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Abstract
The association of obesity, insulin resistance, and chronic
low-grade inflammation has been evident for several years
by now. Since obesity, insulin resistance, and inflammation
all are related to aging as well, the mechanisms underlying
this association are of critical importance for gerontology.
Although several molecular and cellular mechanisms by
which inflammatory events decrease the sensitivity to insu-
lin in obese patients have recently been elucidated, the
pathogenesis of obesity-induced insulin resistance is still
obscure in many aspects. This review aims at giving a gen-
eral view on the known mechanisms and summarizing the
recent progress. Research currently focuses on adipose tis-
sue inflammation as predominantly driven by adipose tissue
macrophages, but also related alterations in other organs
(liver, muscle, pancreas) have to be considered. Moreover,
novel approaches for treatment and prevention of insulin
resistance and type 2 diabetes by targeting obesity-induced
inflammatory processes are discussed here.
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Obesity, Insulin Resistance, and Aging

The prevalence of obesity leading to decreased life ex-
pectancy due to, e.g., type 2 diabetes (T2DM) and cardio-
vascular disease is dramatically escalating. In the UK, for
instance, rates of obese (body mass index =30 kg/m?)
have increased by 30% in women, 40% in men, and 50%
in children within the last decade resulting in 23% of
adults being obese in 2007 and a prognosis of 50% for
2050. The causes underlying the obesity epidemic are still
not entirely understood, but its consequences are already
apparent, e.g. by the dramatic increase in T2DM nowa-
days even occurring in children. Obesity, particularly
central obesity, is the prominent risk factor for insulin
resistance and results in T2DM and other features of the
metabolic syndrome such as dyslipidemia and hyperten-
sion.

Insulin resistance is determined by impaired sensitiv-
ity to insulin of its main target organs, i.e. adipose tissue,
liver, and muscle. Insulin regulates glucose uptake and
circulating free fatty acid (FFA) concentrations. In adi-
pose tissue, insulin decreases lipolysis thereby reducing
FFA efflux from adipocytes; in liver, insulin inhibits glu-
coneogenesis by reducing key enzyme activities, and in
skeletal muscle insulin predominantly induces glucose
uptake by stimulating the translocation of the GLUT4
glucose transporter to the plasma membrane. Insulin re-
sistance leads to increased circulating FFA concentra-
tions and ectopic fat accumulation that impede insulin-
mediated glucose uptake in skeletal muscle and elevated
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glucose production in liver. Finally, insulin resistance to-
gether with abnormalities in insulin secretion leads to
T2DM.

The risk for T2DM, in association with the factors of
the metabolic syndrome, i.e., abdominal obesity, im-
paired glucose metabolism, dyslipidemia, and hyperten-
sion, increases in aging as recently reviewed in Gerontol-
ogy [1]. This age-related increase is mainly attributed to
an increased prevalence in overweight and obesity in the
elderly. Hence, the relationship of obesity, insulin resis-
tance and inflammation as well as putative treatment and
prevention strategies as discussed in this review is of par-
ticular importance for considerations to reduce morbid-
ity and improve quality of life in an elderly population.

Insulin Resistance on the Signaling Level

Insulin binding to its receptor induces complex sig-
naling cascades. Very briefly, insulin receptor-mediated
tyrosine phosphorylation of insulin receptor substrates
(IRS) leads to activation of two major pathways. The
phosphatidylinositol 3-kinase (PI;K)-AKT pathway is
largely responsible for insulin action on glucose uptake
and suppression of gluconeogenesis. The MAPK pathway
regulates gene expression and additionally interacts with
the PI;K-AKT pathway to control cell growth and differ-
entiation. Of note, several mediators of insulin-induced
signaling independent of IRS and PI;K have been de-
scribed.

In contrast to activating tyrosine phosphorylation,
serine phosphorylation of IRS on critical serine sites
blocks insulin signaling. Serine kinases that phosphory-
late IRS1 and thus inactivate its activity in insulin signal-
ingare, for instance, I kappa B kinase beta (IKK-f3), C-jun
N-terminal kinase (JNK)I and other mitogen-activated
protein kinases (MAPK). JNK as well as other IRS serine
kinases are activated by insulin, indicating a negative
feedback mechanism for the insulin-signaling pathway.
Strikingly, the named serine IRS kinases are typical me-
diators of inflammatory signaling pathways, providing
an inhibitory crosstalk between inflammatory and insu-
lin signaling on a molecular level. Other important mo-
lecular mediators that link cytokine signaling to inhi-
bition of insulin signaling are suppressor of cytokine
signaling (SOCS)1 and 3 and nitric oxide (NO). SOCS
proteins are induced during inflammation, e.g. by inter-
leukin (IL)-6, and induce ubiquitinylation and degrada-
tion of IRS proteins. NO is an endogenous signaling mol-
ecule that is produced by nitric oxide synthase (iNOS),
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which is inducible by a variety of inflammatory cyto-
kines. NO has been shown to induce the degradation of
IRS1 and iNOS activity results in reduced activity of Akt,
the main mediator of IRS signaling.

Inflammatory Mediators in Obesity and Their
Effects on Insulin Sensitivity

In the recent years, more and more evidence has
emerged that obesity is associated with inflammation
that is causally involved in the development of insulin
resistance. In obese patients, a chronic low-grade inflam-
mation occurs as determined by increased plasma levels
of C-reactive protein, inflammatory cytokines such as
TNF-a, IL-6, MCP-1, and IL-8, and the multifunctional
proteins leptin [2] and osteopontin [3]. Aging is also well
known to be associated with chronic low-grade increases
in circulating levels of inflammatory markers. Specifi-
cally TNF-a and IL-6 have been described to be indica-
tors and cause of morbidity and mortality in elderly [4].
Strikingly, inflammation is prominent in particular in
diabetic elderly patients [5]. Moreover, systemic inflam-
mation is markedly evident in a number of mouse models
of obesity that are widely used for studying its pathogen-
esis.

Neutralizing TNF-a in rats provided first compelling
evidence that inflammatory mediators can cause insulin
resistance [6]. Moreover, knockout mice deficient in
TNF-a (Tnf'") or the Tnf-a receptor 1 gene (Tnfrl) are
protected from insulin resistance induced by both diet
and genetic obesity (ob/ob mice) [7]. In vitro experiments
with cultured murine adipocytes demonstrated that Tnf-
a activates several pathways linked to insulin resistance,
as detailed above, namely IKK-$ [8] and SOCS3 [9]. In
addition, TNF-a could affect insulin sensitivity by alter-
ing the expression of the genes for insulin receptor, IRSI,
GLUT4, adiponectin, and PPARy.

Similarly, other inflammatory cytokines interfere
with insulin signaling, e.g. IL-1 provokes IRS1 serine
phosphorylation by activating ERK [10], and IL-6 blocks
IRS-mediated insulin signaling in liver and muscle via
SOCS proteins [11]. Chronically elevated circulating IL-6
levels generated by electro-transfer-mediated overex-
pression in muscle lead to impaired insulin-stimulated
glucose uptake in skeletal muscles [12]. However, IL-6
overexpression also reduces body weight [12], and under
certain conditions elevated systemic IL-6 concentrations
even improve insulin sensitivity [13]. Thus the role of IL-
6 in obesity-mediated insulin resistance remains contro-
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versial. In contrast to inflammatory cytokines, anti-in-
flammatory mediators such as IL-10 and adiponectin ex-
ert insulin-sensitizing effects.

Although a direct effect of for Mcp-1 on insulin resis-
tance has been described, the probable main mechanism
how chemokines such as MCP-1 and IL-8 affect insulin
sensitivity is by attracting macrophages particularly into
adipose tissue. Once having infiltrated the tissue, macro-
phages become the major source of inflammatory media-
tors. Several cytokines that are elevated in obesity, for
instance TNF-a, potently activate macrophages. Osteo-
pontin induces a variety of cytokines and chemokines in
myeloid cells that may lead to further recruitment and
activation of macrophages. Furthermore, leptin induces
inflammatory mediator production including MCP-1.
Since macrophages are not only the major source but also
a target of inflammatory mediators, they are supposed to
be central players in a vicious circle driving inflamma-
tion and insulin resistance. An important role of macro-
phages in development of systemic insulin resistance was
demonstrated by showing that myeloid-selective block of
inflammatory NF-kB signaling by deletion of IKK-f3 re-
duces ageing-, high fat-diet-, and obesity-induced sys-
temic insulin resistance. On the other hand, hepatocyte-
specific deletion of IKK-f affects only the liver but not
systemic insulin sensitivity [14]. Importantly, this role is
not limited to TNF-a, since diminished macrophage-de-
rived TNF-a production alone is not sufficient to im-
prove insulin sensitivity in obese mice [15].

ER Stress as an Origin of Inflammation

The primary cause for obesity-induced inflammation
is not yet fully understood. A potential basis for the ini-
tiation of inflammation in obesity is endoplasmic reticu-
lum (ER) stress. Overnutrition and obesity cause ER
stress in liver and adipose tissue due to excess lipid accu-
mulation and disturbed energy metabolism [16]. ER stress
activates a stress response signaling network termed the
unfolded protein response (UPR) that drives protective
but also apoptotic and, of note, inflammatory reactions.
During ER stress, transmembrane proteins become acti-
vated, including the protein kinase/endoribonuclease
IRE1, which initiates non-spliceosomal splicing of the
mRNA for the transcription factor XBP-1 that controls
protective responses to ER stress. IRE1 also induces an
inflammatory signaling cascade by activating IKK, the
MAPKSs p38 and JNK, and finally the major inflamma-
tory transcription factor NF-kB. Consequently, obesity-
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induced ER stress leads to IRS serine phosphorylation
and inhibited insulin signaling. The concept of ER stress
is supported by data from heterozygous XBP-1*/~ mice, in
which protective responses to ER stress are partially
blunted. These mice are particularly prone to insulin re-
sistance even when on a non-susceptible background [16].
On the contrary, administration of chemical chaperones
that reduce ER stress results in restoration of insulin sen-
sitivity in obese mice [17]. Furthermore, ER stress has
been shown to downregulate expression of GLUT4 in ad-
ipocytes [18]. Altogether, ER stress directly affects insulin
signaling in insulin target cells, e.g., by inducing inflam-
matory signaling and contributes to insulin resistance.
Particularly the adipose tissue is subject of current inves-
tigations to understand stress-sensing pathways in order
to discover potential new therapeutic targets to attenuate
obesity-induced metabolic diseases.

Adipose Tissue Macrophages: The Major Source of
Obesity-Associated Inflammation

It has long been known that adipose tissue produces
large amounts of inflammatory cytokines and chemo-
kines, collectively called adipokines, such as TNF-a, IL-
1B, IL-6, and MCP-1, and that adipose tissue is a main
contributor to elevated systemic TNF-a concentrations
in obesity [6]. A mouse study shows that also aging is re-
lated to a higher inflammatory state of the adipose tissue
[19]. Despite relatively low difference in fat mass and body
weight between young and old mice compared in this
study, IL-6 and TNF-a production was significantly in-
creased in gonadal adipose tissue, especially in adipo-
cytes, of the older group [19]. Strikingly, obesity-induced
chronically inflamed visceral adipose tissue can transfer
systemic inflammation and vascular disease even when
transplanted to lean mice [20].

Of note, the main source of inflammatory mediators
within murine and human adipose tissue are macro-
phages [21], although also other cell types, including
adipocytes, preadipocytes, vascular endothelial cells,
T-lymphocytes, and the mesothelium may contribute. A
major finding advancing the understanding of obesity-
induced inflammation was the discovery that the marked
increase of inflammatory adipokine production in obe-
sity is associated with increased numbers of macrophages
in adipose tissue (ATMs, adipose tissue macrophages) of
obese mice [22]. Clinical studies have confirmed a cor-
relation between BMI and ATM numbers, particularly in
the metabolically relevant visceral adipose tissue, in hu-
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mans [23]. Since adipose tissue is a very large organ, above
all in obese individuals, ATMs are most probably critical
for the systemic manifestations obesity-induced inflam-
mation. According to the fact that omental adipose tissue
is particularly prone to inflammatory alterations and its
release of inflammatory adipokines to the portal vein, the
presence of macrophages in omental adipose tissue con-
tributes to hepatic fibroinflammatory lesions [24]. In ad-
dition, adipocyte function is an important factor for sys-
temic insulin sensitivity and thus the local action of
ATMs and their cytokines could critically contribute to
systemic insulin resistance.

Attraction of Macrophages to Adipose Tissue

Obesity promotes necrosis-like adipocyte cell death
that is probably based on adipocyte hypertrophy. Dead
adipocytes are often found surrounded by ATMs in so-
called ‘crown-like structures’ supposed to scavenge cell
debris and free lipid droplets [25]. In subcutaneous as well
as visceral adipose tissue these crown-like structures can
be observed exclusively in obese patients, although at
lower frequency compared to rodent models [23, 25]. The
occurrence of adipocyte death and crown-like structures
in non-obese hormone-sensitive lipase mutant mice sug-
gests that metabolic alterations probably involving ER
stress provoke chemokine production by dying adipo-
cytes [25]. However, this theory needs to be confirmed
and the signals and mediators by which adipocyte necro-
sis leads to increased ATM recruitment need to be inves-
tigated.

The expression of several chemotactic proteins such as
Mcp-1 (gene: Ccl2), Mcp-2 (Ccl8), and RANTES (Ccl5) as
well as of chemokine receptors as Ccr2 and Ccr5 is in-
creased in the adipose tissue of obese mice. Also in hu-
man obese subjects, gene expression of CC chemokines
Mcp-1, Mcp-2, Mcp-3 (CCL7), RANTES, MIP-1a (CCL3)
and CCL11 is increased in adipose tissue compared with
lean controls [26]. Furthermore, gene expression of CC
chemokine receptors CCR1, CCR2, CCR3, and CCRS5 is
elevated in omental and subcutaneous adipose tissue of
obese patients. Importantly, expression of CCR2 and
CCRS5is higher in omental than in subcutaneous adipose
tissue [26]. Studies in Mcp-1 knockout mice and mice
overexpressing Mcp-1 support a role of this chemokine
in attracting macrophages to adipose tissue and reduced
insulin sensitivity in high-fat diet-induced obesity [27],
but these data have not been confirmed by others [28].
Mice deficient for the Mcp-1 receptor Ccr2 showed re-
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duced macrophage content and improved insulin sensi-
tivity after high-fat diet feeding compared to wild-type
animals [29]. ATMs that are newly recruited during high-
fat diet feeding express more Ccr2 compared to resident
ATM [30] supporting the concept that Ccr2 ligands such
as Mcp-1, -2, -3 and -4 contribute to their attraction. Tak-
ing human and murine data, Ccr2 and Ccr5 appear to be
crucially involved chemokine receptors, but, however,
the decisive factor(s) provoking ATM recruitment to ad-
ipose tissue and the mode(s) of its/their induction still
have to be clarified.

Activation of Adipose Tissue Macrophages:
Classical versus Alternative Activation

Detailed characterization of human ATMs revealed
that by expression of surface markers like the mannose
receptor, scavenger receptors, and distinct integrins
ATMs phenotypically resemble the anti-inflammatory,
alternatively activated type of macrophages (also named
M2 in contrast to the classical inflammatory M1 type of
macrophages [31]). Also in mice, ATMs express M2-
associated genes such as Yml, arginase, IL10, and ILIm
(the gene for the IL-1 receptor antagonist) [32, 33]. The
factors driving alternative macrophage differentiation in
adipose tissue are unknown yet. The marked expression
of scavenger receptors and the mannose receptor, togeth-
er with high endocytic activity [23], implicates a role of
ATMs in uptake of lipids and lipoproteins, apoptotic
cells, hemoglobin, and glycoproteins and supports the
idea that obesity-induced recruitment of macrophages
into adipose tissue is due to an increased abundance of
necrotic-like adipocytes that need to be removed by
ATMs [25]. In accordance with their M2 phenotype
ATMs produce anti-inflammatory cytokines such as IL-
10 and the IL-1 receptor antagonist. On the other hand,
ATMs are also able to secrete large amounts of proin-
flammatory cytokines such as TNF-a, IL-6, and IL-1(3
supporting a role of ATMs in obesity-induced adipocyte
dysfunction and metabolic disorders [23]. Inflammatory
cytokine secretion of isolated ATMs occurs without stim-
ulation and can be augmented by addition of TLR ligands
and cytokines such as LPS and IFNv, respectively [23].

High-fat diet feeding shifts cytokine expression of
murine ATMs from M2- to M1-like patterns by decreas-
ing expression of IL10, Ym1, and arginase and increasing
TNF-a and Nos2 (iNOS) [33]. On the other hand, weight
reduction promotes the occurrence of M2-like macro-
phages in adipose tissue of obese patients [34]. ATMs may
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be activated by factors secreted by adipocytes. A recent
study shows that adipocytes from old mice, at least in vi-
tro, have a higher capacity to stimulate ATM activation
via yet unknown factors than young adipocytes, while,
interestingly, the aging-induced elevation of inflamma-
tory genes in the AT in vivo was mainly found in adipo-
cytes themselves [19]. However, whether and how age,
high-fat diet, and/or weight gain change the M1/M2 phe-
notype and cytokine expression in ATMs from obese pa-
tients is still unclear. Diet-, obesity-, and aging-induced
shifts in ATM populations have not yet been discrimi-
nated in obese patients and marker molecules established
in murine models such as CDl11c [33] do not straightfor-
wardly apply to humans [23]. Altogether, determination
of the factors that attract macrophages to the adipose tis-
sue and induce their pro- and anti-inflammatory pheno-
type and activities in obese and lean individuals, respec-
tively, is one of the most intriguing current issues of obe-
sity research.

TLR4 Linking Obesity and Inflammation

Fatty acids, in particular saturated fatty acids, activate
macrophage like-cells via the lipopolysaccharide (LPS)
receptor Toll-like recptor (TLR)4. FFA concentrations
are elevated in obesity and could directly induce inflam-
matory responses in macrophages and even adipocytes.
FFA activate NF-kB and cytokine production in adipo-
cytes and macrophages and induction of inflammatory
signaling is blunted in the absence of functional TLR4.
Moreover, mice lacking functional TLR4 are substantial-
ly protected from high fat diet-induced insulin resistance
[35]. These studies suggest TLR4 on adipocytes and mac-
rophages to be a sensor of elevated FFA concentrations,
which initiates inflammatory and thus insulin-desensi-
tizing processes.

Another possibility by which TLR4 could link obesity
to inflammation is the impact of high-fat diet on circulat-
ing LPS (endotoxin) concentrations. In conjunction with
CD14, LPS is a potent activator of TLR4. LPS is continu-
ously produced by Gram-negative bacteria in the gut and
enters the circulation by chylomicrons, a mode of trans-
port that could be enhanced by absorption of high-fat
diet. Hence, feeding a high-fat diet significantly increases
endotoxemia in mice [36], and similar was found in a
clinical study showing that a high-fat meal elicits low-
grade endotoxemia [37]. Strikingly, endotoxemia not only
resulted in adipose tissue inflammation and elevated
fasting glycemia and insulinemia due to hepatic insulin
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resistance, but also induced weight gain [36]. These find-
ings suggest that a high-fat diet-induced endotoxemia
can trigger an insulin resistance syndrome including
obesity and chronic inflammation. This could be espe-
cially relevant for elderly people, because aging, atleast in
mouse models, was shown to increase the inflammatory
response to endotoxemia [38].

Inflammatory Processes in Liver, Muscle, and Other
Organs Contributing to Obesity-Induced Insulin
Resistance and T2DM

It has long been recognized that inflammatory media-
tors affect liver function. For instance, TNF-« stimulates
hepatic lipogenesis and promotes hyperlipidemia. Hepat-
ic steatosis that is often associated with obesity provokes
low-grade inflammation in the liver via NF-kB activa-
tion and inflammatory cytokine production. Conse-
quently, steatohepatitis can occur in obesity due to hepa-
tocyte stress responses and inflammatory activation,
probably by fatty acid-mediated activation of TLR4 [35].
Production of IL-6 blunts insulin signaling in hepato-
cytes by increased SOCS3 expression as detailed above
[39]. On the other hand, mice deficient in TNF-« or os-
teopontin [15, and EW. Kiefer, M. Zeyda, T.M. Stulnig,
unpubl. data] are protected from high-fat diet-induced
hepatic steatosis. These data indicate a vicious circle of
aggravating insulin resistance based on hepatic steatosis
and inflammation. This model is supported by data
showing that not only metabolic but also inflammatory
pathways such as TLR4 are tightly linked to the develop-
ment of hepatic steatosis [40]. In analogy to adipose tis-
sue, macrophage-like cells could initially translate fatty
acid-induced TLR4 activation to hepatic inflammation
and insulin resistance. Blocking the NF-«kB pathway se-
lectively in hepatocytes is then sufficient to improve in-
sulin sensitivity even under conditions that lead to steato-
sis and accumulation of macrophages in the liver [41].
However, the role of resident liver macrophages (Kupffer
cells) in the pathophysiology of hepatic steatosis and in-
sulin resistance still needs to be elucidated, but a recent
publication indicates that the M1/M2 polarization profile
of Kupffer cells crucially affects insulin sensitivity [42].

TNF-a reduces insulin sensitivity also in muscle. Obe-
sity-induced inflammatory cytokines disturbing muscle
insulin sensitivity such as TNF-a, IL-6, but also anti-in-
flammatory mediators such as IL-10 and adiponectin, are
supposed to stem from systemic inflammation that main-
ly originates from adipose tissue [reviewed in 43]. Only
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recently, a high-fat diet-induced accumulation of bone
marrow-derived macrophages was discovered in muscle
[44]. Increased skeletal muscle TNF-a expression corre-
lating with inhibitory IRS serine phosphorylation was
found in obese insulin-resistant women with previous
gestational diabetes mellitus, who are at high risk of
T2DM [45]. Hence, obesity-induced inflammation oc-
curs also in muscle and drives insulin resistance locally
as well as systemically. In addition, vascular endothelial
cells express TLR4 and mediates a high-fat diet induced
inflammatory response together with diminished insu-
lin sensitivity [46], suggesting that by provoking vascular
inflammation and endothelial dysfunction elevated FFA
via TLR4 could contribute to both metabolic and cardio-
vascular risk in obesity.

Intriguingly, also in pancreatic islets of diabetic pa-
tients as well as in several animal models of obesity, a
marked infiltration of macrophages has been observed
[47]. Furthermore, the inflammatory adipokine leptin
impairs glucose-stimulated insulin production of human
B cells through activation of JNK [48]. Moreover, hyper-
glycemia induces IL-1§ production by pancreatic 3 cells,
which putatively contributes to glucotoxicity in human
pancreatic islets [49]. Therefore, (3-cell function could
be hampered by obesity-induced inflammation thereby
contributing to the development of overt T2DM.

Approaches to Treat Insulin Resistance by Targeting
Inflammatory Pathways

Based on data discussed above, interfering with the
TLR4/IKK/NF-kB axis could be a promising strategy to
prevent onset of insulin resistance in obese patients. Stud-
ies with high-dose salicylate, a known inhibitor of IKK,
showed that diet- and obesity-induced insulin resistance
can be prevented in animals as well as in clinical settings
[50]. In addition, salicylate has been shown to block TNF-
a induced lipolysis in adipocytes from rats [51] and IL-
1B3-induced impairment of -cell function [52]. More-
over, IKK inhibition by the novel pharmacological inhib-
itor AS602868 prevents high-glucose-induced liver ste-
atosis and inflammation [53]. Protection from hepatic
steatosis could also improve insulin sensitivity in obese
patients.

Since JNK is crucially implicated in the onset of insu-
lin resistance and its inhibition improves insulin sensitiv-
ity in obese mice without affecting body weight and food
uptake [54], JNK inhibitors may be interesting drugs for
treatment of obesity-induced insulin resistance. Whether
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JNK inhibitors that are currently developed for blocking
inflammation and tumor transformation will also be ap-
plicable for treatment of obesity-related diseases such as
T2DM will have to be evaluated.

The nuclear receptor PPARy has a long established
role in adipogenesis and is the target of the thiazolidin-
edione class of drugs, which reduce systemic insulin re-
sistance and improve glycemic control in patients with
T2DM. PPARy is also expressed in macrophages where it
blunts inflammatory responses and provokes a shift to-
wards the M2 differentiation. Accordingly, a myeloid
cell-specific disruption of PPARy results in a shift of
macrophage differentiation towards the inflammatory
M1 type, thereby aggravating insulin resistance [55].
Similar results have been shown for PPARS-knockouts
[42]. Conversely, the anti-inflammatory effect of thia-
zolidinediones by activation of PPARy in macrophages
may be a crucial component of their insulin-sensitizing
effects and agonizing PPARS may promote a M2 polar-
ization of ATMs and Kupffer cells protecting from insu-
lin resistance.

Prevention of diet-induced adipose tissue inflamma-
tion and remodeling by supplementation of a high-fat
diet with omega-3 (n-3) polyunsaturated fatty acids
(PUFA) [32, 56] may also involve PPARy. PUFA-mediat-
ed PPARy activation could decrease ATM numbers, pro-
mote M2 differentiation of ATMs as well as differentia-
tion of preadipocytes to adipocytes and adiponectin ex-
pression in adipocytes [57]. Important for the possible
application of these considerations may be the fact that in
an animal model, confirmed by human data, aging was
shown to cause diminished PPARYy expression in the ad-
ipose tissue [58]. However, the anti-inflammatory mech-
anisms of PUFA action are manifold and involve PPAR-
independent effects [59]. Finally, also insulin-sensitizing
plant-derived drugs such as resveratrol [60] and abscisic
acid may improve insulin sensitivity via anti-inflamma-
tory mechanisms [61].

Conclusions/Outlook

The obesity epidemic will pose enormous medical
challenges in the near future. Since significant weight re-
duction is very hard to achieve in real-life patient care,
patients have to be protected from deleterious conse-
quences of obesity namely T2DM and cardiovascular
complication that are based on insulin resistance and in-
flammation. Elucidation of the mechanisms that link
obesity with inflammation and insulin resistance will
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not only contribute to the understanding of the patho-
physiology of obesity but also open novel strategies for
treatment and prevention of obesity- and aging-related

metabolic and cardiovascular diseases.
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