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pathway is impaired in the hypothalamus during the devel-

opment of diet-induced obesity. Additionally, our recent 

work suggests that suppressor of cytokine signaling-3 nega-

tively regulates the PI3K pathway of leptin signaling in the 

hypothalamus, a mechanism expected to play a significant 

role in diet-induced obesity. Together, the PI3K-PDE3B-cAMP 

pathway appears to emerge as a major mechanism of leptin 

signaling in the hypothalamus in regulating energy balance. 

 Copyright © 2011 S. Karger AG, Basel 

 Introduction 

 The maintenance of normal body weight is dependent 
on the intricate balance between energy intake and en-
ergy expenditure. When energy intake is higher than ex-
penditure, the excess energy is stored as fat and continued 
accumulation of fat ultimately leads to obesity and related 
disorders. The finding from parabiosis (cross-circula-
tion) experiments in which the normal rats were paired 
to those with obesity caused by a ventromedial hypotha-
lamic (VMH) lesion showing that control rats ate less and 
lost weight, led to the idea that some peripheral factor(s) 
must act at the hypothalamic level to maintain normal 
energy homeostasis and body weight  [1] . In 1994, Jeffrey 
Friedman’s group at the Rockefeller University identified 
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 Abstract 

 Leptin is secreted primarily by fat cells and acts centrally, par-

ticularly in the hypothalamus, to reduce food intake and 

body weight. Besides the classical JAK2 (Janus kinase-2)-

STAT3 (signal transducer and activator of transcription-3) 

pathway, several non-STAT3 pathways play an important 

role in mediating leptin signaling in the hypothalamus. We 

have demonstrated that leptin action in the hypothalamus 

is mediated by an insulin-like signaling pathway involving 

stimulation of PI3K (phosphatidylinositol-3 kinase) and 

PDE3B (phosphodiesterase-3B), and reduction in cAMP lev-

els, and that a PI3K-PDE3B-cAMP pathway interacting with 

the JAK2-STAT3 pathway constitutes a critical component of 

leptin signaling in the hypothalamus. It appears that defec-

tive regulation of multiple signaling pathways in the hypo-

thalamus causes central leptin resistance, a major cause of 

obesity. In this regard, we have shown that leptin resistance 

in hypothalamic neurons following chronic central infusion 

of this hormone is associated with a defect in the PI3K-

PDE3B-cAMP, and not due to compromised signaling in the 

JAK2-STAT3 pathway. Similarly, the PI3K, but not the STAT3, 
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the gene for one of these factors, the obese gene, and its 
product leptin, a 16-kd protein – the long-sought satiety 
factor of adipocyte origin  [2] .

  Leptin signals nutritional status to key regulatory cen-
ters in the hypothalamus, and it plays a central role in the 
regulation of energy homeostasis. Leptin administration 
centrally or peripherally decreases food intake and body 
weight in a variety of animals. Importantly, mutations in 
leptin or its receptor cause obesity in rodents and hu-
mans, attesting to the obligatory role of leptin signaling 
in body weight regulation  [3] . Besides its major role in 
energy homeostasis, leptin is also involved in many other 
physiological functions including reproduction, growth, 
bone formation, and cardiovascular and immune regula-
tion  [4, 5] . Most recently, a relationship between leptin 
and cancer has also been revealed  [6] . Importantly, most, 
if not all, of these functions of leptin are mediated at the 
level of the hypothalamus. Thus leptin signaling in the 
hypothalamus, which involves multiple nuclear groups, 
cell types and signaling pathways, has been the subject of 
intense research. This review first provides a brief ac-
count of leptin target neurons and then focuses on the 
phosphatidylinositol-3 kinase (PI3K)-phosphodiester-
ase-3B (PDE3B)-cAMP signaling pathway. Possible 
mechanisms of central leptin resistance are also dis-
cussed.

  Leptin-Sensitive Neurons 

 After the discovery of leptin, the hypothalamus was 
promptly established as the major site of leptin action  [3, 
4] . Accordingly, the long-signaling form of the leptin re-
ceptor (ObRb) is highly expressed in various hypotha-
lamic sites including the arcuate nucleus (ARC), VMH, 
dorsomedial nucleus (DMN), paraventricular nuclei 
(PVN) and lateral hypothalamic areas (LH); all areas that 
are implicated in energy homeostasis  [7, 8] . Within the 
hypothalamus, two sets of neurons residing in the ARC, 
neuropeptide Y (NPY) neurons coexpressing agouti-
related transcript (AgRP), and proopiomelanocortin 
(POMC) neurons coexpressing cocaine-amphetamine-
related transcript (CART), appear to be the main leptin 
targets  [4, 9] . NPY stimulates food intake, and the POMC 
product,  � -melanocyte-stimulating hormone ( � -MSH), 
inhibits food intake. AgRP acts as an endogenous antag-
onist of  � -MSH at central melanocortin receptors, and 
induces feeding by inhibiting melanocortin  [9, 10] . As 
might be expected, leptin reduces NPY/AgRP neuronal 
activity and stimulates that in POMC/CART  [4, 9] . Inter-

estingly, leptin action on POMC/CART neurons may in-
volve a reduction of  � -aminobutyric acid (GABA) and 
AgRP release from the NPY/AgRP neurons  [10] . Leptin 
also decreases gene expression of other orexigenic neu-
rons such as melanin-concentrating neurons (MCH), 
galanin (GAL) and orexin, and increases gene expression 
of anorectic neurons such as neurotensin (NT), cortico-
trophin-releasing hormone, thyrotrophin-releasing hor-
mone, galanin-like peptide, and brain-derived neuro-
trophic factor  [11] . Furthermore, leptin inhibits the orex-
igenic action of NPY, MCH and GAL  [12] , and interacts 
with prolactin-releasing peptide to reduce food intake 
 [13] . Recent studies also suggest that ObRb-expressing 
neurons in the VMH (e.g. SF-1-expressing neurons), 
DMN and LH (in addition to MCH and orexin neurons) 
mediate leptin action on energy homeostasis  [14, 15] . 
Leptin also decreases food intake by inhibiting the activ-
ity of dopamine (DA) neurons in the ventral tegmen-
tal area (VTA), possibly via a group of GABAergic LH 
ObRb-expressing neurons that modify the mesolimbic 
DA system  [14, 16] . Leptin also activates neurons within 
the nucleus tractus solitarius  [14, 15, 17] . Thus, besides 
ObRb-expressing neurons in the hypothalamus, those in 
other regions of the CNS play an important role in medi-
ating leptin action on food intake and body weight regu-
lation.

  Leptin also modifies the action of peptides after they 
have been secreted and alters interactions between orexi-
genic and anorectic signals to accomplish its role in en-
ergy homeostasis. Although the leptin-sensitive neural 
circuitry that regulates energy homeostasis is complex, a 
simplistic model for leptin action on hypothalamic sig-
nals governing feeding is proposed here ( fig. 1 ). In this 
model, a decrease in circulating leptin levels during fast-
ing or a deficiency in leptin action due to absence of 
leptin, leptin receptor mutation or leptin resistance would 
increase gene expression, peptide release, and actions of 
orexigenic neural signals, and decrease synthesis and re-
lease of anorectic signals resulting in increased food in-
take. Likewise, increased leptin levels after feeding would 
inhibit not only the synthesis and release of the orexi-
genic signals, but it would modify the action of these sig-
nals after being released, and stimulate the activity of an-
orectic signals including their synthesis, release and post-
synaptic actions – a net result is the inhibition of food 
intake. I hypothesize that the acute inhibition of food in-
take that occurs within an hour of leptin injection may 
be due to modification of postsynaptic actions of orexi-
genic and anorectic signals.
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  Leptin Signal Transduction Pathways 

 The leptin receptor composed of six isoforms is a 
member of the class 1 cytokine receptor family  [18] . The 
receptor with signaling capacity (ObRb) is highly ex-
pressed in most of the leptin target neurons with in the 
various hypothalamic sites described above  [7, 8] . Local-
ized expression of ObRb in the ARC normalizes most of 
the abnormalities in  db/db  mice  [19] . In contrast, selec-
tive loss of ObRb in the ARC or VMN or leptin target 
neurons of the ARC, such as POMC neurons, and global 
loss of the receptor in the hypothalamus results in obe-
sity and other metabolic disorders, although the re-
sponse is milder than that seen in  db/db  mice  [14, 15, 20] , 
suggesting a role of extrahypothalamic ObRb signaling 
in energy homeostasis. Following the discovery of the 
leptin receptor, the Janus kinase-2 (JAK2) and signal 
transducer and activator of transcription (STAT3) path-
way was quickly established as a major leptin-signaling 
pathway in the hypothalamus  [3] . Subsequently, several 
non-STAT3 pathways of leptin signaling in the hypo-
thalamus including the PI3K, PDE3B-cAMP, mamma-
lian target of rapamycin (mTOR), AMP-activated pro-
tein kinase (AMPK), and SH-containing protein tyro-
sine phosphatase-2 (SHP2)-MAPK pathways have been 
identified  [14, 15, 21–23] .

  JAK2-STAT3 Pathway 

 In this signaling pathway, binding of leptin to ObRb 
results in receptor dimerization followed by activation and 
autophosphorylation of JAK2. Activated JAK2 phosphor-
ylates ObRb, which then recruits STAT3. STAT3 becomes 
phosphorylated, dimerizes and translocates from the cy-
toplasm to the nucleus where it binds with specific genes 
such as POMC and NPY/AgRP to regulate their expres-
sion. Leptin also stimulates suppressor of cytokine signal-
ing-3 (SOCS3), which acts as a feedback inhibitor of the 
JAK2-STAT3 pathway. Leptin activates STAT3 in various 
hypothalamic nuclei including the ARC, VMN, DMN, 
PVN, LH and pMV regions  [24] . A large body of evidence 
suggests that leptin signaling through STAT3 is critical for 
maintaining normal energy homeostasis. Thus, brain-
specific knockout of STAT3 or deletion of STAT3 binding 
site in ObRb in mice causes hyperphagia and morbid obe-
sity  [25, 26] . However, the phenotypes caused by these ge-
netic manipulations are less severe than those of  db/db  an-
imals, suggesting the importance of non-STAT3 pathways 
in mediating leptin action. Moreover, POMC or AgRP-
specific knockout of STAT3 causes mild obesity  [27, 28] . 
Leptin also stimulates STAT5 phosphorylation in the hy-
pothalamus, and STAT5 deletion in the brain causes leptin 
resistance, hyperphagia and obesity, although to a lesser 
extent than brain-specific STAT3 deletion  [22, 29, 30] , sug-
gesting a contribution of the STAT5 pathway in energy 
homeostasis and body weight regulation.
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  Fig. 1.  Schematic presentation of leptin ac-
tion on hypothalamic signals governing 
feeding. For details, see the text. NPY = 
Neuropeptide Y; MCH = melanin-concen-
trating hormone; POMC = proopiomela-
nocortin; NT = neurotensin [modified 
from  4 ]. 
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  PI3K-PDE3B-cAMP Pathway 

 Initial studies in several non-neuronal tissues reported 
leptin signaling through an insulin-like signaling pathway 
involving PI3K-dependent activation of PDE3B and even-
tual reduction of cAMP levels  [31, 32] . This information 
along with the findings that intrahypothalamic cAMP in-
jection increased food intake  [33] , central injection of di-
butyryl cAMP increased hypothalamic levels of NPY  [34] , 
and leptin administration modified cAMP response ele-
ment-mediated gene expression including that in NPY 
neurons in the hypothalamus  [35]  led my laboratory to 
hypothesize that regulation of cAMP levels via activation 
of PDE3B plays a significant role in mediating leptin ac-
tion in the hypothalamus in regulation of energy homeo-
stasis. Notably, intracellular cAMP levels are regulated by 
adenylyl cyclase and cAMP PDEs  [31] . Cyclic nucleotide 
PDEs are a large super family of enzymes consisting of 21 
different genes, subgrouped into 11 different families. 

PDE3B, one of the two members of the type 3 PDE family 
of genes, exhibits high affinities for both cAMP and cGMP 
but prefers cAMP as the substrate  [31, 32] .

  PDE3B was initially identified in adipose tissue and 
liver but subsequently found in a variety of peripheral tis-
sues and in the CNS  [32, 36]  including the hypothalamic 
ARC, VMN, DMN, PVN, LH and perifornical hypotha-
lamic areas  [4, 36] . To examine the role of the PDE3B 
pathway of leptin signaling in the hypothalamus in en-
ergy homeostasis, we used a pharmacological approach 
to interrogate this pathway by cilostamide, which spe-
cifically inhibits PDE3 activity  [37] . Our demonstration 
that leptin induces PDE3B activity and reduces cAMP 
levels in the hypothalamus and that PDE3 inhibition by 
cilostamide reverses the anorectic and body-weight-re-
ducing effects of leptin, provide evidence for the func-
tional significance in the PDE3B-cAMP pathway of 
leptin signaling in the hypothalamus  [21] . Cilostamide 
also reverses the leptin-induced STAT3 activation in
the hypothalamus suggesting a crosstalk between the 
PDE3B-cAMP and JAK2-STAT3 pathways ( fig. 2 )  [21] . In 
addition, PI3K is localized in the ARC  [38]  and activity of 
this enzyme is stimulated by leptin  [15, 21] , while PI3K 
inhibitors reverse the anorectic action of leptin  [15] . PI3K 
signaling is also required for the leptin-induced inhibi-
tion of NPY and AgRP neurons  [39] . Moreover, PI3K, but 
not protein kinase B, is an upstream regulator of PDE3B 
in leptin signaling in the hypothalamus  [40, 41] , and 
PDE3B is expressed in ObRb-expressing neurons, includ-
ing POMC and NPY neurons  [42, 43] . Furthermore, cilo-
stamide reverses the leptin-induced POMC and NT gene 
expression, suggesting leptin action on these neurons is 
mediated, at least partly, by the PDE3B pathway ( fig. 3 ) 
[ 44] . Together, our studies provide evidence indicating 
that a PI3K-PDE3B-cAMP pathway interacting with the 
JAK2-STAT3 pathway constitutes a critical component of 
leptin signaling in the hypothalamus ( fig. 4 ).

  One of the areas that requires further investigation is 
whether these multiple pathways of leptin signaling, such 
as the JAK2-STAT3 and PI3K-PDE3B-cAMP pathways, 
become activated in the same leptin-sensitive neurons 
and if they do, then how it is coordinated during leptin 
signaling in normal and pathophysiological conditions. 
Although PDE3B is localized in almost all ObRb-ex-
pressing neurons including the POMC and NPY neurons 
 [42, 43] , it is unknown whether leptin activates PDE3B 
and decreases cAMP levels, a consequence of PDE3B ac-
tivation, in all these neurons. Without further techno-
logical advancement it would be difficult to examine 
PDE3B and/or cAMP levels in specific neurons in vivo. 
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  Fig. 2.  Cilostamide, a specific PDE3 inhibitor, reverses the effect 
of leptin on STAT3 activation (DNA binding activity) in the hy-
pothalamus. Fasted (24 h) rats were injected intracerebroventric-
ularly with DMSO (vehicle for cilostamide) or cilostamide (10  � g) 
followed 30 min later by leptin (4  � g) or artificial cerebrospinal 
fluid (aCSF, vehicle for leptin). Top: DNA binding activity of 
STAT3 in the medial basal hypothalamic (MBH) extracts as de-
termined by an electrophoretic mobility shift assay using a  32 P-
labeled M67-SIE oligonucleotide probe. Bottom: results obtained 
by phosphor imaging and expressed as relative (%) to vehicle. Da-
ta are means  8  SEM for the number of animals in parentheses. 
 *   p  !  0.05 as compared to all other groups. The reversal of
STAT3 activation by PDE3B inhibition implies a crosstalk be-
tween the JAK2-STAT3 and PDE3B-cAMP pathways in trans-
ducing leptin action [modified from  21 ]. 
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On the other hand, the nuclear localization of p-STAT3 
has been accepted as an indicator of STAT3 activation in 
the cell  [45] , and using this technique leptin has been 
shown to induce STAT3 activation in various hypotha-
lamic nuclei and specific neurons  [22, 24] . Leptin, how-
ever, does not activate STAT3 in all ObRb-expressing 
neurons in the hypothalamus  [22, 46] , and it only acti-
vates STAT3 in  � 37% of POMC neurons  [47] . Although 
these findings suggesting that some ObRb-expressing 
neurons may not utilize the STAT3 pathway, these studies 
did not address whether STAT3 was expressed in those 
ObRb-expressing neurons in which leptin failed to acti-
vate STAT3. On the other hand, our preliminary find-
ing that all leptin-induced p-STAT3-activated hypotha-
lamic neurons express PDE3B  [43]  suggests coexistence 
of these two pathways in the same neuronal populations. 
Thus, although there is a possibility of differential pres-
ence of the STAT3 and PDE3B-cAMP pathways in differ-
ent leptin-responsive neurons in the hypothalamus, it 
 requires further investigation. In addition, whether the 
PI3K-PDE3B-cAMP pathway coexists with the other 
non-STAT3 pathways of leptin signaling in the same hy-
pothalamic neurons remains unknown. Nevertheless, it 
is likely that depending on individual circumstances, 
leptin may differentially activate or utilize a specific sig-
naling cascade to fulfill its role in energy homeostasis, 
and the sequence of activation and/or inactivation of dif-
ferent arms of the leptin signaling in a given neuron may 

be dependent on the types of environment, such as diet 
(high fat or low fat) and hypothalamic leptin tone. For 
example, as discussed below, the PI3K pathway of leptin 
signaling in the hypothalamus is impaired at the begin-
ning of the diet-induced obesity (DIO) followed by im-
pairment in both the PI3K and STAT3 pathways after the 
development of DIO in FVB/N mice  [48] , and the PI3K-
PDE3B-cAMP pathway but not the STAT3 pathway de-
velops resistance following chronic central leptin infu-
sion, although both pathways become activated during 
the early part of leptin infusion  [49] .

  Additionally, leptin suppresses ghrelin-induced ac-
tivation of NPY neurons by the PI3K-PDE3B pathway 
 [50] , and blocks glucocorticoid-induced endocannabi-
noid biosynthesis and suppression of excitation in the 
PVN via a PDE3B-mediated reduction in cAMP levels 
 [51] . Because the role of ghrelin, glucocorticoid, and en-
docannabinoids in energy homeostasis is well established 
 [15, 52, 53] , the involvement of PDE3B signaling in medi-
ating leptin’s action on these systems further supports a 
role of the PDE3B pathway in this process. Moreover, sev-
eral lines of evidence, such as (i) PI3K signaling in the 
VMN is required for normal energy homeostasis  [54] , (ii) 
leptin suppression of white adipose tissue lipogenesis is 
dependent on hypothalamic PI3K signaling  [55] , and (iii) 
PI3K signaling in hypothalamic POMC neurons contrib-
utes to the regulation of glucose homeostasis  [56] , suggest 
an important role of hypothalamic PI3K signaling in en-
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  Fig. 3.  Cilostamide reverses leptin-induced proopiomelanocortin 
(POMC) and neurotensin (NT) gene expression as determined
by ribonuclease protection assay in the hypothalamus. Rats were 
injected with cilostamide (10  � g/1  � l) in dimethyl sulfoxide 
(DMSO) or DMSO alone, and recombinant murine leptin (4  � g/
2  � l) in artificial cerebrospinal fluid (aCSF) or aCSF alone, at
17:   00–18:   00 h, and food was withdrawn. One hour later, another 

injection of cilostamide or DMSO was given to the rats. After
24 h, a similar injection protocol was used and rats were sacrificed 
15 h after the last injection. Values represent the means    8  SEM. 
Control (aCSF + DMSO): n = 4, leptin: n = 5, cilostamide: n = 5, 
and leptin + cilostamide: n = 7.  *  p  !  0.05 and  *  *  p  !  0.01 vs. all 
other groups [adapted from  44 ]. 
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ergy homeostasis. Also, the findings that (i) PI3K signal-
ing in POMC neurons is required for acute suppression 
of feeding by leptin  [57] ; (ii) increased PI3K activation 
due to selective ablation of PIP3 phosphatase (Pten) in 
ObRb neurons causes lean phenotype  [58] ; (iii) inactiva-
tion of p110 �  PI3K catalytic subunit in POMC neurons 
causes central leptin resistance and DIO  [59] , and (iv) 

p110 �  PI3K deletion in AgRP neurons causes leanness, 
increased leptin sensitivity and resistant to DIO  [59] , fur-
ther attest to the role of PI3K signaling in mediating 
leptin action in hypothalamic neurons.

  Leptin Signal Transduction during Central Leptin 
Resistance 
 In the majority of cases, human obesity cannot be at-

tributed to mutations in leptin or its receptor, since obese 
patients have high circulating leptin levels, and are unre-
sponsive to leptin administration  [3, 22, 60] . Rather, a 
state of leptin resistance is suggested. Whereas a defect in 
leptin transport may be one of the factors behind the de-
velopment of leptin resistance in obesity, a large body of 
evidence suggests that central leptin resistance plays a 
significant role in the development of obesity  [22] . We 
used two animal models to address the mechanisms of 
central leptin resistance: a mouse model of DIO and a rat 
model of chronic central leptin infusion.

  Leptin Signaling during the Diet-Induced Obesity 
 The rodent model of DIO represents the condition 

seen in most humans. The findings in DIO rats and mice 
that (i) the anorectic effect of central leptin is reduced  [61, 
62] , (ii) defects in blood-brain transport are acquired dur-
ing development of obesity  [63, 64] , and (iii) central leptin 
gene therapy failed to overcome leptin resistance  [65] , 
suggest a significant role of central leptin resistance in 
DIO. It appears that several intracellular leptin-signaling 
pathways are impaired during the development of DIO 
and there are species and strain differences in the se-
quence of events. In this regard, we demonstrated that the 
hypothalamic PI3K pathway of leptin signaling was im-
paired in FVB/N DIO mice fed a high-fat diet (HFD) for 
19 or 4 weeks  [48] , but at the later time point the leptin-
induced STAT3 activation remained intact in DIO mice 
( fig. 5 ). Thus, a defective PI3K pathway may be one of the 
mechanisms involved in the development of DIO in 
FVB/N mice. After the development of DIO, the STAT3 
pathway also becomes impaired and contributes to the 
maintenance of DIO on a HFD. Interestingly, the selec-
tive defect in the PI3K pathway seen early in the induc-
tion of DIO in mice is similar to that seen during the de-
velopment of central leptin resistance following chronic 
leptin infusion (see below). Similarly, Martin et al.  [66]  
reported alteration in AMPK but not the STAT3 pathway 
in FVB/N mice on a HFD for 5 weeks. Also, Cota et al. 
 [67]  reported alteration in the mTOR pathway without 
any defect in the STAT3 pathway in DIO rats. Thus, the 
development of DIO in FVB/N mice in the face of an in-
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  Fig. 4.  Schematic of leptin intracellular signaling through the 
STAT3 and PI3K-PDE3B-cAMP pathways in the hypothalamus. 
Leptin binding to its receptor (Ob-Rb) induces activation of JAK2, 
receptor dimerization, and JAK2-mediated phosphorylation of 
intracellular part of Ob-Rb, followed by phosphorylation and
activation of STAT3. Activated STAT3 dimerizes and translo-
cates to the nucleus and transactivates target genes including 
SOCS3, NPY and POMC. Our evidence suggests that leptin also 
activates PI3K and PDE3B, and reduces cAMP levels. Decrease in 
cAMP levels appears to be important for STAT3 activation by 
leptin, because PDE3 inhibition reverses this effect of leptin in the 
hypothalamus. Also, leptin-induced PDE3B activation-depen-
dent decrease in cAMP levels may directly modify (increase or 
decrease) expression of POMC, NT, NPY and other genes – a hy-
pothesis needs to be experimentally tested. SOCS3 acts as a nega-
tive regulator of both the STAT3 and PI3K pathways of leptin 
signaling in the hypothalamus, a mechanism that plays a signifi-
cant role in the development of central leptin resistance and DIO. 
Other pathways such as SHP2, MAPK/ERK, AMPK, and mTOR 
pathways and PTP1B that are known to play a role in regulating 
leptin action and leptin resistance in the hypothalamus have been 
left out to simplify the figure [modified from                            4 ]. 
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tact STAT3 pathway suggests that other pathways such as 
PI3K, AMPK and mTOR play a significant role in the de-
velopment of obesity in these mice. However, in C57BL/6J 
mice, both the STAT3  [68]  and PI3K  [69]  pathways are 
impaired following HFD feeding for 4 weeks.

  It also appears that SOCS3 plays a significant role in 
the development of central leptin resistance and DIO. 
Thus leptin increases SOCS3 in the hypothalamus  [70] , 
DIO increases SOCS3 in the ARC  [68] , and  Socs3  defi-
ciency in the brain  [71]  or  Socs3  haploinsufficiency  [72]  

resists the development of DIO. Although SOCS3 inhib-
its STAT3 signaling by acting at the level of both JAK2 
and ObRb  [73] , SOCS3 also inhibits the PI3K pathway
of leptin signaling in the hypothalamus  [74] , a potential 
mechanism of central leptin resistance and DIO.  

 Leptin Signaling during Chronic Central Leptin 
Infusion 
 Because circulating leptin levels increase within 1 day 

of HFD feeding  [73] , exposure of the brain, particularly 
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  Fig. 5.  Leptin failed to increase IRS-1 associated PI3K activity but 
it increased p-STAT3 in the hypothalamus at 4 weeks on a high-
fat diet (HFD) in FVB/N mice. Male mice ( � 4 weeks old) were fed 
with either a low-fat diet (LFD) or a HFD. Four weeks later, over-
night-fasted animals were injected with leptin (5 mg/kg, i.p.) or 
saline. PI3K and p-STAT3 were assessed in the hypothalamus
after 30 min of injection.  a  Representative phosphor images ob-
tained from the TLC plate showing PI3P production, an indicator 
of PI3K activity, as shown. Also shown are p-STAT3 and STAT3 
Western blots obtained from the hypothalamic extract used in the 
PI3K assay.  b  Results obtained by phosphor imaging showing the 

changes in PI3K activity. The values are expressed as relative to 
the corresponding saline (control) group.                  *  *  p  !  0.01 (n = 6 per 
group).  c  Densitometric analysis of the immunoreactive bands for 
p-STAT3. The values were first calculated as the ratio of STAT3 
and then expressed as relative to the corresponding saline (con-
trol) group.  *  p    !  0.05 vs. saline group (n = 5–6 per group).  d  Rep-
resentative micrographs of p-STAT3 immunocytochemistry of 
hypothalamic sections showing leptin-induced increase in p-
STAT3-positive cells in both LFD- and HFD-fed mice. Scale
bars = 100  � m. ME = Median eminence; ARC = arcuate nucleus; 
3v = third ventricle [adapted from  48 ]. 



 Sahu Neuroendocrinology 2011;93:201–210208

the hypothalamus, to a high level of leptin might contrib-
ute to the development of central leptin resistance. In this 
regard, a recent study has shown that hyperleptinemia is 
required for the development of leptin resistance  [75] . 
Moreover, in a rat model of chronic central leptin infu-
sion, animals developed resistance to the satiety action of 
this hormone in association with the development of 
leptin resistance in NPY, POMC and NT neurons  [76, 77] . 
Interestingly, the PI3K-PDE3B-cAMP pathway of leptin 
signaling in the hypothalamus was impaired following 16 
days of leptin infusion; particularly both PI3K and PDE3B 
activities were increased and cAMP levels were decreased 
on day 2 but not day 16 of leptin infusion  [49] . In contrast, 
leptin signaling in the hypothalamus through the JAK2-
STAT3 pathway remained intact throughout 16 days of 
leptin infusion despite increased SOCS3 gene expression 
 [78] . These findings suggest a selective leptin resistance 
in the PI3K-PDE3B-cAMP pathway following increase in 
hypothalamic leptin tone attained by chronic central in-
fusion of this peptide hormone.

  Concluding Remarks 

 It is increasingly evident that intracellular signal
transduction pathways underlying leptin action in hy-
pothalamic neurons are much more complicated than 
was originally thought. While the JAK2-STAT3 is one of 
the major pathways of leptin signaling in the hypothala-
mus, there are several non-STAT3 pathways, including 
the PI3K-PDE3B-cAMP, AMPK, mTOR, SH2B and 
MAPK/ERK that have been shown to play significant role 
in mediating leptin action in the hypothalamus. Al-

though due to the scope of this review I have mainly em-
phasized on the PI3K-PDE3B-cAMP pathway, the role of 
the other pathways, including those mentioned here, in 
hypothalamic action of leptin is obligatory for normal 
energy homeostasis. Moreover, recent evidence that sev-
eral extrahypothalamic areas, such as VTA and brain-
stem, are involved in mediating leptin action, suggests 
that communication between neurons localized in the 
various areas must be finely tuned to fulfill the role of 
leptin in energy homeostasis. In addition, knockdown of 
any of these pathways in the hypothalamus, alone, does 
not show such a profound phenotype as  db/db  mice, fur-
ther suggesting a coordinated involvement of these 
known and, perhaps, other yet to be discovered signaling 
pathways for normal function of leptin. Dysregulation of 
some of these pathways and their interactions in specific 
neurons could underlie central leptin resistance and con-
tribute to the development of obesity. Although there 
might be strain differences, it appears that SOCS3 is a 
major factor for the development of DIO by inhibiting 
both the STAT3 and PI3K pathways of leptin signaling in 
the hypothalamus. Finally, the emerging role of PDE3B-
cAMP signaling in transducing leptin action in the hy-
pothalamus suggests that a defective regulation of this 
pathway could play a significant role in the development 
of DIO.
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