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Obesity-induced inflammation plays an important role in the development of insulin resistance, type 2 diabetes

(T2D), and metabolic dysfunctions. Chronic activation of proinflammatory pathways within insulin target cells

can lead to obesity-related insulin resistance. The inflammatory mediators consist of immune cells, cytokines,

adipokines, and inflammatory signaling molecules. Targeting obesity-associated inflammation has been shown to

protect experimental animals and human subjects from obesity-induced insulin resistance. Modulation of the in-

flammatory responses associated with obesity may help prevent or improve obesity-induced metabolic dysfunctions.

In this review, we introduce the beneficial effects of nutraceuticals for targeting inflammation in the treatment of

obesity-induced insulin resistance and metabolic dysfunctions.
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Introduction

The growing prevalence of obesity and the patholo-
gies associated with it has become a major threat to
public health. The chronic inflammation observed
in obesity appears to be a critical factor in the devel-
opment of pathological disturbances such as insulin
resistance, type 2 diabetes, cardiovascular disease,
and other metabolic diseases. The obesity-induced
alteration of biological conditions in target tissues
results in systemic insulin resistance and inflamma-
tion.'™

Modulating inflammatory responses in obese
patients may be useful for preventing or ame-
liorating obesity-related pathologies. This review
summarizes the molecular pathways that link in-
flammation and metabolic dysfunctions, and we
also review evidence for the modulation of obesity-
induced inflammation by various nutraceuticals.

Inflammation and insulin resistance

Many studies have shown that adipose tissue is an
important initiator of the inflammatory response
to obesity. The inflammation characterized by in-

filtration of macrophages and other immune cells
into obese white adipose tissue can cause systemic
insulin resistance.*>

Adipose tissue macrophages (ATMs) are a ma-
jor source of proinflammatory cytokines, which can
function in a paracrine and potentially an endocrine
fashion to decrease insulin sensitivity. Activation of
these tissue macrophages leads to the release of a
variety of chemokines, which in turn recruit addi-
tional macrophages. Recent studies have detected
various subsets of T lymphocytes in obese adipose
tissue of humans and mice.®® In obese subjects,
adipose tissue Ty 1 lymphocytes may help to recruit
macrophages into adipose tissue; the macrophages
then stimulate inflammation, leading to insulin re-
sistance. Although the role of immune cells in adi-
pose tissue has not been fully elucidated, it seems
probable that the inflammatory response mediated
by AT immune cells plays a key pathogenic rolein the
development of obesity-induced insulin resistance.

The proinflammatory cytokine tumor necrosis
factor (TNF)-a was identified as the first molecu-
lar link between obesity, diabetes, and inflamma-
tion.”'? TNF-a was found to be overexpressed in
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the adipose and muscle tissues of obese mice and
humans.!"!* In experimental models, neutraliza-
tion of TNF-a improved insulin sensitivity in obese
fa/fa rats,>!! and the TNF-a—deficient obese mice
were protected from obesity-induced insulin resis-
tance.'* Since these findings, obesity has been char-
acterized by the presence of many inflammatory
mediators in adipose tissue. These include leptin, re-
sistin, plasminogen activator inhibitor type-1 (PAI-
1), adiponectin, visfatin, monocyte chemoattrac-
tant protein-1 (MCP-1), interleukin (IL)-6, IL-1,
serum amyloid A (SAA), retinol binding protein-4
(RBP-4), and macrophage inflammatory protein
(MIP).!= These play a central role in regulating en-
ergy and vascular system homeostasis by influencing
various metabolic processes. There is also evidence
of macrophage infiltration in the other metabolic
organs, the liver, and skeletal muscle.! Kupffer cells,
the resident macrophages of the liver, contribute
to the production of inflammatory mediators that
promote insulin resistance in hepatocytes.

Molecular mechanisms of inflammation
and insulin resistance

Previous studies focusing on the intracellular path-
ways activated by inflammation have provided key
insight into obesity-induced insulin resistance. In-
creased inflammatory stimuli in obese subjects,
including cytokines and Toll-like receptor (TLR)
stimulation, can activate the inhibitor of kB
kinase-B/nuclear factor kB (IKK3/NF-kB) axis and
c-Jun N-terminal kinase (JNK).!>"17 The activation
of these kinases in obesity highlights the overlap
between metabolic and immune pathways, the lat-
ter of which are activated during the innate im-
mune response by TLR signaling in response to
lipopolysacharide (LPS), peptidoglycan, fatty acids,
and other microbial products.'® Genetic disruption
of IKKB and pharmacological inhibition of IKK3
with salicylates in obese mice have been shown
to improve insulin resistance.!” In addition, JNK1
knockout (KO) mice are protected against diet-
induced insulin resistance, and inhibitors of JNK
also appear to improve insulin sensitivity in mod-
els of insulin resistance.'®'!® Additionally, cellular
stresses such as reactive oxygen species (ROS), en-
doplasmic reticulum (ER) stress, and ceramide can
activate the NF-kB and JNK inflammatory path-
ways. 20

Nutraceuticals targeting metabolic inflammation

Peroxisome  proliferator-activated  receptor
(PPARYy) is a major molecular target for all
insulin-sensitizing  thiazolidinediones (TZD).*!
In normal adipose tissue, PPARy senses fatty
acids and regulates the expression of many genes
involved in glucose metabolism and adipocyte
differentiation. Although it is most highly ex-
pressed in adipocytes, PPARy is also expressed
in macrophages, where it can negatively regulate
a large set of inflammatory genes.?>?> Recently,
it was demonstrated that macrophage-specific
PPARy KO mice on normal and high-fat diets
showed inflammatory pathway activation, glucose
intolerance, and insulin resistance.’®?’ In terms of
glucose homeostasis, TZD treatment was much less
effective in macrophage-specific PPARy KO mice
compared with controls, suggesting an essential
role of macrophage PPARY in the maintenance of
systemic insulin activity.?® IL-1 and TNF-a also
suppress the ligand-induced transactivation of
PPARYy, which is mediated through NF-kB and
is activated by the TAK1/TAB1/NF-kB-inducing
kinase (NIK) cascade downstream of IL-1 and
TNF-a signaling.?®

However, the immunological dysfunctions as-
sociated with obesity are not restricted to local
metabolic tissues. It has been suggested that obesity
alters the functions of circulating immune cells.?*=!
Circulating mononuclear cells from obese subjects
arein a constitutive proinflammatory state and show
an increase in intranuclear NF-kB binding and el-
evated transcript levels of proinflammatory genes
such as IL-6, TNF-a, and migration inhibition fac-
tor, which are regulated by NF-«B.? Obesity has
also been linked to elevated circulating leukocyte
and lymphocyte subset counts, increased granu-
locyte phagocytosis, and higher levels of oxidative
burst.’!

Targeting inflammation by nutraceuticals
in obesity and insulin resistance

There is a considerable need for safe therapeutic
agents that can reduce the risk of obesity-induced
metabolic dysfunctions, and the range of nutraceu-
tical compounds with potential benefits for obese
patients continues to expand. The reported anti-
inflammatory properties of food-derived nutraceu-
ticals may be crucial for the treatment of such
diseases.
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Curcumin

Curcumin, a yellow pigment of curry powder, has
been shown to downregulate the expression of vari-
ous NF-kB-regulated proinflammatory adipokines,
including chemokines (MCP-1, MCP-4, and eo-
taxin)*? and interleukins (IL-1, IL-6, and IL-8)33
in vitro. Curcumin was also shown to suppress the
expression of PAI-1 by inhibiting the transcrip-
tion factor early growth response (Egr-1),* which
has been closely linked with insulin resistance and
obesity.

Animal studies have shown that curcumin
administration ameliorated diabetes in obese and
leptin-deficient ob/ob C57BL6/] mice, as indicated
by glucose- and insulin-tolerance testing and the
percentage glycosylated hemoglobin.*> Curcumin
also reduced macrophage infiltration in WAT,
increased adipose tissue adiponectin production,
decreased hepatic NF-kB activity, and reduced
the expression of hepatic inflammation markers,
including TNF-a, IL-1B, suppressor of cytokine
signaling 3, MCP-1, and C-C motif receptor-2. Jain
et al’® reported that curcumin supplementation
lowered the high glucose-mediated monocyte
production of inflammatory cytokines, including
TNF-a, IL-6, IL-8, and MCP-1. This same study also
showed that blood levels of TNF-a, MCP-1, glucose,
and glycosylated hemoglobin were decreased in
diabetic rats on a curcumin diet. Taken together,
these data suggest that curcumin may be a useful
phytochemical for attenuating obesity-induced
inflammation and obesity-related metabolic
complications.

Capsaicin

Capsaicin, a biologically active compound found
in red pepper, has anti-inflammatory activities®” >’
and shows potential benefits for treating obesity
and insulin resistance in animal models and clin-
ical studies.®**? Capsaicin has diverse activities
in metabolic tissues. In addition to its metabolic
properties that induce thermogenesis and fat ox-
idation, capsaicin also shows anti-inflammatory
properties.?! A proteomic analysis showed that
thermogenesis- and lipid metabolism-related pro-
teins in white adipose tissue*’ and skeletal mus-
cle** were altered upon capsaicin treatment, sug-
gesting that capsaicin has a role in regulating
energy metabolism. In addition to altering thermo-
genic proteins, capsaicin also reduced the expres-
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sion of TNF-a in adipose tissue.** Capsaicin affected
the secretion of inflammatory adipocytokines, such
as IL-6 and MCP-1, in obese adipose tissue and
isolated adipocytes by modulating the proinflam-
matory transcription factors NF-kB and PPARvy.*
Capsaicin also directly suppressed the macrophage
inflammatory response by inhibiting NF-«kB acti-
vation in vitro.’”"*> In addition, our group has ob-
served that capsaicin directly increases the insulin-
stimulated uptake of glucose in muscle cells (unpub-
lished data). These results indicate that capsaicin
may be useful for the treatment of obesity-related
inflammatory metabolic dysfunctions. In addition,
the beneficial effects of spice-derived nutraceuticals
on inflammation and obesity have been reviewed.*®

Polyunsaturated fatty acids

Fatty acids (FAs) can function as endogenous
ligands that modulate inflammatory responses.
Saturated FAs promote inflammation by activat-
ing Toll-like receptor 4 (TLR4) on fat cells and
macrophages,’” and unsaturated FAs are weakly
proinflammatory or neutral. However, w-3 polyun-
saturated fatty acids (PUFAs) from fish oils, such
as docosahexanoic acid (DHA) and eicosapen-
taenoic acid (EPA), are known anti-inflammatory
factors.®®4% Recently, Oh et al.>® showed that the
-3 fatty acids DHA, EPA sense G protein—coupled
receptor 120 (GPR120), which is highly expressed
in adipose tissue macrophages and fat cells. The
activation of this receptor by DHA attenuates
the proinflammatory effects of TNF-a and LPS
on macrophages. Activation of GPR120 by w-3
fatty acids induces potent insulin sensitization and
other antidiabetic effects in vivo by repressing
macrophage-induced tissue inflammation. In addi-
tion, PPARY activation by long chain w-3 PUFA has
been implicated in the prevention of high-fat diet-
induced adipose tissue inflammation and remod-
eling.’!">* Meijerink et al.>® also showed that doco-
hexaenoylethanolamine (DHEA), the ethnaolamide
metabolite of DHA, modulates inflammation by re-
ducing MCP-1 and nitric oxide (NO) production
in macrophages. In conclusion, fish oil supplements
can alleviate metabolic disease by modulating in-
flammatory signaling pathways.

Resveratrol and stillbenes

Resveratrol, a polyphenolic compound found in the
skin of grapes and related food products, has been
shown to prevent a number of diverse pathologic

142 Ann. N.Y. Acad. Sci. 1229 (2011) 140-146 © 2011 New York Academy of Sciences.



Kim et al.

processes, including cardiovascular disease (CVD),
cancer, oxidative stress, and inflammation.”*~>® Al-
though the majority of research on metabolic dys-
functions has focused on its ability to enhance
the effects of sirtuin SIRT1 in preventing cellu-
lar damage associated with aging and chronic ill-
ness,”’ there have been many reports detailing its
anti-inflammatory and antiadipogenic effects.’®-%0
A recent study reported that resveratrol has an anti-
inflammatory effect on TNF-a—induced MCP-1 ex-
pression by inhibiting NF-«kB transcriptional activ-
ity in adipocytes.®’ In animal models, resveratrol
repressed TLR2- and TLR4-mediated proinflamma-
tory signaling cascades in adipose tissue®® and inhib-
ited NF-kB signaling in the sciatic nerves of rats with
streptozotocin-induced diabetes.®! In human reti-
nal epithelial cells, resveratrol showed an inhibitory
effect on hyperglycemia-induced inflammation.®? It
has also shown the potential for preventing CVD
by inhibiting inflammatory markers, the cyclooy-
genase (COX)-1 enzyme, and polyphosphoinosi-
tide metabolism in platelets.%® In rats, resveratrol
administration prevented the decrease in vascu-
lar NO induced by inflammatory mediators, and
it decreased the expression of TNF-a.®* In addi-
tion, previous studies have shown that Vitisin A, a
resveratrol tetramer purified from the skin of grape
trees, has anti-inflammatory,®%® antiadipogenic, ¢
and anticholestrolemic activities.®® Vitisin A reduces
the expression of LPS-stimulated proinflammatory
markers in macrophages and decreases adipocyte
differentiation by inhibiting PPARvy activation.
Inhibition of cellular 3-hydroxy-3-methylgluctaryl
coenzyme A (HMG CoA) reductase, the rate-
limiting enzyme in cholesterol biosynthesis, can
lower the levels of circulating cholesterol and sev-
eral proinflammatory cytokines products of NF-kB
target genes. These mechanisms demonstrate a po-
tential for resveratrol and its tetramer in the control
of obesity and metabolic disorders.

Ginger-derived components

The two major pungent compounds of gin-
ger, 6-gingerol and 6-shogaol, have potent anti-
inflammatory activities and can improve diabetes
and insulin resistance.®*”’! Both molecules attenu-
ate the effects on TNF-a—induced downregulation
of adiponectin expression by different mechanisms
in adipocytes; 6-shogaol functions as a potent ag-
onist of PPARry, but 6-gingerol does not, although
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it is structurally similar to 6-gingerol. In addition,
6-shogaol inhibits the TNF-a—mediated downreg-
ulation of adiponectin expression via PPAR+y trans-
activation. In contrast, 6-gingerol inhibits JNK sig-
naling pathways in TNF-a—stimulated adipocytes
without affecting PPARYy transactivation.”? In ad-
dition, 6-gingerol is also a potent inhibitor of
COX-2 expression and acts by blocking the ac-
tivation of p38 MAPK and NF-kB”® along with
enhancing adipocyte differentiation.”! Zingerone,
a component of ginger, also suppresses the se-
cretion of MCP-1 from adipose tissue of obese
mice and inhibits macrophage inflammatory ac-
tion such as migration and activation.? In animals,
the ethanol extract of ginger protects against egg
albumin—induced acute inflammation and hypo-
glycemia in models of diabetes.”® Thus, these stud-
ies suggest that ginger has the potential to prevent
inflammation and inflammation-linked metabolic
dysfunction.

Flavonoids

Flavonoids are a polyphenol subclass widely dis-
tributed in plants and in the diet, and they
exhibit a variety of health benefits. The anti-
inflammatory properties of flavonoids have been
extensively studied to establish and characterize
their potential utility as therapeutic agents in the
treatment of inflammatory diseases.”* Antocyanins
are found in red fruits and vegetables and have
been shown to have anti-inflammatory activity
in obese adipose tissues, which is mediated by
PPARY-dependent mechanisms.”>’® Cyanidin 3-
glucoside (C3G), a typical anthocyanin, downreg-
ulates the expression of RBP-4, which is known
to contribute to insulin resistance in adipose tis-
sue of diabetic mice,”” and this improvement
is associated with the inhibition of inflamma-
tory mediators and stimulation of AMPK activ-
ity in adipocytes.”> (-)-epigallocatechin-3-gallate
(EGCG), a major green tea polyphenol, provides
beneficial effects for metabolic syndrome. Long-
term EGCG treatment impairs the development of
obesity and decreases the expression of inflamma-
tory markers, such as MCP-1, in obese mice, suggest-
ing that EGCG-mediated reductions in mesenteric
and retroperitoneal adipose tissue weight may have
a beneficial impact on high fat-induced inflamma-
tion and the development of metabolic syndrome.”®
In humans, green tea consumption has been
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inversely correlated with liver damage and with the
levels of inflammation markers.”*-8

Conclusions

The evidence implicating inflammation in the
pathogenesis of insulin resistance and type 2 dia-
betes suggests the possibility of targeting inflam-
mation with pharmacological and dietary inter-
ventions. While pharmacological approaches that
alter the inflammatory process are undoubtedly
of great clinical importance dietary, nutraceuticals
with anti-inflammatory activities can improve in-
sulin sensitivity. These approaches may provide clin-
ical benefits to the vast number of patients affected
by the obesity epidemic and the metabolic disorders.
However, preserving other innate immune func-
tions should be considered in this approach.
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