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Abstract.
Until the identification of leptin, the first adipokine

discovered in 1994, adipose tissue was considered only as

an energy storage tissue. However, it is now clear that

adipose tissue is an endocrine/paracrine/autocrine organ,

which plays a relevant role in physiopathology of several

inflammatory diseases. Actually, it is mainly involved not

only in the low-grade inflammatory status in obesity but

also in other relevant inflammatory conditions and

autoimmune disorders. In this review article, we discuss the

main biological activities of leptin, adiponectin, lipocalin-2,

resistin, and visfatin, as well as their contributions to certain

inflammatory conditions.
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1. Introduction

Obesity has reached epidemic proportions in the Western
society and can be considered nowadays as the major con-
tributor to the global burden of disability and chronic dis-
eases, including autoimmune degenerative diseases. The
last decade of studies on obesity and its complications com-
pletely reviewed the old concept of a white adipose tissue
(WAT) as a mere energy depot [1]. Actually, WAT has been
recognized as an active tissue able to produce a wide variety
of factors called adipokines. These molecules participate

through endocrine, paracrine, autocrine, or juxtacrine cross-
talk in a great variety of physiological or physiopathological
processes, including food intake, insulin sensitivity, immu-
nity, and inflammation [2,3].

Adipokines include classic pro-inflammatory proteins
such as TNF-a and IL-6, both secreted by adipocytes, but
synthesized also by immune cells infiltrating WAT such as
macrophages [4–6]. These pro-inflammatory adipokines
appear to significantly contribute to the so-called low grade
inflammation of obese subjects, a condition associated with
increased risk of cancer, type 2 diabetes, cardiovascular
complications, autoimmune, and inflammatory diseases [7].
Moreover, WAT also releases specific peptides called adipo-
kines (leptin, adiponectin, visfatin, resistin, etc.) which play
a key role in inflammation and immune response (Fig. 1).

In this review, we explore in depth the most recent
findings concerning the involvement of adipokines in inflam-
mation and immune response.

2. Leptin

Leptin is a 16 kDa non-glycosylated hormone encoded by
the gene ob, the murine homologue of the human gen LEP
[1]. It belongs to the class I cytokine superfamily, consisting
of a bundle of four a-helices. Leptin is mainly produced by
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adipocytes and circulating levels are correlated with WAT
mass. It decreases food intake and increases energy con-
sumption by acting on specific hypothalamic nuclei, where
leptin induces anorexigenic factors as cocaine amphetamine-
related transcript (CART) and suppressing orexigenic neuro-
peptides such as neuropeptide Y (NPY) [8]. Leptin levels are
mostly dependent on the amount of body fat, but its synthe-
sis is also regulated by inflammatory mediators [9]. Leptin
exerts its biological actions through the activation of its cog-
nate receptors, which are encoded by the diabetes gene
(db) and belong to the class I cytokine receptor super-family.
There are six different isoforms of leptin receptors, but only
the long isoform is functional (Ob-Rb).

Leptin plays a significant role in several immune and
inflammatory diseases such as rheumatoid arthritis (RA) and
osteoarthritis (OA) [10–12]. Synovial leptin levels are ele-
vated in RA patients compared with controls [13]. Leptin is
able to synergize both interferon-c and IL-1 by inducing nitric
oxide synthase 2 in human and murine chondrocytes [12,14].
In addition, leptin has been showed to induce IL-8 in human

chondrocytes at both protein and mRNA levels [15]. More-
over, patients with more than 10 years disease duration
showed correlation between leptin and disease markers
such as DAS-28, erythrocyte sedimentation rate (ESR), and
the number of inflamed tender joints [16]. In animal models,
it has been reported that mice with impaired leptin signaling
attenuated adjuvant induced arthritis [17].

Also, it has been reported that leptin is augmented in
other inflammatory diseases such as chronic kidney disease
or inflammatory bowel disease [18,19]. In both pathologies,
leptin could play a prominent role as a regulator of appetite,
one of the most common problems in chronic kidney disease,
or acting as an immunomodulator in inflammatory bowel dis-
ease [18,19]. Furthermore, Duval et al., using a murine model,
showed that leptin could be a prognostic marker for non-alco-
holic fatty liver disease and non-alcoholic steatohepatitis [20].
Likewise, other authors have reported that leptin deficiency is
associated with a high mortality in murine models of sepsis,
probably due to the decrease in the immune response pro-
duced by leptin deficiency [21–23]. However, Shapiro et al.

Fig. 1. Schematic representation of the complex interplay between biofactors released by white adipose tissue and several
inflammatory diseases. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

414 BioFactors



demonstrated that leptin exacerbated sepsis-mediated mor-
bidity and mortality in murine models by increasing the syn-
thesis of adhesion and coagulation molecules, macrophage
infiltration into the liver and kidney [24].

It has been also reported that leptin develops certain
actions also in lung inflammation. For instance, recent pub-
lished in vitro studies, showed that leptin could affect angio-
genesis and airway remodeling, by increasing the release of
vascular endothelial growth factor (VEGF) in human airway
smooth muscle cells [25]. In murine studies, exogenous admin-
istration of leptin increased ozone-induced airway inflammation
[26]. However, in human studies there are contradictory results.
Several studies showed an association between leptin levels
and asthma, in both childhood and adults [27–29]. On the con-
trary, other studies did not show any association between these
two parameters [30,31]. Although it is clear that obesity is
related to respiratory illness, and leptin may be considered a
logical link, these observations remain currently unclear.

Leptin exerts relevant actions in immune system too. It
has shown to modulate the survival of autoreactive CD4þ
T cells [32] and to increase the susceptibility of ob/ob mice
to induced encephalomyelitis, an animal model of multiple
sclerosis [33]. Actually, leptin blockade by anti-leptin anti-
bodies improved clinical score and disease progression.
Moreover, leptin induces IL-6 and TNF-a synergizing with
LPS in monocytes, a relevant kind of cell involved in inflam-
matory response [34,35]. More recently, leptin has been
showed to exert relevant biological activity in immune self-
tolerance by modulating the activity of T-regulatory lympho-
cytes [36], as well as their responsiveness. These novel data
could have innovative valuable strategies for intervention in
obesity and its immune-inflammatory complications.

3. Adiponectin

Adiponectin, also known as GBP28, apM1, Acrp30, or AdipoQ,
is a 244-residue protein that is produced mainly by WAT. Adi-
ponectin has structural homology with collagens VIII and X
and complement factor C1q, and it circulates in the blood in
relatively large amounts in different molecular forms [37,38].

Adiponectin increases fatty acid oxidation and reduces
the synthesis of glucose in the liver. Ablation of the adipo-
nectin gene has no dramatic effect on-knock-out mice on a
normal diet, but when placed on a high fat/sucrose diet
they develop severe insulin resistance and exhibit lipid accu-
mulation in muscles. Circulating adiponectin levels tend to
be low in morbidly obese patients and increase with weight
loss [37,38].

Adiponectin acts via two receptors, one (AdipoR1)
found predominantly in skeletal muscle and the other (Adi-
poR2) in the liver. Transduction of the adiponectin signal by
AdipoR1 and AdipoR2 involves the activation of AMPK, PPAR-
a, PPAR-c, and other signaling molecules [39].

It has been reported that adiponectin has anti-inflam-
matory properties, at least at cardiovascular level. It inhibits
IL-6 and TNF-a production by macrophages and this adipo-
kine increases the production of important anti-inflammatory

factors such as IL-10 or IL-1RA by human monocytes, macro-
phages, and dendritic cells [40]. It is also known that
adiponectin has atheroprotective effects. Ouchi et al. demon-
strated that adiponectin is able to suppress the differentiation
of macrophages to foam cells [41]. Moreover, another recent
study, using transgenic adiponectin mice which express spe-
cifically adiponectin in their macrophages, demonstrated a
low number of foam cells and less atherosclerotic lesions in
artery vessels compared with wild-type mice [42].

On the other hand and unexpectedly, adiponectin is
involved in pro-inflammatory processes at joint level. It is
increased in RA patients [10] and radiographic joint damage
has been found to be positively associated with adiponectin
serum levels [43]. Furthermore, adiponectin induces nitric
oxide synthase II, IL-6, MCP-1, MMP-3, and MMP-9 in murine
chondrocytes, and in human primary chondrocytes [44,45].
In addition, adiponectin is also able to enhance the prosta-
glandin E2 (PGE2) production in RA synovial fibroblasts [46].

Recently, it has been demonstrated that adiponectin is
able to induce IL-8 in human chondrocytes, corroborating
previous data showing that in cartilage adiponectin has a
pro-inflammatory role thus contributing significantly to the
chemotactic gradient in inflamed joints [15].

Adiponectin is also increased in patients with chronic
liver diseases such as cirrhosis [47]. In addition this adipo-
kine is correlated with liver cell injury, markers of inflamma-
tion and markers of cholestasis [47,48].

Finally, adiponectin is implicated in the inflammatory
response in sepsis. Actually, a recent study shows how adi-
ponectin knock-out mice have a greater mortality compared
with wild-type mice after a cecal ligation and puncture. This
fact may be due to the high plasma inflammatory cytokines
levels in adiponectin knock-out mice [49].

4. Lipocalin 2

Lipocalin 2 (LCN2), also known as siderocalin, 24p3, uteroca-
lin, or neutrophil gelatinase-associated lipocalin, is a 25 kDa
glycoprotein isolated from neutrophil granules, although
WAT is the main source [50]. Its cellular receptor, megalin
(GP330), which is involved in LCN2 cellular uptake, has
recently been described [51]. This adipokine is believed to
bind small lipophilic substances such as steroids and lipo-
polysaccharides [52]. It has been reported that LCN2 plays a
role in the induction of apoptosis in hematopoietic cells [53],
transport of fatty acids [54], modulation of inflammation
[55], or regulation of iron metabolism [56].

It has been known since several years that LCN2 is
increased in acute-phase response [57]. Very recently, it was
demonstrated that IL-1b, alone or in combination with other
adipokines, was able to induce a strongly and rapid rise in
LCN2 expression in murine and human chondrocytes [58].
Moreover, IL-17 and TNF-a, two important mediators of
inflammation in RA and OA [59,60], have been described as
potent inducers of LCN2 expression in pre-osteoblast cell
line MC3T3-E1 [61]. Intriguingly, LCN2 is increased in synovial
fluid of RA patients and this adipokine is produced, in part,
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by neutrophils activated by granulocyte–macrophage colony-
stimulating factor (GM-CSF) [62]. In this scenario, LCN2 may
contribute to the allosteric activation and protection of
MMP-9, a relevant factor that is involved in the degeneration
of the joint in rheumatic diseases [63,64].

LCN2 is elevated in patients with acute kidney injury
[11,65], suggesting that this adipokine could be a promising
biomarker of this illness. Some findings suggest a potential
role of this adipokine in the low-grade chronic inflammation
in obese people. To this regard it has been reported that
LCN2 –KO mice accumulate less macrophages in fat tissues
and the mRNA expression levels of MCP-1 and TNF-a are
lower compared with wild-type mice [66].

Very recently, it has been reported that LCN2 levels are
clearly correlated with liver damage in animal models with
liver injury. In addition, LCN2 is strongly induced in primary
hepatocytes and immortalized hepatocellular carcinoma cell
line HepG2, after IL-1b treatment, through a mechanism that
involves NF-jB activation [67]. Moreover, Chakraborty et al.
showed that LCN2 levels are increased in both mice and
human with severe acute pancreatitis [68]. These authors
suggest a potential role for LCN2 as early biomarker for
severe acute pancreatitis.

5. Resistin

Resistin was discovered in 2001 and it is a 12.5 kDa protein,
which is constituted by 108 amino acids in human and 114
amino acids in mice. It is also called adipocyte-secreted fac-
tor (ADSF) or found in inflammatory zone 3 (FIZZ3). Resistin
belongs to FIZZ family (also known RELMs, resistin-like mol-
ecules) ([69,70]. Mouse and human resistin genomic DNA
are 46.7% similarly and 59% identical at the protein level
[70]. It has been found in adipocytes, macrophages, and
other cell types [71].

It has been reported that this adipokine was able to
induce pro-inflammatory cytokines (IL-6, TNF-a) in human
PBMCs [72]. In addition, elevated levels of resistin have
been detected in synovial fluid from RA patients in compari-
son to healthy subjects [72] and there is an association
between resistin and increased inflammation, joint destruc-
tion, and levels of interleukin 1 receptor antagonist (IL-1RA) in
rheumatoid arthritis female patients [73]. On the contrary,
serum concentration of resistin did not differ in patients with
systemic lupus erythematosus and controls [74]. Recently, it
was also described that resistin increases inflammatory cyto-
kine and prostaglandin E2 production in mice cartilage
explants, as well as an inhibition of proteoglycan synthesis in
human cartilage explants [75]. These findings indicate that
resistin participate in joint inflammatory diseases.

Further evidence to demonstrate that resistin promote
and maintain an inflammatory environment were obtained
using transgenic mice that express human resistin in macro-
phages. The ‘‘humanized resistin mice’’ showed increased
expression of inflammatory markers, including TNF-a, IL-6,
IL-1b, and MCP-1, in WAT after a high fat diet. Furthermore,
these animal models presented augmented macrophage

infiltration compared with control mice, likely due to the
resistin-dependent MCP-1 increase [76]. In line with this,
another study has shown that resistin can promote athero-
sclerosis progression in rabbit by stimulating monocyte infil-
tration to wall vessels and releasing inflammatory cytokines
such as IL-1b, IL-6, and TNF-a [77]. The latter is in agreement
with similar results found in humans [72]. Moreover, it has
been also reported that resistin induces the expression of
IL-6 and IL-8 in human umbilical venous endothelial cells
(HUVEC) [78], but the mechanism evoked by resistin in the
progression of atherosclerosis remains unclear.

Resistin is also implicated in other inflammatory path-
ologies. Animal models of liver injury reveal that serum
resistin is augmented in nonalcoholic steatohepatitis [79]
and the combined injection of resistin and LPS in mice
increases hepatic damage in liver [80]. However, data from
human liver tissue culture reveal that LPS treatment does
not alter resistin concentrations, whereas LPS is able to
increase IL-6, IL-1b, and TNF-a production [81]. Furthermore,
in humans, it is described that serum resistin is increased in
patients with inflammatory bowel disease [82]. Similarly,
Roubicek et al. demonstrated that serum concentrations of
resistin are elevated in patients with end-stage renal disease
versus control subjects [83], suggesting that this adipokine
may play a role in kidney inflammation.

Another recent published study showed higher resistin
levels in critical care patients compared with healthy con-
trols [84]. Serum concentration of resistin was correlated
with inflammatory parameters such as IL-6, C-reactive pro-
tein, and TNF-a, as well as renal failure and liver synthesis
capacity [84]. All together, these data suggest a potential
role of resistin in critically ill patients.

6. Visfatin

Visfatin, also called pre-B-cell colony-enhancing factor
(PBEF) and nicotinamide phosphoribosyltransferase (Nampt),
is a 471 aa (52 kDa) polypeptide encoded by a gene located
in the long arm of chromosome 7 [85]. It is an adipokine
that was originally discovered in liver, bone marrow, and
muscle. However, visfatin is significantly synthesized by vis-
ceral fat [85,86].

It has been reported that visfatin is increased in obe-
sity. Moreover, leucocytes from obese patients produce
higher amounts of visfatin compared with lean subjects, and
specifically, granulocytes and monocytes are the major visfa-
tin producing cells [87,88]. However, leucocytes are not the
only nonfat cell type that synthesizes visfatin. Actually, mac-
rophages have been also described as a source for visfatin
production [89] and, interestingly, this adipokine promoted
macrophage survival by reducing apoptosis [90].

Visfatin is increased in RA patients [10,91] and it is
related with augmented joint damage [91]. It has been
reported that visfatin was localized in the site of invasion of
synovial tissue of RA patients. Moreover, it is able to induce
IL-6, MMP-1, and MMP-3 in RA synovial fibroblasts and
PGE2, MMPs, and ADAMTSs in primary mouse articular
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chondrocytes [92,93]. In addition, Busso et al., using a com-
petitive inhibitor of visfatin, showed a reduction in the
inflammation in collagen-induced arthritis model [94], con-
cluding that visfatin acts as a pro-inflammatory mediator in
joint degenerative diseases.

Visfatin is also increased in patients with chronic kid-
ney disease [95,96]. In addition, its serum levels are signifi-
cantly correlated with adhesion molecules such as vascular
cell adhesion molecules (VCAM) and intracellular adhesion
molecule (ICAM) [97].

Visfatin has been related with endothelial inflamma-
tion, and can be considered as a link for the elevated cardio-
vascular risk in chronic kidney disease patients [98]. In line
with this, it has been reported that visfatin is enhanced in
carotid plaques from atherosclerosis patients [99] and it is
able to induce endothelial nitric oxide synthase (eNOS) mRNA
expression in endothelial cells [100]. Moreover, visfatin
increases inducible nitric oxide synthase (iNOS) expression in
cultured human aortic smooth muscle cells [101], showing a
relevant role in the progression of atherosclerosis.

Furthermore, it has been described that visfatin is
related with inflammatory bowel disease. Serum levels of this
adipokine are increased in patients with active disease [82].

Visfatin is also involved in liver disease, where serum
visfatin levels are increased irrespective of disease stage and
etiology [102]. Visfatin has been also showed to play a key role
in experimental hepatitis, and mice over-expressing hepatic vis-
fatin are more susceptible to liver damage during concanavalin
A and D-galactosamine/LPS-mediated hepatitis. All these data
suggest that targeting this adipokine could be a useful strategy
in the treatment of hepatic inflammation [102].

7. Conclusions

It is now clear that adipokines have multiple roles in metab-
olism, immunity, and inflammation (Fig. 1). In recent years, a
huge amount of data has been obtained to elucidate the
complex interplay between adipokines and inflammatory
response.

Nowadays, it is known that several adipokines (leptin,
adiponectin, lipocalin-2, resistin, and visfatin) participate in
the progression of inflammatory diseases such as rheuma-
toid arthritis, atherosclerosis, chronic kidney disease. These
biofactors act in different ways, inducing pro-inflammatory
factors, synergizing with other well-known mediators of
inflammation, and the final result is a worsening of the
inflammatory status.

Understanding the actions of these biofactors in
inflammatory response could help us to develop certain ther-
apeutic approaches, and then to minimize the risk and the
damage produced by obesity and its inflammatory complica-
tions in several diseases.
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