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Abstract Obesity and its comorbidities are closely related to
the inflammatory environment created by expanded adipose
tissue. Several mechanisms trigger inflammation in adipose
tissue, including excess fatty acids, hypoxia, and activation of
the inflammasome. Inflammation is characterized by the
abundance of immune cells, particularly M1 macrophages
and T lymphocytes, which have increased secretion of proin-
flammatory cytokines that act to perpetuate systemic inflam-
mation and induce insulin resistance. The gut microbiota is
also involved in obesity-induced inflammation via LPS-
related endotoxemia that induces cytokine secretion and insu-
lin resistance. Innate lymphoid type 2 cells, regulatory T cells,
and interleukine (IL)-10 counteract the inflammation and
insulin resistance, establishing classical or metabolically
healthy obesity.
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Introduction

Obesity is a chronic disease characterized by the expansion of
adipose tissue and an inflammatory component, which is
highly related to the development of metabolic diseases [1].
The risk of developing obesity-related complications is pro-
portional to the degree of obesity, and more specifically, to the
accumulation of visceral fat. Increasing evidence suggests that
chronic low-grade inflammation in adipose tissue affects the
pathogenesis of metabolic disorders in obese patients [2].

The anatomical distribution of fat deposition has an impor-
tant impact on the level of risk. Individuals with abdominal
obesity, who have accumulated visceral adipose tissue (VAT),
have an increased risk of developing either insulin resistance
or metabolic syndrome, which precedes the development of
type 2 diabetes (T2DM) and is often associated with dyslip-
idemia [3, 4]. Although subcutaneous adipose tissue (SAT) is
more extensively studied because of easy access to clinical
patients, studies have shown the crucial role of VATon obesity
inflammation [5]. Magnetic resonance imaging studies sug-
gest that obesity-associated metabolic disorders are correlated
with the expansion of VATand are only modestly related with
the expansion of SAT [6]. Alterations of adipose tissue, such
as the increased volume of adipocytes, macrophage infiltra-
tion, and inflammatory cytokines production may be involved
in the pathophysiology of cardiovascular disease and can
modify the risk for cardiovascular disease [7]. However, the
presence of metabolic disorders related to obesity varies wide-
ly among obese individuals [8].

Type 2 diabetes mellitus (T2DM) represents approximately
90 % of all cases of diabetes, and its frequency is similar to
that of obesity. T2DM begins with impaired insulin signaling
that is compensated for by the overproduction and secretion of
pancreatic insulin (hyperinsulinemia), which characterizes the
insulin resistance commonly seen in obese individuals. In
adipose tissue, insulin acts by reducing lipolysis and the
release of free fatty acids (FFAs), and in the liver and skeletal
muscles, insulin reduces gluconeogenesis and induces glucose
uptake by regulating key enzyme activities and stimulating
translocation of the glucose transporter 4 (GLUT4) toward the
cell membrane, respectively. As obesity is maintained or
exacerbated, the pancreas fails to compensate for the insulin
resistance and this eventually leads to insufficient hepatic and
peripheral glucose disposal and subsequently higher circulat-
ing levels of glucose, which initiates the development of
T2DM. In addition to the high levels of blood glucose, insulin
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resistance is characterized by high levels of circulating FFAs,
which induce ectopic fat depot, primarily in the liver and
muscle [9].

The Adipose Tissue

White adipose tissue comprises several cell types and includes
mature lipid-filled adipocytes, macrophages, T cells and other
immune cells, pre-adipocytes, which are partially committed
to adipocyte differentiation, pericytes, which have the poten-
tial to become adipocytes, fibroblasts, endothelial cells and
mast cells, which influence angiogenesis and remodeling.
Adipose tissue is generally distinguished in subcutaneous
(SAT) and visceral adipose tissue (VAT). Although SAT rep-
resents approximately 80 % of the human adipose tissue, VAT
is more metabolically active, and its accumulation is more
predictive of obesity-associated mortality [10].

Adipokines Orchestrate Inflammation in Obesity

Adipose tissue is dynamically involved in the regulation of
cellular function, and the genesis of diseases via a complex
network of endocrine, autocrine, and paracrine signals affects
the response of many tissues [11, 12]. These signals are
mediated in the system by various adipokines, such as leptin,
adiponectin, resistin, chemokine (C-C motif) ligand 2
(CCL2), interleukin (IL) 6 and IL-1β, tumor necrosis factor
(TNF), IL-10 and transforming growth factor (TGF) β [13].
The main adipokines that orchestrate inflammation in adipose
tissue are discussed below.

Leptin

Leptin was first described in the Ob/Ob mouse, which has
spontaneous mutation in the leptin gene, and these mice
become obese, hyperphagic, intolerant to cold, and unfertile.
Leptin is a non-glycosylated polypeptide of 167 amino acids
and a molecular weight of 16 kDa, which can circulate freely
or as a stable complex associated with alpha 2-macroglobulin
[14]. It is secreted by adipose tissue, primarily SAT, in a
pulsatile manner, usually 2 to 3 h after a meal. The circulating
levels of leptin directly reflect the amount of energy stored in
the adipose tissue; therefore, its production increases propor-
tionally to the amount of body fat and women have greater
amounts than men [15]. Additionally, leptin is expressed at
other sites, such as brown adipose tissue, the gastrointestinal
tract, bone, lung, intestine, kidney, liver, skin, stomach, heart,
placenta, and spleen suggesting a pleiotropic effect [16]. The
primary biological effect of leptin is the control of food intake
and increased energy expenditure by activating its receptor,
which is highly expressed in the hypothalamus [17]. The

expression pattern of leptin suggests its involvement in a
variety of actions in addition to the control of energy balance
and the regulation of fat mass, including bone metabolism,
reproductive function, and maintenance of pregnancy [18].

Obesity is frequently associated with leptin resistance and
hyperleptinemia, which contribute to adipocyte dysfunction,
the activation of immune cells [1] and the consequences of
each [19, 20]. Leptin resistance may be caused by the im-
paired transport of leptin across the blood–brain barrier or by
alterations in neurons signaling, such as the increased expres-
sion of protein tyrosine phosphatase 1B (PTP1B), a protein
that blocks leptin signaling and the suppressor of cytokine
signaling 3 (SOCS3) [16]. Leptin induces the expression of
proinflammatory cytokines in macrophages and T cells and
activates the same receptors activated by proinflammatory
cytokines, including mitogen-activated protein kinases
(MAPKs), signal translator and activator of transcription 3
(JAK-STAT3), and phosphatidyl-inositol 3 kinase (PI3K).
These findings demonstrate that, in addition to its role in
metabolism, leptin is important during the adipose tissue
inflammation [2, 19].

Adiponectin

Adiponectin is a plasma protein 30 Kd [21], that is structurally
related to C1q factor of the complement system and type VIII
and X collagen that circulates as multimeric forms.
Adiponectin is highly expressed in the SAT, and its levels
decrease with increasing body weight and adiposity [19, 22].
The adiponectin receptors AdipoR1 and R2mediate the action
of adiponectin, mainly through increasing the activity of 5′
adenosine monophosphate-activated protein kinase (AMPK)
[2, 23, 24]. The metabolic effects of adiponectin occur in
several organs. In the liver, adiponectin improves insulin
sensitivity, inhibits free fatty acid uptake and oxidation, and
reduces the secretion of glucose. In adipose tissue, adiponectin
increases glucose uptake and adipogenesis and in the muscles,
stimulates glucose metabolism and accelerates the oxidation
of free fatty acids [11, 22]. The anti-inflammatory and
antiatherogenic effects of adiponectin are mediated through
the inhibition of monocyte adhesion, macrophage growth,
differentiation into foam cells, and remodeling of the vascular
wall muscle [25].

TNF

TNF is a proinflammatory adipokine linked to obesity, insulin
resistance, and atherosclerosis. It is more highly expressed by
macrophages from the vascular stroma, particularly M1 mac-
rophages, primarily in the VAT of obese patients [11, 26–28].
TNF induces insulin resistance through the phosphorylation
of a serine residue for the substrate insulin receptor 1 (IRS-1)
via the c-Jun NH2-terminal kinase that has an inhibitory effect
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on insulin signaling [29]. Moreover, TNF inhibits lipoprotein
lipase (LPL) activity and increases fatty acid mobilization
from adipose tissue into the bloodstream [30, 31]. TNF influ-
ences the synthesis of proinflammatory adipokines through
the activation of nuclear factor kappa B (NF-κB), increasing
the expression of IL-6, chemokine (C-C motif) ligand 2
(CCL2), and TNF itself, and decreasing the expression of
adiponectin [14, 32, 33].

IL-1β

IL-1β is produced by M1 macrophages, like TNF, impairs
insulin signaling, and increases lipolysis. In obese patients
with hyperleptinemia, circulating IL-RA levels, an IL-1β
antagonist, are seven times higher than in nonobese patients,
suggesting a regulatory mechanisms [25, 34].

IL-6

IL-6 is a proinflammatory cytokine that is involved inmultiple
physiological processes, including inflammation, tissue injury
and host defense [32]. Approximately one third of circulating
IL-6 originates from the adipose tissue. Increased IL-6 levels
are positively correlated with obesity, glucose intolerance,
insulin resistance, and T2DM and are also predictive for the
development of metabolic syndrome and cardiovascular dis-
ease. Adipocyte hypertrophy and inflammatory stimuli, such
as TNF, favor increased IL-6 production. This occurs primar-
ily in the VAT, confirming the positive correlation between
VAT inflammation and insulin resistance [28].

The mechanisms associated with insulin resistance and IL-
6 are similar to those reported for TNF occurring via serine
residue phosphorylation of IRS-1 and inhibition of lipoprotein
lipase [25]. IL-6 suppresses the metabolic actions mediated by
insulin in hepatocytes via a mechanism mediated by the
expression of suppressor of cytokine signaling (SOCS-3)
[2]. In addition, IL-6 induces the production of C-reactive
protein in the liver, an important risk factor for cardiovascular
disease, and has been associated with obesity-related hypertri-
glyceridemia by stimulating hepatic secretion of very low
density lipoprotein (VLDL) [16].

Weight loss favors reduced circulating levels and IL-6
expression by adipose tissue, partially reversing the inflam-
matory state [2, 31].

CCL2

CCL2 is also referred to as monocyte chemotactic protein 1
(MCP1) and small inducible cytokine A2. It is mainly pro-
duced by cells of the vascular stroma and in the VATcompared
with SAT, and its expression is positively regulated by leptin
[28, 35]. CCL2 induces macrophage infiltration, insulin resis-
tance, and triglyceride accumulation in the liver [35].

IL-10

IL-10 is a classic anti-inflammatory cytokine that suppresses
the signal transduction of proinflammatory cytokines. IL-10 is
produced primarily by M2 macrophages, Th2 T cells, and
adipocytes [19, 36]. The anti-inflammatory effect of IL-10 is
observed during adipocyte culture and is caused by the inhi-
bition of the genes induced by TNF, including TNF itself, IL-
6, and IL-1β, and the induction of anti-inflammatory cyto-
kines, such as interleukin-1 receptor antagonist (IL-1ra) [29].

IL-10 also reverses the negative regulation of GLUT4 and
IRS-1 stimulated by TNF, restoring appropriate insulin sig-
naling [37]. Moreover, treatment with IL-10 improves inflam-
mation in the adipose tissue and liver and enhances the hepatic
metabolism of lipids and glucose in obese mice [38].

TGFβ

TGFβwas first discovered as a critical factor for the growth of
non-immune cells, and has gradually been recognized as a
critical cytokine that regulates immune responses [39]. Clas-
sically, TGFβ inhibits the growth and activation of immune
cells, and also inhibits macrophages and B and T cell activa-
tion. In addition, TGFβ induces the expression of the tran-
scription factor fork head box P3 positive (FOXP3+) in
CD4+CD25− FOXP3− T cells, converting them into FOXP3+

regulatory T cells [40].
The level of TGFβ in adipose tissue is highly and positive-

ly associated with the grade of obesity, and it has been sug-
gested that TGFβ plays an important role in the biology and
regulation of subcutaneous and visceral adipose tissue [41,
42]. The role of TGFβ in adipogenesis remains unclear.
TGFβ induces adipogenesis in multipotent progenitor cells,
but inhibits adipogenesis in populations of committed pre
adipocytes [43].

Immune Cells Involved in Inflammation of Adipose Tissue

Adipose tissue inflammation is characterized by moderately
increased infiltration of macrophages and immune cells, lead-
ing to high levels of circulating proinflammatory cytokines
and fatty acids. Inflammation can, in turn, aggravate obesity
comorbidities and induce insulin resistance and T2DM.

Adipose tissue macrophages (ATMs) represent 5 % of the
stromal vascular fraction in lean adipose tissue, increasing to
approximately 20-30 % during diet-induced obesity. ATMs
are classified into two main types according to their surface
markers and cytokine profile. The alternatively activated M2
macrophages are characterized by the presence of CD206
(mannose receptor) and macrophage galactose-type C-type
lectin 1 (MGL1), which are scavenger receptors mediating
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phagocytosis via high levels of arginase production, which
degrades induced nitric oxide synthase, and by the expression
anti-inflammatory cytokines such as IL-10 and TGFβ [44].
By contrast, classically activated M1 macrophages express
CD11c but not CD206 and MGL1. They are abundant in the
obese adipose tissue, mainly in the VAT, and secrete a proin-
flammatory cytokines characterized by high levels of TNF
and IL-6. These cytokines are directly involved in insulin
resistance in adipocytes. The establishment of obesity induces
a switch from the M2 (anti-inflammatory) to M1
(proinflammatory) phenotype, characterized by the reduced
production of anti-inflammatory cytokines and increased pro-
duction of proinflammatory cytokines [45]. These conditions
are crucial to the development of insulin resistance, diabetes
and various complications associated with obesity [36].

The death of adipocytes occurs because of hypoxia second-
ary to adipocyte hypertrophy. Macrophages migrate to and
accumulate in regions of hypoxia, as suggested by the negative
correlation between pO2 and macrophage markers in adipose
tissue in humans [46]. Greater than 90 % of the adipose tissue
macrophages in obese mice and humans are located around the
dead adipocytes, forming crown like structures [47].

Several important hypoxia-associated genes, such as leptin
and vascular endothelial growth factor (VEGF), are directly
regulated by a transcription factor named hypoxia-inducible
factor 1-alpha (HIF-1α). HIF-1α possesses an oxygen-
sensitive subunit that has increased degradation under
normoxic conditions. Therefore, hypoxia appears to be impor-
tant in the accumulation of macrophages and the consequent
production of various adipokines by these cells in adipose
tissue [48].

Macrophages are the main cell type that infiltrates adipose
tissue, although the interactions between innate and adaptive
immunity involving several cell types are vital for the estab-
lishment of inflammation. Regulatory T cells, CD8+ and
CD4+ (Th1 and Th2) T cells, natural killer T cells (NKT), B
cells, dendritic cells, eosinophils, neutrophils, and mast cells
have all been described in adipose tissue and have also been
implicated in the pathogenesis of insulin resistance in obese
individuals [45, 48, 49••, 50].

Dendritic cells (DCs) are professional antigen presenting
leukocytes involved in macrophage activation and accumula-
tion (M1) at the site of inflammation. As an M1 macrophage,
DCs are increased in obese type 2 diabetes patients, whereas a
decreased DC population in adipose tissue is associated with
the improvement of insulin resistance. A novel CD11c+den-
dritic cell subset was described in murine adipose tissue. DCs
display lower levels of CD40, CD80, CD86, major histocom-
patibility complex (MHC) I and MHCII expression, and
higher levels of IL-6, TGF-β and IL-23 secretion than splenic
DC. These cells are more frequently found in obese than in
lean mice and are capable of promoting Th17 cell generation
and inflammation [51••].

Neutrophils are the first immune cells that reach the site of
inflammation and can exacerbate inflammation by helping to
recruit macrophages and by interacting with antigen-
presenting cells. Elastase is an important protease produced
by neutrophils implicated in inflammation. The enzyme can
degrade the IRS-1 and reduce insulin-induced serine–threo-
nine kinase (Akt) phosphorylation in adipocytes [52••]. Dele-
tion of neutrophil elastase leads to less intense adipose tissue
inflammation in obese mice that is associated with lower
adipose tissue neutrophil and macrophage contents [52••].

Eosinophils are one of the main sources of IL-4 and IL-13
in adipose tissue, and their levels are reduced with increased
fat mass. These cells may improve glucose homeostasis by
sustaining the levels of anti-inflammatory M2macrophages in
the white AT, possibly through IL-4 and IL-13 signaling. It has
been demonstrated that the number of M2 macrophages in the
adipose tissue is dependent on the eosinophil-derived IL-4 and
IL-13 in the same tissue [44, 53]. Eosinophil production,
secretion and recruitment are induced by IL-5, and IL-5 defi-
ciency profoundly impairs VAT eosinophil accumulation and
results in increased adiposity and insulin resistance in HFD-
induced obesity [54].

Innate lymphoid type 2 cells (ILC2), also designated innate
helper type 2 cells or natural helper cells, are innate cells
widely distributed in mammalian tissues, including adipose
tissue [54, 55]. ILC2 are resident in the VATand are one of the
major sources of IL-5 and IL-13, which promote the accumu-
lation of eosinophils andM2macrophages. ILC2s are resident
in the VAT and promote eosinophil and M2 macrophage
accumulation, which is implicated in metabolic homeostasis,
and this axis is enhanced during Th2-associated immune
stimulation [54].

CD4+ T cells recognize peptides presented by class II
major histocompatibility complex (MHC) molecules on the
surface of macrophages and dendritic cells, and secrete proin-
flammatory cytokines. Naïve CD4 T cells differentiate into
three effector cell groups, comprising Th1, characterized by
IFN-γ secretion, Th2, producing IL-4 and IL-13 cytokines,
and Th17 cells, producing IL-17 cytokine. Th1 and Th17 cells
mediate proinflammatory responses, whereas Th2 and Treg
cells contribute to anti-inflammatory responses. IFNγ-
secreting (Th1) and IL-17-secreting (Th17) T cells enhance
macrophage proinflammatory functions by inducing the re-
lease of IL-1, IL-6, and TNFα. By contrast, the anti-
inflammatory IL-4 and IL-13-secreting (Th2) T cells are as-
sociated with anti-inflammatory M2 macrophage activation
[56]. The ratio of Th1 to Th2 cells is increased in obesity
because of the increased production of IFNγ by Th1 cells,
reinforcing the inflammation of obesity [56].

Regulatory CD4+FOXP3+ T cells are present in large
amounts in the adipose tissue of lean mice, whereas they are
significantly reduced in VAT of insulin resistant obese mice
[49••]. The severity of systemic metabolic alterations is also
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negatively regulated and is attenuated by regulatory T cells
[57]. Regulatory CD4+FOXP3+ Tcells are a key population in
the control of the immune response and play an important
immunosuppressive role in inflammatory disorders [58, 59].
Regulatory T cells exert their effects directly by cell-cell
contact or indirectly via the immunomodulatory effects of
cytokines, such as IL-10 and TGFβ [40, 58, 60], which
suppresses T cell proliferation, inhibits IFNγ, TNF, and IL-6
production and induces IL-10-mediated macrophage polariza-
tion to M2 cells [61]. The lack of CD4+ Foxp3+ cells in the
VAT of obese mice is correlated with obesity and insulin
resistance, suggesting that the modulation of Tregs in adipose
tissue may be a new strategy for the treatment or control of
metabolic disorders related to obesity, such as insulin resis-
tance and type 2 diabetes mellitus [37, 62].

CD8+ T cells recognize antigens loaded by MHC class I
molecules on antigen presenting cells and participate in pro-
inflammatory cytokine secretion and cytolysis of target cells.
It has been reported that the number of CD8+ T cells is
elevated approximately threefold in obese adipose tissue [56,
63]. The infiltration by CD8+ T cells precedes the accumula-
tion of macrophages, and immunological and genetic deple-
tion of CD8+ T cells lowers macrophage infiltration and
adipose tissue inflammation and ameliorates systemic insulin
resistance [64].

Natural killer (NK) cells are of lymphoid origin but they do
not express any antigen-specific receptors; therefore, they are
considered part of the innate immunity. Although NK cells
secrete a proinflammatory pattern of cytokines, their role in
obesity and AT inflammation remains unclear. In models of
NKT deficiency, loss of NKT cells had only a modest effect on
weight gain, inflammation, and insulin resistance, suggesting a
small role of these cells in obesity induced inflammation [65, 66].

B cells can also be elevated in adipose tissue after high-fat
diet consumption that is followed by IgG2c concentrations in
adipose tissue [63]. B cell infiltration promotes insulin resis-
tance by inducing M1 macrophage polarization. The IgG pro-
duced by B cells induces the clearance of apoptotic and necrotic
debris through antibody mediated fixation of complement pro-
teins involved in the phagocytosis of macrophages.

The presence of regulatory B (Bregs) cells that produce
interleukin-10 constitutively has been identified in adipose
tissue [67]. B cell-specific IL-10 deletion enhanced adipose
inflammation and insulin resistance in diet-induced obese
mice, whereas adoptive transfer of adipose tissue Breg cells
reversed it [67]. These findings indicate that adipose tissue
Breg cells are a naturally occurring regulatory B cell subset
that maintains homeostasis within the adipose tissue.

Mast cells are primarily involved in allergy and
anaphylaxia. However, the presence of these cells has been
described in adipose tissue. At this site, mast cells are in-
creased several fold in obese compared with lean individuals,
as suggested by the higher levels of mast cell-derived tryptase

in obese patients [68]. Mast cells contain many granules
loadedwith various mediators, including histamine, serotonin,
heparin, serine protease, eicosanoids, and cytokines. Among
the mediators produced by mast cells, IL-6 and IFN-γ play
major roles in the inflammation associated with obesity.

The Inflammasome

Inflammasomes are a multiproteic complex, which processes
inactive pro-IL-1β and IL-18 into their active forms, regulat-
ing chronic inflammation and metabolic processes [69]. The
inflammasome is primarily composed of the following three
components: 1) pattern-recognition receptors (PRRs), such as
toll-like receptors (TLRs) and intracellular nod-like receptors
(NLR) that trigger downstream signaling cascades; 2) the
adaptor molecule ASC (apoptosis associated speck-like pro-
tein containing CARD); and 3) caspase-1. Several
inflammasomes have been identified, and NLRP3 (nucleo-
tide-binding domain and leucine-rich repeat containing NLR,
pyrin domain containing 3) is the most extensively studied
and is linked to type 2 DM and β cell destruction, obesity, and
atherosclerosis [69–71].

TLRs are activated by a variety of dietary factors and
endogenous signals in response to metabolic alterations in-
duced by obesity. Free fatty acids bind to two different toll
receptors, TLR2 and TLR4. Other inflammatory stimuli, such
as ceramides and oxidized LDL, bind to and activate TLR4.
The downstream pathways of both TLRs activate NF-kB and
MAPK to inhibit insulin signaling via serine phosphorylation
of the IRS-1 and induce transcription of the proinflammatory
cytokines TNF and IL-6, as well as the biologically inactive
pro- IL-1β and pro-IL-18, which require posterior processing
to become active [72].

NLRP3 is then activated by long chain fatty acids,
ceramides, oxidized LDL, and hyperglycemia. After activa-
tion, NLRP3 assembles with the adapter protein ASC and
caspase 1, forming a multiprotein complex (inflammasome)
that cleaves pro IL-1b and pro-IL-18 to the active forms IL-1b
and IL-18. The islet amyloid polypeptide (IAPP or amylin)
that is co-secreted with insulin, forms an amyloid structure
deposited in the islet interstitium, inducing the NLRP3
inflammasome, and generating mature IL-1β in macrophages.

Both M1 macrophages and adipocytes induce
inflammasome expression in the adipose tissue [73, 74]. The
importance of the inflammasome in obesity and adipose tissue
inflammation is confirmed by the finding that NLRP3 deletion
lead to a slower weight gain, higher metabolic rate, and
improved insulin sensitivity [73]. The reduction of NLRP3
adipose tissue expression is coupled with decreased inflam-
mation and improved insulin–sensitivity in obese T2DM pa-
tients [73, 75]. The data from human studies show that
caspase-1 and NLRP3 are highly expressed in human VAT
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and that SAT biopsies from obese–T2DM before and after one
year of weight–loss intervention shows that the weight loss
and enhanced insulin sensitivity are associated with a signif-
icant reduction in IL-1β and NLRP3mRNA expression in the
SAT [74, 75].

The role of Microbiota on Obesity-induced Inflammation

The role of the gut microbiota in obesity and T2DM has been
studied during the last decade. Several studies have shown the
association between obesity and unbalanced dominant gut
phyla, with reductions in Bacteroidetes associated with a
proportional increase in Firmicutes [76••, 77–81]. However,
other studies have found no differences between the
Firmicutes and Bacteroidetes in obese individuals [80, 82].
Two primary mechanisms have been proposed to explain this
association. First, Firmicutes can increase polysaccharide fer-
mentation and the intestinal production of the short-chain fatty
acids (SCFAs) acetate, propionate, and butyrate. After absorp-
tion, SCFAs reach the liver via the portal system and could
induce the synthesis of triacylglycerol, which will be stored in
the adipose tissue. Second, obesity is closely related to
endotoxemia because of the increased intestinal permeability

[83]. In healthy lean individuals, the intestinal epithelium acts
as a barrier preventing the continued translocation of LPS. It
has been proposed that high fat diets increase the intestinal
permeability by reducing the expression of tight junction
proteins and modulating the gut microbiota, leading to
the metabolic endotoxemia associated with increases in
inflammatory tone, body weight gain, and insulin resis-
tance [83]. By contrast, antibiotic administration reduces
blood LPS and endotoxemia levels and is correlated with
reduced glucose tolerance, body weight gain, inflamma-
tion markers, oxidative stress, and macrophage infiltra-
tion in the VAT. Studies of induced endotoxemia LPS in
humans confirm that low doses of LPS induce cytokine
release, low-grade inflammation in the adipose tissue,
and insulin resistance [84, 85].

The importance of microbiota in obesity is reinforced by
studies of microbiota transplantation from genetically
obese to axenic mice [86, 87]. Microbiota transplantation
from mice fed a high fat diet to lean germ-free recipients
promoted greater fat deposition than transplants from lean
donors. These results suggest that the phenotype of an
increased capacity for energy harvesting is simply transmit-
ted by transplantation of the obesity-associated gut micro-
biota to healthy and lean donors.

Fig. 1 The expansion of adipose
tissue and alterations of gut
microbiota induce increased free
fatty acid and LPS concentrations
in blood that. Those factors,
associated with the hipertrophy
induced hypoxia, trigger the low-
grade inflammatory response
characterized by the infiltration
and activation of M1 macrophage
and other immune cells that will
secrete pro-inflammatory
cytokines and activate NLRP2
inflammasome. These events lead
to the establishment of chronic
obesity-related comorbidities
such as type 2 diabetes mellitus
(T2DM) and atherosclerosis.
Alternatively, adipose tissue
expansion will induce
preadipocytes differentiation,
generating new adipocytes
(hyperplasy) related to a lower
pro-inflammatory stimulus and a
predominance of regulatory/anti-
inflammatory immune cells and
cytokines. This scenario is
suitable to a more benign obesity
evolution defined as
metabolically healthy obesity
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Metabolically Healthy but Obese Individuals

Adipose tissue is subject to a continuous process of remodel-
ing, which normally maintains tissue health, but this process
can become unregulated, leading to the death of adipocytes in
association with the recruitment and activation of macro-
phages and systemic insulin resistance [88]. Under constant
excess caloric intake, adipocytes undergo hypertrophy and
hyperplasia, thereby establishing dynamic events related to
the expansion of adipose tissue. Hypertrophy results in the
altered secretion of products, which over time, adversely
affects the remodeling of adipose tissue. In parallel, hyperpla-
sia, although initiating increased total adiposity of obese indi-
viduals, provides valuable protection against harmful effects
caused by the lipotoxic systemic effect of lipids.

An important distinctionmust bemade between the healthy
and pathological expansion of adipose tissue. The pathologi-
cal expansion of adipose tissue is associated with the rapid
hypertrophy of adipocytes, inducing macrophage infiltration,
and activation, and the limited development of vessels, caus-
ing hypoxia and potentiating inflammation. Healthy expan-
sion is related to a slower andmore organized expansion of the
fat mass, associated with the adequate recruitment of stromal
cells and adipocyte precursors, which differentiate into small
adipocytes in the appropriate ratios, and subsequent vascular-
ization with a minimal induction of inflammation [89].

A subset of obese individuals appears to be protected or, at
least, more resistant to developing the metabolic disorders
associated with obesity. These individuals are classified as
metabolically healthy but obese subjects (MHOS). MHOS is
defined as the obese individual free of metabolic disorders,
such as T2DM, dyslipidemia, and hypertension [90]. Despite
the excess body fat, they exhibit a lower inflammatory profile,
characterized by improved insulin control and lipid profiles
and lower concentrations of inflammatory markers, such as
IL-6, C-reactive protein and alpha-1 antitrypsin [8]. In addi-
tion, the absence of cardiometabolic risk factor clusters, such
as metabolic syndrome or proinflammatory markers have also
been used to categorize MHOS [91].

The mechanisms underlying the favorable metabolic pro-
files of these individuals are not completely understood. Char-
acteristics of the adipose tissue, such as adipocyte size, differ-
ences related to different deposits, gene expression profiles
related tometabolic pathways and the inflammatory profile, as
well as muscle insulin sensitivity characteristics may be in-
volved in the protective profile of MHO [8].

A study comparing MHOS, unhealthy obese and lean
individuals highlighted the metabolic differences among these
individuals. MHOS presented reduced secretion of IL-1β,
reduced caspase-1 activity, reduced expression of IL-1b and
NLRP3, fewer macrophages and a higher number of regula-
tory T cells in the visceral adipose tissue compared with
unhealthy obese individuals [92].

Another clinical study compared the characteristics of the
SAT and VATof 16 morbidly obese but metabolically healthy
individuals and non-obese individuals [93•]. The results sug-
gested that the favorable metabolic state of MHOS is associ-
ated with the higher production of anti-inflammatory cyto-
kines, particularly IL-10, TGFβ, FOXP3+ Treg cells, and
MMPs in the adipose tissue, suggesting greater anti-
inflammatory control. The increased expression of MMP2,
MMP8, and MMP9 in the VAT of obese individuals favors
adipogenesis and adipose tissue remodeling. In adipose tissue,
adipogenesis functions as a beneficial event by increasing the
number of adipocytes and the fat storage capacity, thereby
preventing ectopic deposition. Furthermore, because they in-
duce angiogenesis, MMPs reduce hypertrophic adipocytes,
hypoxia, preventing necrosis, M1 macrophage infiltration
and the induction of inflammation. These regulatory mecha-
nisms may be important in the delayed onset of metabolic
complications, even in individuals with extreme obesity. The
main events linked to the development of unhealthy or healthy
obesity are shown in Fig. 1.

Conclusion

Several factors determine the establishment and severity of
low-grade inflammation in obese individuals. An adequate
diet may reduce several unfavorable factors, such as the
adipocyte hypertrophy that leads to adipocyte hypoxia; and
the increase of intestinal permeability and unbalanced gut
microbiota that trigger metabolic endotoxemia. After initia-
tion, the inflammatory stimuli activates a cascade of inflam-
matory events in adipocytes and infiltrated immune cells,
which determines the presence and severity of obesity
comorbidities.
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