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Abstract

White adipose tissue is currently considered as an active endocrine organ that secretes
a plethora of factors named adipokines, some of them being of pro-inflammatory na-
ture that likely contribute to the low-level systemic inflammation, a status that is often
present in metabolic syndrome-associated chronic pathologies such as obesity, type
2 diabetes, and atherosclerosis. Leptin is historically indisputably one of the most im-
portant adipokine secreted by fat cells, with a variety of physiological roles ranging
from to the control of metabolism, energy homeostasis and inflammatory response to
cognition. Leptin is also implicated in the connection between nutritional status and
immune competence, modulating both the innate and adaptive immune responses
in normal as well as pathological conditions. It has been shown that conditions char-
acterized by low leptin levels are associated with increased infection susceptibility.
Conversely, immune-mediated disorders such as autoimmune diseases are associated
with increased secretion of leptin and production of proinflammatory cytokines. Thus,
leptin can be easily considered as a frank mediator of metabolic and inflammatory/
immune responses.
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Introduction

White adipose tissue plays a very im-
portant role in the energetic balance
of mammals. This tissue has been
specialized along millions of years in
storing lipids and supplying energy
stores to the whole body whenever it
is necessary. In order to face energetic
requirements, fat cells regulate fatty
acid mobilization in response to alter-
ations of homeostatic status. However,
adipose tissue is not only a reservoir
of fats; it is also an endocrine organ
able to release hormones, peptides,
and cytokines collectively named adi-
pokines; they exert relevant actions
both on metabolism and the immune
system (1). Leptin is the forerunner
of adipokines superfamily and it is
one of the most important hormones
secreted by adipose tissue (2) whose
implications in energy homeostasis at
central level has been previously de-
scribed (3).

Leptin levels signal starvation to
the body, in that a falling in serum lep-
tin concentration leads to neuroendo-
crine modifications aimed to preserve
energy stores for vital functions. Thus,
during fasting period and after reduc-
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tion of body fat mass, there is a decrease in leptin levels that pro-
vokes a reduction of total energy expenditure (4-5). Even these
effects of low leptin levels are designed to increase the survival
chances under starving conditions, the fall in leptin levels may
lead to deep immune suppression (6), in addition to other neu-
roendocrine alterations affecting adrenal axis, and reproductive
function in both genders (7). In fact, both ob/ob mice (lacking
leptin gene) and db/db mice (lacking leptin receptor gene) are
not only obese and diabetic but they present deep immune/en-
docrine alterations observed during starvation (6-8).

In humans, it has been found that leptin levels are associated
with immune response in malnourished babies, which have low
plasma leptin and impaired immune response (9). It is relevant
to stress that leptin signalling deficiency impairs both humoral
and cellular immune responses. The long form of leptin recep-
tor Ob-RbD (that is able to transduce the signal) is expressed in
B and T lymphocytes, suggesting that leptin regulates directly
the B and T cell responses (10). Modulation of the immune sys-
tem by leptin is exerted at several levels including development,
proliferation, anti-apoptotic, maturation, and activation levels
(11). Indeed, leptin receptors have been found in almost all the
cell blood populations including neutrophils, monocytes, and
lymphocytes. Leptin receptor belongs to the superfamily of class
I cytokine receptors and signals through a canonical pathway
involving the Jak2/STATs transducers. However, other relevant
signal transduction pathways such as the Shc/GRB2 pathway
has been described upon activation of leptin receptors long form
(12).

Leptin activity on the immune system is fundamentally
proinflammatory. Indeed leptin activates proinflammatory cells,
promotes T-helper I responses, and mediates the production of
proinflammatory cytokines, such as tumor necrosis factor-alpha
(TNF-a), interleukin-1 (IL-1) or IL-6 (13).

Leptin, inflammation and innate immunity

Consistent with the role of leptin in the mechanisms of immune
response and host defense, circulating leptin levels are increased
in infective processes and experimental models of inflammation
(14-15). Studies of rodents with genetic alteration in leptin or
leptin receptors revealed a strong deficit in macrophage phago-
cytosis and on the expression of proinflammatory cytokines both
in vivo and in vitro, whereas exogenous leptin administration
upregulated both phagocytosis and the production of cytokines
(16-17). Leptin deficiency increases susceptibility to infectious
and inflammatory stimuli and is associated with dysregulation
of cytokine production (17-18). Though, leptin levels increase
acutely during infection and inflammation, and may represent
a protective component of the host response to inflammation
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(19). Recently, Guilak et al (20) carried experiments in leptin
deficient (ob/ob) and leptin receptor deficient (db/db) female
mice to test the hypothesis that obesity may result in increased
knee osteoarthritis (OA), systemic inflammation, and altered
subchondral bone morphology. Authors concluded that extreme
obesity due to impaired leptin signaling induced alterations in
subchondral bone morphology without increasing the incidence
of knee OA. In addition, adiposity in the absence of leptin sig-
naling is insufficient to induce systemic inflammation and knee
OA in female C57BL/6] mice. These results imply a pleiotropic
role of leptin in the development of OA by regulating both the
skeletal and immune systems (20).

Human leptin was found to stimulate proliferation and ac-
tivation of human circulating monocytes in vitro, promoting
the expression of several markers of macrophage activation.
Moreover, leptin (i) increases the expression of monocytes sur-
face markers (21,22), (ii) enhances the stimulatory effect of
lipopolysaccharide (LPS) or phorbol myristate acetate (PMA)
on the proliferation and activation of human monocytes, (iif)
stimulates the production of proinflammatory TNF-a and IL-
6 by monocytes (21), and (iv) increases chemokine expression
in cultured murine macrophage, through activation of long
form of leptin receptor and via the JAK2-STAT3 pathway (23).
Noteworthy, in lung macrophages leptin increases leukotriene
synthesis (24).

Leptin regulates monocyte function as assessed by in vitro
experiments evaluating free radical production; it was shown to
stimulate the oxidative burst in control monocytes (25). In ad-
dition, leptin binding at the macrophage cell surface increases
lipoprotein lipase expression through oxidative stress- and PKC-
dependent pathways. In this line, leptin has been found to in-
crease oxidative stress in macrophages (26). Finally, leptin might
act as a monocyte/macrophage chemoattractant by inducing in
vitro chemotactic responses (27), by mediating the inflamma-
tory infiltrate composition (28) and by inducing tissue factor ex-
pression in human peripheral blood mononuclear cells (29). On
the other hand, human leptin seems to downregulate oxidative
burst in previously activated monocytes (25).

Leptin has been found to augment the production of several
cytokines and interleukins whereas it decreases MIP-1a pro-
duction by dendritic cells. In the same way to leptin effect on
monocytes, it increases the survival of dendritic cells, and it may
also increase the expression of specific surface molecules (30).
Leptin is able to induce functional and morphological changes
in human dendritic cells driving them towards Thl priming
and promoting cell survival via the PI3K-Akt signaling pathway
(31). Leptin receptor deficient mice displayed a marked reduc-
tion of co-stimulatory molecules and a Th2-type cytokine pro-
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file, with poor capacity to stimulate allogenic T cell proliferation.
To note the activity of the PI3K/Akt pathway as well as STAT-3
and IkappaB-alpha in dendritic cells of db/db mice is also down-
regulated. Furthermore, the low number of dendritic cells in db/
db bone marrow culture was attributed to a significant increase
in apoptosis rate, which is also associated with dysfunctional ex-
pression of Bcl-2 family genes (32).

Human polymorphonuclear neutrophils (PMN) have been
found to express leptin receptor in vitro and in vivo and it is
likely to act as a survival cytokine for PMN (33-34). Leptin has
a stimulating effect on intracellular hydrogen peroxide produc-
tion in PMN, although this effect seems to be mediated by the
activation of monocytes (35). Leptin could upregulate cell sur-
face expression of the adhesion molecules ICAM-1 but suppress
ICAM-3 and L-selectin in eosinophils. Moreover, leptin could
also stimulate the migration of eosinophils, and provoke the re-
lease of inflammatory cytokines (36).

Leptin receptors can signal also in Natural Killer (NK)
cells, given that leptin activates STAT3 phosphorylation in these
cells. Consistent with the role of leptin regulating NK cells, db/
db mice have been found to have impaired NK cell function (37-
38). Leptin actions in NK cells include cell differentiation, matu-
ration, activation, and cytotoxic activity (16). Leptin increases
both the development and the activation of NK cells, by increas-
ing IL-12 production and by reducing the expression of IL-15
(37-38). Further, leptin mediates the activation of NK cells in-
directly by modulation of IL-1 by monocytes and macrophages
(29).

Leptin, inflammation and adaptive immunity

Most of the data about the role of leptin in adaptive immunity
came from studies carried on in ob/ob mice. These mice have a
diminished sensitivity of T cells to triggering stimuli. In addi-
tion, these animals show thymus atrophy and other lymphoid
organs (6-8), with a reduction in the number of circulating T
cells, and an increase in the number of monocytes. The ability of
exogenous leptin in preventing thymic atrophy is due to a direct
antiapoptotic effect on T cells (8). Thus, leptin administration
increases thymic expression of important soluble thymocyte
growth factors such as IL-7. Leptin has also a trophic role in sus-
taining thymic epithelium and promoting thymopoiesis.

Acute deficiency of leptin has potent effects on the immune
system, in some cases higher than that observed in ob/ob mice.
Indeed, acute hypoleptinemia in mice induces a strong decrease
in the total number of thymocytes, and a strong increase of the
number of apoptotic cells much more than that observed in
ob/ob mice. Both ob/ob and db/db mice show defects in cell-
mediated immune response which lead to impaired reaction of
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delayed hypersensibility, suppression of skin allograft rejection,
and inhibition of footpad swelling by antigen recall (7,39-41).
Lord et al (6) demonstrated that mouse lymphocytes express
the long form of leptin receptor, and that leptin modulates in
these cells cytokine production. In addition, leptin also regu-
lates the number and activation of T lymphocytes. The prolifera-
tive response to leptin in mice seems to be produced in naive
T cells (CD4+CD45RA+), whereas it has been shown that lep-
tin inhibit proliferation of memory T cells (CD4+CD45RO+)
(6). Leptin provides a survival signal in double positive T cells
(CD4+CD8+) and simple positive CD4+CD8- thymocytes dur-
ing thymic maturation (8). Furthermore, this adipokine induces
the expression of adhesion molecules in CD4+ T cells, such as
VLA-2 (CD49b), or ICAM-1 (CD54) (6-13).

Leptin increases T cell response, shifting cytokine responses
towards a Th1 phenotype in mice (8). The effect of leptin polar-
izing T cells towards a Thl response seems to be mediated by
stimulating the synthesis of IL-2, IL-12 and IFN-gamma and the
inhibition of the production of IL-10 and IL-4 production (29).
In addition to the above reviewed immune regulatory actions,
recent evidence shows that leptin acts as a proinflammatory cy-
tokine. It has been shown that different inflammatory stimuli,
including IL-1, IL-6 or LPS, regulate leptin mRNA expression
as well as circulating leptin levels (14). Furthermore, leptin is
produced by inflammatory-regulatory cells, suggesting that
leptin expression could trigger or participate in the inflamma-
tory process through direct para- or autocrine actions (42). It
has been demonstrated that leptin-deficient mice showed resist-
ance or less susceptibility to the development of both innate and
adaptive immune-mediated inflammatory diseases, including
experimentally induced colitis, experimental autoimmune en-
cephalomyelitis (EAE), type I diabetes and experimentally in-
duced hepatitis (1). The leptin-dependent resistance to the de-
velopment of innate immune-mediated inflammation remains
unknown, but it has been reported an imbalance between pro-
and anti-inflammatory cytokines (43) which suggests that leptin
is able to modify monocytes/macrophages cytokine secretion
pattern through a STAT-3 activated pathway (44). In models of
adaptive immune-mediated inflammation, leptin deficiency im-
plies an imbalance between T, and T, lymphocytes (10), caus-
ing an altered cytokine secretion which could lead to the above
mentioned resistance to inflammation. In any case, the precise
role of leptin in the development of inflammation remains in-
completely understood.

It has been reported that T cells from leptin-resistant (db/db)
mice were unable to develop colitis when transferred to T cell
deficient-mice (45). Furthermore, circulating leptin is elevated
in experimental models of intestinal inflammation, showing a
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correlation with the degree of inflammation, and an association
with the development of anorexia (46). It has also been shown
that serum leptin levels are elevated in adult males with acute
ulcerative colitis, and that inflamed colonic epithelial cells se-
crete leptin to the intestinal lumen, where it is able to activate the
NEF-kB (47). These data suggest that leptin plays a key role in in-
testinal inflammation as well as in the development of anorexia
associated to this inflammatory state.

Concerning EAE, it has been shown that ob/ob mice are re-
sistant to the development of this model of multiple sclerosis.
This resistance is abolished by the administration of leptin,
which is accompanied by a switch from a T, to T, pattern
of cytokine release (48). In addition, and in concordance with
these reports, it has been noticed that the onset of the disease
is preceded by an increase of circulating leptin (49). Further-
more, it has been demonstrated that acute starvation, which is
accompanied by a decrease in circulating leptin levels, delays the
onset of the disease and attenuates the symptoms. Recently, it
has been shown that leptin levels are negatively correlated with
CD4* CD25" regulatory T cells during multiple sclerosis, sug-
gesting that this negative association may have major implica-
tions in the pathogenesis of multiple sclerosis, as well as in the
development of different autoimmune diseases characterized by
T,,, autoreactivity (49). Noteworthy, Matarese et al (42) showed
that leptin is expressed by both macrophages and T cells infil-
trated into the central nervous system (CNS) during EAE. This
interesting report indicates that leptin is produced by immune
cells during acute EAE, and suggests that this hormone could be
participating in the development of CNS inflammatory diseases
not only in an endocrine fashion but also by an auto- or para-
crine way. However, it has been recently demonstrated that T
cell-derived leptin has only a marginal role in the regulation of
the inflammatory process (50). The authors showed that there
were no differences between ob/ob and wild type T cells regard-
ing their ability to induce inflammation, suggesting that other
sources of leptin, different than T-cells, must be critical in lep-
tin modulation of inflammatory responses. The reason for these
discrepant findings remains unclear, but might be related to dif-
ferences in experimental settings (i.e the model of autoimmune
encephalitis, and the transfer model of colitis), and deserves
further investigations. In addition, a recent report by Palmer et
al (51) pushes on the importance of the global neuroendocrine
alterations, rather than local effects of leptin on T-cells, in the
immune defects observed in ob/ob and db/db mice. Indeed, to
study the relative contributions of direct and indirect effects of
leptin on the immune system in a normal environment, these
authors generated bone marrow chimeras by transplantation
of leptin receptor-deficient db/db, or control db/+, bone mar-
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row cells (BMC) into wild-type (WT) recipients. According this
experimental set, the size and cellularity of the thymus, as well
as cellular and humoral immune responses, were similar in db/
db to WT and db/+to WT BMC. Thus, authors suggested that
the immune phenotype of db/db mice is not explained by a cell
autonomous defect of db/db lymphocytes. Conversely, thymus
weight and cell number were decreased in the reverse graft set-
ting in WT to db/db BMC, indicating that expression of the lep-
tin receptor in the environment is important for T cell develop-
ment. Finally, normal thymocyte development occurredin fetal
db/db thymus transplanted into WT hosts, indicating that direct
effects of leptin are not required locally in the thymic microen-
vironment.

Leptin’s actions have also been investigated in other models
of immune-inflammation. In non-obese diabetic (NOD) female
mice, increased serum leptin levels have been reported pre-
ceding the onset of the disease (52). Furthermore, it has been
demonstrated that leptin administration increases both inflam-
matory infiltrates and IFN-gamma production in peripheral T
cells, which speeds-up the destruction of pancreatic beta-cells,
and anticipates the onset of the disease, suggesting that leptin
promotes the development of type 1 diabetes through a T, re-
sponse. Finally, it has been shown that leptin administration
increases both inflammatory and platelet responses in humans
during caloric deprivation (53). In addition, it has been dem-
onstrated that leptin increases susceptibility to hepatotoxicity
through its regulation on T cell activation and cytokine secre-
tion (54).

Leptin receptor is highly expressed on the cell surface of reg-
ulatory T - T(reg) - cells. Leptin can act as a negative signal for
the proliferation of human Foxp3 (+) CD4 (+) CD25 (+) T(reg)
cells. In vitro neutralization with leptin monoclonal antibody
(mAb), during anti-CD3 and anti-CD28 stimulation, resulted
in T(reg) cell proliferation, which was IL-2 dependent. Together
with the finding of enhanced proliferation of T(reg) cells ob-
served in leptin- and ObR-deficient mice, these results suggest a
potential for therapeutic interventions in immune and autoim-
mune diseases (55, for other diseases, see 56-58). These authors
(55) also reported that in monocytes, leptin induces expression
and secretion of the IL-1 receptor using the MAPK pathway that
activates NF-kB. Likewise, the expansion of T(reg) cells follow-
ing anti-leptin neutralization is mediated by the induction of
ERK 1/2 phosphorylation (59).

Conclusions

Leptin plays an important role in the activation of the immune
system, and it is a mediator of inflammation. In this context, lep-
tin is unquestionably one of the mediators responsible for the
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Figure 1. Schematic representation of the pleiotropic nature of leptin on the immune system.

low-grade systemic inflammation that is present in the patho-
genesis of cardiometabolic diseases including atherosclerosis,
hypertension, obesity, type 2 diabetes and metabolic syndrome.
Hence, leptin may be considered a potential therapeutic target
in some clinical situations, such as proinflammatory states or
autoimmune diseases.

During the last 16 years, leptin has been proven to be a plei-
otropic factor that is able to signal, among several organs, the
amount of energy stores and to regulate neuroendocrine axes,
immune function, and energy substrates metabolism. Several
lines of evidence indicates that leptin (or its synthetic or semi-
synthetic analogues) can be a useful therapeutic target in a vari-
ety of dysfunction, most of them characterized by the hormonal
deficiency such as amenorrhea or lipodystrophy. Other potential
therapeutic targets, such as infertility and anorexia, are currently
under intense investigation and hold promising options. A novel
intriguing pharmacological perspective is represented by the
development of a class of drugs that could act as leptin sensi-

tizers are anticipated with greatexpectations. Another emerging
aspect regarding leptin as potential therapeutic target is coming
from the idea of leptin as a factor enhancing the production of
proinflammatory factors in cartilage and as an agent contribut-
ing to the obesity-associated increased risk for osteoarthritis.
Results coming from our laboratory and others suggest that
manipulation of leptin levels is a promising novel mechanism
to be directed in the search and development of novel anti-in-
flammatory and anti-erosive compounds having the good ef-
ficacy. So, the control of the amount of bioavailable leptin by
using a specific soluble receptor (in a similar strategy than that
used with TNF-a in rheumatoid arthritis) might be a good way
to avoid undesired leptin actions in autoimmune-inflammatory
diseases. The blockade of leptin receptor, by using monoclonal
humanized antibodies or leptin mutants able to bind the leptin
receptor without activating it, could be another potential way to
antagonize leptin actions (57,58). Obviously, it will be needed
that these antibodies will not influence food intake to avoid the
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development of hyperphagia and obesity. However, the fact that
leptin actions on food intake are exerted at central level after
crossing the BBB while its effects on inflammation are exerted at
peripheral level opens up this possibility. Unfortunately, the cur-
rent anti-leptin therapy has been developed focusing prevalently
on leptin actions as an adipostatin, which implies trespassing the
BBB. So that, very little is known about protein-based anti-leptin
therapy at present. Nonetheless, considering that most of leptin
effects on immunity and inflammation are mediated through
peripheral receptors, it is conceivable that the development of
the above mentioned strategies could be useful as a novel thera-
peutic approach. The applications of leptin continue to grow and
will hopefully soon be used therapeutically.

Acknowledgements

Javier Conde and Morena Scotece are fellows from IDICHUS
Foundation. Rodolfo Gémez is a pre-doctoral fellow funded by
University of Santiago de Compostela within the Programme
for consolidated research groups (GI-1957). The work of O.G.
and EL. is funded by the Instituto de Salud Carlos III and the
Xunta de Galicia (SERGAS) through a research-staft stabiliza-
tion contract. This work was also partially supported by RETICS
Program, RD08/0075 (RIER) and REDINSCOR from Instituto
de Salud Carlos III (ISCIII), within the VI NP of R+D+I 2008-
2011. The authors gratefully acknowledge the technical assist-
ance of Miss Verdnica Lopez.

References

1. Otero M, Lago R, Lago E, Casanueva FF, Dieguez C, Gomez-
Reino JJ , et al. Leptin, from fat to inflammation: old ques-
tions and new insights. FEBS Lett 2005; 579: 295-301.

2. Zhang Y, Proenca R, Maffei M, Barone M, Leopold L,
Friedman JM. Positional cloning of the mouse obese gene
and its human homologue. Nature 1994; 372:425-432.

3. Flier JS. The adipocyte: storage depot or node on the energy
information superhighway? Cell 1995; 80:15-18.

4. Ahima RS, Prabakaran D, Mantzoros C, Qu D, Lowell B,
Maratos-Flier E, et al. Role of leptin in the neuroendocrine
response to fasting. Nature 1996; 382:250-252.

5. Trayhurn P, Bing C, Wood IS. Adipose tissue and adipok-
ines - energy regulation from the human perspective. ] Nutr
2006; 136(7 Suppl):19355-19398.

6. Lord GM, Matarese G, Howard JK, Baker RJ], Bloom SR,
Lechler RI. Leptin modulates the T-cell immune response
and starvation-induced
Nature 1998; 394: 897-901.

7. Otero M, Lago R, Gomez R, Lago E Gomez-Reino J],
Gualillo O. Leptin: a metabolic hormone that functions like

reverses immunosuppression.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

REVIEW

a proinflammatory adipokine. Drug News Perspect 2006;
19:21-26.

Howard JK, Lord GM, Matarese G, Vendetti S, Ghatei MA,
Ritter MA , et al. Leptin protects mice from starvation-in-
duced lymphoid atrophy and increases thymic cellularity in
ob/ob mice. J Clin Invest 1999; 104:1051-1059.

Palacio A, Lopez M, Perez-Bravo E Monkeberg E
Schlesinger L. Leptin levels are associated with immune
response in malnourished infants. J Clin Endocrinol Metab
2002; 87:3040-3046.

Busso N, So A, Chobaz-Peclat V, Morard C, Martinez-Soria
E, Talabot-Ayer D, et al. Leptin signaling deficiency impairs
humoral and cellular immune responses and attenuates ex-
perimental arthritis. J Immunol 2002; 168:875-882.

Otero M, Lago R, Gomez R, Dieguez C, Lago F, Gomez-
Reino ] , et al. Towards a pro-inflammatory and immu-
nomodulatory emerging role of leptin. Rheumatology
(Oxford) 2006; 45:944-950.

Gualillo O, Eiras S, White DW, Dieguez C, Casanueva FE
Leptin promotes the tyrosine phosphorylation of SHC pro-
teins and SHC association with GRB2. Mol Cell Endocrinol
2002; 190:83-89.

Matarese G. Leptin and the immune system: how nutri-
tional status influences the immune response. Eur Cytokine
Netw 2000; 11:7-14.

Faggioni R, Feingold KR, Grunfeld C. Leptin regulation of
the immune response and the immunodeficiency of malnu-
trition. FASEB ] 2001; 15:2565-2571.

Gualillo O, Eiras S, Lago F, Dieguez C, Casanueva FE
Elevated serum leptin concentrations induced by experi-
mental acute inflammation. Life Sci 2000; 67:2433-2441.
Matarese G, Moschos S, Mantzoros CS. Leptin in immunol-
ogy. ] Immunol 2005; 174:3137-3142.

Loffreda S, Yang SQ, Lin HZ, Karp CL, Brengman ML,
Wang DJ , et al. Leptin regulates proinflammatory immune
responses. FASEB ] 1998; 12:57-65.

Lee FY, Li Y, Yang EK, Yang SQ, Lin HZ, Trush MA , et al.
Phenotypic abnormalities in macrophages from leptin-defi-
cient, obese mice. Am J Physiol 1999; 276(2 Pt 1):C386-394.
Sarraf P, Frederich RC, Turner EM, Ma G, Jaskowiak NT,
Rivet DJ 3rd , et al. Multiple cytokines and acute inflamma-
tion raise mouse leptin levels: potential role in inflamma-
tory anorexia. ] Exp Med 1997; 185:171-175.

Griffin TM, Huebner JL, Kraus VB, Guilak F. Extreme obes-
ity due to impaired leptin signaling in mice does not cause
knee osteoarthritis. Arthritis Rheum 2009; 60:2935-2944.
Santos-Alvarez ], Goberna R, Sanchez-Margalet V. Human
leptin stimulates proliferation and activation of human cir-

Adipobiology 2, 2010



22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

culating monocytes. Cell Immunol 1999; 194: 6-11.

Gabay C, Dreyer M, Pellegrinelli N, Chicheportiche R,
Meier CA. Leptin directly induces the secretion of inter-
leukin 1 receptor antagonist in human monocytes. J Clin
Endocrinol Metab 2001; 86:783-791.

Kiguchi N, Maeda T, Kobayashi Y, Fukazawa Y, Kishioka S.
Leptin enhances CC-chemokine ligand expression in cul-
tured murine macrophage. Biochem Biophys Res Commun
2009; 384:311-315.

Mancuso P, Canetti C, Gottschalk A, Tithof PK, Peters-
Golden M. Leptin augments alveolar macrophage leukot-
riene synthesis by increasing phospholipase activity and en-
hancing group IVC iPLA2 (cPLA2gamma) protein expres-
sion. Am ] Physiol Lung Cell Mol Physiol 2004; 287:1L497-
502.

Sanchez-Pozo C, Rodriguez-Bano ], Dominguez-Castellano
A, Muniain MA, Goberna R, Sanchez-Margalet V. Leptin
stimulates the oxidative burst in control monocytes but
attenuates the oxidative burst in monocytes from HIV-
infected patients. Clin Exp Immunol 2003; 134: 464-469.
Maingrette E Renier G. Leptin increases lipoprotein lipase
secretion by macrophages: involvement of oxidative stress
and protein kinase C. Diabetes 2003; 52:2121-2128.

Gruen ML, Hao M, Piston DW, Hasty AH. Leptin requires
canonical migratory signaling pathways for induction of
monocyte and macrophage chemotaxis. Am J Physiol Cell
Physiol 2007; 293:C1481-1488.

Curat CA, Miranville A, Sengenes C, Diehl M, Tonus C,
Busse R, et al. From blood monocytes to adipose tissue-
resident macrophages: induction of diapedesis by human
mature adipocytes. Diabetes 2004; 53:1285-1292.
Napoleone E, DI Santo A, Amore C, Baccante G, di Febbo C,
Porreca E , et al. Leptin induces tissue factor expression in
human peripheral blood mononuclear cells: a possible link
between obesity and cardiovascular risk? ] Thromb Haemost
2007; 5:1462-1468.

Mattioli B, Straface E, Quaranta MG, Giordani L, Viora M.
Leptin promotes differentiation and survival of human den-
dritic cells and licenses them for Thl priming. J Immunol
2005; 174:6820-6828.

Mattioli B, Giordani L, Quaranta MG, Viora M. Leptin ex-
erts an anti-apoptotic effect on human dendritic cells via
the PI3K-Akt signaling pathway. FEBS Lett 2009; 583:1102-
1106.

Lam QL, Liu S, Cao X, Lu L. Involvement of leptin signal-
ing in the survival and maturation of bone marrow-derived
dendritic cells. Eur | Immunol 2006; 36:3118-3130.
Caldefie-Chezet F, Poulin A, Tridon A, Sion B, Vasson MP.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Conde et al 39

Leptin: a potential regulator of polymorphonuclear neu-
trophil bactericidal action? J Leukoc Biol 2001; 69:414-418.

Bruno A, Conus S, Schmid I, Simon HU. Apoptotic path-
ways are inhibited by leptin receptor activation in neu-
trophils. J Immunol 2005; 174:8090-8096.

Caldefie-Chezet E, Poulin A, Vasson MP. Leptin regulates
functional capacities of polymorphonuclear neutrophils.
Free Radic Res 2003; 37:809-814.

Wong CK, Cheung PF, Lam CW. Leptin-mediated cy-
tokine release and migration of eosinophils: implications
for immunopathophysiology of allergic inflammation. Eur
J Immunol 2007; 37:2337-2348.

Zhao Y, Sun R, You L, Gao C, Tian Z. Expression of lep-
tin receptors and response to leptin stimulation of human
natural killer cell lines. Biochem Biophys Res Commun 2003;
300:247-252.

Tian Z, Sun R, Wei H, Gao B. Impaired natural killer (NK)
cell activity in leptin receptor deficient mice: leptin as a
critical regulator in NK cell development and activation.
Biochem Biophys Res Commun 2002; 298:297-302.

Li Z, Lin H, Yang S, Diehl AM. Murine leptin deficiency
alters Kupfter cell production of cytokines that regulate the
innate immune system. Gastroenterology 2002; 123:1304-
1310.

Guebre-Xabier M, Yang S, Lin HZ, Schwenk R, Krzych U,
Diehl AM. Altered hepatic lymphocyte subpopulations in
obesity-related murine fatty livers: potential mechanism for
sensitization to liver damage. Hepatology 2000; 31:633-640.

Mandel MA, Mahmoud AA. Impairment of cell-mediated
immunity in mutation diabetic mice (db/db). J Immunol
1978;120:1375-1377.

Sanna V, Di Giacomo A, La Cava A, Lechler RI, Fontana S,
Zappacosta S, et al. Leptin surge precedes onset of autoim-
mune encephalomyelitis and correlates with development of
pathogenic T cell responses. ] Clin Invest 2003; 111:241-250.
Faggioni R, Fantuzzi G, Gabay C, Moser A, Dinarello CA,
Feingold KR , et al. Leptin deficiency enhances sensitivity
to endotoxin-induced lethality. Am ] Physiol 1999; 276 (1 Pt
2):R136-142.

Williams L, Bradley L, Smith A, Foxwell B. Signal transduc-
er and activator of transcription 3 is the dominant mediator
of the anti-inflammatory effects of IL-10 in human macro-
phages. ] Immunol 2004; 172:567-576.

Siegmund B, Sennello JA, Jones-Carson J, Gamboni-
Robertson F, Lehr HA, Batra A , et al. Leptin receptor ex-
pression on T lymphocytes modulates chronic intestinal
inflammation in mice. Gut 2004; 53:965-972.

Barbier M, Cherbut C, Aube AC, Blottiere HM, Galmiche

Adipobiology 2, 2010



40

47.

48.

49.

50.

51.

52.

53.

| Leptin, inflammation and metabolism

JP. Elevated plasma leptin concentrations in early stages
of experimental intestinal inflammation in rats. Gut 1998;
43:783-790.

Tuzun A, Uygun A, Yesilova Z, Ozel AM, Erdil A, Yaman H
, et al. Leptin levels in the acute stage of ulcerative colitis. ]
Gastroenterol Hepatol 2004; 19:429-432.

Matarese G, Di Giacomo A, Sanna V, Lord GM, Howard
JK, Di Tuoro A, et al. Requirement for leptin in the induc-
tion and progression of autoimmune encephalomyelitis. ]
Immunol 2001; 166:5909-5916.

Matarese G, Carrieri PB, La Cava A, Perna E, Sanna V, De
Rosa V, et al. Leptin increase in multiple sclerosis associ-
ates with reduced number of CD4(+)CD25+ regulatory T
cells. Proc Natl Acad Sci U S A 2005; 102:5150-5155.
Fantuzzi G, Sennello JA, Batra A, Fedke I, Lehr HA, Zeitz
M, et al. Defining the role of T cell-derived leptin in the
modulation of hepatic or intestinal inflammation in mice.
Clin Exp Immunol 2005; 142:31-38.

Palmer G, Aurrand-Lions M, Contassot E, Talabot-Ayer D,
Ducrest-Gay D, Vesin C, et al. Indirect effects of leptin re-
ceptor deficiency on lymphocyte populations and immune
response in db/db mice. J Immunol 2006; 177:2899-907.
Matarese G, Sanna V, Lechler RI, Sarvetnick N, Fontana S,
Zappacosta S, et al. Leptin accelerates autoimmune diabetes
in female NOD mice. Diabetes 2002; 51:1356-1361.
Canavan B, Salem RO, Schurgin S, Koutkia P, Lipinska I,

54.

55.

56.

57.

58.

59.

REVIEW

Laposata M , et al. Effects of physiological leptin admin-
istration on markers of inflammation, platelet activation,
and platelet aggregation during caloric deprivation. J Clin
Endocrinol Metab 2005; 90:5779-5785.

Sennello JA, Fayad R, Morris AM, Eckel RH, Asilmaz E,
Montez J , et al. Regulation of T cell-mediated hepatic in-
flammation by adiponectin and leptin. Endocrinology 2005;
146:2157-2164.

De Rosa V, Procaccini C, Cali G, Pirozzi G, Fontana S,
Zappacosta S , et al. A key role of leptin in the control of
regulatory T cell proliferation. Immunity 2007; 26:241-255.

Chaldakov GN, Tonchev AB, Tungel N, Atanassova P,
Aloe L. Adipose tissue and mast cells. Adipokines as Yin-
Yang modulators of inflammation. In: G. Fantuzzi and T.
Mazzone, editors. Nutrition and Health: Adipose Tissue
and Adipokines in Health and Disease. Humana Press Inc.,
Totowa, NJ. 2005; pp 151-158.

Gertler A, editor. Leptin and Leptin Antagonists. Landes
Bioscience, Austin, Texas, USA. 2009.

Shpilman M, Niv-Spector L, Katz M, Varol C, Solomon G,
Ayalon-Soffer M, et al. Development and characterization
of high affinity leptins and leptin antagonists. ] Biol Chem
2010; Epub Nov 30.

Procaccini C, Lourenco EV, Matarese G, La Cava A. Leptin
signaling: A key pathway in immune responses. Curr Signal
Transduct Ther 2009; 4: 22-30.

Adipobiology 2, 2010



