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Abstract

Obesity is characterized by a state of chronic, low-grade inflammation.
However, excessive fatty acid release may worsen adipose tissue inflam-
mation and contributes to insulin resistance. In this case, several novel and
highly active molecules are released abundantly by adipocytes like leptin,
resistin, adiponectin or visfatin, as well as some more classical cytokines.
Most likely cytokines that are released by inflammatory cells infiltrating
obese adipose tissue are such as tumor necrosis factor-alpha (TNF-alpha),
interleukin 6 (IL-6), monocyte chemoattractant protein 1 (MCP-1) (CCL-
2) and IL-1. All of those molecules may act on immune cells leading to
local and generalized inflammation. In this process, toll-like receptor 4
(TLR4)/phosphatidylinositol-3’-kinase (PI3K)/Protein kinase B (Akt) sig-
naling pathway, the unfolded protein response (UPR) due to endoplasmic
reticulum (ER) stress through hyperactivation of c-Jun N-terminal Kinase
(JNK)-Activator Protein 1 (AP1) and inhibitor of nuclear factor kappa-B
kinase beta (IKKbeta)-nuclear factor kappa B (NF-kappaB) pathways play
an important role, and may also affect vascular endothelial function by
modulating vascular nitric oxide and superoxide release. Additionally,
systemic oxidative stress, macrophage recruitment, increase in the expres-
sion of NOD-like receptor (NLR) family protein (NLRP3) inflammasone
and adipocyte death are predominant determinants in the pathogenesis of
obesity-associated adipose tissue inflammation. In this chapter potential
involvement of these factors that contribute to the adverse effects of obe-
sity are reviewed.
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1 Introduction

The primary event in the sequence leading to
chronic inflammation in adipose tissue is meta-
bolic dysfunction in adipocytes. These adipo-
cytes promote inflammation via their own
cytokine and chemokine synthesis machinery.
Subsequently, inflammatory process is intensi-
fied by activated adipose tissue macrophages
(ATMs) (Meijer et al. 2011). White adipose tis-
sue is the primary site for the initiation and exac-
erbation of obesity-associated inflammation. Ten
substantial molecular mechanisms have been put
forward to explain the pathogenesis of obesity-
associated inflammation (Ge et al. 2014); in this
respect activation of toll-like receptor 4 (TLR4)
by saturated fatty acids through the TLR4/
phosphatidylinositol-3’-kinase ~ (PI3K)/Protein
kinase B (Akt) signaling pathway (Lee et al.
2003), increases in intracellular protein kinase C
(PKC)-theta activation-associated fatty acyl-CoA
and diacylglycerol (DAG) concentration with the
reduction in both insulin-stimulated insulin
receptor substrate-1 (IRS-1) tyrosine phosphory-
lation and IRS-1 associated PI3K activity (Yu
et al. 2002), lipotoxicity due to increase in fatty
acid release from dysfunctional and insulin-
resistant adipocytes and overstimulation of
hormone-sensitive lipase (HSL) (Cusi 2012),
dysregulated sphingolipid biosynthesis (Summers
2006), the unfolded protein response (UPR) due
to endoplasmic reticulum (ER) stress through
hyperactivation of c-Jun N-terminal Kinase
(JNK)-Activator Protein 1 (AP1) and inhibitor of
kB (IkB) kinase (IKK)-nuclear factor kappa B

(NFkappaB) pathways (Haynes et al. 2004), sys-
temic oxidative stress through superoxide gener-
ation from nicotinamide adenine dinucleotide
phosphate (NADPH) oxidases, oxidative phos-
phorylation,  glyceraldehyde auto-oxidation,
PKC activation, and polyol and hexosamine path-
ways (Manna and Jain 2015), promotion of mac-
rophage recruitment, accumulation, and
persistence in white adipose tissue of obese indi-
viduals by adipocyte death (Cinti et al. 2005),
increase in the expression of NOD-like receptor
(NLR) family protein (NLRP3) inflammasone
and caspase-1 in adipose tissue (Koenen et al.
2011), hypoxia-induced lipolysis due to activa-
tion of hypoxia Inducible factor-lalpha (HIF-
lalpha) and NF-kappaB in adipocytes and
macrophages (Yin et al. 2009) and dysregulation
of microRNAs (miRNAs) in adipose tissue (Ge
et al. 2014) are considered as currently identified
predominant determinants of obesity induced-
chronic inflammation.

2 Adipocyte and Inflammation

Obesity promotes inflammation in adipose tissue.
Human adipocytes express many cytokines/che-
mokines that are biologically functional. They
are able to induce inflammation and activate
CD4+ T cells independent of macrophages. As
mentioned above the primary event in the
sequence leading to chronic inflammation in adi-
pose tissue is the metabolic dysfunction of
adipocytes (Meijer et al. 2011). Actually adipo-
cyte hypertrophy and local hypoxia due to adipo-
cyte expansion are two important contributing
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factors to the increased accumulation of macro-
phages in adipose tissue in the obese state. The
secretion of a number of inflammation-related
adipokines is upregulated by hypoxia. In this
manner macrophages are phenotypically modi-
fied in response to increasing fat mass (Trayhurn
2013). Hypoxia-related adipocyte dysfunction
will be discussed later.

The mRNA monocyte chemoattractant pro-
tein 1 (MCP-1) levels in human adipose tissue
samples correlate with measures of adipos-
ity (Christiansen et al. 2005). Indeed, MCP-1
expression is significantly higher in the adipo-
cytes (Amano et al. 2014) and the MCP-1 recep-
tor, chemokine (C-C motif) receptor 2 (CCR2),
has been shown to be mostly expressed in mac-
rophages in crown-like structures where most
of proliferating ATMs are observed (Lumeng
et al. 2008). These findings indicate that MCP-1
is released by adipocytes in crown-like struc-
tures, and could stimulate the proliferation
of surrounding ATMs (Amano et al. 2014).
In addition to MCP-1 mRNA, adiponectin,
resistin, interleukin-6 (IL-6) and tumor necro-
sis factor alpha (TNF-alpha) are produced by
human adipocytes and are correlated with the
circulating MCP-1 and body mass index (BMI)
(Christiansen et al. 2005; Halberg et al. 2008).
Actually subcutaneous abdominal adipose tis-
sue MCP-1 gene overexpression is a biomarker
of an inflamed adipose organ in human obesity
(Christiansen et al. 2005). Expression of MCP-1
mRNA displays a 7.2-fold increase in obese
mice as compared with normal ones, leading
to substantially elevated MCP-1 protein levels
in adipocytes (Takahashi et al. 2003). Thereby
MCP-1 expression in adipose tissue attracts the
monocytes bearing chemokine receptor CCR2
and contributes to the macrophage infiltration
in diet- induced obese and insulin resistance
animals (Kanda et al. 2006; Linton and Fazio
2003). Nearly half of the cell population in
human adipose tissue consists of preadipo-
cytes which are the undifferentiated precur-
sors of mature adipocytes (Guo et al. 2007).
Preadipocytes and pro-inflammatory macro-
phages share numerous functional or antigenic
properties (Charriere et al. 2003). Eventually

preadipocytes have a heightened inflammatory
cytokine response, in particular MCP-1 expres-
sion following acute high saturated fatty acid
and monounsaturated fatty acid exposure, when
compared to mature adipocytes. Furthermore,
preadipocytes exert a predominant role, via
MCP-1, to macrophage recruitment in adipose
tissue and contribute to postprandial inflamma-
tory responses (Dordevic et al. 2014). MCP-1
over-expression in adipose tissue is under the
control of the AP2 gene promoter and exhibits
insulin resistance, macrophage infiltration into
adipose tissue, and increased hepatic triglycer-
ide content (Kanda et al. 2006). The abundance
of macrophage infiltration in adipose tissue
shows a close relationship between adipocyte
size. Influence of adipocyte size on adipocyte
function may be transmitted through a paracrine
pathway involving ATMs (Weisberg et al. 2003).
It is thought that macrophage accumulation in
visceral omental and subcutaneous fat depots
of obese humans positively correlated with the
diameters of the fat cells in each depot. However
omental macrophage infiltration is greater in
comparison to the subcutaneous white adipose
tissue, despite the mean diameter of omental
adipose cells is significantly smaller than that of
the subcutaneous cells (Cancello et al. 2006). In
addition to MCP-1, some more classical cyto-
kines are abundantly released by adipocytes
like TNF-alpha, interleukin-6 (IL-6), IL-1 as
well as several novel and highly active mol-
ecules released like adiponectin, leptin, resistin
or visfatin. All may lead to local and general-
ized inflammation in adipose tissue (Guzik et al.
2006). The negative regulation of the nuclear
hormone receptor peroxisome proliferator-
activated receptor-gamma (PPAR-gamma) is
important in mediating the effects of inflam-
matory cytokines. Furthermore, PPAR-gamma
is an essential transcriptional regulator of adi-
pogenesis and is required for maintenance of
mature adipocyte function (Tamori et al. 2002).
Cytokines have two dramatic effects on adipo-
cyte function; increase in lipolysis and decrease
in triglyceride synthesis. Downregulation of
PPAR-gamma could strongly contribute to
these effects of inflammatory cytokines on



224

A.Engin

adipocytes. On the other hand, TNF-alpha can
affect PPAR-gamma at multiple levels, includ-
ing the transcription, translation and turnover of
PPAR-gamma mRNA and protein (Guilherme
et al. 2008). PPAR-gamma mRNA is rapidly
degraded in adipocytes (Christianson et al.
2008). In addition to adipocytes, TNF-alpha is
also produced by macrophages within adipose
tissue of obese subjects. This process requires
both the IKK-beta—NF-kappaB and the JNK-
mitogen-activated protein kinase kinase kinase
kinase-4 (MAP4K4)- API signalling pathways
(Guilherme et al. 2008). Indeed, free fatty acid
(FFA)-mediated induction of proinflamma-
tory cytokines in macrophages requires JNK1
activity (Solinas et al. 2007). Inflammation
could also cause insulin resistance by a direct
action of TNF-alpha on muscle insulin signal-
ing, which is triggered by serine/threonine (Ser/
Thr) phosphorylation of IRS proteins. On the
other hand, in adipocytes, MAP4K4 contributes
to the regulation of glucose metabolism as a
suppressor of PPAR-gamma and adipogenesis.
TNF-alpha-induced insulin-resistance on glu-
cose uptake is rescued by MAP4K4 silencing
(Bouzakri and Zierath 2007). Furthermore, the
IL-6 concentration in adipose tissue is approxi-
mately 100-fold higher than that in plasma. This
increase in IL-6 production after hypertrophic
enlargement of the adipose cells induces adi-
pose tissue dysfunction with impaired differ-
entiation of the pre-adipocytes (Sopasakis et al.
2004). While IL-6 is associated with visceral
adiposity, TNF-alpha rather indicates an asso-
ciation with total body fatness (Cartier et al.
2008). However, soluble tumour necrosis fac-
tor receptor 2 (STNFR2) levels are more closely
related to visceral adipose tissue accumulation
than to the total adiposity (Cartier et al. 2010).
TNF production by human adipose tissue is also
regulated by weight loss in obese subjects. In
addition, there is an inverse correlation between
adipose TNF-alpha expression and adipose lipo-
protein lipase activity (Kern et al. 1995). Hence,
over-expression of TNF-alpha in subcutaneous
adipose tissue of obese women is proportional
to the magnitude of the fat depot. Thereby,
TNF-alpha prevents further fat deposition by

regulating lipoprotein lipase activity and leptin
production (Bullé et al. 2002). TNF-alpha and
IL-6 inhibit lipoprotein lipase, and TNF-alpha
additionally stimulates HSL and induces uncou-
pling protein expression (Coppack 2001).

In obesity-associated adipose tissue inflam-
mation, nuclear protein high mobility group
box 1 (HMGBI) is identified as an inflamma-
tory alarmin. Thus, HMGBI1 secretion in adi-
pose tissue is two-fold more in adipose tissue
from obese compared to normo-weight individ-
uals. Moreover, this HMGB1 release is in
response to inflammatory signals of obesity
rather than adipocyte death (Gunasekaran et al.
2013). Upon HMGBI release, macrophages
secrete pro-inflammatory cytokines. Thus adi-
pose tissue HMGB1 mRNA levels correlate
with the expression of inflammatory markers.
Moreover, insulin resistance modifies the intra-
cellular distribution of HMGB1 in human adi-
pocytes. HMGBI1 localizes to the cytosol in
obese patients instead of nucleus (Guzman-
Ruiz et al. 2014). When it is released into the
extracellular space by preadipocyte, soluble
HMGBI1 controls the secretion of IL-6 and
MCP-1 in adipose tissues through the binding
to the receptor for advanced glycation end
products (RAGE) and triggers inflammatory
response (Nativel et al. 2013). Excessive fatty
acid release may worsen adipose tissue inflam-
mation and contributes to insulin resistance
(Morigny et al. 2016). Fat cells of omental adi-
pose tissue obtained from morbidly obese
women have at least 26-fold increase in the
mRNAs for HSL, lipoprotein lipase, adipose
tissue triglyceride lipase, and fatty acid translo-
case (FAT/CD36) when compared to the non-
fat cells, whereas the mRNAs for inflammatory
proteins are primarily present in the nonfat cells
(Fain et al. 2008). Although the inflammatory
signaling pathways primarily become activated
by metabolic stresses originating from inside
the adipocytes themselves, obesity also over-
loads the functional capacity of the ER. Obesity-
related ER stress in turn leads to suppression of
insulin receptor signaling through hyperactiva-
tion of JNK and subsequent Ser phosphoryla-
tion of IRS-1 (Ozcan et al. 2004).
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3 Adipocyte Death and
Initiation of Inflammatory
Response

White adipocytes are characterized by a unique
morphology with unilocular lipid droplets that
occupy 95% of the cell volume and thereby deter-
mine the cell size, which ranges approximately
from 20 to 200 pm. Accumulation of adipose tis-
sue depends in part on new adipocyte formation
via recruitment of progenitors/preadipocytes and
their differentiation into adipocytes, as well as
hypertrophy of existing adipocytes (Lee et al.
2013). Adipocyte turnover is an important event
for the development of hyperplasic or hypertro-
phic obesity. The absolute number of new hyper-
trophic adipocytes generation in each year is 70%
less than hyperplasic adipocytes. Subcutaneous
adipose hypertrophy and hyperplasia are strongly
related to the total adipocyte number in adults
(Arner et al. 2010). Turnover of adipocytes in
adult human white adipose tissue is approxi-
mately 10% annually. Nevertheless fat cell num-
ber does not decrease in adulthood, even
following long-term weight loss (Spalding et al.
2008). However chronic nutrient excess leads to
visceral adipose tissue expansion and dysfunc-
tion of the adipocytes. Additionally, changing in
the supporting matrix and immune cell infiltrates
contribute to adipose tissue hypoxia, adipocyte
stress, and ultimately adipocyte death (Revelo
et al. 2014). Cell death in white adipose tissue
occurs primarily by necrosis-like cell death.
Further the frequency of adipocyte death is posi-
tively correlated with increased adipocyte size in
obese humans (Cinti et al. 2005). Crown-like
structures are formed with the accumulation of
lymphocytes, macrophages, and other immune
cells around dying adipocytes (Revelo et al.
2014). In severely obese patients, high B cells/T
cells ratio phenotype in crown-like structures
reflects long-term excess adiposity and overnutri-
tion (McDonnell et al. 2012). Although obesity is
accompanied by a substantial increase in crown-
like structures in all fat depots, visceral adipose
tissue contains 3.5 fold more crown-like struc-
tures when compared with the subcutaneous fat
depot. Furthermore in obese mice, crown-like

structures and mast cells have a similar distribu-
tion pattern in abdominal fat depots (Altintas
et al. 2011). Eventually more than 90% of all
macrophages in white adipose tissue of obese
subjects are localized around the dead adipo-
cytes. In contrast to adjacent viable adipocytes,
perilipin immunoreactivity could not be detected
on lipid droplets of adipocytes surrounded by
crown like structures macrophages. Hence free
lipid droplets of dead adipocytes act as persistent
sites of macrophage fusion and lipid uptake
(Cinti et al. 2005). Freshly isolated mature adipo-
cytes from different adipose depots release mac-
rophage migration inhibitory factor (MIF)
approximately at a rate of 10,000 pg/ml/24 h.
MIF production is positively correlated with
donor BMI and most importantly it is an obesity-
dependent mediator of macrophage infiltration of
adipose tissue (Skurk et al. 2005). Furthermore
increased expression of MIF gene in adipocytes
is associated with enlarged subcutaneous abdom-
inal adipocytes, reduced circulatory adiponectin,
and impaired insulin action (Koska et al. 2009).
Recently, Wensveen et al. defined that a phe-
notypically distinct population of tissue-resident
natural killer (NK) cells create a critical link
between obesity-induced adipose stress and vis-
ceral adipose tissue inflammation. Upregulation
of ligands of the NK cell-activating receptor
(NCR1) on adipocytes leads to NK cell prolif-
eration and interferon-gamma (IFN-gamma)
production. Eventually macrophage polarization
and insulin resistance may develop in response
to obesity-induced adipocyte stress (Wensveen
et al. 2015). With the development of obesity,
ATMs are polarized to an M1 inflammatory phe-
notype. Not only the numbers of M1 ATMs and
the expression of M1 marker genes, such as TNF-
alpha and MCP-1, but also the M1-to-M2 ratio
were increased by high-fat diet induced obesity
(Fujisaka et al. 2009; Lumeng et al. 2007). Thus,
in obese subjects, when macrophages scavenge
dead or dying adipocytes and free lipid drop-
lets, they secrete IL-6 and TNF-alpha (Lumeng
et al. 2007). Endocytic activities of ATMs are
similar to M2 macrophages and accordingly they
secrete high amounts of IL-10 and IL-1 receptor
antagonist. However, basal or induced secretion
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of pro-inflammatory mediators, TNF-alpha, IL-6,
IL-1, MCP-1 and MIP-1lalpha is even higher in
ATMs than in pro-inflammatory M1 macro-
phages (Zeyda et al. 2007). Indeed two subsets
of macrophages are identified in adipose tissue
of obese subjects based on their surface expres-
sion of F4/80; F4/80(high) and F4/80(low) (Guri
et al. 2008). The F4/80(high) ATMs subset exhib-
its an enhanced ability to produce pro-inflamma-
tory cytokines, PPAR-gamma, CD36 and TLR4
whereas the F4/80(low) subset expresses IL-4
and produces lower concentrations of cytokines
(Bassaganya-Riera et al. 2009). Obese adipose
tissue shows the chronic inflammation-specific
macrophage infiltration with the large numbers
of CD8+ effector T cells and pro-inflammatory
macrophages, whereas the numbers of regulatory
and CD4+ helper T cells are decreased (Xu et al.
2003). In addition to the increased levels of CD8+
T cells and macrophages, the CD11c+ dendritic
cells (DCs) phenotype, F4/80(low) also increases
in the adipose tissues of diet-induced obesity. In
this manner there may be a link between adipose
tissues derived DCs and adipose tissue inflamma-
tion which is caused by pro-inflammatory media-
tors of Th17 cells. Thus adipose tissues derived
DCs express higher levels of IL-6, transforming
growth factor-beta (TGF-beta), IL-23 that are
essential cytokines for Th17 cells proliferation
or differentiation (Chen et al. 2014). Indeed dur-
ing obesity DCs for human CD11c+ CDlc+ and
for mouse CD11c(high)F4/80(low) accumulate
in adipose tissue. In patients, the presence of
CDllc+ CDlc+ DCs correlates with the BMI
and with an elevation in Th17 cells. Similarly,
CDl11c(high)F4/80(low) DCs from obese mice
induce Th17 differentiation (Bertola et al. 2012).

Actually classically activated M1 macro-
phages create a pro-inflammatory environment
that blocks adipocyte insulin action, contrib-
uting to the development of insulin resistance
(Harford et al. 2011). In fact, resident ATMs
uniformly express markers of alternative activa-
tion. Alternatively activated phenotype (M2a)
markers are macrophage galactose N-acetyl-
galactosamine specific lectin 1 (MGLI1) and
IL-10 (Dupasquier et al. 2006). M2a marker,
MGLI1+ ATMs could promote new fat cell for-

mation. The inhibition of these processes by M1
macrophages may promote adipocyte hypertro-
phy and death, which has been closely linked
to ATMs accumulation (Strissel et al. 2007).
Obesity does not significantly alter the localiza-
tion of M2a marker MGL1+ ATMs in adipose
tissue but instead superimposes a new population
of M1-polarized M2a marker MGL1 — CCR2+
ATMs on these resident cells. A decrease in the
quantity of M2a ATMs combined with the appear-
ance of these “recruited ATMs” ultimately shifts
the balance of M1/M2a ATMs to create a more
proinflammatory environment in adipose tissue.
With diet-induced obesity, M2a marker, MGL 1+
ATMs remain in interstitial spaces, whereas a
population of M2a marker MGL1 — CCR2+
ATMs with high M1 and low M2a gene expres-
sion is recruited to clusters surrounding necrotic
adipocytes. The rate of recruitment of new mac-
rophages to M2a marker MGL1 — ATM clusters
is significantly faster than that of interstitial M2a
marker MGL1+ ATMs (Lumeng et al. 2008).
Eventually M1-polarized macrophages are char-
acterized by the expression of proinflammatory
mediators. This phenotype forms crown-like
structures in obese adipose tissue and scavenges
dead adipocytes and its potentially cytotoxic
remnants. Thus, ATMs synergistically increase
their own absorptive capacities (Cinti et al. 2005;
Lumeng et al. 2008). Crown like structures are
chronic sources of TNF-alpha. Even low fre-
quency of adipocyte death may be sufficient to
cause adipose tissue inflammation and promote
insulin resistance (Strissel et al. 2007).
Furthermore, macrophage markers CD68 and
CD14 are closely correlated with the total num-
ber of macrophages. Consistent with this, proin-
flammatory markers IL-6, MCP-1, and TNF-alpha
are significantly elevated in adipose tissue from
obese subjects compared with lean subjects. A
change in the macrophage phenotype may occur
by obesity with a preponderance of anti-
inflammatory (M2) markers and a decrement of
proinflammatory (M1) markers in adipose tissue.
It is suggested that this event may be a protective
mechanism in counteracting with the enhanced
inflammation seen in the adipose tissue in asso-
ciation with obesity (Fjeldborg et al. 2014).
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Adipocytes-derived saturated fatty acids are
endogenous ligands that induce macrophage-
inducible C-type lectin (Mincle) mRNA expres-
sion in macrophages partly through the TLR4/
NF-kappaB pathway in the adipose tissue of
obese subjects (Ichioka et al. 2011). At first, satu-
rated fatty acids are released from hypertrophied
adipocytes through the macrophage-induced adi-
pocyte lipolysis, subsequently, these result in the
activation of the TLR4/NF-kappaB pathway
(Suganami et al. 2007). Actually, Mincle serves
as a receptor for SAP130, a component of small,
nuclear ribonucloprotein as a Mincle ligand that
is released from damaged cells to sense cell death
and induce proinflammatory cytokine production
(Yamasaki et al. 2008). Scavenging of adipocyte
debris is an important function of white ATMs in
obese individuals. Hence, dead adipocytes asso-
ciated crown-like structure or macrophage syncy-
tia in the adipose tissue is a hallmark of chronic
inflammation which is coincidental with
increased TNF-alpha gene expression (Cinti
et al. 2005; Strissel et al. 2007). Collectively,
Mincle may play a role in sensing adipocyte
death to induce proinflammatory cytokine pro-
duction in the adipose tissue in obesity (Ichioka
et al. 2011). In this respect, Mincle in macro-
phages is crucial for crown-like structure forma-
tion, expression of fibrosis-related genes and
myofibroblast activation. Thereby, Mincle is
localized to macrophages in crown-like structure,
in a number which correlates with the extent of
interstitial fibrosis (Tanaka et al. 2014).
Additionally, a positive link is found between the
mast cell number and fibrosis in white adipose
tissue of obese nondiabetic patients (Divoux
et al. 2012). The immature mast cells that infil-
trate into adipose tissue at the nonobese stage,
later gradually mature with the progression of
obesity. Anti-mast cell protease 6 (anti-MCP-6)
is secreted from mature mast cells and induces
collagen 5 expression in obese adipose tissue,
which may contribute to the adipose tissue fibro-
sis (Hirai et al. 2014). Obese subjects have more
total fibrosis in omental white adipose tissue and
have more pericellular fibrosis around adipo-
cytes, when compared to lean subjects. Some adi-
pocytes are engulfed in fibrosis and stained

perilipin negative. This indicates that fibrosis is a
response to dysfunctional or dying adipocytes.
Thus, omental white adipose tissue fibrosis nega-
tively correlates with omental adipocyte diame-
ters and with triglyceride levels (Divoux et al.
2010). Adipocytes hypertrophy induces the
expression of HIF-lalpha, and increased lysyl
oxidase, which is one of the target genes of HIF-
lalpha and mediates cross linking of collagens
for adipose tissue fibrosis. Furthermore, high fat
diet induces the expression of IL.-13 and mediates
the deposition of collagen in adipose tissue
(Halberg et al. 2009). On the other hand, the
extracellular matrix plays important roles in
maintaining adequate adipose tissue function.
Metalloelastase, MMP-12 is produced predomi-
nantly by ATMs and can be induced with both
short- and long-term high fat diet challenges.
MMP-12 activation leads to lipolysis (Martinez-
Santibanez et al. 2015). In humans, MMP-12
expression correlated positively and significantly
with insulin resistance, TNF-alpha expression,
and the number of CD14+ CD206+ macrophages
in adipose tissue. Despite its extensive expression
in M2 macrophages and DCs, it is detected at low
levels in M1 macrophages (Lee et al. 2014).

4 Inflammasome Activation

Lipid spill over from dysfunctional or necrotic
adipocytes participates in dyslipidemia and lipo-
toxicity. Lipid metabolites serve as a source of
endogenous danger-associated molecular pat-
terns (DAMPs) that can be sensed by specific pat-
tern recognition receptors (PRRs). Subsequently
PRRs mediate activation of the cells of innate
immune system (Lukens et al. 2011). In this
context, obesity is associated with the increased
ceramides, saturated fatty acids, reactive oxy-
gen species (ROS), mitochondrial dysfunction
and adenosine triphosphate (ATP) release from
necrotic adipocytes. All these factors have been
shown to activate the NLRP3 inflammasome in
macrophages (Lukens et al. 2011). The NLRP3
inflammasome is the most fully characterized
inflammasome and consists of the NLRP3 scaf-
fold, the apoptosis-associated speck-like protein
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containing a C-terminal — caspase recruitment
domain (CARD) (ASC, encoded by PYCARD
gene) adaptor, and caspase-1. Actually NLRP3 is
activated upon exposure to pathogen-associated
molecular patterns (PAMPs), DAMPs and by
host-derived molecules (Schroder and Tschopp
2010) multiprotein complexes localize within
the cytoplasm of the cell that are responsible for
the maturation of proinflammatory cytokines and
the activation of a highly inflammatory form of
cell death, pyroptosis (Abais et al. 2015). Indeed,
pyroptosis is a caspase-1-dependent programmed
cell death, which features rapid plasma mem-
brane rupture, DNA fragmentation, and release of
proinflammatory intracellular contents (Xu et al.
2014). In obesity, hypertrophic adipocytes exhibit
cholesterol crystals and accumulation of calcium
and ROS, that might trigger the NLRP3 inflam-
masome pathway with subsequent massive acti-
vation of caspase-1, which ultimately results in
adipocyte death from pyroptosis (Giordano et al.
2013). Dendritic cells [CD11c+CD11b+F4/80—]
are exposed to high fat diet, vary toward a pro-
inflammatory phenotype with increased IL-1beta
secretion,Interleukin 1 receptor, type 1 (IL-1R1),
TLR4, and caspase-1 expression (Reynolds et al.
2012). Ectopic triglyceride accumulation, adipo-
cyte size, and macrophage infiltration in adipose
tissue and circulating adipokine levels are depen-
dent on the NLRP3 inflammasome activation.
Thereby inflammasomes have critical functions
in obesity and insulin resistance (Stienstra et al.
2011). In this regard, NLRP3 inflammasome
senses lipotoxicity-associated increases in intra-
cellular ceramide as an obesity-associated danger
signal to induce caspase-1 cleavage in macro-
phages and adipose tissue (Vandanmagsar et al.
2011). Actually, ceramide, a product derived from
long-chain saturated fatty acids inhibits insulin-
stimulated activation of Akt and translocation
of GLUT4 (Chavez et al. 2003). Diet contain-
ing high amount of saturated fatty acid enhances
IL-1beta-mediated adipose tissue inflammation
and insulin resistance. Actually high-saturated
fatty acid consumers display reduced insulin
sensitivity with elevated NLRP3 inflammasome
(PYCARD and caspase-1 multiprotein complex)
expression in adipose tissue (Finucane et al.

2015). Eventually, activation of NLRP3 inflam-
masome by damaged mitochondria leads to the
caspase-1-dependent secretion of the proinflam-
matory cytokines IL-1 beta and IL-18 (Benetti
et al. 2013; Gurung et al. 2015). Processing of
IL-1beta and IL-18 requires cleavage by caspase-
1, a cysteine protease, which is regulated by the
inflammasomes. Caspase-1 and IL-1beta activ-
ity in adipose tissue is increased both in diet-
induced and genetically induced obese animals.
Under these conditions caspase-1 is upregulated
during adipocyte differentiation and directs adi-
pocytes toward a more insulin-resistant pheno-
type. In this context, the inflammasome plays an
important role in regulation of adipocyte function
and insulin sensitivity through caspase-1 activity
(Stienstra et al. 2010). Abdominal subcutane-
ous adipose tissue biopsies from obese humans
revealed that NLRP3 inflammasome activation
and a Thl shift in the T cell population in adi-
pose tissue is related to insulin resistance, which
may be explained by adipose tissue inflammatory
processes (Goossens et al. 2012).

Furthermore, lipid metabolites including
ceramide and diacylglycerol (DAG) can activate
NAPDH oxidase and enhance ROS generation
(Brookheart et al. 2009). The adenosine
monophosphate-activated protein kinase
(AMPK) has emerged as an essential mediator of
fatty acid metabolism (Steinberg and Kemp
2009). AMPKalpha?2 functions as a physiological
suppressor of NADPH oxidase and ROS produc-
tion (Wang et al. 2010). Thereby, FFA-enhanced
ROS generation is negatively regulated by AMPK
activation, which results in an increased beta oxi-
dation of FFAs in mitochondria and decreases the
lipid loading (Wang et al. 2010). Nevertheless,
NAPDH oxidase-dependent generation of ROS
plays an essential role in NLRP3 inflammasome
activation (Schroder and Tschopp 2010). AMPK
positively regulates autophagy by directly acti-
vating Unc-51 Like Autophagy Activating
Kinase 1 (ULK1) (Egan et al. 2011). Saturated
fatty acid-decreased AMPK activity leads to
defective autophagy and the accumulation of
mitochondrial ROS, by a deficiency in the clear-
ance of dysfunctional mitochondria. Thus, excess
saturated fatty acid accumulation leads to inflam-
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masome activation and IL-1beta release through
AMPK-autophagy-ROS signaling pathway (Wen
et al. 2011). In fact, several autophagic genes are
downregulated in obesity. These include Atg7,
Becnl, Ulkl and Atg5. Thus, activation complex
1 of the mechanistic target of rapamycin complex
1 (mammalian target of rapamycin complex 1,
mTORC1) inhibits autophagy through post-
translational phosphorylation of ULK1 (Sciarretta
et al. 2012). Inhibition of autophagy increases the
generation of ROS. In addition to ROS produc-
tion and the NLRP3 inflammasome activation,
FFA overload also induces ER stress, apoptosis
and inflammation (Legrand-Poels et al. 2014).
Furthermore, ER stress activates the NLRP3
inflammasome in human macrophages, resulting
in the subsequent release of IL-1beta by human
macrophages, with an activation mechanism sim-
ilar to that of other known NLRP3 activators,
requiring ROS generation. UPR-independent ER
stress response regulates NLRP3 inflammasome
activation (Menu et al. 2012).

5 Plasminogen Activator
Inhibitor

Expression of enzymes involved in ceramide
generation, neutral sphingomyelinase (NSMase),
acid sphingomyelinase (ASMase), and serine-
palmitoyl-transferase (SPT) mRNA are elevated
in obese adipose tissues (Samad et al. 2006).
While sphinganine ceramide significantly
decreases, dihydroceramide content increases
in obese humans. In these cases, Ser palmito-
yltransferase and ceramidases activities (both
neutral and acidic) are found elevated, whereas
sphingomyelinase activities (both neutral and
acidic) are reduced (Btachnio-Zabielska et al.
2012). However, high fat diet-mediated increase
in ceramide is attenuated in mice lacking plas-
minogen activator inhibitor-1 (PAI-1). This evi-
dence shows that PAI-1 plays a direct role in
sphingolipid metabolism, which is augmented
in a setting of obesity, where PAI-1 levels are
elevated (Shah et al. 2008). Ceramide can induce
the expression of PAI-1 and inflammatory cyto-
kines and chemokines from adipocytes (Samad

et al. 2006). The plasminogen activation sys-
tem consists of urokinase plasminogen activator
(uPA) and tissue plasminogen activator (tPA).
Proteolitic effect of plasmin is inhibited by
impeding plasminogen-plasmin cleavage. Four
known protein inhibitors of uPA/tPA are defined
as PAI-1, PAI-2, PAI-3 and nexin. PAI-1 is a fast-
acting, highly specific inhibitor of tPA and uPA
(Jankun and Skrzypczak-Jankun 2009). Obesity
is characterized by elevated levels of circulat-
ing PAI-1. In fact, adipose tissue evolves into a
major PAI-1 producing organ by gaining capac-
ity during adipocyte differentiation. This is medi-
ated by a decrease in E2F1 protein levels which
is well-known transcriptional repressor of PAI-1
(Venugopal et al. 2007). However, the greater
fat cell size and the adipose tissue mass has the
greater contribution to circulating PAI-1 produc-
tion of adipose tissue. However, visceral adipose
tissue has a higher capacity to produce PAI-1 than
subcutaneous adipose tissue. In addition to FFA,
PAI-1 synthesis is most potently upregulated
by TNF-alpha and transforming growth factor-
beta (TGF-beta). Reasonably impaired fibrino-
lysis in obesity is probably due to an increased
expression of PAI-1 in adipose tissue (Skurk and
Hauner 2004). Indeed, exposure of adipocytes to
TNF-alpha induces PAI-1 mRNA by increasing
the rate of transcription of the PAI-1 gene. This
dramatic induction of PAI-1 mRNA in response
to TNF-alpha is mediated by p38, PI3K, tyrosine
kinases, and the transcription factor NF-kappaB
(Pandey et al. 2005). Increased FFA concentra-
tions in blood of nondiabetic, overweight subjects
markedly raise circulating PAI-1 concentrations,
with a concomitant increase in the expression
of the PAI-1 gene in adipose tissue. This means
that adipocytes also stimulate PAI-1 expression
in macrophages and potentiates the increase in
PAI-1 messenger RNA expression in response
to FFAs (Kishore et al. 2010). PAI-1 inhibition
results in enhanced adipocyte differentiation and
is also associated with significantly upregulated
PPAR-gamma, CCAAT enhancer-binding pro-
tein-alpha (C/EBPalpha), and adipocyte-selective
fatty acid-binding protein (aP2) expression in dif-
ferentiated adipocytes. Conversely, PAI-1 over-
expression in differentiated adipocytes inhibits
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adipocyte differentiation and is accompanied by
decreases in PPARgamma, C/EBPalpha, and aP2
levels (Liang et al. 2006).

6 Activation of Toll-like
Receptor 4 by Saturated
Fatty Acids

Nutritional fatty acids, whose circulating levels
are often increased in obesity, activate TLR4 sig-
naling in adipocytes and macrophages and that
the capacity of fatty acids to induce inflammatory
signaling in adipose cells or tissue and macro-
phages (Shi et al. 2006). Fatty acid levels are
elevated in obesity and induce inflammatory
pathways by an unknown mechanism. Low grade
inflammation leads to the development of insulin
and leptin resistance. Recent studies show that
these effects could be mediated through the acti-
vation of TLR (Fresno et al. 2011).
TLR4-induced ER stress may be an obligatory
step mediating the saturated fatty acids -medi-
ated endothelial dysfunction (Kim et al. 2015b).
TLR4-deficiency protects the mice against high-
fat diet-induced ER stress. The mRNA levels of
NF-kappaB regulated TNF-alpha, IL-1beta and
IL-6 are not changed after hig-fat-diet. Similarly,
phospho-IKB-alpha (Ser 32) is not changed after
signaling downstream of TLR4. These evidences
show that TLR4 is essential for the development
of high-fat diet induced ER stress (Pierre et al.
2013). In fact, fatty acids derived from lipolysis
of hypertrophic adipocyte are taken up by mac-
rophages and stored as triacylglycerol droplets
(Caspar-Bauguil et al. 2015). A paracrine loop
involving FFA and TNF-alpha between adipo-
cytes and macrophages establishes a vicious
cycle that aggravates inflammatory changes
in the adipose tissue (Suganami et al. 2005).
Endogenous fatty acids, which are released from
adipocytes via the beta3-adrenergic stimula-
tion, activate the TLR4/NF-kappaB pathway. In
this respect, large quantities of saturated fatty
acids release from hypertrophied adipocytes via
the macrophage-induced adipocyte lipolysis.
These ligands, induce the inflammatory changes
in both adipocytes and macrophages through

TLR4/NF-kappaB activation (Suganami et al.
2007). Actually, saturated fatty acids released
via adipocyte lipolysis stimulate TLR4 signal-
ing. Activating transcription factor 3 (ATF3) is
a member of the ATF/cyclic adenosine mono-
phosphate (cAMP) response element-binding
protein (CREB) and its stimulation acts as a
transcriptional repressor of saturated fatty acids/
TLR4 signaling in macrophages of obese adi-
pose tissue (Suganami et al. 2009). TNF recep-
tor-associated factor 6 (TRAF6) is stimulated
in response to fatty acid-induced inflammation.
Following activation of TLR4 by saturated fatty
acid, TRAF6 is upregulated. Ultimately, TRAF6
induces proinflammatory cytokine production
(Tian et al. 2015). Generally, miRNAs prevent
protein synthesis through degrading mRNAs
and inhibit their translation. In this context,
miRNAs have critical roles in TLR4 pathway
(Friedman et al. 2009). During TLR4 activation
by saturated fatty acids, miRNA-194 expression
is downregulated. In contrast, overexpression of
miRNA-194 directly decreases TRAF6 expres-
sion and attenuates the release of TNF-alpha in
saturated fatty acid-activated THP-1 monocytes
(Tian et al. 2015). miRNA-146 also directly
decreases IL-1 receptor-associated kinase 1
(IRAK1) and TRAF6 expression and attenuates
the release of proinflammatory cytokines through
the inactivation of NF-kappaB P65 in hypoxia/
reoxygenation-induced macrophages (Jiang et al.
2014). Adipocyte hypertrophy and local hypoxia
are two of the most important factors that con-
tribute to the accumulation of macrophages in the
adipose tissue of obese subjects (Trayhurn 2013).
During obesity, adipocytes release pro-inflam-
matory factors like chemokine (C-C) motif)
ligand 2 (CCL2), TNF, or FFA that induce the
recruitment and activation of ATMs (Olefsky and
Glass 2010). Subsequently, ATMs release TNF-
alpha, IL-6, IL-1beta, migration inhibitory factor
and resistins. All these proinflammatory factors
amplify this inflammatory circuit and leads to
insulin resistance by blocking insulin action in
adipocytes (Biswas and Mantovani 2012). In
particular, IL-6 impairs the activities of the PI3K/
Akt/glycogen synthase kinase (GSK) pathway
via down-regulating miRNA-200 s. This sug-
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gests that miRNA-200 s is a link between IL-6
and insulin resistance (Dou et al. 2013).

TLR4 deficiency attenuates adipose tissue
inflammation in obesity but does not impede the
accumulation of ATMs. Furthermore, TLR4 sig-
naling plays a direct role in mediating adipose
tissue macrophage phenotype in diet-induced
obesity (Orr et al. 2012). On the other hand, the
TLR and inflammasome pathways drive low-
grade inflammation in obesity-related metabolic
diseases. Saturated FFAs activate TLRs in mac-
rophages and adipocytes. Thereby, an inflamma-
tory cascade is triggered (Masters et al. 2011).
Activation of TLR signaling in adipocytes causes
the insulin signaling pathway inhibition, whereas
upregulation of TLR4 in macrophages impairs
inflammatory response to saturated FFAs and
protects against insulin resistance during obesity
(Nguyen et al. 2007; Olefsky and Glass 2010).
Excessive fatty acid release due to increased
basal lipolysis influences whole body insulin
sensitivity and enhances adipose tissue inflam-
mation. Ultimately, excessive circulating fatty
acids may ectopically accumulate in insulin-sen-
sitive tissues and impair insulin action (Morigny
et al. 2016). Unfolded proteins accumulate in the
ER under conditions of cellular stress induced
by over-nutrition (Schroder and Kaufman 2005).
The UPR functioning depends essentially on
three main ER sensors involving the activation of
ATF-6, protein kinase R (PKR)-like eukaryotic
initiation factor 2a kinase (PERK) and inositol
requiring enzyme 1 (IRE-1). All of them together
act to restrict new protein synthesis and increase
the production of chaperones (Lowe et al. 2012).
UPR activation links to the development of insu-
lin resistance through JNK activation, inflam-
mation, and oxidative stress (Brasaemle 2007).
ER stress is also associated with activation of
NF-kappaB and that alpha subunit of translation
initiation factor 2 (elF2alpha) phosphorylation
(Deng et al. 2004) While IRS-1 tyrosine phos-
phorylation reduces, IRS-1 Ser phosphorylation
(pS) is enhanced in obese animals compared
to lean ones. In these animals IRS-1 concen-
tration remains unchanged, IKKalpha/beta pS
and JNK theronine/tyrosine phosphorylation is
increased (Zolotnik et al. 2012). Thus, elF2al-

pha phosphorylation-dependent =~ NF-kappaB
activation associated with decreased levels of
the inhibitor IKKalpha protein (Deng et al.
2004). Increased IKKbeta Ser phosphorylation
and IRS-1 Ser phosphorylation, both of which
independently can have deleterious effects on
insulin-stimulated PI3K activation in high-fat
diet (Yaspelkis et al. 2009). Saturated fatty acid-
induced NF-kappaB activation is partly mediated
through the TLR4/PI3K/Akt signaling pathway.
Furthermore, saturated and polyunsaturated fatty
acids reciprocally modulate the activation of
TLR4 and its downstream signaling pathways
involving MyD88/IRAK/TRAF6 and PI3K/Akt.
Eventually, TLR4-mediated target gene expres-
sion and cellular responses are also differentially
modulated by saturated and unsaturated fatty
acids (Lee et al. 2003).

7 Adipose Tissue Inflammation
and Insulin Resistance

Obesity-associated hyperinsulinemia drives adi-
pose tissue inflammation which contributes to
factors that suppress insulin-stimulated de novo
lipogenesis and systemic insulin sensitivity
(Pedersen et al. 2015). Adipokines and chemo-
kines are key mediators that play crucial roles in
crosstalk between adipocytes and macrophages
in the adipose tissue inflammation (Bai and Sun
2015). TLR4 is activated with the saturated fatty
acids, which are released from hypertrophied adi-
pocytes. In this case, macrophage-induced adipo-
cyte lipolysis stimulates NF-kappaB signaling
and expression of TNF-alpha and IL-6.
Eventually, both adipocyte- and macrophage-
induced inflammatory  changes  through
NF-kappaB activation provokes insulin resis-
tance in obesity (Song et al. 2006; Suganami
et al. 2007). M1 ATMs exacerbate local inflam-
mation by producing TNF-alpha, IL-6 and
IL-1beta. These cytokines subsequently promote
insulin resistance. Furthermore, macrophage
migration inhibitory factor is enhanced during
obesity. This chemokine is directly associated
with the degree of peripheral insulin resistance
(Finucane et al. 2012), whereas its deficiency
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partially protects from high-fat diet induced insu-
lin resistance by attenuating macrophage infiltra-
tion (Finucane et al. 2014). Infiltration of
cytotoxic T-cells into obese adipose tissue pre-
cedes macrophage accumulation. T-cell-derived
cytokines promote the recruitment and activation
of M1 macrophages. Activated M1 macrophages
augment adipose tissue inflammation and insulin
resistance (Harford et al. 2011). Moreover, tissue-
resident immune cells play a major role in the
regulation of obesity-induced inflammation.
Besides the adipose tissue macrophages and
other pro-inflammatory cells including neutro-
phils, Th1 CD4+ T cells, CD8+ T cells, B cells,
DCs, and mast cells, however, adipose tissue also
contains anti-inflammatory cells that counteract
to the pro-inflammatory immune cells (Lee and
Lee 2014). Compared with adipose tissue from
lean subjects, adipose tissue from obese subjects
contained increased areas of fibrosis, which cor-
related inversely with insulin sensitivity. The
majority of macrophages are associated with
fibrosis. Macrophages in crownlike structures are
predominantly M1, but those in fibrotic areas are
M2 phenotype with a lower level of IL-1 expres-
sion and a higher ratio of IL-10 to IL-12. Thus,
adipose tissues of insulin-resistant obese humans
demonstrate increased fibrosis with M2 macro-
phage abundance (Spencer et al. 2010). Human
omental adipose tissue fibrosis in severe obesity
is consistent with a higher degree of insulin resis-
tance and also contains M2 macrophages.
(Guglielmi et al. 2015). Particularly, protein
inhibitor of activated signal transducer and acti-
vator of transcription 1 (STAT1) (PIAS1) func-
tions in the innate immune system and is a key
regulator of the inflammation cascade. PIAS1
inhibits the macrophage infiltration in adipose
tissue, thus suppressing amplification of the
inflammation cascade, which in turn improved
insulin sensitivity (Liu et al. 2015). Adipose tis-
sue from insulin-resistant obese have three-fold
to ten-fold increases in numbers of CD4+ T cells
that produce interleukin IL-22 and IL-17 com-
pared with metabolically normal insulin-sensitive
obese subjects (Fabbrini et al. 2013). Obese
human adipose tissue-derived stem cells also
induce Th17 promotion and monocyte activation.

This proinflammatory environment inhibits insu-
lin response of adipocyte (Eljaafari et al. 2015).
Collectively, there are a number of potential
biochemical mechanism for the contribution of
proinflammatory signaling to insulin resistance
(Wellen and Hotamisligil 2005). In particular,
JNKSs are activated within numerous metaboli-
cally important cells and mediate obesity-
associated disruptions in metabolic homeostasis
in obesity (Pal et al. 2016). Indeed, FFAs can
activate macrophages and bone marrow-derived
DCs via TLR2-, TLR4- and JNK-dependent
inflammatory pathways. Metabolic pathways uti-
lize immune signaling mechanisms to trigger the
activation of CDIllc+ proinflammatory cells.
Consequently, FFA-induced, TLR-mediated acti-
vation of JNK proinflammatory pathways in
CDllc+ immune cells promotes inflammation
and subsequent cellular insulin resistance
(Nguyen et al. 2007). Actually, JNK can be acti-
vated by FFAs through TNF-alpha-independent
mechanisms. In obesity, activated JNK is a major
contributor to FFA-induced cellular insulin resis-
tance. Furthermore, TNF-alpha is a downstream
effector of activated JNK (Nguyen et al. 2005).
TNF-alpha, through activation of p38 MAPK and
IKK, produces Ser phosphorylation of insulin
resistance and IRS-1. Actually, its tyrosine phos-
phorylation is impaired by insulin. Eventually the
corresponding activation of PI3K and Akt, leads
to insulin resistance (de Alvaro et al. 2004). TNF-
alpha mediates insulin resistance by enhancing
adipocyte lipolysis through the stimulation of
JNK and IKKbeta/NF-kappaB pathway which
may increase Ser/Thr phosphorylation. IL-1beta
also contributes to insulin resistance by impair-
ing insulin signaling in peripheral tissues and
macrophages. Macrophages from insulin-
resistant obese are associated with increased pro-
duction. In this case, forkhead transcription
factor-1 (FOXO1) correlates with elevated levels
of IL-1beta mRNA. Furthermore, FOXO1 signal-
ing through NF-kappaB induces insulin resis-
tance by producing proinflammatory cytokines in
obesity (Su et al. 2009). Leptin-induced signaling
via STAT3 rapidly activates the negative feed-
back regulator suppressor of cytokine signaling-3
(SOCS3), which inhibits leptin-induced signal
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transduction (Wunderlich et al. 2013). Among
the most prominent cytokines that are over-
represented in the bloodstream of obese individu-
als with obesity are TNF-alpha and IL-6; however
only IL-6-induced signaling is mediated via JAK
and STAT3 (Heinrich et al. 2003). In chronic
JAK-STAT3-SOCS3 signaling in obesity, the
IL-6-bound receptor complex activates intracel-
lular JAK?2 subsequently leading to STAT3 acti-
vation, which in turn to elevating SOCS3
expression (Wunderlich et al. 2013). During the
progression of obesity IL-6 may induce insulin
resistance through two different signaling path-
ways. Firstly, IL-6 induces insulin resistance by
activating STAT3 and upregulating the transcrip-
tion of its target gene SOCS3. These effects are
consistent with the IL-6-dependent activation of
extracellular-related kinase 1/2 (ERK1/2), a Ser-
Thr protein kinase involved in Ser STAT3 phos-
phorylation (Serrano-Marco et al. 2012).
Secondly, IL-6 induces insulin resistance by
impairing the activation of the PI3K/Akt/GSK
pathway and glycogenesis (Dou et al. 2013).

8 Oxidative Stress

Obesity can induce systemic oxidative stress
through superoxide generation from NADPH
oxidases, oxidative phosphorylation, glyceralde-
hyde auto-oxidation, PKC activation, and polyol
and hexosamine pathways. Additional factors
are relevant to the initiation of oxidative stress
in obesity include hyperleptinemia, low antioxi-
dant defense, chronic inflammation, and post-
prandial ROS generation (Manna and Jain 2015).
Adipocytes from insulin resistant obese subject
exhibit increased oxidative stress and impaired
antioxidant defense. Additionally, proteasome
activity is impaired in adipocytes of diet-induced
obese mice. In fact, proteasomal dysfunction in
adipocytes results from protein oxidation and pro-
tein misfolding. Actually, this event constitutes
major pathogenic mechanism in the develop-
ment of insulin resistance in obesity (Diaz-Ruiz
et al. 2015). When cellular antioxidant and repair
pathways fail to restore protein oxidative dam-
age, cells activate additional defense mecha-

nisms to prevent the accumulation of oxidized
proteins. Oxidized protein residues are toxic for
cells and threaten cell viability. Actually, protea-
somes provide a second line of defense against
the free radicals and oxidants (Grune and Davies
1997). Thereby the removal of damaged proteins
is extremely important for the maintenance of
normal cell function. In this context, the 20S pro-
teasome functions primarily for removal of dam-
aged proteins (Pickering and Davies 2012). The
enhanced proteolytic activity of the proteasome
is important for the preservation of cell viability.
Activated proteasomes are better able to degrade
oxidized proteins than the standard proteasome.
Direct comparison of purified 20S proteasome
and immunoproteasome demonstrated that the
immunoproteasome can selectively degrade
oxidized proteins (Pickering et al. 2010; Seifert
et al. 2010). Proteasome dysfunction mediates
obesity-induced ER stress, leading to hyperacti-
vation of JNK and insulin resistance (Otoda et al.
2013). Inflammatory pathways diminish UPR
function through inducible nitric oxide synthase
(iNOS)-mediated S-nitrosylation of IRE-1alpha,
which contributes defective IRE-lalpha activ-
ity, impaired ER function, and prolonged ER
stress in obesity (Yang et al. 2015). Peroxisomal
fatty acid metabolism, cytochrome P450 micro-
somal reactions and the mitochondrial respira-
tory chain generate large amount of free radicals,
which is associated with an irregular production
of adipokines. Eventually high ROS produc-
tion and the decrease in antioxidant capacity
lead to adipose tissue inflammation (Fernandez-
Sanchez et al. 2011). Formation of advanced
glycation endproducts/advanced-lipoxidation
endproducts and its precursors, including meth-
ylglyoxal (MGO), are increased in conditions
characterized with hyperglycemia, hyperlipid-
emia and enhanced oxidative stress. This meta-
bolic profile is typical for obesity (Gaens et al.
2013). Glutathione S-transferase A4 (GSTA4)-
dependent production of proinflammatory
glutathione metabolites, glutathionyl trans-4-hy-
droxy-2-nonenal (GS-HNE) and its metabolite
glutathionyl-1,4-dihydroxynonene  (GS-DHN)
are produced by adipocyte in response to oxida-
tive stress. In this case, increase in lipid peroxida-
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tion causes nonenzymatic formation of GS-HNE
and GS-DHN. These metabolites have the poten-
tial to maintain obesity-induced inflammation,
adipocyte dysfunction and insulin resistance
(Frohnert et al. 2014). Obesity-induced oxida-
tive stress in adipocytes as well as the presence
of inflammatory changes in adipose tissue may
lead to activation of tissue-resident macrophages
(Frohnert and Bernlohr 2014). Upregulation of
NADPH oxidase in multiple tissues occurs as a
systemic response in obesity (Jiang et al. 2011).
Intracellular ROS formation occurs upon stimu-
lation of insulin in adipocytes. However, preadi-
pocytes respond to insulin to a higher degree than
that of adipocytes. Furthermore, NADPH oxi-
dase 4 (NOX4)-mediated ROS could be released
intracellularly and triggers adipogenesis in pre-
adipocytes. Thus, long-term high fat diet results
in massive obesity with adipocyte hypertrophy
and hyperplasia. Subsequently, a significant
decrease occurs in NOX4 expression. NOX4 is
a hallmark for relative adipocyte mass and dif-
ferentiation (Mouche et al. 2007). Additionally,
NOX2-derived ROS destroys insulin receptor
and endothelial function in dietary obesity (Du
et al. 2013). Mitochondria are not only a target
for ROS produced by NADPH oxidase but also a
significant source of ROS in obesity, which may
stimulate NADPH oxidases (Dikalov 2011). On
the one hand, saturated fatty acids induce car-
nitine palmitoyltransferase-1 expression, which
may contribute to saturated fatty acid-induced
ROS overproduction. In this process, accelerated
beta-oxidation causes excessive electron flux in
the respiratory chain. Excess electrons supply for
mitochondrial oxidative phosphorylation con-
tributes the over-production of ROS (Nakamura
et al. 2009). On the other hand, protons can reen-
ter the mitochondrial matrix through different
uncoupling proteins, affecting the control of free
radicals production by mitochondria. Disorders
of the mitochondrial electron transport chain,
over-generation of ROS and lipoperoxides or
impairments in antioxidant defenses have impor-
tant causal role in obesity-related inflammation
(Martinez 2006). Moreover, increased expres-
sion of NADPH oxidases associated with obesity
causes dysregulated production of adiponectin,

PAI-1, IL-6, and MCP-1, and reduced expres-
sion of detoxifying enzymes (Kim et al. 2006).
TNF-alpha itself stimulates endothelial NOS
(eNOS) activity to generate nitric oxide (NO)
through a pathway involving its lipid messen-
ger, ceramide in obesity (Bulotta et al. 2001).
In this case, TNF-alpha stimulates eNOS phos-
phorylation at Ser 1177 via PI3K-Akt signal
transduction pathway (Kawanaka et al. 2002).
Furthermore, under the conditions of nutrient
excess and obesity, phosphorylation of eNOS is
diminished due to saturated fatty acid-mediated
induction of insulin resistance (Kim et al. 2008).
Eventually elevated FFAs lower NO bioavail-
ability (Steinberg et al. 2000) by downregulating
the PI3K/Akt/eNOS-dependent insulin signal-
ing axis (Madonna and De Caterina 2009). On
the other hand elevated levels of FFAs in obesity
trigger macrophage activation (Li et al. 2010).
Macrophages and dendritic cells express MMP12
that restrains adipose tissue expansion while pro-
moting the expression of inflammatory mediators.
In inflammatory conditions, iNOS is expressed at
high levels by DCs or macrophages. The expres-
sion of MMP12 mRNA by CD14+ CD206+ mac-
rophages varies 100-fold in human subcutaneous
adipose tissue. Moreover the MMP12 is localized
in crown-like structures in adipose tissue. This
indicated that MMP12 regulates NO generation
by macrophages during inflammation (Lee et al.
2014). NADPH oxidases and xanthine oxidase,
can be activated and produce large amounts of
superoxide. Ten-fold increase in superoxide gen-
eration with the simultaneous NO formation will
increase peroxynitrite formation by 100-fold.
Under proinflammatory conditions, simultaneous
production of superoxide and NO can be strongly
activated to increase production 1000-fold, which
will increase the formation of peroxynitrite by a
1,000,000-fold (Pacher et al. 2007). Hence, the
expression of iNOS is an important aspect of
obesity-associated chronic inflammation. As
shown, simultaneously increased production of
ROS could limit NO bioavailability because they
convert NO to peroxynitrite that in turn leads to
nitrosative stress (Codoner-Franch et al. 2011).
Innate lymphoid type 2 cells, forkhead box
P3 (FOXP3)-positive regulatory T (Treg) cells,
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and IL-10 counteract the low grade inflammation
and insulin resistance in classical or metaboli-
cally healthy obesity (Pereira and Alvarez-Leite
2014). In fact, metabolically healthy obese
individuals have effective immunoregulation
to resist chronic obesity-related inflammation.
These regulatory mechanisms could be impor-
tant in the delayed onset of metabolic compli-
cations, even in extremely obese individuals
(Pereira et al. 2014). Actually, Treg cells pro-
duction is decreased in diet-induced obese mice.
Meanwhile, high-fat diet also enhances apopto-
sis of Treg cells by diminishing their mitochon-
drial transmembrane potential. In this context,
high-fat diet increases ROS productions and sig-
nificantly decreases antioxidant enzymes expres-
sions in the Treg cells of diet-induced obese
mice (Wang et al. 2014). Basic unit of mitochon-
drial permeability transition pore consists of
the voltage-dependent anion channel (VDAC),
adenine nucleotide translocase (ANT) and the
matrix-located regulatory subunit cyclophilin-
D (Cyp-D). Oxidant-stimulated formation of
VDAC-adenine nucleotide translocase-CypD
complex can agglomerate a number of apoptotic
proteins. The apoptotic pathway is triggered by
the release of apoptotic proteins through the
mitochondrial permeability transition pore open-
ings. The pore complex-induced membrane rup-
ture promotes the release of apoptosis-inducing
factors during the apoptosis (Crompton 1999).

9 Hypoxia and Adipose Tissue
Inflammation

In the adipose tissue, hypoxia is associated with
the increased expression of inflammatory genes
and decreased expression of adiponectin. In diet-
induced obesity, subsequent reduction in body
weight by calorie restriction is associated with an
improvement of oxygenation and a reduction in
inflammation (Ye et al. 2007). Adipocyte death
occurs during rapid expansion of adipose tissue
in hypoxic conditions. Indeed, adipose tissue
hypoxia may result in disturbances in adipokine
secretion, increased macrophage infiltration and
inflammation in obese adipose tissue (Goossens

2008). Hypoxia develops when oxygen supply
does not meet the demand of the surrounding tis-
sues. Actually, oxygen diffusion is limited at
most to 100 pm, whereas in obesity, hypertro-
phied adipocytes up to 140—180 pm in diameter.
This excessive distance between the hypertrophic
adipocytes creates a relatively hypoxic state. In
brief, local tissue hypoxia and hypoperfusion of
adipose tissue is common feature in obese sub-
ject. Adiponectin and PPAR-gamma mRNA
expressions are reduced while PAI-1 level is
increased in hypoxic adipocytes (Hosogai et al.
2007). Angiogenesis influences white adipose
tissue expansion. However, the number of vessels
per adipocyte and the expression level of receptor
2 of vascular endothelial growth factor (VEGF) is
incompatible with the increasing number of adi-
pocytes in obesity (Lemoine et al. 2012). In obese
patients, even serum VEGF is positively associ-
ated with visceral fat content compared with lean
subjects (Miyazawa-Hoshimoto et al. 2003),
overweight/obese subjects have 44% lower capil-
lary density and 58% lower VEGF. This might be
due to lower PPAR-gamma 1 and higher collagen
6 mRNA expression, which correlate with adi-
pose tissue oxygen concentration and adipose tis-
sue inflammation in obesity (Pasarica et al. 2009).
In addition, to induce the VEGF expression in
adipocytes of obese subject the PI3K-Akt path-
way is required for HIF-lalpha activation (He
et al. 2011). Induction of HIF-lalpha in diet-
induced obesity does not increase VEGF-A.
Adipose tissue hypoxia serves as an early
upstream initiator for adipose tissue dysfunction
by inducing local fibrosis (Halberg et al. 2009).
Furthermore, hypoxia stimulates the expression
of the genes encoding angiopoietin-like protein
4, 1L-6, leptin, MIF and PAI-1 (Wang et al. 2007).
In particular MIF is a potent macrophage migra-
tion inhibitory factor and is expressed by human
adipocytes (Skurk et al. 2005). Thus, increased
expression of MIF mRNA in inflamed adipose
tissue indicates the activation of MIF gene tran-
scription in response to adipose tissue
inflammation (Kim et al. 2015a). Consequently,
elevated MIF expression enhances angiogenesis
as well as macrophage recruitment (Wang et al.
2007), whereas, MIF deficiency partially protects
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the organism from high-fat diet induced insulin
resistance by attenuating macrophage infiltration
to adipose tissue, ameliorating adipose inflam-
mation (Finucane et al. 2014).

10 Conclusion

Lipid overload in obesity can indirectly stimu-
late the pro-inflammatory state. In addition to
peripheral tissues, the hypothalamus is also
similarly vulnerable to ectopic lipid accumula-
tion and lipotoxicity (Lam et al. 2005). Excess
lipids in the adipocyte increase the substrate
load, but inefficient mitochondrial oxidative
phosphorylation leads to generation of ROS that
can damage mitochondrial constituents in obe-
sity-associated inflammation (Goh et al. 2016).
In this respect, suggested therapeutic measures
in obesity should involve the mechanisms that
have been described regarding the corrective
effects on AMPK/IRS-1/PI3K and TLR4/PI3K/
Akt signaling pathways, production and release
of pro-inflammatory adipokines, both mitochon-
drial dysfunction and mTOR hyperactivation,
abundantly released cytokines by adipocytes and
insulin resistance.
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