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ABSTRACT :
It is recognized that a chronic low-grade inflammation and an activation of the immune
system are involved in the pathogenesis of obesity-related insulin resistance and type 2
diabetes. Systemic inflammatory markers are risk factors for the development of type 2
diabetes and its macrovascular complications. Adipose tissue, liver, muscle and pancreas are
themselves sites of inflammation in presence of obesity. An infiltration of macrophages and

ip
t

other immune cells is observed in these tissues associated with a cell population shift from an
anti-inflammatory to a pro-inflammatory profile. These cells are crucial for the production of

cr

pro-inflammatory cytokines, which act in an autocrine and paracrine manner to interfere with
insulin signaling in peripheral tissues or induce β-cell dysfunction and subsequent insulin

us

deficiency. Particularly, the pro-inflammatory interleukin-1β is implicated in the pathogenesis
of type 2 diabetes through the activation of the NLRP3 inflammasome. The objectives of this

an

review are to expose recent data supporting the role of the immune system in the pathogenesis
of insulin resistance and type 2 diabetes and to examine various mechanisms underlying this
relationship. If type 2 diabetes is an inflammatory disease, anti-inflammarory therapies could

ed

M

have a place in prevention and treatment of type 2 diabetes.
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inflammation – metabolic syndrome
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INTRODUCTION
Obesity, in particular excess visceral adiposity, is associated with insulin resistance,
hyperglycaemia, dyslipidaemia and hypertension, which together are termed “metabolic
syndrome” [1]. These metabolic disorders increase the risk of development of type 2 diabetes
mellitus (T2DM) and cardiovascular diseases and contribute to high rates of mortality and
morbidity [1]. T2DM is the most prevalent metabolic disease in the world and is characterized

ip
t

by defects in insulin secretion and a peripheral insulin resistance in the skeletal muscle, the
adipose tissue and the liver. The progression from obesity-related insulin resistance to T2DM

cr

remains poorly understood but implicates a failure of pancreatic β-cells to compensate for
insulin resistance leading to chronic hyperglycaemia. A chronic low-grade inflammation and

us

an activation of the immune system are observed in abdominal obesity and may have a role in
the pathogenesis of obesity-related metabolic disorders [2-5]. This review summarizes data

an

implicating the immune system in the pathophysiogy of insulin resistance and T2DM. We
will also examine the biological, tissular and cellular inflammatory markers associated with
obesity-related metabolic disorders that may predict the development of T2DM. Molecular

M

mechanisms underlying this inflammatory activation state will be reviewed and preliminary
results obtained with anti-inflammatory therapies in the prevention and treatment of T2DM

ce
pt

ed

will be described.

1. SYSTEMIC MARKERS OF INFLAMMATION
1.1.

Inflammatory markers in obesity, metabolic syndrome and T2DM

White blood cell counts and plasma levels of coagulation factors (fibrinogen and plasminogen

Ac

activator inhibitor 1 (PAI-1)), acute-phase proteins such as C-reactive protein (CRP) and
serum amyloid A (SAA), pro-inflammatory cytokines (tumor necrosis factor (TNF)-α,
interleukin (IL)-1β and IL-6), and chemokines are elevated in obese and T2DM patients and
shown to be reduced when these patients are engaged in a more intensive lifestyle causing
weight loss [6-11]. These pro-inflammatory markers also positively correlated with insulin
resistance and the features of the metabolic syndrome, in most cases, independently of the
degree of obesity [6, 7, 12-14].
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1.2.

Inflammatory markers for development of T2DM in obese patients

Subclinical chronic inflammation seems to be an independent risk factor for the development
of T2DM. Indeed, high levels of many inflammatory factors at baseline in diverse human
populations are correlated with incident T2DM, regardless of the initial degree of insulin
resistance and obesity. Prospective studies have identified white blood cell count [12, 15],
pro-inflammatory cytokines [16], chemokines [17], and other several indirect markers of

ip
t

inflammation such as fibrinogen, sialic acid and PAI-1 [15, 18] as predictors of T2DM. In
contrast to all these inflammatory biomarkers, CRP measurement is less expensive,

cr

standardized and widely available. Particularly a highly sensitive measurement of CRP has
been developed to detect this protein with greater accuracy at lower levels. A number of

us

prospective studies have shown that high sensitivity-CRP (hs-CRP) levels predict
development of T2DM in different non-diabetic populations regardless the degree of

an

adiposity, fat distribution and insulin resistance. All these studies were included in a recent
review and meta-analysis which provided further evidence that elevated CRP levels are
significantly associated with increased risk of T2DM (relative risk [RR] 1.26 [95%

M

confidence interval or CI 1.16-1.37]) [19]. This meta-analysis also detected a significant doseresponse association between IL-6 (its inducer) and T2DM risk (RR 1.31 [95% CI 1.17-1.46])

1.3.

ed

[19].

Inflammatory markers for cardiovascular disease in T2DM patients
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Since hs-CRP plasma levels have been associated with cardiovascular diseases and death in
the general population [20] and in patients with metabolic syndrome [21], an important
question is the possible association of inflammatory markers with these risks in T2DM
patients. The Hoorn population-based study was the first to show that CRP is a predictor of

Ac

mortality in T2DM individuals over a 5- to 7-year period [22]. Other observational studies in
T2DM populations then showed that markers of inflammation and coagulation, and in
particular CRP, are independent predictors of coronary heart disease [23, 24] and mortality
[25]. However, the association between CRP and cardiovascular risk seems to be much
weaker in T2DM patients than in the general population [24, 26] and needs to be more
extensively studied. Interest has also been focused on cardiovascular risk prediction by proinflammatory cytokines plasma levels. For instance, in the ADVANCE trial, IL-6 plasma
levels significantly improved the prediction of macrovascular events and death in T2DM
patients [27].
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2. TISSUE INFLAMMATION IN OBESITY AND T2DM
A number of experimental and clinical data have clearly established that adipose tissue, liver,
muscle and pancreas are sites of inflammation in presence of obesity and T2DM. An
infiltration of macrophages into these tissues is seen in animal models of obesity and diabetes
as well as in obese human individuals with metabolic syndrome or T2DM. These cells are
crucial for the production of pro-inflammatory cytokines [4], including TNFα, IL-6 and IL-

ip
t

1β. They act in an autocrine and paracrine manner to promote insulin resistance by interfering
with insulin signaling in peripheral tissues through activation of the c-JUN N-terminal kinase

cr

(JNK) and nuclear factor-kappa B (NF-κB) pathways [2]. These pathways are activated in

inflammation.

Inflammation in insulin-sensitive tissues

an

2.1.

us

multiple tissues in obesity and T2DM and have a central role in promoting tissue

M

2.1.1 Adipose tissue
Hotamisligil and colleagues were the first to show an increased expression and production of
TNFα in adipose tissue of obese individuals and its direct role in obesity-induced insulin
resistance [28]. Accumulating data then confirmed a specific up-regulation of genes encoding

ed

inflammatory factors and an over-production of many cytokines and chemokines in enlarged
adipose tissue [5]. Furthermore, improvement in insulin sensitivity induced by weight loss

ce
pt

was accompanied by a decrease in the expression of pro-inflammatory genes [28, 29]. So
adipose tissue inflammation was considered as a crucial event leading to metabolic syndrome,
T2DM and atherosclerotic cardiovascular diseases.
More recently, adipose tissue has been associated with a marked accumulation of immune

Ac

cells in its stromovascular fraction during obesity [4] (Figure 1). Particularly, obesity induces
an infiltration of macrophages in adipose tissue of both mice and humans [30, 31]. Although it
was shown that enlarged adipocytes themselves produce pro-inflammatory cytokines and
chemokines [32], adipose tissue macrophages seem to be crucial for the production of adipose
tissue-derived pro-inflammatory cytokines. Indeed, their recruitment correlates with the
degree of obesity and is linked to systemic inflammation, insulin resistance [30] and
metabolic syndrome [33]. Moreover, weight loss induced by surgery [29] or diet and exercise
[10] results in a reduction in the number of adipose tissue macrophages in parallel to the
decreased expression of pro-inflammatory markers in both adipose tissue and plasma of obese
individuals.

5
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Macrophages can be classified into two distinct subtypes: the “classically activated
macrophages” phenotype, termed M1, which secrete pro-inflammatory cytokines such as IL1β, IL-6, TNF-α, and the “alternatively activated macrophages” phenotype, termed M2 which
produce anti-inflammatory cytokines such as IL-10 [4]. While well-established in mice [34,
35], the existence of distinct M1 and M2 subsets of adipose tissue macrophages has not been
confirmed in human, where macrophages have rather been described as being a mix between

ip
t

M1 and M2 phenotypes [36]. In addition to adipose tissue macrophages infiltration, obesity
causes a phenotypic switch from the M2 to M1 phenotype, correlating with insulin resistance

cr

both in mice and humans [34-36]. Direct and paracrine signals issued from M1 macrophages

to protect against obesity-induced insulin resistance [4].

us

can impair insulin signaling and adipogenesis in adipocytes whereas M2 macrophages seem

Although macrophages are the most abundant leukocyte population in expanding adipose

an

tissue, the adaptive immune system may also contribute to obesity-induced inflammation.
Infiltrating lymphocytes precede macrophage populations in obese adipose tissue concomitant
with early insulin resistance and may play a role in adipose tissue inflammation by modifying

M

the number and the activation state of adipose tissue macrophages [37-40]. In mouse models
of obesity, an increased numbers of cytotoxic CD8+ effector cells is suspected to initiate the

ed

recruitment and activation of adipose tissue macrophages and promote pro-inflammatory
cascades associated with insulin resistance [38, 40]. Obesity also induces modification in the
balance between pro-inflammatory (T helper 1 and T helper 17 lymphocytes) and anti-

ce
pt

inflammatory (T helper 2 and regulatory T lymphocytes) CD4+ cells subsets, leading to
secretion of cytokines from newly recruited adipose tissue macrophages [39-41]. Of particular
interest, the number of anti-inflammatory regulatory T lymphocytes decreases with obesity in
adipose tissue of both mice and humans [37, 39, 40] and even more in obese patients with

Ac

metabolic syndrome [33]. The regulatory T lymphocytes express high amount of the antiinflammatory cytokine IL-10 which inhibit macrophage migration and induce the
differentiation of M2 macrophages [35, 37]. A boost in the number of these cells in obese
mice can improve insulin sensitivity and reduce macrophage infiltration in adipose tissue [37].
These data suggest that regulatory T cells may repress adipose tissue inflammation and play a
role in providing protection against insulin resistance-induced inflammation linked to obesity
[33, 37]. The number of many other immune cells is also modified in adipose tissue during
obesity and could regulate inflammation and insulin resistance[4] (Figure 1).
Overall, these data reveal a complex interplay between cells of innate and adaptive immunity
and the balance among these immune cells appears to be important for the homeostasis and
6
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control of adipose tissue inflammation in obesity and T2DM. However, the molecular events
that initiate immune cell recruitment and activation are not fully understood.

Subcutaneous versus visceral adipose tissues
Abdominal obesity is the key component of the metabolic syndrome, with a predominance of

ip
t

intra-abdominal visceral fat accumulation, indirectly measured by waist circumference in
clinical practice. So, besides total adiposity, the pathogenic role of adipose tissue seems to be
determined by its specific anatomic location. Indeed, although both subcutaneous and visceral

cr

adipose tissues are associated with metabolic risk profile, high visceral adipose tissue is more
strongly correlated with metabolic syndrome than its subcutaneous counterpart[42].

us

Furthermore, it is associated with ectopic lipid accumulation in the liver and skeletal muscle,
which participates to local insulin resistance and contributes to associated metabolic

an

complications [43]. Subcutaneous and visceral adipose tissues differ by phenotypic,
physiological and functional characteristics [43]. Specific differences in inflammatory profile

M

have also been reported, with more macrophages [29, 31, 33], T lymphocytes [31, 33], and
inflammatory molecules in the visceral vs the subcutaneous tissues of obese individuals [29,
33]. Moreover, a lower number of anti-inflammatory regulatory T lymphocytes was recently

ed

found in the visceral adipose tissue of obese individuals with metabolic syndrome [33]. This
less favourable inflammatory profile of visceral adipose tissue is in line with the belief this

ce
pt

tissue has a more important role in the development of obesity-related insulin resistance.

2.1.2 Liver
Nonalcoholic fatty liver disease (NAFLD) often accompanies abdominal obesity, and its

Ac

prevalence increases in parallel to that of T2DM. NAFLD includes a large spectrum of
lesions, from simple benign steatosis to steatohepatitis (nonalcoholic steatohepatitis or
NASH), which can lead to cirrhosis and hepatocarcinoma [44]. Inflammation clearly plays a
pivotal role in the progression of this disease process. NAFLD and subsequent hepatic insulin
resistance in obesity are associated with increased expression and overproduction of
inflammatory mediators, including TNFα, IL-6 and IL-1β [45]. Unlike adipose tissue, the
liver is densely populated with resident macrophages, the Kupffer cells, which account for
over 10% of total liver cells. The number of Kupffer cells does not increase with obesity, but
their activation state changes [45, 46]. Although Kupffer cells have been less studied than
adipose tissue macrophages in the context of insulin resistance, they clearly contribute to the
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production of inflammatory mediators that promote insulin resistance in liver [46].
Interestingly, as earlier described for adipose tissue macrophages, alternative M2 activation
phenotype of Kupffer cells appears to ameliorate insulin resistance and to delay the
progression to NASH in mice [46]. These data suggest that steatosis might induce a sub-acute
inflammatory response in liver, similar to that observed in the adipose tissue inflammation
following adipocyte lipid accumulation. Alternatively, pro-inflammatory mediators in the

ip
t

portal circulation, potentially produced by abdominal fat, might also initiate hepatic

cr

inflammation.

us

2.1.3 Muscle
The muscle is another major site of insulin resistance in obesity and T2DM. Recent reports
have shown an infiltration of macrophages within skeletal muscles of obese mice, particularly

an

in the inter-muscular adipose depots [30]. Just as adipose tissue, these skeletal muscle
macrophages exhibit a pro-inflammatory M1 phenotype [47] accompanied with an increased

M

expression of inflammatory factors in muscle cells [30, 47] contributing locally to insulin
resistance. Moreover, the gene expression of phenotype markers of pro- and antiinflammatory macrophages in human skeletal muscle seems to correlate with insulin

ed

sensitivity [48]. However, the content of macrophages in skeletal muscle in obesity is by far
lower than in adipose tissue or liver, and further research is needed to determine if skeletal

ce
pt

muscle is mainly a target of inflammation-induced insulin resistance or if local inflammatory
cascades may also play a role in insulin resistance.

2.2.

INFLAMMATION IN PANCREAS AND INSULIN DEFICIENCY

Ac

The progression from obesity-related insulin resistance to T2DM implicates a failure of
pancreatic β cells to compensate for insulin resistance, leading to chronic hyperglycaemia. An
inflammation was also demonstrated in pancreatic islets of T2DM patients as shown by the
presence of amyloid deposits, fibrosis, increased β cell death and infiltration of macrophages
along with increased levels of pro-inflammatory cytokines and chemokines [3]. Moreover this
increase of immune cells in pancreatic islets is described before the onset of T2DM.
Particularly the expression and local release of the pro-inflammatory cytokine IL-1β are
increased in pancreatic islet of T2DM individuals [49]. This cytokine seems to be a master
regulator of islet inflammation in T2DM by increasing local expression of pro-inflammatory
cytokines and chemokines [50] leading to immune cell recruitment in islets. This local
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inflammation can reduce insulin secretion and trigger β-cell apoptosis leading to decrease islet
mass, all critical events in the progression of T2DM.

3. SENSORS AND MEDIATORS OF INFLAMMATION IN OBESITY
AND T2DM

ip
t

Although subclinical inflammation is important in the pathogenesis of T2DM, the events
initiating this inflammatory process remain unclear and could involve different but synergic
mechanisms leading to the activation of NF-κB and JNK pathways, cytokines and

IL-1β and NLRP3 inflammasome

us

3.1.

cr

chemokines release and recruitment of immune cells.

IL-1β, one of the major pro-inflammatory cytokine produced by macrophages, has been

an

shown to be a key contributor to the pathogenesis of T2DM. IL-1β signaling occurs through
the IL-1 receptor-I and leads to the activation of NF-κB pathways and the generation of other

M

inflammatory mediators, such as TNFα and IL-1β itself, thus initiating a self-amplifying
cytokine network [50]. The control of IL-1β production is tightly regulated and depends on
two signals. First, a pro-inflammatory signal stimulates the transcription of IL1B with

ed

subsequent storage of inactive pro-IL-1β into the cell. A second signal then induces the
production of active, mature IL-1β by cleavage of its inactive precursor by caspase-1, which

ce
pt

is activated in a large cytoplasmic multiprotein complex called the inflammasome [51].
Inflammasomes are central components of the innate immune response and recognize
microbial products (pathogen-associated molecular patterns (PAMPs)) or endogenous
molecules (danger-associated molecular pattern (DAMPs)) by innate pattern recognition

Ac

receptors (PRRs). Structurally, inflammasomes are usually formed through the interaction
between a PRR, mainly a member of the nucleotide-binding oligomerization domain like
receptor (NLR) family, the adaptor protein apoptosis-associated speck-like protein containing
a caspase-recruitment domain (ASC) and the pro-caspase-1 [51]. Among several NLRs that
form inflammasome platforms, there are compelling evidences for a major role of the NLR
family pyrin domain-containing 3 (NLRP3) inflammasome in the progression from obesity to
T2DM (Figure 2). NLRP3 inflammasome activation and subsequent IL-1β production have
been first described in pancreatic β-cells and islet-infiltrating macrophages. They contribute to
islet inflammation induced by chronic exposure to high levels of free fatty acids and glucose,
leading to increased apoptosis and impaired insulin secretion of β-cells [49, 52, 53].

9
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Moreover, islet amyloid polypeptide (IAPP), a protein that forms amyloid deposits in the
pancreas, seems to contribute to IL-1β production in islets through activation of the NLRP3
inflammasome [54].
Accumulating evidences also give to NLRP3 inflammasome a central role in obesity-induced
insulin resistance [33, 55, 56]. The expression of NLRP3 inflammasome components, the
activity of caspase-1 and the levels of IL-1β are increased in adipose tissue, mainly in

ip
t

macrophages, of obese mice and humans and directly correlate with insulin resistance,
features of the metabolic syndrome and severity of T2DM [33, 56]. The deleterious effects of

cr

visceral adipose tissue might be also related to an up-regulated expression and activation of
NLRP3 inflammasome compared to subcutaneous adipose tissue in overweight and obese

us

patients [33, 57]. The NLRP3 inflammasome seems to act as a sensor of metabolic danger
signals that accumulate during obesity, including high levels of glucose [52], saturated free

an

fatty acids [58, 59], lipid intermediates such as ceramides [56] and uric acid [51], and its
activation results in IL-1β production and induction of numerous cytokines and chemokines.
Moreover its inhibition has shown to have pleiotropic effects combining improved insulin

M

signaling in adipose tissue, liver and skeletal muscle, and increased insulin secretion in the
pancreas [55, 56].

ed

We have recently strengthened the involvement of NLRP3 inflammasome in obesity-related
metabolic disorders by studying several features related to NLRP3 inflammasome activation
in a unique subgroup of obese individuals who not display the typical metabolic disorders

ce
pt

associated with obesity despite their excessive fatness, and are at lower risk of developing
T2DM and cardiovascular diseases. This phenotype is referred in the literature as
“metabolically healthy obesity” (MHO) and may account for around 30% of the obese
population [60]. Interestingly, the MHO phenotype is characterized by a more favourable

Ac

body fat distribution with lower visceral fat and greater subcutaneous fat [42], by a lower
ectopic fat depot in the liver [61], and by a less inflammatory profile with lower levels of
circulating inflammatory markers [14, 42] compared to unhealthy obese phenotype. We have
recently reported that the visceral adipose tissue of MHO phenotype is associated with lower
activation of the NLRP3 inflammasome in infiltrating macrophages, and with a more
favourable inflammatory and immunological profile compared to that of unhealthy obese
phenotype [33] (Figure 3). Identification of the triggers that determine differential activation
of the inflammasome between obesity phenotypes would likely help to better understand the
physiopathology of obesity-related metabolic disorders. Fatty acids may be good candidates
as saturated fatty acid can induce inflammatory cascades in macrophages and adipocytes
10
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through the activation of NLRP3 inflammasome [58] whereas unsaturated fatty acids exert
strong anti-inflammatory effects resulting in improved insulin sensitivity in obese and T2DM
individuals [62]. Moreover, unsaturated and omega-3 fatty acids do not activate NLRP3
inflammasome [58, 59, 63] and can prevent its activation by other inducers [59]. The
importance of unsaturated fatty acids in mediating inflammation is enhanced by a recent study
showing a distinct fatty acid profile between MHO and unhealthy obese individuals,

ip
t

specifically for saturated fatty acids [64]. Further comparisons of these two groups are
required to better identify potential mechanisms of protection against obesity-related insulin

3.2.

us

cr

resistance and inflammation and to develop preventive and therapeutic strategies.

Adipocyte hypertrophy, hypoxia and cell death

Other hypothetical events have been proposed to initiate inflammatory process in adipose

an

tissue. Obesity leads to an increased adipocyte size and hypertrophic adipocytes may produce
themselves cytokines and chemokines [32], leading to macrophages recruitment. Adipocyte

M

hypertrophy may also be responsible for hypoxia or even adipocyte death. Areas of hypoxia
have been observed in expanding adipose tissue of obese mice and humans, as a result of
insufficient vasculature and oxygen supply. Hypoxia can induce recruitment of macrophages

ed

and expression of pro-inflammatory cytokines in both adipocytes and immune cells,
contributing to adipose tissue inflammation and dysfunction [31]. In the absence of additional

ce
pt

nutrients supply, hypertrophy can also provoke adipocyte necrosis and the release of their
cellular contents into the extracellular space triggering an inflammatory response.
Particularly, some of the moribund or dead adipocytes become surrounded by macrophages to

Ac

form the “crown-like structures” observed in expanding adipose tissue [29-31].

3.3.

Endoplasmic reticulum stress

One other potential mechanism of NLRP3 activation in macrophages involves the
endoplasmic reticulum, a major site for protein folding, maturation and trafficking. In obesity,
the chronic excess nutrient intake generates endoplasmic reticulum stress due to an increase in
synthetic demand, leading to activation of pro-inflammatory signaling pathways. Endoplasmic
reticulum stress has been shown in adipose tissue of obese insulin resistant individuals and
may be a cause for the development of insulin resistance and inflammation [65].
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4. ANTI-INFLAMMATORY THERAPEUTIC PERSPECTIVES
Given the obvious link between inflammation and pathogenesis of T2DM, anti-inflammatory
strategies have been proposed for its prevention and treatment. They are extensively reviewed
elsewhere [66].

Anti-IL-1β

ip
t

4.1.

Considering the central role of NLRP3 inflammasome and IL-1β in the pathogenesis of
T2DM, it is not surprising that the blockade of IL-1β activity has shown improvement in

cr

glucose control in prediabetic or T2DM populations. Studies conducted with IL-1 receptor
antagonist (anakinra) or IL-1β antagonism (gevokizumab, canakizumab and LY2189102)

us

have shown beneficial effects on glycated haemoglobin and β cell function in parallel to a
decrease in systemic markers of inflammation [67-70]. Moreover, two studies have

an

demonstrated persistent effects up to several weeks after treatment cessation with anakinra
[71] or anti- IL-1β antibody [70]. Although the short duration of these studies does not

M

provide definitive conclusions, data suggests that IL-1β blocking activity enhances glucose
control in diabetic patients by improving the β-cell function and may even allow a partial

4.2.

ed

generation these cells.

Salicylate and salsalate

ce
pt

Sodium salicylate and aspirin have demonstrated beneficial effects in the treatment of T2DM
by improving glycaemic control through inhibition of NF-κB activity [72, 73]. Salsalate,
prodrug of salicylate, which unlike aspirin and sodium salicylate does not lead to bleeding
risk, can improve insulin sensitivity and glucose control in prediabetic and T2DM patients

Ac

with a good safety profile [74, 75]. More particularly, a large randomized trial, the Targeting
Inflammation with Salsalate in Type 2 Diabetes (TINSAL-T2D) trial, concluded that salsalate
improves glucose control in T2DM patients with decrease in fasting glucose and glycated
haemoglobin levels and enhances lipid profile [75]. These data suggest that NF-κB pathways
may represent a novel therapeutic target for prevention and treatment of T2DM. More
extensive studies are needed to confirm whether effects are sustainable with continued
administration of these drugs.
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4.3.

Anti-TNFα

TNFα was the first pro-inflammatory cytokine implicated in pathogenesis of obesity-related
insulin resistance and T2DM [28]. However, TNF-α antagonism has not demonstrated
significant improvement on insulin sensitivity in patients with metabolic syndrome [76] or
T2DM [77, 78], but these pilot studies were probably underpowered as they were conducted
on a short-time period in a limited number of patients. Further longer and bigger studies are

cr

rheumatoid polyarthritis improves their insulin sensitivity [79].

ip
t

warranted, especially because TNF-α antagonism treatment in non-diabetic patients with

us

CONCLUSIONS

The concept of T2DM as an inflammatory disease has recently emerged and seems to be

an

confirmed by accumulating evidences. A number of studies have shown that abdominal
obesity is associated with systemic low grade inflammation leading to insulin resistance and
metabolic disorders. Moreover, systemic inflammatory markers can predict development of

M

T2DM and cardiovascular diseases in the general population, and should be therefore used
more widely in clinical practice to detect individuals at risk. Adipose tissue appears to play a

ed

central role in the induction of inflammation as over-nutrition leads to changes in its cellular
composition and production of pro-inflammatory cytokines and chemokines. A local
inflammation is also observed in the liver and skeletal muscle but its role in obesity-related

ce
pt

metabolic disorders still needs to be determined. Recent evidence implicates the
inflammasome NLRP3 in the pathogenesis of metabolic syndrome and T2DM. In pancreas
activation of NLRP3 inflammasome by high levels of glucose and fatty acids and subsequent
release of IL-1β lead to β cells dysfunction and apoptosis, insulin deficiency and progression

Ac

to T2DM. NLRP3 inflammasome is also activated in macrophages infiltrating visceral
adipose tissue from obese patients with metabolic disorders, and contributes to local
inflammation, defect in adipogenesis and insulin resistance. The exact events and triggers that
promote inflammatory cascade activation still need to be determined. Because an imbalance
in inflammatory profile and inflammasome activation has been detected in visceral adipose
tissue of metabolically healthy and unhealthy obese persons, study of these phenotypes may
help to better understand the molecular mechanisms, identify signal dangers in obesity and
develop preventive and therapeutic strategies. Targeting inflammation, especially NLRP3
inflammasome, may offer potential novel therapeutic perspectives in T2DM prevention and
treatment.
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Figure legend(s)

Figure 1. Adipose tissue inflammation in pathogenesis of metabolic syndrome and type 2
diabetes
Obesity induces adipocyte hypertrophy and changes in stromovascular cell composition with
their phenotypic activation to a pro-inflammatory state. Cells from the adaptive immune
system interact with adipose tissue macrophages to modify their activation state. In lean
adipose tissue, T helper type 2 and regulatory T lymphocytes promote a M2 macrophage
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polarization, which maintain an anti-inflammatory state. Eosinophils may also induce a M2
macrophage polarization. In obesity and type 2 diabetes, adipose tissue is characterized by an

cr

enrichment of macrophages and T lymphocytes with a shift from an anti-inflammatory to a
pro-inflammatory state. Cytotoxic CD8+, T helper type 1 and T helper type 17 lymphocytes

us

stimulate M1 macrophage polarization. Other cells, including B lymphocytes and mast cells,
are also increased in obese adipose tissue and may contribute to obesity-induced

an

inflammation. In obesity, the imbalance among immune cells results in production of
chemokines and pro-inflammatory cytokines, which promote systemic inflammation and
peripheral insulin resistance.
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Abbreviations: IL: interleukin; TNFα: tumor necrosis factor alpha; T2DM: type 2 diabetes mellitus;

ed

Treg : regulatory T lymphocytes.

Figure 2. The NLRP3 inflammasome

NLRP3 inflammasome is an intracellular multiprotein complex formed through the
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interaction of NLRP3, the protein adaptor ASC and the pro-caspase-1, leading to caspase-1
activation. One activated, caspase-1 cleaves the inactive precursor of IL-1β (pro-IL-1β) into
its biological active form which is secreted. NLRP3 activation requires a two-step process.
First or “priming” signal acts on TLR or cytokines receptors and converges on the activation

Ac

of NFκB pathway and transcriptional expression of inflammasome components, including
NLRP3 and pro-IL-1β. The second or “activating” signal is then able to directly induce
NLRP3 inflammasome formation and instigates caspase-1 activation. The second signal
includes various PAMPs and DAMPs.
Abbreviations: ASC: apoptosis-associated speck-like protein containing a caspase-recruitment
domain; DAMPs: danger-associated molecular pattern; IL-1β : interleukin-1β ; NFκB : nuclear factorkappa B ; NLRP3 : nucleotide-binding oligomerization domain-like receptor family pyrin domain
containing-3; PAMPs: pathogen-associated molecular patterns; TLR: toll-like receptor
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Figure 3. Adipose tissue inflammatory profile imbalance between metabolically healthy
and unhealthy obese
Compared to metabolically healthy obesity (MHO) phenotype, the visceral adipose tissue of
metabolically unhealthy obesity (MUO) phenotype is characterized by a higher NLRP3
inflammasome activation in macrophages infiltrating visceral adipose tissue and a decrease
number of anti-inflammatory regulatory T lymphocytes. This imbalance in the inflammatory
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profile may explain why metabolically healthy obese are at lower risk of developing type 2
diabetes, NAFLD and cardiovascular diseases. The triggers that determine differential

cr

inflammasome activation remains to be identified. Fatty acids, glucose and uric acid may be
good candidates.
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Abbreviations: MHO : metabolically healthy obesity; MUO: metabolically unhealthy obesity;
NAFLD: nonalcoholic fatty liver disease; NLRP3 : nucleotide-binding oligomerization domain-like
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receptor family pyrin domain containing-3; T2DM: type 2 diabetes mellitus
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