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1. ABSTRACT

The identification of spontaneous mutations in the leptin-
and leptin receptor (ObR)-encoding ob and db gene,
respectively, opened up a new field in obesity research.
Leptin, an adipocyte-derived hormone, mirrors the body’s
fat stores and thereby informs the brain about the body’s
energy status. In the hypothalamus, leptin triggers specific
neuronal subpopulations, like POMC and AgRP/NPY
neurons, and activates several intracellular signaling events,
including the JAK/STAT, MAPK, PI3K and mTOR
pathway, which eventually translates into decreased food
intake and increased energy expenditure. Leptin is also
involved in the regulation of other physiological processes
including reproduction, bone homeostasis and immune
function. Here, we review the pathways that are activated
upon ObR activation, how ObR expression is controlled
and the molecular mechanisms leading to leptin resistance,
i.e. the inability to adequately respond to elevated leptin
levels and therefore a primary risk factor for obesity.
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2. INTRODUCTION

During the last decade, obesity and obesity-
related conditions like type 2 diabetes, heart disease and
cancer represent a steadily increasing health risk
worldwide. Therefore, research on the mechanisms
regulating energy homeostasis, the balance between food
intake and energy expenditure, has rapidly expanded in
recent years. Leptin is a 16 kDa polypeptide that is mainly
produced and secreted by the white adipose tissue (1).
Plasma leptin levels correlate with the amount of body fat
(2) and have a central effect on the regulation of food
intake and energy expenditure by activating the
hypothalamic leptin receptor (ObR) (3-6). Moreover, leptin
also plays an important role in the regulation of energy-
demanding processes such as reproduction, angiogenesis,
bone homeostasis, wound healing and regulation of
immune responses (7-13). Leptin also regulates glucose
homeostasis and lipid metabolism independently of its
central weight regulatory function, partly via direct action
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Figure 1. Schematic overview of the leptin receptor isoforms (in rat). All leptin receptor isoforms share the same ligand-binding
extracellular domain consisting of two cytokine receptor homology (CRH) domains separated by an immunoglobulin (Ig)-like
domain and followed by two membrane proximal fibronectin type IIT (FNIII) domains. Except for the secreted ObRe isoform, the
ODbR is anchored in the membrane via its transmembrane region. JAKs associate constitutively with a conserved box 1 motif,
which is critical for JAK2 activation. A putative box 2 motif, apparently required for maximal activation of JAK?2, has also been
identified. Additionally, ObRb has three conserved tyrosines in its cytoplasmic domain, corresponding to positions Y985, Y1077,

and Y1138 (murine numbering).
on pancreatic B-cells and hepatocytes (14-16).

Leptin resistance, a primary risk factor for the
development of obesity, refers to the reduced ability of
leptin to induce a suppression of appetite and weight gain.
Multiple factors may underlie the molecular mechanism
leading to the onset of this phenomenon, including defects
in leptin transport across the blood-brain barrier (BBB), in
leptin signaling (like the control of ObR expression or
negative feedback regulation) and/or in the central neural
circuitry that regulates energy homeostasis.

This review provides an update on leptin signal
transduction, focusing on the role of individual signaling
pathways and their effect on gene expression induced by
leptin. How leptin signaling is negatively regulated and
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possible mechanisms underlying leptin resistance are also
discussed.

3. THE LEPTIN RECEPTOR

The leptin receptor (ObR) is a single membrane-
spanning receptor of the class 1 cytokine receptor family
(17). At present, six ObR isoforms, produced by alternative
splicing of the db gene, have been identified in rat (ObRa —
ObRf) (Figure 1). In mice and human, only five (ObRa-
ObRe) and four (ObRa-ObRd) alternative spliced isoforms
have been described, respectively (7,17). They all share the
same complex extracellular domain, consisting of two
cytokine receptor homology (CRH) domains separated by
an immunoglobulin (Ig)-like domain and followed by two
membrane proximal fibronectin type III (FN III) domains.
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The membrane proximal CRH2 domain is necessary and
sufficient for leptin binding with an affinity in the
nanomolar range (18). The two FN III domains have no
affinity for the ligand, but nevertheless are essential for
receptor activation since mutation of two conserved
cysteines on positions 672 and 751 completely blocks
leptin signaling (19). The Ig-like domain is also critical for
receptor activation since receptors lacking this domain are
properly expressed on the cell surface and bind leptin
comparable to the wild type receptor, but fail to activate the
associated Janus kinases (JAKs) and subsequent leptin
signaling (20, 21). The role of the membrane distal CRH1
domain is still unclear. So far, most studies were based on
overexpression of ObR deletion mutants. Additional studies
in mouse models expressing, at physiological levels, an
ObR variant lacking this domain might provide more
insight. Only the long isoform (ObRb) has an extended
intracellular domain of 301 amino acids with binding sites
for downstream signaling molecules. The phenotype of
db/db mice that lack the ObRb is similar to that of leptin-
deficient ob/ob mice including morbid obesity,
hypothermia, hyperglycemia, hyperlipidemia, decreased
insulin sensitivity and infertility (5, 22-25). Mice with a
neuron-specific disruption of ObR exhibit obesity (26),
while neuron-specific restoration of ObRDb expression
reverses the obese phenotype in ObRb-null animals (27-
29), indicating that the regulatory effect of leptin on body
weight is controlled in the brain. The ObRb is present in
several neural tissues, but is highly expressed in multiple
hypothalamic regions including the arcuate nucleus (ARC),
the ventromedial hypothalamus (VMH), the paraventricular
nucleus (PVN), the dorsomedial hypothalamus (DMH), the
lateral hypothalamic area (LHA) and the ventral
premammillary nucleus (PMV) (30-37). Leptin action on
two distinct populations of ARC neurons is well described.
One population synthesizes the orexigenic (appetite-
stimulating) neuropeptides neuropeptide Y (NPY) and
agouti-related peptide (AgRP) (38), while the other
population synthesizes the anorexigenic (appetite-
depressing) neuropeptides cocaine and amphetamine-
related transcript (CART) and pro-opiomelanocortin
(POMC). POMC is processed further to produce alpha-
melanocyte-stimulating hormone (aMSH) which signals by
activating melanocortin receptors, MC3R and MC4R.
Deletion of MC3R or MC4R (or both) results in leptin
resistance and obesity in mice (39, 40). ObR activation of
POMC neurons triggers POMC expression and stimulates
oaMSH secretion (41-43). Specific expression of ObRb in
POMC neurons leads to a marked decrease in energy intake
and a modest reduction in body weight in db/db mice, but
remarkably completely normalized blood glucose levels
and locomotor activity (44). Reciprocally, leptin inhibits
NPY/AgRP neurons and suppresses the secretion of NPY
and AgRP (45). AgRP is a potent antagonist of aMSH
signaling and opposes the anorexigenic action of POMC
(46). AgRP neurons also innervate POMC neurons and
thereby inhibit POMC neuronal activity by releasing
inhibitory gamma-aminobutyric acid (GABA). Leptin
inhibits GABA release from AgRP neurons thereby
reducing the inhibitory effect on POMC neurons (43).
Remarkably, selective deletion of ObRb in POMC or AgRP
neurons only results in a mild obese phenotype indicating
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that other, extra-arcuate neurons (in the VMH, DMH,
LHA,...) are involved in the control of energy homeostatis
by leptin (35, 47, 48). Moreover, POMC expressing
neurons in the ARC are innerved by ObRDb expressing
neurons in the VMH, whereby the strength of the excitatory
input from the VMH was diminished by fasting (49) and
targeted deletion of the ObRb in a subpopulation of VMH
neurons (SF-1 neurons) induces obesity (50). Synaptic
plasticity adds another level of complexity to the regulation
of leptin signaling. Leptin rapidly modifies synaptic
connections between ARC neurons, inducing changes in
the balance of excitatory and inhibitory synapses to both
POMC and NPY-expressing neurons (51) and ARC neural
projections are permanently disrupted in diet-induced obese
rats (52).

In addition to the brain, the ObRb is also
expressed in multiple peripheral tissues, including the
pancreatic islets, adipose tissue, skeletal muscle, the liver
and immune cells. In the pancreatic islets, leptin directly
inhibits insulin expression and secretion (53, 54). In the
liver and white adipose tissue, leptin inhibits lipogenesis
and stimulates lipolysis (55, 56) and adipocyte-specific
overexpression of ObRb prevents diet-induced obesity
(DIO) in mice (57). Leptin directly promotes fatty acid
oxidation in isolated adipocytes and skeletal muscles (55,
58, 59) and decreases lipid levels in isolated livers. Liver-
specific overexpression of ObRb prevents hepatic steatosis
in ObR-deficient fa/fa rats (60, 61). However, deletion of
the ObRbD in these pheripheral tissues has no effect on
energy balance, body weight or glucose homeostasis in
mice, indicating that these processes are mainly directed by
the central effects of leptin in the brain (62).

Increasing evidence also indicates that leptin
plays a pro-inflammatory role in the regulation of innate
and adaptive immune responses. Leptin enhances the
proliferation and maturation of T cells, macrophages,
natural killer (NK) cells and dendritic cells and promotes
the production of pro-inflammatory cytokines leading
towards a T helper 1 (Tyl) immune response (10, 12, 63-
65). Leptin also acts a negative signal for the proliferation
of regulatory T cells (Tge,), Which express high levels of
both leptin and the ObRb (66). These findings may partly
explain why ob/ob mice show increased susceptibility to
infection and resistance to T cell-mediated autoimmune
disorders (67-71) and the increased risk of infection and
reduced incidence of autoimmunity in individuals with low
leptin levels (68, 72).

The four splicing variants ObRa, ObRc, ObRd
and ODbR( (the latter only in rat) share the extracellular and
transmembrane region and the first 29 intracellular amino
acids and diverge thereafter, comprising only 3-11
additional intracellular residues. The ObRa is the most
widely expressed isoform and exhibits some signaling
capacity in overexpression experiments (73, 74). Whether
these short isoforms are still able to bind JAK2 and signal
in vivo is still doubtful since none of the short isoforms
mediate activation of JAK2 at physiologic levels of JAK2
(75,76). A role for ObRa in leptin internalization and
subsequent degradation and leptin transport across the
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blood-brain barrier has been suggested (77-79). The soluble
isoform, ObRe, lacks the transmembrane and cytoplasmic
parts. In humans, a soluble ObR is formed by shedding of
the extracellular domain of the membrane-bound receptor
isoforms by surface metalloproteases (80, 81). We recently
demonstrated that Ring Finger Protein 41 (RNF41), an
interaction partner of type 1 cytokine receptor complexes,
sends the ObRDb to subcellular compartiments where
ectodomain shedding occurs by metalloproteases of the
ADAM (A Disintegrin And Metalloprotease) family,
ADAMI10 and ADAM17 (82). These soluble receptors may
prolong the half-life of leptin by regulating the amount of
free and protein-bound leptin in circulation, thereby
altering leptin receptor signaling and leptin clearance (83-
86). Soluble leptin receptors antagonize the permeation of
leptin across the mouse blood-brain barrier by reducing the
binding and endocytosis of leptin and thereby may
attenuate central leptin receptor signaling (87, 88).

4. LEPTIN RECEPTOR ACTIVATION

The ObRb has no intrinsic kinase activity and
therefore relies on the kinase activity of the constitutively
associated tyrosine kinase of the Janus kinase family, JAK2
(89). A well conserved membrane-proximal proline-rich
region in the ObRD, called the box1 motif, is essential for
JAK?2 association, while a less well defined box2 motif
(which is absent in the short isoforms) also contributes to
JAK activation (75, 76).

According to the current view of the ObRb
complex and activation mechanism, receptors exist as
preformed dimers (or oligomers) (90-93), possibly
stabilized by disulfide bridges between residues in the
CRH2 domains during receptor biosynthesis (19). ObRb
and ObRa were shown to homo-dimerize in the absence of
ligand, while hetero-dimerisation between both isoforms
was only observed in the presence of leptin (91). Recently,
formation of ObRb/ObRa and ObRb/ObRc complexes at
the plasma membrane was demonstrated using
bioluminescence resonance energy transfer (BRET) and
optimized  co-immunoprecipitation. However, these
complexes do not seem to alter JAK/STAT signaling by the
ODbRDb (94). This observation can further be explained by
the proposed hexameric leptin:ObR model (95). Higher-
order receptor clustering may help to understand why the
ODRD is able to signal in the presence of an excess ObRa as
seen in many tissues.

Binding of leptin to the extracellular domain of
the ObRbD results in juxtaposition of the catalytic domains
of the associated JAKs and induces transphosphorylation
on two conserved tyrosines Y1007 and Y1008 in the
activation loop of JAK2, allowing subsequent
phosphorylation on additional tyrosines in JAK2 and the
intracellular domain of the ObRb (96-98). At least two
JAK2 molecules within the receptor complex are required
for JAK transactivation (20, 89, 99). A complementation-
of-signaling strategy suggests that at least three ObRb
chains are needed in the leptin:ObRb complex and that
higher order clustering is determined by the extracellular
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domains of the ObRb (20). Based on these observations our
group proposed a hexameric leptin:ObRb complex whereby
two leptin molecules cluster two preformed leptin receptor
dimers (95).

Next to the transphosphorylation, activated JAK2
phosphorylates three conserved tyrosines residues in the
intracellular domain of the ObRb (Y985, Y1077 and Y1138
in the murine ObRb or Y986, Y1079 and Y1141 in the
human ObRD) (98, 100). These phosphorylated tyrosine
residues in JAK2 and the ObRb then serve as specific
docking sites for downstream signaling molecules with
phosphotyrosine-recognizing Src homology 2 (SH2)
domains whereby the specificity of the interaction is
determined by the amino acids surrounding the
phosphorylated tyrosine. Replacement of the three
tyrosines in the ObRb with phenylalanines induces marked
leptin resistance and obesity. However, the mutant mice are
less obese and less hyperglycemic than db/db mice,
indicating that the ObRDb can mediate some actions
independently of these tyrosines (e.g. via JAK2) (101).
Recently it was also shown that mice expressing a truncated
ObRb lacking all intracellular tyrosines had a similar
phenotype as db/db animals in terms of energy homeostasis,
neuroendocrine and immune function, and the regulation of the
hypothalamic arcuate nucleus, but demonstrated modest
improvements in glucose homeostasis (102).

Using a JAK2 deficient cell line, JAK2-
independent ObR signaling was described and attributed to
kinases of the Src family (103). However, compensation by
other JAK family members cannot be ruled out in this
experimental set-up. Moreover, since mutant mice where
all three ObR tyrosines are mutated to phenylalanines, are
less obese and less hyperglycemic than db/db mice, the
same group demonstrated that tyrosine phosphorylation-
independent leptin signaling cannot be excluded (101).

5. LEPTIN RECEPTOR SIGNALING PATHWAYS

Activation of the ObRDb initiates a cascade of
signal transduction pathways (Figure 2). Knock-out and
knock-in phenotypes of key molecules involved in central
leptin receptor signaling are summarized in Table 1.
Aberrant signaling may play an important role in the
etiology of leptin resistance.

5.1. The JAK/STAT pathway

The best studied pathway activated by leptin is
the JAK/STAT (Janus kinase/signal transducers and
activators of transcription) pathway. Tyrosine 1138 of the
ODbRD lies within a YXXQ motif (also called box 3), the
consensus binding motif for STAT3 (104). Upon ligand
binding and JAK2 activation, STAT3 transiently binds via
its SH2 domain to phospho-Y1138, becomes
phosphorylated by JAK2 on Y705 and translocates as
dimers to the nucleus where it modulates the transcription
of several target genes (see further) (22, 105, 106).
Phosphorylation of STAT3 on S727 in the activation
domain was shown to be necessary for the full
transcriptional activity of STAT3 in several cell systems
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Table 1. Knock-out and knock-in phenotypes of key proteins involved in central leptin receptor signaling

Knock-out/in pattern

Protein Systemic Neuronal POMC Phenotype (not limiting) Ref.
leptin (ob/ob) X obesity syndrome, infertility 5
ODRD (db/db) X obesity syndrome, infertility 23-25
ObRb X obesity syndrome, infertility 26
ObRb X modest obesity 35,47-48
ObRD (Y->F) X similar as db/db mice, although less obese and hyperglycemic 101
ObRD (truncated) X similar as db/db mice, although less hyperglycemic 102
ObRbLS'*® or STAT3™" X obesity syndrome, although less hyperglycemic and still fertile 115,118
in ObRb expressing 130
cells
ObRD (/1) X neuroendocrinologically normal, fertile, enhanced leptin sensitivity, | 146

decreased feeding
STAT3 X leptin resistance, obesity syndrome, infertilty 116, 117
STAT3 X modest obesity 121
STATS X leptin resistance, obesity 136
MC3R & MC4R X leptin resisitance, obesity syndrome 39,40
PRMT2 X hypophagic, lean, more resistant to DIO 113
SHP2 (DN) X leptin resistance, obesity 141
SHP2 X elevated adiposity, decreased leptin sensitivity and energy | 142
expenditure

SH2BI1 X X leptin resistance, obesity syndrome 156, 157
SH2B1 (OE) X resistance to DIO 157
FoxOl1 (CA) X leptin insensitivity 158,159
FoxO1 X increased leptin sensitivity, decreased body weight 158, 159
IRS2 X obesity syndrome 165, 166
IRS2 X obesity syndrome 167, 168
IRS2 X no apparent body weight phenotype 169, 170
PTEN X increased leptin sensitivity, decreased adiposity 177
PTEN X leptin resistance, obesity 178
PDK1 X modest obesity 179
Insulin receptor X leptin resistance, obesity 183
APMK (DN) X reduced food intake and body weight 189
AMPK (CA) X attenuation of leptin’s anorexigenic effects 189
AMPKa2 X prevention of glucose sensing 186
CaMKK2 X protection from hig-fat DIO and glucose intolerance 191
Crtcl X obesity, infertility 192
RSK X decreased leptin sensitivity 150
RSK (DN) X decreased leptin sensitivity 194
RSK (CA) X enhanced leptin sensitivity 194
TSCI X leptin resistance, obesity 197
BBS X leptin resistance, obesity 204, 205
Ob-RGRP X enhanced leptin sensitivity 206
SOCS3 X enhanced leptin sensitivity 212
SOCS3 X enhanced leptin sensitivity 214
SOCS3 (OE) X leptin resistance, obesity, glucose intolerance 215
PTPIB X enhanced leptin sensitivity and protection from DIO 219,221
PTPIB X enhanced leptin sensitivity and protection from DIO 220,222
PTPIB X enhanced leptin sensitivity and protection from DIO 142
IKKB X protection from high-fat DIO 237
TLR4 (DN) X protection from high-fat DIO 241
MyD88 X protection from high-fat DIO 242

Obesity syndrome includes hypothermia, hyperphagia, hyperglycemia and hyperlipidemia, CA: constitutively active; DN:

dominant-negative; OE: overexpression; DIO: diet-induced obesity
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Figure 2. Schematic overview of leptin receptor signaling in the hypothalamus. The contribution of the several leptin-activated
pathways is described in section 5. ObRb: leptin receptor long isoform, POMC: pro-opiomelanocortin; NPY: neuropeptide Y;
JAK2: Janus kinase 2; STAT: signal transducers and activators of transcription; Erk: extracellular signal-regulated protein kinase;
SHP2: SH2-containing protein tyrosine phosphatase 2; Grb2: growth factor receptor-bound protein-2; PI3K: phosphatidylinositol
3-kinase; AMPK: 5’-AMP-activated protein kinase; mTOR: mammalian target of rapamycin; ER: endoplasmic reticulum; SOCS:
suppressor of cytokine signaling; IRS: insulin receptor substrate; PIP,: phosphatidylinositol 4,5-diphosphate; PIP;:
phosphatidylinositol 3,4,5-triphosphate; PDK: 3-phosphoinositide dependent protein kinase; FoxO1: forkhead box O1; PTEN:
phosphatase and tensin homologue; PDE3B: phosphodiesterase 3B; ACC: acetyl-CoA carboxylase; Ctrcl: Creb-regulated
transcription coactivator-1; RSK: ribosomal S6 kinase; TSC: tuberous sclerosis protein; PTP1B: protein tyrosine phosphatase 1B;
IKK: inhibitor of nuclear factor kappa-B kinase subunit beta; P: phosphate

and STAT35?* knock-in mice (107-110). The kinase(s)
responsible for STAT3 S727 phosphorylation upon leptin
stimulation are still poorly investigated and a role for
extracellular signal-regulated protein kinase (ERK) and c-
Jun NH2-terminal kinase (JNK) has been suggested (111,
112). Recently, STAT3 was shown to be methylated by
protein arginine N-methyltransferase 2 (PRMT2) on
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arginine 31 and that PRMT2-deficient mice are
hypophagic, lean, have significantly reduced serum leptin
levels and are more resistant to DIO (113). Although
methylation of STAT3 seems to occur in vivo, the
importance of arginine 31 in STAT signaling is still under
debate (243). Additional posttranslational modifications of
STAT3, like acetylation (114), may also influence STAT3
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activity. However, acetylation of STAT3 after leptin
stimulation was not demonstrated so far.

Homologous replacement of tyrosine 1138 with
serine (ObR 3!'*%) or deletion of neuronal STAT3 results in
severe hyperphagia and morbid obesity, indicating that the
JAK2-STAT3 pathway is indispensable for the
hypothalamic anorectic actions of leptin (115-118).
Biochemical blockage of STAT3 activation has pinpointed
the essential role of STAT3 for the acute effects of leptin
on food intake and glucose homeostasis (119). POMC
expression is directly induced by leptin via a STAT3
responsive element in the POMC promoter (120) and ObR
SU38  mice display a suppression of hypothalamic
melanocortin activity confirming that STAT3 participates
in energy homeostatis by regulating POMC expression
(115). Despite this however, genetic inactivation of STAT3
in POMC-expressing neurons did not completely abolish
the anorexigenic effect of leptin and causes only mild
obesity and no increased sensitivity to a high-fat diet. So,
the STAT3-POMC pathway forms only part of the energy
homeostatic response to leptin and/or STAT3-dependent
effects in other cells are also involved (121). A second
well-characterized effect of leptin is the negative regulation
of the orexigenic neuropeptides NPY and AgRP. Mice
lacking STAT3 expression in AgRP/NPY neurons are
mildly hyperphagic, hyporesponsive to leptin and display
increased levels of basal NPY expression while AgRP
expression remains relatively constant (122, 123). Another
STAT3-mediated effect of leptin is the upregulation of
thyrotropin-releasing hormone (TRH) that enhances thyroid
function and results in increased energy expenditure (124-
126). Since STAT3 acts as a transcription factor, activation
and translocation to the nucleus of STAT3 leads to the
modulation of expression of several leptin-responsive
genes, including several genes encoding neuropeptides (see
above) and inflammation-related proteins (127). One very
well-studied direct target of leptin, suppressor of cytokine
signaling 3 (SOCS3), a feedback inhibitor of lepin
signaling that has been suggested as a potential mediator of
central leptin resistance (128, 129), will be discussed
further in this review.

ObR 3'"*% mice are less hyperglycemic compared
to db/db mice and are still fertile (16, 115) indicating that
STAT3-independent pathways are mediating the effects of
leptin on other physiological processes like reproduction
and glycemic control. This was also confirmed by the
observation that although mice with a specific deletion of
STAT3 in ObRb expressing cells are leptin resistant,
hyperphagic and obese, they still exhibit normal fertility
(130).

In addition to STAT3, leptin also induces
phosphorylation of STAT1, STATS and STAT6 in cultured
cells (22, 131, 132), but only leptin-induced STATS
phosphorylation in the hypothalamic ARC of mice (133)
and STATS5 nuclear translocation in rat hypothalamic
nuclei (134) were detected. Upon leptin stimulation,
STATS binds to phospo-Y 1077 and phospho-Y 1138 on the
ObRb (100, 133, 135) and deletion of both STAT5A and
STATSB in the central nervous system causes leptin
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resistance, hyperphagia and obesity, but to a lesser extent
than STAT3 deletion, indicating that the JAK2/STATS
pathway may contribute to the leptin dependent regulation
of energy balance and body weight (136). However, at
present no specific target genes or effects mediated by
leptin-induced STATS activation are known and these are
difficult to assess given the shared pY 1138 binding site on
the ObRb with STAT3 which hampers mutational studies.

5.2. The SHP2/MAPK pathway

Leptin induces phosphorylation of Y985 in the
ObRD, thereby creating a binding site for the carboxy-
terminal SH2 domain of SH2-containing protein tyrosine
phosphatase 2 (SHP2) (98, 137-139). SHP2 becomes itself
phosphorylated, recruits the adaptor protein growth factor
receptor-bound protein-2 (Grb2) and induces JAK2-
dependent activation of the extracellular signal-regulated
kinase 1/2 (ERK1/2) mitogen-activated protein kinase
(MAPK) in cultured cells and the hypothalamus (73, 137,
140, 141). Leptin also activates, but to a lesser extent, the
MAPK pathway independent of Y985 and phosphorylation
of SHP2, probably via direct binding of Grb2 to JAK2
(137). A catalytic inactive SHP2 mutant blocks leptin-
mediated ERK activation by the ObRb (137). The
physiological importance of the SHP2/MAPK pathway is
underscored by the observations that neuron-specific
deletion of SHP2 results in early-onset obesity and leptin
resistance and that pharmacological inhibition of ERK1/2
in the hypothalamus reverses the anorectic and weight-
reducing effects of leptin (140, 141). Mice with POMC
neuron-specific deletion of the gene encoding SHP2 have
elevated adiposity, decreased leptin sensitivity, and reduced
energy expenditure (142). ERK-dependent upregulation of
the immediate early genes egr-I and c-fos has been
demonstrated in cell culture and in vivo in the
hypothalamus (137, 143, 144) and analysis of ObR S''%
knock-in mice confirmed that c-fos upregulation is
independent of STAT3 activation (145). Knock—in mice
(/) homozygous for a Y985 to leucine mutation are
neuroendocrinologically normal and fertile, but females
demonstrate decreased feeding, decreased expression of
orexigenic neuropeptides, protection from high-fat DIO,
and increased leptin sensitivity in a sex-biased manner
(146). More recently, young homozygous Y985F mice
were shown to be slightly leaner, although they exhibit
adult-onset or DIO (147). These phenotypes probably do
not reflect the effect of the Y985F mutation on leptin-
induced ERK activation, but are consistent with the known
role of Y985 in the ObRb as a binding site for SOCS3, a
negative regulator of leptin receptor signaling (see further).

A leptin-dependent increase of hypothalamic
mammalian target of rapamycin (mTOR) activity and
subsequent ribosomal protein S6 phosphorylation were
shown to be required for leptin’s anorectic effect (148, 149)
(see further). Reduced hypothalamic mTOR signaling may
contribute to the development of hyperphagia, weight gain,
and leptin resistance during diet-induced obesity (150). In
vitro studies have demonstrated that Y985 and ERK are
required for the phosphorylation of S6 by the ribosomal S6
kinase (RSK), which enhances cap-dependent translation
and protein synthesis (133).
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Other members of the MAPK family (p38 and
JNK) have also been reported to be activated by leptin in
several cell types (144, 151), but the associated pathways
have not been well characterized.

5.3. The PI3K pathway

ObRb activation induces phosphorylation of
several members of the insulin receptor substrate (IRS)
family (73, 152-154). IRS1 and particularly IRS2 are both
recruited to the ObRb via SH2B1, an interaction partner of
JAK2 (153, 155). Genetic deletion of SH2BI1 results in
severe leptin resistance, hyperphagia and morbid obesity in
mice (156), while neuron-specific restoration of SH2BI
corrected the metabolic disorders in SH2B1 knock-out
mice and improved JAK2-mediated leptin signaling and the
regulation of orexigenic neuropeptide expression in the
hypothalamus (157). Moreover, neuron-specific
overexpression of SH2B1 dose-dependently protected
against high-fat diet-induced leptin resistance and obesity
(157). SH2B1 also enhances JAK2 activity, thereby
promoting the activation of leptin-dependent pathways
downstream of JAK2 (155). These observations suggest
that neuronal SH2B1 regulates leptin sensitivity, energy
balance and body weight. IRS4 was found to interact with
the phospho-Y1077 motif of the ObRb using MAPPIT
(MAmmalian Protein-Protein Interaction Trap), a cytokine
receptor-based two-hyrid method and to function as an
adaptor protein, interacting with the regulatory p85 subunit
of the phosphatidylinositol 3-kinase (PI3K), phospholipase
C gamma, and the SOCS family members SOCS2, SOCS6,
and SOCS7 (152). IRS activation in turn recruits the
regulatory p85 subunit and activates PI3K, leading to the
accumulation of its product phosphatidylinositol 3.4,5-
triphosphate (PIP;). PIP; activation leads to sequential
activation of 3-phosphoinositide-dependent protein kinase
1 (PDK1) and Akt culminating in the inhibition of the
transcription factor Forkhead box O1 (FoxOl), which
(when activated) stimulates the transcription of the
orexigenic peptides NPY and AgRP, but suppresses the
transcription of anorexigenic POMC. FoxOl1 appears to
antagonize STAT3 action in both AgRP and POMC
neurons (158-160). Therefore, ARC-specific
overexpression of a constitutively active FoxO1 mutant
results in a loss of the ability of leptin to curtail food intake.
Conversely, siRNA-mediated knockdown of FoxO1 in the
ARC increases leptin sensitivity and decreases food intake
and body weight (158, 159). Moreover, in hypothalamic
cells leptin induces phosphorylation of PTEN (phosphatase
and tensin homologue), a negative regulator of PI3K
signaling, by casein kinase II (CK2) and glycogen synthase
kinase 3 (GSK3) and thereby inhibits its phosphatase
activity (161, 162).

Additionally, PI3K-dependent activation of
cyclic nucleotide phosphodiesterase 3B (PDE3B), a cAMP-
degrading enzyme, has been shown in the hypothalamus
and intracerebroventricular (icv) injection of the PDE3
inhibitor cilostamide, blocked the inhibitory effect of leptin
on food intake and body weight (163). Cilostamide
completely reversed leptin-induced POMC expression in
the rat hypothalamus suggesting a PDE3B-dependent
POMC induction mechanism (164).
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A crucial role for the PI3K pathway in leptin
signaling is underscored by several observations. IRS2”
mice are hyperphagic and obese (165, 166) and neuron-
specific deletion of IRS2 causes an obese, hyperphagic
phenotype in mice, establishing a crucial role for IRS2 in
brain control of energy homeostasis (167, 168), although
IRS2 deletion from POMC neurons has no apparent body
weight phenotype (169). PI3K signaling in POMC neurons
seems essential for the acute suppression of food intake
elicited by leptin, but is not a major contributor to the
regulation of long-term energy homeostasis (170). In vivo
studies implicate the PI3K/PDE3B pathway in the
suppression of NPY/AgRP neurons in the ARC (171, 172).
PI3K-dependent leptin signaling has been shown to open
ATP-sensitive K channels in rat hypothalamic neurons
(173) and in rat and mouse insulin-secreting cells (161,
174), resulting in cell hyperpolarization and inhibition of
firing. K" channel activation by leptin is dependent on actin
depolymerization in both cell types (161, 173). The
connection between leptin-driven PI3K activity, actin re-
modeling, and K* channel opening appears not to be due
simply to increased PIP;, but may also require coincident
inhibition of PTEN protein and lipid phosphatase activity
through increased PTEN phosphorylation (162).

Leptin-stimulated activation of hypothalamic
PI3K is impaired in DIO (175) and pharmacological
inhibition of PI3K activity blocks the anorectic effect of
leptin (163, 176), while chronic activation of the
hypothalamic PI3K pathway by ObR neuron-targeted
deletion of the PIP; phosphatase PTEN increases leptin
sensitivity and decreases adiposity (177). In contrast,
deletion of PTEN in POMC neurons results in leptin
resistance and obesity (178). Finally, specific deletion of
PDK1 in POMC expressing neurons leads to a modest
obese phenotype which can be reversed by inhibiting
FoxO1 activation (179). In conclusion, these studies
suggest that the PI3K pathway in non-POMC hypothalamic
neurons appears to mediate the long-term anorectic effects
of leptin.

Next to leptin, insulin has been identified as fuel
sensor acting in part through its hypothalamic receptors to
inhibit food intake and stimulate energy expenditure. As
their intracellular signaling converges at the PI3K pathway,
leptin and insulin may coordinately act to control energy
homeostasis (176, 180-182). Neuron-specific insulin
receptor knockout mice display obesity with leptin
resistance (183), while expression of the ObRb in the ARC
of genetically obese, ObR-deficient Koletsky rats improved
insulin sensitivity in a PI3K-dependent way (184).
Although the relative contributions of insulin and leptin in
functional hypothalamic signaling are difficult to assess, the
importance of the PI3K pathway is clear.

5.4. The AMPK pathway

The 5’-AMP-activated protein kinase (AMPK) is
activated by elevated AMP/ATP ratios and acts a cellular
energy sensor in multiple cell types (185, 186). AMPK
phosphorylates and inactivates acetyl-CoA carboxylase
(ACC), a key enzyme in fatty acid biosynthesis. Leptin
regulates AMPK activity in a tissue-specific manner: leptin
activates AMPK in muscle tissue and hepatocytes (58,
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187), but inhibits AMPK activity in multiple hypothalamic
regions, including the ARC and PVH, thereby stimulating
hypothalamic ACC and inhibiting food intake (188-190).
Dominant negative AMPK expression in the hypothalamus
is sufficient to reduce food intake and body weight.
Furthermore, inhibition of hypothalamic AMPK is
necessary for leptin's anorexigenic effects on food intake
and body weight, as constitutively active AMPK attenuates
these effects (188, 189). However, more recent results
indicate that targeted deletion of AMPK alpha 2 in POMC
and NPY/AgRP neurons did not affect the appetite
suppressing effect of leptin but specifically prevented
glucose sensing (186).

The precise mechanism of AMPK activation by
leptin is still unknown but requires JAK kinase activity and
does not seem to depend on intracellular phosphotyrosine
motifs in the ObR (187). The Ca’'/calmodulin (CaM)-
dependent protein kinase kinase 2 (CaMKK2) is an
upstream activator of AMPK in the hypothalamus, and
inhibition of CaMKK2 reduces appetite and body weight,
consistent with decreased NPY and AgRP mRNAs.
Moreover, the loss of CaMKK?2 protects mice from high-fat
DIO and glucose intolerance (191). One downstream effect
of AMPK is the inhibition of the protein kinase mTOR,
which also integrates responses to changes in cellular
energy levels (see further).

The cyclic AMP responsive element-binding
protein-1 (Crebl)-regulated transcription coactivator-1
(Crtcl) was shown to be required for energy balance and
reproduction. Hypothalamic Crtcl is phosphorylated and
inactive in ob/ob mice, while leptin administration
increases the amount of dephosphorylated nuclear Crtcl,
thereby enhancing the expression of anorexigenic
neuropeptides (192). Since the AMPK pathway is known to
regulate Crtc activity (193) and central AMPK activity is
inhibited by leptin (189), the AMPK pathway may also
mediate effects of leptin on Crtcl.

5.5. The mTOR pathway

The mammalian Target of Rapamycin (mTOR)
protein is a serine-threonine kinase that regulates cell-cycle
progression and growth by sensing changes in energy
status. Leptin increases hypothalamic mTOR activity, and
inhibition of mTOR signaling by rapamycin attenuates
leptin’s anorectic effect (148). Systemic deletion of the
ribosomal p70 S6 kinase 1 (RSK), a major physiological
downstream effector of mTOR, or selective expression of a
dominant negative RSK mutant in the ARC blunts leptin’s
acute anorexigenic action in mice (150, 194). Exposure to
high-fat diet decreased mTOR signaling within the
hypothalamus, suggesting that reduced hypothalamic
mTOR activity contributes to the development of
hyperphagia, weight gain, and leptin resistance during DIO
(150). mTOR is inhibited by the TSC1/TSC2 complex. Akt
was shown to phosphorylate and inactivate TSC2 (195),
while under energy starvation conditions AMPK
differentially phosphorylates TSC2 and enhances its
activity (196). These data indicate that there may exist
cross-talk between different pathways to co-regulate
leptin’s downstream effects. Surprisingly, in mice TSCI
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deletion in POMC neurons resulted in leptin resistance and
hyperphagic obesity (197). Likewise, chronic activation of
the PI3K/Akt pathway in POMC neurons causes a similar
phenotype in mice with POMC neuron-specific deletion of
PTEN (178). These observations support the idea that the
PI3K/Akt pathway stimulates the mTOR pathway in
POMC neurons and that chronic activation may alter
synaptic transmission in POMC neurons and/or neural
wiring in the hypothalamus, resulting in leptin resistance.
The recent observation that genetic ablation of ObR
expression in POMC neurons induces alterations at
synapses on POMC neurons in the ARC supports this
hypothesis (198).

6. CONTROL
EXPRESSION

OF LEPTIN RECEPTOR

Trafficking dynamics and the availability of ObR
at the cell surface are also involved in the regulation of
leptin receptor signaling (Figure 3). The amount of
receptors at the cell surface is determined by the
equilibrium between receptor synthesis and transport to the
plasma membrane, internalization and recycling,
degradation and ectodomain shedding. At steady state, both
the ObRa and ObRb are localized in the trans-Golgi
network, in endosomes, and to a lesser extent, at the cell
surface. Newly synthesized leptin receptors are partially
retained in the Golgi complex or in a post-Golgi
intracellular compartment and both isoforms are
constitutively endocytosed in a ligand-independent manner
leading to degradation in the lysosomes with no evidence
of recycling to the cell surface or to the #rams-Golgi
network (199-201). Both ObRa and ObRb isoforms are
ubiquitinated and internalized by clathrin-mediated
endocytosis but this ubiquitination seems only essential for
ObRa endocytosis (202). ObRb levels in the ARC and
VMH nuclei were increased after fasting and decreased by
refeeding. Leptin challenge increased ObRb expression in
the ARC, but not after high-fat feeding (203).

Bardet-Biedl syndrome (BBS) proteins mediate
ODRD trafficking to the plasma membrane and BBS1 was
shown to interact with the ObRb (204). Deletion of BBS
proteins therefore impairs cell surface expression, resulting
in leptin resistance and obesity (204, 205). The ObR gene-
related protein (Ob-RGRP) (also known as leptin receptor
overlapping transcript (LEPROT)), whose transcript is
genetically linked to the ObR transcript, controls ObR
function by negatively regulating its cell surface expression
(206). Silencing of Ob-RGRP prevents DIO (206) and
therefore, Ob-RGRP is a potential target for obesity
treatment.

Recently, our group identified RING finger
protein RNF41 as an interaction partner of the ObRb (82).
Our studies highlight the importance of RNF41 as a
controller of receptor exposure and shedding and
demonstrates that RNF41 determines steady-state cell
surface levels and signaling of several JAK2-associated
cytokine receptors, including the ObRb. Moreover, RNF41
prevents the degradation of constitutively endocytosed
receptors and re-routes them to cellular compartments for



Leptin receptor signaling

ADAM10/17

ObRb SHEDDING soluble ObR
,‘ — Plasma
pod membrane

/;"‘ { JAKZ I AK2 o JAKZ]
o = \ BE -
— IJ.’ \ - 1 | ==
- '. | INTERNALIZATION o i

\ / +—RNF41

TRANSPORT g8 \ Endosome
— Ob-RGRP L >
- @: :@@ oife e
Lysosome

Golgi
network

LYSOSOMAL
DEGRADATION

Figure 3. The ‘life cycle’ of the leptin receptor and the control of leptin receptor expression are further described in section 6.
After receptor synthesis, folding and maturation in the ER and Golgi network, the ObRb is transported to the plasma membrane.
This transport is positively and negatively influenced by BBS proteins and Ob-RGRP, respectively. After cell surface exposure,
the ObRb is internalized by clathrin-dependent endocytosis. In contrast to the ObRa, the role of ubiquitination or other
internalization motifs for ObRb internalization is still unclear. Via (early) endosomes and multivesicular bodies, the ObRb is
targeted to the lysosomes for degradation. However, upon expression of RNF41, the ObRb is send to subcellular locations (most
likely on the plasma membrane) where shedding by the metalloproteases ADAM10 and ADAM17 occurs. ObRb: leptin receptor
long isoform, JAK2: Janus kinase 2; Ub: ubiquitin; ER: endoplasmic reticulum; RNF41: ring finger protein 41; ADAM: a
disintegrin and metalloprotease; BBS: Bardet-Biedl syndrome; Ob-RGRP: ObR gene-related protein

ectodomain shedding by the metalloproteases ADAM10
and ADAM17 (82). These findings imply the novel concept
that lysosomal degradation and ectodomain shedding are

coupled phenomena with a single protein, RNF41,
determining the balance between both.
7. POSSIBLE MECHANISMS OF LEPTIN

RESISTANCE

The reduced ability of leptin to suppress appetite
and promote energy expenditure is a primary risk factor for
the development of obesity. The term, leptin resistance is
used to describe the apparent paradox of elevated
circulating leptin levels in the majority of obese
individuals. The underlying mechanisms responsible for
this phenomenon are multiple and include defective leptin
transport across the blood-brain barrier (BBB), impaired
leptin receptor expression and signaling and ER stress.

Leptin itself might play an important role in the
development of leptin resistance, the so called ‘leptin-
induced leptin resistance’. Emerging evidence suggests that
leptin resistance predisposes diet-induced obesity, which in
turn raises leptin levels further leading to a vicious cycle of
weight gain (207).
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7.1. Negative regulation of leptin receptor signaling

During the last years, research concerning the
onset of leptin resistance was mainly focused on the
contribution of defects in negative feedback mechanisms
(like SOCS3 and PTP1B) that dampen leptin receptor
signaling and prevent overactivation of leptin signaling
pathways (Figure 2). The JAK/STAT pathway is negatively
regulated by members the Suppressor of Cytokine
Signaling (SOCS) family. Leptin signaling via Y1138 and
STAT3 induces SOCS3 expression (106, 129, 208), which
in turn switches off signaling by binding to Y985 and
inhibiting phosphorylation/activation of JAK2 (128, 135,
209). Overexpression of SOCS3 is therefore been proposed
as one of the main mechanisms for the onset of leptin
resistance (129, 210). Indeed, hypothalamic SOCS3
expression is significantly increased in several leptin
resistant animal models (45, 129). Immunohistochemical
studies suggest that the ARC is selectively leptin resistant
in DIO mice and that this may be caused by elevated
SOCS3 in this hypothalamic nucleus (211).

Mutation of Y985 to leucine (///) increases leptin
sensitivity in female mice (146). However, in contrast to
female /] mice, both male and female Y985F mice showed
increased susceptibility to high fat diet-induced obesity,
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supporting a positive action of signaling via Y985 in
attenuating diet-induced impairment of energy metabolism
(147). SOCS3-haploinsufficient mice or neuron-specific
SOCS3-deficient mice show enhanced Ieptin-induced
hypothalamic STAT3 phosphorylation as well as POMC
induction, resulting in a greater body weight loss,
suppression of food intake and an attenuation of diet-
induced leptin resistance compared to wild-type mice (212,
213). Deletion of SOCS3 in POMC neurons enhanced leptin
sensitivity and improved glucose homeostasis (214), while
transgenic SOCS3 overexpression in POMC neurons leads to
impairment of STAT3 and mTOR/S6 kinase signaling, with
subsequent leptin resistance, obesity and glucose intolerance,
establishing that specific SOCS3 upregulation in POMC
neurons is sufficient to cause leptin resistance and obesity
(215).

Next to SOCS3, CIS (Cytokine-inducible SH2-
containing protein) and SOCS2 were also shown to interact
with the ObRb (216). CIS binds with the conserved Y985 and
Y1077 motifs in the cytosolic domain of the ObRb, while
SOCS?2 only interacts with the Y1077 motif, but with higher
binding affinity and thereby competes with CIS and STAT5a
recruitment at this site (216). MAPPIT analysis also indicated
that SOCS2 interacts with other members of the SOCS family,
including SOCS3, and can function as a molecular bridge
between a ubiquitin ligase complex and SOCS proteins,
targeting them for proteasomal turnover (217). However, in the
context of leptin signaling a physiological role for CIS and
SOCS2 in vivo has not been established so far.

Localized to the cytoplasmic face of the
endoplasmic reticulum (ER), PTP1B (Protein Tyrosine
Phosphatase 1B) inhibits leptin signaling by binding and
dephosphorylating JAK2 (218, 219). PTP1B is expressed in
hypothalamic regions harboring leptin-responsive neurons
(219). Both systemic, neuron-specific and POMC neuron-
specific deletion of PTP1B improves leptin sensitivity and
protects from DIO (142, 219-222). Since the expression of
hypothalamic PTP1B is increased in leptin resistant
animals, a role for PTP1B in the onset of leptin resistance
has been suggested (223, 224). Overexpression of SH2B1,
an endogenous enhancer of leptin sensitivity, counteracted
PTP1B-mediated inhibition of leptin signaling in cultured
cells (156). PTP1B expression is increased by high-fat
feeding and inflammation (225), but how PTPIB
expression and activity is regulated after leptin stimulation
or in case of DIO is still unclear.

7.2. Defective transport of leptin through the blood-
brain barrier

To reach the ObRb-expressing neurons in the
brain, leptin has to pass the blood-brain barrier (BBB).
Leptin levels in the cerebrospinal fluid are decreased in
cases of obesity, suggesting that defective leptin transport
contributes to leptin resistance (226-228). Leptin enters the
brain by a saturable transport system (227-229) and a role
in this process for the short isoform ObRa, which is
abundantly expressed in brain microvessels constituting the
BBB, has been demonstrated (77, 78, 230). However, a
distinct subpopulation of ARC neurons, that can be labeled
by BBB impermeable fluorescent tracers, was shown to
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respond more rapidly and sensitively to circulating leptin
compared with other hypothalamic ObRb neurons. These
neurons might therefore make direct contact with the blood
circulation by projections through the BBB (231, 232).
Additional studies are needed to clarify the contribution of
impaired leptin transport to the pathogenesis of leptin
resistance. Additionally, these studies might generate
important information for the development of leptin
antagonists (67, 233) since these antagonists preferentially
only block the (adverse) peripheral functions of leptin
without perturbing its central effect on body weight.

7.3. Endoplasmic reticulum (ER) stress

Growing evidence provides an intriguing link
between metabolic inflammation and dysfunction of leptin
signaling via activation of IKKP and ER stress. An
imbalance between ER loading during the biosynthesis of
nascent proteins and ER capacity to properly fold these
proteins results in ER stress. ER stress triggers the unfolded
protein response (UPR), which involves activation of
several intracellular signaling pathways that help to
maintain ER homeostasis by reducing protein synthesis and
increasing both ER folding capacity and degradation of
unfolded/misfolded proteins (234). ER stress was shown to be
increased in multiple tissues in leptin-resistant and obese
animals, including the hypothalamus, and inhibits leptin
signaling (235-238). Reduced ER capacity in mice results in
severe leptin resistance and leads to a significant augmentation
of obesity on a high-fat diet (236). Overnutrition atypically
activates hypothalamic IKKf/NF-kB at least in part through
elevated ER stress in the hypothalamus (237). While forced
activation of hypothalamic IKKP/NF-kB interrupts central
leptin signaling and actions, suppression of IKKf significantly
protects against obesity and leptin resistance (237). The
molecular mechanisms may involve PTP1B (238) and IKKf-
mediated elevation of SOCS3 (237). Physical exercise
suppresses  hyperphagia and associated hypothalamic
IKKpB/NF-kB activation by a mechanism dependent upon the
pro-inflammatory cytokines IL-6 and IL-10, linking physical
activity to hypothalamic ER stress and inflammation (239).

Activation of inflammatory signaling has also
been detected in the hypothalamus of obese rats (240, 241).
Toll-like receptor 4 (TLR4) loss-of-function mutation
protects from saturated fatty acid-induced ER stress
activation, diet-induced weight gain and from fatty acid-
induced hypothalamic cytokine expression (241). TLR4
signaling by fatty acids inhibits leptin-induced STAT3
activation. Mice deficient for the TLR adaptor molecule
MyD88 in the brain are protected from high-fat diet
induced weight gain and the concomitant development of
leptin resistance, and from the induction of leptin resistance
by acute central application of palmitate (242). This link
between inflammatory signaling and obesity opens a new
field of research which may provide the basis for a novel
treatment of obesity.

8. CONCLUDING REMARKS
Obesity and obesity-related diseases impose an

ever increasing risk to public health. The growing interest
in the field of obesity research to unravel the mechanisms
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that determine body weight is therefore not surprising. The
discovery of leptin and its anorexic potential 16 years ago
was a major breakthrough, but clinical applications await a
better understanding of leptin biology. The molecular
mechanisms underlying the onset of leptin resistance, a
primary risk factor for obesity, seem to be multiple and
might differ between leptin-resistant individuals.
Additional studies deciphering this phenomenon are
therefore indispensable. Many other nutrient signals like
insulin and the gut peptide ghrelin contribute to the control
of energy expenditure and food intake. Cross-talk and
redundancy between these signals therefore complicate the
development of a “golden anti-obesity drug” solely based
on leptin biology. Furthermore, the leptin receptor is
expressed on multiple neuronal cell types (e.g., POMC and
AgRP/NPY neurons) in several hypothalamic and extra-
hypothalamic regions and these leptin responsive neurons
connect to other sites in the brain, leading to a sophisticated
and dynamic neurocircuitry adding another level of
complexity to the study of central leptin receptor signaling.
Each set of ObRb expressing neurons throughout the brain
integrates leptin with other nutrient signals to orchestrate a
cell-specific response that contributes uniquely to the
overall leptin signal. The importance of individual
pathways to the cell-specific effects of leptin is difficult to
assess and will require additional studies using
sophisticated transgenic mice models, including mice with
neuron-specific deletions of key ObR signaling mediators
or tyrosine mutations in the intracellular domain of the
ODbRDb. Additionally, the peripheral role of leptin should not
be neglected, particularly in the context of enhanced
immune responses in autoimmune diseases.
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