interferon-induced protein with tetratricopeptide repeats 3 0.198333 0.031219
Cd99I2 CD99 antigen-like 2 0.647073 0.043325
RESPONSE TO HORMONE STIMULUS
Serpina3c Serine peptidase inhibitor, clade A, member 3C 0.712025 0.045332
Serpina3g Serine peptidase inhibitor, clade A, member 3G 0.388773 0.001845
Serpina3h Serine peptidase inhibitor, clade A, member 3H 0.494143 0.013389
Serpina3n Serine peptidase inhibitor, clade A, member 3N 0.505226 0.000321
SMALL GTPASE MEDIATED SIGNALTRANSDUCTION
Rasl11a RAS-like, family 11, member A 0.674084 0.019568
Rasl11b RAS-like, family 11, member B 0.573156 0.001066
Rab3d RAB3D, member RAS oncogene family 0.72951 0.034662
Rhob Ras homolog gene family, member B 1.666706 0.040915
Rhoj Ras homolog gene family, member J 0.691116 0.031471
OTHER GENES OF INTEREST
Aatk Apoptosis-associated tyrosine kinase 0.564091 0.022585
Renbp Renin binding protein 0.643495 0.031471
Agp7 Aquaporin 7 0.565265 0.003405
Bmp1 Bone morphogenetic protein 1 0.634635 0.034934
Bst2 Bone marrow stromal cell antigen 2 0.334250 0.013389
Cenpa Centromere protein A 1.455989 0.022585
Dbp D site of albumin promoter binding protein 0.645728 0.043573
Enppb Ectonucleotide pyrophosphatase/phosphodiesterase 5 0.732550 0.0322
Fhod1 Formin homology 2 domain containing 1 1.371733 0.041924
Fkbp5 FK506 binding protein 5 1.215879 0.036674
Gas6 Growth arrest-specific 6 0.468785 0.037595
(Continued)
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Table A1 | Continued

Gene symbol Gene name Fold change P value
(FDR adjusted)

Gatad1 GATA zinc finger domain containing 1 1.747145 0.003405
Gtf3ch General transcription factor IlIC, polypeptide 5 1.264003 0.0322
Hist1h2ah Histone cluster 1, H2ah 1.634670 0.040326
Hp Haptoglobin 0.657015 0.030981
Hspb8 Heat shock 22kDa protein 8 0.668963 0.022585
Ifi27 Interferon, alpha-inducible protein 27 0.309497 0.03069
1ft20 Intraflagellar transport 20 homolog 1.485552 0.031471
Itih4 Inter-alpha (globulin) inhibitor H4 0.243332 0.000025
Kle1 Kinesin light chain 1 1.278985 0.035963
Matn4 Matrilin 4 0.641712 0.031471
Mettl7B Methyltransferase like 7B 0.704660 0.048333
Mid1ip1 MID1 interacting protein 1 0.720464 0.045125
Mpp1 Membrane protein, palmitoylated 1, 55kDa 0.744322 0.041924
Nasp Nuclear autoantigenic sperm protein (histone-binding) 1.336074 0.048719
Nup107 Nucleoporin 107kDa 0.657927 0.029465
Pdel1b Phosphodiesterase 1B, calmodulin-dependent 1.522033 0.013389
Pde4dip Phosphodiesterase 4D interacting protein 0.654289 0.038052
Prelp Proline/arginine-rich end leucine-rich repeat protein 0.677362 0.034934
Psmcbh Proteasome (prosome, macropain) 26S subunit, ATPase, 5 1.387030 0.029465
Pxmp2 Peroxisomal membrane protein 2, 22 kDa 0.660669 0.033282
Rdbp RD RNA binding protein 1.263127 0.045125
Rps24 Ribosomal protein S24 1.791291 0.022585
S100A13 S100 calcium binding protein A13 1.580082 0.022585
Aimp1 AminoacyltRNAsynthetase complex-interacting multifunctional protein 1 1.364724 0.025849
Slcbab Solute carrier family 5 (sodium-dependent vitamin transporter), member 6 0.756283 0.048936
Thrsp Thyroid hormone responsive 0.264621 0.001714
Tk1 Thymidine kinase 1, soluble 1.629015 0.022786
Trmed4 Transmembrane emp24 protein transport domain containing 4 0.777007 0.045125
Trmem43 Transmembrane protein 43 0.637722 0.022585
Trmem45B Transmembrane protein 45B 0.718470 0.041924
Tpm2 Tropomyosin 2 (beta) 1.418140 0.041924
Trafd1 Traf-type zinc finger domain containing 1 0.692074 0.004184
Uba7 Ubiquitin-like modifier activating enzyme 7 0.668037 0.048719
Uck2 Uridine-cytidine kinase 2 1.286097 0.019568
Uhrf1 Ubiquitin-like with PHD and ring finger domains 1 1.420107 0.043072
Usp18 Ubiquitin specific peptidase 18 0.238489 0.029154
Yeats4 YEATS domain containing 4 0.503128 0.019128
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Obesity and associated chronic inflammation initiate a state of insulin resistance (IR). The
secretion of chemoattractants such as MCP-1 and MIF and of cytokines IL-6, TNF-a, and IL-
1B, draw immune cells including dendritic cells, T cells, and macrophages into adipose
tissue (AT). Dysfunctional AT lipid metabolism leads to increased circulating free fatty
acids, initiating inflammatory signaling cascades in the population of infiltrating cells. A
feedback loop of pro-inflammatory cytokines exacerbates this pathological state, driving
further immune cell infiltration and cytokine secretion and disrupts the insulin signal-
ing cascade. Disruption of normal AT function is causative of defects in hepatic and
skeletal muscle glucose homeostasis, resulting in systemic IR and ultimately the devel-
opment of type 2 diabetes. Pharmaceutical strategies that target the inflammatory milieu
may have some potential; however there are a number of safety concerns surrounding
such pharmaceutical approaches. Nutritional anti-inflammatory interventions could offer
a more suitable long-term alternative; whilst they may be less potent than some phar
maceutical anti-inflammatory agents, this may be advantageous for long-term therapy.
This review will investigate obese AT biology, initiation of the inflammatory, and insulin
resistant environment; and the mechanisms through which dietary anti-inflammatory

components/functional nutrients may be beneficial.

Keywords: obesity, inflammation, immune cell infiltration, insulin resistance, nutrient sensing, PUFA

INTRODUCTION

The global increase in body mass is an escalating societal con-
cern. Concomitant environmental factors such as poor dietary
habits, sedentary lifestyle, socioeconomic influences; and less fre-
quently, genetic disorders that impact on hormone secretion and
metabolism, result in weight gain. The world health organization

(WHO) projects that by 2015, 2.3 billion adults will be overweight,
body mass index (BMI) >25 (kg/mz) and more than 700 million
will be obese BMI >30 (kg/m?). Consequently obesity-related
co-morbidities including type 2 diabetes (T2D), cardiovascular
disease (CVD), and non-alcoholic fatty liver disease (NAFLD) will
continue to escalate (Kopelman, 2000; Mokdad et al., 2003).

Abbreviations: AA, arachidonic acid; ACC, acetyl-CoA carboxylase; AKT, pro-
tein kinase B; AMPK, adenosine monophosphate activated protein kinase; AP-1,
activator protein-1; APC, antigen presenting cell; ASC, adipocyte stem cells; ASC,
apoptotic speck-like protein containing a CARD; ASO, antisense oligonucleotide;
AT, adipose tissue; ATM, adipose tissue macrophage; ATP, adenosine triphosphate;
BAT, brown adipose tissue; bFGE, basic fibroblast growth factor; BMDC, bone
marrow derived dendritic cell; BMI, body mass index; C/EBP, CCAAT/enhancer
binding protein; C3, complement component 3; CLA, conjugated linoleic acid;
CLS, crown-like structures; COX, cyclooxygenase; CVD, cardiovascular disease;
DAG, diacylglycerol; DC, dendritic cell; DHA, docosahexaenoic acid; DPP, dipep-
tidyl peptidase; EGCG, epigallocatechin gallate; EPA, eicosapentaenoic acid; ERK,
extracellular signal-regulated kinase; FA, fatty acid; FFA, free fatty acid; G6P, glu-
cose 6-phosphatase; GLP, glucagon-like peptide; GLUT, glucose transporter; GPCR,
G protein-coupled receptor; HDL, high-density lipoprotein; HFD, high-fat diet;
HIFE, hypoxia-inducible factor; HMW, high-molecular weight; HSD1, hydroxys-
teroid dehydrogenase type 1; IFN, interferon; IGT, impaired glucose tolerance; IkB,
inhibitor of NF-kB; IKK, IkB kinase; IL, interleukin; iNKT, invariant natural killer
cell; iNOS, inducible nitric oxide synthase; IR, insulin resistance; IRAK, interleukin-1
receptor-associated kinase-1; IRS, insulin receptor substrate; IkB, inhibitor of NF-
kB kinase complex; JAK, janus kinase; JNK, Jun N-terminal kinase; KC, Kupffer
cell; LC, long chain; LDL, low-density lipoprotein; LMW, low molecularweight; LPS,

lipopolysaccharide; MAPK, mitogen activated protein kinase; MCP, macrophage
chemoattractant protein, MDMs monocyte derived macrophages; MetS, meta-
bolic syndrome; MHO, metabolically healthy obese; MIF, macrophage migration
inhibitory factor; MMW, middle-molecular weight; MnSOD, mitochondrial dis-
mutase; MONW, metabolically obese normal weight; mTOR, mammalian target
of rapamycin; MYD88, myeloid differentiation primary response gene 88; NAFLD,
non-alcoholic fatty liver disease; NK, natural killer cell; NLRP3, NOD, like receptor
3;NO, nitric oxide; O, * — superoxide; PI, phosphatidylinositol; PI3K, phosphatidyli-
nositide 3-kinase; PKC, protein kinase C; PLC, phospholipase; PPAR, peroxisome
proliferator-activated receptor; Pref-1, Pre-adipocyte factor-1; PRR, pattern recog-
nition receptor; PUFA, polyunsaturated fatty acid; RA, receptor antagonist; ROS,
reactive oxygen species; SAT, subcutaneous adipose tissue; SFA, saturated fatty acid;
SGBS, Simpson-Gibson—-Behmel syndrome; SHP2, protein tyrosine phosphatase,
non-receptor type 11; SIRT1, sirtuin1; SNP, single nucleotide polymorphism; SOCS,
suppressor of cytokine signaling; SREBP, sterol receptor binding protein; STAT,
signal-transducer and activator of transcription protein; SVE stroma-vascular frac-
tion; T2D, type 2 diabetes; TAG, triacylglyceride; TAK, transforming growth factor
B activated kinase; TH, T helper cell; TLR, toll like receptor; TNF, tumor-necrosis
factor; TRADD, TNF receptor death domain; TRAF, TNF receptor-associated fac-
tor; Treg, regulatory T cell; VAT, visceral adipose tissue; WAT, white adipose tissue;
WHO, world health organization; WT, wild type.
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Liver
Hepatic insulin resistance leads to
increased hepatic gluconeogenesis
and lipogenesis. Accumulation of
FFAs in the liver result in hepatic
steatosis and contribute to disrupted
insulin  signaling. Kuppfer cell
activation and additional macrophage
infiltration exacerbate the obese
hepatic environment.

Skeletal Muscle

Skeletal muscle is the main
target for glucose uptake in the
body. This can be insulin-
dependent or independent.
Glycogenesis follows glucose
uptake. Defective glycogen
synthesis is linked with insulin
resistance. Dysregulation of
fatty acid metabolism in
skeletal —muscle, is also
associated ~ with  defective
insulin signaling.

FIGURE 1 | Metabolic tissues implicated in obesity-induced
insulin resistance. Adipose tissue, liver, and skeletal muscle are
involved in glucose uptake, glucose production, and glucose
processing. These tissues therefore are paramount in obesity and

Adipose Tissue
White adipose tissue (WAT) ,
is a lipid storage organ that
expands with obesity.
Composed of adipocytes and
a stroma-vascular fraction it
also functions as an endocrine
organ; and secretes: leptin,
adiponectin, TNF-¢, IL-1B,
IL-1RA, IL-6, MIF, IL-10.
WAT expansion and immune
cell infiltration are crucial
events driving insulin
resistance. WAT participates
in insulin-stimulated glucose
uptake, and releases FFAs
following lipolysis.

the progression of insulin resistance. A combination of defective
fatty acid storage and metabolism together with immune cell
infiltration and a pro-inflammatory tissue milieu result in
dysregulation of insulin signaling.

Substantial evidence indicates that obesity is linked to a
state of chronic low-grade inflammation. Initially Hotamisligil
et al. (1993) determined a link between obesity and inflamma-
tion; demonstrating that the pro-inflammatory cytokine tumor-
necrosis factor (TNF)-a was expressed in adipose tissue (AT)
of obese mice and linked to insulin resistance (IR). Significant
advances in understanding the highly complex role of immuno-
metabolism in health have since been accomplished. Consequently
obesity is linked to pro-inflammatory cytokine secretion, immune
cell infiltration, and disrupted function of tissues involved in glu-
cose homeostasis, summarized in Figure 1. Dysfunctional lipid
metabolism accompanies obesity and can impair insulin signaling;
circulating free fatty acids (FFAs) have a negative effect on insulin
target tissues, through the activation of inflammatory pathways,
via cell surface pattern recognition receptors (PRRs) (Shi et al.,
2006). Furthermore, accumulation of lipid derivatives, such as dia-
cylglycerol (DAG) and ceramides can negatively regulate insulin
action (Schenk et al., 2008).

The purpose of this review is to evaluate the current evidence
in relation to obesity-induced IR, whereby the inflammatory axis
plays a critical role in the progression and severity of IR. It is
possible to attenuate the pro-inflammatory, insulin de-sensitizing
milieu within the obesogenic environment. Weight management
programs can attenuate T2D risk by reducing obesity and improv-
ing insulin sensitivity; however the long-term success of this
approach is not optimal. Thus, are there effective nutritional
strategies to attenuate the impact of inflammation mediated IR
beyond weight loss?

ADIPOSE TISSUE, OBESITY-INDUCED INFLAMMATION, AND
INSULIN RESISTANCE

There are two distinct forms of AT, brown adipose tissue (BAT)
and white adipose tissue (WAT). BAT is typically associated with
thermogenesis, although initially thought to disappear soon after
birth in humans, evidence now suggests that BAT is present in adult
humans in the supraclavical and paraspinal regions (Yoneshiro
et al., 2011). Recent studies support the role of BAT functional-
ity in adult humans relating to the control of body temperature
and adiposity, which is of direct relevance to the metabolic syn-
drome (MetS) (Jacene etal.,2011; Ouellet et al., 2011; Nishio et al.,
2012). BAT levels and activity are inversely correlated with BMI
and conversely loss of BAT activity may be associated with the
accumulation of WAT (Saito et al., 2009; Van Marken Lichtenbelt
et al., 2009; Vijgen et al., 2011).

The depot most important to obesity and IR is WAT. WAT tradi-
tionally functions in lipid storage, storing triacylglycerides (TAG)
following energy excess, and mobilizing these stores during periods
of nutrient deprivation (Gregoire et al., 1998). With obesity and
IR there is increased lipolysis, consequently there is an inappro-
priate spill over of TAG derived FFAs (Sethi and Vidal-Puig, 2007)
and these FFAs can activate inflammatory pathways and impair
insulin signaling. WAT also acts as an endocrine organ, releas-
ing bioactive substances that have been coined adipokines, these
include interleukin (IL)-6, IL-18, TNF-q, leptin, and adiponectin.
WAT is a complex multi-cellular organ, composed primarily of
adipocytes. The stroma-vascular fraction (SVF) of AT contains
several highly potent cells including adipocyte progenitor cells, or
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FIGURE 2 | Obese adipose tissue expansion - resultant
inflammation and metabolic dysregulation. Excess energy leads to
adipose expansion with hypertrophic adipocytes that secrete
chemoattractants such as MCP-1, drawing immune cells into the
tissue. Secretion of pro-inflammatory mediators such as TNF-a, IL-18,
and IL-6 by adipocytes, pre-adipocytes, and infiltrating immune cells

results in polarization of macrophages to a pro-inflammatory M1
phenotype, and drive an inflammatory T cell population. Augmented
lipolysis leads to increased levels of FFAs. This environment negatively
impacts on the insulin signaling pathway and a state of insulin
resistance results. Additionally hypertrophic adipocytes are also linked
with hypoxia.

pre-adipocytes, and resident immune cell populations. In the IR
state, pro-inflammatory cytokines activate several serine kinases,
including IkB kinase (IKK) and JNK (Gual et al., 2005). These
kinases have been shown to inhibit insulin action by promoting
the phosphorylation of serine residues of the insulin signaling
pathway, including serine phosphorylation of insulin receptor
substrate-1 (IRS-1). In contrast with tyrosine phosphorylation of
IRS-1 in the insulin sensitive state, serine phosphorylation impairs
normal insulin signaling (Schenk et al., 2008).

ADIPOCYTES

White adipose tissue is unique in its plasticity, it can adapt quickly
to nutrient deprivation and hyper-nutrition alike. The flexibil-
ity of WAT is largely due to the hypertrophic and hyperplastic
changes in adipocytes. WAT plasticity has an important role in
determining metabolic health (Virtue and Vidal-Puig, 2008). The
expansion of WAT that occurs with weight gain is accompanied
by changes in cytokine and chemokine secretion, hypoxia, cell
death, immune cell infiltration, and dysregulation of fatty acid
(FA) metabolism and storage, see Figure 2. Adipocyte hyper-
trophy modulates the adipose secretome (Osborn and Olefsky,
2012). Mature adipocytes secrete IL-6, monocyte chemoattractant
protein (MCP)-1, leptin, and adiponectin; which can act in an
autocrine, paracrine, or endocrine manner to regulate lipid and
glucose homeostasis (Curat et al., 2004). Expression of inducible
nitric oxide synthase (iNOS), MCP-1 and IL-6 are concomitantly
increased in the mature adipocyte fraction of obese mice, in

parallel with increased 11p-hydroxysteroid dehydrogenase type
I (HSD1) levels (Ishii-Yonemoto et al., 2010). In in vitro cul-
tures TNF-a, IL-1f, and IL-6 up-regulate 11f-HSD1 (Tomlinson
et al., 2001). Increased MCP-1 expression promotes monocyte
infiltration of the WAT, these then differentiate into adipose tissue
macrophages (ATM). Adipocytes also induce the expression of the
adhesion molecules ICAM-1 and PECAM-1 on endothelial cells
(Curat et al., 2004) which further attract monocytes to the region.
ATM secrete additional chemokines and cytokines, further exacer-
bating the pro-inflammatory environment (Osborn and Olefsky,
2012).

STROMA-VASCULAR FRACTION

The SVF of WAT is composed of several metabolically active
and inflammatory cells, summarized in Figure 3; including pre-
adipocytes, fibroblasts, endothelial cells, dendritic cells (DCs), T
cells, mast cells, granulocytes, and macrophages (Calder et al,,
2011) embedded in an extra cellular matrix. This fraction plays
a critical role in healthy fat pad expansion (Sun et al., 2011). In
response to a high-fat diet (HFD) and obesity, there is an increase
in SVF cell number, the phenotype of which adversely affects
metabolism (Strissel et al., 2010).

PRE-ADIPOCYTES

Two distinct adipocyte cell types were identified in human omen-
tal fat (Julien et al., 1989). Mature adipocytes with lipid droplets
were observed in close proximity to much smaller nucleated cells
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Adipocytes
Predominant cell
type in adipose
tissue.
Secretes adipokines
including IL-6, leptin
and adiponectin.
Release FFAs.

Pre-adipocytes
Present in the SVF
of adipose tissue.
Secrete pro-inflammatory
mediators such asIL-6
and MCP-1.
Adipocyte precursor.
A pro-inflammatory
environment hampers
adipogenesis.

Dendritic Cells
Secrete cytokines in
response to

extracellular signals

including adiponectin
and FFAs.
Important

in initiating a T cell

response.

T Cells
T cell expansion is
driven by cues from
the innate immune
system.
Cytotoxic and Tyl cell
numbers increase
with obesity and T,
cell numbers decline.
Influence macrophage
polarization.

Macrophages

Pro-inflammatory M1
population dominates
over M2 in obesity.
Form crown-like
structures.

M1 cells secrete IL-6,
TNF-¢ and IL-1p.
Anti-inflammatory M2
cells secrete IL-10 and
IL-1RA

macrophages.

FIGURE 3 | Major cell types involved in obesity-induced inflammation and insulin resistance; adipocytes, pre-adipocytes, dendritic cells, T cells, and

containing less lipid, referred to as pre-adipocytes. Increasing body
weight is associated with increased numbers of pre-adipocytes and
it has been suggested that the expansion of this cellular population
is associated with IR (McLaughlin et al.,2007). There is much spec-
ulation as to the origins of pre-adipocytes (Cawthorn et al., 2012).
Hollenbergand Vost (1969) utilized tritiated thymidine incorpora-
tion in WAT and identified the SVF as the source of new adipocyte
formation. Adipocyte stem cells (ASCs) are likely mesenchymal
stem cells that reside in the WAT and give rise to adipocytes; with
pre-adipocytes representing an intermediary stage in this process
(Zuk et al., 2001; Cawthorn et al., 2012).

Cytokines have potent effects on pre-adipocyte biology. TNF-
a, interferon (IFN)-y, IL-18, and IL-6 impair adipogenesis and
lipid accumulation in 3T3-L1 pre-adipocytes (Gustafson and
Smith, 2006; McGillicuddy et al., 2009). Specifically, IL-6 treatment
reduced adiponectin, resistin, glucose transporter type (GLUT)-4,
and IRS-1 expression; while TNF-a treatment increased secretion
of IL-6 and MCP-1 from pre-adipocytes (Chung et al., 2006).
Indeed pre-adipocytes secrete greater levels of pro-inflammatory
mediators such as IL-6 and MCP-1 than adipocytes (Poulain-
Godefroy and Froguel, 2007; Mack et al., 2009). Phospholipase C31
(PLC31) has also been shown to regulate 3T3-L1 pre-adipocyte
differentiation (Hirata et al., 2011), this enzyme regulates adi-
pogenesis. Pre-adipocytes secrete basic fibroblast growth factor
(bFGF/FGEF-2), involved in promoting vascular endothelial cell
growth, levels of which are increased with obesity (Bell et al,
2006; Sun et al., 2011). Basic fibroblast growth factor is involved in
recruiting monocytes and neutrophils under chronic inflamma-
tory conditions, it acts synergistically with TNF-a and IFN-y and

in the absence of these cytokines bFGF could not induce leukocytes
recruitment (Zittermann and Issekutz, 2006).

Pre-adipocyte factor-1 (Pref-1) is a transmembrane protein
expressed exclusively by pre-adipocytes and inhibits adipogen-
esis (Chung et al., 2006; O’Connell et al., 2011). Pref-1 levels
are increased in metabolically unhealthy WAT (O’Connell et al.,
2011) and levels correlate with ATM number. The capacity of
pre-adipocytes to undergo adipogenesis is a critical factor in obe-
sity and IR. Adipogenic potential is impeded with age and by
various cytokines, via the transcription factors CCAAT/enhancer
binding protein (C/EBP)la (Karagiannides et al., 2001) and per-
oxisome proliferator-activated receptors (PPAR)-y (Hotta et al.,
1999). Reduced capacity for de novo adipogenesis, coupled with
increased FFA storage demand in obesity may account for the
switch from hyperplastic to hypertrophic WAT, which in turn has
negative implications in terms of impeding FFA storage capacity
and leakage.

ADIPOSE TISSUE MACROPHAGES

Adipose tissue macrophages can be classified based on their surface
marker expression and/or their chemokine and cytokine secretion
profile. ATM number and phenotype is altered in genetic and diet
induced obesity. In the obese state there are greater proportions
of classically activated M1 but less M2 macrophages; which would
otherwise play a role in the resolution of inflammation (Lumeng
et al., 2007; Fujisaka et al., 2009). M1 macrophages secrete pro-
inflammatory cytokines TNF-a, IL-1f, and IL-6; whereas alter-
natively activated M2 macrophages secrete anti-inflammatory
cytokines including IL-10 and IL-1 receptor antagonist (RA)
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(Lumeng et al., 2007). The degree of ATM infiltration is associ-
ated with the progression of IR (Osborn and Olefsky, 2012). It
is likely that M1 ATMs originate from monocytes in circulation
rather than originating in the SVF (Calder et al., 2011; Oh et al,,
2012).

The immuno-phenotype of macrophages is highly plastic in
response to their surrounding milieu (Mosser and Edwards, 2008).
As obesity progresses the ATM phenotype switches from anti-
inflammatory M2 to the pro-inflammatory M1 type, through a
dynamic process spanning a spectrum from M1 to M2 states
(Lumeng et al., 2007; Osborn and Olefsky, 2012). ATM cluster
around necrotic adipocytes in arrangements coined crown-like
structures (CLS). M1 ATM infiltration decreases insulin sensi-
tivity as a result of greater TNF-a, IL-1B, and IL-6 secretion,
which induce an insulin resistant environment. FFAs can activate
macrophages in vitro acting through Toll like receptor (TLR)2
and TLR4 to induce MCP-1, IL-6, and IL-1f expression (Nguyen
et al., 2007). FFAs also induce PAI-1 secretion from macrophages
in vitro; however this induction occurred only in the presence
of 3T3-L1 adipocytes in the culture environment, suggesting
FFA’s and adipocyte secretions act synergistically to influence
macrophage secretions (Kishore et al., 2010). ATM infiltration
can be detected after only 1 week of HFD feeding (Lynch et al,,
2012) and increase progressively with time and in proportion to
the degree of obesity. With obesity ATM also take on a foam cell-
like role, accumulating excess lipid (Prieur et al., 2011). Weight
loss is associated with lower ATM number (Kosteli et al., 2010)
however initial rapid weight loss is also accompanied by transient
infiltration of macrophages (Granneman et al., 2005; Sun et al.,
2011).

There is some uncertainty when distinguishing macrophages
from DCs (Geissmann etal., 2010); these cell types overlap in terms
of function and molecular characterization. Both are phagocytic
antigen presenting cells (APC) and also share certain cell surface
markers including CD11¢, MHC II, and F4/80. The Immunolog-
ical Genome Project has generated detailed gene expression pro-
files and regulatory pathways that enable discrimination between
macrophages and DCs and additionally to distinguish between
different populations of these cell types (Gautier et al., 2012).
This project shows that there was great diversity between different
macrophage populations but detected only 39 mRNA transcripts
common to all macrophage types but not to DCs.

T CELLS

Adipose tissue macrophages were the first immune cells asso-
ciated with IR, however in terms of WAT infiltration they are
preceded by other immune cells including T cells. Different T
cell subsets are involved in obesity and WAT infiltration. Regu-
latory T cells (Tyeg) normally constitute 5-20% of the CD4™ T
cell population and play a crucial role in maintaining immune
homeostasis (Feuerer et al., 2009). Tyeg secrete anti-inflammatory
cytokines, inhibiting macrophage migration, and promoting an
M2 macrophage phenotype (Osborn and Olefsky, 2012). A decline
in Tregs accompanies increasing weight gain in both mouse and
human (Feuerer et al., 2009; Winer et al., 2009a). The Treg depleted
mouse has lower insulin-stimulated insulin receptor tyrosine
phosphorylation in both epididymal fat and liver, accompanied

by reduced AKT phosphorylation (Feuerer et al., 2009). Anti-
inflammatory CD4+ T helper (Ty) 2 cells secrete IL-4 and IL-13
(Winer et al., 2009a). Interleukin-4 induces M2 macrophages that
secrete IL-10, which in turn is proposed to have insulin sensitizing
potential.

Pro-inflammatory Tyl cells secrete IFN-y that drives polar-
ization of pro-inflammatory macrophages, that in turn secrete
IL-1, IL-6, and TNF-a (Winer et al., 2009a). Tyl cells can acti-
vate macrophages (Zhu and Paul, 2008). HFD feeding increased
Tyl cell number thus negating the anti-inflammatory secretions
from Treg and T2 cells (Winer et al., 2009a). Interleukin-6 in
conjunction with IL-23, TGF-8, and IL-1, drive the proliferation
of CD4™ Ty17 cells (Kikly et al., 20065 Brereton et al., 2009).
Activation of ERK in DCs is crucial in driving IL-1f and IL-
23 production that further drive the expansion of Ty17 cells
(Brereton et al., 2009). Ty17 cells secrete the pro-inflammatory
cytokines IL-17A and IL-17F and also TNF-a, IL-6, GM-CSF,
CXCL1, and CCL20. Winer et al. (2009b) reported an increase
in Tyl7 cells in the spleens of HFD-fed mice, but Ty17 cells
were absent in HFD-fed IL-6~/~ mice. HFD-fed Ragl ™/~ mice
reconstituted with CD4 ™ T cells had lower weight gain than those
reconstituted with CD8% T cells, both had similar food intake
(Winer et al., 2009a). The CD4" T cell recipient mice also had
smaller adipocytes in both subcutaneous and epididymal fat pads.
The infiltration of CD8" T cells to WAT is an early event in
obesity, whereby obese WAT can activate CD8™ T cells that subse-
quently recruit macrophages (Nishimuraetal.,2009; Harford etal.,
2011). The percentage of CD8TCD4™ T cells in the SVF fraction
of epididymal fat increased in HFD-fed mice after just 2 weeks.
CD8'CD4™ T cell number increased for up to 11 weeks on HFD
while both CD8~CD41 and Treg numbers decreased over time
(Nishimura et al., 2009). Depletion of CD8™ cells resulted in a sig-
nificant reduction in CD8+tCD4™ T cells numbers in epididymal
fat pads, and reduced M1 macrophage infiltration; without alter-
ing the M2 fraction in HFD-fed mice. In order to demonstrate
the effects of obese versus lean WAT on CD8% T cells, epididy-
mal fat pads from chow and HFD-fed mice were co-cultured with
splenic CD8™ T cells; the obese WAT induced T cell prolifera-
tion to a greater extent than the lean WAT (Nishimura et al,
2009).

Invariant natural killer T (iNKT) cells are a population of innate
T cells present in WAT; obesity is accompanied by a decline in iNKT
cells in WAT (Lynch et al., 2012). This cell type can recognize lipid
antigens on MHC-like glycoprotein CD1 (Brigl and Brenner, 2004;
Lynch et al., 2009b). DCs express CD1 and in vivo may activate
iNKT cells (Exley and Koziel, 2004). There is uncertainty about
naturally occurring ligands recognized by iNKT cells; endogenous
lysosomal glycosphingolipid and isoglobotrihexosylceramide in
addition to bacterial glycosphingolipids are proposed iNKT lig-
ands (Zhou et al.,, 2004; Kinjo et al., 2005; Lynch et al., 2009b).
iNKT cells are found at a higher frequency in mouse than in
human, however they are particularly present in the human omen-
tum, this region also contains the highest concentration of CD1d*
cells (Lynch et al., 2009b). iNKT cells comprise up to 50% of res-
ident T cells in the liver (Eberl et al., 1999) and in the WAT they
produce Ty2 type cytokines. Jal8 deficient mice and CD1d ™/~
mice lack iNKT cells, with this absence there is an increase in
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macrophage number in WAT (Lynch et al.,, 2012). Both show
greater M1 infiltration of WAT following HFD feeding. CD1d~/~
mice have decreased adiponectin and increased leptin levels in
WAT and plasma (Schipper et al.,, 2012). Lean mice deficient
in iNKT develop an insulin resistant phenotype in the absence
of WAT inflammation (Schipper et al., 2012). These lean mice
also displayed adipocyte hypertrophy but there was no change in
epididymal fat pad weight relative to wild-type mice.

DENDRITIC CELLS

Dendritic cells are considered the principal APC of the immune
system and are crucial for initiating a T cell response (Sallusto and
Lanzavecchia, 1994). They process phagocytosed particles and use
peptide information from these to present to T cells via MHC
class I and class II molecules. DCs are the only cell type that
can induce naive T cell differentiation (Sallusto and Lanzavecchia,
1994; Bhattacharya et al., 2011). Mature DCs secrete cytokines that
influence different cell responses, e.g., naive T cells to Ty1, -2, -
17, Tregs and therefore DCs link innate and adaptive arms of the
immune system. Ty 1 cell induction follows pro-inflammatory IL-
12p70 secretion by DCs (McGuirk et al., 2005); Ty1 cells then
produce IFN-y and can prevent the development of Treg cells
(DePaolo et al., 2011). Additionally IFN-y feeds back to DCs
ensuring the continued production of IL-12p70. Inactivation of
MEKI1/2 in the MAPK pathway leads to a reduction in IL-1f
and IL-23 production but does not result in diminished IL-12p70
production.

Adipose and bone marrow DC number increases following
HFD feeding in mice (Reynolds et al., 2012). Further studies have
shown HFD feeding also results in DC infiltration of the liver in
addition to the WAT (Stefanovic-Racic et al., 2012). DCs present
in the liver of obese mice have increased CD86 expression, suggest-
ing that the obese environment promotes DC maturation. Addi-
tionally F1t3~/~ mice, lacking DCs, showed reduced macrophage
infiltration of liver and WAT. DCs isolated from the SVF of lean
and obese mice contained different population subsets (Bertola
et al., 2012); CDIlchi8h/F4/80'°" DCs from obese mice induced
the differentiation of Ty 17 cells that produced high levels of IL-
17, whereas CDIlcMi8"/F4/80"¢¢ DCs induced both Ty 1 and Ty17
cells that produced low levels of their respective cytokines IFN-
y and IL-17. In lean mice CDIIc"#"/F4/80"¢ DCs only induced
Ty1 cells and CDIlchg"/F4/80!°% DCs initiated a weak Ty17 cell
expansion.

Zhong et al. (2013) investigated the role of dipeptidyl
peptidase-4 (DDP4/CD26) in human DCs in relation to T cell acti-
vation. Dipeptidyl peptidase-4 was first identified as an enzyme
involved in the degradation of glucagon-like peptide (GLP)-1
(Yazbecketal.,2009). Dipeptidyl peptidase-4 expression was inves-
tigated in human peripheral blood and the SVF fraction from the
omentum of healthy lean subjects (Zhong et al., 2013). Expression
of DPP4 was greater on DCs and macrophages from the SVF frac-
tion than those from the peripheral blood. Dipeptidyl peptidase-4
expressing macrophages were measured from visceral adipose tis-
sue (VAT) of obese subjects and levels were higher than observed
in lean controls; both HFD-fed mice and ob/ob mice also showed
increase DPP4 expression in WAT, and on DCs and macrophages
(Zhong et al., 2013).

NATURAL KILLER CELLS

Natural killer (NK) cells represent the first line of immune defense
(Shi et al., 2000). They produce IFN-y and can drive Tyl cell
expansion (Yadav et al., 2011), they also produce IL-17 (Cua and
Tato,2010). Subjects deemed obese yet metabolically healthy had a
greater number of CD8™ cells and NK cells than their “unhealthy”
counterparts, but both groups had fewer circulating NK cells than
lean subjects (Lynch et al., 2009a). NK cells differed in phenotype
between the two groups of obese patients; there was increased
expression of inhibitory markers such as NKB1 and CD158b in
the unhealthy group. Adipokines can influence NK cells and lep-
tin was shown to have an inhibitory effect on NK cells in lean
but not obese subjects while adiponectin enhanced NK activity in
obese subjects (O’Shea et al., 2010).

EOSINOPHILS

Eosinophils are classically associated with allergy but are also asso-
ciated with M2 macrophages. Eosinophils are present in the WAT
of mice and produce IL-4 thus act to replenish M2 macrophages;
they account for 4-5% of SVF cells in the WAT (Wu et al., 2011).
T2 cell IL-4 production may complement eosinophil IL-4 secre-
tion, or indeed make it redundant (Maizels and Allen, 2011). A
decline in eosinophil numbers has been reported in HFD-fed mice
(Wuetal.,2011) and in the absence of eosinophils M2 macrophage
numbers become diminished.

THE LIVER AND SKELETAL MUSCLE ARE CRITICAL ORGANS
ADVERSELY AFFECTED IN OBESITY-INDUCED INSULIN
RESISTANCE

LIVER

Obesity induces morphological and metabolic alterations in other
peripheral tissues including the liver and skeletal muscle. NAFLD
is a complex metabolic disorder transpiring to be one of the most
prevalent liver conditions in the western world (Flegal et al., 2002;
Utzschneider and Kahn, 2006). NAFLD is strongly linked with
obesity, IR, and T2D (Seppala-Lindroos et al., 2002; Adams et al.,
2005). This condition represents multiple pathogenic states from
steatosis to steatohepatitis which can progress to cirrhosis and
liver failure (Farrell and Larter, 2006). In an obese state the liver
exhibits selective IR; the inhibitory effect of insulin on hepatic
gluconeogenesis is interrupted while its action on de novo lipoge-
nesis is enhanced, resulting in chronic hyperglycemia and hyper-
triglyceridemia (Schwarz et al., 2003; Brown and Goldstein, 2008).
The mechanisms responsible for hepatic IR are controversial and
causality has been attributed to several factors.

The “portal hypothesis” suggests enhanced visceral tissue lipol-
ysis, resultant from obesity-induced IR, exacerbates FFA influx
into the liver via the portal vein, contributing to hepatic steatosis
(Bjorntorp, 1990; Berraondo and Martinez, 2000; Utzschneider
and Kahn, 2006). This increase in hepatic FFA may induce hepatic
IR by promoting protein kinase C (PKC)3 translocation from
the cytosol to the membrane, leading to impaired IRS-associated
phosphatidylinositol (PI)3-kinase activity (Lam etal., 2002). Addi-
tionally elevated WAT derived pro-inflammatory cytokine secre-
tion including TNF-a and reduced adiponectin secretion have also
been implicated in hepatic IR (Berg et al., 2001). Alternatively
excessive TAG accumulation within the liver has been implicated in
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hepatic IR (Utzschneider and Kahn, 2006). Patients with NAFLD
display elevated de novo lipogenesis, which reflects the inability
for insulin to impede lipogenesis (Donnelly et al., 2005). NAFLD
associated hyperinsulinemia can stimulate lipogenic transcription
factor sterol receptor binding protein (SREBP)-1¢, and inhibit fork
head transcription factor Foxa2 activity, promoting enhanced FA
synthesis and reduced p-oxidation (Wolfrum et al., 2004; Tamura
and Shimomura, 2005; Gonzalez-Baro et al., 2007). Furthermore,
HFD-fed mice have elevated hepatocyte ceramide secretion (Boon
etal., 2013), this secretion profile is linked to plasma ceramide lev-
els suggesting that the liver is the principal producer of circulating
ceramide.

The liver has a large population of resident macrophages or
Kupfter cells (KC) (Neyrincketal.,2009). NAFLD is linked with the
inflammatory activation of KCs (Odegaard et al., 2008). Increased
adiposity activates KC, without altering total KC number (Cai et al.,
2005). Activation of KC is associated with hepatic IR (Neyrinck
et al., 2009; Lanthier et al., 2010) and the production of inflam-
matory mediators including TNF-a and reactive oxygen species
(ROS). Similar to ATM, KC present immense plasticity and can
alter between a pro-inflammatory M1 and anti-inflammatory M2
phenotype, in response to their specific environment (Gordon,
2003). Ablation of PPAR-3, an important FA sensor in hematopoi-
etic cells, polarized KC to an M1 activation state augmenting
HFD-induced hepatic steatosis through a reduction in hepatic
B-oxidation (Odegaard et al., 2008). HFD fed mice depleted of
KCs, have decreased lipogenic gene expression and suppression of
hepatic glucose 6-phosphatase (G6Pase), a crucial gene involved
in gluconeogenesis (Neyrinck et al., 2009). The G protein-coupled
receptor (GPCR) GPRI105 is involved in additional macrophage
infiltration of the liver and the ensuing inflammatory and insulin
resistant state (Xu et al., 2012).

SKELETAL MUSCLE
Skeletal muscle is the main target organ for glucose uptake in the
body, responsible for 80% of glucose disposal in man (Lorenzo
et al., 2008; DeFronzo and Tripathy, 2009). Glycogen synthesis is
the principal pathway for glucose disposal in both normal and T2D
subjects (Shulman et al., 1990). Defective glycogen synthesis has a
causative role in IR and T2D (Shulman, 2000). Insulin stimulation
in T2D does not increase glucose-6-phosphate, an intermediary
metabolite of glucose transport and glycogen synthesis. This sug-
gests that T2D is associated with either decreased glucose transport
activity or decreased hexokinase II activity. Further investigation
elucidated that glucose transport is the rate-controlling step in
insulin-stimulated glycogen synthesis (Cline et al., 1999).
Increased circulating FFAs and dysregulation of intramyocel-
lular FA metabolism can result in a ~50% decrease in insulin-
stimulated glycogen synthesis in muscle (Roden et al., 1996). This
is a consequence of reduced glucose-transport activity and defec-
tive PI3K activity (Dresner et al., 1999; Petersen and Shulman,
2002). In vivo infusion of a lipid emulsion in rats resulted in an
increase in intracellular C18:2 CoA and DAG in skeletal muscle
(Yu et al., 2002). Additionally reduced tyrosine phosphorylation
of IRS-1 and reduced IRS-1 associated PI3K activity followed lipid
infusion; this coincided with increased PKCH activation. Com-
bined these changes result in decreased insulin-stimulated glucose

transport activity. Circulating ceramides are increased with T2D,
in particular elevated LDL-ceramide is associated with IR (Boon
et al., 2013). Infusion of LDL-ceramide into lean mice resulted
in reduced glucose disposal in skeletal muscle and decreased
phosphorylation of AKT (Boon et al., 2013). In skeletal muscle,
IKKB signaling increased coincident with increased expression of
NF-kB target genes TNF-a, IL-6, and IL-1p. LDL-ceramide also
decreased insulin-stimulated glucose uptake through decreased
GLUT4 translocation.

Interleukin-6 levels are elevated in obesity, likely due to
greater WAT IL-6 secretion; and are associated with IR and T2D
risk (Spranger et al., 2003; Pedersen and Febbraio, 2008). The
functional role and consequence of IL-6 in skeletal muscle is
highly complex and potentially counterintuitive. In its role as a
myokine, IL-6 expression is enhanced in contracting skeletal mus-
cle and released after exercise, when insulin sensitivity is enhanced
(Ostrowski et al., 1998; Steensberg et al., 2000). Skeletal mus-
cle metabolism is enhanced by IL-6, increasing AMP-activated
protein kinase (AMPK) a2 activity, FA oxidation, and glucose
uptake (Kelly et al., 2009). Interleukin-6 signaling is abnormal in
obese and T2D subjects muscle precursor cells. There is reduced
skeletal muscle IL-6 receptor expression in obesity and abnormal
STAT3/suppressor of cytokine signaling 3 (SOCS3) signaling, and
attenuated IL-6 induced AMPKa2 activation with T2D (Scheele
etal., 2012).

Hong et al. (2009) investigated IL-10 action in skeletal muscle
glucose homeostasis; using a transgenic mouse model with mus-
cle specific overexpression of IL-10. Following HFD feeding, IL-10
over-expressing mice had improved insulin sensitivity relative to
HFD-fed control mice; additionally increased tyrosine phosphory-
lation of IRS-1 was demonstrated. There was reduced macrophage
infiltration of skeletal muscle in the HFD transgenic mice and a
corresponding reduction in IL-6 and TNF-a secretion in the mus-
cle. TNF-a expression has been shown to be increased in muscle
biopsies from IR subjects (Saghizadeh et al., 1996).

Insulin-independent glucose transport in skeletal muscle
occurs following AMPK activation (Fujii et al., 2006). Leptin
increases fatty oxidation and decreases fat storage in muscle via
AMPK activation. HFD fed mice show decreased leptin-stimulated
AMPK activation (Martin et al., 2006), due to abrogated acetyl-
CoA carboxylase (ACC) activity downstream of the AMPK path-
way. SOCS3, a regulator of leptin, is elevated in the skeletal
muscle of HFD-fed mice (Yang et al., 2012). Overexpression of
SOCS3 impairs leptin-stimulated AMPK activation, reduced tyro-
sine phosphorylation of IRS-1, PI-3-kinase activity, and AKT
phosphorylation (Yang et al., 2012).

White adipose tissue derivatives, either FA or cytokine/inflammatory

derived have a plethora of adverse and synergistic effects on hepatic
and skeletal metabolism, that further augment the impact of
dysregulated WAT metabolism in obesity.

INFLAMMATORY MEDIATORS INVOLVED IN
OBESITY-INDUCED INSULIN RESISTANCE

Metabolic dysregulation has been attributed to numerous pro-
inflammatory cytokines secreted by the altered immune cell milieu
of obese WAT, including IL-1, TNF-a, MIF, and IL-6, all of which
have been documented in disrupting insulin signaling.
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INTERLEUKIN-1 FAMILY

The IL-1 superfamily includes IL-1a, IL-1f, IL-1RA, IL-18, IL-33,
and IL-37 (Dinarello, 2009; Akdis et al., 2011). Interleukin-1 is a
multifunctional pro-inflammatory cytokine, produced by numer-
ous innate immune cells including monocytes/macrophage and
DCs (Garcia et al., 2006; Tilg and Moschen, 2008). Interleukin-
la and IL-1B mediate their actions through the IL-1 receptor
1(IL-1R1) and potently induce the production of inflammatory
cytokines including IL-6. Conversely IL-1la and IL-1f differ in
their maturation and secretion, IL-1a is secreted in a biologically
active state while IL-1f activation is dependent on the cleavage of
pro-IL-1f to mature IL-1P by caspase-1 (Dinarello et al., 2010).
Interleukin-1f disrupts adipogenesis in human and murine cell
models (Lagathu et al., 2006). IL-1 signaling cascade involves the
activation of NF-kB and JNK MAPK pathways (Stylianou and Sak-
latvala, 1998). In contrast, anti-inflammatory IL-1RA binds to the
IL-1R1 and blocks signaling events due to its lack of an essential
IL-1R accessory protein (Tack et al., 2012). In recent years the full
importance of IL-1 signaling in obesity, adipocyte dysfunction,
and IR has been recognized.

Increased circulating IL-1B concentrations are associated with
greater risk of developing T2D (Spranger et al., 2003). Obese
VAT expresses more IL-1f and IL-1R1 (Juge-Aubry et al., 2003).
Interleukin-1a impairs insulin-stimulated tyrosine phosphoryla-
tion of IRS-1 in 3T3-L1-adipocytes (He et al., 2006). Furthermore
IL-1p inhibited insulin-stimulated glucose uptake into 3T3-L1-
adipocytes, an effect proposed to be mediated via IL-1f induced
ERK activation (Jager et al., 2007). Correspondingly lack of IL-1R1
protects mice from HFD-induced glucose intolerance (De Roos
et al., 2009; McGillicuddy et al., 2011). Treatment of HFD-fed
mice with IL-1RA ameliorated glucose intolerance and protected
against obesity-induced pancreatic §-cell destruction (Sauter etal.,
2008). However a certain element of controversy still surrounds IL-
1 regarding its function in vivo. Interleukin-1RA™'~ mice exhibit
alean phenotype concomitant with enhanced energy expenditure
and improved insulin sensitivity (Matsuki et al., 2003; Isoda et al.,
2005). On the other hand IL-1R17/~ mice develop mature onset
obesity with reduced glucose homeostasis (Garcia et al., 2006).
Together these studies highlight the pathological significance of IL-
1 to obesity associated metabolic dysregulation but also highlight
the complexity of this signaling molecule.

PROCESSING ACTIVE IL-18 VIA NLRP3 INFLAMMASOME

The processing and activation of IL-1 in vivo comprises a multi-
faceted network of events wherein two individual stress response
signals are required to “prime” and “activate” IL-1p. Activation of
TLR4 via stress signals such as lipopolysaccharide (LPS) or satu-
rated fatty acids (SFA) delivers the first “hit” necessary for produc-
tion of pro-IL-1B (Wen et al., 2011). The subsequent processing of
pro-IL-1P to mature biologically active IL-1f is dependent on the
NOD like Receptor (NLRP)3-caspase 1 inflammasome complex
(Mills and Dunne, 2009). The NLRP3 inflammasome is a multi-
molecular complex recently demonstrated as central to obesity-
induced IR. This complex is comprised of NLRP3, the adap-
tor molecule-apoptosis-associated speck-like protein containing a
CARD and pro-caspase-1. Assembly of the NLRP3 inflammasome
is mediated through a diverse range of endogenous and exogenous

stressors including FFAs, glucose, adenosine triphosphate (ATP),
uric acid, and ROS (Netea et al., 2009). Activation of the inflam-
masome induces caspase-1 activity required for cleaving pro-IL-1f
to mature IL-1B. Indeed the importance of the NLRP3 inflam-
masome and caspase-1 activity in obesity-induced IR has been
recently highlighted. Vandanmagsar et al. confirmed that weight
loss through calorie restriction or exercise diminished NLRP3
expression in WAT. Moreover NLRP3 ™/~ mice were protected
from the adverse metabolic effects elicited by HFD; demonstrated
by improved glucose homeostasis, greater insulin-induced pAKT
activity in VAT, subcutaneous adipose tissue (SAT), liver and mus-
cle. Interestingly, similar to IL-1R1 deficient mice, lack of NLRP3
did not alter the ATM M1/M2 ratio (Vandanmagsar et al., 2011).
Stienstra et al. illustrated that caspase-1 expression was amplified
during adipocyte differentiation and this increase was associated
with reduced insulin sensitivity. Lack of caspase-1 or NLRP3
increased adipogenesis and lipid accumulation in adipocytes. Fur-
thermore, lack of caspase-1 prevented HFD-induced IR (Stienstra
et al., 2010). These studies indicate that the inflammasome which
modulates IL-1 activation/mediated inflammation is a critical
regulator of inflammation and WAT function.

TUMOR-NECROSIS FACTOR-«

Tumor-necrosis factor-a is a potent pro-inflammatory cytokine,
primarily secreted from monocytes and macrophages, via the
activation of MAPK and NF-«B signaling pathways, resulting in
the release of other inflammatory cytokines such as IL-1p and
IL-6 (Chen and Goeddel, 2002; De Luca and Olefsky, 2006). It
was the first inflammatory mediator linked with obesity-induced
IR (Hotamisligil et al., 1993). Chronic treatment of 3T3-L1
adipocytes with TNF-a activated intracellular IKKB and reduced
tyrosine phosphorylation of IRS-1, ultimately leading to impaired
insulin action. Obese rodents administered TNF-a neutralizing
antibody exhibited reduced hyperinsulinemia (Hotamisligil et al.,
1994). Whole body deletion of TNF-a or its corresponding recep-
tor TNF receptor 1 (TNFR1) gene partially protects mice from
obesity-induced IR (Uysal et al., 1997). Several studies have shown
TNF-a can also indirectly alter insulin sensitivity. The treatment
of 3T3-L1 adipocytes with TNF-a increased lipolysis but also
down-regulated adipogenic genes; PPAR-y and C/EBP. Further-
more TNF-a activated NF-kB suppressed genes involved in lipid
uptake and storage (Ruan et al., 2002). Obese human subjects
exhibit elevated circulating levels of TNF-a (Hotamisligil et al.,
1995; Kern et al., 1995). However the benefits of anti-TNF therapy
in T2D are limited.

INTERLEUKIN-10

Interleukin-10 is an anti-inflammatory cytokine produced by
monocytes, M2 ATMs, DCs, T cells, and B cells. It was ini-
tially discovered through its role in preventing the production
of Tyl cytokines in mice (Moore et al., 2001). It signals via
the IL-10 receptor (IL-10R) to activate the JAK/STAT pathway
and exerts immuno-suppressive effects by blocking IkxK activity
(Schottelius et al., 1999) or by inducing tyrosine phosphorylation
of STAT-3 (Lumeng et al., 2007). Interleukin-10 may play a pro-
tective role in obesity-induced metabolic dysregulation and IR.
Interleukin-10 levels are attenuated in T2D (Van Exel et al., 2002)
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and weight loss enhances WAT IL-10 expression coincident with
reduced pro-inflammatory gene expression (Cancello et al., 2005).
Lumeng et al. have demonstrated elevated IL-10 expression in
ATM and within the SVF of lean WAT compared with obese WAT.
Interleukin-10 reduced MCP-1 secretion from 3T3-L1-adiopcytes.
Moreover pre-treatment of 3T3-L1-adiopcytes with IL-10 blocked
the insulin-desensitizing effects of TNF-a and enhanced insulin-
stimulated glucose transport (Lumeng et al., 2007). Interleukin-10
is associated with many immune cells and production by Ty cells
initiates a feedback loop that can limit the effector functions of
macrophages and DCs. It can also drive differentiation of IL-10
secreting Treg cells (Saraiva and O’Garra, 2010). Interleukin-10
can inhibit the production of MHC class II and co-stimulatory
molecule expression in DCs and macrophages, it can also prevent
the production of cytokines from CD4™" T cells (Joss et al., 2000;
Couper et al., 2008).

Other studies have challenged the protective effects of IL-10 in
obesity-induced IR. Deletion of hematopoietic cell derived IL-10
did not exacerbate WAT or liver inflammation in response to HFD.
However IL-10 expression was markedly up-regulated in WAT
and liver in these mice compared to wild type (WT) mice, sug-
gesting induction of a compensatory mechanism (Kowalski et al.,
2011). Therefore further in vivo studies are required to evaluate
the significance of IL-10 in obesity-induced IR.

INTERLEUKIN-6

Interleukin-6 is secreted by WAT, skeletal muscle, and the liver
(Fasshauer et al., 2003; Weisberg et al., 2003; Wieckowska et al.,
2008). Interleukin-6 signals via the JAK/STAT and MAPK path-
ways (Heinrich et al., 2003). WAT and plasma IL-6 expression is
correlated with BMI (Vozarova et al., 2001) and up-regulated by
insulin and TNF-qo; it negatively impacts on insulin signaling pro-
moting serine phosphorylation of IRS-1 (Fasshauer et al., 2003;
Ruge et al., 2009). Interleukin-6 may promote dysregulation of FA
metabolism in WAT as it enhances mesenchymal stem cell pro-
liferation, maintaining the cells in an undifferentiated state and
inhibiting adipogenesis (Pricola et al., 2009). Increased hepatic IL-
6 levels are also associated with steatohepatitis and plasma IL-6
levels (Wieckowska et al., 2008). Additionally IL-6 was recently
shown to stimulate insulin secretion via enhanced GLP-1 expres-
sion in pancreatic cells (Ellingsgaard et al., 2011). This suggests
that obesity-induced IL-6 secretion may reflect a mechanism to
increase insulin production in the obese IR state. However, while
elevated IL-6 secretion from WAT and the liver is unfavorable, the
opposite is true for skeletal muscle. Physical inactivity decreases
insulin sensitivity, it is also associated with reduced skeletal muscle
IL-6 expression and secretion (Pedersen and Febbraio, 2012). Fur-
thermore the increase in plasma IL-6 levels that result from exercise
are followed by increased IL-1RA and IL-10 levels, and exercise
induced IL-6 is thought to result from glycogen/MAPK activation
rather than through NF-kB (Pedersen, 2011); thus highlighting
the pleiotropic role of IL-6.

MACROPHAGE MIGRATION INHIBITORY FACTOR

Several studies suggest an association between MIF and obesity-
induced IR (Vozarova et al., 2002; Dandona et al., 2004; Ghanim
etal.,2004; Church etal., 2005). Macrophage migration inhibitory

factor has a prominent role in macrophage biology, it promotes
secretion of TNF-a, IL-6, IL-1f, and inhibits IL-10, propagat-
ing a pro-inflammatory response (Calandra et al., 1994; Baugh
and Bucala, 2002; Calandra and Roger, 2003; Lue et al., 2007).
Moreover MIF can sustain activated macrophage life span by
thwarting p53-dependent apoptosis (Mitchell et al., 2002) and
induce chemotaxis via CXCR2 and CXCR4 in macrophages and
T cells respectively (Bernhagen et al., 2007). Plasma MIF con-
centrations and PBMC MIF mRNA are positively associated
with BMI, FFA concentration, impaired glucose tolerance (IGT),
and IR (Vozarova et al., 2002; Skurk et al., 2005). Obese SAT
explants demonstrate increased MIF secretion, and expression
is increased with adipocyte size IR (Skurk et al., 2005; Koska
et al., 2009). Weight loss and treatment with the anti-diabetic
drug metformin reduces plasma MIF concentrations coincident
with improved pancreatic B-cell function (Dandona et al., 2004;
Church et al., 2005). More recently a causal role for MIF in IR
was emphasized using an atherosclerotic mouse model which
lacked functional MIF (LDLR~/~MIF~/7). This model displayed
less local WAT inflammation, reduced MAC3™ macrophage infil-
tration, with enhanced WAT and systemic insulin sensitivity
(Verschuren et al., 2009). In addition deletion of MIF reduced
monocyte adhesion, macrophage lesion content, and atheroscle-
rotic lesion size (Verschuren et al., 2009). Unpublished work
within our group implicates MIF as a critical inflammatory reg-
ulator in the pathogenesis of HFD-induced IR with an essential
role in HFD-associated ATM recruitment. It has since emerged
that lack of MIF signaling results in an age-dependent impair-
ment of glucose homeostasis in mice fed a chow diet (Serre-
Beinier et al., 2010), highlighting the intricacy of this mole-
cule and lack of true clarity in terms of its functional role in
obesity-induced IR.

ADIPONECTIN

Adiponectin is a 30-kDa secretory hormone produced predomi-
nantly by adipocytes, expression, and secretion are elevated dur-
ing adipocyte differentiation (Carbone et al., 2012). Reduced
adiponectin levels such that accompany obesity, result in IGT
due to reduced insulin sensitivity (Arita et al., 1999; Fantuzzi,
2005). There are three major isoforms of adiponectin; low mole-
cular weight (LMW), formed from three adiponectin monomers,
middle-molecular weight (MMW) which is an octomer, and high-
molecular weight (HMW) consisting of 12 or more monomers
(Magkos and Sidossis, 2007). HMW adiponectin is the most bio-
logically active form and best reflective of the reduction in total
adiponectin levels associated with obesity (Almeda-Valdes et al.,
2010). Indeed HMW-adiponectin levels have been identified as an
independent risk factor for IR (Aso et al., 2006; Hara et al., 2006
Almeda-Valdes et al., 2010).

Adiponectin can enhance FA oxidation and improve insulin
sensitivity (Carbone et al., 2012); suppressing gluconeogenesis in
the liver thus reducing circulating glucose levels, also increasing
glucose uptake in the muscle by enhanced GLUT4 expression.
In the liver, adiponectin stimulates glucose and FA oxidation
through activation of the AMPK pathway and reduces lipogen-
esis by minimizing SREBP-1c expression (Utzschneider and Kahn,
2006).
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In addition to its insulin sensitizing role, adiponectin is typi-
cally anti-inflammatory. Adiponectin can suppress the production
of TNF-a and IFN-y and it is speculated to be a negative regulator
of T cells (Scherer et al., 1995; Carbone et al., 2012). Tsang et al.
(2011) demonstrated that chronic adiponectin treatment in DCs
decreased the expression of the co-stimulatory molecules CD80
and CD86, MHC II, and also IL-12. Additionally adiponectin
treated DCs had altered T cell interactions with reduced pro-
liferation of Tyl cells and Treg cell induction. Thus targeting
adiponectin signaling pathways may be promising in the treatment
of metabolic diseases.

CYTOKINE SYNERGY TO AUGMENT OBESITY-INDUCED
INSULIN RESISTANCE

Given the complexity of pro-inflammatory signaling, it is highly
probable that a combination of stimuli rather than a single entity
would elicit greater accountability for the inflammation-IR para-
digm. Certainly it is known that IL-1, TNF-a, and TLR4 converge
at the inhibitor of NF-kB kinase complex (IkB kinase) (Verstrepen
et al., 2008). McGillicuddy et al. (2011) emphasized the potent
synergistic capabilities IL-1p and TNF-a in macrophages and
WAT. Intriguingly this study showed that lack of IL-1 signaling
altered the immunogenic phenotype of ATM, with reduced IL-6
and TNF-a secretion, but without altered ATM number. Cor-
respondingly AT inflammation was reduced concomitant with
enhanced insulin-stimulated pAKT expression. This study also
showed that adipocytes exposed to IL-1p and TNF-a induced
greater activation of NF-kB, with significant amplification of IL-
6 secretion compared with either cytokine alone. Furthermore
abrogation of IL-1R1 in bone marrow macrophages ablates these
synergistic abilities. To investigate this phenomenon in a more
physiological relevant setting, WAT explants from WT and IL-
1R1~/~ mice were cultured in the presence of IL-1f and TNF-a
ex vivo, loss of synergy was again observed in IL-1R17/~ WAT.
Another important inflammatory regulator that offers potential
involvement in IL-1, TNF-a, and TLR4 signaling is MIF (Finu-
cane et al,, 2012). Endogenous MIF regulates innate immunity
via upregulation of TLR4, IL-1R1, and p55 tumor-necrosis fac-
tor receptor (TNFR) expression (Roger et al., 2001; Toh et al,,
2006). MIF~/~ macrophages were shown to be hypo-responsive
to LPS and failed to secrete TNF-a and IL-6 due to profound sup-
pression of IKKB/NF-kB activity (Roger et al., 2001). Macrophage
migration inhibitory factor deficiency suppressed IL-1 and TNF-a
induced MAPK activity and cell proliferation in mouse fibrob-
lasts. Reconstitution of an upstream MAPK or MIF reversed this
suppression (Toh et al., 2006). Furthermore, treatment of 3T3-
L1 adipocytes with TNF-o induced MIF secretion, suggesting that
TNF-a may regulate MIF production during obesity (Hirokawa
etal., 1997,1998). In vivo MIF deficient mice were hypo-responsive
to TNF-a and exhibited euglycemia, indicating MIF is required for
successful TNF-a action. Additionally 3T3-L1 adipocytes exposed
to exogenous MIF demonstrated impaired insulin-stimulated glu-
cose uptake and insulin receptor signal transduction. Similarly in
response to inflammatory stress MIF~/~ mice exhibit a marked
improvement in WAT glucose uptake compared to control mice
(Atsumi et al., 2007).

ACTIVATION AND PROPAGATION OF INFLAMMATION AND
INSULIN RESISTANCE
The NF-kB and JNK MAPK pathways link obesity, inflammation,
and IR, summarized in Figure 4 (Hirosumi et al., 2002; Shoelson
et al., 2003). But despite intense scrutiny, an intricate question
persistently evades resolution, what instigates and consequentially
propagates this inflammation? See Figure 5. Reduced ability of
WAT to adequately store excess fat and an increased hypoxic
environment have been proposed as two potential contributors.
Hypoxia represents a metabolic stressor relevant to obese WAT, this
local hypoxia may be partially attributed to an insufficient blood
supply reaching the expanding organ (Kabon et al., 2004; Hosogai
etal.,2007). Hypoxia-inducible factor-1 (HIF)-1 is a transcription
factor with an oxygen regulated o subunit (HIF-1 o) (Bruning
et al., 2011; Shin et al., 2012); tissue inflammation is associated
with regions of hypoxia, and HIF signaling is also linked to NF-kB
activation (Ye et al., 2007; Bruning et al., 2012). WAT hypoxia
correlated with reduced expression of adiponectin in a HFD-
fed mouse model. Moreover, hypoxic conditions augment WAT
derived cytokines including leptin and IL-6 (Sun etal.,2011). Con-
versely, weight loss improves adipose oxygenation and increases
adiponectin expression. HIF-1a is a critical regulator of cellular
hypoxic responses and is rapidly degraded under normoxic con-
ditions. HIF-1a activity increases early in obesity. Overexpression
of HIF-1a initiates WAT fibrosis, accompanied by increased local
inflammation. Halberg et al. (2009) suggest that hypoxia induced
WAT fibrosis may be responsible for initiating WAT inflamma-
tion during obesity. A HIF-1a antisense oligonucleotide (ASO)
suppressed Hif-Ia gene expression in the liver and WAT of HFD-
fed mice (Shin et al., 2012), and resulted in weight loss without a
change in food intake or activity levels. In vitro analysis of hypoxia
in tumor cell lines showed that resveratrol (Zhang et al., 2005;
Park et al., 2007) and two isoforms of conjugated linoleic acid
(CLA) ¢9,t11- and #10,c12-CLA (Yamasaki et al., 2012) can pro-
mote HIF-1a protein degradation; suggesting that the hypoxia
related inflammatory response in WAT is nutrient sensitive.
Decreased WAT expandability may result in lipid spillover,
elevating circulating FFAs resulting in enhanced ectopic lipid
accumulation in peripheral tissues (Khan et al., 2009; Prieur
et al., 2011). Long-chain (LC) SFA can serve as a ligand to the
innate immune receptor TLR4 (Shi et al., 2006). Indeed, expos-
ing macrophages and adipocytes to varying concentrations of
palmitate, the most abundant circulating SFA in obesity, elic-
its a TLR4 dependent pro-inflammatory response characterized
by increased NF-«kB and JNK activation with resultant enhanced
TNF-a cytokine secretion in vitro. Furthermore TLR4~/~ mice
administered an acute lipid infusion maintained glucose home-
ostasis (Shi et al., 2006). HFD-fed mice lacking TLR4 had attenu-
ated IR, increased energy expenditure and improved WAT inflam-
mation (Shietal.,2006; Tsukumo etal.,2007). While bone-marrow
transplant studies indicate that TLR4 in the hematopoietic sys-
tem opposed to the non-hematopoietic system may be responsible
for TLR4 mediated IR during HFD wherein TLR4 chimeric mice
exhibit reduced hyperinsulinemia, hepatic, and WAT IR (Saberi
etal., 2009). Despite abundant reports signifying that TLR4 ame-
liorates WAT inflammation, the effect on ATM accumulation has
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FIGURE 4 | Cross-talk between insulin and inflammatory signaling
pathways. Inflammatory signaling pathways activated by SFA or by
pro-inflammatory cytokines IL-1B, I-:6, and TNF-« initiate a cascade of events
that promote the release of further inflammatory mediators. These signaling
events converge at the NFkB and MAPK pathways, resulting in the
translocation of transcription factors to the nucleus, transcriptional activation,
and cytokine production. The inflammasome is activated through a two-hit
process; with obesity the first hit occurs when TLR4 is activated by SFAs and
this results in pro-IL=18 production, ATP or ceramides then provide the second
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hit. The NLRP3 inflammasome acts on pro-caspase-1 causing the release of
caspase-1; caspase-1 then acts upon pro-IL-1p cleaving this precursor to the
active Il-1B form. Insulin signaling promotes glucose uptake by promoting the
translocation of GLUT4 to the cell surface plasma membrane. Inflammatory
signaling pathways can alter the phosphorylation status of IRS-1. IRS-1 is
crucial in the insulin signaling pathway, tyrosine phosphorylation is associated
with an insulin sensitive state. IKKB and JNK can promote serine
phosphorylation of IRS-1 and this phosphorylation state is linked to insulin
resistance and reduced glucose uptake.

remained unclear. In this regards Orr et al. (2012) demonstrated
TLR4 deficiency did not alter ATM number but promoted ATM
toward an M2 anti-inflammatory phenotype.

Dietary FA have been shown to interact with DCs and alter
cell function (Loscher et al., 2005; Weatherill et al., 2005; Zeyda
et al., 2005). Saturated fatty acid drives DC maturation through
interaction with TLR4. Bone marrow derived dendritic cells
(BMDCs) isolated from HFD-fed mice are skewed toward a pro-
inflammatory phenotype with increased secretion of IL-1f, IL-
12p70, and TNF-a in response to LPS (Reynolds et al., 2012).
Interleukin-1R1, TLR4, caspase-1, and NLRP3 mRNA expression
also increases in BMDCs from HFD-fed mice; additionally cell
surface TLR4 expression was also significantly increased. Polyun-
saturated fatty acids (PUFA) have an opposing effect on DC
function and can suppress IL-12p70 production while boosting IL-
10 release, thus driving a Tyeg rather than a Ty 1 response (Loscher
et al., 2005; Weatherill et al., 2005). PUFA largely exert an effect
via changes in gene expression causing activation of transcription
factors (Bouwens et al., 2010).

Specific FAs as well as some eicosanoids have been shown to
bind to receptors of the PPAR family of transcription factors,
including the PPAR-a,, PPAR-B/3, and PPAR-y isoforms (Forman
et al., 1997; Delerive et al., 1999). PPAR act as a hub between
inflammation and insulin sensitivity, via physical interactions with

NF-kB and IkBa (Ricote et al., 1998; Delerive et al., 2002); antago-
nizing inflammation and promoting insulin signaling. Activation
of PPAR-y is associated with the upregulation of IRS proteins
(Hammarstedt and Smith, 2003; Seto-Young et al., 2007); addi-
tionally the thiazolidinedione class of drugs which act as PPAR-
agonists, promote tyrosine phosphorylation of IRS-1 in both
in vivo and in vitro models (Jiang et al., 2002, 2004). Neverthe-
less it is impossible to adequately address PPAR functionality in
obesity within the current review and this topic was reviewed
very comprehensively elsewhere (Stienstra et al., 2007; Varga et al.,
2011).

Ectopic accumulation of excessive palmitate-derived lipid plays
an antagonistic role in insulin signaling (Gill and Sattar, 2009).
Ceramides in particular are postulated to be a critical factor
connecting disproportionate lipid accretion, inflammation, and
impaired insulin sensitivity (Summers, 2006). Indeed activation
of a TLR4 inflammatory response via SFA is essential for SFA
induced ceramide biosynthesis (Holland et al., 2011). Ceramides
comprise of sphingosine bound to a FA and serve as both struc-
tural and signaling molecules (Gill and Sattar, 2009). Ceramides
are generated by condensation of palmitoyl-CoA and serine via
the rate-limiting enzymatic reaction mediated by serine palmi-
toyltransferase (Mathias et al., 1998; Summers, 2006). Impor-
tantly pro-inflammatory cytokine such as IL-18 amplify ceramide
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adipose tissue macrophages and T cells toward a pro-inflammatory
phenotype. This environment then drives further adipokine
secretions (C) and hampers adipogenesis, resulting in greater
numbers of pre-adipocytes that in turn secrete pro-inflammatory
mediators. Together these events lead to defective insulin signaling
and ultimately to an insulin resistant state.

biosynthesis by upregulating serine palmitoyltransferase (Sum-
mers, 2006). Haus et al. (2009) ascribed a pathogenic associ-
ation between total plasma ceramide and its subspecies C18:0,
C20:0, C24:1, C24:0 concentrations and the degree of IR in obese
T2D patients. Elevated circulating TNF-a levels were positively
correlated with increased C18:1 and C18:0 ceramide subspecies.
Culturing C2C12 myoblasts in the presence of palmitate
induced de novo ceramide accumulation, disrupting insulin-
stimulated pAKT activation. Inhibiting ceramide accumulation
negated the detrimental effects on insulin signaling. How-
ever, whether ceramides induced an inflammatory response in
myoblasts was not assessed in this study (Chavez et al., 2003).
Further, Holland et al. demonstrated enhanced ceramide accumu-
lation in the soleus muscle in response to lard oil infusion but not
soy oil infusion, a source of PUFAs. Inhibiting ceramide infusion
using serine palmitoyltransferase inhibitors prevented ceramide
induced IR. Additionally lard oil evoked a significant increase in
circulating pro-inflammatory IL-6 and TNF-a (Holland et al,,
2011). Most recently ceramides were identified as an effective
second “hit” required for NLRP3 inflammasome activation in
macrophages. Furthermore, ceramides evoked NLRP3 dependent
caspase-1 activation in obese WAT explants, an event that was
lost in NLRP3 ™/~ WAT (Vandanmagsar et al., 2011). Despite sig-
nificant evidence highlighting the importance of ceramides in
inflammation and IR the clinical importance of these findings is
yet to be fully deciphered. A subsequent study reported that palmi-
tate was a potential second signal required for NLRP3 activation,

inducing IL-1p production from macrophages. Both NLRP3 and
the inflammasome adaptor ASC (apoptotic speck-like protein con-
taining a CARD, known also as Pycard) deficiency ameliorated
obesity-induced IR in mice (Wen et al., 2011).

INSULIN RESISTANCE AS A PROTECTIVE MECHANISM

It has been hypothesized that the induction of IR is perhaps a pro-
tective response. Insulin resistance could potentially act to protect
cells from stress and damage through the exclusion of glucose
from cells that are heavily lipid loaded; thus reducing the chance
of lipotoxic damage (Unger, 2003). In vivo and in vitro rat stud-
ies indicate that glucose toxicity occurs when cells are exposed
to a chronic hyperglycemic state (Rossetti et al., 1990), and this
may induce or aggravate IR (Baron et al., 1995). Impaired GLUT
4 translocation in response to the metabolite glucosamine has
been implicated in the induction of IR (Baron et al., 1995). Roden
et al. (1996) determined through lipid infusion studies in healthy
volunteers, that FFA’s inhibit glucose transport. It has since been
demonstrated that prolonged FFA exposure but not short-term
exposure, interrupts glucose uptake (Hawkins et al., 1997). Alter-
natively IR may be induced partly in response to oxidative stress.
Oxidative stress describes a biological state that develops following
increased ROS production or reduced ROS clearance (Azzi, 2007).
ROS production increases in response to increased macronutrient
consumption (Codoner-Franch et al., 2011). Excessive nutrient
intake is linked to an increase in superoxide (O,°®—) generation
by mitochondria (Tiganis, 2011). Mitochondria produce most
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of the cell’s energy, and in this capacity take up the majority of
intracellular oxygen (Finkel and Holbrook, 2000). Cell signaling
pathways are activated in response to increasing oxidative stress;
these pathways include MAPK, NF-kB, and the PI3K-AKT path-
way (Finkel and Holbrook, 2000). Hoehn et al. (2009) propose
that IR is linked to mitochondrial O,®*— and that O,®*— acts
as a nutrient sensor, which regulates nutrient intake under con-
ditions of overnutrition. This group reports that mitochondrial
0,°— is upstream of IR in skeletal muscle and AT; overexpression
of mitochondrial superoxide dismutase (MnSOD) enzymes, with
anti-oxidant action, in in vitro and in vivo rodent models signif-
icantly improved insulin sensitivity. Additionally, findings from
caloric restriction (CR) studies show reduced oxidative damage
(Sohal et al., 1994; Sohal and Weindruch, 1996; Masoro, 2000;
Zainal et al., 2000). Sirtuin 1 (SIRT1) a member of the sirtuin
family of proteins, may mediate the effect of CR by influenc-
ing PPAR-y, PGCl-a, and FOXO (Han et al., 2010). SIRT1 has
previously been shown to improve insulin sensitivity in in vitro
and in vivo mouse studies (Moynihan et al., 2005; Sun et al,
2007).

METABOLICALLY HEALTHY OBESE

Interestingly 20-30% of obese adults do not express the adverse
metabolic phenotype typically associated with obesity (Alam et al.,
2012). Individuals considered metabolically healthy but obese
(MHO) have high levels of insulin sensitivity but may not display
symptoms of hypertension, dyslipidemia, or chronic inflamma-
tion (Karelis et al., 2005; Stefan et al., 2008; Succurro et al., 2008).
MHO individuals have significantly smaller omental adipocytes
than metabolically unhealthy individuals (O’Connell et al., 2010).
This finding correlates with the degree of IR and hepatic steato-
sis within the obese groups. Interestingly this study demonstrated
that BMI was not associated with adipocyte size nor did it predict
general metabolic health or fatty liver disease, in a group of adults
with a median BMI of 48 kg/mz. Brochu et al. (2001) demon-
strated in a group of obese postmenopausal women, that MHO
individuals had lower levels of VAT; and that these women had
been obese for longer than the metabolically unhealthy group.
Additionally the MHO group was shown to have lower plasma
TAG levels and higher high-density lipoprotein (HDL) cholesterol
concentrations. In a study of obese males and females, fitness levels
were higher in the MHO group (Ortega et al., 2013). Conversely
an individual may be considered metabolically obese but normal
weight (MONW) (Ruderman et al., 1981). Adult female subjects
determined to be MONW tend to have a similar BMI to their
metabolically healthy counterparts but have a higher percentage
body fat, lower fat-free mass, and lower physical activity energy
expenditure, and are considered to be less aerobically fit (Conus
etal.,2004). Female MONW subjects were shown to have increased
plasma cholesterol and reduced insulin sensitivity but showed no
change in ghrelin, leptin, or adiponectin levels (Conus et al., 2004).
MONW subjects also have increased TAG and FFA levels. Low-
HDL cholesterol levels have been noted in male MONW subjects
when compared with healthy non-obese subjects (Succurro et al.,
2008; Lee et al., 2011).

TARGETING NUTRIENT-SENSITIVE INFLAMMATORY
PATHWAYS TO TREAT INSULIN RESISTANCE

There is no doubt that weight loss can improve the inflammatory
phenotype and insulin sensitivity (Kopp et al., 2005; Kovécikova
et al., 2011). However, maintenance of weight loss is difficult to
achieve and weight regain frequently occurs (Gage, 2012). Thus
there is a vital need to identify alternative nutritional interven-
tions that may antagonize inflammation, independent of weight
loss. As proof of concept from a pharmaceutical perspective, drugs
that (1) interfere with the TLR4/IKK/NF-kB axis, (2) target PPAR-
y, or (3) target pro-inflammatory cytokines, have demonstrated
promise with respect to treating IR despite obesity. Salicylate,
an inhibitor of IKK has been shown to reverse hyperglycemia,
hyperinsulinemia, and dyslipidemia in obese rodents by sensitiz-
ing insulin signaling (Yuan et al., 2001). Anakinra, an IL-1 RA,
was shown to improve glycemia and beta-cell secretory function
in patients with T2D (Malozowski et al., 2007). Small molecule
MIF antagonist CPSI-1306 treatment in a mouse model with
streptozotocin (STZ)-induced T2D, resulted in reduced circu-
lating IL-6 and TNF-a levels and reduced blood glucose levels
(Sanchez-Zamora et al., 2010). Nevertheless, long-term pharma-
cological immuno-suppressive interventions that attenuate IR,
may not be ideal in terms of immunosurveillance and long-term
health (Kung and Henry, 2012; Bortolini et al., 2013). Alter-
natively, anti-inflammatory nutritional interventions may have
potential. Albeit producing a more subtle effect, several nutrients
have now emerged as potentially insulin sensitizing, affecting the
same molecular targets as established pharmaceutical approaches.

Perhaps the most extensively researched in relation to their
immunomodulating effects are dietary FA which are known to
interact with several inflammatory pathways (Hotamisligil and
Erbay, 2008). The effect of FAs on these pathways depends on
the degree of FA saturation (Bradley et al., 2008). Within this
context, eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), two LC n — 3 PUFAs have emerged as anti-inflammatory
nutrients that exert their effects through a number of biological
mechanisms. Opposingly, SFA activate TLR4 and increase NF-kB
transcriptional activity. EPA and DHA may mitigate this response
(Bradley et al., 2008; Reynolds et al., 2012) by reducing nuclear
p65 expression and increasing cytoplasmic IkBa expression, and
DHA may act as a more potent NF-kB inhibitor than EPA (Wel-
don et al., 2007). Xue et al. (2012) suggested that this effect is
partially mediated via AMPK/SIRT1 activation as DHA does not
fully deacetylate p65 in SIRT1 knockdown macrophages. Fur-
thermore pre-treatment of macrophages with DHA promotes an
anti-inflammatory phenotype, with reduced IL-6 and increased
IL-10 expression; which when co-cultured with adipocytes attenu-
ates the characteristic IR phenotype (Oliver et al., 2012). Therefore
the anti-inflammatory effects observed due to DHA pre-treatment
were translated into improved insulin sensitivity in adipocytes
(Oliver et al., 2012).

The GPCR GPR120 that is highly expressed in both adipocytes
and macrophages, plays a pivotal role in LC n — 3 PUFA medi-
ated inhibition of inflammation and IR (Oh et al., 2010). Both
EPA and DHA bind to the GPR120 receptor to inhibit NF-kB and
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JNK via reduced TAK1 phosphorylation (Oh et al., 2010). Further-
more it was demonstrated that LC n — 3 PUFA supplementation
increased insulin sensitivity in WT but not in GPR120~/~ mice
(Oh et al., 2010). Additionally LC n — 3 PUFA may exert their
anti-inflammatory effect by enhancing adiponectin secretion from
human adipocytes, an effect that is elicited at least partially, via
PPAR-y (Tishinsky et al., 2011). These results are consistent with
invivo work that demonstrated feeding mice a fish oil enriched diet
increases plasma adiponectin, and this was completely blocked by
the PPAR-y antagonist BADGE (Neschen et al., 2006).

Long-chain n — 3 PUFA may increase -oxidation in WAT and
cultured adipocytes (Guo et al., 2005; Flachs et al., 2011), poten-
tially via activation of the AMPK regulatory pathway (Lorente-
Cebridn et al., 2009; Figueras et al., 2011). This metabolic switch
could increase the mitochondrial content of adipocytes, resulting
in reduced accumulation of toxic FA derivatives and improved
insulin sensitivity (Kopecky et al., 2009). Furthermore, LC n—3
PUFA competitively inhibit the conversion of arachidonic acid
(AA) to pro-inflammatory eicosanoids such as prostaglandin E2
and leukotriene B4. Increased intake of LC n—3 PUFA pro-
mote the incorporation of EPA into membrane phospholipids
at the expense of AA, thereby increasing production of EPA-
derived anti-inflammatory eicosanoids, such as prostaglandin E3
and leukotriene B5 (Lottenberg et al., 2012). Whilst the poten-
tial benefits of LC n — 3 PUFA supplementation on inflammatory
pathways is clear in vitro, it is difficult to ascertain a consistent
effect in man (Kabir et al., 2007; Tierney et al., 2011). Inconsisten-
cies in human data are reflective of dose variability between studies,
duration of supplementation, and the population studied (Calder
et al., 2011). Genetic variability between individuals likely influ-
ences responsiveness to an intervention (Calder etal.,2011). Single
nucleotide polymorphisms (SNPs) can influence responsiveness,
MetS patients that are minor allele carriers of an adiponectin SNP
have reduced IR following reduced SFA intake (Ferguson et al.,
2010). A second study showed that common genetic variants of the
complement component 3 (C3) locus conferred an increased risk
of MetS, and that PUFA intake may modulate these genetic influ-
ences (Phillips et al., 2009a). Therefore gene-nutrient interactions
may play an important role in regards to responsiveness to inter-
ventions, a personalized nutrition approach may be considered in
order to determine an ideal dietary intervention.

There is growing evidence, albeit highly controversial, in rela-
tion to the immunomodulating potential of vitamin D. Fol-
lowing in vitro induced inflammation, 1,25-dihydroxyvitamin
D up-regulates IkBo in macrophages through increased mRNA
stability and decreased IkBa phosphorylation, thus reducing
NF-kB activity (Cohen-Lahav et al., 2006). Furthermore, 1,25-
dihydroxyvitamin D suppresses TLR2 and TLR4 expression in
human monocytes (Sadeghi et al., 2006). Du et al. (2009) demon-
strated vitamin D3 pre-treatment of monocytes from T2D patients
and controls resulted in similar TLR2 and TLR4 expression, NF-kB
p65 phosphorylation state, and IL-18 and TNF-a expression in the
two groups. Nevertheless human data is inconsistent, intervention
studies have shown little or no effect of vitamin D supplemen-
tation on inflammatory or metabolic markers related to insulin
sensitivity (Gulseth et al., 2010; O’Sullivan et al., 2011). Further-
more cross-sectional data showed that serum vitamin D status

bore no relationship with insulin action or secretion in subjects
with the MetS (Gulseth et al., 2010).

Vitamin C and vitamin E have been proposed to improve
insulin sensitivity through anti-oxidant and anti-inflammatory
mechanisms. As an anti-oxidant, ascorbic acid down-regulates
ROS that otherwise would lead to activation of NF-kB (Nathan,
2003). Moreover, after oxidation to dehydroascorbic acid, vitamin
C has been shown to directly inhibit IKKa, IKKS, and p38 MAPK
activity (Carcamo et al., 2004). Vitamin C has also been shown
to inhibit nitric oxide (NO) production and decrease insulin-
induced MCP-1 and apelin secretion in an adipocyte-macrophage
co-culture (Garcia-Diaz et al., 2011). Similarly, the insulin sensi-
tizing effect of lycopene, a carotenoid pigment found in tomatoes
involves inhibition of NF-kB, NO, and IL-6, and suppresses the
activation of a number of MAP kinases (Feng et al., 2010). Phos-
phorylation of the MAP kinases ERK, p-38, and JNK, were shown
to be ameliorated by lycopene (Kim et al., 2004). In WAT, pro-
inflammatory cytokine and chemokine expression were reduced
by lycopene treatment (Gouranton et al., 2011). A recent study
conducted in young overweight adults showed that daily supple-
mentation with one glass of tomato juice reduced TNF-q, IL-6,
and IL-8 after 20 days (Ghavipour et al., 2012). Another study
in overweight men demonstrated a decrease in systemic levels
of serum amyloid A after 12 weeks of lycopene supplementation
(McEneny et al., 2012). However Thies et al. (2012) demonstrated
that following a 12-week treatment on a tomato-rich diet, inflam-
matory markers such as highly sensitive CRP (hsCRP) and IL-6,
and HOMA-IR, remained unchanged.

Polyphenols, particularly flavonoids are gaining increas-
ing attention for their anti-inflammatory effect. Resveratrol, a
polyphenol that naturally occurs in grapes (Dong, 2003) was
shown to inhibit pre-adipocyte proliferation, adipogenic differ-
entiation, and de novo lipogenesis in a SIRT1-dependent man-
ner in SGBS (Simpson—Golabi—-Behmel syndrome) adipocytes
(Fischer-Posovszky et al., 2010). Interestingly in humans it has
been demonstrated that resveratrol treatment can improve the
metabolic phenotype of healthy obese men, by reducing blood glu-
cose and insulin levels and reducing plasma inflammatory markers
(Timmers et al., 2011). Nevertheless it must be acknowledged that
there have been other resveratrol interventions which have had
little effect (Poulsen et al., 2012; Yoshino et al., 2012). Poulsen et
al. demonstrated that resveratrol failed to improve endogenous
glucose production and turnover or improve inflammatory and
metabolic biomarkers in obese but otherwise healthy men. Addi-
tionally plasma lipids and insulin sensitivity did not improve;
neither was there a change in molecular targets such as AMPK
or SIRT1 in non-obese women treated with resveratrol (Yoshino
et al., 2012).

Epigallocatechin gallate (EGCG) present in green tea, has been
implicated in inhibiting resistin gene expression in adipocytes
(Liu et al.,, 2006) and was shown to decrease ERK phosphory-
lation. Yang et al. (2001) demonstrated EGCG also inhibits IKK. A
recent investigation of quercetin, demonstrated that this flavonoid,
found predominantly in capers, apples, and grapes, attenuated
TNF-a-induced NF-kB activity and subsequent expression of
inflammatory genes in primary human adipocytes (Chuang et al.,
2010).
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Curcumin which is the yellow pigment found in the spice
turmeric inhibits LPS-induced secretion of TNF-a and IL-18
in vitro (Chan, 1995). Curcumin also completely inhibits TNF-a-
induced activation of NF-kB and other inflammatory agents such
as phorbol esters (Singh and Aggarwal, 1995). Salicylic acid, the
basic component of aspirin is present in fruits, vegetables, herbs,
and spices (Duthie and Wood, 2011). Relatively low concentra-
tions of salicylic acid have been shown to inhibit cyclooxygenase
(COX)-2 invitro (Wu et al., 1991; Xu et al., 1999; Hare et al., 2003)
and suppress the transcriptional activation of pro-inflammatory
genes such as INOS (Duthie and Wood, 2011). However, salicylate
concentrations sufficient to inhibit NF-kB activation are unlikely
to be achieved through diet, limiting the therapeutic potential of
salicylic acid in its natural form (Duthie and Wood, 2011; Wood
etal., 2011).

Much of the research to date has examined the effect of indi-
vidual nutrients on inflammation however recent evidence sug-
gests that a combination of nutrients may offer an enhanced
immunomodulating effect. Bakker et al. (2010) demonstrated
that supplementing overweight men with a combination of nutri-
ents, with known anti-inflammatory properties, increased plasma
adiponectin by 7% over a 5-week period, independent of weight
loss. Additionally, large-scale profiling of genes, proteins, and
metabolites showed that the intervention could influence inflam-
mation, oxidative stress, and metabolism. Anti-inflammatory
IL-10Ra and SOCS3 expression were up-regulated in WAT in
response to the intervention (Bakker et al., 2010). This study high-
lights the potential efficacy of nutritional interventions that target
multiple signaling pathways to treat IR in obese individuals.

Despite convincing evidence from in vitro and animal studies
to support the therapeutic potential of several nutrients within the
context of obesity-induced inflammation and IR, results from clin-
ical studies are not entirely consistent. Even high dose nutritional
supplementation often fails to elicit an anti-inflammatory effect
(Blok et al., 1997; Jellema et al., 2004; Pot et al., 2009). Much of the
discrepancy observed may stem from the examination of supra-
physiological doses in in vitro studies (Calder et al., 2011). Taken
together a cocktail of nutrients may be more beneficial in ame-
liorating the inflammatory phenotype observed in a number of
pathologies. There is no doubt that there is potential for nutritional

anti-inflammatory agents to improve IR within the obese pheno-
type. Nevertheless demonstrating efficacy is confounded by defin-
ing an effective dose of individual dietary elements and/or defin-
ing potential synergies between anti-inflammatory nutrients/food
components. Determining effective doses may be facilitated by
the development of specific functional foods, enriched with the
active agents. There is strong evidence that some individuals with
the MetS who have a pro-inflammatory status due to their geno-
type and/or inflammatory phenotype may be more susceptible to
the pro-inflammatory effect of dietary SFA (Phillips et al., 2009b,
2013). Furthermore their pro-inflammatory genotype/phenotype
may determine potential responsiveness to an intervention. There-
fore there may be a difference in efficacy between sub-cohorts of
the obese population to anti-inflammatory interventions; and a
dual approach in terms of removing SFA and augmenting nutri-
tional anti-inflammatory agents may be required to achieve the
desired effect to attenuate IR.

CONCLUSION

Inflammation is a critical mediator in obesity-induced IR. WAT
expansion and the influx of immune cells initiate a cascade of
inflammatory events that directly contribute to defective insulin
signaling and glucose uptake, resulting in systemic IR. The mech-
anisms driving the pathogenic environment of obese WAT are
complex and not fully elucidated; evidence implicates that a com-
bination of events converge, and escalate the pro-inflammatory
state. Research suggests that nutritional anti-inflammatory inter-
ventions may attenuate IR, independent of weight loss. However,
results from human studies so far remain inconsistent. Moving
forward, greater consideration should be given to designing nutri-
tional interventions that (1) target multiple signaling pathways and
(2) take account of genetic polymorphisms in order to improve
efficacy.
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It has been demonstrated in rodents and humans that chronic inflammation characterized
by macrophage infiltration occurs mainly in adipose tissue or liver during obesity, in which
activation of immune cells is closely associated with insulin sensitivity. Macrophages can
be classified as classically activated (M1) macrophages that support microbicidal activity or
alternatively activated (M2) macrophages that support allergic and antiparasitic responses.
In the context of insulin action, M2 macrophages sustain insulin sensitivity by secreting
[l-4 and IL-10, while M1 macrophages induce insulin resistance through the secretion of
proinflammatory cytokines, such as TNFa. Polarization of M1/M2 is controlled by various
dynamic functions of other immune cells. It has been demonstrated that, in a lean state,
Th2 cells, Treg cells, natural killer T cells, or eosinophils contribute to the M2 activation of
macrophages by secreting IL-4 or IL-10. In contrast, obesity causes alteration of the con-
stituent immune cells, in which Ty 1 cells, B cells, neutrophils, or mast cells induce M1
activation of macrophages by the elevated secretion of TNFa and IFNy. Increased secre-
tion of TNFa and free fatty acids from hypertrophied adipocytes also contributes to the
M1 activation of macrophages. Since obesity-induced insulin resistance is established by
macrophage infiltration and the activation of immune cells inside tissues, identification of
the factors that regulate accumulation and the intracellular signaling cascades that define
polarization of M1/M2 would be indispensable. Regulation of these factors would lead
to the pharmacological inhibition of obesity-induced insulin resistance. In this review, we
introduce molecular mechanisms relevant to the pathophysiology and review the most

recent studies of clinical applications targeting chronic inflammation.

Keywords: obesity, chronic inflammation, insulin resistance, adipose tissue, TNFo, macrophages

INTRODUCTION

Obesity develops as a consequence of nutritional excess and insuf-
ficient exercise; it causes major adverse health outcomes such as
type 2 diabetes, cardiovascular diseases, dyslipidemia, chronic kid-
ney diseases, and cancers, which are serious problems worldwide.
These pathological states are strongly associated with insulin resis-
tance or hyperinsulinemia. On the basis of efforts over the last
two decades, there have been remarkable developments in the
investigation of obesity-induced insulin resistance, especially in
terms of the mechanisms involved, some of which are expected
to lead to treatments of the disease. Among these, low-grade
chronic inflammation in obesity is one of the most innova-
tive and newly identified concepts. The metabolic pathway and
the immune response pathway, which are strongly evolutionarily
conserved among species, have been found to be strongly asso-
ciated with each other in the development of obesity-induced
insulin resistance. In this review, we look back over the ini-
tial findings in the research field of inflammation and insulin
resistance and discuss recent studies, including those on clinical
applications.

OBESITY-INDUCED CHRONIC INFLAMMATION IN ADIPOSE
TISSUE AND ADIPOKINE SECRETION

Low-grade chronic inflammation was found to be closely asso-
ciated with obesity-related metabolic diseases. This association
between obesity/type 2 diabetes and inflammation can be traced
back to case reports published over a century ago, showing that
high-dose sodium salicylate could diminish glycosuria in older
diabetic patients (1, 2). Thereafter, several studies also showed
that acetylsalicylic acid or sodium salicylate reduced the glucose
level and improved glucose tolerance in diabetic patients (3, 4).
These reports again drew attention in 1993 with the publica-
tion of a report demonstrating in mice that the expression of
TNFa in adipose tissue was increased during the development
of obesity, while conversely the neutralization of TNFa attenu-
ated insulin resistance (5). Subsequently, the same research group
demonstrated that TNFa suppressed insulin signaling by inhibit-
ing insulin receptor tyrosine kinase activity (6) and proposed a
model in which inflammation defined as an increased level of
TNFa in adipose tissue could be the basis of systemic insulin resis-
tance. Concurrently with these findings, leptin was identified as
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a secretory bioactive molecule from adipocytes, which regulates
food intake and energy expenditure through the hypothalamus
(7). This led to the establishment of an innovative concept in
which adipose tissue not only simply stores excess energy as tria-
cylglycerol but is also an organ that secretes the biologically active
substances referred to as adipokines. Adipokines could directly
regulate the insulin sensitivity of remote insulin-sensitive organs
including liver and skeletal muscle through the circulation. Dereg-
ulated adipokine secretion from the expanded adipose tissue of
obese individuals was shown to contribute to the development
of systemic insulin resistance and metabolic diseases. Following
the discovery of leptin (7), a number of adipokines have been
identified; these include IL-6 (8, 9), resistin (10), retinol-binding
protein 4 (RBP-4) (11), omentin (12), chemerin (13-15), pro-
granulin (16), and monocyte chemoattractant protein-1 (MCP-1)
(17-19). The proinflammatory cytokine TNFa, produced mainly
by macrophages that have infiltrated into adipose tissue, can also
be considered as an adipokine (5, 20). Given that TNFa activates
proinflammatory signal cascades as well as inhibits insulin recep-
tor signaling, this molecule is thought to be a major player linking
adipose tissue inflammation and insulin resistance (21, 22). In
contrast, in a lean state, a certain level of “healthy” adipokines
contributes to insulin sensitivity and adequate glucose homeosta-
sis. For instance, adiponectin is considered a “healthy” adipokine.
Adiponectin-deficient mice exhibited insulin resistance (23, 24)
along with increased expression of TNFa in adipose tissue (23).
Chronic inflammation, especially in adipose tissue, causes impair-
ment of adipokine secretion, leading to systemic insulin resistance.
Thus, adipose tissue inflammation and adipokine secretion are
strongly associated with each other and coordinately contribute to
insulin resistance in obesity.

MACROPHAGE ACCUMULATION IN ADIPOSE TISSUE

The mechanisms by which TNFa is increased during obesity were
unclear until the findings published in 2003 that chronic inflam-
mation observed in rodents and humans was characterized by the
accumulation of macrophages into adipose tissue (21, 22). In gen-
eral, macrophages differentiate in tissue from recruited monocytes
and function in innate immunity during host defense. However,
these studies demonstrated that macrophages existed even in a
lean state, but expanded their populations during the develop-
ment of obesity in mice and humans (21, 22). It is now considered
that macrophages defined as F4/80" CD11b™ are resident in lean
adipose tissue, representing 5% of the stromal vascular fraction
(17, 25), but are increased by obesity up to 14-30% (17, 18, 25).
In healthy subjects, adipose tissue macrophages show dynamic
diversity. Kosteli et al. showed that, although chronic weight loss
reduced the macrophage content in adipose tissue, fasting or
acute weight loss in turn elicited their accumulation (26). Such
conditions seemed to enhance the lipolysis that caused elevation
of local free fatty acid (FFA), which induced macrophage accu-
mulation. Infiltrated macrophages incorporate lipids, which act
to suppress lipolysis. These findings provide evidence that, not
only in a pathological state, but also in physiological circum-
stances, macrophages in adipose tissue play dynamic roles in the
maintenance of homeostasis.

THE ROLE OF CHEMOKINES IN ADIPOSE TISSUE
INFLAMMATION AND INSULIN RESISTANCE

Chemokines are a family of low-molecular-weight proteins with
an essential role in leukocyte trafficking during both homeosta-
sis and inflammation. On the basis of their molecular structure,
chemokines are divided into two major subgroups: CC chemokine
ligand (CCL) and CXC chemokine ligand (CXCL), which bind
to CC chemokine receptor (CCR) or CXC chemokine receptor
(CXCR), respectively (27). Intriguingly, MCP-1 (also known as
CCL2), a representative CC chemokine, was found to be remark-
ably increased in adipose tissue in obesity (21,22, 28). We and oth-
ers sought to investigate whether MCP-1 is a factor that enhances
the infiltration of macrophages in adipose tissue. Adipose tissue-
specific overexpression of MCP-1 in mice indeed increased
macrophage infiltration into adipose tissue and insulin resistance
(17, 19), whereas disruption of MCP-1 or its receptor, CCR2,
impaired high-fat diet (HFD)-induced migration of macrophages
into adipose tissue, thereby reducing adipose tissue inflammation
and attenuating insulin resistance (17, 18, 29, 30). These findings
suggest that MCP-1 secreted from enlarged adipocytes attracted
circulating monocytes to adipose tissue, causing inflammatory
characteristics of adipose tissue. Infiltrated monocytes differen-
tiate into macrophages and produce additional inflammatory
cytokines, leading to further inflammation. Secreted inflamma-
tory cytokines are supposed to induce insulin resistance in liver
and skeletal muscle by functioning as adipokines (Figure 1). In
addition, chronic increase in the circulating level of MCP-1 by the
administration of recombinant MCP-1 protein induced insulin
resistance, macrophage infiltration into adipose tissue, and an
increase in hepatic triacylglycerol content without affecting body
weight (18). Acute increase in the circulating MCP-1 concentration
also induced insulin resistance but not macrophage infiltration
into adipose tissue. These findings indicate that an increase in the
concentration of MCP-1 in the circulation is sufficient to induce
systemic insulin resistance irrespective of adipose tissue inflam-
mation (18). In fact, circulating MCP-1 levels were found to be
increased in type 2 diabetic patients compared with normal sub-
jects (31, 32) or to be correlated with HOMA-IR in type 2 diabetic
patients (33). On the other hand, studies by others found no dif-
ference or even more infiltrated macrophages in adipose tissues in
MCP-1-deficient mice, although the reason for the different results
is unknown (34, 35). Recent study by Oh et al. provided evidence
by employing a new method for quantitative in vivo macrophage
tracking, in which monocytes isolated from peripheral blood were
labeled ex vivo with fluorescent PKH26 dye and then injected into
recipient mice (36). Mice receiving CCR2-deficient monocytes
were protected from HFD-induced accumulation of macrophages
in adipose tissue and the liver, while transplantation of intact
monocytes into MCP-1 knockout mice on an HFD did not cause
infiltration of macrophages into the tissues (36). These results all
suggest that the MCP-1-CCR2 signaling pathway plays an impor-
tant role in adipose tissue inflammation (17-19, 29, 30, 36), hepatic
steatosis (17, 18, 37, 38), and glucose metabolism (17-19, 29, 30,
36-38) in insulin-resistant model mice. Thus, examination of the
factors that induce MCP-1 expression in hypertrophied adipocytes
is also important. Ito et al. demonstrated that down-regulation of
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FIGURE 1 | Obesity-induced macrophage infiltration into adipose tissue
causes insulin resistance. (A) In adipose tissue in a lean state, most
resident macrophages are M2 macrophages that contribute to insulin
sensitivity by secreting I1-10. (B) Hyperphagia and lack of exercise cause
hypertrophy of adipocytes, which induces MCP-1 secretion to the circulation,
leading to the recruitment of circulating monocytes to adipose tissues. These

hypertrophied adipocytes

£

insulin resistance

insulin-sensitive tissues

infiltrated monocytes differentiate into activated M1 macrophages, which
robustly secrete proinflammatory cytokines such as TNFq, 116, and MCP-1,
thus contributing to low-grade inflammation in adipose tissue and a decrease
of adiponectin. At the same time, these secreted cytokines cause insulin
resistance in liver and skeletal muscle by acting as insulin resistance-inducing
adipokines.

mitogen-activated protein kinase (MAPK) phosphatase-1 (MKP-
1) increased MCP-1 expression through MAPK activation in cul-
tured adipocytes (39). Furthermore, Kitade et al. demonstrated
that the expression of CCR5 in adipose tissue was similarly
increased during obesity (40). Genetic deletion of CCR5 in mice
resulted in protection against HFD-induced macrophage infil-
tration, insulin resistance, and hepatic steatosis. Furthermore,
alteration of macrophages in adipose tissues was accompanied
by polarization to M2. These results were reproduced using a
cell-specific approach by employing bone marrow transplantation
(40). At present, it is believed that M2 macrophages contribute
to maintain insulin sensitivity, while obesity causes a switch to
M1 polarization that enhances systemic insulin resistance through
the secretion of inflammatory cytokines (41). Subsequently, the
contributions of chemokines other than the CCL family, such
as CXCL14 (42) or other factors including osteopontin (43),
angiopoietin-like protein 2 (Angptl2) (44), serum amyloid A (45),
and dietary cholesterol (46), to the accumulation of macrophages
in adipose tissue have been demonstrated.

INFLAMMATORY ACTIVATION OF MYELOID CELLS IN THE
LIVER

Following the findings for adipose tissue, the issues of whether
obesity can cause hepatic inflammation and whether this inflam-
mation can contribute to hepatic or systemic inflammation
became important in this field. Obesity-associated nutrient excess
has been linked to inflammation in part via activation of inhibitor
of kB kinase § (IKKP) and subsequent nuclear translocation of
nuclear factor kB (NF-kB), one of the key transcriptional medi-
ators of inflammation (47-49). Consumption of an HFD clearly
induced proinflammatory activation of Kupffer cells, the resident

macrophages of the liver, in mice (50, 51). In addition, inflamma-
tory activation of Kupffer cells was implicated in the pathogen-
esis of obesity-induced insulin resistance and fatty liver disease
(50). Deletion of IKKB in myeloid cells reduced macrophage-
mediated inflammation and improved obesity-associated systemic
and hepatic insulin sensitivity (47). Furthermore, chemical dele-
tion of Kupffer cells was demonstrated to cause improved insulin
sensitivity during HFD feeding (52). Obesity and insulin resis-
tance are often associated with hepatic steatosis in a large pro-
portion of obese patients. We demonstrated mechanically that
overexpression of MCP-1 in adipose tissue caused hepatic steatosis
along with adipose tissue inflammation, while systemic deletion
of MCP-1 inhibited HFD-induced steatosis (17). In addition,
chronic increase of plasma MCP-1 level was also sufficient to
induce hepatic steatosis and adipose tissue inflammation (18).
These findings suggest that an increase of circulating MCP-1 or
adipose tissue inflammation may cause hepatic steatosis. Although
HED feeding caused M1 activation of Kupffer cells in the liver (50,
51), it seemed that the number of Kupffer cells was not increased
in obesity (53). Using flow cytometry, it was investigated how
a population of myeloid cells (CD11b™") changed during obe-
sity or type 2 diabetes. Kupffer cells, defined as CD45", F4/80™,
were a major subset of myeloid cells in the liver. Obesity rather
reduced the number of Kupffer cells, while in turn, the pro-
portion of myeloid cells, defined as CD11b*, CD45%, F4/80'°,
doubled, from 10.0 to 19.7% (53). Given that these recruited
myeloid cells were also characterized by CCR2%, hepatic expres-
sion of CCL2/CCR2, which was increased by HFD, seemed to
have originated from infiltrated macrophages. By employing bone
marrow transplantation from CCR2-deficient mice, it was fur-
ther demonstrated that the trafficking of the infiltrated cells was
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dependent on CCR2. In addition, adenoviral overexpression of
CCL2 in the liver caused the accumulation of myeloid cells coin-
cident with hepatic steatosis (53). CCR2-dependent recruitment
of myeloid cells to the liver (36) and CCL2-dependent develop-
ment of hepatic steatosis (54) were also demonstrated by other
studies. These results also underline the role of the CCL2-CCR2
signaling pathway in the recruitment of myeloid cells to the liver.
Taking these findings together, the range of immune cells in the
liver is thus complex and heterogeneous, but they are thought
to play important roles in both insulin resistance and hepatic
steatosis.

REGULATION OF KUPFFER CELL ACTIVATION BY
ENDOTHELIAL NO PRODUCTION

Local and systemic insulin resistance has been discussed in rela-
tion to the interactions between immune cells and parenchymal
cells. We have proposed that endothelial cells could be added
to those components with which interactions are shown. We
have demonstrated that HFD feeding induced proinflammatory

activation of Kupffer cells in wild-type (WT) mice coincident
with reduced liver endothelial nitric oxide synthase activity
and nitric oxide (NO) content while, conversely, the enhance-
ment of cGMP signaling downstream of endogenous NO by
phosphodiesterase-5 inhibition protected Kupffer cells against
HFD-induced inflammation (51). Furthermore, proinflammatory
activation of Kupffer cells was evident in eNos™/~ mice, even
on a low-fat diet. Targeted deletion of vasodilator-stimulated
phosphoprotein (VASP), a key downstream target of endothe-
lially derived NO, similarly led to a predisposition to hepatic
and Kupffer cell inflammation and abrogated the protective effect
of NO signaling in both macrophages and hepatocytes studied
in a cell culture model (51). These results collectively imply a
physiological role for endothelial NO to limit obesity-associated
inflammation and insulin resistance in hepatocytes and support
a model in which Kupffer cell activation during HFD feeding
is dependent on reduced NO signaling (51) (Figure 2). The
NO/cGMP/VASP axis was also shown to be relevant in adipose
tissue (55).

CCLs
TNFa
f' NFKB/AP11
TNFR
I}ﬁg CCRs
y CD11b

trafficking
and
infiltration
\\\\“———— NFKB/AP11
CCLs
TNFa

Blood
vessel

Macrophage
in situ activation

TNFa, FFA,
IL-1B8, LPS

IL-4, IL-13

JAK / STAT6
PPARs
KLF4

nocyte .
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Insulin signaling

parenchymal cells
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FIGURE 2 | Accumulation of monocytes/macrophages in adipose tissue
and liver, and activation in the tissues. Trafficking: During obesity,
adipocytes exhibit hypertrophy, while liver incorporates substantial FFAs, both
of which cause tissue inflammation, activation of NF«kB, and AP1 signaling,
leading to increased secretion of inflammatory chemokines and cytokines,
including CCLs and TNFa. Elevated secretion of CCLs (e.g., MCP-1) elicits the
accumulation of CCR-positive monocytes to the site of inflammation,
particularly CCR2* for adipose and liver, but CCR5* for adipose tissue. In situ
activation: In a lean state, resident tissue macrophages display the M2
phenotype, which is achieved and sustained through the JAK/STAT6 pathway

in response to IL-4 or Il-13 stimuli. These stimuli are derived from resident T2
cells, T,y cells, eosinophils, and mast cells. PPARs and KLF4 also induce M2
activation. In turn, obesity and subsequent elevation of tissue FFA or
inflammatory cytokines stimulate NF«B and AP1 signaling, which causes
switching of the phenotype to M1, leading to further secretion of TNFa. Signal
from inflammasome also activates M1 activation. M1 activation of
macrophages can be suppressed by endothelial NO/cGMP signaling. M2
macrophages contribute to insulin sensitivity in neighboring parenchymal
cells, while M1 induces insulin resistance, with the M1/M2 balance
determining tissue and/or systemic insulin sensitivity.
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CONSTITUENT CELLS OTHER THAN MACROPHAGES IN
OBESITY-INDUCED INFLAMMATION: INTERACTIONS
AMONG IMMUNE CELLS DURING INFLAMMATION IN
ADIPOSE TISSUE

The role of macrophages in adipose tissue inflammation has been
clearly demonstrated. Besides these cells, additional leukocyte sub-
populations have recently been demonstrated to be involved in
obesity and insulin resistance, such as T cells, B cells, eosinophils,
neutrophils, mast cells, and natural killer cells. The involvement
of multiple leukocyte subpopulations underlines the complexity
of obesity-associated adipose tissue inflammation (Figure 3).

T CELLS

Although macrophage infiltration in adipose tissue has been
demonstrated in both mice and humans (56), little is known about
the sequence of events that lead to the macrophage accumulation
in adipose tissue. Research attempting to investigate which surface
antigens of immune cells are associated with inflammation and
insulin resistance revealed the involvement of CD11c-positive cells
(57). Myeloid-specific deletion of CD11c in mice protected against
HFD-induced accumulation of macrophages in adipose tissue and
exhibited insulin sensitivity compared with the controls (57). Next,
T cells (CD4™, CD8™") were found to be increased in adipose tissue
during obesity (58—60). In a lean state, CD4™" helper T cells and
regulatory T (Treg) cells (CD4T, CD25T, Foxp3™) were predomi-
nant; however, prior to the accumulation of macrophages (F4/80T,
CD11b™),CD8™" T cells infiltrated coincidentally with a reduction
of the number of Treg (25). The administration of CD8 antibody
to WT mice fed an HFD attenuated macrophage infiltration and
insulin resistance. Although CD8 knockout mice were protected

against HFD-induced accumulation of macrophages, restoration
of CD8™ T-cells increased macrophage infiltration. Similar results
were obtained by other groups (61, 62). It is now considered
that, in a lean state, CD4t CD25% Foxp3™t Treg cells induce
alternative activation of monocyte/macrophages (63), which is
characterized by the expression of macrophage mannose recep-
tor (MMR) or intracellular activity of arginase (64). T helper type
2 (Ty2) cells expressing IL-4 and IL-13 also induce M2 activation
of macrophages that secrete IL-10, whereas macrophages are M 1-
activated through IFNy by T helper type 1 (T 1) cells and through
IL-17 by Tyg17 cells. Recently, peroxisome proliferator-activated
receptor y (PPARY) activity in Treg cells has been shown to be
important to reduce chronic inflammation in adipose tissue (65).

B CELLS

The accumulation of B cells was observed in adipose tissue of
mice fed an HFD before macrophage and T-cell accumulation
(66). In addition, diet-induced obese mice lacking B cells were
protected from metabolic abnormalities despite weight gain (67).
B-cell effects on glucose metabolism were associated with the
activation of proinflammatory macrophages and T cells and the
production of pathogenic IgG antibodies. In fact, treatment of
mice fed an HFD with a B-cell-depleting CD20 antibody ame-
liorated abnormality in glucose metabolism and adipose tissue
inflammation, whereas the transfer of IgG from mice with diet-
induced obesity rapidly induced insulin resistance and glucose
intolerance (67). Recently, obese B-cell-null mice were reported
to exhibit decreased systemic inflammation, inflammatory B- and
T-cell cytokines, adipose tissue inflammation, and insulin resis-
tance compared with obese WT mice (68). This was associated
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FIGURE 3 | Control of M1/M2 polarization by neighboring immune
cells. In a lean state, residentT cells consist of T2 cells, T, cells, and
NKT cells. Combined with resident eosinophils, these cells sustain the
M2 activation of macrophages through secreting IL-4, 1L:10, and IL-13. As
obesity progresses, alteration of constituent immune cells occurs, in
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which the numbers of T2 cells and T4 cells decline, while in turn, T,;1
cells and B cells increase. In addition to these more prevalent cells,
neutrophils and mast cells induce M1 activation of macrophages by
increased secretion of elastase, TNF, IFNy, IL-6, and pathogenic IgG. B
cells also activate T cells.
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with an increased percentage of anti-inflammatory regulatory T
cells. B cells from type 2 diabetes subjects promote proinflam-
matory T-cell function through contact-dependent mechanisms,
suggesting that B cells regulate inflammation in type 2 diabetes by
modulating T-cell functions (68).

EOSINOPHILS

In addition to T2 or Treg cells, eosinophils have been shown to
exist in lean adipose tissue and participate in the maintenance of
M2 activation through secreting IL-4 (69). By using eosinophil-
deficient and hypereosinophilic mice, Wu et al. showed that
eosinophil-derived IL-4 and IL-13 determined the M2 activa-
tion of macrophages in adipose tissue and contributed to insulin
sensitivity. Hypereosinophilic mice displayed improved insulin
sensitivity, while eosinophil-deficient mice exhibited increased
fat together with impaired glucose tolerance and insulin resis-
tance (69).

NEUTROPHILS

Neutrophils are rare in a lean state; however, an HFD elicits the
accumulation of neutrophils (CD11b* Ly6g™ F4/80~ CD11c™),
which seem to induce local insulin resistance by secreting elas-
tase (70). The deletion of neutrophil elastase in HFD-induced
obese mice led to reduced macrophage content and inflammation.
These changes were coincident with improvement of glucose tol-
erance and increased insulin sensitivity. Intriguingly, neutrophil
elastase can degrade IRS-1 protein and cause insulin resistance
in adipocytes (70). Similar results were obtained in a very recent
study by another group (71). In humans, an increased blood level
of myeloperoxidase, a marker of neutrophils, in obese women (72),
and increased activity of neutrophils in obese subjects have also
been noted (71, 73).

MAST CELLS

Mast cell invasion was also detected in adipose tissue in obese
mice (74). Mast cell-deficient mice (KitW-sh/W-sh mice) were
protected from HFD-induced body weight gain and the increase
of proinflammatory cytokines and chemokines along with the
improvement of glucose metabolism and energy expenditure due
to the up-regulation of UCP-1 expression in BAT (74). Simi-
lar effects were observed in the treatment of mice with a mast
cell-stabilizing agent. Mast cells were supposed to promote diet-
induced obesity and glucose intolerance by the production of IL-6
and IFNy. Mast cells are also involved in obesity-induced adi-
pose tissue inflammation and insulin resistance. Weight gain of
mast-cell-deficient mice during HFD was decreased compared
with that of control mice (75). Mechanistically, prostaglandin
J2 (PGJ2) produced by mast cells in response to high-glucose
enhanced adipocyte differentiation by PPARy activation, leading
to obesity (75).

NATURAL KILLER T CELLS

Natural killer T (NKT) cells are innate-like T lymphocytes that
recognize glycolipid antigens and have been implicated in autoim-
munity, microbial infection, and cancer and hence represent an
important immunotherapeutic target (76). Similar to eosinophils,
NKT cells have been shown to reside in lean adipose tissue, in

which they contribute to sustain the M2 activation of macrophages
by stimulating IL-4/STAT6 signaling (77, 78). Schipper et al.
demonstrated that CD1d-null mice whose NKT cells were not
activated displayed a distinctive insulin resistance phenotype even
on a low-fat diet without overt adipose tissue inflammation (79).
Activation of NKT cells has thus been demonstrated to modulate
polarization toward M2, resulting in improved glucose metabo-
lism (78-80). Unlike in mouse studies, the role of NKT cells dur-
ing obesity and adipose tissue inflammation in humans remains
unclear. An unaltered number of circulating NKT cells in obesity
(80, 81) and significantly lower numbers of circulating NKT cells
in obese patients have been documented (82).

CELL SIGNALING IN MACROPHAGES THAT DEFINES M1 AND
M2 ACTIVATION

Macrophages are terminally differentiated cells of the mononu-
clear phagocyte system that include dendritic cells, circulating
blood monocytes, and committed myeloid progenitor cells in the
bone marrow. Local environmental factors are known to affect
the properties, functions, and activation state of macrophages.
In general, macrophage activation is defined across two sepa-
rate polarization states, M1 (proinflammatory) and M2 (anti-
inflammatory) states. M1 or “classically activated” macrophages
are induced by proinflammatory mediators such as lipopolysac-
charide (LPS), TNFa, and IFN-y. M1 macrophages are also
associated with enhanced proinflammatory cytokine production
(TNFa, IL-6, IL-1). On the other hand, M2 or “alternatively acti-
vated” macrophages have low proinflammatory characteristics and
instead generate high levels of anti-inflammatory cytokines, for
example, IL-10. Since the attenuation of macrophage M1 activa-
tion and the maintenance of M2 activity are believed to be impor-
tant for intact glucose metabolism, there has been research focus-
ing on intracellular signaling that determines proinflammatory or
alternative activation in macrophages (Figures 2 and 3).

M1 MACROPHAGES

M1 activation of macrophages is established mainly through the
IKKB/NF-kB and Jun N-terminal kinase (JNK) 1/activator pro-
tein 1(AP1) system. Obesity induces adipose tissue inflammation,
which results in high levels of proinflammatory cytokines and
chemokines. In particular, TNFa is a representative inflammatory
cytokine that causes lipolysis in adipose tissue. Thereby, plasma
FFA levels are usually elevated in obesity. FFAs released from
adipocytes through lipolysis have been shown to be capable of
serving as ligands for the toll-like receptor 4 (TLR4) complex (83).
TLRs are initially indispensable for innate immune cells to rec-
ognize intruding pathogens and trigger an appropriate immune
response. Among them, TLR4 is a high-affinity receptor for LPS,
which is a component of the cell walls of gram-negative bacte-
ria (84). TLR4 signaling activated by FFA induces the expression
of a large number of proinflammatory target genes and drives
M1 activation by regulating the transcriptional factors includ-
ing NF-kB, AP1, and interferon-regulatory factor (IRF) family
members. TNFa also drives M1 activation by inducing proinflam-
matory genes through activating NF-kB and AP1 transcriptional
factors. For instance, lipid infusion caused the accumulation of
macrophages in adipose tissue accompanied by insulin resistance
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in WT control mice, but this was not the case in TLR4-deficient
mice (83). Hematopoietic cell-specific deletion of TLR4 in mice
attenuated HFD-induced insulin resistance in adipose and the liver
(85). Activated TLR4 signaling induced a classical inflammatory
response, which led to the recruitment of macrophages. In this way,
macrophages activated to M1 by FFA through TLR4-mediated sig-
naling secrete TNFa, which in turn enhances lipolysis in neighbor-
ing adipocytes, leading to further production of FFA. This vicious
cycle or paracrine loop mediated by TNFa and FFA between
adipocytes and macrophages in obese adipose tissue induces fur-
ther adipose tissue inflammation (86). In addition, TNFa and
FFA inhibit insulin receptor signaling via the increase of serine
phosphorylation of IRS-1. Recently, a liver secretory glycoprotein,
fetuin-A, was demonstrated to play a crucial role as an endogenous
ligand for TLR4 in FFA-induced inflammation and insulin resis-
tance in adipocytes (87). The serum concentration of fetuin-A was
significantly increased in obese diabetic patients compared with
that in non-obese non-diabetic human subjects. Next, myeloid dif-
ferentiation primary response protein 88 (MYD88), the primary
mediator of TLR and IL1 receptor signaling, has been investi-
gated to clarify whether this is also involved in the FFA-induced
insulin resistance. However, MyD88 deficiency in mice exacerbated
diet-induced glucose intolerance and hyperlipidemia (88). There
is therefore a conflict regarding the activity of the TLR4/MyD88
axis in diet-induced obesity and insulin resistance, which remains
to be elucidated in future studies.

M2 MACROPHAGES

The activation of M2 macrophages is basically maintained by the
signaling of the IL-4/JAK/STAT6 pathway. The administration of
IL-4 to mice induces M2 activation of macrophages, thereby atten-
uating HFD-induced insulin resistance (89). IL-10 secreted by M2
macrophages enhances insulin signaling, including that in the liver,
thereby having a protective role against obesity-induced insulin
resistance (90). Taking these findings together, the activation of
IL-4 signaling is considered to be a promising target to suppress
insulin resistance and thus studies to identify molecular media-
tors are underway. We describe here several factors involved in M2
activation.

Peroxisome proliferator-activated receptory

Macrophage-specific deletion of PPARYy in mice impaired M2 acti-
vation despite the mice being on a chow diet (91). In these mice,
adiponectin expression was decreased. This change was accom-
panied by reduced oxidative phosphorylation in liver and skeletal
muscle, which might have contributed to the insulin resistance
in these tissues. Another study demonstrated that macrophage-
specific PPARy-deficient mice showed glucose intolerance and
insulin resistance in a lean state. These mice had increased
inflammatory markers in adipose tissue, liver, and skeletal mus-
cle and showed decreased effects of thiazolidinediones, indicat-
ing a requirement for PPARy in macrophages for intact insulin
sensitivity in muscle/liver and a full antidiabetic effect of thiazo-
lidinediones (92). Odegaard et al. demonstrated that peroxisome
proliferator-activated receptor 8 (PPARS) mediated the effects of a
Th2 cytokine, IL-4, to direct the expression of the alternative phe-
notype in Kupffer cells and adipose tissue macrophages of lean

mice (50). Adoptive transfer of PPARS ™/~ bone marrow into WT
mice conversely diminished the alternative activation of hepatic
macrophages, causing hepatic dysfunction and systemic insulin
resistance (50). Collectively, PPARs are thought to be required
for the maturation of M2 activation and the resulting insulin
sensitivity.

Kriippel-like factor 4

In addition to PPARs, another nuclear receptor, Kriippel-like factor
4 (KLF4), has been implicated in M2 activation in macrophages
(93). In macrophages, KLF4 is suppressed by LPS stimulation,
while it is increased by IL-4. Macrophage-specific KLF4 knock-
out mice display M1 activation and M2 disactivation. Owing to
reduced fatty acid oxidation, the mice are susceptible to becom-
ing obese and exhibit glucose intolerance and insulin resistance. In
contrast, forced expression of KLF4 in RAW cultured macrophages
resulted in M2 activation and resistance to M1 polarization by
stimulation of LPS. Importantly, nRNA expression of KLF4 in adi-
pose tissue is reduced in human obesity. Moreover, mRNA expres-
sion of KLF4 is not only positively associated with adiponectin
expression in adipose tissue but also with well-defined M2 mark-
ers, such as CD206 and CCL18 in the stromal vascular fraction
of adipose tissue. It has also been documented that IL-4 activates
STAT®6, leading to transcriptional activation of KLF4 to induce M2
genes (93).

AMP-activated protein kinase

AMP-activated protein kinase (AMPK) is an evolutionarily con-
served sensor of cellular energy status that is activated by low
energy status (increased cellular AMP/ADP:ATP ratio) and con-
sists of an o catalytic subunit and By regulatory subunits. This
molecule has also been shown to be crucial for the mainte-
nance of M2 activation (94). Galic et al. tested the effect of
AMPK B1 loss in macrophages in vivo by transplantation of
bone marrow from WT or f1(—/—) mice into WT recipients.
When challenged with an HFD, mice that received $1(—/—) bone
marrow displayed enhanced adipose tissue macrophage inflam-
mation and liver insulin resistance compared with animals that
received WT bone marrow (94). Taking these findings together,
the activation of AMPK and increased fatty acid oxidation in
macrophages might provide an avenue for the treatment of type 2
diabetes.

Sirtuin 1

Sirtuin 1 (SIRT1), the mammalian homolog of yeast silent
information-regulator 2 (Sir2), is an NAD™'-dependent histone
deacetylase that has been implicated in the regulation of lifespan
under calorie restriction (95) or energy metabolism during fasting
(96); thus, it is believed to be a promising target for type 2 diabetes
(95, 97). Besides these findings, anti-inflammatory effects have
also been demonstrated, showing that SIRT1 deacetylates NFkB
and suppresses its transcriptional activity by inhibiting nuclear
translocation (98). SIRT1 levels are markedly reduced in adipose
tissue of obese humans and mice (99, 100). HFD was also found to
result in cleavage of SIRT1 protein (101). In fact, upon the reduc-
tion of SIRT1 in fat by antisense oligonucleotides to levels similar
to those seen during overnutrition, macrophage recruitment to

Frontiers in Endocrinology | Diabetes

August 2013 | Volume 4 | Article 93 | 82


http://www.frontiersin.org/Diabetes
http://www.frontiersin.org/Diabetes/archive

Tateya et al.

Chronic inflammation and insulin resistance

adipose tissue was significantly increased. Similar results were
obtained in fat-specific SIRT1 knockout mice. In contrast, overex-
pression of SIRT1 in mice prevented HFD-induced accumulation
of macrophages (102). Furthermore, it was found that the SIRT1
expression level in human subcutaneous fat was inversely related to
the number of adipose tissue macrophages. Mechanistically, others
demonstrated that SIRT1 regulated intracellular inflammatory sig-
naling at the levels of JNK and IKK (103). In addition, AMPK was
also reported to regulate lipid-induced inflammation negatively
through SIRT1 (104). Taken together, these findings indicate that
SIRT1 might exert an insulin-sensitizing effect partially through
the suppression of inflammation.

INVOLVEMENT OF INFLAMMASOME IN OBESITY-INDUCED
INFLAMMATION

The mechanisms by which obesity induces macrophage activation
despite the absence of any infection or autoimmune processes
remained unclear. Although some mechanisms including hypoxia
(105, 106) and autophagy (107-109) have been proposed for
the induction of inflammation, in this review, we would like to
focus on a new concept, the involvement of inflammasome in
adipose tissue inflammation and insulin resistance. External or
internal stimuli are recognized by pattern recognition receptors
(PRRs). External stimuli, particularly pathogen-associated mol-
ecular patterns (PAMPs), are detected not only by TLRs but
also by inflammasome, which is a protein complex consisting
of caspase-1, apoptosis-associated speck-like protein containing
a caspase recruitment domain (ASC), and nucleotide-binding
oligomerization (NOD)-like receptors (NLRs) (110). Among these
components, different pathogens are recognized by distinct con-
stituents of NLRs. For instance, bacterial infection is recognized by
nucleotide-binding domain, leucine-rich-containing family, pyrin
domain-containing-1 (NLRP1), NLRP3, NLRP4, and absent in
melanoma 2 (AIM2). Viral infection is recognized by NLRP3
and AIM3. Fungal or parasitic infection is recognized by NLRP3
(110). But all of these infections cause the activation of caspase-
1, which eventually leads to the processing and secretion of
proinflammatory cytokines, including IL-18 and IL-18 (110). A
unique feature of inflammasome is its additive ability to recog-
nize internal stimuli as danger signals. For instance, uric acid,
silica, fatty acids, and ATP in cytoplasm are detected as non-
microbial-originated damage-associated molecular pattern mole-
cules (DAMPs) by NLRs (110). Since mRNA expression of NLRP3
in adipose tissue correlates with IL-1f8, body weight, and blood
glucose level in rodents and humans (111), Vandanmagsar et al.
tested whether NLRP3 played important roles during the develop-
ment of chronic inflammation in obesity. Using NLRP3 knockout
mice, they showed that NLRP3 sensed ceramide as a danger signal
that activated caspase-1, which enhanced IL-1f secretion, thereby
inducing T-cell activation (111). Target deletion of NLRP3 in mice
displayed improved glucose tolerance and increased insulin sen-
sitivity. These results were accompanied by the appearance of
small adipocytes, reduced M1 activation, and enhanced insulin
signaling in liver, adipose tissue, and skeletal muscle. Elevated
ceramide, saturated fatty acid, reactive oxygen species (ROS), and
mitochondrial dysfunction caused activation of inflammasome
in macrophages (108, 112). The resulting activation of caspase-1

and subsequent secretion of IL-1f then interfere with insulin sig-
naling, whereas inhibition of caspase-1 has been demonstrated
to attenuate insulin resistance coincident with improved func-
tion of adipocytes (108, 112, 113). In humans, elevated levels
of circulating IL-18 in patients with type 2 diabetes have been
demonstrated (114), along with a suppressive effect of calorie
restriction and resulting weight loss on the reduced expression
of adipose NLRP3 in type 2 diabetes (111), and marked reduc-
tion of both adipose and liver expression of IL-1f in morbidly
obese subjects by laparoscopic adjustable gastric banding surgery
(114).

THERAPEUTIC INTERVENTIONS

The basis of therapeutic interventions in inflammation and insulin
resistance is to prevent or to ameliorate obesity by physical exer-
cise and diet control. They can also present the beneficial effects
to the improvement of inflammation irrespective of body weight
loss. In addition, the significance of chronic inflammation and
its molecular mechanisms during the development of type 2
diabetes has been demonstrated and, in mice, suppression of
inflammation-related molecules has successfully improved glu-
cose intolerance. On the basis of this evidence, clinical trials
targeting inflammation-related molecules have started. Thus, at
first we would like to introduce the contribution of exercise and
diet to the amelioration of inflammation. Next, we describe the
current circumstances concerning several clinical applications of
anti-inflammatory drugs.

EXERCISE AND DIET

Although exercise is generally admitted to be effective to atten-
uate obesity and sustain health, single session of exercise has
been reported to trigger an increase in proinflammatory cytokine
release together with leukocytosis and increased plasma concen-
tration of CRP (115). Regular and chronic exercise, however, has
been reported to be associated with reduction of inflammatory
markers such as CRP, IL-6, and TNFa (115-118). Physical (aer-
obic + resistance) exercise was also associated with increase in
anti-inflammatory substances, such as IL-4 and IL-10 in type 2
diabetic patients with metabolic syndrome (118). Among many
types of exercise, Oliveira et al. compared the effect of 12 weeks
training with three different types of exercise (aerobic training,
strength training, and combined training) on subjects with type 2
diabetes, demonstrating that the aerobic training program caused
significant up-regulation in antioxidant enzymes (119). Accord-
ingly, exercise-dependent improvement of glucose tolerance seems
to be related with suppression of inflammation and oxidative
stress (116).

Dietary calorie restriction is well recognized to be beneficial to
ameliorate obesity-induced inflammation through weight loss. In
addition to this, dietary composition has also been demonstrated
to be important for the improvement of inflammation. Dietary
bioactive compounds, such as polyphenols and certain fatty acids
suppress systemic and adipose tissue inflammation. Polyphenols
such as resveratrol exhibited anti-inflammatory effects via sup-
pression of NF-kB (120) and extracellular signaling regulated
kinase pathway (121) as well as via activating SIRT1 (122). Resver-
atrol has also been shown to activate AMPK independent of
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SIRT1 (123). Therefore, resveratrol may be a promising candi-
date in anti-inflammatory therapy (124). For instance, resvera-
trol supplementation for 30 days decreased blood glucose levels
and inflammation markers along with improvement of HOMA
index in healthy obese men irrespective of body weight (125).
In addition, dietary polyunsaturated fatty acids, such as eicos-
apentaenoic acid (EPA) or docosahexaenoic acid (DHA) possess
anti-inflammatory effects. Mechanistically, these include activa-
tion of AMPK and PPARY (126). These polyunsaturated fatty acids
also inhibits NF-kB pathway by activation of G-protein coupled
receptor (GPR) 120 (127). In fact, n-3 polyunsaturated fatty acids
(EPA and DHA) decreased adipose tissue and systemic inflam-
mation in severe obese non-diabetic patients and improved lipid
metabolism (128). EPA was demonstrated to reduce body weight
at least by suppressing lipogenesis in the liver (129).

CLINICAL APPLICATIONS OF ANTI-INFLAMMATORY DRUGS
Aspirin/salsalate

It has been reported that high-dose sodium salicylate or acetyl-
salicylic acid could diminish glycosuria or improve the blood
glucose level in diabetic patients (1-4). Given that IKKP is a
key downstream mediator of insulin resistance and its blockade
by salicylates attenuated hyperglycemia, hyperinsulinemia, and
dyslipidemia in obese rodents (130, 131), Hundal et al. asked
whether high-dose aspirin (~7 g/day) could ameliorate insulin
resistance and improve glucose tolerance in patients with type 2
diabetes (132). They demonstrated that this treatment for 2 weeks
resulted in marked reduction of metabolic parameters includ-
ing fasting glucose, basal rate of hepatic glucose production, and
insulin-stimulated peripheral glucose uptake, despite no change
in body weight. A large randomized trial, the National Insti-
tute of Diabetes and Digestive and Kidney Diseases-sponsored
Targeting Inflammation with Salsalate, Non-acetylated Prodrug
of Salicylate, in Type 2 Diabetes (TINSAL-T2D) trial, recently
concluded that salsalate lowered hemoglobin Alc (HbAlc) lev-
els and improved glycemic control in patients with type 2 diabetes
(133). In a single-masked run-in period, patients were randomly
assigned to receive placebo or salsalate at a dosage of 3.0, 3.5,
or 4.0 g/day for 14 weeks (27 patients each) in addition to their
current therapy. Mean HbA1c changes were —0.36% (P = 0.02) at
3.0 g/day, —0.34% (P = 0.02) at 3.5 g/day,and —0.49% (P = 0.001)
at 4.0 g/day compared with placebo (133). The number of patients
studied and the trial duration were insufficient to warrant recom-
mending the use of salsalate for type 2 diabetes; however, it appears
warranted to target this molecule in further investigations.

IL-18

Reducing the activity of inflammasome and suppressing IL-18
secretion might be targets to attenuate insulin resistance in dia-
betes. Randomized clinical trials have shown that the blockade of
IL-1p signaling by anakinra, a recombinant human IL-1 recep-
tor antagonist, reduced systemic inflammation and improved
glycemia of type 2 diabetes (134-136).

TNFo.

Etanercept is a dimeric recombinant form of the extracellular
domain of the human p75 TNFa receptor 2 fused to the Fc frag-
ment of human immunoglobulin G1 (IgG1) and acts as a TNFa

antagonist by interfering with the binding of TNFa to its cellu-
lar receptors and thus blocks the inflammatory response (137).
Several studies have been conducted to test whether this bio-
pharmaceutical improves glucose tolerance in patients with type 2
diabetes; however, despite a suppressive effect on systemic inflam-
mation, the attenuation of glucose tolerance or insulin resistance
has not yet been achieved (137-139). These results might be
attributable to the distinct role of TNFa between rodents (5) and
humans (137-139). Alternatively, antagonism of TNFa by other
drugs remains hopeful in future studies.

CONCLUDING REMARKS

Following the discovery of chronic inflammation characterized
by macrophage accumulation in adipose tissue, an explosion of
studies in the past decade have begun to reveal the contribu-
tions of inflammation to the development of insulin resistance
and subsequent metabolic abnormalities in other tissues, such as
liver (47-52) and most recently brain (140). Adipose tissue, liver,
and the hematopoietic system are evolutionarily derived from the
same tissue. This developmental heritage can underlie the link
between obesity-induced adipose tissue and hepatic inflamma-
tion (56) (Figure 2). Studies using flow cytometry subsequently
identified the relative importance of other immune cells, includ-
ing T cells, B cells, eosinophils, neutrophils, mast cells, and NKT
cells, during the development of chronic inflammation. At present,
besides the identification of constituent immune cells, an avenue
intended to reveal how these neighboring immune cells modulate
the inflammatory signals in macrophages has being created. In
order to reveal the significance of inflammation during the devel-
opment of type 2 diabetes, the identification of both factors that
regulate trafficking of macrophages and intracellular molecules
that control inflammatory activation in macrophages would be
indispensable. Since there might be substantial differences in the
nature of inflammation between rodents and humans and since
clinical applications have not yet achieved excellent results, the
question remains of how much the inhibition of inflammation
contributes to improving glucose homeostasis. In future, there is a
need for translational research that applies evidence from mice to
human subjects. Because chronic inflammation is also involved in
the development of atherosclerosis, rheumatoid arthritis, cancers,
and neurodegenerative diseases, the suppression of inflammation
can be a desirable therapy for type 2 diabetes. However, simple
reduction of inflammation cannot be a beneficial approach as
innate immunity is a radical form of homeostasis to deal with
pathogenic infections. In addition, since the pathophysiology does
not develop via a single molecule, multilayered targeting of var-
ious molecules without affecting physiological immune function
has to be achieved. The location, timing, and degree of suppres-
sion all have to be controlled. Although recent studies have shed
light on the pathophysiological roles of inflammation in diabetes,
substantial efforts are required to achieve clinical application in
human subjects.
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Adipose tissue is known to secrete hormones actively and produces many biologically
active proteins called adipocytokines. Typically, obesity is followed by low-grade inflamma-
tion, which is characterized by increased circulating levels of pro-inflammatory cytokines.
Macrophages play a role in the inflammatory process by secreting many cytokines such
as tumor necrosis factor alpha, interleukin-6, resistin, and retinol binding protein-4. These
cytokines and chemokines participate in low-grade pro-inflammatory processes leading
to insulin resistance, metabolic impairment, and cardiovascular diseases. More metabolic
regulators, such as fibroblast growth factor (FGF)21, FGF19, FGF1, vaspin, and visfatin have
now been discovered but their exact roles in human diseases are still unclear. This review
focuses on recent research regarding the role of adipokines and new metabolic factors in
metabolic derangement or cardiovascular disease.
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INTRODUCTION

The prevalence of obesity is increasing throughout the world.
Obesity is associated with a broad spectrum of cardiometabolic
disorders, including hypertension, dyslipidemia, diabetes, and car-
diovascular disease (CVD) (1). Obesity is a heterogeneous disorder
characterized by multifactorial etiology, which is characterized by
various processes: changes in adipocytokines, activation of low-
grade inflammation, and production of reactive oxygen species.
These factors are linked to endothelial dysfunction, oxidative
stress, and inflammatory processes and finally lead to the develop-
ment of atherosclerosis by multiple interactive pathways (2, 3).

Adipose tissue deposition shows distinct differences between
different body areas. These include anatomical, cellular, molecular,
physiological, clinical, and prognostic differences. Many studies
have suggested that when compared with subcutaneous adipose
tissue, visceral adipose tissue and other ectopic fats are more cellu-
lar, vascular,and innervated, with alarger number of inflammatory
and immune cells, less pre-adipocyte differentiation, and a greater
percentage of large adipocytes (4, 5).

As adiposity increases in visceral and ectopic areas,
macrophages may increase infiltration (6). This cross-talk between
adipose tissue and macrophages is a source of many cytokines
such as tumor necrosis factor alpha (TNFa), interleukin (IL)-6,
resistin, retinol binding protein-4 (RBP4), which are suspected
to participate in low-grade pro-inflammatory processes leading
to metabolic disorders, insulin resistance, and CVDs (7). Other
adipokines, such as visfatin and vaspin, have been discovered but
their exact roles are still unknown. Emerging metabolic regulators

such as fibroblast growth factor 21 (FGF21), other FGFs and
myonectin appear to play roles in obesity and insulin resistance,
from our experience. This review focuses on recent updates regard-
ing the contribution of adipokines and newly discovered metabolic
regulators to obesity and insulin resistance.

ADIPONECTIN

Adiponectin has attracted considerable attention among the many
adipocytokines secreted from adipose tissue because of its insulin-
sensitizing property. Early studies showed that adiponectin levels
were low in patients with impaired glucose homeostasis or type
2 diabetes (8, 9). Since then, many studies have demonstrated a
significant inverse association between adiponectin and insulin
resistance (9). Prospective studies have proved that low levels of
adiponectin are associated with an increased incidence of type
2 diabetes (10, 11). Based on this finding, intervention studies
focusing on exercise have been tried. A lifestyle intervention study
with overweight/obese children for 1year increased circulating
adiponectin levels and insulin sensitivity significantly (12). Our
group also proved that adiponectin levels increased significantly
after a 10-week aerobic training program in healthy young and
middle-aged women, and this was associated with improvements
in insulin sensitivity (13).

Adiponectin is closely associated with atherogenesis and the
development of CVDs. Low plasma adiponectin level was a predic-
tor of CVD outcome such as myocardial infarction in the general
population and among patients with diabetes or end-stage renal
disease (14—17). Interestingly, several studies suggested that the
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high molecular weight form of adiponectin is a more accurate
independent risk factor for CVD than the whole adiponectin level
(17-19). However, no significant association between adiponectin
and the risk of CVD was found after adjustment for potential
confounders (11).

From mechanistic studies in endothelial cells, it was proved
that adiponectin strongly inhibits the production of inflammatory
cytokines and adhesion molecules, including ICAM-1, VCAM-
1, and E-selectin (19). Those results suggest that high levels of
adiponectin play a role against the development of atherosclerosis
and this has been confirmed in human studies (20, 21).

Thus, many basic and some population-based studies suggest
that adiponectin might have a beneficial role in metabolic dis-
eases and atherosclerosis, but some reports are less consistent. This
might arise from differences between studies such as variations in
populations, confounding factors (or lack thereof) and different
isoforms of adiponectin (total vs. the high molecular weight form).

RESISTIN

Initially, resistin was discovered as an adipocytokine in animal
models. It was suspected to link obesity with diabetes because it
was produced mainly by adipocytes (22). By contrast, adipocytes
seem to contribute only a small fraction of the resistin pro-
duction in humans (23). Instead, inflammatory cells such as
macrophages are considered the predominant source of circulating
resistin (24).

Some studies have reported that resistin levels are increased
in obese individuals (25, 26) while others have not (27, 28).
Population-based studies have shown that resistin levels are asso-
ciated with metabolic impairments and insulin resistance (27, 29,
30) but the association between resistin levels and insulin sensitiv-
ity has been inconsistent in humans (25, 31). Resistin levels have
also been associated with coronary heart diseases (32) and were
correlated with calcification deposition in coronary arteries (28,
33). In contrast, other studies have not shown a significant associ-
ation between resistin and coronary artery diseases (18, 34). Thus,
the evidence linking resistin with decreased insulin sensitivity or
increased cardiovascular risk remains inconsistent.

Of note, the secretions of TNFa, IL-6, and other cell adhe-
sion molecules are increased by resistin (35). An in vitro study
demonstrated that resistin treatment increased the proliferation
and migration of vascular smooth muscle and endothelial cells
(36). In summary, resistin may participate in cardiovascular phys-
iopathology in humans via the action of macrophages implicated
in the inflammatory response related to obesity.

RETINOL BINDING PROTEIN-4

Decades ago, RBP4 was discovered as an adipocytokine that binds
specifically to vitamin A (37). RBP4 is produced mainly by the
liver and adipose tissue (38). RBP4 levels are closely associated
with obesity, particularly visceral adiposity in mice and humans
(38, 39). Elevated RBP4 levels were associated with a cluster-
ing of components of metabolic syndrome in insulin-resistant
subjects (39). In population-based studies, RBP4 levels were pos-
itively associated with the obesity index, high blood pressure,
and unfavorable lipid profiles (40). RBP4 levels were increased in
naive hypertensive women and were correlated with the degree

of intima-media thickness, suggesting a participation of this
adipocytokine in modulation of the atherosclerotic process and
cardio- and cerebrovascular diseases (41, 42). Our group pub-
lished data showing that regular exercise intervention with a
10-week, moderate-intensity regimen improved cardiorespiratory
fitness and adipocytokines including RBP4 levels (13). Weight loss
induced by bariatric surgery also decreased RBP4 concentrations
(43). In addition, our group also reported that plasma RBP4 levels
were significantly higher among patients converting to full dia-
betes mellitus (DM) from previous gestational DM compared
with non-DM converters (44) and plasma RBP4 levels showed
significant correlation with cardiovascular risks in patients with
subclinical hypothyroidism (45). A recent study with dyslipidemia
subjects found that circulating RBP4 concentrations were associ-
ated with small dense low-density lipoprotein (LDL) cholesterol
and oxidized LDL levels (46).

Although there was robust evidence suggesting role of RBP4
in abnormal glucose metabolism and development of atheroscle-
rosis in mice, several human studies reported that the serum
level of RBP4 was not associated with obesity or insulin sen-
sitivity (47, 48). Janke et al. reported discrepancy of relation-
ship of RBP4 with glucose homeostasis between rodents and
human (47). Promintzer et al. also demonstrated no increase of
plasma RBP4 levels and no correlation with insulin sensitivity in
insulin-resistant humans (48).

Since evidence showing relationship of RBP4 with cardiometa-
bolic risk in human is inconsistent, there is still argument on
whether elevated RBP4 levels contribute to the pathogenesis of
abnormal glucose homeostasis or insulin resistance. More data are
needed to clarify the potential role of RBP4 in abnormal metabolic
consequences.

C1q TUMOR NECROSIS FACTOR-«-RELATED PROTEIN
ISOFORM 5

The C1q TNF-a-related proteins or myonectins have drawn recent
attention and Cl1q TNF-a-related protein isoform 5 (C1QTNEFE5)
has been a focus of research because of its possible association with
cardiometabolic risk (49). Structurally, CIQTNFS5 is similar to
adiponectin in its domain structure. CIQTNF5 belongs to a family
of proteins characterized by an N-terminal signal peptide, a col-
lagen repeat domain, and a C-terminal C1q-like globular domain
(50). C1QTNFs are expressed in many tissues and have more struc-
tural or extracellular matrix-related functions than adiponectin
(51). Recently, it was found that the CLIQTNES5 level increased in
mitochondrial (mt) DNA-depleted myocytes and this was asso-
ciated with elevated adenosine monophosphate-activated protein
kinase (AMPK) activity. In addition, the serum level of CIQTNF5
increased significantly in obese/diabetic animals (52). CIQTNF5
gene was upregulated from the microarray result of subcutaneous
fat in obese Pima Indians, suggesting its possible role in develop-
ing obesity (53). Our group found that a 10-week exercise training
program performed at moderate-intensity decreased C1QTNF5
levels and insulin resistance parameters and increased cardiores-
piratory fitness, mtDNA density, and adiponectin level in both
young and older groups of women (54). These findings suggest
that CIQTNF5 might be an important factor linking mitochondr-
ial dysfunction with insulin resistance. Further research is needed
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FIGURE 1 | New emerging adipokine from inflamed fat and its association with insulin resistance and cardiovascular health.
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to identify the role and molecular mechanism of CIQTNF5 in
the development of insulin resistance. Integrated schematic figure
from adiponectin to CIQTNF is in Figure 1.

FIBROBLAST GROWTH FACTOR 21

Fibroblast Growth Factor (FGF)21, FGF19, and FGF23 belong to
the FGF19 family that acts in hormone-like manners unlike other
FGF species (55). FGF21 has been highlighted as a new drug can-
didate for enhancing insulin sensitivity, inducing lipolysis, and
preventing diet-induced obesity in many in vitro and in vivo stud-
ies (56—-58). FGF21 is mainly produced in the liver but acts on
adipose tissue due to its preference for binding to FGF recep-
tor 1 (55, 59). In humans, serum FGF21 levels are paradoxically
increased in metabolic diseases such as obesity, diabetes, and CVD
(60-62), which infer FGF21 resistance in humans. There are several
lines of evidence from animal studies to explain FGF21 resistance
in the receptor and in the post-receptor signaling pathway but
there is no clear mechanism in humans so far. Including the results
of our group, FGF21 excretion in humans is dependent on resid-
ual renal function based on data from patients in end-stage renal
disease undergoing peritoneal dialysis and hemodialysis (63, 64).
We reported that serum FGF21 concentration was significantly
associated with altered lipid profiles, especially with hypertriglyc-
eridaemia, insulin resistance, metabolic syndrome, and ectopic fat
deposition when adjusted for the body mass index (65). Recently,
many interesting features about the role of FGF21 in metabo-
lism have been published. FGF21 regulates PGC1-a protein levels
and enhances white adipose tissue browning with upregulation
of UCPI and other thermogenic genes in a cold-exposure mouse
model (66). Kim et al. reported that muscle-specific deletion of

the Atg7 (autophagy-related 7) gene in mice produced mitochon-
drial dysfunction and promoted FGF21 expression, showing a
phenotype of being insulin-sensitive and resistant to diet-induced
obesity (67). FGF21 enhanced peroxisome proliferator-activated
receptor gamma (PPARy) desumoylation in fat cells to increase
its action and showed association with lower bone mass caused by
PPARY activation in vivo (68, 69). There are still many unknown
aspects of FGF21, especially its role in human metabolism. How-
ever, clinical trials of this molecule are ongoing and the results will
help explain its effect on glucose, obesity, and lipid metabolism in
humans more clearly.

OTHER FGFs

FGF19 in humans and its mouse ortholog FGF15 have been stud-
ied for their roles in controlling bile acid synthesis. Recent data
showed that activation of the farnesoid X receptor (FXR) by bile
acids induced FGF19 and FGF receptor 4-mediated JNK/ERK
pathways and inhibited the CY7A1I gene encoding cholesterol 7a
hydroxylase (70). In other study, transintestinal flux of bile acids
with diurnal variation to control FGF19 formation in the intestine
(71). The peak FGF19 formation was made 90—120 min after post-
prandial rise of serum bile acids. FGF19 is also a member of the
FGF19 family, like FGF21 and FGF23, and acts in a hormone-like
manner with a possible role in cholesterol metabolism through
bile acid synthesis. In addition, FGF1 has a role in adipose tis-
sue remodeling in mice fed a high-fat diet, being regulated by
PPARY activation. Mice lacking FGF1 showed abnormal adipose
tissue with aberrant vasculature and a severe diabetic phenotype
in high-fat dietary conditions (72). FGF1 is known for its role in
wound healing and development (73), but it is now seen to have a
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VASPIN

Vaspin is an adipocytokine isolated from visceral adipose tis-
sue of an animal model of abdominal obesity with type 2 dia-
betes (OLETF rat). It is increased in the prediabetic stage and
decreases when the OLETF rats develop overt diabetes. In ani-
mals, vaspin treatment ameliorates insulin sensitivity in high-fat-
or high sucrose-induced diabetes models (74) and protects against
endothelial cell damage caused by free fatty acids through the PI3
kinase/Akt pathway (75). It has been suggested to be a “good”
adipocytokine, such as adiponectin. However, serum vaspin lev-
els were paradoxically elevated in human subjects with diabetes
and obesity (76). We also reported that the serum vaspin level was
higher in women than in men and it was correlated with the meta-
bolic syndrome in men and coronary atherosclerosis in women.
However, men with longer duration of diabetes and microvascu-
lar complications showed significantly lower levels of vaspin (77).
More data are needed to understand the role of vaspin in human
diseases such as atherosclerosis, diabetes, and obesity.

VISFATIN

Visfatin was first isolated from the visceral fat of humans and mice
and showed insulin-like action by binding to the insulin receptor
(78). In carotid artery atheromatous plaques, immunohistochem-
istry for visfatin showed much higher expression in unstable,
symptomatic patients compared with asymptomatic patients, sug-
gesting a role in generating macrophage foam cells in atheromata
(79). The serum visfatin level was significantly reduced after gastric
bypass surgery in morbidly obese subjects (80). Because visfatin

is a pre B cell colony-enhancing factor, it has been studied in
modulating systemic inflammation. In CD14+ monocytes, vis-
fatin induced the expression of IL-18, TNF-a, IL-6, and other CD
molecules (81). In addition, the serum visfatin level was higher
in patients with diabetes and diabetic nephropathy (82). Visfatin
is now regarded as an extracellular nicotinamide phosphoribo-
syltransferase (eNampt) enzyme and plays an important role in
insulin secretion from pancreatic  cell by systemic nicotinamide
adenine dinucleotide (NAD) biosynthesis (83). In vitro and in vivo,
visfatin mimics insulin action, but in human studies, it is paradox-
ically increased in disease conditions and shows correlation with
systemic inflammation, vascular complications, and insulin secre-
tion. However, more studies are needed to clarify the role of visfatin
in humans.

CONCLUSION

In summary, adipose and muscle tissues are now recognized as
important and active endocrine organs. More adipocytokines and
metabolic regulators are being discovered continuously and the
clinical implications of these molecules are important in under-
standing the pathophysiology of human obesity, insulin resistance,
and CVD. The “classic” adipocytokines such as adiponectin, TNF-
o, and IL-6 have been regarded as consistent surrogate markers to
reflect cardiovascular risk and other metabolic abnormalities in
subjects with insulin resistance. Adiponectin was considered as a
good biomarker to protect atherosclerosis and to reduce systemic
inflammation from many studies that we mentioned in this review.
However, recent studies suggested so called “adiponectin paradox”
in many studies, which showed increased adiponectin levels were
correlated with higher cardiovascular or all-cause mortality in epi-
demiological data (84-86). The underlying mechanism behind
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this paradox is still unclear, but we can assume that there could
some compensatory elevation of adiponectin in patients with
metabolic abnormalities resulted in the association with higher
mortality in the future.

Some evidence provides linking resistin and RBP4 with insulin
resistance or cardiovascular risk. However, there are inconsistent
results suggesting no or weak relationship of these factors with
obesity and insulin sensitivity. For example, RBP4 was discovered
from adipose tissue specific GLUT4 knockout mouse to explain
strong insulin resistance in this animal model. However, the incon-
sistent association with insulin resistance parameters in different
clinical settings of various studies which included patients with
obesity, DM, different ethnicity, and CVD, it could not convince
us to believe the role of RBP4 would be a causality of insulin
resistance in metabolic diseases.

As for the emerging metabolic regulators such as FGFs (FGF21,
FGF19, and FGF1), adipokines from visceral fat (vaspin and vis-
fatin) and myokines, we need more studies to clarify their role
in human diseases. FGF21 has been developed as a new drug for
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Obesity is a metabolic disorder developed by overnutrition and a major cause for insulin
resistance and cardiovascular events. Since adipose tissue is one of the major sites for
the synthesis and secretion of cytokines, enlarged adipose tissue in obese condition alters
inflammatory state leading to pathophysiological conditions such as type 2 diabetes and
increased cardiovascular risk. A plausible theory for development of metabolic dysregu-
lation is that obesity increases secretion of inflammatory cytokines from adipose tissue
and causes a chronic inflammation in the whole body. Additionally accumulation of lipids
in non-adipose tissues elevates the cellular levels of bioactive lipids that inhibit the sig-
naling pathways implicated in metabolic regulation together with activated inflammatory
response. Recent findings suggest that obesity-induced inflammatory response leads to
modulation of sphingolipid metabolism and these bioactive lipids may function as medi-
ators for increased risk of metabolic dysfunction. Importantly, elucidation of mechanism
regarding sphingolipid metabolism and inflammatory disease will provide crucial informa-
tion to development of new therapeutic strategies for the treatment of obesity-induced

pathological inflammation.

Keywords: ceramide, inflammation, obesity, atherosclerosis, cardiomyopathy, fatty liver, diabetes

INTRODUCTION

Obesity is an outcome of overnutrition, less exercise, and seden-
tary lifestyle. Outcomes of obesity include cardiovascular disease
(CVD), diabetes, and hyperlipidemia and contribute to increased
mortality and morbidity after myocardial infarction and related
complications in diabetic compared with non-diabetic patients
(Stone et al., 1989). Even with various current interventions, the
occurrence of obesity is increasing and medical expenses associ-
ated with curing obesity and its complications are increasing as
well (Finkelstein et al., 2009). Deposition of ectopic fat in adi-
pose tissue is associated with increased plasma fatty acids (FA)
which are the major contributor to increased lipid contents in
non-adipose tissues. Since the adipose tissue is the major place
for the pathogenesis of obesity-related metabolic and cardiovas-
cular dysfunction, it has drawn much attention as a target tissue.
Obesity worsens tissue functions and contributes to increased risk
of development of hypertensions, atherosclerosis, diabetes, and
non-alcoholic fatty liver disease (NAFLD) (Flegal et al., 2007). To
elucidate the mechanism of pathophysiology of obesity-associated
diseases, lipotoxicity and inflammation have been suggested as
major contributors to progression of chronic diseases associated
with obesity. Among various bioactive lipid metabolites, sphin-
golipids have been studied due to its implication in development
of various chronic metabolic diseases and its bioactive charac-
teristics to modulate cellular signaling pathways (Johns et al.,
1998; Shimabukuro et al., 1998; Pettus et al., 2002; Amati et al.,
2011). In addition, obesity elevates production of proinflamma-
tory cytokines, chemokines, and coagulation proteins and medi-
ates multiple processes in the body (Hotamisligil et al., 1993,1995).

As a result, inflammation is associated with obese conditions and
infiltration of macrophages and T lymphocytes are usually accom-
panied (Hotamisligil et al., 1993, 1995; Ferrante, 2007). Recent
reports demonstrated that sphingolipid metabolism is modulated
in obese conditions that alter inflammatory state in adipose tissues
and immune cells (Kolak et al., 2007; Holland et al., 2011a). In this
review, we will focus on sphingolipid metabolism in the etiology
of chronic diseases accompanied with obesity-mediated inflam-
mation. Understanding the role of sphingolipids will provide
effective therapeutic targets for obesity-mediated inflammation
(Hotamisligil et al., 1993).

ADIPOSE TISSUE INFLAMMATION

The adipose tissues has been considered as a lipid storing organ
accumulating triglycerides (TAG) in adipocytes in response to
overnutrition and releasing these stored lipids during fasting.
However, the notion that adipose tissue produces and releases var-
ious cytokines, termed “adipokines,” represents this is an active
inflammatory organ. The fact that adipose tissue is an active
inflammatory organ was initiated from the findings that adipose
tissue has increased expression of tumor necrosis factor-a (TNFa)
in obese human compared with lean individuals (Hotamisligil
et al., 1995). Since this report, it has been reported that adipose
tissue from the obese individuals has increased expression and
secretion of several proinflammatory cytokines such as tumor
necrosis factor-o (TNFa), monocyte chemoattractant protein-1
(MCP-1), interleukin-6 (IL-6), iNOS, C-reactive protein (CRP),
and plasminogen activator inhibitor type-1 (PAI-1) (Figure 1)
(Mohamed-Ali et al., 1997; Fried et al., 1998; Visser et al., 1999;

www.frontiersin.org

June 2013 | Volume 4 | Article 67 | 97


http://www.frontiersin.org/Endocrinology
http://www.frontiersin.org/Endocrinology/editorialboard
http://www.frontiersin.org/Endocrinology/editorialboard
http://www.frontiersin.org/Endocrinology/editorialboard
http://www.frontiersin.org/Endocrinology/about
http://www.frontiersin.org/Diabetes/10.3389/fendo.2013.00067/abstract
http://www.frontiersin.org/Diabetes/10.3389/fendo.2013.00067/abstract
http://community.frontiersin.org/people/Se-ChanKang/95913
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=Bo-RahmKim&UID=82006
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=Su_YeonLee&UID=93936
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=Tae-SikPark&UID=58691
mailto:tspark@gachon.ac.kr
http://www.frontiersin.org
http://www.frontiersin.org/Diabetes/archive

Kang et al.

Sphingolipids and inflammation

Obese adipocytes
- Inflammation 4
- Lipolysis 4

4

Increased cytokiness
(TNFa, MCP-1, IL-6, CRP, PAI-1)
Increased plasma FFA

/A

Adiponectin § | 4mmp
TNFo.

Lipotoxicity
DAG/TAG
Cer/Sphtt

FIGURE 1 | Enlarged adipocytes by obesity contribute to systemic
inflammation and lipotoxicity due to increased cytokines and
accumulation of lipid metabolites in non-adipocyte tissues. DAG,
diacylglycerol; TAG, triacylglycerol; Cer, ceramide; Sph, sphingosine.

Perreault and Marette, 2001; Christiansen et al., 2005). Hyper-
trophied adipocytes induce infiltration of activated macrophages
which mediates increased expression and secretion of a variety
of proinflammatory cytokines in systemic circulation (Weisberg
et al., 2003).

Various adipokines have been suggested as useful biomark-
ers for CVD and metabolic dysregulation associated with obe-
sity. Depending on the fat contents in the body, the species and
the amounts of adipokines secreted from adipose vary. Expres-
sion of anti-inflammatory cytokines is upregulated including
adiponectin, leptin and IL-10 in response to decreased fat mass
(Yang et al., 2001). These adipokines have beneficial effects by
regulating body weight due to reduced food intake/energy expen-
diture and reducing inflammation (Friedman and Leibel, 1992;
Zhang et al., 1994; Friedman and Halaas, 1998; Kadowaki et al.,
2006). In contrast, expression of proinflammatory cytokines (such
as TNFa, MCP-1, and IL-1p) is upregulated with fat mass increase
in adipocytes (Jung et al., 2008). Elevation of these cytokines in
circulation promotes insulin resistance in peripheral tissues by
inhibition of signaling intermediates (Hotamisligil et al., 1995).

Another outcome of obesity is increased lipid accumulation in
non-adipose tissues (Kraegen et al., 2001; Unger, 2003). Saturated
fat storage capacity of adipose tissue spills free fatty acids (FFAs)
in circulation with lipolysis and leads to accumulation of ectopic
fat in the tissues not suited for fat storage (Figure 1). Increased
FFAs and cytokines activate immune receptors and stress signal-
ing pathways that interfere with insulin signaling in muscle and
liver (Holland et al., 2007, 2011a; Hoehn et al., 2008). As non-
oxidative pathway of FFAs, intracellular and circulating ceramide
are elevated and bioactive sphingolipids such as ceramide, sphin-
gosine, and sphingosine 1-phosphate (S1P) are now known to link
overnutrition, inflammation, and metabolic dysregulation.

SPHINGOLIPID METABOLISM IN OBESITY-INDUCED
INFLAMMATION

Sphingolipid metabolism is highly regulated by a complex net-
work of interconnected pathways not simply by availability of

substrate FFAs. Major bioactive sphingolipids includes ceramide,
sphingosine, S1P, and ceramide-1-phosphate (C1P) act as signal-
ing molecules regulating various physiological events such as cell
proliferation, apoptosis, and inflammation (Futerman and Han-
nun, 2004; Hannun and Obeid, 2008; Morad and Cabot, 2013).
Ceramide is a major molecule in sphingolipid metabolism and a
precursor of complex sphingolipids.

De novo biosynthesis of ceramide is initiated from condensa-
tion of serine and palmitoyl CoA by serine palmitoyltransferase
(SPT) followed by a series of reactions involving the enzymes
3-ketosphinganine reductase, ceramide synthase (CerS), dihydro-
ceramide desaturase (DES). Another pathway to produce ceramide
is through hydrolysis of sphingomyelin (SM) by acid or neutral
sphingomyelinase (SMase) (Hannun and Obeid, 2008) (Figure 2).
Ceramide is further deacylated to generate sphingosine by alkaline
or acid ceramidase and sphingosine is phosphorylated to pro-
duce S1P by sphingosine kinases. Ceramide kinase phosphorylates
ceramide to produce C1P (Sugiura et al., 2002). The sphingolipid
biosynthesis pathway affects cellular production of at least four
known bioactive lipids: ceramide, sphingosine, S1P,and C1P. These
signaling lipids are known to alter various physiological events by
regulating signaling pathways.

Accumulating evidence suggest that ceramide synthesis can
be activated by increased availability of FFAs, proinflammatory
cytokines, oxidative stress, and hormones (Memon et al., 1998;
Samad et al., 2006; Schilling et al., 2013). All of these condi-
tions represent the obese conditions of adipose tissue and suggest
that ceramide metabolism may be altered in the obese. Indeed,
ceramide levels were elevated in skeletal muscle, liver, and hypo-
thalamus in obese rodents and human (Adams et al., 2004; Holland
et al., 2007; Reyna et al., 2008). Samad et al. (2006) demonstrated
that total SM and ceramide levels were reduced in the adipose tis-
sues from the leptin deficient ob/ob mice. In contrast, plasma
SM, ceramide, sphingosine, and SIP were elevated in plasma.
Since expression of ceramide synthetic genes including SPT, neu-
tral SMase, and acid SMase is upregulated in adipose tissue, this
opposite sphingolipid profiles in plasma and adipose tissue suggest
that secretion of ceramide from adipose tissues into circulation is
increased.

Obesity elevates TNFa expression in adipose tissues (Hotamis-
ligil and Spiegelman, 1994) and ceramide is elevated via hydrolysis
of SM by SMases and SPT-mediated de novo synthesis. The find-
ings that intraperitoneal administration of TNFa into C57BL/6]
mice upregulates acid SMase, neutral SMase, and SPT suggest
increased ceramide synthesis in adipose tissue (Samad et al., 2006).
To support this report, Holland et al. (2011a) demonstrated that
there is an overlap between inflammatory status and ceramide
production converging on the Toll-like receptor 4 (TLR4) path-
way independent of TNFa signaling. In mutant mice lacking
functional TLR4, increased ceramide production by saturated
FA or lipopolysaccharides (LPS) was prevented in skeletal mus-
cle and liver. Saturated fat induces ceramide production and
inflammatory response in a TLR4-dependent manner. Recently,
Schilling et al. (2013) reported that the combination of LPS
and palmitate synergistically activates ceramide production via
TLR4-dependent and independent signaling respectively. Thus,
correlation of ceramide metabolism and inflammatory state has
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been established by involvement of TLR4 and cytokine-mediated
activation of SMase.

ADIPONECTIN, S1P, AND SPHINGOLIPID METABOLISM
Obesity increases systemic inflammation state together with pro-
duction and secretion of proinflammatory cytokines and reduces
production of anti-inflammatory cytokines. While TNFa activates
proinflammatory pathways and mediates apoptosis, adiponectin
inhibits proinflammatory cytokine-mediated pathways and pro-
motes cell proliferation (Ouchi et al., 2000; Kobayashi et al., 2004).
Adiponectin is an anti-inflammatory adipokine usually found
in circulation (Fang and Sweeney, 2006; Kadowaki et al., 2008).
Adiponectin forms three oligomeric forms that can be cleaved
by leukocyte elastase to liberate the globular C-terminal frag-
ment which exerts its biological activity (Waki et al., 2005; Wang
et al., 2006). Plasma adiponectin levels are generally reduced in
the individuals with increasing obesity and diabetes (Liu et al,,
2007). Pathophysiological events including diabetes, inflamma-
tion, and atherosclerosis are known to be alleviated by adiponectin
(Abel et al., 2008; Shetty et al., 2009). These beneficial effects
of adiponectin have been attributed to its insulin-sensitizing
and insulin-like effects in skeletal muscle and liver. Adiponectin
enhances glucose uptake and acts as a stimulator of FA uptake
and oxidation via AMP-dependent kinase pathway (AMPK) (Fang
and Sweeney, 2006; Kadowaki et al., 2008; Matsuzawa, 2010).
Alleviation of lipotoxicity by adiponectin contributes to reduced
metabolic dysregulation.

Recent findings by Holland et al. (2011b) demonstrated
the linkage between adiponectin and sphingolipid metabolism.
Adiponectin receptors contain an inherent ceramidase activity
and reduce ceramide. Activity of ceramidase activity is depen-
dent on amount of adiponectin levels and regulated by its biding
to the receptors. Adiponectin binding to its two receptors, Adi-
poR1 and AdipoR2, stimulates ceramidase activity and formation
of sphingosine from ceramide degradation is stimulated. Produced

sphingosine is phosphorylated by sphingosine kinase to produce
S1P, a major bioactive sphingolipid metabolite exerting its anti-
apoptotic and anti-diabetic effects. Formed S1P is transported
to extracellular environment, binds to the S1P receptors, elevates
intracellular calcium, and activates AMPK. Indeed, insulin toler-
ance is much improved in adiponectin transgenic mice fed a high
fat diet when compared to WT mice fed a high fat diet. In opposite
to the action of ceramide, S1P has been known to activate Akt
and promotes cell proliferation (Morales-Ruiz et al., 2001; Spiegel
and Milstien, 2003; Chavez et al., 2005). These findings suggest
that inflammatory cytokines are closely linked to modulation of
sphingolipid metabolism. SIP and ceramide has opposite roles
and regulate the fate of cells for survival or death, “rheostat theory
of sphingolipids” in body metabolism.

CERAMIDE AND HYPOTHALAMIC REGULATION OF FEEDING

Elevated FA in circulation is due to obesity-mediated spillover
from adipose tissue. Central nervous system regulates appetite and
energy homeostasis and hypothalamus controls food intake and
its metabolism (Schwartz et al., 2000). Recent reports clearly show
that FA in hypothalamus plays an important role in energy balance
(Obici et al., 2003; He et al., 2006; Lopez et al., 2006). Especially,
malonyl CoA, a precursor of de novo FA biosynthesis, draws atten-
tions as a regulator of hypothalamic control (Loftus et al., 20005
Gao and Lane, 2003; Gao et al., 2007). Leptin, an adipokine regu-
lating food intake and body weight, elevates malonyl CoA levels in
hypothalamic arcuate nucleus (Arc) and partly causes its anorex-
igenic effects (Gao et al., 2007). Carnitine palmitoyltransferase-1
(CPT-1) activity, a key enzyme in mitochondrial FA B-oxidation,
is inhibited by malonyl CoA and exerts leptin-mediated anorexia
(Wolfgang et al., 2007). Wolfgang et al. (2006) have demonstrated
hypothalamic CPT-1c, a brain-specific CPT-1 isoform expressed
in hypothalamic Arc neuron, is implicated in energy homeostasis.
While CPT-1 liver isoform (CPT-1a and -1b) is a predominant
form possessing the acyltransferase activity (Obici et al., 2003),
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CPT-1c has a very weak enzyme activity. Importantly, CPT-1c
knockout (KO) animals have reduced food intake and weight
gain suggesting a critical role of CPT-1c in energy homeostasis
(Wolfgang et al., 2006).

Recently, Gao et al. (2011) have shown that adenoviral overex-
pression of CPT-1c in hypothalamic Arc increases food intake
and upregulates orexigenic neuropeptide Y (NPY) and Bsx, a
transcription factor of NPY. Interestingly, CPT-1c overexpression
elevated ceramide levels and CPT-1c KO resulted in the opposite,
a reduced ceramide levels (Gao et al., 2011). The intra-Arc infu-
sion of C6-ceramide, a cell-penetrating ceramide analog, resulted
in blockade of leptin- or cerulenin-mediated anorexigenic effects.
In contrast, inhibition of de novo ceramide synthesis by myriocin
resulted in reduced food intake and body weight. Since CPT-1c
and SPT are expressed in ER, palmitoyl CoA might be available
via CPT-1c action and supplied for de novo ceramide biosynthesis
in ER. Another possibility is that CPT-1c acts as a transporter of
palmitoyl CoA into ER. Taken together, FA metabolism by CPT-1c
exerts its anorexigenic regulation by modulating ceramide synthe-
sis. Although the exact mechanism of CPT-1c/ceramide pathway
and regulation of energy homeostasis regarding major Arc neu-
rotransmitters should be studied further, these findings suggested
the novel role of ceramide in CNS control of appetite and whole
body energy metabolism.

INVOLVEMENT OF SPHINGOLIPID METABOLISM IN
DEVELOPMENT OF CHRONIC DISEASES BY OBESITY

INSULIN RESISTANCE

Obesity is closely associated with an increased development of
insulin resistance. The concept that inflammation elicited by obese
conditions contributes to diabetes was initiated from the findings
that adipose-released proinflammatory cytokines inhibit insulin
signaling in the adipose, skeletal muscle, and liver (Hotamisligil
et al., 1993). Insulin regulates glucose homeostasis by activat-
ing glucose uptake by the skeletal muscle and adipose tissue and
inhibiting hepatic glucose output. In addition, insulin stimulates
FA uptake, TAG biosynthesis, and storage in adipose tissue. Insulin
resistance is a pathophysiological process associated with reduced
response of target tissues, hyperinsulinemia, and elevated blood
glucose levels by increased hepatic glucose efflux. Since obese
condition results in increased adipose tissue lipolysis leading to
increased plasma FFA, lipotoxicity that accumulation of bioactive
lipid intermediates inhibits insulin response has gained credibil-
ity for development of insulin resistance. Another possibility is
that the obesity activates adipose-derived cytokine production and
systemic inflammation and these cytokines disrupt signaling path-
ways in target tissues. Thus, adipose tissue is a primary location
for initiation of insulin resistance and subsequent development of
type 2 diabetes.

Free fatty acids are going through oxidative pathway to sup-
ply the energy for cell metabolism. Another route for FFAs is
sphingolipid biosynthetic pathway. Since FFAs are the substrate
and major constituents for sphingolipids, ceramide is elevated
in the patients with obesity or diabetes and has a positive cor-
relation with severity of insulin resistance (Haus et al., 2009).
Accumulating evidences suggest that sphingolipid metabolism is
a converging point linking excess FFAs and inflammation aroused

by adipose-derived inflammation, and contributes to progression
of insulin resistance. Ceramide and sphingosine inhibit insulin
actions and signaling by dephosphorylation and inhibition of
AKT and AMPK activity in various cell culture systems (Haj-
duch et al., 2001; Liu et al., 2004; Summers, 2006). Holland et al.
(2007) demonstrated that in vivo administration of myriocin, a
specific SPT inhibitor, improved glucocorticoid, saturated fat, and
obesity-induced insulin resistance by inhibiting de novo ceramide
synthesis. Heterozygous deficiency of dihydroceramide desaturase
(DES1) had improved insulin sensitivity and dexamethasone-
induced insulin resistance was prevented (Holland et al., 2007). In
cultured cells, the mechanisms of ceramide-mediated inhibition
of insulin response have been suggested. It has been demon-
strated that ceramide antagonized phosphorylation and activation
of AKT and tyrosine phosphorylation of insulin receptor substrate
(IRS-1) in 3T3-L1 adipocytes and C2C12 myocytes (Summers
et al., 1998; Chavez et al., 2003). Ceramide exerts its inhibitory
effects by activating protein phosphatase 2A (PP2A) responsible
for dephosphorylation of AKT (Dobrowsky et al., 1993). Addi-
tionally, ceramide activates PKC¢ and inhibits translocation of
AKT to the membrane (Powell et al., 2003, 2004). By modulat-
ing AKT activity, ceramide inhibits insulin signaling pathway and
ultimately the insulin response is altered.

Since the finding that TNFa is linked to insulin resistance,
mechanism of obesity-induced inflammation has been suggested.
The activity of c-Jun N terminal kinase (JNK) is increased in the
obese mice and the lack of JNK showed improved glucose metab-
olism (Yuan et al., 2001). To support this finding, inhibition of
IKKB by salicylate was effective in ameliorating inflammation-
mediated insulin resistance (Yuan et al.,2001). Since JNK and IKKf
are activated by ceramide, occurrence of decreased insulin resis-
tance can be attributed to tissue ceramide levels (Ruvolo, 2003).
Especially, the reports that the absence of functional IKK by over-
expression of a kinase dead IKKP decreases ceramide levels in
myocytes suggest that IKKp regulates ceramide biosynthesis (Hol-
land et al., 2011a). Additionally, LPS-mediated NFkB activation
in macrophage upregulates transcription of enzymes involved in
de novo ceramide biosynthesis including Sptlc2 and acid SMase
(Chang et al., 2011). Thus, therapeutic intervention that lowers
inflammation together with in vivo ceramide production would
be a good target for obesity-mediated insulin resistance.

CERAMIDE AND HEPATIC STEATOSIS

Non-alcoholic fatty liver disease is a component of obesity-
mediated complications and defined as excess fat accumulation
in the liver (5-10% of liver weight) (Neuschwander-Tetri and
Caldwell, 2003). Initial development of NAFLD is the accumu-
lation of TAG in hepatocytes. Benign NAFLD, or hepatic steatosis,
at the beginning stage can develop into more malignant con-
ditions exemplified as steatohepatitis and cirrhosis (Farrell and
Larter, 2006; Kim and Younossi, 2008). Despite NAFLD is the
most common cause of hepatic dysfunction in the United States,
its pathogenesis is not completely understood.

Development of NAFLD is associated with overnutrition-
mediated obesity. Obesity-induced FFA increase in plasma con-
tributes to approximately 60% of accumulated TAG in the livers
of NAFLD patients (Donnelly et al., 2005). In obesity-induced
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insulin-resistant states, insulin is not able to inhibit the activity of
hormone-sensitive lipase in adipose tissues and release FFA into
circulation. Additionally, reduced glycerol-3-phosphate levels by
insulin resistance prevent reutilization of FFA for TAG synthesis
in adipocytes. Therefore, FFA spill from the adipose tissue to cir-
culation is a major cause of NAFLD prevalence. Accordingly, FFA
not utilized for TAG synthesis is shunted for ceramide synthesis
and ceramide levels are elevated in the adipose tissues from the
patients with NAFLD (Kolak et al., 2007). In obese ob/ob mice,
hepatic ceramide levels and the degree of steatosis demonstrated
a positive correlation (Yetukuri et al., 2007).

Clinically, association of inflammation with NAFLD was con-
firmed by the fact that patients with NAFLD have elevated lev-
els of TNFa (Jarrar et al., 2008) and expression of TNFa and
TNFa receptor are upregulated in the livers of the patients with
NAFLD compared to healthy individuals (Feldstein et al., 2004).
On the other hand, circulating adiponectin levels were reduced
in diet-induced obese (DIO) mice and hepatic expression of adi-
poR2, a predominant hepatic adiponectin receptor was downreg-
ulated (Peng et al., 2009). Additionally, the report that expression
of adiponectin is inversely correlated with expression of SMase
implies association of inflammation with sphingolipid biosyn-
thesis (Kolak et al., 2007). LPS treatment resulted in a two-fold
upregulation of hepatic Sptlc2 mRNA and activity and led to
increased hepatic SM and ceramide by twofold and threefold,
respectively (Memon et al., 1998). In this study, treatment of IL-1§
and TNFo upregulated Sptlc2 mRNA in hepatocytes and indicated
that fatty liver induces inflammation-mediated activation of de
novo biosynthesis.

Implication of SMase, a salvage pathway of ceramide, has been
suggested in NAFLD. SMase is regulated by inflammatory stim-
uli, including TNFa (Dressler et al., 1992; Schutze et al., 1992,
1995; Chatterjee, 1994). Binding of TNFa to p55 TNFa recep-
tor induced SMase transcription (Vandenabeele et al., 1995). Mice
deficient in acid SMase and LDL receptors were protected from
high fat diet-induced hepatic TAG accumulation (Deevska et al.,
2009). Moreover, hyperglycemia and insulin resistance were pre-
vented despite of elevated SM and other sphingolipids (Deevska
et al., 2009). In addition, pharmacological inhibition of SMase
in palmitic acid-treated hepatocytes reduced TAG significantly
(Deevska et al., 2009). These results suggest that SMase-mediated
ceramide production is implicated in hepatic steatosis in response
to elevated FA. The role of ceramide biosynthesis in development
of hepatic steatosis was demonstrated in DIO mice. SPT inhibition
by myriocin reduces hepatic TAG in DIO mice (Yang et al., 2009).
Reduced hepatic fat accumulation found in myriocin-treated DIO
mice implicates downregulation of SOCS-3, a gene involved in
development of hepatic steatosis (Ueki et al., 2004). Therefore,
regulation of SOCS-3 by ceramide biosynthesis contributes to the
pathophysiology of hepatic steatosis. However, whether ceramide
contributes to fatty liver directly or via secondary effects such as
increased FFA is not clear and need further studies.

SPHINGOLIPIDS AND ATHEROSCLEROSIS

Obesity-induced inflammation is implicated in increased risk
of coronary artery disease. Occurrence of cardiovascular
events involves a combined outcome of hyperlipidemia, insulin

resistance, hypertension, and heart failure. Recent literature sug-
gests that sphingolipids contribute to pathogenesis of CVD. The
fact that sphingolipid metabolism is regulated by inflammatory
state suggests that obesity-induced inflammation is the upstream
of sphingolipids and risk factors for etiology of various CVD
(Holland et al., 2011a). Among them, atherosclerosis is an inflam-
matory disease characterized by increased production of a wide
range of chemokines and cytokines. Early stage of atherogene-
sis involves the interaction of cholesterol-rich lipoproteins with
arterial wall (Ross, 1993). The processes implicated in early athero-
genesis include lipoprotein oxidation (Yla-Herttuala et al., 1989;
Witztum and Steinberg, 1991), lipoprotein retention and aggre-
gation (Nievelstein et al., 1991; Williams and Tabas, 1995, 1998;
Tabas et al., 2007), endothelial alteration, monocyte recruitment,
macrophage chemotaxis and foam cell formation, and smooth
muscle cell migration and alteration (Ross, 1993). An evidence
indicating the importance of SM in atherogenesis is that SM accu-
mulates in atherosclerotic plaques formed in human and animal
models (Smith, 1960; Newman et al., 1961; Phillips and Dodge,
1967; Portman and Illingworth, 1976; Hakomori, 1981; Kum-
merow et al., 2001). LDL extracted from human atherosclerotic
lesions has higher SM levels than LDL from plasma (Hoff and Mor-
ton, 1985; Guyton and Klemp, 1996; Schissel et al., 1996, 1998).
A substantial amount of the SM found in arteries and athero-
sclerotic lesions appears to arise from SM synthesis in the arterial
tissues (Zilversmit et al., 1961; Eisenberg et al., 1969). Plasma SM
levels in atherogenic apoE KO mice are fourfold higher than in
wild type mice (Jeong et al., 1998) and this may contribute to the
increased atherosclerosis (Plump et al., 1992; Zhang et al., 1992).
Clinically, Jiang et al. also found that human plasma SM levels and
SM/phosphatidylcholine (PC) ratio are independent risk factors
for occurrence of coronary heart disease (Jiang et al., 2000; Schlitt
et al., 2006).

Park et al. (2004) and Hojjati et al. (2005) have reported that
myriocin treatment reduces plasma SM levels and atherosclerosis
in apoE KO mice fed normal chow or HFD. While intraperitoneal
administration do not alter plasma lipids, myriocin treatment by
diet-admix also lower plasma lipid levels in apoE KO mice (Park
etal.,2004,2008b). However, both diet-admix and intraperitoneal
administration methods led to reduced atherosclerosis, whereas
only oral administration of myriocin lowered plasma cholesterol
levels (Park et al., 2004; Hojjati et al., 2005). Oral administration
may reduce cholesterol absorption in small intestine (Li et al.,
2009). When wild type and apoE KO animals were treated with
myriocin, the mice absorbed significantly less cholesterol than
controls with no observable pathological changes in the small
intestine. Thus, myriocin has direct anti-atherosclerosis vascular
effects and also has the potential to function as a plasma lipid-
lowering agent. Similar to this study, administration of FTY720, an
analog of myriocin, also prevents atherosclerosis in apoE-deficient
mice (Liu et al., 2009).

In order to evaluate the role of SM in macrophage, Liu et al.
(2009) studied SMS2, SM synthase catalyzing formation of SM
from ceramide. In this report, SMS2 KO mouse bone marrow
was transplanted into LDL receptor KO (Ldlr~/~) mice. After
3 months on a Western diet, SMS2 deficiency decreased ather-
osclerotic lesions in the aortic arch, valve, and the entire aorta,
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compared with wild type macrophages transplanted into Ldlr—/~
mice. Moreover, the analysis of plaque morphology demonstrated
that SMS2 macrophage deficiency resulted in less necrotic core area
and more collagen content in atherosclerotic lesions (Liu et al.,
2009). Therefore, SMS2 deficiency in the macrophages reduces
atherosclerosis in mice.

CERAMIDE AND CARDIOMYOPATHY

Cardiomyopathy is an outcome of various chronic CVDs that is
often found in patients with diabetes. Weakening of the heart
is sometimes associated with increased heart content of lipids.
Diabetic cardiomyopathy contributes to increased morbidity

and mortality after myocardial infarction in diabetic patients
compared with non-diabetics (Stone et al., 1989). Inflammation is
closely associated with development of cardiac events derived from
diabetes. Kawamura et al. (2005) inactivates cardiac NFkB by over-
expressing a dominant negative NFkB subunit in cardiac-specific
TNFa transgenic mice. Although inactivation of NFkB blockage
did not improve myocardial inflammation which is represented
by inflammatory cell infiltration, it ameliorates cardiac function
and mortality. These findings suggest that activation of NFkB is
more important than inflammation-mediated immune reaction
in cardiomyopathy. To support this observation, TLR4 deficiency
attenuates cardiomyopathy in mice (Riad et al., 2008). These

Insulin resistance

disease.

Enlarged adipocytes

- Inflammation
- Lipotoxicity
Cer/SM
Heart Liver Muscle Artery
Cardiomyopathy HAFLY Insulin resistance HyparEnaion

CVD/Diabetes

FIGURE 3 | Elevated ceramide and SM in obese adipocytes elicit the pathophysiological events in various tissues and organs. CVD, cardiovascular

Atherosclerosis

Table 1 | Alteration of tissue ceramide levels and related diseases in animal models of obesity and metabolic syndrome.

Animal models

Reference

TLR4 KO mice

AdipoR1, AdipoR2 (adenoviral
infection into C57BL/6J mice)
CPT-1c KO mice

Adipog KO mice

Des1* mice

Syrian hamsters + LPS

Acidic SMase + LDLr~/~ mice
ApoE KO mice

SMS2~/=, LDLr~/= mice

DIO mice

LpLGP! mice
hSptlc2 KO mice
ob/ob mice

Holland et al. (2011a)
Holland et al. (2011b)

Gao et al. (2011)
Holland et al. (2011b)
Holland et al. (2007)

Memon et al. (1998)
Deevska et al. (2009)
Jeong et al. (1998)
Liu et al. (2009)

Yang et al. (2009)

Park et al. (2008a)
Lee et al. (2012)
Samad et al. (2006)

Tissue Cer/SM changes Disease related

Skeletal muscle, liver Cerl Insulin sensitivity

Liver Cerl Insulin sensitivity

Hypothalamus Cerl Anorexia

Heart Cert Insulin sensitivity

Heart, pancreas, WAT, Cerl Improved insulin sensitivity

liver, soleus muscle

Liver Cert Inflammation

Liver Cert Steatosis

Plasma SM1p Atherosclerosis

Macrophage Cert SM| Reduced atherosclerosis

Plasma, adipose Cert Hepatic steatosis, insulin
resistance

Heart Cert Cardiomyopathy

Heart Cerl Cardiomyopathy

Plasma Cert, SM¢ Obesity, diabetes, atherosclerosis

Adipose Cerl, SM|

Cer, ceramide; SM, sphingomyelin.
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findings support that an outcome of inflammation is involved
in the etiology of inflammation-induced cardiomyopathy.

Toll-like receptor 4 and NFkB, the mediators of inflammatory
response, regulate de novo sphingolipid biosynthesis (Chang et al.,
2011; Holland et al., 2011a; Schilling et al., 2013). Consistent with
these findings, Park et al. (2008a) reported the role of ceramide in
a lipotoxic cardiomyopathic mice model. Mice with cardiac over-
expression of glycosylphosphatidylinositol membrane-anchored
LpL mice (LpLSP!) also have increased cardiac ceramide and heart
failure markers (Yokoyama et al., 2004). Inhibition of de novo
ceramide biosynthesis by myriocin or heterozygous deletion of
Sptlcl resulted in decreased expression of some apoptotic mark-
ers and ameliorated cardiac contraction in LpLS*! (Park et al,
2008a). In this study, blockage of ceramide biosynthesis appears
to modulate mitochondrial substrate oxidation of FA and glucose.
A potential mechanism is that decreased ceramide by pharmaco-
logical and genetic inhibition of SPT upregulated pyruvate dehy-
drogenase kinase-4 and decreased the rate of glucose oxidation.
However, Lee etal. (2012) reported that ablation of cardiac-specific
Sptlc2 (hSptlc2 KO), an essential subunit of SPT, aggravates cardiac
function even with reduced ceramide and developed cardiomy-
opathy. A possible explanation about these inconsistent results is
that accumulated FA in hSptlc2 KO hearts due to inhibition of
de novo ceramide activates ER stress and increases cardiomyocytes
apoptosis. Therefore, a single lipid is unlikely to be reduced by inhi-
bition solely and cardiac lipotoxicity is caused by many processes
in proper heart function.

CERAMIDE AND VASCULAR DYSFUNCTION

Vascular dysfunction derived from obesity may be mediated by
lipotoxic metabolites. A growing body of literature suggests that
nitric oxide (NO) is a major modulator to maintain vascular func-
tion (Steinberg et al., 2000; Du et al., 2006; Symons et al., 2009).
As a ubiquitous signaling molecule, endothelial NO is responsible
for regulation of vasodilation (Alderton et al., 2001). Imbalance
between production and degradation of NO may lead to occur-
rence of cardiac events. Obesity mediates increased plasma FFA
and increased ceramide contents in various tissues contributing to
cardiovascular complications. Especially, ceramide inhibits signal-
ing kinases that phosphorylate endothelial NO synthase (eNOS)
at positive regulation site and activates signaling kinases that phos-
phorylate eNOS at negative regulatory sites (Wu et al., 2007;
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Over a third of the US population is obese and at high risk for developing type 2 diabetes,
insulin resistance, and other metabolic disorders. Obesity is considered a chronic low-
grade inflammatory condition that is primarily attributed to expansion and inflasmmation of
adipose tissues. Indeed, adipocytes produce and secrete numerous proinflammatory and
anti-inflammatory cytokines known as adipokines. \When the balance of these adipokines is
shifted toward higher production of proinflammatory factors, local inflammation within adi-
pose tissues and subsequently systemic inflammation occur. These adipokines including
leptin, visfatin, resistin, apelin, vaspin, and retinol binding protein-4 can regulate inflamma-
tory responses and contribute to the pathogenesis of diabetes. These effects are mediated
by key inflammatory signaling molecules including activated serine kinases such as c-Jun
N-terminal kinase and serine kinases inhibitor kB kinase and insulin signaling molecules
including insulin receptor substrates, protein kinase B (PKB, also known as Akt), and nuclear
factor kappa B. Bariatric surgery can decrease body weight and improve insulin resistance
in morbidly obese subjects. However, despite reports suggesting reduced inflammation
and weight-independent effects of bariatric surgery on glucose metabolism, mechanisms
behind such improvements are not yet well understood. This review article focuses on
some of these novel adipokines and discusses their changes after bariatric surgery and
their relationship to insulin resistance, fat mass, inflammation, and glucose homeostasis.

Keywords: bariatric surgery, inflammation, obesity, insulin resistance, adipokines

INTRODUCTION

Obesity refers to excess fat mass or adiposity, and is typically
defined as a body mass index (BMI) over 30kg/m? or a waist
circumference greater than 94 cm for men and 80 cm for women
(Nash et al., 2008). It is a complex multifactorial disease that
is positively associated with increased risk and onset of numer-
ous chronic diseases including cardiovascular disease and Type 2
diabetes (Sjostrom et al., 2004). According to the World Health
Organization report, one billion of the world’s adult popula-
tion is overweight and 300 million of them are obese (Mushtaq
et al., 2011). One of three adults is obese in the United States
(Bhattacharya and Sood, 2011).

The first reccommended treatment option for obesity is a low-
calorie diet and regular physical activity. However, these lifestyle
interventions have low compliance in general and limited effec-
tiveness in severely obese people (Hell and Miller, 2002; Yermilov
et al., 2009). Bariatric surgery has emerged as the approach of
choice for weight loss among morbidly obese adults with a BMI
over 40kg/m? or those with a BMI over 35kg/m? and exist-
ing metabolic risk factors such as hypertension, diabetes, or
hypercholesterolemia (Sjostrom et al., 2004; Kulick et al., 2010).

Recent research has established that obesity is a chronic low-
grade inflammatory condition (Herder et al., 2007; Liu et al,,
2007; Amati et al., 2010; Balistreri et al., 2010; Park et al., 2010;

Thompson et al., 2011). Following bariatric surgery, patients usu-
ally experience approximately 30% weight loss as well as decreased
overall inflammatory responses (Compher and Badellino, 2008).
Concomitantly, there are beneficial changes such as improved
insulin resistance, reduced cardiovascular risk, and decreased
oxidative stress that are achieved through multiple pathways
related to systemic and adipocyte inflammation and adipocyte-
derived cytokines (Cancello et al., 2005; Holdstock et al., 2005;
Mattar et al., 2005; Vazquez et al., 2005; Poitou et al., 2006; Ian-
nelli et al., 2009, 2010; Boesing et al., 2010; Butner et al., 2010;
Hofso et al., 2010; Joao Cabrera et al., 2010; Murri et al., 2010;
Kalupahana et al., 2011, 2012).

BARIATRIC SURGERY

Different types of bariatric surgeries are used for reducing body
weight with various success rates (Franco et al., 2011). In Roux-
en-Y gastric bypass, the stomach is divided into two parts: a small
proximal pouch (15-20 ml) and a large distal pouch (Figure 1A).
The small proximal pouch is attached to the proximal jejunum,
bypassing the large distal gastric pouch and duodenum (Jaunoo
and Southall, 2010). In this procedure energy intake is restricted by
the small volume of the stomach pouch (Arceo-Olaiz et al., 2008;
Yan et al., 2008). Moreover, bypassing the duodenum decreases the
digestion and absorption of food. In vertical banded gastroplasty,
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the proximal stomach is stapled vertically, allowing food draining
from the proximal pouch to the distal pouch with the outlet rein-
forced with a mesh collar to prevent the enlargement of proximal
pouch and staple line failures (Figure 1B) (Franco et al., 2011).
This procedure decreases the energy intake due to reduced stom-
ach size. However, staple line failures are very common problems
that may lead to regaining of the lost weight (van Hout et al,,
2007). In gastric banding, a cuff band is used to section the stom-
ach into proximal and distal parts (Figure 1C). In the adjustable
form, there is an inflatable balloon in the cuff band. A reservoir can
be placed under the skin and band size can be adjusted by inflating
the balloon from this reservoir (Camerini et al., 2004; Spivak et al.,
2005; Picot et al.,2009). The Roux-en-Y gastric bypass procedure is
more effective for weight loss than the vertical banded gastroplasty
and the adjustable gastric banding (Picot et al., 2009).

INFLAMMATION IN OBESITY

Adipose tissue is considered as an endocrine organ, which consists
of <50% adipocytes and >50% stromal vascular fraction that
contains blood cells, endothelial cells, adipose-tissue precursors

and stem cells, macrophages, and other immune cells (Wang
and Nakayama, 2010). As an endocrine organ, the adipose-
tissue produces and secretes several hormones and cytokines
that play important roles in carbohydrate and lipid metabolism,
inflammation, blood coagulation, as well as satiety, and hunger
signaling (Hajer et al., 2008; Qasim et al., 2008; Wang and
Nakayama, 2010). These cytokines, also known as adipocytokines
or adipokines, are either secreted by adipocytes and/or by the stro-
mal vascular fraction, especially macrophages, as summarized in
Table 1 (Wang and Nakayama, 2010; Gomez-Illan et al., 2012;
Kalupahana et al., 2012). Adipokines can function as classical
cytokines, growth factors and proteins that are involved in blood
pressure regulation, vascular homeostasis, and lipid and glucose
metabolisms (Trayhurn, 2007).

In obesity, expansion of adipose-tissue causes hypoxia and
stress, leading to necrosis of adipocytes. More than 90% of
macrophages in white adipose tissues of animals are local-
ized to dead adipocytes. The “Crown-Like Structure” (Yudkin,
2007) describes necrotic cells with impaired cell integrity and
lipid droplets (Mosser and Edwards, 2008) and the surrounding
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Table 1| Obesity-associated changes in the levels of common
cytokines secreted by adipocytes and macrophages.

Cytokines Changes Reference

ADIPOCYTE SECRETIONS

Leptin 4 Oswal and Yeo (2010)
Adinopectin I Asayama et al. (2003)
Visfatin 1 Sandeep et al. (2007a)
Vaspin 4 Lietal. (2008)

Apelin 4 Boucher et al. (2005)
FABP-4 3 Queipo-Ortuno et al. (2012)
Perilipin 1 Wang et al. (2003)

RBP-4 1 Wolf (2007)

Resistin 1 Piestrzeniewicz et al. (2008)
Lipocalin 2 4 Catalan et al. (2009)
MACROPHAGE SECRETIONS

I-6 4 Cesari et al. (2005)
TNFa 4 Tzanavari et al. (2010)

HGF 4 Bell et al. (2006)

IL-10 1 Bluher et al. (2005)

18 4 Leick et al. (2007)

PAI-1 4 Cesari et al. (2005)

CRP 4 Park et al. (2005)

MCP-1 4 Panee (2012)
VEGF 4 Garcia de laTorre et al. (2008)

FABP-4, Fatty Acid Binding Protein-4; RBP-4, Retinol Binding Protein-4, IL-6, Inter
leukin 6; TNFw, Tumor necrosis factor-alpha, HGF, Hepatocyte Growth Factor; I-10,
Interleukin 10, Il-18, Interleukin 18, PAI-1, Plasminogen activator inhibitor-1; CRF
C-reactive Protein; MCP-1, Monocyte Chemoattractant Protein-1; VEGF, Vascular
Endothelial Growth Factor.

macrophages that serve as scavengers of cell debris and lipid
droplets in the necrotic cells.

There are two types of macrophages in white adipose tissues:
proinflammatory M1 type and anti-inflammatory M2 type (Rull
et al., 2010). M1 type macrophages are mainly recruited and
induced by proinflammatory cytokines produced by expanded
adipose tissue. After M1 type macrophages infiltrate into the adi-
pose tissue, they secrete more proinflammatory cytokines and
produce reactive oxygen species (ROS), which can recruit more
macrophages and amplify the inflammatory response. M2 type
macrophages are adipose-tissue resident macrophages (Rull et al.,
2010). These macrophages are also called as alternatively activated
macrophages because they are activated by interleukin (IL)-4. M2
type macrophages secrete anti-inflammatory cytokines and have
mannose receptors, scavenger receptors and distinct integrins,
which lead to anti-inflammatory functions (Mosser and Edwards,
2008; Rull et al., 2010). With stress and hypoxia in expanded
adipose-tissue during obesity, M2 type macrophages lose their IL-4
receptor expression and IL-4-mediated anti-inflammatory func-
tions, and instead are differentiated into M1 type proinflammatory
macrophages (Rull et al., 2010). Besides IL-4, decreased expres-
sion of IL-10, Ym1, Arginase-1, and increased expression of tumor
necrosis factor-alpha (TNF-a) and inducible nitric oxide syn-
thetase (iNOS) induce the switch of adipose-tissue macrophages
from a M2 to M1 phenotype.

This switch increases the number of proinflammatory
macrophages, resulting in increased production of cytokines
and chemokines including monocyte chemoattractant protein
(MCP)-1, MCP-2, Regulated upon Activation, Normal T cell
Expressed and Secreted (RANTES), and chemokine receptors like
CCR2 and CCR5 (Wang and Nakayama, 2010). These inflamma-
tory chemokines further increase macrophage infiltration to the
adipose tissue (Malavazos et al., 2005; Trayhurn, 2005).

Kanda et al. found that macrophages and endothelial cells in
rat adipose tissue can secrete MCP-1. This chemokine and its
receptor CCR2 direct the migration of monocytes into the adi-
pose tissue. Subsequent exposure of the monocytes to macrophage
colony-stimulating factor causes differentiation to macrophages,
which can secrete more MCP-1 (Kanda et al., 2006). In another
study, obese subjects had significantly higher plasma MCP-1 levels
than lean subjects, and increased plasma MCP-1 levels were pos-
itively associated with insulin resistance (Catalan et al., 2007). In
expanded adipose tissue, M1 type macrophages secrete not only
MCP-1, but also other proinflammatory cytokines including TNF-
o, IL-6, IL-1, IL-1B, and IL-8, which can amplify inflammatory
responses (Coppack, 2001; Zeyda and Stulnig, 2009).

THE ROLES OF INFLAMMATION ON INSULIN SIGNALING

The major regulators in the insulin signaling pathway are insulin
receptor substrates (IRSs). The binding of insulin to its receptor
leads to tyrosine phosphorylation of the receptor. This phospho-
rylation is recognized by the IRS family that has 6 member pro-
teins, IRSI to IRS6. IRS1 plays an important role in transmitting
signals from the insulin receptor on cell membrane to intracel-
lular phosphatidiylinositol-3-kinase (PI3K)/Akt and extracellular
signal-regulated kinases (Erk)/mitogen-activated protein kinase
(MAPK) pathways (Cai et al., 2003; Tarantino and Caputi, 2011).
Under normal circumstance, the binding of insulin to the insulin
receptor induces a conformational change of the receptor, which
leads to autophosphorylation of specific tyrosine residues in the
cytoplasmic domains of the receptor and further recruitment of
adapter proteins IRSs (Nieto-Vazquez et al., 2008). After interact-
ing with IRSs, PI3K is activated. PI3K lipid products can further
recruit and activate Akt through phosphorylation on threonine
308 (T308) (Nieto-Vazquez et al., 2008). Akt is an important
component of insulin signaling pathways. IRS1 tyrosine phospho-
rylation leads to a second wave of phosphorylation in the Akt
protein. Phosphorylated Akt then initiates more phosphorylation
reactions and eventually leads to glucose uptake, glycogen synthe-
sis, protein synthesis, cell survival and gene transcriptions (Siddle,
2011) (Figure 2). Tyrosine phosphorylation is required for IRSI
activation and insulin sensitization, which are blocked by serine
phosphorylation on IRS1.

Increased production of TNF-a in expanded adipose-tissue
decreases insulin sensitivity (Fantuzzi, 2008). TNF-a binds to
TNF receptor-1 (TNFR1) and activates serine kinases including
c-Jun N-terminal kinase (JNK), serine kinases inhibitor kB kinase
(IKK) and S6 kinase (S6K). These serine kinase can cause serine
phosphorylation of IRS1, block activation of downstream sig-
naling molecules, and further decrease insulin sensitivity (Fain,
2010) (Figure 2). JNK and IKK are important components of the
activator protein-1 (AP-1) and nuclear factor kappa B (NF-kB)
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FIGURE 2 | Effects of TNP-« on insulin signaling pathways. Insulin
signals tyrosine phosphorylation of IRS and activates SOS (Son of
Sevenless) and the downstream Erk pathway, leading to transcription and
growth. In addition, insulin-stimulated Akt phosphorylation leads to glucose
uptake, glycogen synthesis, protein synthesis, cell survival and gene
transcription. The binding of TNF-a to its receptor increases SOCS-3
expression and activates serine kinases including INK and IKK, which inhibit
IRS tyrosine phosphorylation and activation.

cascade, respectively (Dhanasekaran and Johnson, 2007; Israel,
2010). NF-kB cascade includes a series of transcription factors that
are sequestered by inhibitor of kappa B (IkB) proteins in the cyto-
plasm under normal conditions. IkB kinase (IKK), an important
kinase in the NF-kB cascade, can phosphorylate and inactivate
IkB proteins, and activate NF-kB (Israel, 2010). Proinflamma-
tory cytokines like TNF-a can bind to its cell membrane receptor
(TNFR1), activate IKK, further phosphorylate and inactivate IkB
proteins (Israel, 2010). Subsequently, active NF-kB can translocate
into the nucleus, bind on the promoter regions of cytokine genes,
and stimulate proinflammatory cytokine expression (Ndisang,
2010). TNF-a also increases the expression of cytokine signaling
(SOCS)-1 and SOCS-3 proteins, which can inhibit tyrosine phos-
phorylation of IRS1 and induce ubiqutinylation and degradation
of IRS1 (Figure 2). The expression of SOCS-1 and SOCS-3 is also
stimulated by IL-6. SOCS-3 blunts hepatocyte insulin signaling by
binding to insulin receptors and leading to degradation of IRS pro-
teins (Rasouli and Kern, 2008; Balistreri et al.,2010). In the absence
of SOCS-3, IL-6 can have somewhat anti-inflammatory properties

(Johnston and O’Shea, 2003). Increased plasma IL-6 concentra-
tions are associated with insulin resistance (Charles et al., 2011).
In addition, nitric oxide (NO), an endogenous signaling molecule
produced by iNOS, can reduce Akt activity (Rasouli and Kern,
2008).

TNF-a and IL-6 can also alter the protein expression of per-
oxisome proliferator-activated receptor (PPAR)-y in adipocytes
(Leff et al., 2004; Tilg and Moschen, 2008; Zhou et al., 2008;
Fernandez-Veledo et al., 2009). PPARy is an anti-inflammatory
nuclear protein with insulin sensitizing functions (Fernandez-
Veledo et al., 2009). PPARy blunts inflammatory responses and
stimulates a switch of adipose-tissue macrophages from a M1
to M2 phenotype (Zeyda and Stulnig, 2009). PPARYy can inhibit
the NF-kB signaling pathway, which is an insulin desensitizing
pathway because it activates serine kinases and up-regulates the
production of proinflammatory cytokines like TNF-a and IL-6
(Sidhu et al., 2003). However, JNK and IKK serine kinases can
induce NF-kB activation and further increase TNF-a and IL-6
production, resulting in the suppression of PPARY in adipocytes
(O’Rourke, 2009). This suppression blunts PPARy insulin sensi-
tizing functions and leads to insulin resistance via the up-regulated
NEF-kB signaling pathway (Sidhu et al., 2003). Other than the
serine kinases, saturated fatty acids can activate the NF-kB sig-
naling pathway by binding to toll-like receptor 2 (TLR2) and 4
(TLR4) in adipocytes. TLR2 and TLR4 are important receptors
of the immune system. Saturated fatty acids can bind to TLRs as
their ligands and increase proinflammatory cytokine production
(Jagannathanetal.,2010). Activation of TLR2 and TLR4 eventually
contributes to insulin resistance via activating the NF-kB signal-
ing pathway and increasing proinflammatory cytokine production
(Monteiro and Azevedo, 2010).

C-reactive protein (CRP), an acute phase protein, is primarily
synthesized in the liver and plays an important role in regulat-
ing the innate immune system (Eisenhardt et al., 2009). CRP
aggravates the inflammatory status and leads to systemic inflam-
mation (Wang and Nakayama, 2010). Plasma CRP levels are cor-
related with circulating levels of other inflammatory biomarkers
(Kones, 2010). There is also a strong positive correlation between
plasma CRP levels and insulin resistance (Pradhan et al., 2003;
Ptutzner and Forst, 2006). Hepatic synthesis of CRP is driven
at the transcriptional level by IL-6, which is mainly secreted by
macrophages, T cells, and adipocytes (Pfutzner and Forst, 20065
Pfutzner et al., 2006). Since CRP mRNA levels rise in expanded
adipose tissue, it has been proposed that adipose cells also have
some ability to synthesize CRP (Memoli et al., 2007).

THE CHANGES OF NOVEL ADIPOKINES AFTER BARIATRIC
SURGERY AND THEIR RELATIONSHIP TO INSULIN
RESISTANCE

Other than the classic cytokines and chemokines such as TNEF-
o, MCP-1, and IL-6, adipocytes also secrete leptin, adiponectin,
visfatin, resistin, omentin, apelin, vaspin, perilipin, adipsin, and
retinol binding protein-4. All these adipokines can contribute
to systemic inflammation and pathogenesis of obesity-associated
complications (Balistreri et al., 2010). An evidence-based review
by Spector and Shikora (2010) attributed the bariatric surgery-
induced insulin sensitization to surgery-specific, metabolic effects
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on glucose homeostasis that are independent of weight loss. How-
ever, the underlying mechanisms are not yet understood. This
review article focuses on novel adipokines including visfatin,
resistin, apelin, vaspin, and retinol binding protein-4 (RBP-4)
and addresses their changes after bariatric surgery and their
relationship to insulin resistance (Table 2).

VISFATIN

Visfatin is produced and secreted mainly by adipocytes in visceral
adipose tissue (Tokunaga et al., 2008). Visfatin is also produced by
a variety of cells including lymphocytes, monocytes, neutrophils,
and hepatocytes (Kukla et al., 2011). This peptide adipokine pro-
duces insulin-mimetic effects by binding to the insulin receptor.
The binding and further activation of the insulin signaling path-
way can stimulate glucose uptake and increase insulin sensitivity
(Fukuhara et al., 2005; Tilg and Moschen, 2006; Sun et al., 2007;
Tokunaga et al., 2008; Fain, 2010). Visfatin and insulin bind to
the different sites of the same insulin receptor (Tilg and Moschen,
2006). This difference in binding sites allows visfatin and insulin
to work non-competitively. Similar to insulin, visfatin stimulates

the phosphorylation of IRS1, IRS2, PI3K binding to IRSs, and acti-
vation of Akt and further promotes insulin sensitivity (Fukuhara
et al., 2005; Adya et al., 2008a; Tan et al., 2009). Some studies
suggested that NF-kB, JNK, and AP-1 upregulate visfatin pro-
duction (Kim et al., 2007, 2008; Adya et al., 2008b; McGee et al.,
2011).

There are many inconclusive data regarding the relationship
between serum visfatin levels and body fat percentage or insulin
resistance. Several studies suggest that blood visfatin levels are sig-
nificantly related to type 2 diabetes or insulin resistance, but not to
body fat percentage or BMI (Sandeep etal., 2007a; Palin etal., 2008;
Retnakaran et al., 2008). One study compared plasma visfatin
levels between type 2 diabetes subjects and non-diabetic healthy
subjects and found that type 2 diabetes subjects had higher serum
visfatin levels than non-diabetic healthy subjects (Sandeep et al.,
2007b). However, this positive correlation between serum visfatin
levels and diabetes status was no longer significant after adjust-
ing for anthropometrics such as BMI and waist circumference
(Dogru et al., 2007; Alghasham and Barakat, 2008; Retnakaran
etal., 2008). In contrast, other studies reported that serum visfatin

Table 2 | The origin and roles of some novel adipokines in inflammation and insulin signaling and their responses to obesity, insulin resistance

and bariatric surgery.

Adipokine Origin

Roles in
inflammation

Roles in
insulin signaling

Response to
obesity

Response to
insulin
resistance

Response to
bariatric surgery

Visfatin Visceral adipose Inflammation Insulin-mimetic
tissue, stimulates its effects via binding to
lymphocytes, production (Kim the insulin receptor
monocytes, et al., 2007) and further activating
neutrophils, IRSs, PI3K and Akt
hepatocytes (Fukuhara et al., 2005)

Resistin Visceral adipose Proinflammatory Insulin desensitizing
tissue effects via activating  effects via activating

NF-kB (Maenhaut NF-kB and SOCS-3
and Van de Voorde, (Steppan et al., 2005)
2011)

Apelin Central nervous Unknown Insulin sensitizing
system, adipose effects via activating
tissue, heart, AMPK, PI3K and Akt
kidneys, liver, brain (Attane et al., 2011)

Vaspin Visceral adipose Unknown Insulin sensitizing
tissue, effects (Kloting et al.,
subcutaneous 2006)
adipose tissue

RBP-4 Adipose tissue, Unknown Inhibits PI3K and IRS

liver

activation, and GLUT4
protein expression
(Wolf, 2007; Esteve
etal., 2009)

Inconclusive (Dogru
etal., 2007;
Botella-Carretero
et al., 2008)

Elevated (Moschen
et al., 2009)

Elevated but not
entirely due to
obesity (Boucher
et al., 2005;

Castan-Laurell et al.,

2011)

Elevated (Youn et al.,

2008; Chang et al.,
2010)

Mostly elevated
(Yao-Borengasser
et al., 2007; Bajzova
et al., 2008;
Gomez-Ambrosi

et al., 2008)

Inconclusive (Dogru
etal., 2007,
Alghasham and
Barakat, 2008;
Retnakaran et al.,
2008)

Inconclusive (Igbal
et al., 2005, Sentinelli

etal., 2002; Lee et al,,

2003)

Elevated (Boucher
et al., 2005; Soriguer
et al.,, 2009; Dray
etal., 2010; Yu et al.,
2012)

Elevated (Ye et al.,
2009; Kempf et al.,
2010)

Elevated (Graham
et al., 2006; Esteve
et al., 2009)

Elevated
(Botella-Carretero
et al., 2008)

Inconclusive (Igbal
et al., 2005;
Marantos et al.,
2011)

Decreased (Soriguer
et al., 2009)

Decreased (Chang
et al., 2010;
Handisurya et al.,
2010)

Decreased (Janke
etal., 2006; von
Eynatten et al., 2007;
Bajzova et al., 2008)
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levels were significantly associated with obesity even after adjust-
ing for age, sex, and diabetes (Fukuhara et al., 2005; Sandeep et al.,
2007b). Moreover, serum visfatin levels were more associated with
visceral fat mass than subcutaneous fat mass and appear to vary
according to the body fat composition (Sun et al., 2007; Botella-
Carretero et al., 2008). More studies are required to investigate
their relationship.

Surprisingly, plasma visfatin concentrations were elevated after
bariatric surgery (Krzyzanowska et al., 2006; Garcia-Fuentes et al.,
2007; Botella-Carretero et al., 2008; Friebe et al., 2011). In one
study of 53 severely obese persons who underwent biliopancreatic
diversion (n = 38) and gastric bypass (n = 15), plasma visfatin lev-
els were significantly increased 7 months after the surgery, and they
were positively correlated with the percentage of waist circumfer-
ence reduction (Garcia-Fuentes et al., 2007). In another report,
there was an almost 50% increase in plasma visfatin levels post-
compared to pre-biliopancreatic or laparoscopic bariatric surgery.
In this study, multiple regression analysis showed that weight
loss, diabetic status, and waist circumference changes were the
main contributors to the increased serum visfatin levels (Botella-
Carretero et al., 2008). Overall, these results indicate that plasma
visfatin levels tend to be increased after weight loss surgeries
(Garcia-Fuentes et al., 2007; Botella-Carretero et al., 2008). Given
the well documented insulin-mimetic effect visfatin, the reason for
the increased visfatin levels after weight loss is unclear, but may
indicate a role for visfatin in improved insulin sensitivity after
weight loss surgeries.

RESISTIN

Resistin is mainly secreted by adipocytes and macrophages found
in visceral adipose tissue. Increased plasma resistin levels lead to
over-production of glucose from the liver and inhibit preadipocyte
differentiation; however the precise mechanisms are still unclear
(Steppan et al., 2001; Steppan and Lazar, 2002; Wolf, 2004). In rats,
resistin induces severe hepatic insulin resistance and increases glu-
cose production (Piestrzeniewicz et al., 2008). In human studies
the role of resistin in insulin resistance and glucose metabolism
is inconclusive (Lee et al., 2003; Qasim et al., 2008). The proin-
flammatory effects of resistin were attributed to its ability to
activate NF-kB signaling pathway and subsequently increase the
production of proinflammatory cytokines including TNF-a and
IL-6, both of which can impair insulin signaling pathways and
lead to insulin resistance (Zeyda and Stulnig, 2009; Singla et al.,
2010; Maenhaut and Van de Voorde, 2011). In addition, resistin
can activate SOCS-3 protein, which can lead to insulin resistance
(Steppanetal.,2005). Although some studies suggest a relationship
between resistin and glucose metabolism, others disagree (Sen-
tinelli et al., 2002; Lee et al., 2003; Igbal et al., 2005). Moreover,
several studies reported that increased plasma resistin levels were
associated with increased BMI (Filkova et al., 2009; Moschen et al.,
2009).

Effects of bariatric surgery on plasma resistin levels are incon-
clusive. Some studies found that plasma resistin levels were sig-
nificantly decreased 12 months after bariatric surgery with >10%
loss of the excess body weight (Edwards et al., 2010; Jankiewicz-
Wika et al., 2011; Marantos et al., 2011). These studies also
reported that plasma resistin levels were positively correlated with

insulin resistance and glucose intolerance (Moschen et al., 2009;
De Luis et al., 2010; Jankiewicz-Wika et al., 2011; Marantos et al.,
2011). Other studies showed no difference in plasma resistin levels
after significant weight loss caused by bariatric surgery (Wolfe
et al., 2004; Igbal et al., 2005). More studies are required to
investigate the relationship between plasma resistin levels and
weight loss.

APELIN

Apelin is a recently discovered peptide that is secreted by diverse
tissues including central nervous system, adipose, and many other
peripheral tissues, such as heart, kidneys, liver, and brain. Apelin
is a binding ligand for the orphan G-protein—coupled receptor
APJ (Yamamoto et al., 2011). A common 77-amino-acid precur-
sor produces three bioactive apelin, which contain 13 amino acids
(apelin-13), 17 amino acids (apelin-17), or 36 amino acids (apelin-
36), respectively (Beltowski, 2006; Reinehr et al., 2011). Animal
studies showed that apelin-deficient mice are insulin resistant and
develop hyperinsulinemia, which can be reversed by administra-
tion of exogenous apelin (Yue et al., 2010). Administration of
apelin to diabetic (db/db) obese mice can increase glucose uptake
and elevate insulin sensitivity (Dray et al., 2008; Yue et al., 2010).
Apelin stimulates PI3K/Akt phosphorylation-dependent GLUT 4
translocation, therefore increases glucose uptake by adipocytes
(Lee et al., 2006; Zhu et al., 2011). Furthermore, apelin secre-
tion can activate AMP-activated protein kinase (AMPK) pathway
and leading to an insulin sensitizing effect (Kadoglou et al., 2010;
Attane et al., 2011).

Apelin expression and secretion are increased during adipocyte
differentiation and are regulated nutritionally and hormonally
(Boucher et al., 2005; Dray et al., 2008). Type 2 diabetes subjects
have significantly higher plasma apelin levels than non-diabetic
healthy subjects. The increase in plasma apelin levels may be a
result of compensatory response to insulin resistance (Boucher
etal., 2005; Soriguer et al., 2009; Dray et al., 2010). Obese subjects
have significantly higher plasma apelin levels than lean subjects
(Boucher et al., 2005; Heinonen et al., 2005; Castan-Laurell et al.,
2011). Soriguer et al. (2009) demonstrated that the plasma apelin
levels were increased only in obese and diabetic subjects, not
in obese and non-diabetic subjects, as compared with control
subjects. This indicates that obesity and body fat mass may not be
the main factors altering circulating apelin levels (Boucher et al.,
2005), and insulin resistance may be more important than obe-
sity in increasing plasma apelin levels in humans. Although there
is a strong positive correlation between plasma apelin levels and
TNF-a expression in expanded adipose tissue, the role of apelin in
regulating inflammatory response is still not clear (Boucher et al.,
2005; Daviaud et al., 2006).

Plasma apelin levels can vary according to the diabetic status
after weight loss following the bariatric surgery. In a study, diabetic
morbidly obese patients had significantly higher plasma apelin lev-
els than non-diabetic non-obese healthy subjects. After bariatric
surgery, plasma apelin levels in morbidly obese subjects with
impaired blood glucose were significantly decreased (Soriguer
et al., 2009). Krist et al. (2013) also demonstrated that bariatric
surgery dramatically decreased the apelin expression in adipose
tissues and serum apelin levels, which significantly correlated
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with improved insulin sensitivity. This correlation is indepen-
dent of BMI changes. More studies are required to investigate the
underlying mechanisms.

VASPIN

Vaspin is a member of the serine protease inhibitor family and is
also known as visceral adipose-tissue derived serpin. But human
subcutaneous adipose tissue, liver, stomach, and rodent hypothal-
amus also express vaspin (Lee et al., 2011). Vaspin is also expressed
in adipose tissues in Otsuka Long-Evans Tokushima rats, which
are used as an animal model for studying type 2 diabetes (El-
Mesallamy et al., 2011). Studies suggest that vaspin may have
important roles in obesity and insulin resistance (Li et al., 2011).
Administration of vaspin to obese mice improved glucose tol-
erance and elevates insulin sensitivity (Hida et al., 2005; Wada,
2008). However, the underlying mechanisms of improving insulin
sensitivity are not known.

Some studies demonstrate that diabetic subjects have higher
serum vaspin levels than non-diabetic subjects (Ye et al., 2009;
Kempf et al., 2010). Lean subjects have lower serum vaspin lev-
els than overweight subjects (Suleymanoglu et al., 2009). Others
reported a positive association between blood vaspin levels and
BMI in obesity (Youn et al., 2008; Chang et al., 2010; Bluher, 2012).
Blood vaspin levels and BMI correlation is strong in type 2 diabetes
or insulin resistant patients. This indicates that obesity-induced
insulin resistance may be more important than BMI in regulat-
ing circulating vaspin levels (Youn et al., 2008; Chang et al., 20105
Kempf et al., 2010). Since vaspin can improve glucose tolerance
and insulin sensitivity, the increase in plasma vaspin levels may be
a result of compensatory response to insulin resistance.

Weight loss decreases plasma vaspin levels in humans (Klot-
ing et al., 2006; Li et al., 2008; Youn et al., 2008). Weight loss
after bariatric surgery significantly decreases plasma vaspin lev-
els, which also correlates with decreased plasma insulin levels and
improved insulin sensitivity (Chang et al., 2010; Handisurya et al.,
2010). This decrease might be a compensatory mechanism asso-
ciated with weight loss and insulin sensitivity. Even though these
findings suggest that vaspin may have some roles in regulating glu-
cose metabolism and insulin signaling pathways, the mechanisms
are not yet understood (Kloting et al., 2006; Youn et al., 2008).

RETINOL BINDING PROTEIN-4

Retinol binding protein-4 (RBP-4) is secreted predominantly by
adipocytes and hepatocytes. In plasma, RBP-4 is the carrier pro-
tein of retinol and appears to relate to glucose metabolism and
insulin sensitivity (Esteve et al., 2009). Increased RBP-4 levels
lead to reduced glucose uptake by muscle cells through inhibiting
PI3K signaling pathway and serine phosphorylation of IRS1 (Wolf,
2007), followed by decreased insulin sensitivity. Some studies
demonstrated an inverse correlation between glucose transporter
4 (GLUT4) protein expression and plasma RBP-4 levels (Graham
et al., 2006; Esteve et al., 2009; Toruner et al., 2010). Decreased
GLUT4 expression is accompanied by increased RBP-4 secretion
in the adipose tissue of obese subjects and reduced GLUT4 expres-
sion can be caused by increased RBP-4 secretion (Yang et al., 2005).
In liver, RBP-4 stimulates the expression of phosphoenolpyruvate
carboxykinase (PEPCK) enzyme, a gluconeogenic enzyme that is

stimulated by glucagon and inhibited by insulin (Quinn and Yea-
gley, 2005), leading to impaired insulin signaling in hepatocytes
(Yang et al., 2005).

Most but not all of the findings suggest that plasma RBP-4 levels
are positively associated with body fat percentage and insulin resis-
tance (Janke et al., 2006; von Eynatten et al., 2007; Yao-Borengasser
et al., 2007; Bajzova et al., 2008; Gomez-Ambrosi et al., 2008).
Obese subjects have higher plasma RBP-4 levels than lean sub-
jects. Plasma RBP-4 levels are positively correlated with insulin
resistance in subjects with obesity, impaired glucose tolerance, or
type 2 diabetes (Graham et al., 2006). RBP-4 levels were signif-
icantly decreased following weight loss after a bariatric surgery
(Haider et al., 2007; Gomez-Ambrosi et al., 2008; Tschoner et al.,
2008). Barazzoni et al. (2011) showed that high plasma RBP-4 lev-
els was correlated with high systemic inflammatory responses in
non-obese, non-diabetic patients with chronic kidney disease (But
the correlation was independent of RBP-4 expression in adipose
tissue. More studies are required to investigate the roles of RBP-4
in inflammation.

OTHER CHANGES IN GASTROINTESTINAL SYSTEM AFTER
BARIATRIC SURGERY

After a meal, gastrointestinal system secretes incretins includ-
ing glucose dependent insulinotropic polypeptide (GIP) and
glucagon-like peptide 1 (GLP-1), which stimulate post-prandial
insulin secretion (Holst, 2013; Holst and Deacon, 2013). GIP is
secreted by duodenal K cells and GLP-1 is secreted by ileal L
cells (Holst, 2013). These incretins have insulinotropic effects, fur-
thermore; GLP-1 delays gastric emptying and decreases appetite
leading to increased weight loss and insulin sensitivity (Flint et al.,
20015 Laferrere, 2011). GLP-1 is increased after Roux-en-Y gas-
tric bypass and biliopancreatic diversion (Nislund et al., 1997,
1998). Even though inconclusive findings on effects of the bariatric
surgery on blood GIP levels are reported (Nislund et al., 1998;
Laferrere, 2011, 2012), Laferrére et al. (2007) showed increased
blood GIP levels 1 month and 1 year after Roux-en-Y surgery in
patients with type 2 diabetes. Nislund et al. (1997) reported that
the increase in blood GLP-1 and GIP levels is persistent for 20 years
after duodenal jejunal bypass. More studies are required to inves-
tigate the effects of GLP-1 and GIP changes on inflammation in
obese subjects following bariatric surgery.

There are two hypotheses trying to explain the increase in
incretins secretion; foregut; and hindgut hypotheses (Strader et al.,
2005; Strader, 2006; Pacheco et al., 2007; Hansen et al., 2011;
de Luis et al.,, 2012). Foregut hypothesis suggests that bypass-
ing duodenum and proximal jejunum increases incretin secretion
which improves insulin sensitivity more than weight loss itself
(Pacheco et al., 2007; Hansen et al., 2011; de Luis et al., 2012).
However, research studies in Roux-en-Y gastric bypass and vertical
sleeve gastrectomy which does not bypass duodenum or jejunum
reported similar incretin secretion levels, therefore invalidating the
foregut hypothesis (Chambers et al., 2011). Hindgut hypothesis
suggests that instant stimulation of ileum by the nutrients causes
the increase in blood GLP-1 levels (Strader et al., 2005; Strader,
2006). After Roux-en-Y gastric bypass, emptying of the stomach is
fast and nutrients reach to ileum rapidly which might be the cause
of increased GLP-1 secretion (Morinigo et al., 2006).
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Bariatric surgery alters gut microbiota dramatically (Zhang
et al., 2009; Furet et al., 2010; Clément, 2011; Kootte et al., 2012;
Sweeney and Morton, 2013). Zhang et al. (2009) showed a pos-
itive association between Archaea and obesity. They found no
Archaea in normal weight subjects and a decreased number in
subjects who underwent gastric bypass surgery. Furet et al. (2010)
demonstrated a decrease in Prevotellacaea during obesity, but
the number of Prevotellacaea was rapidly increased after gastric
bypass surgery. Zhang et al. showed obese subjects had more Bac-
teroidetes than lean subjects. Contrary to Furet et al. findings,
Prevotellacaea, which is a subgroup of Bacteroidetes, was enriched
in obese subjects. Furthermore, Ley et al. (2006) found no dif-
ference in the amount of Bacteroidetes between lean and obese
subjects. These inconclusive data indicate that weight loss might be
affecting subgroups differently. Effects of gut microbiota changes
after bariatric surgery on inflammation, insulin resistance, and
diabetes are not completely understood (Kootte et al., 2012). How-
ever, even though there might be positive effect of gut microbiota
change on insulin sensitivity, this effect probably is overridden by
possible malnutrition state after bariatric surgeries (Kootte et al.,
2012).

CONCLUSION AND FUTURE DIRECTIONS

Obesity is a chronic low-grade inflammatory disease. In adipose
tissue, both adipocytes and macrophages secrete a large number
of hormones, proteins, cytokines, and chemokines, collectively
called adipokines. These adipokines contribute to the pathogenesis
of metabolic syndrome, insulin resistance, type 2 diabetes, and
cardiovascular disease, most likely via regulating the inflamma-
tory pathway mediated by TNF-a, IL-6, NF-kB, JNK, and IKK
and insulin signaling pathway mediated by IRSs, PI3k/Akt, and
SOCSs. Weight loss via surgeries dramatically alters levels of
these adipokines and overall increases insulin sensitivity. However,
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despite ample evidence supporting the role of these adipokines in
obesity and insulin resistance, mechanisms mediating their effects
are for the most part still unclear. It is also unclear whether or
how these adipokines mediate the effect of weight loss surgeries
such as bariatric surgery on inflammation and insulin response.
Further studies are required to better understand the relationship
between those adipokines and insulin resistance and how these
are modulated by bariatric surgery. Alteration in the adipokine
profile primarily reflects changes in adipose-tissue production
and secretion of these cytokines. Thus, additional studies are
needed to determine whether reduced adipose-tissue inflamma-
tion following bariatric surgery is responsible for reduced systemic
inflammation and improved insulin sensitivity. Furthermore, the
development of animal models which recapitulate the bariatric
surgery model will lead to a better understanding of mechanisms
by which this surgery improves metabolic outcomes related to dia-
betes and obesity. It is especially important to understand whether
the beneficial effects of bariatric surgery are solely related to weight
loss, improved adipose-tissue inflammation and/or changes in gut
physiology and endocrinology. In addition, with an adequately
powered sample sizes for cross-sectional or case-control stud-
ies, the various types of adipose tissues, including subcutaneous,
omental, and mesenteric adipose tissues, along with plasma and
other tissues, can be collected from severely obese patients who
undergo bariatric surgery. Finally, long term studies are criti-
cal to assess whether weight loss surgery and associated meta-
bolic improvements are sustained over a long period of time
and whether these are primarily related to weight loss or other
beneficial effects of the bariatric surgery.
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